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Abstract Mutations of the mitochondrial citrate carrier
(CIC) SLC25A1 cause combined D-2- and L-2-hydroxyglu-
taric aciduria (DL-2HGA; OMIM #615182), a neurometa-
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bolic disorder characterized by developmental delay,
hypotonia, and seizures. Here, we describe the female child
of consanguineous parents who presented neonatally with
lactic acidosis, periventricular frontal lobe cysts, facial
dysmorphism, recurrent apneic episodes, and deficient
complex IV (cytochrome c oxidase) activity in skeletal
muscle. Exome sequencing revealed a homozygous
SLC25A1 missense mutation [NM_005984.4: ¢.593G>A;
p-(Argl98His)] of a ubiquitously conserved arginine resi-
due putatively situated within the substrate-binding site I of
CIC. Retrospective review of the patient’s organic acids
confirmed the D- and L-2-hydroxyglutaric aciduria typical
of DL-2HGA to be present, although this was not
appreciated on initial presentation. Cultured patient skin
fibroblasts showed reduced survival in culture, diminished
mitochondrial spare respiratory capacity, increased glyco-
lytic flux, and normal mitochondrial bulk, inner membrane
potential, and network morphology. Neither cell survival
nor cellular respiratory parameters were improved by citrate
supplementation, although oral citrate supplementation did
coincide with amelioration of lactic acidosis and apneic
attacks in the patient. This is the fifth clinical report of CIC
deficiency to date. The clinical features in our patient
suggest that this disorder, which can potentially be
recognized either by molecular means or based on its
characteristic organic aciduria, should be considered in the
differential diagnosis of pyruvate dehydrogenase deficiency
and respiratory chain disorders.

One-Sentence Summary A novel homozygous missense
substitution in SLC25A1 was identified in a neonate
presenting with lactic acidosis, intracerebral cysts, and an
apparent mitochondrial complex IV defect in muscle.
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Introduction

The mitochondrial citrate carrier (CIC) SLC25A1 is an
inner membrane antiporter that mediates the exchange of a
tricarboxylate dianion (e.g., citrate’", isocitrate’”) for
another tricarboxylate dianion, a dicarboxylate (e.g.,
malate?”), or phosphoenolpyruvate (Palmieri 2004). The
major described function of the CIC is to shuttle mito-
chondrially synthesized citrate to the cytoplasm, where it
(1) furnishes (via citrate lyase) acetyl-coA to support fatty
acid and sterol synthesis and (2) exerts feedback control
over glycolysis by allosterically inhibiting phosphofructo-
kinase. Recently, recessive mutations of SLC2541 in 20
persons with combined D,L-2-hydroxyglutaric aciduria (DL-
2HGA; OMIM #615182), a disorder characterized clini-
cally by severe developmental delay, hypotonia, and
seizures, have been described (Edvardson et al. 2013; Nota
et al. 2013). With subsequent reports, the clinical phenotype
of DL-2HGA has since been expanded to include secondary
microcephaly, hypoplasia or agenesis of the corpus cal-
losum, optic nerve hypoplasia, dysmorphic features, lactic
acidosis, and recurrent apneic crises (Chaouch et al. 2014;
Miihlhausen et al. 2014; Prasun et al. 2015). Apart from a
proposed defect of mitochondrial citrate efflux, little is
known about the downstream pathophysiology of this
condition, and the cellular bioenergetic implications of this
basic transport defect remain poorly understood. Here, we
report the clinical, biochemical, and molecular findings in a
female neonate with a homozygous SLC25A1 mutation and
a novel presentation with congenital lactic acidosis,
leukoencephalopathy with cystic frontal lobe lesions, and
dysmorphic features reminiscent of pyruvate dehydroge-
nase deficiency.

Materials and Methods
Patient DNA and Cellular Analyses

All procedures were in accord with the declaration of
Helsinki. Informed consent was obtained from all study
participants prior to enrollment. The research was approved
by the Children’s Hospital Research Ethics Board. DNA
extraction, sequencing, and exome analysis were performed
as previously described (McDonell et al. 2013). Primary
patient fibroblast cultures were established based on a
2 mm sterile skin biopsy according to standard clinical
protocols. All other experiments conducted in control and
patient fibroblasts were performed as previously described
by our group (Antoun et al. 2015).

@ Springer

Results
Clinical Description

The patient, a female, was the first child to first cousins of
mixed Caucasian background. Routine antenatal ultrasound
imaging was normal. The pregnancy was complicated by
gestational diabetes and preeclampsia, for which labor was
induced; delivery was by emergency Caesarian section at 35
weeks, 6 days, due to fetal distress. Birth weight was 2.16 kg
(third—tenth centile). The baby briefly required bag-mask
ventilation, followed by a further 15 min of continuous
positive pressure, following which breathing was satisfac-
tory and the patient was maintained in room air. Dysmorphic
features were noted, including midface hypoplasia, a thin,
smooth philtrum, micrognathia, and numerous small raised
capillary hemangiomata in a general distribution. At 20 h of
age, the patient developed apneic spells and stridor, in
conjunction with abnormal jerking movements; a lactic
acidosis was noted (lactate = 8.6 mmol/L; pH 7.36; bicar-
bonate = 17 mmol/L). With aggressive fluid and respiratory
support, over the following 24 h, her serum lactate decreased
to 2.7 mmol/L, but failed to normalize entirely, and has
remained persistently elevated since birth (range,
2.5-8.6 mmol/L; typical resting values, 5—6 mmol/L).
Echocardiography was normal. Cranial imaging, initially
by ultrasound and subsequently by MRI, revealed diffuse
white matter deficiency with cerebral volume loss, bilateral
periventricular frontal lobe cysts, and severe hypoplasia of
the corpus callosum (Fig. 1). Funduscopy revealed bilateral
optic nerve hypoplasia; visual evoked potentials were
absent. Her early clinical course was characterized by
hypotonia, poor feeding, temperature instability, and pro-
gressively frequent episodes of central apnea. Tracheos-
tomy was performed at age 3 months. Repeat MRI at that
time showed progressive volume loss, hypomyelination,
and presence of a lactate doublet on spectroscopy (Fig. 1).
At 3 years of age, the patient remained ventilator
dependent, with little psychomotor development, a paucity
of spontaneous movement, frequent apneic crises, and
periods of generalized extensor posturing.

Selected biochemical investigations in this patient
included the following: plasma amino acids and acylcarni-
tine profile were normal. CSF lactate was 3.9 mmol/L (vs.
3.1 mmol/L in serum). CSF amino acids were within
normal limits. Urine organic acids showed increased
excretion of 2-ketoglutaric, fumaric, glutaric, 2-hydroxy-
glutaric, and (inconsistently) lactic and succinic acids.
Muscle biopsy (age, 4 months) showed subtle nonspecific
fiber size variation, normal Gomori trichrome staining, and
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Fig. 1 Cranial MRI appearance at 5 days (a, b) and 3 months of age
(c—f). (a) and (b) Diffuse deficiency of cerebral white matter with
enlarged fluid spaces and marked hypoplasia of the corpus callosum.
Arrow indicates connatal (frontal lobe) cyst; a similar (smaller) right-
sided cyst was present but is not well shown on this axial slice. (c)

normal NADH, SDH, and cytochrome oxidase histochem-
ical stains. The semi-thin toluidine blue staining revealed
subsarcolemmal clearing, with accumulation of non-mem-
brane-bound glycogen; this was confirmed at the ultrastruc-
tural level. Note was also made of occasional small
aggregates of mitochondria with nonspecific pleomorphism
(Supplemental Fig. 1). Respiratory chain testing revealed an
isolated, marked decrease in complex IV in skeletal muscle
activity, but not in cultured skin fibroblasts (Table 1).

Molecular Diagnosis

In order to identify the causative genetic lesion in this
patient, we performed whole-exome sequencing of the
proband. Among the resulting list of rare (allele frequency
<1%) homozygous coding variants in our proband was a
novel missense substitution in SLC2541 (NM_005984.3:
c.593G>A; p.Argl98His; confirmed by Sanger sequenc-
ing) (Supplemental Fig. 2). This substitution is predicted to
be damaging by multiple algorithms (Adzhubei et al. 2010;
Kumar et al. 2009; Schwarz et al. 2014) and has not been
observed in any of the 3513 exomes previously sequenced
at our facility. It is not represented in the Exome
Aggregation Consortium (ExAC) database (http:/exac.
broadinstitute.org/), although a different substitution of this
same position, p.Argl98Cys, is represented at extremely

Lactate doublet is present on MR spectroscopy. (d) Evolution of
changes in panels a and b. Myelination is markedly reduced for age.
Basal ganglia, brainstem, and cerebellum have a relatively normal
appearance. (f) Small optic nerves and optic chiasm (not shown)

low frequency (2/121148 alleles, 0.002%). With arginine
198 having previously been established to be essential for
CIC’s transporter function (see “Discussion”), DL-2HGA
was suspected as the most likely diagnosis. Enantiomeric
separation of 2-hydroxyglutaric acids in the patient’s urine
(VUmc Amsterdam; patient age 4 years, 2 months) showed
hitherto unappreciated increases in the excretion of both D-
2-hydroxyglutaric acid (248.6 mmol/mol creatinine, refer-
ence 2.8—17.0 mmol/mol creatinine) and L-2-hydroxyglu-
taric acid (50.0 mmol/mol creatinine, reference
1.3—18.9 mmol/mol creatinine), confirming the diagnosis.
On retrospective review of the patient’s previous (semi-
quantitative) urine organic acids analyses, citrate was
detected repeatedly, albeit in relatively small amounts.

The lactic acidosis, connatal white matter cysts, and
reduced muscle complex IV activity in our patient were
collectively indicative of a defect of mitochondrial energy
metabolism. To produce a more detailed assessment of the
patient’s mitochondrial dysfunction, we assessed several
parameters (basal and maximal respiration, mitochondrial
bulk, inner membrane potential, and mitochondrial network
structure) in primary patient fibroblasts (Fig. 2). Cells were
exceedingly fragile in culture on standard media, displaying
exaggerated senescence when passaged below ~60 % con-
fluence. Micro-oximetry of the fibroblasts showed a dramatic
decrease in spare respiratory capacity (Fig. 2a, b); this was
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Table 1 Selected activities in skeletal muscle and cultured fibroblasts

Frozen skeletal muscle

Enzyme

Patient muscle activity (imol/min/g wet
weight)

Reference interval (umol/min/g wet
weight)

I+1IT (NADH-cytochrome C reductase)
II+III (succinate-cytochrome C reductase)
IV (cytochrome oxidase)

Citrate synthase

Cultured skin fibroblasts

0.71
1.24
0.09 (1)
4.81

0.53-2.72
0.55-3.46
0.8-6.03

3.48-8.03

Enzyme Patient fibroblasts (nmol/min/mg protein) Reference interval (nmol/min/mg protein)
Pyruvate dehydrogenase (native) 0.67 = 0.05 (n = 3) 0.7-2.5
Pyruvate dehydrogenase (dichloroacetate 0.89 + 0.05 (n = 3) 0.9-2.5
stimulated)
[+ (succinate-cytochrome C reductase) 5.85+0.40 (n = 8) 4-12
IV (cytochrome c oxidase) 4.11 £ 0.57 (n = 8) 4-12
Lactate: pyruvate ratio 25.79 + —4.38%(n = 4) 10-25%
* nmol/h/mg protein
a b Spare Respiratory Capacity
Basal Respiration
= EA Untreated £
2 # ;
] Citrate Supplementation 2
3 T &
2 29 g2
€ £
E £
3 o
g g
8 o . 3
o°(§3\
C Glucose Stimulated d OCR/ECAR
2 05n p=0.05 o 107 | p=0.01
€ = ' : 3
DEEL 0.44 m 84
5§32 ] |8
£ 5 os- 8|3 ¢
832 e ol
8% E 02 ai|?
85I @
B8 £ 011 821
£ 3
&5 00-
LY i
& & &

Fig. 2 SLC25A1-deficient patient cells exhibit lessened spare
respiratory capacity and increased glycolytic flux. Micro-oximetry
was performed, as per Antoun et al. (2015), on cells grown in standard
medium and on cells grown in medium supplemented with 4 mM
citrate. Oxygen consumption rate (OCR) was corrected for non-
mitochondrial oxygen consumption and normalized to protein content.
(a) Basal OCR of patient fibroblasts does not differ significantly from
that of control fibroblasts. (b) Spare respiratory capacity is reduced in

@ Springer

the patient fibroblasts; this was not ameliorated by citrate supplemen-
tation. (¢) Glucose-stimulated extracellular acidification rate (ECAR),
reflecting glycolytic flux, is markedly increased in the patient cells
(n = 3). (d) OCR/ECAR ratio (basal OCR divided by glucose-driven
ECAR) is markedly reduced in the patient, i.e., the patient cells are
relatively reliant on glycolysis (» = 3). Values are presented as
mean £+ SEM, analyzed by unpaired, two-tailed student’s #-test
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Fig. 3 Normal patient mitochondrial networking, drug-induced
[fragmentation, total mitochondrial bulk, and inner membrane charge
in skin-derived fibroblasts. (a, b) High-throughput confocal imaging
of fixed control (leff) and patient (right) fibroblasts £+ acute 60 pM
FCCP treatment; immunostained for the outer membrane transporter

accompanied by an increase in glucose-supported extracellu-
lar acidification (Fig. 2c), a proxy measure of overall
glycolytic flux. The oxygen consumption rate (OCR) to
extracellular acidification rate (ECAR) ratio, a comparison of
the cell’s reliance on oxidative phosphorylation versus
glycolysis, was dramatically lower in patient cells than in
controls (Fig. 2d). High-throughput confocal microscopy of
fixed cells stained for the outer membrane transporter
TOMM-20 (Fig. 3a, b) revealed a normal-appearing mito-
chondrial network. Lastly, flow cytometric assays for (1)
average cellular mitochondrial bulk and (2) mitochondrial
inner membrane potential showed no statistical difference in
either of these parameters versus controls (Fig. 3c, d).

The patient was prescribed an oral citrate supplement
(3 mg/kg/day) at 33 months of age, and this coincided with
an improvement in the frequency of her apneic attacks,
increased spontaneous respiratory drive (i.e., lessened
reliance on her mandatory “backup” ventilator rate and an
increase in patient-triggered breaths). Blood lactate concen-
tration decreased significantly (8.9 mmol/L to 3.8 mmol/L)

I Control
T Patient
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TOMM-20 (n = 4). (¢) Mitochondrial content (MitoTracker Green)
(n = 3) and (d) inner membrane potential (TMRE) (n = 3) measured
by flow cytometry. Values are presented as mean + SEM; analyzed by
(b) two-way ANOVA or (¢) nonparametric Mann-Whitney test for
unequal variance and (d) unpaired, two-tailed student’s 7-test

during the first week of therapy, although lactate remained
persistently elevated thereafter (last measurement,
5.2 mmol/L), and urinary 2-hydroxyglutarate excretion
has also remained markedly increased. The patient’s clinic
performance status remains poor.

Discussion

This is the fifth report of DL-2HGA, our proband being the
twentieth affected individual reported to date (Nota et al.
2013; Chaouch et al. 2014; Prasun et al. 2015; Edvardson
et al. 2013). As far as we are aware, no other patient with
DL-2HGA has been described to have a specific respiratory
chain defect (complex IV deficiency) on muscle biopsy. In
general terms, the findings in the patient suggest impaired
oxidative phosphorylation, increased reliance on glycolysis,
and preservation of mitochondrial bulk, inner membrane
charge, and overall network structure. Contributing factors
in the patient’s lactic acidosis could include (1) NADH

@ Springer
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accumulation due to respiratory chain dysfunction and/or
(2) increased glycolytic flux, by allosteric disinhibition of
phosphofructokinase (Newsholme et al. 1977).

The arginine residue (Argl98) altered by our proband’s
substitution is likely to be particularly crucial for CIC’s
carrier function. In the orthologous S. cerevisiae citrate
transport protein CTP, the equivalent position (Argl89) is
proposed to form direct physical contacts with citrate at one
of the protein’s two putative citrate-binding sites (Ma et al.
2007). Substitution of Argl89 with a cysteine drastically
compromises both the kinetics and the selectivity of CTP,
with a >300-fold increase in K,,, ~1,000-fold decrease in
Vinax> and a greatly increased affinity for dicarboxylic acids
(e.g., malate) rather than citrate (Ma et al. 2007; Aluvila
et al. 2010). An in silico structural model based on the
homologous mitochondrial carrier ANT1 (PDB: 10KC)
(Pebay-Peyroula et al. 2003) situates the side chain of
Argl98 within CIC’s positively charged site 1 pocket
(Supplemental Fig. 3), and substitution of this residue with
a significantly less basic histidine residue is likely to
change the steric and electrostatic configuration of site 1.

Our patient’s clinical presentation was initially consid-
ered to be suggestive of pyruvate dehydrogenase defi-
ciency. As proved to be the case here, PDH-like facial
dysmorphism, periventricular frontal lobe cysts, and hyper-
lactatemia are nonspecific signs that can be seen in many
disorders of cellular energy metabolism. Because DL-2HGA
is rare and its characteristic organic aciduria may be
overlooked, panel- or exome-based molecular testing may
be the most practical route to a diagnosis in some cases.
The apparent clinical improvement in apneic episodes on
oral citrate supplementation has been described in one other
reported individual, although in both instances, treatment
was started well into the disease course (Mithlhausen et al.
2014). The effect, if any, of earlier initiation of therapy on
the remainder of the DL-2HGA phenotype (developmental
delay, microcephaly, structural brain malformations, seiz-
ures, etc.) remains to be assessed prospectively in suitable
cases.
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