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Abstract
Mitochondrial diseases are a plethora of inherited neuromuscular disorders sharing defects in mitochondrial respiration, but
largely different from one another for genetic basis and pathogenic mechanism. Whole exome sequencing was performed in
a familiar trio (trio-WES) with a child affected by severe epileptic encephalopathy associated with respiratory complex I
deficiency and mitochondrial DNA depletion in skeletal muscle. By trio-WES we identified biallelic mutations in SLC25A10, a
nuclear gene encoding a member of the mitochondrial carrier family. Genetic and functional analyses conducted on patient
fibroblasts showed that SLC25A10 mutations are associated with reduction in RNA quantity and aberrant RNA splicing, and to
absence of SLC25A10 protein and its transporting function. The yeast SLC25A10 ortholog knockout strain showed defects in
mitochondrial respiration and mitochondrial DNA content, similarly to what observed in the patient skeletal muscle, and
growth susceptibility to oxidative stress. Albeit patient fibroblasts were depleted in the main antioxidant molecules NADPH
and glutathione, transport assays demonstrated that SLC25A10 is unable to transport glutathione. Here, we report the first
recessive mutations of SLC25A10 associated to an inherited severe mitochondrial neurodegenerative disorder. We propose
that SLC25A10 loss-of-function causes pathological disarrangements in respiratory-demanding conditions and oxidative
stress vulnerability.
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Introduction
The mitochondrial respiratory complex I couples the transfer of
electrons from NADH to ubiquinone and the translocation of
protons from the mitochondrial matrix to the intermembrane
space, contributing to oxidative phosphorylation. Clinical pre-
sentation of complex I deficiency is extremely heterogeneous,
ranging from fatal neonatal disease to adult-onset neurodege-
nerative disorders (1), and often associates to epilepsy (2).
The vast genetic heterogeneity of isolated complex I deficiency
is caused by mutations in mitochondrial DNA (mtDNA) or, in
most cases, in nuclear-DNA genes encoding structural subunits,
assembly factors, or other proteins with apparently complex I-
unrelated functions (see OMIM 252010). Further, the activity of
complex I is susceptible to environmental factors, such as oxi-
dative stress (3).

SLC25A10 (also known as DIC) transports dicarboxylates and
phosphate across the inner mitochondrial membrane, and is
conserved from yeast to mammals (4,5). As reviewed in (6),
SLC25A10 inhibition has been repeatedly reported to cause
reduced levels of mitochondrial glutathione (GSH) and impair-
ment of complex I activity in rat neurons (7).

Here we report the first human mutations abolishing
SLC25A10 function in a patient affected by a progressive form of
epileptic encephalopathy and severe hypotonia associated with
complex I deficiency.

Results
Case description

This study was approved by the Pediatric Ethics Committee of
the Tuscany Region, Italy (in the context of the Project DESIRE)
and informed consent was signed by the patient’s parents. The
proband is a 9-year-old boy born at term from non-
consanguineous healthy parents of two additional healthy chil-
dren (Fig. 1A). Main clinical and biochemical alterations are
summarized in Table 1. Hypospadias, bilateral hydrocele and
unilateral right hearing loss were noticed. At 3 months, general-
ized jerking and infantile spasms appeared in multiple per day
episodes. Clinical examinations showed severe hypotonia,
absent eye tracking and poor spontaneous movements. EEG
revealed multifocal epileptiform discharges and a suppression
burst pattern. MRI, initially normal, showed high signal inten-
sity of the white matter at 1 year and also thinning of the corpus
callosum at 4 years. Clinical conditions evolved in intractable
tonic spasms and focal seizures and quadriparesis, which pro-
gressively became spastic and dyskinetic. Growth parameters
have always been within the normal range and neuropsychiat-
ric evaluations revealed intellectual ability in the normal-high
range. Multiple metabolic investigations, cerebrospinal-fluid
amino acids, neurotransmitter levels and visual evoked poten-
tials were normal (the list of laboratory tests is reported in
Supplementary Material). Blood analyses revealed microcytic
anemia, which was improved after iron supplementation, and
increased lactate (3.64 mM) and lactate/pyruvate (25.58) levels.
The analysis of the four mitochondrial respiratory complexes
from muscle homogenates, performed at 18 months, indicated
reduced respiratory complex I activity (27% of the mean control
value, Supplementary Material, Fig. S1) and decreased mtDNA
content (40% lower than the mean control value). Multiple anti-
epileptic drug trials and ketogenic diet were ineffective against
seizures.

Compound heterozygous mutations in SLC25A10

Pathogenic mutations in the mitochondrial genome were excluded
by Sanger sequencing. Three independent whole exome sequenc-
ing experiments (trio-WES) were performed on the genomic DNA
of the patient and his parents. Trio-WES led to a dramatic cut-off
of sequence variants, compared with patient-WES, under domi-
nant and recessive hypotheses of inheritance (Supplementary
Material, Fig. S2). Compound heterozygous mutations were
identified in SLC25A10 (Fig. 1B), and their co-occurrence in the
healthy brother and sister was excluded by direct sequencing
(Supplementary Material, Fig. S3). A heterozygous SLC25A10 non-
sense mutation was inherited from the mother (NM_001270888.1:
c.304A>T, p.Lys102*, Fig. 1C). This mutation, absent in the ExAC
database (September 2017), generates a prematurely truncated pro-
tein lacking �70% of the amino acid sequence (Supplementary
Material, Fig. S4). Two heterozygous mutations were inherited from
the father (Fig. 1C): a synonymous mutation (NM_001270888.1:
c.684C>T, p.Pro228Pro) annotated in the dbSNP146 database
(rs114621664) with frequency of 0.0014 in the ExAC database and
an intronic mutation (NM_001270888.1: c.790–37G>A) annotated
in the dbSNP146 database (rs200706742) with frequency of 0.0011 in
the ExAC database. Mutations have been submitted to the NCBI
ClinVar database (www.ncbi.nlm.nih.gov/clinvar/, accessions
SCV000611119 and SCV000611120).

SLC25A10 mutations cause RNA depletion and aberrant
RNA splicing

The quantitative Real Time-PCR (qRT-PCR) analysis, conducted
on cDNA obtained from cultured fibroblasts, showed a 10-fold
decrease in SLC25A10 transcript level in the patient relative to
control (Fig. 1D). PCR primer-pairs were designed to amplify two
distinct portions of the SLC25A10 cDNA (Fig. 1C), which span
exons 3–8 and exons 3–11, respectively. The former was
detected in both the patient and control (Fig. 1E). The sequence
of this fragment corresponds to the paternally inherited allele
(Supplementary Material, Fig. S5), suggestive of nonsense-
mediated decay of the maternally inherited one. The fragment
spanning exons 3–11 is instead virtually absent in the patient
cells (Fig. 1F), suggesting abnormal RNA splicing in-between
exons 9 and 11. The paternally inherited mutations are pre-
dicted to break an exon splicing enhancer in exon 9 and to cre-
ate a new one in intron 10, respectively (Supplementary
Material, Fig. S6). Several minigene splicing reporter constructs
(Fig. 1G and Supplementary Material, Fig. S7) were generated to
further test the effect of these cis-acting mutations on the RNA
splicing of the flanking exons/introns. The quantification of the
obtained RNA splicing fragments showed that the mutant DNA
promotes a shift toward shorter splicing isoforms, thus favoring
the exclusion of SLC25A10 exon 10 and intron 10, when com-
pared with the wild-type (Fig. 1H). The RNA quantitative change
was also observed in other minigenes hosting the intronic
mutation alone (Fig. 1I), but not in minigenes hosting the synon-
ymous mutation alone (Supplementary Material, Fig. S7), sug-
gesting a primary role of the intronic mutation in inducing the
aberrant RNA splicing.

SLC25A10 mutations are associated with absence of
protein and transport activity, and depletion of
antioxidant molecules

Western-blot immunodetection on mitochondrial extracts did
not reveal the SLC25A10 band in the patient-derived fibroblasts,
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while other known mitochondria-targeted proteins, i.e. the
b-subunit of the ATPase complex and the aspartate-glutamate
carrier, were detected in both the patient and two controls
(Fig. 2A). The SLC25A10 transport activity was determined as
malate/phosphate exchange, which is the SLC25A10 defining
reaction (8–11), in liposomes reconstituted with fibroblast mito-
chondrial extracts. Control mitochondrial extracts efficiently
catalyzed the uptake of malate in exchange with phosphate,
and vice versa, while negligible if any transport activity of
SLC25A10 was detected in the patient (Fig. 2B) even after a long
period of incubation (60 min).

In view of the previous observation that SLC25A10 inhibition
increases the amount of H2O2 released by mitochondria (7), cul-
tured patient fibroblasts were assessed for the content of key
antioxidant system molecules, GSH and Nicotinamide Adenine
Dinucleotide Phosphate (NADPH). Mass spectrometry analysis
of cellular extracts showed a 4-fold decrease in the NADPH/
NADPþ and GSH/GSSG ratios in the patient fibroblasts compared

Figure 1. SLC25A10 genetic and RNA analyses. (A) Pedigree of the affected family (filled symbol: patient; open symbols: unaffected relatives). (B) Compound heterozy-

gous mutations identified by trio-WES, reported as the “Integrative genomic viewer” (26) output. (C) Structure of the SLC25A10 gene and location of mutations. The

nucleotide and amino acid changes are indicated with respect to the reference sequences NM_001270888 and NP_001257817, respectively. (D) qRT-PCR analysis of fibro-

blast cDNA revealed a decrease in endogenous SLC25A10 RNA quantity in the patient (II: 2) compared with control (Ctrl). (E) Gel electrophoresis of cDNA PCR products

revealed the presence of a fragment spanning exons 3-8 in patient fibroblasts (II: 2) and control fibroblasts (Ctrl), while (F) patient fibroblasts lack the fragment spanning

exons 3-11. (G) Structure of the minigene construct spannig exons 9-11 (E: exon). (H) Ratio between the quantity of the minigene-derived RNA splicing fragments

including and excluding intron 10 (I10), exon 10 (E10) or both of them (E10-I10) in minigene E9-E11. (I) Inclusion/Exclusion ratios in minigene E10-E11. Data are pre-

sented as meanþSEM of at least three experiments; ***: non parametric Wilcoxon test P-value<0.05.

Table 1. Main clinical and biochemical alterations

Analysis Specimen Result

Clinical
examination

– Severe hypotonia, intractable tonic
spasms, focal seizures and
quadriparesis

EEG – Multifocal epileptiform discharges
MRI – High signal intensity of the white

matter (1 yo); thinning of corpus
callosum (4 yo)

Cell count Blood Microcytic anemia
Redox state Plasma Increased lactate (3.64 mM) and

lactate/pyruvate ratio (25.58)
RC activity Skeletal muscle Complex I deficiency (27%)
MtDNA content Skeletal muscle mtDNA depletion (40%)

EEG: Electroencephalography; MRI: Magnetic resonance imaging; yo: years old;

RC: respiratory chain; mtDNA: mitochondrial DNA.
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with control (Fig. 2C), while the total quantity of these
metabolites (oxidizedþ reduced forms) was not significantly
altered (Supplementary Material, Fig. S8). To verify whether
the protective role of SLC25A10 against oxidative stress depends
on the proposed SLC25A10-mediated transport of GSH (7,12),
rat Slc25a10 (90% identical to human SLC25A10) was
expressed in bacteria, purified, incorporated into liposomes and
tested for transport activity. Slc25a10 did transport malate,
whereas no transport activity was observed with GSH or GSSG
(Fig. 2D).

Furthermore, patient fibroblasts exhibited a growth defect,
compared with control, under stress conditions induced by a
low-glucose concentration (Supplementary Material, Fig. S9).

Yeast SLC25A10 ortholog lack-of-function causes
impairment in mitochondrial respiration, reduced
mtDNA copy number and oxidative stress vulnerability

Albeit the patient skeletal muscle revealed reduced mtDNA
quantity and impaired complex I activity, cultured fibroblasts
did not show any respiratory defect (Supplementary Material,
Fig. S1) as frequently observed in mitochondrial disorders (13).
Therefore, the model organism S. cerevisiae was employed to
investigate the cellular phenotype caused by SLC25A10 lack-of-
function. In these experiments the role of yeast DIC1, the ortho-
log and functional analog of SLC25A10 (4,5), was explored by
comparing the yeast knockout strain (DDIC1) with the isogenic

Figure 2. SLC25A10 protein and functional analyses. (A) Western-blot of primary fibroblast mitochondrial extracts (30 lg of protein) in patient (II: 2) and two control cell

lines (Ctrl1 and Ctrl2). (B) Transport activity of SLC25A10 in fibroblast mitochondrial extracts of patient (II: 2) and control (Ctrl). Liposomes were reconstituted with

mitochondrial extracts, preloaded with excess of Pi or malate (20 mM) and incubated with radio-labeled [14C]malate or [33P]phosphate (1 mM), respectively, for 60 min.

Pi: phosphate. (C) Mass spectrometry quantification of NADPH and GSH (reduced forms) and NADPþ and GSSG (oxidized forms), reported as reduced/oxidized form

ratios, in the fibroblasts of patient (II: 2) and control (Ctrl). (D) Lack of transport of GSH and GSSG by DIC (Slc25a10). Liposomes were reconstituted with the recombinant

purified rat DIC, preloaded with excess of malate, GSH or GSSG or NaCl (10 mM) and incubated with radio-labeled [14C]malate (0.5 mM) for 30 min. (E) Percentage of

“petite” respiratory-deficient yeast colonies generated from S. cerevisiae knockout strain (DDIC1) and isogenic wild-type strain (WT) after 2 or 4 days of growth in glycerol

at 30 �C or 37 �C. �1000 colonies were screened per strain per assay. ��� : binomial test P-value<0.05, n.s.: not significant. (F) Yeast quantitative PCR analysis of relative

mtDNA copy number after 4 days of growth in glycerol compared with 2 days. (G) Yeast growth curves in glycerol for WT and DDIC1 in absence (open symbols) or in

presence (filled symbols) of H2O2 (2.5 mM). Data are presented as meanþSEM of at least three experiments except for Figure 2E, ***: non parametric wilcoxon test P-val-

ue<0.05, n.s.: not significant.
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wild-type strain (WT). The “petite” frequency assay [(14) and
Supplementary Material, Fig. S10] showed that the generation
rate of respiratory-deficient cells increased in DDIC1, compared
with WT, when cells were cultured in respiratory-demanding
conditions, i.e. 4-day vs 2-day culture in glycerol as the only non
fermentable carbon source (Fig. 2E). Yeast DDIC1 also showed
increase in respiratory-deficient cells, compared with WT, when
grown in glycerol for 2 days under environmental stress condi-
tions (at 37� instead of 30 �C, Fig. 2E). Further, the mtDNA quan-
tification assay showed that WT, and not DDIC1, increased
mtDNA copy number after culturing cells for 4 days in glycerol
compared with 2 days (Fig. 2F). In addition, a defective growth
curve of DDIC1, compared with WT, emerged when H2O2 was
added to the glycerol growth medium (Fig. 2G), indicating oxida-
tive stress vulnerability.

Discussion
Here, we show the first SLC25A10 recessive mutations associ-
ated with a mitochondrial disorder with severe epileptic and
progressive encephalopathy. Albeit additional SLC25A10 muta-
tions in unrelated individuals will be required as standard proof
of causality, we report genetic and functional evidence support-
ing that SLC25A10 is a novel disease-causing gene. Trio-WES
analysis indicated SLC25A10 as the only gene encoding a
mitochondria-targeted protein with mutations compatible with
the patient family tree. The relevance of the detected mutations
was demonstrated by the absence of maternal SLC25A10 RNA,
hosting a premature stop codon, and the remarkably reduced
content and impaired splicing of the paternal SLC25A10 RNA,
hosting a synonymous and an intronic mutation. Consistently,
the western-blot immunodetection exhibited absence of
SLC25A10, and the transport assay on reconstituted mitochon-
drial extracts revealed no SLC25A10 activity. A S. cerevisiae strain
lacking DIC1, the functional analog of SLC25A10 in yeast (4,5),
showed impairment in mitochondrial respiration and decrease
in mtDNA copy number, similarly to what observed in the
patient skeletal muscle, when yeast cells underwent prolonged
respiratory-demanding conditions.

The respiratory proficiency in permissive cell growth condi-
tions, together with the neuromuscular patient phenotype, sug-
gests that the respiratory-chain defect may be secondary to
biochemical intracellular derangements (15) and that SLC25A10
functions cannot be accomplished by other transporters, at
least in neuronal and muscle cells. Multiple literature findings
reviewed in (6) indicated that SLC25A10 confers oxidative stress
resistance, which was attributed to a putative SLC25A10-
mediated transport of GSH into mitochondria. In rat neurons in
particular, Slc25a10 inhibition has been shown to cause mito-
chondrial GSH depletion (7,12), release of H2O2 from mitochon-
dria and complex I deficiency due to oxidative stress (7). Our
results suggest that SLC25A10 lack-of-function might confer oxi-
dative stress vulnerability, since the patient fibroblasts show
depletion in the main antioxidant molecules NADPH and GSH,
and the yeast knockout strain displays growth defect upon
addiction of H2O2. Oxidative stress might induce mtDNA degra-
dation (16) and impair mitochondrial respiration, especially at
complex I, which is the greatest and more vulnerable respira-
tory complex (17). However, our observation that rat Slc25a10
does not transport GSH, in agreement with similar findings with
yeast DIC1 (18), infers that oxidative stress resistance depends
on SLC25A10 functions other than transport of GSH. The known
SLC25A10 substrates malate and succinate may contribute to
the cell antioxidant system, since they are donors of reducing

equivalents for the production of NADPH, GSH and ubiquinol
(Supplementary Material, Fig. S11). In addition to redox defense,
SLC25A10 was proposed to modulate the energy metabolism of
the cell, since knockdown of SLC25A10 in a cancer cell line
decreases the protein content of the hypoxia inducible factor 1a

(HIF-1a), a key regulator of the shift between glycolysis and oxi-
dative phosphorylation (19). Future work is warranted to exploit
the SLC25A10-mediated molecular mechanisms that protect
cellular respiration and redox state.

Materials and Methods
WES and related data analyses are described in Supplementary
Material. qRT-PCR was carried out (20) using Thermo
Fisher assays for human SLC25A10 (Hs00201730_m1) and ACTB
gene (Hs99999903_m1). Minigene expression constructs were
generated using the primers listed in Supplementary Material,
Table S1, from both the maternal and paternal SLC25A10 allele,
and were analysed as reported in Supplementary Material. The
anti-SLC25A10 polyclonal antiserum antibody (8,21) was used for
western-blot immunodetection on fibroblast mitochondrial
extracts. The latter were reconstituted into proteoliposomes and
analysed by transport assays as described (8,22). Metabolite quan-
tification by mass spectrometry analysis was performed as
reported (23–25). Rat Slc25a10 bacterial expression, reconstitution
and transport assays were performed as reported (5,22).
S. cerevisiae strains were obtained from EUROSCARF (wild-type
S288C strain and isogenic DIC1 knockout strain YLR348c:kanMX4),
and were analysed as described in Supplementary Material.

Supplementary Material
Supplementary Material is available at HMG online.
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