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Abstract

Background In 2009, untargeted metabolomics led to the delineation of a new clinico-biological entity called cerebellar ataxia

with elevated cerebrospinal free sialic acid, or CAFSA. In order to elucidate CAFSA, we applied sequentially targeted and

untargeted omic approaches.

Methods and results First, we studied five of the six CAFSA patients initially described. Besides increased CSF free

sialic acid concentrations, three patients presented with markedly decreased 5-methyltetrahydrofolate (5-MTHF) CSF

concentrations. Exome sequencing identified a homozygous POLG mutation in two affected sisters, but failed to identify

a causative gene in the three sporadic patients with high sialic acid but low 5-MTHF. Using targeted mass spectrometry,

we confirmed that free sialic acid was increased in the CSF of a third known POLG-mutated patient. We then pursued

pathophysiological analyses of CAFSA using mass spectrometry-based metabolomics on CSF from two sporadic

CAFSA patients as well as 95 patients with an unexplained encephalopathy and 39 controls. This led to the identifica-

tion of a common metabotype between the two initial CAFSA patients and three additional patients, including one

patient with Kearns-Sayre syndrome. Metabolites of the CSF metabotype were positioned in a reconstruction of the

human metabolic network, which highlighted the proximity of the metabotype with acetyl-CoA and carnitine, two key

metabolites regulating mitochondrial energy homeostasis.

Conclusion Our genetic and metabolomics analyses suggest that CAFSA is a heterogeneous entity related to mitochondrial DNA

alterations either through POLG mutations or a mechanism similar to what is observed in Kearns-Sayre syndrome.
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Introduction

In 2009, an untargeted metabolomics approach using nuclear

magnetic resonance spectroscopy (NMRS) led to the delinea-

tion of a new clinico-biological entity in six patients among a

cohort of 144 patients presenting with a progressive and com-

plex unknown neurological disease (Mochel et al 2009). The

main clinical features of these patients were cerebellar ataxia,

peripheral neuropathy and cognitive/psychiatric manifesta-

tions (Mochel et al 2009). While there was no overt sign of

mitochondrial dysfunction on patient’s muscle biopsy, their

clinical presentation led to the clinical suspicion of a mito-

chondrial disease but several mitochondrial investigations

were negative. NMRS showed a striking elevation of free

sialic acid in the cerebrospinal fluid (CSF) of all six patients

(Mochel et al 2009). The term cerebellar ataxia with elevated

cerebrospinal free sialic acid (CAFSA) was proposed. Given

the association of free sialic acid elevation in CSF with

hyposialylation of transferrin, pathophysiological investiga-

tions were initially oriented toward sialic acid metabolism.

Four candidate genes were investigated but did not bear any

mutation in the CAFSA patients (Mochel et al 2009). Thus,

we decided to take advantage of new genetic and metabolic

tools to elucidate CAFSA. We applied sequentially targeted

and untargeted omic approaches, including whole exome se-

quencing and mass spectrometry (MS)-based metabolomics,

on a series of patients with cerebellar ataxia and elevated ce-

rebrospinal free sialic acid.

Patients and methods

Patients

All patients described in this study were addressed to rare

diseases reference centers (the Pitié-Salpêtrière university hos-

pital, Paris, France mainly and the Radboud University

Nijmegen Medical Center, The Netherlands) for diagnostic

and therapeutic assessment. They were over 18 years and

signed a written informed consent before participating in the

studies (RCB 2010-A01395–34).

In order to elucidate the molecular basis of CAFSA, after

our failed candidate gene approach (Mochel et al 2009), we

decided to first conduct an untargeted genetic analysis using

whole exome sequencing. Out of the six CAFSA patients

initially described, DNA was available in sufficient amount

for five of them. Unfortunately, none of the parents’ DNA

was accessible so we were not able to perform trio analyses.

For the patients whose exome sequencing was inconclusive

(3/5), we wished to pursue pathophysiological analyses and

understand their peculiar CSF profile using MS-based meta-

bolomics. CSF was available for two out of three patients and

were included in a larger CSF study performed in 134 patients

selected from a CSF biobank collected from adult patients

seen in the neurometabolic research group of the Pitié-

Salpêtrière university hospital and previously described

(Mochel et al 2009). Briefly, 95 patients presented with an

unexplained encephalopathy, i.e., patients with progressive

neurological disorders that were selected based on clinical

and radiological features suggestive of an inborn error of me-

tabolism. Additionally, we included 39 negative controls, i.e.,

subjects without progressive neurological disease, for whom a

lumbar puncture (LP) had been performed because of head-

ache, dizziness, non-organic psychogenic neurologic symp-

toms, non specific pain or spinal disc herniation. In all cases,

the presence of an underlying neurological disease was

discarded by thorough diagnostic work-up. LP were per-

formed for a routine work-up or follow-up of all patients and

not solely for research purposes.

Measurement of sialic acid by MS

Sialic acid in CSFwas measured by UPLC-MS/MS according

to the method reported for sialic acid determination in urine

(Van der Ham et al 2007), with modifications as detailed in

eMethod in the Supplementary material. Intra- and inter-assay

variation in CSF was determined by analyzing a mix of ten

CSF obtained from controls (see above) and was 3.34% and

6.13%, respectively. Limit of detection was 1.15 μMand limit

of quantification was 3.12 μM. Free sialic acid calibration

curve was linear between 3.12 and 200 μM with R2 = 0.998,

as obtained by linear regression. The concentration of free

sialic acid determined in the CSF from 39 controls (see above)

was 11 ± 4.8 μM, which is very similar to the concentration

reported in controls by NMRS (Mochel et al 2009).

Whole exome sequencing

Genomic DNA of patients was extracted from blood cells using

standard phenol-chloroform procedures. Exome sequencing

was performed by DNAvision (Charleroi, Belgium). Genomic

DNA was captured using the SureSelect Human All Exon

50 Mb kit (Agilent), followed by 75 base pair paired-end mas-

sively parallel sequencing on a HiSeq2000 sequencing system

(Illumina), according to the manufacturers’ instruction and pro-

tocols. Reads were mapped onto the reference genome (hg19)

using the Burrows-Wheeler Aligner software (Li et al 2009; Li

and Durbin 2010). Removing of duplicated reads and mutation



calling were performed using samtools (Li et al 2009; Li and

Durbin 2010) according to the following criteria: position cov-

erage greater or equal to 20, mutation proportion greater or

equal to 25%, and mutated bases called at least 10% on each

strand. Filtering of variants included i) a minor allele frequency

(MAF) ≤ 1% in Hapmap, 1000 Genomes, and Exome variant

server, ii) a predicted deleterious impact on the gene/protein

(indels introducing frameshifts, in-frame insertions or dele-

tions, nonsense or splice-site mutations, mutations altering start

or termination codons, or non-synonymous variants predicted

to be possibly deleterious by SIFT or Polyphen-2), and iii) a

variant status compatible with an autosomal recessive inheri-

tance (homozygous or compound heterozygous variants).

Mutation interpretation was assessed using Alamut2.1

(Interactive Biosoftware).

MS-based metabolomics

Samples, chemicals and reagents, CSF metabolite extraction,

experimental settings for liquid chromatography coupled to

high-resolution mass spectrometry (LC-HRMS), data process-

ing, metabolite identification criteria, and visualization of

metabotypes are detailed in the eMethod in the Supplementary

material. CSF samples were centrifuged, decanted, and immedi-

ately frozen at −80 °C after LP. Sample analysis was performed

in three independent experiments (batches). Quality control sam-

ples were injected at regular intervals throughout the experi-

ments. They aimed at correcting analytical drifts within each

batch and performing batch fusion.

CSF samples were treated by methanol for protein precipi-

tation. LC-HRMS analyses were performed using a NEXERA-

Shimadzu liquid chromatography system (Champs-sur-Marne,

France) coupled to an Exactive mass spectrometer from

Thermo Fisher Scientific (Courtaboeuf, France) fitted with an

electrospray source operated in the positive and negative ion

modes. The ultra-high performance liquid chromatographic

(UHPLC) separation was performed on a Hypersil GOLD C8

1.9 μm, 2.1 mm× 150 mm column at 30 °C (Thermo Fisher

Scientific, les Ulis, France). Mobile phases were 100%water in

A and 100% ACN in B, both containing 0.1% formic acid.

Regarding data processing, all raw data were manually

inspected using the Qualbrowser module of Xcalibur version

2.1 (Thermo Fisher Scientific, Courtaboeuf, France), and au-

tomatic peak detection and integration were performed using

the XCMS software package (Smith et al 2006). XCMS

returned two data matrices (i.e., corresponding to detection

and chromatography conditions) containing m/z and retention

time values of features together with their concentrations

expressed in arbitrary units (i.e., areas of chromatographic

peaks). Features were annotated by matching their accurate

measured masses ±10 ppm with theoretical masses contained

in biochemical and metabolomic databases by using an infor-

matics tool developed in R language. They were also

annotated by our spectral database according to accurate mea-

sured masses and chromatographic retention times (Roux et al

2012; Boudah et al 2014; Weiss et al 2016). Features corre-

sponding to identified or putatively annotated ions were se-

lected. Data were expressed as ratios of individual levels ob-

served for patients and controls to control mean levels. A

metabolite was considered to be present in a sample at an

abnormal concentration as soon as it was above the [mean

concentration + 2SD] value (SD: standard deviation of metab-

olite concentrations in a given experiment).

Network of metabotype analysis Recon2 version 3 human

genome scale metabolic network was used as a context for

metabotype analysis (Thiele et al 2013). Recon2 aims at gath-

ering all metabolic reactions which can occur in human cells

or tissues (7440 reactions and 2626 metabolites) in a single

mathematical framework called a network (more formally a

graph). This large knowledge resource allows going further

than just focusing on few key metabolic pathways. It is of

particular interest for holistic approaches. Such as untargeted

metabolomics. Which may reveal biochemical modulations

spanning several metabolic pathways. Recon2 contains infor-

mation on cellular localization of metabolites which cannot be

obtained from metabolomics analysis. Hence, the network

was modified to obviate compartment segmentation. The net-

work was turned into a compound graph where nodes repre-

sent metabolites. Two nodes are connected by edges if the two

corresponding metabolites are substrates and products of the

same reaction. In order to keep only relevant substrate to

product pairs, the graph was filtered by keeping only pairs

of substrate product exchanging at least one carbon (atom

mapping was computed using the Reaction Decoder Toolkit

(Rahman et al 2016). Inorganic carbonated compounds such

as CO2 were also removed. Shortest path distance matrix was

computed between each pair of metabolites in the metabotype.

The matrix was represented as a heatmap using R HeatMap2

package, grouping rows and columns according to hierarchi-

cal clustering method with complete linkage for aggregation

and Euclidean distance. Sub-networks characterizing each

cluster were created from the union of all shortest paths be-

tween cluster members. These sub-networks were displayed

using MetExplore web server (Cottret et al 2010).

Results

Patient characteristics and targeted analyses

Table 1 (upper section) summarizes the main clinical and bio-

chemical characteristics of five out of the six CAFSA patients

previously reported (Mochel et al 2009). CSF free sialic acid

concentrations from the five patients ranged from 36 to

67 μM. Clinically, cerebellar ataxia manifested in adulthood
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(20–44 years), and was associated with peripheral neuropathy,

audition and/or vision loss, and cognitive/psychiatric symp-

toms. The additional occurrence of pseudo-strokes, ptosis-

ophthalmoplegia and renal dysfunction in some patients was

even more suggestive of a mitochondrial dysfunction.

Nonetheless, muscle histopathology was normal and only

one patient (patient B) displayed multiple mitochondrial

DNA deletions on muscle biopsy. Mitochondrial DNA point

mutations were excluded in all patients as well as POLG mu-

tations in patient B. Besides sialic acid, we measured 5-

methyltetrahydrofolate (5-MTHF) concentrations in patient’s

CSF (Perry et al 2009) and found a striking decrease in three

of them. Importantly, two patients were markedly improved

with folinic acid supplementation in terms of gait and ambu-

lation, while the third patient did not show overt benefit, but

only received low dose folinic acid.

Whole exome sequencing

Exome sequencing was undertaken in the three sporadic pa-

tients (subjects A, B, E) and two affected sisters (subjects C

and D) under the assumption that these patients had a disorder

with autosomal recessive inheritance. Filtering of rare, possi-

bly deleterious variants in the homozygous state in both sisters

revealed variants in 11 different genes, including a known

pathogenic mutation in POLG (NM_002693.2:c.2243G > C,

p.(Trp748Ser)), which was further confirmed by Sanger se-

quencing in both individuals. There was no gene with at least

two heterozygous variants common to both sisters. None of

these three sporadic patients had variants in POLG—which

we previously excluded in patient B—or in genes involved in

mitochondrial DNA maintenance such as Twinkle.

For the three sporadic patients (A, B, and E), special atten-

tion was given to genes encoding for proteins involved in sialic

acid or folate metabolism, but that was inconclusive. Filtering

of rare, possibly deleterious homozygous variants in individual

A, who had consanguineous parents revealed 31 variants in 29

genes and ten variants on chromosome X. Analysis of individ-

ual B and E identified 15 and 24 in 11 and 18 autosomal genes,

respectively, and five and six genes with at least two variants.

Venn diagram showed six genes with variants in all three indi-

viduals: FAM153B, RGPD5, RGPD8, PRAMEF11, OR11H1,

OR11H2 (eFigure in the Supplementary material). However, all

variants proved to be polymorphisms, with frequency below

our threshold but relatively frequent in control populations

(ExAC database), in genes tolerant to variations. Hence, this

approach did not permit identification of the causative variants

in the sporadic cases, suggesting that CAFSA is genetically

heterogeneous.

Since two out the five CAFSA patients ended up bearing

mutations in POLG, we wanted to assess whether free sialic

acid was elevated in other patients with known mutations in

POLG. We were able to retrieve the CSF of one such patient

and found a significant elevation of free sialic acid in her CSF

(38 μM). This patient’s clinical presentation is summarized in

Table 1 (lower panel, patient F).

MS-based metabolomics

Detection of CSF metabolites The LC-HRMS based analysis

of CSF metabolome was previously performed in our labora-

tory by combining reverse phase and hydrophilic interaction

liquid chromatography. This led to the identification of 122

metabolites (Weiss et al 2016). Here, metabolite detection was

achieved using reverse phase chromatography, and 89 metab-

olites, whose analytical information and identification status

are displayed in eTable 1 in the Supplementary material, were

selected from data processing steps (see eMethod in the

Supplementary material). The detected CSF metabolome

was composed of 37% amino acids and derivatives. Other

detected species were peptides, acylcarnitines, carboxylic

acids and derivatives, and nucleosides and nucleotidic bases.

The CSF metabotype of CAFSA patients and identification of

additional patients with cerebellar ataxia and elevated cere-

brospinal free sialic acid The CSF metabotype of the two

CAFSA patients (A and B) revealed that, in addition to in-

creased sialic acid concentrations by a factor of 4 to 5, they

also exhibited many other abnormally elevated metabolite

concentrations, including sugar derivatives, such as acetyl-

hexosamine (putatively acetyl-glucosamine, acetyl-

galactosamine or acetyl-mannosamine), deoxyribose, xylonic

acids, and isomers, threonic/erythronic acids, and adonitol/xy-

litol, acylcarnitines, acetylated compounds (many amino

acids) and other metabolites, such as N-ribosylhistidine and

succinyladenosine (Table 2 and eTable 3 in the Supplementary

material), the latter being known to accumulate in patients

with adenylosuccinate lyase deficiency. In addition, among

the 134 individuals analyzed byMS-based metabolomics, this

metabotype was very similar to that of two other patients (G

and H), including increased free sialic acid concentrations. In

patient G, targeted MS analysis confirmed very high levels of

free sialic acid (78 μM). The clinical characteristics of patients

G and H are reported in Table 1 (lower panel). Besides cere-

bellar ataxia, these two patients also presented with peripheral

neuropathy and cognitive/psychiatric symptoms. Patient H

manifested with vision loss due to optic atrophy and mild liver

dysfunction, evocative of a mitochondrial dysfunction, but his

muscle biopsy and mitochondrial DNA analyses were normal.

Exome sequencing had also been performed in patient H, as

part of a research project on patients with a suspected mito-

chondrial dysfunction (Fondation Maladies Rares, principal

investigator: Claude Jardel), but failed to identify any causal

mutation. Furthermore, 5-MTHF concentration was measured

in the CSF of patient G and was extremely low. Similar to



patients A and B, the motor functions of patient G responded

very well to folinic acid supplementation.

Interestingly, hierarchical clustering analyses performed on

the 95 patients with unexplained encephalopathies plus

CAFSA patients A and B showed that patients B and G clus-

tered with patient FF9, who was diagnosed with Kearns-Sayre

syndrome (Fig. 1). Targeted MS analysis confirmed that free

sialic acid was significantly elevated in this patient with

Kearns-Sayre syndrome (60 μM). In addition, patients A

and H were grouped in another cluster. Metabolic abnormal-

ities were more pronounced in patients B, G, and FF9

(Table 2), than in patients A and H who mainly exhibited

increased concentrations of sugar derivatives and

acylcarnitines (Table 2).

Mapping of the CAFSA metabotype in the context of human

genome scale metabolic network CSF metabotype is not nec-

essarily the outcome of the modulation of a single metabolic

pathway. Several, potentially disconnected, metabolic pro-

cesses may be leading to metabolite concentration changes

in the CSF. To test this hypothesis, metabolites of the CSF

metabotype were then positioned in a reconstruction of the

human metabolic network (Recon2), containing thousands

of metabolites and reactions (Thiele et al 2013), in order to

know if they were located in the same Barea^ of the network;

thus, taking place in the same metabolic processes, and also if

they could be closely linked to sialic acid and/or folic acid

metabolism. Forty-one out of the 89 metabolites considered

for this study were found in the Recon2 network (eTable 2 in

the Supplementary material). Folic acid, which was not de-

tected in our experimental conditions, was added to the list to

decipher its connection to the rest of the metabotype.

To formally evaluate closeness in terms of metabolism be-

tween the elements of the metabotype, a distance analysis was

first performed. Two metabolites were considered close if few

biochemical reactions were required to transform one into the

other, and far away if it required several reactions (Frainay and

Jourdan 2017). Accordingly, a distance matrix was built

where rows and columns were classified using hierarchical

clustering and color of cells corresponded to short distances

(red) to long distances (light yellow) between two metabolites

(Fig. 2). Likewise, we observed a core cluster (black) contain-

ing mainly sub-clusters of carnitines and acetylated com-

pounds and citrate. The sub-network corresponding to this

black cluster (Fig. 3) highlighted the proximity of the

metabotype with acetyl-CoA and carnitine, two key metabo-

lites regulating mitochondrial energy homeostasis. A periph-

eral cluster (blue) containing sub-clusters of aromatic amino-

acids, nucleosides, and puric bases was also observed (Fig. 2).

Folic acid was far from most other detected CSF metabolites,

and sialic acid was only connected to acetyl-hexosamine (i.e.,

putatively acetyl-glucosamine, acetyl-galactosamine or ace-

tyl-mannosamine) (Fig. 3).

Discussion

Using a combination of targeted and untargeted genetic and

metabolomics analyses, we were able to further delineate the

underlying causes of CAFSA. Two patients harbored muta-

tions in POLG and we showed in the CSF of a third POLG-

mutated patient that free sialic acid was indeed elevated. In

addition, MS-based metabolomics led to the identification of

three additional patients with cerebellar ataxia and elevated

Fig. 1 Hierarchical clustering analyses performed on patients with

CAFSA and patients with unexplained encephalopathies. Eighty-nine

metabolites were taken into account. Chromatographic peak areas of

these metabolites were first mean-centered and scaled to unit variance

before performing hierarchical clustering analysis using SIMCA-P12

software (Umetrics, Umea, Sweden)



Table 2 CSF metabotype from four CAFSA patients and one patient with Kearns-Sayre syndrome, belonging to the same clusters

Patient ID G 
a

B 
a

A 
b

H 
b

FF9 
b

Name Chemical taxonomy 
c

CAFSA CAFSA CAFSA CAFSA KSS

Carnitine Carnitines 1.94 1.03 1.61 1.08 0.71

Acetylcarnitine NC 2.04 1.37 1.74 1.66 1.59

Propionylcarnitine Acylcarnitines 1.75 1.00 1.33 1.67 1.15

Butyrylcarnitine /

Isobutyrylcarnitine
Acylcarnitines 1.79 0.94 1.46 1.38 4.66

2-ethylacrylylcarnitine / 

Tiglylcarnitine
Acylcarnitines 1.61 2.69 0.93 1.85 3.24

2-methylbutyroyl-/ valeryl-

/isovalerylcarnitine
Acylcarnitines 1.59 1.05 2.15 1.40 2.79

3-hydroxyisovalerylcarnitine Acylcarnitines 1.29 1.27 0.67 1.16 1.69

3-methyl-2-oxovaleric acid Keto-acids & derivatives 1.56 0.68 0.41 1.24 1.60

4-methyl-2-oxovaleric acid 

(ketoleucine)
Keto-acids & derivatives 1.86 0.50 0.37 0.94 1.59

Stachydrine (proline-betaine) Carb. acids & derivatives 3.68 0.14 2.61 2.93 0.02

Malic acid Dicarb. acids & derivatives 0.64 1.25 0.67 1.32 1.13

Cis-aconitic acid Tricarb. acids & derivatives 1.82 1.93 1.74 2.05 1.09

Citric acid Tricarb. acids & derivatives 1.46 0.93 1.12 1.37 1.17

N2-succinyl-glutamic acid 5-

semialdehyde
N-acyl-alpha-amino acids 2.18 2.63 1.35 1.80 2.08

Acetyl-glycine N-acyl-alpha-amino acids 0.55 0.85 0.33 0.37 0.95

Acetyl-alanine N-acyl-alpha-amino acids 0.78 1.63 0.22 1.31 1.33

Acetyl-serine N-acyl-alpha-amino acids 1.63 3.18 0.61 1.32 2.22

Acetyl-valine or acetyl-

norvaline
N-acyl-alpha-amino acids 0.96 1.45 0.38 1.04 1.56

N-acetyl-methionine N-acyl-alpha-amino acids 0.52 5.49 0.00 0.77 2.09

N-acetyl-phenylalanine N-acyl-alpha-amino acids 0.23 0.69 0.33 0.28 0.66

Phenylacetyl-glutamine N-acyl-alpha-amino acids 0.49 1.00 0.27 1.03 0.57

Leucyl-alanine Dipeptides 4.45 3.79 0.96 1.43 1.53

Prolyl-hydroxyproline Dipeptides 0.85 1.15 0.53 0.74 1.00

Leucyl-proline Dipeptides 3.12 3.64 1.64 1.29 3.25

Leucyl-aspartic acid Dipeptides 1.39 1.66 0.71 1.35 1.50

Acetyl-aspartylglutamic acid Dipeptides 2.14 2.75 0.86 0.48 1.01

Quinic acid NC 0.88 4.97 0.05 0.94 0.66

Dehydroquinic acid Cyclitols & derivatives 3.93 3.01 2.08 1.41 1.82

Anhydro-sorbitol Monosaccharides 1.26 0.69 1.38 0.32 0.59

Acetyl-hexosamine* Acylaminosugars 2.33 2.62 2.36 1.63 2.29

Deoxyribose Pentoses 4.18 8.74 1.95 1.97 7.89

Methylthioribose Pentoses 0.55 2.24 0.22 0.57 0.95

Xylonic acid or isomers Sugar acids 3.74 4.17 2.82 1.78 4.12

Threonic acid /Erythronic acid Sugar acids & derivatives 2.48 2.14 2.32 1.48 1.71

Glyceric acid Sugar acids & derivatives 1.24 1.23 0.80 1.87 1.20

Adonitol /Xylitol Sugar alcohols 3.34 4.27 2.57 1.37 3.14

Mannitol Sugar alcohols 2.20 2.16 0.95 1.05 1.61

N-acetylneuraminic acid N-acylneuraminic acids 5.19 5.06 3.96 1.50 3.89

KSS: Kearns-Sayre syndrome; UK: unknown; Carb.: carboxylic; a: mean values from three experiments; b: Values from one experiment; c: From

HMDB; NC: Not classified; yellow: value > mean + 1SD; orange: value > mean + 2SD; red: value > mean + 3SD; *putatively acetyl-glucosamine,

acetyl-galactosamine, or acetyl-mannosamine



cerebrospinal free sialic acid, including one patient with

Kearns-Sayre syndrome. MS-based metabolomics also

showed the implication of additional metabolites related

to mitochondrial energy homeostasis, specifically acetyl-

CoA and carnitine. Furthermore, 5-MTHF was extremely

low in the CSF of the three initial CAFSA patients that

were tested as well as in two novel patients with cerebellar

ataxia and elevated cerebrospinal free sialic acid, including

the patient with Kearns-Sayre syndrome as previously de-

scribed (Quijada-Fraile et al 2014), but was normal in

POLG-mutated patients. Although we did not evidence

any mutation in other genes involved in mitochondrial

DNA maintenance than POLG, one patient displayed mul-

tiple mitochondrial DNA deletions. Altogether, our genetic

and metabolomics analyses suggest that CAFSA is related

to mitochondrial DNA alterations either through POLG

mutations or a mechanism similar to what is observed in

Kearns-Sayre syndrome.

Back in 2009, we suspected that CAFSA was geneti-

cally heterogeneous, which we confirmed in the present

study. Although our exome analysis was driven by meta-

bolic hypotheses on sialic acid, folate, and mitochondrial

metabolism, it was only successful in two siblings out of

six patients, which emphasizes the complexity of next

generation sequencing when parents’ DNA is not avail-

able. Still, targeted and untargeted metabolic approaches

using MS allowed us to expand our characterization of

CAFSA taking advantage of the increased sensitivity of

MS technology compared to NMRS. First, hierarchical

clustering analysis performed on metabolomic data

showed that non POLG-mutated CAFSA patients

belonged to two distinct clusters (Fig. 1), emphasizing

the heterogeneity of this entity. Main concentration vari-

ations observed in the CAFSA metabotype were related

to sugar derivatives, acylcarnitines, carboxylic acid deriv-

atives, acetylated amino acids, and dipeptides. Sugar de-

rivatives are of special interest since their concentrations

were dramatically modified in the two clusters. Notably,

acetyl-hexosamines (i.e., putatively acetyl-glucosamine,

acetyl-galactosamine or acetyl-mannosamine), whose

levels were increased in CAFSA patients, are direct pre-

cursors of acetyl-neuraminic acid, also called sialic acid.

Such findings would need to be confirmed by an alterna-

tive analytical method enabling the discrimination

Fig. 2 Distance matrix on the entire fingerprint. Each cell of the matrix is

colored according to distance between the two corresponding entries,

from red (distance = 0 to white distance = 9). We observed a core cluster

(black) containing mainly sub-clusters of carnitines and acetylated

compounds and citrate and a peripheral cluster (blue) containing sub-

clusters of aromatic amino-acids, nucleosides, and puric bases



between isomers. Second, we identified 5-MTHF defi-

ciency as an additional CSF biomarker in these patients

with high free sialic acid but no POLG mutations. Third,

in non POLG-mutated patients, we discovered a larger

common metabotype pointing to alterations of mitochon-

drial energy homeostasis and resembling that of a patient

with Kearns-Sayre syndrome. Therefore, even if our ef-

forts were only partially successful at elucidating

CAFSA, we advocate the combination of next generation

sequencing with advanced metabolomics to expand our

understanding of complex neurodevelopmental and/or

neurodegenerative entities. Recently, such an approach

elegantly proved to also be successful in identifying nov-

el inborn errors of metabolism (Tarailo-Graovac et al

2016).

Mitochondrial diseases remain the largest and most

heterogeneous entities among inborn errors of metabolism

due to the large number of nuclear genes encoding mito-

chondrial proteins, as well as the additional contribution

of the mitochondrial DNA. Lactate is a well-known bio-

marker of mitochondrial dysfunction, and others have

been suggested recently, such as creatine, FGF21, and

GDH15. 5-MTHF deficiency has been described mainly

in patients with Kearns-Sayre syndrome (Quijada-Fraile

et al 2014) and recent studies showed that mitochondrial

DNA replication defects remodel one-carbon metabolism,

which involves folate, through altered dNTP pools

(Nikkanen et al 2016). As exemplified by our patients,

5-MTHF deficiency shall be looked for in the CSF of

patients suspected of mitochondrial diseases since supple-

mentation with folinic acid, in sufficient amount, may

greatly improve their motor functions. Conversely, the

elevation of free sialic acid in CAFSA patients remains

perplexing as there is no clear link between sialic acid and

mitochondrial metabolism. In our initial NMRS-based

metabolomics study, sialic acid was measured in several

patients with known mitochondrial defects but was nor-

mal (Mochel et al 2009). Therefore, increased CSF free

sialic acid may point to a subset of mitochondrial diseases

involving mitochondrial DNA. It also remains to be de-

termined whether free sialic acid can be a reliable bio-

marker of POLG mutations and/or Kearns-Sayre

syndrome.
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