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Abstract

Objective—To interrogate the metabolic profile of five subjects from three families with rare,
nonsense and missense mutations in SLC13A5and Early Infantile Epileptic Encephalopathies
(EIEE) characterized by severe, neonatal onset seizures, psychomotor retardation and global
developmental delay.

Methods—Mass spectrometry of plasma, CSF and urine was used to identify consistently
dysregulated analytes in our subjects.

Results—distinctive elevations of citrate and dysregulation of citric acid cycle intermediates,
supporting the hypothesis that loss of SLC13A5 function alters tricarboxylic acid cycle (TCA)
metabolism and may disrupt metabolic compartmentation in the brain.

Significance—Our results indicate that analysis of plasma citrate and other TCA analytes in
SLC13A5 deficient patients define a diagnostic metabolic signature that can aid in diagnosing
children with this disease.
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INTRODUCTION

Epilepsy can be a devastating disease and can be caused by both environmental and genetic
factors and can often lead to developmental delay[1]. Early Infantile Epileptic
Encephalopathies (EIEE) are a heterogeneous group of disorders characterized by refractory
seizures with onset in the first year of life, often associated with cognitive, sensory and
motor abnormalities comorbid with clinical and subclinical epileptic activity [2]. Etiologies
of EIEE include structural brain malformations, inborn errors of metabolism, and injury as
well as genetic causes. Monogenic causes have been well described and include disturbances
in neuronal ion channels (e.g. SCN1A [3] and KCNQ2), neurotransmitter receptors (e.g.
GABRB3[4] and CHRNAZ), and mitochondrial function (e.g. RARS2 [5]). The genetic
heterogeneity of monogenic forms is also manifested by multiple examples of autosomal
dominant (both de novo and inherited with variable penetrance), autosomal recessive, and X-
linked forms [6].

Recent publications have identified compound heterozygous and homozygous mutations in
SLC13A5as an autosomal recessive, monogenic etiology of EIEE25 [MIM: 608305] [7,8]
and one of two genes that cause Kohlschiitter-Ténz syndrome [MIM: 614574][9]. SLC13A5
is an inward-directed electrogenic sodium-coupled tricarboxylate substrate transporter
predominantly expressed in liver and diffuse expression throughout the brain. SLC13A5 is
located at 17p13.1, consists of 11 exons and has both eukaryotic and prokaryotic homologs
[10]. The tricarboxylate transporter contains 12 transmembrane domains and exhibits
highest affinity for citrate with significantly lower affinity for other tricarboxylic acid (TCA)
cycle intermediates such as succinate, fumarate and malate [11]. SLC13A5 is the homolog
of the fruit fly /NDY gene [12], which had previously been associated with longevity,
although this association is disputed [13]. Mouse knockouts of S/c13a5 are smaller in size,
show insulin resistance and protection against obesity [14]. Hepatic content of ATP is
sharply reduced and mitochondrion metabolism and mitochondrion-associated gene-
expression are increased. The mechanism of action in both fruit fly and mouse is thought to
be due to mimicking calorie restriction and in C. elegans SLC13A5 (Indy/CeNac2)
knockdowns have been shown to induce AMPK [15]. Interestingly, no neurological
phenotype was reported for either fruit fly or mice [13,14]. Although mutations in SLC13A5
are strongly associated with EIEE25, the underlying causal mechanism is unknown. There
are two reports in the literature using heterologous expression systems to suggest that cases
of SLC13A5 deficiency are associated with loss of citrate transport activity [8,16].

Understanding the potential effects of primary or secondary perturbations of energy
metabolism is crucial in understanding and controlling seizures [17]. The tricarboxylic acid
cycle (TCA) is critical for brain function, not only for energy production but as a supply of
biosynthetic precursors for amino acids and neurotransmitters [18]. Citrate is a major
substrate for energy generation in most cells, is detectable in plasma, and is taken up into
cells by the SCL13 family of transporters [19]. Based on recent transcriptomic studies,
SLC13A5is expressed at high levels in adult astrocytes, with lower expression in other brain
cell types, including neurons [20,21]. Neurons lack the capacity to perform de novo
synthesis of tricarboxylic acid (TCA) cycle constituents (anaplerosis) owing to the absence
of pyruvate carboxylase, and are dependent on astrocytes to supply lactate, glutamine, alpha-
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ketoglutarate (aKG) and other metabolites [22]. Here, we utilize mass spectrometric
methods to analyze the CSF, plasma, and urine metabolites of five patients from three
families to determine the metabolic derangements due to SLC13A5 loss of function.

SUBJECTS/MATERIALS AND METHODS

This research was conducted under IRB approval from Baylor College of Medicine and
Stanford University with informed consent from the parents of the affected subjects. All
work was done in accordance of the Helsinki Declaration of 1975, as revised in 2000.

Metabolomic analysis was performed as described previously [23]. Median raw intensity
values were calculated for all analytes identified in >=2/3 of the anchor specimen and these
median values were then used to normalize corresponding analyte raw intensity values in
patient specimen. Analytes not identified in 2/3 or more of the anchor specimens were
excluded from analysis. Anchor adjusted analyte values are individually median scaled to
control samples and log transformed. For urine specimen, raw intensity values were
normalized to osmolality and creatinine prior to anchoring. P-values for analytes were
calculated using the heteroscedastic Student’s T-test. FDR was calculated using the
technique of Benjamini and Hochberg.

Sequence data was generated on the Illumina HiSeq 2000 platform Reads were aligned,
variants called, annotated and prioritized as previously described [24].

Patient Description

Subjects Al and A2 (previously described [16]) are the 15t and 4t children born to healthy,
non-consanguineous parents of western European ancestry (Figure 1A). Subject Al was
noted to have seizure activity within the first 24 hours of life. Her seizures have been
refractory despite dozens of antiepileptic drug regimens, including cannabinoid trial and
vagal nerve stimulator. Shortly after starting a ketogenic diet Subject A1 went into status
epilepticus necessitating a medically induced coma. Brain MRIs have all been
unremarkable. Subject Al has short stature (FOC 57 cm, z=2.20; weight 41.5 kg, z=-0.5;
length 141.3 cm, z=—-2.22). Subject A2 is a nondysmorphic, 3-year-old male born full term
after an uncomplicated pregnancy with seizures starting within the first 24 hours of life. His
current seizure burden is approximately 5-8 seizures per year. Subject A2 had failure to
thrive in the first 2 years of life, but by age 3-years has normal growth parameters (FOC 49.1
cm, z=-0.71, weight 14.1 kg, z=—-0.51, length 94.8 cm, z= —0.58).

Subsequently, three additional patients from two families (subjects B1, C1 and C2) were
identified. Subject B1 is a nondysmorphic, 11-year-old, African-American male born full
term via cesarean section due to fetal distress after an otherwise uncomplicated pregnancy
(Figure 1B). He exhibited his first seizure within the first 24 hours of life and was later
diagnosed with medically intractable epilepsy. He is currently on multiple antiepileptics and
has at least 3 distinct seizure types with approximately 3 breakthrough seizures per year.
Subject B1 has normal growth parameters (FOC 55 cm, z=0.67, weight 45.2 kg, z=0.80,
length 141 cm, z=-0.74).
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Subjects C1 and C2 (previously described [16]) are children born to healthy, non-
consanguineous south Indian parents (Figure 1C). Subject C1 is a 9-year-old female born at
33 weeks gestation with pregnancy complicated by premature rupture of membranes. She
has medically intractable seizures that started on the 3™ day of life. She has been on
numerous combinations of antiepileptics with at least 3 distinct seizure types and
approximately 1-2 breakthrough seizure per month. Subject C1 has normal growth
parameters (weight 26.8 kg, z = -0.85; length 125.2 cm, z = -1.7; FOC 50 ¢cm, z = -0.96).

Subject C2 is an 8-year-old male born at 36 weeks gestation with pregnancy induced for
fetal distress. His seizures started within the first 24 hours of life and despite medical
management his seizures remain poorly controlled. He has at least 2 seizure types and his
current seizure burden is approximately 1-2 seizures per month. Subject C2 has short stature
(weight 23.7 kg, z = —0.82; length 118.4 cm, z = -2.04; FOC 51.5 cm, z = -0.42).

Sequencing ldentifies Compound Heterozygous/Homozygous Mutations in SLC13A5

Whole exome sequencing (WES) of Al and A2 identified 2 nonsynonymous, heterozygous
variants in transin SLC13A5that were not shared by the unaffected siblings. These
missense variants (hgl9; chrl7: 6590948A>G, p.Leud92Pro; chrl7: 6606350C>T,
p.Gly219Arg) affected highly conserved residues with only the latter mutation previously
observed in the NHLBI Exome Sequencing Project dataset and EXAC database with MAF of
0.014% and 0.035%, in European populations, respectively. Subject B1 harbors rare,
compound heterozygous coding variants in frans configuration in SLC13A5
(chrl7:6599103G>A, p.Arg333X, MAF 0%; chrl7:6606325G>A, p.Tyr227Met, MAF
0.0009%) (see Figure 1). Clinical WES of subjects C1 and C2 identified a homozygous
SLC13A5mutation ¢.511delG (p.E1715fsX16) (see Figure 1), resulting in a frame shift and
premature stop codon [16]. Parental Sanger sequencing studies confirmed each parent is
heterozygous for this mutation.

Metabolomic profiling reveals altered TCA cycle intermediates

We conducted global metabolomic profiling by mass spectrometric analyses of urine
(Subjects Al, A2, B1, and C1), plasma (subjects A1, A2, B1, C1, and C2), and CSF
(subjects Al, A2, and B1) and compared the relative values of metabolites to unaffected
control samples (N=80, 78, 76 for urine, plasma and CSF, respectively)[25,26]. In total, we
identified 893, 629, 425 metabolites in the urine, plasma and CSF respectively (see
Supplementary Table 1), of which, after removing unknown analytes and those involved in
drug metabolism, 3, 4, and 25 were consistently and significantly perturbed when compared
to controls (see Table 1 and Figure 2). We observed in both the CSF (p=1.3E-06) and the
plasma (p=2.4E-04) an increase in the concentration of citrate when compared to controls
(Figure 2A and B) but no significant difference in urine (p=0.34). A separate sample was
clinically analyzed at a laboratory (ARUP labs, Salt Lake City Utah) for plasma citrate and
demonstrated increased levels of citrate: 236, 120, and 118 umol/L for subjects A1, A2, and
B1 respectively (reference range = 0-100 umol/L). These data were provided in Table 1B.
These results are categorically identical to the MS results, but linear correlation is poor
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owing in part to the small sample size and the samples were not taken on the same day (see
Table 1B). Other TCA cycle intermediaries were also noted to be perturbed in the urine
(fumarate) and CSF (isocitrate, 2-methylcitrate & aconitate).

Analysis of patients’ CSF samples revealed consistent alterations in numerous metabolites
compared to controls, including multiple metabolites associated with carbohydrate
metabolism, lipid synthesis and amino acid pathways (Table 1). The most statistically
significant metabolite in the CSF was beta-hydroxyisovaleroylcarnitine, an intermediate of
leucine metabolism. Indeed, 6 of the 25 altered analytes in the CSF were involved directly
with amino acid metabolism. The most over-abundant metabolite was 2-methylcitrate having
an approximate 4-fold increase in relative amount in patient sample when compared to
controls. In contrast, 3-hydroxybutyrate (BHBA) was the most under abundant metabolite.
BHBA treatment has been used successfully to treat multiple acyl coenzyme A
dehydrogenase deficiency [27]. In urine, fumarate was reduced in the subject samples
compared to controls, demonstrating that disturbances of TCA cycle metabolites were
detected in all three compartments (Table 1).

DISCUSSION

In this study, five subjects from three families with Early Infantile Epileptic Encephalopathy
(EIEE25), global developmental delay, intellectual disability, and psychomotor retardation
with biallelic mutations in SLC13A5 are reported. SLCI13A5 expresses a sodium-coupled
citrate transporter and has been shown in mouse liver to alter ATP/ADP ratios and modulate
mitochondrial metabolism [14]. Citrate also acts as a source of energy, bicarbonate, potential
chelator and as a biosynthetic precursor in the brain [28]. Interestingly, neurological
phenotypes in mouse knockout models have not been reported nor do the subjects presented
to date in the literature or here uniformly show decreased size or especially lean body-type
as seen in the mouse knockout models. These differences in currently reported phenotypes
may be due to, as yet, unrecognized differences in the function of SLC13A5 in humans and
mice or differential redundancy effects of other tricarboxylic transporters between human
and mouse brain. Affinity for citrate /n vitro[10] is significantly different between the two
homologs, which may have functional implications /n vivo. Metabolic profiling of plasma in
affected individuals showed multiple dysregulated analytes. Unlike the mouse model, we
saw no significant reduction in plasma glucose or lactate levels. We did observe a significant
increase in plasma citrate providing a metabolic signature that could be a useful diagnostic
indicator of SLC13A5 dysfunction (Figure 2).

Metabolic analysis of CSF, plasma and urine revealed 32 dysregulated analytes in patients
compared to controls (Figure 2, Table 1). The majority of perturbed analytes (25) were
detected in the CSF, and the majority of the elevated analytes are involved with amino acid
and energy metabolism. The only consistent dysregulated metabolite between plasma and
CSF was citrate, consistent with the role of SLC13Ab5 in the liver. The range of metabolites
dysregulated in the CSF may be an indication of general TCA dysregulation and indicative
of the importance of the TCA in multiple metabolic and catabolic pathways (lipids,
carbohydrates, amino acids and nucleotides). Given the important metabolic
interrelationship between astrocytes and neurons, including the potential for astrocytes to
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modulate neuronal excitability (Bélanger et al., 2011), astrocyte dysfunction in SLC13A5
deficiency may be a key component of the pathophysiologic mechanism underlying the
epileptic phenotype, but this hypothesis remains to be explored with future studies.

The two most dysregulated metabolites (i.e., the highest relative increase in patient CSF
compared to control) were 2-methylcitrate and N6-succinyladenosine. N6-succinyladenosine
accumulates in CSF, blood, and urine of patients with adenylosuccinate lyase (ADSL)
deficiency [29]. Unlike ADSL deficiency, however, N6-succinyladenosine levels in
SLC13AS5 patients in urine (0.07), as well as in plasma (p>0.42), were indistinguishable
from controls (=0.02, p>0.78). Further, there is no significant accumulation of SAICAR in
any compartment tested. Patients with ADSL deficiency have neurological abnormalities,
including seizures, and accumulation of N6-succinyladenosine and/or perturbation of the
purine nucleotide cycle in the brain have been hypothesized to contribute to disease
pathogenesis [30]. The elevation of N6-succinyladenosine in the CSF of SLC13A5 patients
may reflect a secondary inhibition of ADSL in the brain. Whether accumulation of N6-
succinyladensoine contributes to the pathogenesis of SLC13A5 deficiency remains an open
question. Elevation of 2-methylcitrate is typically observed clinically in concert with
elevations of methylmalonic acid and/or propionic acid as is seen in methylmalonic and
propionic acidemias. 2-methylcitrate has been observed to inhibit glutamate oxidation and
disturb mitochondrial energy homeostasis /n vitro and, therefore, its accumulation in brain
may also contribute to neuronal dysfunction in patients [31]. Interestingly, malonate is also
elevated in the CSF of SLC13Ab5 patients (Table 1). Malonate is a competitive inhibitor of
succinate dehydrogenase, which may further exacerbate the dysregulation of the TCA cycle,
as well as potentially exacerbate neuronal excitotoxicity [32]. Given that astrocytes play an
important role in metabolic compartmentation in the brain and through anaplerosis provide
substrates for neuronal energy metabolism and neurotransmission [22], the significant
alterations of multiple components of the TCA cycle in CSF suggest that, in addition to
neuronal dysfunction, SLC13A5 deficiency may disrupt astrocyte energy metabolism and
perturb metabolic compartmentation in the brain.

Metabolomic profiling of SLC13A5-deficient patients has allowed the generation of
hypotheses regarding metabolic defects that may be present in astrocytes and neurons, but
interpretation of the results is necessarily constrained due to lack of direct analysis of
intracellular metabolism. Understanding and elucidating the underlying cellular defects and
pathophysiology in the brain in the context of SLC13A5 deficiency is essential for the
exploration of potential therapeutic approaches. Future studies using cell and animal models
will be a critical component of that process.

Diagnosing an SLC13A5-related disorder early is critical for focusing treatment, prognosis
and limiting unnecessary and redundant diagnostic tests. To date there are only anecdotal
data suggesting that GABA modifying drugs, sodium channel inhibitors and acetazolamide
may have efficacy in the treatment of seizures in SLC13A5 deficiency and further studies are
needed to clarify the safety, efficacy and tolerability of the ketogenic diet [16,33]. Although
genome wide sequencing can provide a definitive diagnosis in these cases, clinical
sequencing is both expensive, has a relatively long turnaround time, poor rates of third-party
reimbursement and may miss variants outside of the coding region. Clinically available
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plasma organic acid testing provides a direct method for detecting increased plasma citrate
levels but does not detect most TCA components. Mass-spectrometry based methods of
interrogating the metabolome can provide a less expensive and more expeditious
“hypothesis free” method to investigate potential diagnoses in an analogous way to genome
wide sequencing [23,25]. High-throughput, metabolic profiling is a newly emerged and
important tool for helping to establish a diagnosis for unknown metabolic diseases. It may
be used alone, or in conjunction with DNA sequencing. Mass-spectrometric analysis has
several advantages over DNA sequencing: It has a faster turn-around-time, is less expensive,
and produces 2 orders of magnitude less data than whole exome sequencing, making
interpretation less onerous. Whole exome sequencing, on the other hand, is more thorough
for genetic disease and can diagnose non-metabolic disorders. However, metabolomics can
also be useful in helping to establish pathogenicity of variants of unknown clinical
significance or, in a research setting, help identify candidate genes and pathways for further
analysis

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. SCL13A5 deficientcy shows disrupted citrate in plasma that is readily
detectable by mass-spectrometry

. Multiple metabolites of the citrtic acid cycle and downstream analytes,
including neurotransmitters, are disrupted in the CSF

. Mass-spectrometry of CSF can be used to identify SLC13A5 deficiency and
inform whole exome sequencing results
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