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Abstract Hereditary myopathy with lactic acidosis
(HML) is caused by an intron mutation in the iron-sulphur
cluster assembly gene (ISCU) leading to incorporation of
intron sequence into the mRNA. This results in a deficiency
of Fe-S cluster proteins, affecting the TCA cycle and the
respiratory chain. The proteins involved in the Fe-S
machinery are evolutionary conserved and shown to be
fundamental in all organisms examined. ISCU is expressed
at high levels in numerous tissues in mammals, including
high metabolic tissues like the heart, suggesting that a
drastic mutation in the ISCU gene would be damaging to
all energy-demanding organs. In spite of this, the symp-
toms in patients with HML are restricted to skeletal mus-
cle, and it has been proposed that splicing events may
contribute to the muscle specificity. In this study we con-
firm that a striking difference in the splicing pattern of
mutant ISCU exists between different tissues. The highest
level of incorrectly spliced ISCU mRNA was found in
skeletal muscle, while the normal splice form predomi-
nated in patient heart. The splicing differences were also
reflected at a functional level, where loss of Fe—S cluster
carrying enzymes and accumulation of iron were present in
muscle, but absent in other tissues. We also show that
complete loss of ISCU in mice results in early embryonic
death. The mice data confirm a fundamental role for ISCU
in mammals and further support tissue-specific splicing as
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the major mechanism limiting the phenotype to skeletal
muscle in HML.

Introduction

Hereditary myopathy with lactic acidosis (HML, OMIM
#255125) was first described in 1964 when Larsson et al.
(1964) reported 14 patients, from five families, with poor
physical abilities since childhood. The patients suffered
from low exercise tolerance associated with muscle
cramps, tachycardia and shortness of breath, and
increased release of lactate and pyruvate even when
subjected to a low work load. In severe episodes of the
disease, patients experienced widespread fatigue, myo-
globinuria and severe acidosis (Larsson et al. 1964; Lin-
derholm et al. 1969). Biochemical analysis showed
defects in complexes I, II and III of the respiratory chain
and low levels of mitochondrial aconitase, all of which
contain iron—sulphur (Fe-S) centres (Linderholm et al.
1990; Hall et al. 1993; Haller et al. 1991). It was there-
fore suggested that the patients suffered from dysfunction
in synthesis, import, processing or assembly of Fe-S
clusters (Hall et al. 1993). This was confirmed when a
disease-specific mutation (IVS5 4 382G>C) was found in
the gene coding for the iron—sulphur cluster assembly
protein (ISCU) (Mochel et al. 2008; Olsson et al. 2008).
The mutation consists of a single base pair change in the
last intron of the gene, leading to activation of cryptic
splice sites and insertion of 100 bp of intron sequence
into the mRNA (Mochel et al. 2008; Olsson et al. 2008).
Recently, Kollberg et al (2009) showed that the mutation
in fact gives rise to two differently sized inserts, 100 and
86 bp, respectively, with the same acceptor splice site but
different donor splice sites.
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The ISCU protein has a central role in the formation of
Fe-S clusters where it functions as a scaffold protein on
which the clusters are formed. After assembly, the Fe—S
clusters are delivered to different target proteins important
for various processes, including the TCA cycle and the
electron transport chain (Agar et al. 2000; Yang et al.
2006). Fe-S cluster assembly is a vital process that has
been maintained throughout evolution, with the major
proteins well conserved from prokaryotes to mammals (Lill
and Muhlenhoff 2008). The fundamental role of the Fe-S
cluster assembly has also been demonstrated by the knock-
down of several of the components involved in the
assembly process in different species. In yeast, double
deletion of the S.cerevisiae ISCU homolog’s ISUI and
ISU2 has been shown to be lethal (Tong and Rouault 2000;
Schilke et al. 1999) and in both zebrafish and yeast the
deletion of Glutaredoxin 5, a gene shown to be required for
Fe-S cluster assembly, leads to serious defects (Wingert
et al. 2005; Rodriguez-Manzaneque et al. 2002). Further-
more, knock-out of Frataxin (FXN), the believed iron-
donor in the Fe-S cluster assembly machinery, results in
early embryonic death in mice (Cossee et al. 2000). These
and other studies show that removal of any of the key
factors in the Fe—S cluster assembly is incompatible with
life in many species. This would also suggest that a loss of
ISCU in humans, as well as other mammals, would be
detrimental. Still, the drastic mutation observed in HML
patients does not result in a drastic systemic phenotype.
The patients are not severely affected unless the metabolic
system is put under stress by exercise or extreme diets such
as fasting. One reason for the relatively mild symptoms is
that the phenotype seems to be restricted to skeletal muscle
leaving other energy-demanding organs, such as the heart
and central nervous system, unaffected. In contrast to this,
individuals homozygous for mutations in FXN suffer from
Friedreich’s ataxia, a disease associated with both neuro-
degeneration and severe cardiomyopathy (Muhlenhoff
et al. 2002). It has, however been shown that patients who
are compound heterozygous for the HML mutation and a
missense mutation in exon 3 (c.149G>A) of ISCU show a
more severe disease phenotype, including cardiomyopathy
(Kollberg et al. 2009). This indicates that ISCU is impor-
tant for the Fe-S assembly also in the heart, which puts
further emphasis on the question of why there is a selective
involvement of skeletal muscles in HML. Recently, Sana-
ker et al. (2010) reported differences in splicing of ISCU
mRNA between muscle, myoblasts, fibroblasts and blood,
which suggests that tissue-specific splicing events may be
responsible for the lack of a systemic phenotype.

In this study, we report that splicing of the mutant ISCU
transcript indeed differs between different patient tissues.
The most pronounced difference was observed between
muscle and heart, where the majority of the ISCU
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transcript was incorrectly spliced in muscle, while the
correct splice form predominated in heart. The difference
in splicing, between muscle and other tissues, was also
reflected on a functional level. Furthermore, we show that
knock-out of Iscu in mice results in early embryonic death.
This suggests that complete loss of ISCU is as drastic in
mammals as in lower organisms, and further support
alternative splicing as a phenotype-restricting mechanism
in HML patients.

Methods
Patient and control material

For RNA and protein extraction, materials from four
affected individuals were used. Heart, liver, kidney as well
as three different muscle autopsy samples were from
individual P1, who died from an episode of the disease at
age 32 (post mortem time = 24 h). An additional four
muscle biopsy samples were from three affected indivi-
duals P2—4 (age 37, 49, and 50 years). None of the patients
showed clinical signs of heart involvement. Control
material was obtained from a total of 11 individuals. Four
heart autopsy samples were obtained from two individuals,
C1-2, cause of death cardiomyopathy and sudden infant
death, ages 42 years and 4 months (post mortem time <24
and <36 h) and three muscle autopsy samples from two
individuals, C3-4, cause of death in both cases head
trauma, age 20 and 35 years (post mortem time <24 h). An
additional seven control muscle biopsies were obtained
from seven healthy controls, C5-11 (mean age 33 years,
range 2047 years). All tissue samples were fresh-frozen in
liquid nitrogen immediately after dissection. In addition,
two commercial RNA samples isolated from heart and liver
were used (MVPTM total RNA human heart, lot 0480123
and MVP"" total RNA human liver, pool of three indi-
viduals, lot1170418, Stratagene). For Perls’ iron staining,
formalin-fixed, paraffin-embedded autopsy material (mus-
cle, heart, liver and pons) were used from one additional
patient and control.

RNA extraction and cDNA amplification

Tissue samples were frozen in liquid nitrogen and then
disrupted using a ball mill grinder or the TissueLyser LT
(Qiagen). RNA was extracted from the disrupted tissues
using the RNeasy micro kit (Qiagen) according to the
manufacturer’s recommendations, or purchased from
Stratagene. cDNA was synthesized using the SuperScriptTM
First-Strand Synthesis System for RT-PCR (Invitrogen)
with random hexamers according to the manufacturer’s
recommendations.
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Semi-qRT-PCR and qRT-PCR

For semi-qRT-PCR, short PCR (25 cycles) was performed
on ¢cDNA with addition of **P-labelled «-dCTP to the
reaction mixture. The primers used were as follows: ISCU
IV-F: 5-AGATATCGCCAAGGAGCTCT-3' and ISCU
V-R: 5-ATTTGTAATCAGCCAGGGCG-3'. The primers
will give rise to 185 or 171 bp products if the cDNA
contains an intronic insertion and a product of 85 bp if it
lacks an intronic insertion. The PCR products were
resolved on a non-denaturing 4% polyacrylamide gel and
run for 2 h at 150-200 V. Gels were fixed in 20% meth-
anol/10% acetic acid for 15 min, then dried and visualized
by phosphoimaging. Quantification of band volume was
performed using Quantity One software (Bio-Rad). For
gRT-PCR, cDNA was synthesized with random hexamers
on 80 ng of total RNA using the SuperScriptTM First-Strand
Synthesis System for RT-PCR (Invitrogen). PCR experi-
ments were performed in duplicates using FastStart Uni-
versal SYBR Green Master (ROX) mix (Roche Diagnostics),
0.45 pl of cDNA and 1.5 pl of each primer (2.5 pM) using
the same cycling parameters as described before (Strom et al.
2005). The following primers were used for detection of
ISCU sequences: ISCUmitoF 5'-CTACACAAGAAGG
TGTTGA-3’ and ISCU IIQRTR 5-CCCACCAGTCCA
GTTCCAA-3'. GADPH was used as internal control. PCR
products were detected using an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems). Fold change was
calculated using the 2742 method. All statistics were cal-
culated using Student’s  test.

SDS-PAGE and western blot analysis

For protein analysis, patient and control tissues as well as
mouse (Iscu+’_ and wt) tissues were used. For protein
extraction, tissues were disrupted using a ball mill grinder
or the TissueLyser LT (Qiagen) and dissolved in lysis
buffer with phosphatase inhibitors (2% SDS, 100 mM
Tris—-HCI, pH 6.8, 10 mM NaF, 10 mM f-glycerol phos-
phate disodium and 1 mM sodium vanadate) followed by
sonication. The protein extracts were separated on 8—16%
Tris=HCI or 4-12% Bis-Tris Criterion = XT precast gels
(Bio-Rad) according to the manufacturer’s recommenda-
tions, and transferred to Amersham' HybondTM ECL
nitrocellulose membranes (GE Healthcare). The mem-
branes were blocked with 5% non-fat milk solution for 1 h
at room temperature and incubated overnight at 4°C either
with rabbit anti-ISCU 1/2 antibody (FL-142, 1:200), rabbit
anti-SDHB (FL-280, 1:300), rabbit anti-ACO2 (A-22,
1:500) (all from Santa Cruz Biotechnology) or rabbit anti-
actin (1:300, Sigma) and then with HRP-conjugated goat
anti-rabbit antibody (1:50,000; Pierce) for 1 h at room

temperature. Proteins were visualized by ECL advanced
enhanced chemiluminescence according to the manufac-
turer’s recommendations (GE Healthcare).

Perls’ iron staining

Paraffin-embedded formalin-fixed muscle, heart, liver and
brain samples from patient and control, and fresh-frozen
muscle, heart, liver and brain from Iscu™~ and wt mice
were sectioned at 8 pm and stained for iron with Perls’
Prussian Blue stain. The paraffin sections were deparaf-
finised and hydrated before incubation in 2% aqueous
potassium ferrocyanide-HCI. Sections were counter-
stained using 0.1% Nuclear Fast Red, rehydrated and
mounted. For DAB enhanced Perls’staining slides were
incubated with DAB solution for 20 min following the
incubation in 2% aqueous potassium ferrocyanide-HCI
after which the slides were rehydrated and mounted.
Sections were analysed using a Nikon Eclipse E800
microscope and photographed with a Nikon Digital
Camera (DXM1200).

Generation and genotyping of Iscu null mice

ES-cell lines containing Iscu deletion were obtained
through the knock-out mouse project (KOMP) repository.
To generate chimeras, ES-cells were injected into BALB/c
host blastocysts which were transferred into pseudo-preg-
nant females. Male chimeras were selected by coat colour
and crossed with C57BL/6J females to obtain germline
transmission of the Iscu deletion. Genomic DNA was
prepared from tail tips from mice, tails from E10.5
embryos, whole E7.5-9.5 embryos and whole blastocysts
(E3.5). Multiplex PCR for mouse genotyping was per-
formed using a common forward primer (SU: 5'-TC
GAATCATAAACACGCCTG-3') and two reverse primers
specific for the wt (TUR: 5-GGCTAGGTGCTTGGCTG
AG-3") and mutant (LacInZRev: 5-GTCTGTCCTAG
CTTCCTCACTG-3’) Iscu alleles. The PCR products were
801 bp for the wt allele and 353 bp for the knockout
allele. PCR amplification was performed in 25 pl reac-
tions containing 0.14 pg of genomic DNA from tails or
embryos or 3 pl of blastocyst DNA preparations, 20 pmol
of primer SU, 10 pmol of primer TUR, 2.5 pmol of pri-
mer LacInZRev, 1x Ampligon Ammonium Reaction
Buffer, 300 uM of each dNTP, 10% DMSO and 1.25 U of
VWR taq DNA polymerase (VWR International). Cycling
conditions were 35 cycles with the following steps: 95°C
for 15 s, 54°C for 15 s, 72°C for 30 s in a GeneAmp PCR
System 9700 (Applied Biosystems) machine. PCR frag-
ments were separated by electrophoresis on a 1.7% aga-
rose gel.
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Results

The splicing pattern of ISCU differs between heart,
liver and skeletal muscle

To study the splicing pattern of ISCU mRNA in different
tissues, we performed semi-qRT-PCR on three energy-
demanding tissues; muscle, heart and liver, from patient
and controls. As expected, there was a major difference in
the splicing pattern between patient and control muscle
(Fig. 1a, b). In patient samples, the highest relative amount
of mutant ISCU mRNA was observed in muscle, repre-
senting almost 80% of the total ISCU mRNA, with the
transcript containing the 100 bp insert being the most
common. Analysis of the splicing pattern in muscle biop-
sies from an additional three patients (P2-4) and seven
controls (C5-11) confirmed the pattern observed in the
autopsy samples (data not shown). In patient heart and
liver, the wt ISCU mRNA predominated. In patient heart,
the wt ISCU transcript made up 70% of total ISCU mRNA
and the two mutant transcripts were equally represented. In
liver, the wt and mutant transcripts were more equally
represented with approximately 54% wt transcript
(Fig. 1b). Some incorrectly spliced ISCU mRNA could
also be detected in all control tissues, ranging from 3% of
total ISCU mRNA in liver to 7% in muscle.

ISCU protein is essentially absent in patient muscle
but present in other tissues

To determine if the differences in splicing pattern between
different tissues was reflected at the protein level, cellular
extracts from patient muscle, heart, liver and kidney were
analysed by western blot. In accordance with the mRNA

muscle heart liver
cC P C P C P

mut 100bp
mut 86bp .4

% of total ISCU

Fig. 1 Analysis of the ISCU splicing pattern in different tissues.
a Semi-qRT-PCR, using ISCU gene-specific primers, performed on
cDNA from control muscle (lane 1), patient muscle (lane 2), control
heart (lane 3), patient heart (lane 4), control liver (lane 5), patient
liver (lane 6). The amount of PCR product loaded was adjusted to
facilitate the quantification. Bands were visualized using phosphoi-
maging. b Quantification of the semi-qRT-PCR. The proportions of
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splicing data, wt ISCU was essentially absent in patient
muscle but was present in heart, liver and kidney (Fig. 2a).
Since the most drastic difference in splicing was observed
between muscle and heart, we compared absolute levels of
ISCU protein in these tissues from a HML patient and from
controls. This confirmed an absence or extremely low
levels of ISCU protein in patient muscle as compared to
controls (Fig. 2b, lanes 1-5). In patient heart ISCU protein
was present but, also here, we observed drastically reduced
levels as compared to controls. (Fig. 2b, lanes 6-9).
Analysis of total mitochondrial mRNA levels of ISCU in
heart of the same patient using qRT-PCR showed a
decrease, with a level of only 41% as compared to controls.
In both patient muscle and heart, a faint band corre-
sponding to a faster migrating product could be seen. The
size of this product corresponds to the expected size of the
mutant protein (Fig. 2b).

The defective splicing is reflected at the functional level

It has previously been shown that iron accumulates in the
mitochondria of HML patient muscles as a consequence of
the defect in Fe—S metabolism (Haller et al. 1991; Mochel
et al. 2008). In agreement with this, iron deposits were
observed in patient muscle but not in control muscle
(Fig. 3). In contrast, no accumulation of iron was seen in
any other patient or control tissues examined including
heart (Fig. 3). Earlier analysis of muscle tissue from HML
patients has shown a decrease of the Fe-S cluster-con-
taining enzymes aconitase and SDH (Hall et al. 1993;
Haller et al. 1991). We compared patient heart and muscle
samples with controls to see whether the decrease of ISCU
protein seen in heart also affects the levels of these Fe—S
cluster-containing enzymes. As expected, the levels of

c P C P [+ P
muscle heart liver

wt versus mutant transcript are shown as percentage of total ISCU in
each tissue. Results are presented as mean &+ SD from at least three
independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001;
Student’s ¢ test). All patient samples were from individual P1, control
samples were from Cl1-4 as well as one commercial liver RNA
sample (pool of three individuals)
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Fig. 2 ISCU protein levels in different tissues, analysed by western
blot. a Control muscle (lane 1) and patient muscle, kidney, heart and
liver (lanes 2-5). b Control muscle (lanes 1-3), patient muscle (lanes
4-5), control heart (lanes 6-8) and patient heart (lane 9). Actin was
used as a loading control. All patient samples were from individual
P1, control samples were from C1—4

aconitase and the Fe—S-containing SDH subunit (SDHB)
were much lower in muscle from patients than in muscle
from controls (Fig. 4, lanes 1-5). In contrast to this, the
levels of both enzymes were similar in heart tissue from
patient and controls (Fig. 4, lanes 6-9). There even seemed
to be a slight elevation of SDHB expression in patient heart
as compared to controls.

Complete absence of ISCU results in an embryonic
lethal phenotype

If the reason for the muscle-specific phenotype seen in
patients is the differential splicing observed, total loss of
ISCU should result in a more severe phenotype affecting
other energy-demanding tissues. To test this hypothesis,
Iscu null mice were generated from ES cell lines obtained

Fig. 3 Iron accumulation in muscle
different tissues analysed by
Perls’ iron staining (rows 1-2)
and Perls’ DAB enhanced
staining (rows 3—4) on paraffin
sections (8 pm thickness) from
muscle, heart, liver, and pons
from a control (row 1) and a
patient (rows 2—4). Iron
accumulation appears as blue
punctate staining (rows 1-2) or
brown punctate staining (row 3)

heart

SDHB

il i e L oL A g | |
madin

Fig. 4 Aconitase (ACO2) and SDHB protein levels determined by
western blot. Protein extracts from control muscle (lanes 1-3), patient
muscle (lanes 4-5), control heart (lanes 6-8) and patient heart (lane
9). Actin was used as a loading control. All patient samples were from
individual P1, control samples were from C1-4

from the KOMP repository. The heterozygous mice were
indistinguishable from their wt littermates in terms of
physical and behavioural phenotype. However, inter-cross
of heterozygous mice failed to produce homozygous Iscu
null offspring (n = 100). To examine the stage of embryo-
nic death, E7.5-10.5 embryos (n = 45) were dissected and
genotyped. No Iscu™’~ embryos were observed at day
7.5-10.5; however, there were remnants of resorbed
embryos present. This suggests that loss of ISCU results in
early embryonic death. To determine whether Iscu '~
embryos could be observed pre-implantation, stage E3.5
embryos were flushed out and genotyped. Out of nine
genotyped E3.5 embryos, two were homozygous for the
null allele (Fig. 5a, lanes 3—4). To see if there was any
defects on enzymes important for the aerobic energy pro-
duction due to the loss of one Iscu allele, we examined the
heterozygous mice further. We observed reduced
(20-30%) levels of ISCU protein in the heterozygous null

liver pons

control

Perls’

Perls'+

atient
DAB #

DAB
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A wt Iscu-/-

Iscu +/- Iscu -/-

B _muscle
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Fig. 5 a PCR on DNA isolated from E3.5 blastocysts from intercross
between Iscu™ ™ mice. Wt embryo (lane 1), heterozygous embryo
(lane 2) and embryos homozygous for the null allele (lanes 3 and 4).
b ISCU, aconitase (ACO2) and SDHB protein levels in muscle, heart,
brain and liver of Iscu*'~mice determined by western blot. Wt mice
(+/+) (lanes 1, 3, 5 and 7). Iscu™™ mice (£) (lanes 2, 4, 6 and 8).
Actin was used as a loading control

mice in all tissues examined (Fig. 5b). This indicates that
the functional Iscu allele is up-regulated, approaching wt
levels. In accordance with this, we could not see any effect
on the levels of the metabolic enzymes aconitase and
SDHB (Fig. 5b). Furthermore, no accumulation of iron was
observed in muscle or any other tissue examined (data not
shown).

Discussion

In this paper we show that mutant ISCU mRNA is differ-
entially spliced in energy-demanding tissues of HML
patients, confirming differential splicing as a likely mech-
anism for the muscle-specific phenotype. We show that the
ISCU transcript is differentially spliced in muscle, heart
and liver. In patient muscle, the major part (~ 80%) of total
ISCU mRNA was found to be of the mutant form, which is
in agreement with previous findings (Sanaker et al. 2010).
In patient heart, 70% of the ISCU transcript was correctly
spliced, which might explain the lack of heart involvement
in the disease. In liver, the correctly spliced transcript was
at a level similar to that of the incorrectly spliced forms. A
difference in frequency of the two mutant splice forms
between different tissues was also observed, further
emphasising the presence of tissue-specific splicing events.
Furthermore, the mutant ISCU transcript was also present
at low levels in tissues from control individuals, which, as
previously reported, indicates that there is a weak splice
site in the ISCU intron sequence that is strengthened by the
mutation (Sanaker et al. 2010).
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At the protein level, ISCU was present in heart, kidney
and liver from patient, while practically no ISCU could be
detected in patient muscle. Comparison of ISCU levels
revealed that there was also a drastic reduction in patient
heart. However, the observation that only 70% of ISCU is
correctly spliced in combination with lower levels of total
mitochondrial ISCU mRNA could explain the low protein
levels seen in patient heart. The reduction of ISCU protein
observed was still unexpected since there is no record of
heart involvement in HML patients. Nevertheless, it is
evident that the heart is sensitive to the loss of ISCU, since
patients that are compound heterozygous for the
IVS5 + 382G>C and the c.149G>A missense mutation
also suffer from cardiomyopathy (Kollberg et al. 2009).
Still, the ISCU levels in HML patient heart seem to be
sufficient for avoiding a heart phenotype, since no sign of a
defect Fe—S cluster assembly is evident based on the nor-
mal levels of SDH and aconitase and the absence of iron
accumulations.

The data from this study strongly support the theory that
the muscle-restricted phenotype seen in HML patients is
due to the fact that more incorrectly spliced transcript is
generated in muscle, leading to lower levels of functional
protein as compared to other tissues. Total knock-down of
ISCU and other proteins associated with the Fe-S cluster
biogenesis has earlier been shown to lead to drastic phe-
notypes in a number of different organisms (Schilke et al.
1999; Tong and Rouault 2000; Cossee et al. 2000; Wingert
et al. 2005; Smid et al. 2006). Knock-down of ISCU in
mammals would therefore be expected to result in an
equally serious phenotype. One can, of course, not rule out
that a more complex system has evolved in higher organ-
isms that might, in part or in whole, explain the muscle-
specific phenotype. The generation of an Iscu null mouse
did, however, show that ISCU is just as essential in
mammals, with complete loss of ISCU resulting in early
embryonic death. No homozygous null embryos were
identified at E7.5-10.5, however at E3.5, two out of nine
embryos were homozygous for the null allele, suggesting
that ISCU is important for the implantation or the early
development of the embryo. These data further support the
essential role of ISCU in many vital processes. In contrast,
the Iscu™~ mice showed no apparent physical impairment
and were identical to their wt littermates in both behaviour
and physical appearance. The Iscu null phenotype is similar
to the FXN null mouse where the homozygous embryos
show severe abnormalities already at E6.75, while hetero-
zygous mice appear normal (Cossee et al. 2000). This
indicates that both proteins are fundamental in mammals,
likely with equally crucial roles in the Fe-S cluster
assembly. Analysis of Iscu™ ™ mice, as expected, showed
lower levels of ISCU protein as compared to wt littermates.
The reduction was however less than 50%, indicating an
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up-regulation of the functional allele. Furthermore, aconi-
tase and SDHB levels were the same as in wt mice and
there was no iron accumulation in any of the tissues ana-
lysed. These data suggest that the ISCU levels in the het-
erozygous mice are high enough to sustain the Fe-S cluster
formation needed for a functional aerobic energy metabo-
lism and to avoid problems in the iron metabolism. It
would, however, be interesting to see how the system
would react when put under stress, either by extensive
exercise or by extreme diets.

In conclusion, we report differences in the splicing
patterns of ISCU mRNA in different energy-demanding
organs of patients with HML. The differences are also
observed at the protein level, where more functional pro-
tein is generated in non-skeletal muscle tissues. Further-
more, we show that complete loss of ISCU results in early
embryonic death in mice. This provides further support of
alternative splicing as a mechanism responsible for the
relatively mild phenotype in HML patients. The nature of
the differential splicing described in this report is yet
unknown. However, alternative splicing has been shown to
be much more common as a regulatory mechanism than
earlier believed and can either be tissue-specific or induced
by changes in the microenvironment. It has, for example,
been shown that alternative splicing correlates with ATP
depletion in neurodegenerative diseases and is regulated by
hypoxia in breast cancer (Maracchioni et al. 2007; Hir-
schfeld et al. 2009). The alternative splicing in HML could
be tissue-specific, but may also depend on general or dis-
ease induced differences in the metabolic state.
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