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Abstract

Multiple mitochondrial dysfunctions syndrome (MMDS) is a group of autosomal recessive
mitochondrial disorders that is associated with deficiencies related to nuclear genes: ISCA2,
ISCA1, NFU1, IBA57, and BOLA3. The syndromes are relatively new and recently discov-
ered. Individuals with MMDS have reduced function of energy production stages in mito-
chondria. The dysfunctions are mostly related to iron-sulfur (Fe-S) clustering system (ISC)
and its biogenesis. The signs and symptoms of the patients may begin early in life, and can
be quite severe leading to death more or less during infancy. Affected individuals have vari-
ous symptoms including brain dysfunction (encephalopathy), hypotonia, seizures, delayed
developmental milestones, and cognition and psychomotor impairments. These individu-
als often have difficulty growing and gaining weight at the expected rate. Diagnosis of the
disease can be challenging as in the case with most of the mitochondrial disorders. However,
since the genetic causes of the MMDS are known, a laboratory test focusing on the causative
genes will be helpful to determine the pathogenic mutations. This in turn would facilitate
reducing the number of the diseases through carrier testing and genetic counseling and uti-
lization of preimplantation genetic diagnosis in populations, especially those that display
high rate of consanguinity, which are prone to have such autosomal recessive disorders.

Keywords: BOLA3, IBA57, ISCA1, ISCA2, NFU1, iron-sulfur (Fe-S) cluster (ISC),
multiple mitochondrial dysfunction syndromes

1. Introduction

Mitochondria are double membrane-bound cellular organelles surrounded by outer and
inner membranes [1, 2]. The organelle is considered cell’'s powerhouse generating adenosine
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triphosphate (ATP) during cellular respiration; hence, facilitating energy conversion in eukary-
otes. Uniquely, each mitochondrion has its own DNA and encodes mitochondrial genes;
hence, contributing the cell’s proteome independently. The inheritance of the mitochondrial
genome differs from nuclear genome since the donor of mitochondrial DNA (mtDNA) is the
egg rather than sperm whose mitochondria are marked for obliteration upon entering the
egg [3]. Hence, the organelle’s DNA is inherited through females known as “maternal inheri-
tance.” Since these organelles generate energy, most biochemical reactions in the eukaryotic
cells occur in the mitochondria. These reactions include pyruvate oxidation, citric acid cycle,
electron transport, and oxidative phosphorylation (OXPHOS) all needed for energy produc-
tion. Mitochondria also have an important role in calcium signaling, regulation of cellular
metabolism, heme synthesis, steroid synthesis, apoptosis, and the biosynthesis of iron-sulfur
(IS) clusters (ISC). The high number of human diseases caused by the malfunction of the
mitochondrial proteins—encoded by nuclear or mtDNA —drew attention to the importance
of this organelle.

2. Mitochondria

Mitochondria are genetically controlled by both nuclear DNA and the mitochondrial genome
[1, 4]. A wide range of molecular defects have been identified in the human mitochondrial
genome [4-9]. Diseases due to mutations in the mitochondrial genome are clinically, geneti-
cally, and biochemically diverse [1, 2, 4, 6, 10]. Similarly, deficiencies in mitochondrial genes
encoded by nuclear genome can also lead various mitochondrial disorders and a wide range
of cellular perturbations such as undue reactive oxygen species and distracted apoptosis,
aberrant calcium homeostasis, and deficient energy production. This in turn leads failure to
meet the requirements of numerous organs, especially those with high energy needs. Hence,
various pathological conditions appears due to impaired mitochondrial function in human
body involving different cell types, tissues, and organs including heart and brain. Such multi-
organ manifestations are all mitochondria related and these diseases varies from epilepsy to
cardiac myopathies.

3. Mitochondria and genetics of mitochondria-related diseases

The mitochondrial genome is a multicopy, double-stranded circular DNA molecule, which is
16.6 kb in human [11]. This genome encodes 13 essential proteins for the OXPHOS system and
24 components of the RN A machinery: 2 rRNAs and 22 tRNAs [11]. It is intronless and the only
noncoding region is the displacement region (D-Loop), a region of 1.1 kb. It contains both the
replication origins and the transcriptional promoters. Although mitochondria are genetically
controlled by both mitochondrial and nuclear genomes, mtDNA is only maternally inherited
[3]. Mitochondrial genetics differ greatly from Mendelian genetics in size, number of encoded
genes, number of DNA molecules per cell, lack of introns, gene density, replication, transcrip-
tion, recombination, and mode of inheritance. The 13 proteins include 7 subunits of NADH
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Dehydrogenase (complex I: ND1, ND2, ND3, ND4, ND4L, ND5 and ND6), Cytochrome b
(subunit of complex III), 3 subunits of Cytochrome c oxidase or complex IV (COI, COII and
COIIl), and 2 subunits of FOF1 ATPase (ATPase 6 and ATPase 8). They are all encoded by
mtDNA and synthesized in the organelle. While, complex II (Succinate Dehydrogenase) and
the remaining subunits of complexes I, III, IV, and V are entirely encoded by the nuclear
genome. These nuclear-encoded proteins are synthesized on cytosolic ribosomes and subse-
quently transported into the mitochondria.

4. Fe-S clusters (ISCs)

ISCs are evolutionarily ancient cofactors consisting of Fe (iron) and S (sulfur) associated to the
cysteine sulfurs of proteins. The clusters are found in variety of organisms including archaea,
protists, prokaryotes, and eukaryotes. In a eukaryotic cell, they can be found in the mito-
chondria, cytosol, and nucleus where they perform diverse functions [12]. ISCs play a critical
role in many fundamental molecular processes and have roles in electron transfer, structural
stabilization, gene regulation, enzymatic catalysis, metabolic regulation, and sensing environ-
mental signals [13]. Almost 30 proteins in the mitochondria and the cytosol are involved in
synthesizing and assembling these clusters. ISC have two most common forms [2Fe-25] and
[4Fe-4S] clusters. ISC-related proteins of the electron transport chain in the mitochondrion
are mainly located in the inner membrane. Moreover, some of these proteins are also found
in the mitochondrial matrix in the organelles. For the cluster assembly, two machineries are
required, the mitochondrial ISC assembly machinery and the cytosolic IS protein assembly
machinery [12].

Eukaryotic IS proteins are located in mitochondria, cytosol, and nucleus, where they perform
diverse functions in cellular metabolism and regulation. The mitochondrial ISC assembly
machinery matures all organellar IS proteins, and additionally contributes to the biogenesis
of cytosolic and nuclear IS proteins by producing an unknown sulfur-containing compound
(X-S) that is exported to the cytosol and used by the cytosolic IS protein assembly machinery.
Hence, mitochondria are directly responsible for the essential functions (e.g., of nuclear IS
proteins involved in DNA metabolism and genome maintenance).

Mitochondria forms iron-sulfur clusters of significant proteins such as DNA polymerase and
DNA helicases, and, therefore, plays a significant role in survival. There are 17 different pro-
teins forming iron-sulfur cluster machinery that places the clusters into the Apo proteins.
The mechanism of formation of iron-sulfur clusters can be divided into three steps. First, it is
synthesized on a scaffold protein. Second, it is bound to transfer protein after dislocation from
scaffold protein. Third, the transfer protein, the cluster and the specific ISC targeting factor
place the cluster into the Apo protein. The changes in the first two steps inhibit the maturation
of extra mitochondrial Fe/S proteins and disturb the iron homeostasis [14]. Assembly of Fe-S
cluster also takes place by NIF, SUF, and CIA machineries. Cysteine desulfurase is an enzyme
that unites Fe-S assembly machineries. It is encoded by NFS 1 which functions to deliver
sulfur to ISCU [15]. ISCU is an iron-sulfur cluster assembly enzyme; encodes component of
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iron-sulfur scaffold protein. The changes in this gene result in severe myopathy and lactic
acidosis (“ISCU Fe-S Cluster Assembly Enzyme [Homo sapiens (Human)] - Gene - NCBI”)
Complexes 1, 2, and 3 contain Fe-S clusters. They function in electron transport by transfer of
one electron in redox processes [16]. The assembly of the clusters is recently studied in Yeast.
In photosynthetic organisms, the iron-sulfur clusters play role in chloroplast processes and
are important for plastid functioning [17].

Yeast frataxin, Isul, and Nfs1 (cysteine desulfurase) take part in de novo synthesis of ISC. Many
genes encode ISC assembly factors such as BOLA3, NFU1, GLRX5, NUBPL, LYRM4, IBA57,
ISCA1, and ISCA2. These molecules have significant role in mitochondria. They are essential
cofactors in the assembly of cluster. Deficiency of these genes leads to different diseases, for
instance, GLRX5 deficiency causes sideroblastic anemia, whereas NUBPL mutations lead to
respiratory chain complex 1 deficiency. On the other hand, some of these deficiencies are
classified under a unique category such as MMDS.

5. Genetic factors of mitochondrial dysfunction syndromes

As the names imply, multiple mitochondrial dysfunction syndromes are disease conditions
affecting mitochondria and usually lead to reduced function of more than one stages of energy
production in the organelle [18]. The genetic factors causing these disorders are associated
with the biogenesis of cellular ISC and currently these are the following genes: ISCA2, NFU1,
IBA57, and BOLA3. More recently, ISCA1 is also reported to lead a disease resembling MMDS
and suggested to be a member of the group [19]. Interestingly, MMDS members appear to be
inherited in autosomal recessive mode of inheritance (Table 1).

5.1. ISCA1

Iron-sulfur cluster assembly 1 (ISCA1) is one of the mitochondrial proteins required for the
biogenesis and assembly of ISC [20]. This protein functions in the late stages of the ISC biogen-
esis and act as an iron binding molecule that may serve as a chaperone for biogenesis of Fe-S
clusters [21]. It is believed that the molecule plays its pivotal role through its interaction with
IOP1 (iron-only hydrogenase-like protein)/NARFL (nuclear prelamin A recognition factor-
like). Knockdown of Iscal causes reduced activity of succinate dehydrogenase, mitochondrial
aconitase, and cytosolic aconitase; hence, involving in both cytosolic and mitochondrial Fe-S
protein biogenesis [22].

According to GenAtlas [23, 24], the gene has four exons and produces 14 kDa protein with
129 amino acids, which is known as mitochondrial Fe-S cluster assembly 1 homolog or oth-
erwise HESB like domain containing 2. The gene is mapped to chromosome 9q21.33, and sits
on genomic coordinates: 88.879.463-88.897.490. It is 2012 base pair long, generates four tran-
scripts (splice variants) and highly expressed heart, esophagus, bladder, uterus, and cervix.
Moreover, ISCA1 is a member of consensus coding sequence (CCDS:35056.1) which are man-
ually checked protein annotations on the reference mouse and human genomes that ensures
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Gene Cytoband NCBI Genomic location MMDS-related MIM IM MIM LN
phenotype PT#

NFU1 2p13.3 27247 2:69,396,112-69,438,122  Multiple mitochondrial 605711 AR 608100
dysfunctions syndrome 1

BOLA3 2p13.1 388962  2:74,135,400-74,147,911 Multiple mitochondrial =~ 614299 AR 613183
dysfunctions syndrome 2
with hyperglycinemia

IBA57 1q42.13 200205 1:228,165,807- Multiple mitochondrial 615330 AR 615316

228,182,256 dysfunctions syndrome 3

ISCA2 14q24.3 122961 14:74,493,719-74,495,567 Multiple mitochondrial ~ 616370 AR 615317
dysfunctions syndrome 4

ISCA1 9q21.33 81689 9:86,264,545-86,282,574  Multiple mitochondrial ~ 617613 AR 611006
dysfunctions syndrome 5

AR: autosomal recessive; IM: inheritance mode; LN: locus number; MIM: Mendelian inheritance in man; MMDS:
mitochondrial dysfunction syndromes; PT#: phenotype number.

Table 1. Genes and related mitochondrial dysfunction syndromes.

consistent representation of the tracks of NCBI, Ensembl, and UCSC Genome Browsers. The
gene has several synonyms such as hlsca, HBLD2, and ISA1, and localizes to mitochondria as
well as cytoplasm.

Effect of depletion of ISC-related proteins on the maturation of cytosolic 4Fe-4S proteins
showed that some mitochondrial Fe/S proteins such as mitochondrial aconitase, SDH, sev-
eral proteins of complex I, and Rieske Fe/S protein were decreased with the deficiency of
ISCA1. On the other hand, cellular heme content and mitochondrial 2Fe-2S ferrochelatase
were unaffected by the depletion. This implies that ISCA1 is crucial in the maturation of
mitochondrial 4Fe-4S proteins [25]. In another study, ISCAT was found to be associated with
multiple mitochondrial dysfunctions syndrome-5. A homozygous missense mutation at a
conserved residue in the Fe-S biogenesis domain (c.259G>A, p.Glu87Lys) was identified in
two unrelated Indian families. This mutation destabilizes the protein subsequently causing
the syndrome [19].

5.2. ISCA2

ISCA2 stands for iron-sulfur cluster assembly 2 protein and the gene encodes for A-type iron-
sulfur cluster protein. Fe-S clusters are inorganic cofactors, mostly found in metalloproteins.
The gene is located on chromosome 14 and expressed from the plus strand. According to
Ensemb], this gene generates 4 different transcripts and has 96 orthologues. ISCA2 is a regula-
tory protein found in mitochondria as well as extra mitochondrial sites such as cytosol and
nucleus. The protein takes part in assembly of Fe-S clusters in mitochondria which further
take part in oxidation reduction (especially in complex 1 and 2), substrate activation, iron/sul-
fur storage, regulation of gene expression, and enzyme activity. Alternative name for ISCA2
is “HESB-like-domain-containing protein 1” for humans. First human mutation of ISCA2
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(c.229G>A; p.Glu77Ser) identified in the patients from five consanguineous families was a
homozygous ancestral founder mutation that leaded to neurodegeneration, developmental,
failure to thrive, quadriplegia, truncal hypotonia, optic atrophy, and leukoencephalopathy
[26]. Later, additional 10 cases with the same founder mutation were also described [27].
Recently, two other patients with the same mutation were also studied with detailed func-
tional experiments revealing complex 2 and 4 deficiencies [28]. Interestingly these patients
were all Arab descent. Most recently, a second mutation, a compound heterozygous variant (a
single basepair deletion causing frameshift with a premature stop codon: mutation: c.295delT;
p.Phe99Leufs*18 and a missense mutation c.334A>G; p.Ser112Gly) in ISCA2 was reported in
a 2-month-old girl from Italy [29]. These mutations causes disorder of energy metabolism
which results in respiratory failure, severe hypotonia, nystagmus, lactic acidosis, poor neu-
rologic development, hyperglycemia, leukodystrophy of the brainstem with longitudinally
extensive spinal cord involvement, and mtDNA deficiency ultimately leading to death [26].

5.3. NFU1

NFU1 is one of the human mitochondrial components that is involved in the assembly of
the Fe-S protein cluster. It helps in the transfer of [4Fe-4S] clusters to specific protein targets
and facilitates their maturation [30]. NFU1 is mapped on the 2p13-p15 chromosomal region
and codes for the NFU1 protein. During Fe-S assembly, two NFU1 monomers are needed
to assemble one 4Fe-4S. Complex I, II, and III of oxidative phosphorylation have multiple
Fe-S clusters. Therefore, any deficiency in these clusters causes dysfunctions of respiratory
chain complexes [31]. Previous studies showed that the function of the NFU1 has been asso-
ciated by the fatal mitochondrial disease, multiple mitochondrial dysfunctions syndrome 1
(MMDS1) [30]. Patients with NFU1 mutations usually manifest feeding difficulty, weakness,
lethargy, and decreasing responsiveness within a few days after birth and a few had epileptic
seizures [31]. It has been shown that the patients with mutations in the NFU1 gene have simi-
lar biochemical features to that seen in patients with lipoic acid defects. Thus, NFU1 mutation
appears to have some effect on Fe-S enzyme lipoic acid synthase (LAS). In conclusion, NFU1
is an ISC assembly protein, and there is strong evidence that LAS deficiency is important in
NFU1 mutation-related disease [31].

5.4. IBA57

IBA57 is a member of the Fe-S cluster assembly group. It is known as putative transferase
CAF17 and Fe-S cluster assembly factor homolog. IBA57 is located on 1q42.13 and codes
for the IBA57 protein that is located in the mitochondrion. This protein functions in the late
stages of the biosynthesis of mitochondrial 4Fe-4S proteins. Any deficiency in IBA57 can
cause an autosomal recessive spastic paraplegia-74 or multiple mitochondrial dysfunctions
syndrome 3. In a previous study, it was found that the depletion of IBA57 in cell culture
caused striking alterations in mitochondrial morphology, including a vast enlargement of
the organelles and a loss of cristae membranes. It is also found that the function of IBA57
protein is conserved from bacteria to human, according to a study that provides an evidence
for the requirement of bacterial and yeast relatives of human IBA57 for efficient maturation
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of [4Fe-4S] proteins. Moreover, potential diseases caused by mutations in these genes are
expected to cause defects in mitochondrial respiration and in lipoic acid-dependent pro-
teins [25]. Another study reported two siblings from consanguineous parents died with a
condition characterized by generalized hypotonia, respiratory insufficiency, arthrogryposis,
microcephaly, congenital brain malformations, and hyperglycinemia. Catalytic activities of
the mitochondrial respiratory complexes I and II were deficient in skeletal muscle, a finding
suggestive of an inborn error in mitochondrial biogenesis. Homozygosity mapping identified
IBA57 located in the largest homozygous region on chromosome 1 as a culprit candidate
gene. Their analysis of IBA57 revealed the homozygous mutation c.941A>C, p.GIn314Pro in
those two patients [15].

5.5. BOLA3

BOLAS is another essential protein in the Fe-S clusters production and involves in the normal
maturation of lipoate-containing 2-oxoacid dehydrogenases. Another critical role of the mol-
ecule is to facilitate the assembly of the respiratory chain complexes. BOLA3 was identified in
the year 2008 during a search for similar sequences for bacterial BolA and cloned together with
BOL1 and BOL2 [32]. According to Ensemb], the gene has five different transcripts and two iso-
forms. The main isoform is longer and localizes to mitochondria while the shorter isoform lack-
ing exon 2 is restrained in the cytosplasm [18, 33]. The main transcript (ENST00000327428.9)
has four exons comprising 68 variations [33]. The mRNA is nearly ubiquitously expressed in
human tissues. The protein has seven domains including two low complexity segments. The
main BolA domain consists of a helix-turn-helix structure close to its C terminus. The gene
has three published mutations (c.123dupA; p.Glu42Argfs; c.200T>A, p.lle67Asn; c.136C>T,
p-Arg4o6Ter) [18, 34-36] in addition to a 5 bp deletion [37] and a single basepair insertion [18].
These mutations were identified in ethnically different families. The first patients were initially
described in 2001 in a mapping study [38] that included a singleton from a consanguineous
family as well as three siblings from a nonconsanguineous family. Since all the patients from
two different families had similar metabolic abnormalities, a mapping strategy was employed
to identify the genetic interval for the causative gene. This approach located the gene on
chromosome 2. Further positional cloning studies on the subjects yielded a single significant
interval on p arm extending ~5 centiMorgan region and excluding the region positioned on
the q arm. Interestingly, both of these families were utilized in a follow-up study that yielded
deficiencies of two ISC-related genes in each family. While the larger family with three siblings
were identified to harbor splice site mutation in NFU1 (c.545G>A) [18], the singleton had a
single nucleotide duplication leading to a frame shift and eventually a premature stop codon
(p-Glu42Argfts*13) in BOL3 [18]. Later on, a few more follow-up studies revealed additional
mutations in the gene. The first follow-up study focused on two patients (male and female)
with quite similar clinical course appeared with hypotonia, severe neonatal lactic acidosis,
and intractable cardiomyopathy [35]. A missense mutation (c.200T>A, p.Ille67Asn) was identi-
fied in the patients’ DNA using exome sequencing. The other studies [34, 37] provided two
additional missense mutations in BOLA3. Interestingly, while ¢.287A>G (p.His96Arg) causes a
lethal infantile mitochondrial disorder [37], c.136C>T (p.Arg46*), a severe truncation mutation,
leads to nonketotic hyperglycinemia [34] in the affected individuals.
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Table 2 consists of previously published mutations in some Fe-S cluster genes.

Gene Mutation type Mutation Disease and phenotype References

BOLA3 Missense c.200T>A; p.Jle67Asn Multiple mitochondrial Haack et al.
dysfunctions syndrome [35]

BOLA3  Missense ¢.287A>G p.His96Arg Lethal infantile mitochondrial ~ Kohda et al.
disorder [37]

BOLA3 Nonsense c.136C>T; p.Argd6* Nonketotic hyperglycinemia, Baker et al.

[34]

BOLA3 Microdeletion c.225_229delGAGAA; p. Lys75* Lethal infantile mitochondrial =~ Kohda et al.
disorder [37]

BOLA3  Microduplication c.123dupA Combined respiratory chain Cameron et al.
and 2-oxoacid dehydrogenase  [18]
deficiency

IBA57 Missense c.313C>T; p.Argl05Trp Leukodystrophy with acute Torraco et al.
psychomotor regression [39]

IBA57 Missense ¢.316A>G; p.Thr106Ala Leukodystrophy with acute Torraco et al.
psychomotor regression [39]

IBA57 Missense c.436C>T; p.Argl146Thr Leukodystrophy, fatal infantile Debray et al.

[40]

IBA57 Missense c.586T>G; p.Trp196Gly Leukodystrophy, Torraco et al.
developmental delay, feeding  [39]
problems and recurrent
vomiting

IBA57 Missense c.686C>T; p.Pro229Leu Leukodystrophy, Torraco et al.
developmental delay, feeding  [39]
problems and recurrent
vomiting

IBA57 Missense ¢.706C>T; p.Pro236Ser Leukodystrophy with acute Torraco et al.
psychomotor regression and [39]
feeding difficulties

IBA57 Missense ¢.757G>C; p.Val253Leu Leukodystrophy with acute Torraco et al.
psychomotor regression [39]

IBA57 Missense c.941A>C; p.GIn314Pro Myopathy and encephalopathy Ajit Bolar et al.

[15]
IBA57 Splice IVS2 ds A-G-2; c.678 A>G Spastic paraplegia Lossos et al.
[41]

IBA57 Small insertion ¢.87_88ins11 Leukodystrophy with acute Torraco et al.
psychomotor regression [39]

NFU1 Missense c.62G>C; p.Arg21Pro NFU1 deficiency Ahting et al.

[42]
NFU1 Missense ¢.544C>T; p.Argl82Trp NFU1 deficiency Ahting et al.
[42]

NFU1 Missense c.565G>A; p.Gly189Arg Leukoencephalopathy with Nizon et al.

cysts and hyperglycinaemia [43-45]
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Gene Mutation type Mutation Disease and phenotype References
NFU1 Missense c.568G>A; p.Gly190Arg NFU1 deficiency Ahting et al.
[42]
NFU1 Missense ¢.572A>T; p.Asp191Val Multiple mitochondrial Bai et al. [46]
dysfunctions syndrome
NFU1 Missense ¢.622G>T; p.Gly208Cys Fatal infantile encephalopathy =~ Navarro-Sastre
and/or pulmonary et al. [47]
hypertension
NFU1 Missense ¢.629G>T; p.Cys210Phe Leukoencephalopathy Invernizzi
et al. [44]
NFU1 Splice ¢.302+3A>G; p.Val56Glyfs* NFU1 deficiency Ahting et al.
[42]
NFU1 Splice ¢.545G>A; Skipping exon 6 Deficiency of the 2-oxoacid Cameron et al.
dehydrogenases accompanied  [18]
by respiratory chain defects
NFU1 Splice ¢.545+5G>A; Skipping exon 6 Fatal infantile encephalopathy, Navarro-Sastre
pulmonary hypertension et al. [47]
NFU1 Microdeletion ¢.90delC; p. Tyr30* Multiple mitochondrial Bai et al. [46]
dysfunctions syndrome
NFU1 Microdeletion c.146delC; p.Pro49LeufsX8 Spastic paraplegia Tonduti et al.
[45]
NFU1 Large deletion 55.6 kb region covering exons: ~ NFU1 deficiency Ahting et al.
4-8 [42]
ISCA1 Missense c.259G>A; p. Glu87Lys Multiple mitochondrial Shukla et al.
dysfunctions syndrome [19]
ISCA2 Missense ¢.229G>A; p.Glu77Ser Multiple mitochondrial Al-Hassnan
dysfunctions syndrome et al. [26] and
others [27, 28]
ISCA2 Deletion and Missense  ¢.295delT and ¢.334A>G; Multiple mitochondrial Toldo et al.
p-Phe99Leufs*18 and dysfunctions syndrome [29]
p-Ser112Gly

Table 2. Published mutations in some Fe-S cluster genes.

6. Conclusion

Iron-sulfur clusters are indispensable inorganic cofactors for biological function and involve
in numerous cellular processes such as respiration and DNA repair. The cluster’s assembly is

complex and requires sophisticated protein machinery for its maturation and insertion into
apoproteins. Since mitochondria is the main site for ISC biogenesis in human, any defect
disturbing the biogenesis leads to a pathological outcome mostly appears as an mitochondrial
entity in human. Currently, genetic alterations in several genes involving in ISC assembly and
maturation have been linked to autosomal recessive mitochondrial human diseases known as
multiple mitochondrial dysfunction syndromes. It is expected that more genes and alterations
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will appear in the literature related to ISC pathways. Moreover, there is still need to fully
elucidate the phenotypic consequences of these genetic alterations and alteration of ISC path-
ways during the ISC related pathogenesis in human.

Acknowledgements

This study was supported by King Abdulaziz City for Science and Technology grant
11-B102221-20 (NK) and King Salman Center for Disability Research grant: 2180 004 (NK).

Author details

Namik Kaya'¥, Zuhair Al-Hassnan?, Maha Abdulrahim', Mazhor Aldosary' and Dilek Colak®
*Address all correspondence to: nkaya@kfshrc.edu.sa

1 Department of Genetics, King Faisal Specialist Hospital and Research Center, Riyadh,
Saudi Arabia

2 Department of Medical Genetics, King Faisal Specialist Hospital and Research Center,
Riyadh, Saudi Arabia

3 Department of Biostatistics and Scientific Computing, King Faisal Specialist Hospital and
Research Center, Riyadh, Saudi Arabia

References

[1] Taylor RW, Turnbull DM. Mitochondrial DNA mutations in human disease. Nature
Reviews. 2005;6:389-402

[2] Tuppen HA, Blakely EL, Turnbull DM, Taylor RW. Mitochondrial DNA mutations and
human disease. Biochimica et Biophysica Acta. 2010;1797:113-128

[3] Cree LM, Samuels DC, Chinnery PF. The inheritance of pathogenic mitochondrial DNA
mutations. Biochimica et Biophysica Acta. 2009;1792:1097-1102

[4] Lightowlers RN, Taylor RW, Turnbull DM. Mutations causing mitochondrial disease:
What is new and what challenges remain? Science. 2015;349:1494-1499

[5] McFarland R, Taylor RW, Turnbull DM. Mitochondrial disease—Its impact, etiology,
and pathology. Current Topics in Developmental Biology. 2007;77:113-155

[6] Yarham JW, Elson JL, Blakely EL, McFarland R, Taylor RW. Mitochondrial tRNA muta-
tions and disease. Wiley Interdisciplinary Reviews. 2010;1:304-324



[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

Hereditary Disorders and Human Mutations of Iron-Sulfur Assembly Genes
http://dx.doi.org/10.5772/intechopen.78006

Bates MG, Bourke JP, Giordano C, d’Amati G, Turnbull DM, Taylor RW. Cardiac involve-
ment in mitochondrial DNA disease: Clinical spectrum, diagnosis, and management.
European Heart Journal. 2012;33:3023-3033

Schaefer AM, Walker M, Turnbull DM, Taylor RW. Endocrine disorders in mitochon-
drial disease. Molecular and Cellular Endocrinology. 2013;379:2-11

Alston CL, Rocha MC, Lax NZ, Turnbull DM, Taylor RW. The genetics and pathology of
mitochondrial disease. The Journal of Pathology. 2017;241:236-250

Krishnan KJ, Reeve AK, Samuels DC, Chinnery PF, Blackwood JK, Taylor RW, Wanrooij S,
Spelbrink JN, Lightowlers RN, Turnbull DM. What causes mitochondrial DNA deletions
in human cells? Nature Genetics. 2008;40:275-279

Taanman JW. The mitochondrial genome: Structure, transcription, translation and repli-
cation. Biochimica et Biophysica Acta. 1999;1410:103-123

Lill R, Hoffmann B, Molik S, Pierik A]J, Rietzschel N, Stehling O, Uzarska MA, Webert H,
Wilbrecht C, Muhlenhoff U. The role of mitochondria in cellular iron-sulfur protein bio-
genesis and iron metabolism. Biochimica et Biophysica Acta. 2012;1823:1491-1508

van der Giezen M, Tovar J. Degenerate mitochondria. EMBO Reports. 2005;6:525-530

Stehling O, Wilbrecht C, Lill R. Mitochondprial iron-sulfur protein biogenesis and human
disease. Biochimie. 2014;100:61-77

Ajit Bolar N, Vanlander AV, Wilbrecht C, Van der Aa N, Smet ], De Paepe B, Vandeweyer
G, Kooy F, Eyskens F, De Latter E, et al. Mutation of the iron-sulfur cluster assembly
gene IBA57 causes severe myopathy and encephalopathy. Human Molecular Genetics.
2013;22:2590-2602

Brzoska K, Meczynska S, Kruszewski M. Iron-sulfur cluster proteins: Electron transfer
and beyond. Acta Biochimica Polonica. 2006;53:685-691

Kessler D, Papenbrock J. Iron-sulfur cluster biosynthesis in photosynthetic organisms.
Photosynthesis Research. 2005;86:391-407

Cameron JM, Janer A, Levandovskiy V, Mackay N, Rouault TA, Tong WH, Ogilvie I,
Shoubridge EA, Robinson BH. Mutations in iron-sulfur cluster scaffold genes NFU1 and
BOLAS3 cause a fatal deficiency of multiple respiratory chain and 2-oxoacid dehydroge-
nase enzymes. American Journal of Human Genetics. 2011;89:486-495

Shukla A, Hebbar M, Srivastava A, Kadavigere R, Upadhyai P, Kanthi A, Brandau O, Bielas S,
Girisha KM. Homozygous p.(Glu87Lys) variant in ISCA1 is associated with a multiple
mitochondrial dysfunctions syndrome. Journal of Human Genetics. 2017;62:723-727

Cozar-Castellano I, del Valle Machargo M, Trujillo E, Arteaga MF, Gonzalez T, Martin-
Vasallo P, Avila J. hlscA: A protein implicated in the biogenesis of iron-sulfur clusters.
Biochimica et Biophysica Acta. 2004;1700:179-188

247



248 Mitochondrial Diseases

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Yang J, Tan G, Zhang T, White RH, Lu ], Ding H. Deletion of the proposed iron chaper-
ones IscA/SufA results in accumulation of a red intermediate cysteine Desulfurase IscS
in Escherichia coli. The Journal of Biological Chemistry. 2015;290:14226-14234

Song D, Tu Z, Lee FS. Human ISCA1 interacts with IOP1/NARFL and functions in both
cytosolic and mitochondrial iron-sulfur protein biogenesis. The Journal of Biological
Chemistry. 2009;284:35297-35307

Roux-Rouquie M, Chauvet ML, Munnich A, Frezal ]. Human genes involved in chroma-
tin remodeling in transcription initiation, and associated diseases: An overview using
the GENATLAS database. Molecular Genetics and Metabolism. 1999;67:261-277

Frezal ]. Genatlas database, genes and development defects. Comptes Rendus de
I’ Academie des Sciences. Serie III, Sciences de la Vie. 1998;321:805-817

Sheftel AD, Wilbrecht C, Stehling O, Niggemeyer B, Elsasser HP, Muhlenhoff U, Lill R. The
human mitochondrial ISCA1, ISCA2, and IBA57 proteins are required for [4Fe-4S] pro-
tein maturation. Molecular Biology of the Cell. 2012;23:1157-1166

Al-Hassnan ZN, Al-Dosary M, Alfadhel M, Fageih EA, Alsagob M, Kenana R, Almass R,
Al-Harazi OS, Al-Hindi H, Malibari O], et al. ISCA2 mutation causes infantile neurode-
generative mitochondrial disorder. Journal of Medical Genetics. 2015;52:186-194

Alfadhel M, Nashabat M, Alrifai MT, Alshaalan H, Al Mutairi F, Al-Shahrani SA, Plecko
B, Almass R, Alsagob M, Almutairi FB, et al. Further delineation of the phenotypic
spectrum of ISCA2 defect: A report of ten new cases. European Journal of Paediatric
Neurology: EJPN: Official Journal of the European Paediatric Neurology Society.
2018;22:46-55

Alaimo JT, Besse A, Alston CL, Pang K, Appadurai V, Samanta M, Smpokou P, McFarland
R, Taylor RW, Bonnen PE. Loss-of-function mutations in ISCA2 disrupt 4Fe-4S cluster
machinery and cause a fatal leukodystrophy with hyperglycinemia and mtDNA deple-
tion. Human Mutation. 2018

Toldo I, Nosadini M, Boscardin C, Talenti G, Manara R, Lamantea E, Legati A, Ghezzi D,
Perilongo G, Sartori S. Neonatal mitochondrial leukoencephalopathy with brain and spi-
nal involvement and high lactate: Expanding the phenotype of ISCA2 gene mutations.
Metabolic Brain Disease. 2018

Cai K, Liu G, Frederick RO, Xiao R, Montelione GT, Markley JL. Structural/functional
properties of human NFU1, an intermediate [4Fe-4S] carrier in human mitochondrial
iron-sulfur cluster biogenesis. Structure. 2016;24:2080-2091

Kurt YG, Kurt B, Aydin I, Agilli M, Aydin FN. NFU1 gene mutation and mitochondrial
disorders. Neurology India. 2016;64:630-632

Zhou YB, Cao JB, Wan BB, Wang XR, Ding GH, Zhu H, Yang HM, Wang KS, Zhang X,
Han ZG. hBolA, novel non-classical secreted proteins, belonging to different BolA fam-
ily with functional divergence. Molecular and Cellular Biochemistry. 2008;317:61-68

Ruffier M, Kahari A, Komorowska M, Keenan S, Laird M, Longden I, Proctor G, Searle S,
Staines D, Taylor K, et al. Ensembl core software resources: Storage and programmatic



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Hereditary Disorders and Human Mutations of Iron-Sulfur Assembly Genes
http://dx.doi.org/10.5772/intechopen.78006

access for DNA sequence and genome annotation. Database: The Journal of Biological
Databases and Curation. 2017

Baker PR 2nd, Friederich MW, Swanson MA, Shaikh T, Bhattacharya K, Scharer GH,
Aicher ], Creadon-Swindell G, Geiger E, MacLean KN, et al. Variant non ketotic hyper-
glycinemia is caused by mutations in LIAS, BOLA3 and the novel gene GLRX5. Brain.
2014;137:366-379

Haack TB, Rolinski B, Haberberger B, Zimmermann F, Schum ], Strecker V, Graf E,
Athing U, Hoppen T, Wittig I, et al. Homozygous missense mutation in BOLA3 causes
multiple mitochondrial dysfunctions syndrome in two siblings. Journal of Inherited
Metabolic Disease. 2013;36:55-62

Landrum MJ, Lee JM, Benson M, Brown G, Chao C, Chitipiralla S, Gu B, Hart ], Hoffman
D, Hoover ], et al. ClinVar: Public archive of interpretations of clinically relevant vari-
ants. Nucleic Acids Research. 2016;44:D862-D868

KohdaM, Tokuzawa, Kishita Y, Nyuzuki H, Moriyama Y, Mizuno Y, Hirata T, Yatsuka Y,
Yamashita-Sugahara Y, Nakachi Y, et al. A comprehensive genomic analysis reveals
the genetic landscape of mitochondrial respiratory chain complex deficiencies. PLoS
Genetics. 2016;12:1005679

Seyda A, Newbold RF, Hudson TJ, Verner A, MacKay N, Winter S, Feigenbaum A,
Malaney S, Gonzalez-Halphen D, Cuthbert AP, et al. A novel syndrome affecting mul-
tiple mitochondrial functions, located by microcell-mediated transfer to chromosome
2p14-2p13. American Journal of Human Genetics. 2001;68:386-396

Torraco A, Ardissone A, Invernizzi F, Rizza T, Fiermonte G, Niceta M, Zanetti N,
Martinelli D, Vozza A, Verrigni D, et al. Novel mutations in IBA57 are associated with
leukodystrophy and variable clinical phenotypes. Journal of Neurology.2017;264:102-111

Debray FG, Stumpfig C, Vanlander AV, Dideberg V, Josse C, Caberg JH, Boemer F,
Bours V, Stevens R, Seneca S, et al. Mutation of the iron-sulfur cluster assembly gene
IBA57 causes fatal infantile leukodystrophy. Journal of Inherited Metabolic Disease.
2015;38:1147-1153

Lossos A, Stumpfig C, Stevanin G, Gaussen M, Zimmerman BE, Mundwiller E, Asulin M,
Chamma L, Sheffer R, Misk A, et al. Fe/S protein assembly gene IBA57 mutation causes
hereditary spastic paraplegia. Neurology. 2015;84:659-667

Ahting U, Mayr JA, Vanlander AV, Hardy SA, Santra S, Makowski C, Alston CL,
Zimmermann FA, Abela L, Plecko B, et al. Clinical, biochemical, and genetic spectrum of
seven patients with NFU1 deficiency. Frontiers in Genetics. 2015;6:123

Nizon M, Boutron A, Boddaert N, Slama A, Delpech H, Sardet C, Brassier A, Habarou F,
Delahodde A, Correia I, et al. Leukoencephalopathy with cysts and hyperglycinemia
may result from NFU1 deficiency. Mitochondrion. 2014;15:59-64

Invernizzi F, Ardissone A, Lamantea E, Garavaglia B, Zeviani M, Farina L, Ghezzi D,
Moroni I. Cavitating leukoencephalopathy with multiple mitochondrial dysfunction
syndrome and NFU1 mutations. Frontiers in Genetics. 2014;5:412

249



250 Mitochondrial Diseases

[45]

[46]

[47]

Tonduti D, Dorboz I, Imbard A, Slama A, Boutron A, Pichard S, Elmaleh M, Vallee L,
Benoist JF, Ogier H, et al. New spastic paraplegia phenotype associated to mutation of
NFU1. Orphanet Journal of Rare Diseases. 2015;10:13

Bai Y, Kong X. Analysis of NFU1 gene mutation in a Chinese family affected with
multiple mitochondrial dysfunction syndrome. Zhonghua yi Xue yi Chuan xue za Zhi
[Chinese Journal of Medical Genetics]. 2017;34:26-29

Navarro-Sastre A, Tort F, Stehling O, Uzarska MA, Arranz JA, Del Toro M, Labayru MT,
Landa J, Font A, Garcia-Villoria J, et al. A fatal mitochondrial disease is associated with
defective NFU1 function in the maturation of a subset of mitochondrial Fe-S proteins.
American Journal of Human Genetics. 2011;89:656-667



