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Abstract

Neuropathies are neurodegenerative diseases affecting humans and other mammals.

Many genetic causes have been identified so far, including mutations of genes encoding

proteins involved in mitochondrial dynamics. Recently, the “Turning calves syndrome”, a

novel sensorimotor polyneuropathy was described in the French Rouge-des-Prés cattle

breed. In the present study, we determined that this hereditary disease resulted from a sin-

gle nucleotide substitution in SLC25A46, a gene encoding a protein of the mitochondrial car-

rier family. This mutation caused an apparent damaging amino-acid substitution. To better

understand the function of this protein, we knocked out the Slc25a46 gene in a mouse

model. This alteration affected not only the nervous system but also altered general metabo-

lism, resulting in premature mortality. Based on optic microscopy examination, electron

microscopy and on biochemical, metabolic and proteomic analyses, we showed that the

Slc25a46 disruption caused a fusion/fission imbalance and an abnormal mitochondrial

architecture that disturbed mitochondrial metabolism. These data extended the range of

phenotypes associated with Slc25a46 dysfunction. Moreover, this Slc25a46 knock-out

mouse model should be useful to further elucidate the role of SLC25A46 in mitochondrial

dynamics.
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Author summary

Mitochondria are essential organelles, the site of numerous biochemical reactions, with a

critical role in delivering energy to cells, particularly in the nervous system. Consequently,

disrupted mitochondrial function often results in neurodegenerative diseases, in humans

and in other mammals. Herein, we determined that the “Turning calves syndrome”, a

new hereditary sensorimotor polyneuropathy in the French Rouge-des-Prés cattle breed

was due to a single substitution in SLC25A46, a gene encoding a protein of the mitochon-

drial carrier family. We created a mouse knock-out model and determined that disruption

of this gene dramatically disturbed mitochondrial dynamics in various organs that

resulted in altered metabolism and early death, indirectly confirming the gene identifica-

tion in cattle. Moreover, our novel findings extended the range of phenotypes associated

with polymorphisms of this gene and help to elucidate the role of SLC25A46 in mitochon-

drial function.

Introduction

Mitochondria are eukaryotic organelles with a wide range of functions. In addition to delivery

of energy to cells via oxidative phosphorylation (OXPHOS), they are involved in various other

bioenergetic reactions, including Krebs cycle, β-oxidation of fatty acids and heme biosynthesis.

Furthermore, they have roles in calcium signaling, stress response and apoptosis [1–3]. Conse-

quently, they are a vital organelle. Not surprisingly, mitochondrial dysfunction is shown to be

responsible for an increasing number of diseases, inherited or not [2,4].

To enable a variety of cells to respond to variable physiological conditions, particularly to

adapt to varying energy demands, mitochondrial morphology is highly dynamic, with three

main mechanisms: fusion, fission and cristae remodeling [5–7]. The balance between fusion

and fission is particularly critical to regulate mitochondrial shape, size and number. In mam-

mals, mitochondrial morphology is regulated by the following GTPase proteins: DRP1 (Dyna-

min related protein 1) for fission, mitofusin MFN1 and MFN2, and OPA1 (Optic atrophy 1)

for fusion. All these proteins are essential for development [8–10] and despite ubiquitous

expression, their mutations primarily cause neurological diseases, as is common for proteins

involved in mitochondrial dynamics [11–13], probably due to neurons being energy-intensive

cells [14].

Fusion proteins, for example, are involved in diverse syndromes. Dominant mutations

of OPA1 cause Autosomal Dominant Optic Atrophy (ADOA), affecting mitochondrial mor-

phology (aggregated and fragmented) and content (reduced content of mitochondrial DNA

(mtDNA) and reduced ATP production) [15–18]. Mutations in MFN2 cause Charcot-Marie-

Tooth type 2A (CMT2A) disease in humans, a sensorimotor axonopathy with aggregated swol-

len mitochondria and altered structural integrity of inner and outer mitochondrial membranes

[19,20]. Mutations of orthologous genes cause neurodegenerative diseases in other mammals,

with for example, different mutations of MFN2 causing respectively an early axonopathy in

Tyrolean Grey breed [21] and fetal-onset neuroaxonal dystrophy in dog [22].

Recently, human patients with combined ADOA and CMT2 phenotypes were identified as

having recessive mutations in SLC25A46 [23]. This gene encodes a protein belonging to the

mitochondrial carrier transporter family [24], anchored on the outer mitochondrial mem-

brane [23]. 53 proteins belong to this family. Most of them are responsible for the transport

of a quantity of diverse metabolites across the inner mitochondrial membrane, which are
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necessary for all the metabolic pathways taking place in mitochondria [25–27] However, the

observed phenotypes linked to SLC25A46 dysfunction suggested that SLC25A46 is rather

involved in mitochondrial dynamics, and particularly may act as a pro-fission factor [23].

In cattle, due to massive inbreeding and bottlenecks effects in each selected breed, recessive

mutations are likely to be transmitted to a large proportion of the population, leading to emer-

gences of hereditary diseases [28].

In the late 2000’s, such an outbreak was described in the French Rouge-des-Prés breed with

a new sensorimotor polyneuropathy named “Syndrome des veaux tourneurs” (“Turning calves

syndrome”) because of a propensity of the affected calves to turn around themselves before

falling down [29]. This neurodegenerative disease is characterized by an early onset of ataxia,

especially of hindlimbs, and paraparesia affecting young calves (2–6 weeks old). Despite symp-

tomatic care, nervous symptoms progress over the next months, leading to repetitive falls and

ultimately resulting in permanent recumbency and inevitably euthanasia. Degenerative lesions

involve both the general proprioceptive sensory and upper motor neuron motor systems [29].

The number of cases in this breed has rapidly increased in a few years (based on statistics

from the French National Observatory for Bovine Genetic Diseases), prompting a genetic

study to identify the causal mutation. We identified herein by homozygosity mapping the 3Mb

haplotype associated to this disease on bovine chromosome 7.

Further examination of this genetic interval allowed us to determine that this disease

resulted from a single nucleotide polymorphism in the coding region of the SLC25A46 gene,

leading to an apparently damaging amino acid substitution. The eradication of the “Turning

calves syndrome” was undertaken, through the selection of non-carrier males so the number

of reported affected calves rapidly dropped to zero.

Therefore, a novel mouse knockout model of Slc25a46 was produced to elucidate the func-

tion of the encoded protein. The resulting phenotype described below included nervous symp-

toms but had more widespread effects, including alterations in mitochondrial dynamics and

metabolism that caused premature death, thus extending the range of phenotypes associated

with polymorphisms of this gene.

Results

Genetic studies identify a missense variant in the SLC25A46 gene in

affected calves

Calves from the Rouge-des-Prés breed presenting an ataxic gait and paraparesis of hindlimbs

as described in [29] were examined by a veterinarian, and diagnosis was confirmed by histopa-

thology. Pedigree analysis of 11 of them confirmed the autosomal recessive determinism of the

“Turning calves syndrome” and the involvement of a predominant founder ancestor (S1 Fig).

This bull, born in 1973, was a historical sire of the Rouge-des-Prés breed (contributing 6% of

the breed). Genotyping of 12 affected calves followed by homozygosity mapping identified a

single 3.1 Mb homozygous interval at the telomeric end of bovine chromosome 7 (S1 Table).

This information was used to design a genetic indirect test, based on the haplotype associated

to the disease, allowing to begin the selection against the “Turning calves syndrome” of the

Rouge-des-Prés breed.

To identify the causative mutation, whole-genome sequencing was performed on two

affected cattle, one heterozygous carrier and one wild-type (WT). The detected polymor-

phisms (SNP and small indels) were filtered in several steps. First, the genotype/phenotype

correlation had to be perfect, i.e. affected cattle had to be homozygous for the polymorphism,

and the WT and carrier cattle had to be homozygous or heterozygous, respectively, for the WT

allele. Second, since this mutation is supposedly specific to the Rouge-des-Prés breed, with
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relatively recent emergence, polymorphisms were discarded if they were already present in

the dbSNP database and/or in the Illumina SNP chip. Finally, polymorphisms were filtered

according to their predicted effects on transcript and/or protein, based on the hypothesis that

this mutation is very deleterious (Table 1).

The two remaining putative causal SNPs were a single substitution in exon 15 of MAN2A1
gene and a single substitution in exon 4 of SLC25A46 gene (Table 2).

These two polymorphisms were further tested (Sanger sequencing and Taqman assay) on

an extended DNA multibreed panel, including 93 Rouge-des-Prés cattle, and 321 samples

from 12 French cattle breeds. The MAN2A1 polymorphism was discarded because the geno-

type/phenotype association was not always found, and because it was present in other breeds.

The SLC25A46 polymorphism had a perfect genotype/phenotype association. All the affected

animals were homozygous for this mutation.

All the proteins from the mitochondrial carrier family share a common structure with three

tandemly repeated homologous domains about 100 amino acids long. Each domain contains

two transmembrane alpha-helices forming a funnel-shaped cavity allowing the binding and

the transport of the substrate from the intermembrane space to the matrix by a conformational

transition [26,27,30].

The C/T SLC25A46 substitution leads to replacement of an arginine by a cysteine, in the

first transmembrane helix of the protein (Fig 1A–1C). This amino acid is highly conserved

throughout evolution in SLC25A46 proteins (Fig 1D). When compared to the other mito-

chondrial carriers, as described in [30], it appears that this amino-acid is not conserved across

this family. The most frequent amino-acid at this position is a threonine, and is shared by only

19 of the 53 mitochondrial carriers. This suggests a role more related to the specific biological

function(s) of SLC25A46. Based on SIFT software [31], this substitution was expected to affect

the function of SLC25A46.

The mutated protein was expressed normally in brain and liver of affected animals and was

present in mitochondrial-enriched protein extracts, consistent with a typical mitochondrial

localization (Fig 1E).

Examination of nervous tissues of affected calves

Affected calves have characteristic degenerative microscopic lesions in the central nervous

system (CNS) and peripheral nervous system (PNS), both in grey matter (brain stem lateral

vestibular nuclei and spinal cord thoracic nuclei) and white matter (dorsolateral and

Table 1. Variants detected by whole-genome sequencing of four Rouge-des-Prés cattle, including

two calves with polyneuropathy.

Filtering steps No. polymorphisms

Polymorphisms in the 3.1 Mb homozygous interval 9025

Polymorphisms homozygous in both affected cattle, but absent in WT 1594

Polymorphisms absent from dbSNP database 973

Polymorphisms absent from Illumina SNP chip 678

Non-synonymous coding polymorphisms 2

https://doi.org/10.1371/journal.pgen.1006597.t001

Table 2. Information concerning the two candidate causal mutations identified after whole-genome sequencing. Each polymorphism was mapped

on the UMD3.1 assembly of bovine reference genome. Ref. allele, reference allele; alt. allele, alternative allele; Aa subst., amino-acid substitution.

Position UMD3.1 Ref. allele Alt. allele Gene Consequence Aa subst. Prediction (SIFT)

7:111552659 A G MAN2A1 Nonsynonymous coding K/R Tolerated

7:112337413 C T SLC25A46 Nonsynonymous coding R/C Damaging

https://doi.org/10.1371/journal.pgen.1006597.t002
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Fig 1. Identification of the causal mutation for bovine axonopathy. (A) Sanger sequence traces for the causal mutation

in the bovine SLC25A46 gene done on a wild-type (WT), a heterozygous carrier and an affected animal. (B) Schematic

diagram of the SLC25A46 gene in cattle, located on chromosome 7, with the position of the mutation indicated (arrow). (C)

Schematic diagram of coding exons from SLC25A46 gene in cattle (protein with 419 amino acids) with the predicted

functional domains of the protein. Conservation between bovine and murine protein sequences is reported (mutation in

Novel roles for SLC25A46 in mitochondrial dynamics and metabolism
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ventromedial funiculi of the spinal cord), in addition to demyelination in certain peripheral

nerves [29]. Electron microscopy confirmed this neuropathy phenotype, with discrete lesions

of demyelination and a few enlarged nodes of Ranvier (Fig 1F).

As mentioned above, selection against this disease in the affected breed was undertaken for

obvious economic reasons as soon as the genetic test was commercially available. Thus,

affected animals were rapidly unavailable, limiting the range of phenotypic investigations that

could be performed to analysis of previously collected tissue samples. To better characterize

the function of SLC25A46, construction of mouse models was initiated.

Construction of a Slc25a46 knock-out mouse model

SLC25A46 mouse models were constructed, using TALEN (Translation Activator-Like Effec-

tor Nuclease) technology, by targeting mouse exon 3, the exon homologous to the one mutated

in the bovine gene. Following microinjection of the TALEN mRNA and screening of the

resulting mice, two transgenic lines were established in a pure FVB/N genetic background: 1)

Tg26 line with a 75 bp DNA deletion inducing exon 3 aberrant splicing and resulting in a trun-

cated protein of 159 amino acids; and 2) Tg18 line with a 15 bp insertion / 3 bp deletion, caus-

ing replacement of 2 amino acids from the first transmembrane domain by six modified

amino-acids (Fig 2A, S2A Fig). Heterozygous mice were viable and appeared as fit as their

WT counterparts (they were monitored for at least 12 months). Transmission of the mutated

allele followed Mendelian inheritance.

In both lines, Slc25a46 was undetectable by western blot analysis, on both total protein and

on protein extracts enriched for mitochondrial proteins (Fig 2B and 2C). However, in Tg18

line, Slc25a46 mRNA levels were unchanged in homozygous mutant animals, except in periph-

eral nerves (S2B Fig). It suggests that a repression of the translation of the Slc25a46 mRNA

occurred in Tg18 mice and/or more likely that the mutated protein was not properly associ-

ated with the mitochondrial membrane and consequently was rapidly degraded. A degrada-

tion mechanism must also occur in Tg26 mice for the putatively translated truncated protein,

in addition to a noticeable reduction in amount of Slc25a46 mRNA, probably due to mRNA

decay (S2C Fig). Thus, homozygous mutants from both lines were regarded as functional

knock-outs and will now be referred to as Tg-/- mice.

Invalidation of Slc25a46 in mouse results in a drastic phenotype, with an

impaired growth, neurological symptoms and early death

At birth, Tg-/- pups from the two lines were indistinguishable from each other and from their

WT and heterozygous littermates, despite reported expression of the Slc25a46 gene early dur-

ing mouse embryogenesis in various EST databases. However, their growth was reduced com-

pared to the WT pups from the end of the 1st week of life, and from the 2nd week, they stopped

gaining weight (Fig 3A and 3B). The observed reduced growth rate started despite a normal

feeding behavior during the first weeks, while the pups were still nursed by their mother, as

evidenced by the presence of milk in their stomach (Fig 3C) and by a normal behavior in the

cattle is indicated by an arrow). TM, Transmembrane; Mito_carr, mitochondrial carrier; BTA, Bos taurus (bovine); MMU, Mus

musculus (mouse) (D) Based on protein alignment, the affected amino acid was highly conserved in vertebrates and located

in a conserved region from the protein. XENTR, Xenopus tropicalis; CHICK, chicken; BOVIN, bovine. (E) Proteins were

extracted with a Mitochondria Isolation kit from bovine WT and affected brain and liver tissues. Samples were analyzed by

immunoblotting with antibody against human mitochondrial protein SLC25A46, targeting the N-term domain of the protein.

(F) Radial nerve (proximal part). Electron micrograph. Longitudinal section from a calf homozygous for the mutation. Note

the enlarged node of Ranvier, between the two arrows. Note the uneven myelin sheath (m) on each side of the node of

Ranvier (scale bar = 2 μm).

https://doi.org/10.1371/journal.pgen.1006597.g001
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cage (i.e. all the pups were regularly seen under their mother, and none of them was left alone

in the cage). Yet, at 3 weeks of age, intestinal tracts of Tg-/-mice were less filled than their WT

counterparts, with reduced feces (Fig 3D), consistent with their cachectic state. Furthermore,

there were intestinal hemorrhages in the oldest Tg-/- animals (Fig 3E).

Intestinal length and diameter were smaller in Tg-/- than in WT mice. However, histological

staining did not reveal any obvious change in the intestine from the Tg-/- mice which could

explain their reduced growth (S3A Fig).

An ataxic gait was apparent from the 2nd week of life, especially on the hind limbs (Fig 3F

and 3G). Tg-/- mice walked on the tip of their toe, instead of putting the whole foot sole on the

soil (Fig 3F and 3G). This was evocative of a proprioception defect, as it is described in the

“Turning calves syndrome” [29]. However, it did not evolve to permanent recumbency, per-

haps due to the short lifespan of the Tg-/- mice (see below). Moderate hyperreflexia was also

evidenced on hindlimbs when pinching the mice’s toes. An epileptic-like phenotype was also

noticed from the 2nd week of life (S1 Movie).

Fig 2. Construction of two mouse lines with disruption of Slc25a46. (A) Schematic diagram of the Slc25a46 gene in mice,

located on chromosome 18, with positions of mutations in Tg18 and Tg26 lines (arrows). (B) Total proteins were extracted from

brain, muscle and liver of WT, Tg18 homozygous and Tg26 homozygous mice. Samples were analyzed by immunoblotting, with

antibodies against mitochondrial proteins Slc25a46 and Cox2 (internal loading control). (C) Proteins were extracted with a

Mitochondria Isolation kit from brains of WT and Tg18 mice. Samples were analyzed by immunoblotting with antibody against the

mitochondrial proteins Slc25a46 and Cox2. WT, Wild-Type; Aff, affected. Note: entire Western Blots with SLC25A46 antibody are

shown in S5 Fig.

https://doi.org/10.1371/journal.pgen.1006597.g002
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Fig 3. Representative phenotypes in homozygous mice from Tg18 and Tg26 lines (with disruption of the Slc25a46 gene).

(A) Growth curve (birth to 22 days pn) for WT (blue circles), Tg18 homozygous (red circles) and Tg26 homozygous (green circles)
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All Tg-/- mice died between the 3rd and 4th weeks of life, either spontaneously in the cage, or

by euthanasia for evident ethic reasons (Fig 3H).

Post-mortem examination revealed that several other organs were affected in Tg-/-mice.

Thymus and spleen were significantly smaller relatively to the body mass (Fig 3I and 3J). This

was expected as they are described as metabolic state sensors, with rapid atrophy in case of

malnutrition [32]. Liver was also significantly smaller (Fig 3I and 3J), and biochemical blood

analyses showing increased biliary acids, bilirubin and cholesterol in Tg-/- mice were indicative

of a cholestasis, and consistent with a stress of the liver (Table 3). Liver histology was nonethe-

less almost normal (S3B Fig). Muscle damage was also suspected, based on a general decrease

of muscle mass combined with increased creatine kinase and aspartate amino transferase

(Table 3), but muscle histopathology was also unchanged in Tg-/- mice (S3C Fig).

Biochemical analysis revealed a highly-disturbed metabolism in Tg-/- mice, confirming the

general alteration of their state (Table 3). Severe hypoglycemia was noted, which may be

linked to the observed growth defect. Low plasma iron concentrations combined with high fer-

ritin were indicative of defective iron metabolism and/or storage.

Therefore, the phenotype of the Tg-/- mice was distinctly different from that of the above-

mentioned bovine sensorimotor polyneuropathy, presenting a wider range of symptoms.

General mitochondrial defect in Tg-/- mice detected with electron

microscopy

Since Tg-/- mice displayed symptoms evocative of proprioception and motor involvement,

investigations were then undertaken on the nervous system of Tg-/- mice. However, no major

defect of the CNS was detected in Tg-/- mice (based on HES and Luxol blue staining), with

only minimal lesions consisting of rare vacuolated neurons in the lateral vestibular nuclei (Fig

4A). Peripheral nerves lacked visible degenerative lesions, although the presence of macro-

phages containing lipid debris suggested a possible degenerative process (Fig 4B). Axon diam-

eters and myelin sheath thickness was comparable in both genotypes (Fig 4C). Thus, even if it

was not possible to exclude a peripheral neuropathy in Tg-/- mice, the fast evolution of the dis-

ease up to death may limit it to an early very mild form.

Furthermore, the study of the optic nerve could not highlight any difference between WT

and Tg-/- pups (Fig 4D), nor degenerative lesions in the Tg-/- axons, an observation recalling

the lack of reported vision defect in the “Turning calves” [29] but contrasting with consistency

of this phenotype in recently reported human cases [23,33,34].

However, axons from CNS and PNS had abnormal round, small and aggregated mitochon-

dria as evidenced in myelinated and non-myelinated fibers (Fig 5A and 5B), indicating a fusion/

fission imbalance, an observation also noticed in tissues from affected “Turning calves” (Fig 5C).

Moreover, most mitochondria in Tg-/- mice had abnormalities of their internal architecture,

mice. Homozygous mice from the two knockout lines stopped gaining weight at ~2 weeks pn. (B) Note size difference between a

WT and an affected mouse at 3 weeks post-natal (pn). (C) Representative image of stomach filled with milk for 2 weeks old WT

and Tg-/- mice. (D) Gastrointestinal tract (stomach to colon) in WT and affected mice. (E). Representative hemorrhages in the

intestinal tract from the oldest affected mice. (F) Representative image of unsteady gait of affected mice. (G) Footprint analyses of

WT and Tg-/- mice. The soles of the limbs were labeled with ink. Mice walked on paper in a 10-cm lane surrounded by walls. The

ataxic gait is clearly evidenced in the Tg-/- mice, as well as a rapid weakness that prevents them to walk as long as the WT mice.

(H) Survival rate curve for WT and Tg-/- animals. Only Tg-/- mice that died prematurely were recorded (27 Tg-/- mice) as well as 40

WT mice. For ethical reasons, most Tg-/- mice were euthanized as soon as they displayed poor health. None of the Tg-/- mice were

capable of survival beyond 27 days pn. (I) Thymus, spleen and liver from WT (27 days pn), and affected mice (27 and 22 days pn);

note the decreased size of these organs in affected mice. (J) Ratio between organ weight and body weight in 3 weeks old WT

(n = 3) and affected mice (n = 4). Liver and spleen were smaller in affected animals. ** p = 0.01, *** p = 0.001, Student test. WT,

Wild-Type; Aff, affected; dpn, days post-natal.

https://doi.org/10.1371/journal.pgen.1006597.g003
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namely abnormal membranes and cristae. These abnormal mitochondria were also detected in

the enteric nervous system of Tg-/- mice, in intestinal Auerbach plexus cells (Fig 5D).

In accordance with ubiquitous expression of Slc25a46 in mice (S2B and S2C Fig), there

were abnormal mitochondria in other organs from Tg-/- mice, indicating a generalized mito-

chondrial defect. Skeletal muscles also had numerous aggregated mitochondria, although their

morphology generally remained normal (Fig 5E), as well as muscular layers in the intestinal

tract. Hepatocytes had numerous and smaller mitochondria with vesicular cristae, rarely

attached to the inner mitochondrial membrane (Fig 5F–5H).

Mitochondrial metabolism was affected in Tg-/- mice

Since mitochondrial internal architecture and morphology were altered in several tissues, we

searched for effects on mitochondrial metabolism. Regarding activity of each respiratory chain

complex in mice, there were significant decreases for complexes I, III, and IV in brain and

muscle from Tg-/- mice (Fig 6A). However, there was an opposite trend in liver from Tg-/-

mice, with a significant increase for complexes III and IV activities. This particular response

could be explained by the specific effect of physiological stresses on the mitochondrial metabo-

lism in various tissues and specifically the liver [35,36].

Table 3. Biochemical analysis of plasma from WT and homozygous Tg-/- mice (n�7 for each genotype). For glucose and bile acids, measures were

repeated on another group of mice.

Parameter WT Affected p-value

Glucose (mmol/L) 10.67 ± 1.25 5.76 ± 2.62 ***

13.02 ± 2.75 9.46 ± 2.99 *

Sodium (mmol/L) 146.67 ± 4.13 153 ± 8.28

Potassium (mmol/L) 11.68 ± 1.01 9.68 ± 1.02 **

Chloride (mmol/L) 114.33 ± 1.97 118.5 ± 8.93

Calcium (mmol/L) 2.35 ± 0.10 1.91 ± 0.31 **

Phosphorus (mmol/L) 3.05 ± 0.41 3.05 ± 0.43

Magnesium (mmol/L) 0.77 ± 0.08 0.74 ± 0.05

Urea (mmol/L) 7.23 ± 2.07 6.81 ± 1.86

Iron (μmol/L) 59.45 ± 8.78 18.6 ± 10.88 ***

Ferritin (μg/L) 64.17 ± 17.28 120.62 ± 42.34 **

Total proteins (g/L) 41.17 ± 2.56 39 ± 1.85 *

Albumin (g/L) 23.73 ± 3.13 23.52 ± 1.32

Total bilirubin (μmol/L) 0.99 ± 0.19 1.7 ± 0.47 **

Bile acids (μmol/L) 2.38 ± 0.93 5.19 ± 1.02 **

3.98 ± 3.09 9.86 ± 7.27 *

Total cholesterol (mmol/L) 3.25 ± 0.19 5.85 ± 1.40 ***

Triglycerides (mmol/L) 1.54 ± 0.45 1.25 ± 0.40

Creatinine (μmol/L) 9.42 ± 1.98 8.17 ± 2.04

Beta hydroxybutyrate ( mmol/L) 0.29 ± 0.22 0.92 ± 0.73

Creatine Kinase (CK; IU/L) 171.62 ± 57.50 335.75 ± 142.80 **

Aspartate amino transferase (Asat; IU/L) 58.73 ± 9.80 92.23 ± 23.74 ***

Alanine amino transferase (Alat; IU/L) 21.50 ± 8.22 20.09 ± 10.37

Lactate (mmol/L) 3.40 ± 2.57 3.04 ± 2.26

* p = 0.05

** p = 0.01

*** p = 0.001, Student test.

https://doi.org/10.1371/journal.pgen.1006597.t003
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Krebs cycle enzymes, localized in the mitochondrial matrix, generally had no change in

activities, except aconitase which was increased in muscles from Tg-/- mice, and fumarase

which was increased in liver (Fig 6B).

Proper fusion/fission equilibrium is necessary to maintain a homogeneous and healthy

population of mitochondria [37]. For example, several missense mutations of MFN2 causing

autosomal dominant optic atrophy ‘plus’ phenotype induce a respiratory chain defect and

mtDNA deletions and eventually mtDNA depletion in muscle cells [38,39]. Moreover, loss of

mtDNA is also found in Ugo1p depleted cells, Ugo1p being SLC25A46’s homolog in yeast

[40]. However, there was no significant mtDNA depletion or large deletion in liver, muscle or

brain from homozygous mutant mice (Fig 6C).

Fig 4. Phenotyping of Tg-/- mice. (A) Brain. HES staining. Coronal section from Tg-/- mouse displaying one

vacuolated neuron in the lateral vestibular nucleus, indicated by an arrow (scale bar = 100 μm) (B) Nerve root

from the lumbar spinal cord. Electron micrograph. Longitudinal section from Tg-/- mouse; note the

macrophage containing lipid debris, indicated by an arrow (scale bar = 2 μm). (C) Sciatic nerve, distal part.

Electron micrograph. Transversal sections from WT and Tg-/- mice. Axon diameter and myelin sheath are

comparable (scale bar = 10 μm). (D) Optic nerves. Electron micrograph. Longitudinal sections from WT and

Tg-/- mice. There are no significant quantitative or qualitative differences between mitochondria of WT and

Tg-/- mice (scale bar = 1 μm). Arrowheads indicate mitochondria.

https://doi.org/10.1371/journal.pgen.1006597.g004
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Fig 5. Characterization of ultrastructural abnormalities in bovine and murine models with SLC25A46 mutations. (A)

Distal sciatic nerve. Electron micrograph. Longitudinal sections from a WT mouse, displaying intra-axonal, randomly distributed,
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Consequences of Slc25a46 knock-out on the proteome of Tg-/- mice

Comparative MS-MS analysis was conducted in brain protein extracts after enrichment of mito-

chondrial proteins, in order to detect changes in protein expression induced by disruption of

Slc25a46 in mouse. Amongst the detected proteins, only 26 were significantly up- or downregu-

lated (Table 4). Interestingly, five downregulated proteins belonged to the Hsp70 (70 kDa Heat-

shock protein) family (Grp78, Hs71l, Hs71b, Hsp7c, Hs74), as well as three others for which the

p-value nearly reached the significance threshold (Hsp72, Grp75, Hs90b). Such observations

might suggest a role, direct or indirect, of Slc25a46 in the mitochondrial-Endoplasmic Reticulum

(ER) contact sites (see below). Alterations were also noted in mitochondrial membrane proteins

associated with glucose transport (Hk1, Hk1-sb), and fatty acid metabolism (Gpdm, Echa). Nota-

bly, hemoglobin subunits were significantly upregulated (Hba, Hbb1, Hbb2). This upregulation

may be linked to an iron dysregulation, as evidenced by biochemical analyses on Tg-/- mice.

While this manuscript was first submitted, a paper was published, with evidence of in-

teraction between SLC25A46 and fusion proteins MFN2 and OPA1, and MIC60 and MIC19

proteins belonging to the MICOS complex [34]. Notably MS-MS results did not show any sig-

nificant change of expression for these proteins, their level was then monitored by western

blot on brain extracts (S4A Fig). Tg-/- mice did not display significant expression level for

these proteins. Thus the knock-out of Slc25a46 in mouse does not lead to a reduction of Mic60

and a potential disruption of the MICOS complex, contrary to the fibroblasts treated with

siRNA, as described in [34]. Moreover, it is not compensated by a change in the expression of

fusion proteins Opa1 and Mfn2. Expression of OPA1, MFN2 and MIC60 was also monitored

by Western blot on bovine brain and liver protein extracts, but we could not infer a significant

change in the expression of these proteins, especially because the number of biological samples

was very low (S4B Fig).

Discussion

In the present study, we provided reliable evidence that the “Turning calves syndrome”, a

recessive sensorimotor polyneuropathy reported in the French Rouge-des-Prés breed in the

late 2000’s, was caused by a point mutation in SLC25A46 gene. The single amino acid substitu-

tion did not affect protein expression nor its proper location within the mitochondria (based

on western blot). However, it affected a highly conserved amino acid, in the first transmem-

brane helix of the protein. Amongst the mitochondrial carrier proteins, 14 are known to be

elongated normal mitochondria and from an Tg-/- mouse, displaying numerous aggregated intra-axonal mitochondria of various

shapes; most of them presenting abnormal cristae and membranes (scale bar 1 = μm). (B) Proximal sciatic nerve. Electron

micrograph. Longitudinal sections from a Tg-/- mouse, displaying numerous aggregated intra-axonal mitochondria of various

shapes in myelinated and non-myelinated axons; most of them presenting abnormal cristae and membranes (scale bar 2 = μm).

(C) Radial nerve (proximal part). Electron micrograph. Longitudinal section from a calf homozygous for the mutation. Abnormally

aggregated, small and round mitochondria are located at the periphery of the axon; most have abnormal cristae and membranes

(scale bar = 1 μm). (D) Intestinal enteric plexus. Electron micrograph. Sections from a WT mouse, displaying normal

mitochondria and from Tg-/- mouse displaying smaller dark mitochondria with vesicular-like abnormal cristae (scale bar = 1 μm).

(E) Quadriceps femoris muscle. Electron micrograph. Sections from WT and Tg-/- mouse showing more abundant and

aggregated mitochondria in Tg-/- mouse (scale bar = 5 μm). (F) Liver. Electron micrograph. Section from a WT mouse, with round

mitochondria and from an Tg-/- mouse, with numerous, dark and smaller mitochondria (scale bar = 1 μm). (G) Liver. Electron

micrograph. Mitochondria in a WT mouse have numerous organized cristae (radiating from the inner mitochondrial membrane to

the center of the mitochondria). Mitochondria from Tg-/- mouse display disorganized, vesicular-like cristae, rarely attached to the

inner mitochondrial membrane (scale bar = 250 nm). Stars indicate cristae and inner mitochondrial membrane contact points.

Arrowheads indicate vesicular-like cristae. (H) Mitochondrial phenotype shown in (G) were quantified from the liver of two WT and

two Tg-/- mice (10 independent images per individual for mitochondrial number and three independent images per individual for

mitochondrial area). Mitochondrial surface refers to 2D-area of each cut mitochondria on the electron microscopy images.

Mitochondrial number refers to number of cut mitochondria on electron microscopy images per cell. *** p = 0.001; Student test.

WT, Wild Type; Aff, affected. Arrowheads indicated mitochondria in panels (A) to (E).

https://doi.org/10.1371/journal.pgen.1006597.g005

Novel roles for SLC25A46 in mitochondrial dynamics and metabolism

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006597 April 4, 2017 13 / 30

https://doi.org/10.1371/journal.pgen.1006597.g005
https://doi.org/10.1371/journal.pgen.1006597


Fig 6. Analysis of the mitochondrial metabolism and mitochondrial DNA (mtDNA) in WT and Tg-/- mice in liver, brain and

muscle, three tissues which have mitochondrial morphology abnormalities in homozygous mutant mice. (A) Analysis of
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associated to rare metabolic diseases [27,41]. Mutations are mostly located in functional

domains of the proteins, including the substrate binding sites and the matrix and cytosolic

gates (which respectively open/close the carrier to the mitochondrial matrix and towards the

cytosol) [41] Interestingly, even the mutated amino-acid is not conserved amongst the mito-

chondrial carrier family, it is located just in the matrix gate area [30], which is known to be

critical for the conformational change.

Electron microscopy confirmed axonal lesions in affected cattle and identified abnormal

round and aggregated mitochondria in axons. This phenotype is reminiscent of mutations in

mitochondrial fusion proteins such as MFN2 in CTM2A disease [20], consistent with an

fusion/fission imbalance. However, SLC25A46 function in fusion or fission remains elusive.

Ugo1p, which is SLC25A46 homolog in yeast, plays a crucial role in fusion, in close interaction

with Fzo1p and Mgm1p (MFN1/2 and OPA1 homologs, respectively) [40,42,43]. Ugo1p

mutants had fragmented mitochondria, and a loss of mtDNA [40]. In humans, a pro-fission

role of SLC25A46 was proposed, due to an increase of mitochondrial branching in fibroblasts

derived from a patient carrying a homozygous missense mutation in the carrier domain of the

protein [23]. In contrast, there was another report of a SLC25A46 mutation in a splice site,

leading to a truncated transcript and perhaps to a knock-out [33]. In this case, the mitochon-

drial network was fragmented, suggesting a fusion role for SLC25A46.

To better understand SLC25A46 function, and because the selection against “Turning

calves syndrome” made new biological material collection difficult in cattle, mouse knock-out

models were constructed. In Tg-/- mice, nervous degenerative phenotypes (ataxic gait and epi-

lepsy) were apparent from the 2nd week of life. Furthermore, Tg-/- mice also had pronounced

weight loss and metabolic defects leading to premature death around weaning. Although histo-

pathology did not account for this drastic phenotype, electron microscopy implicated involve-

ment of mitochondria in several tissues. There was a fusion/fission imbalance (similar to

cattle), with numerous round aggregated mitochondria in the central and peripheral nervous

systems, including the enteric nervous system. Abnormal mitochondria were present in Auer-

bach plexus cells. This may have contributed to dysmotility of the intestinal tract, and the

subsequent observed weight loss, at least partially, as often described for multi-systemic mito-

chondrial diseases such as Mitochondrial Neurogastrointestinal Encephalopathy Syndrome.

[44] These small and numerous mitochondria were also detected in muscle and liver. Clearly,

effects of disruption of SLC25A46 were not restricted to the nervous system, consistent with

ubiquitous expression of the gene.

Mitochondria regulate their shape in accordance with the metabolic state of the cell. In case

of starvation, mitochondrial length is increased, by phosphorylation of the fission protein

Drp1, leading to decreased fission [45] and/or by oligomerization of fusion protein OPA1

[46]. In mitochondrial fusion-incompetent cells, mitochondria cannot fuse and are degraded,

leading to cell death. Tg-/- mice which experience weight loss, are in a metabolic state mimick-

ing starvation. Consequently, the absence of elongated mitochondria suggests an impaired

fusion in these animals.

In addition to the fusion/fission imbalance, mitochondria from Tg-/- mice had disturbed

internal architecture, with distorted and vesicular-like cristae, and cristae less frequently

the respiratory chain complex activities: complexes I, II, III, IV. Since mitochondria number varied in WT and affected tissues, all

activities were normalized with Citrate Synthase activity (estimate of mitochondria number). Cx, complex; CS, citrate synthase. (B)

Analysis of the activity for some enzymes involved in Krebs cycle. Since mitochondria number varied in WT and affected tissues, all

activities were normalized with Citrate Synthase activity. ACO, aconitase; IDH, isocitrate dehydrogenase; AKGDH, α-ketoglutarate

dehydrogenase; FH, fumarate hydratase; CS, citrate synthase. (C) mtDNA content was estimated by qPCR. * p = 0.05, ** p = 0.01,

Student test. WT, Wild-Type; Aff, affected.

https://doi.org/10.1371/journal.pgen.1006597.g006
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Table 4. MS/MS results (protein extracts from brain tissues). The MS/MS data were analyzed for three WT and four Tg-/- mice. Downregulated and upre-

gulated proteins were selected based on the adjusted p-value (threshold = 0. 2). Total MS/MS data are provided in S5 Table.

Prot ID Uniprot Protein Protein

ID

Gene

name

Adj p-value Regulation Pathway/function

a2.a8.a1 P20029 78 kDa glucose-regulated protein Grp78 Hspa5 0,0485458 Down Heat shock protein

b63.a1.

a1

Q64521 Glycerol-3-phosphate dehydrogenase,

mitochondrial

Gpdm Gpd2 0,0485458 Down Fatty acid, triacylglycerol, and

ketone body metabolism

b98.a1.

a1

Q91VD9 NADH-ubiquinone oxidoreductase 75

kDa subunit, mitochondrial

Ndus1 Ndufs1 0,0485458 Down Respiratory electron transport

c554.a1.

a1

P37040 NADPH—cytochrome P450 reductase Ncpr Por 0,0485458 Down

d1032.

a1.a1

Q9CQS4 Solute carrier family 25 member 46 S2546 Slc25a46 0,0485458 Down

c211.a1.

a1

Q8BMS1 Trifunctional enzyme subunit alpha,

mitochondrial

Echa Hadha 0,06995003 Down Fatty acid metabolism

c200.a1.

a1

Q9CZW5 Mitochondrial import receptor subunit

TOM70

Tom70 Tomm70a 0,11460448 Down Mitochondrial protein import

a2.b10.

a1

P16627 Heat shock 70 kDa protein 1-like Hs71l Hspa1l 0,12045145 Down Heat shock protein

a2.b11.

a1

P17879 Heat shock 70 kDa protein 1B Hs71b Hspa1b 0,12045145 Down Heat shock protein

b31.a1.

a1

P17710 Isoform HK1 of Hexokinase-1 Hxk1 Hk1 0,12045145 Down Glucose transport

c407.a1.

a1

P29341 Polyadenylate-binding protein 1 Pabp1 Pabpc1 0,12045145 Down

c176.a1.

a1

Q02248 Catenin beta-1 Ctnb1 Ctnnb1 0,13406441 Down

b31.a2.

a1

P17710 Isoform HK1-SB of Hexokinase-1 Hxk1 Hk1 0,14051012 Down Glucose transport

a2.a5.a1 P63017 Heat shock cognate 71 kDa protein Hsp7c Hspa8 0,15925716 Down Heat shock protein

b52.a1.

a1

Q61301 Isoform 2 of Catenin alpha-2 Ctna2 Ctnna2 0,1764172 Down

c521.a1.

a1

P56399 Ubiquitin carboxyl-terminal hydrolase 5 Ubp5 Usp5 0,1764172 Down

c119.a1.

a1

Q61316 Heat shock 70 kDa protein 4 Hsp74 Hspa4 0,18162435 Down Heat shock protein

c324.a1.

a1

P14824 Annexin A6 Anxa6 Anxa6 0,19304849 Down

c531.a1.

a1

Q8CHT1 Isoform 2 of Ephexin-1 Ngef Ngef 0,19304849 Down

c337.a1.

a1

Q60598 Src substrate cortactin Src8 Cttn 0,19916148 Down

c174.a1.

a1

P01942 Hemoglobin subunit alpha Hba Hba 0,0485458 Up Heme/oxygen/iron binding

b46.a1.

a1

P02088 Hemoglobin subunit beta-1 Hbb1 Hbb-b1 0,06327584 Up Heme/oxygen/iron binding

b46.a2.

a1

P02089 Hemoglobin subunit beta-2 Hbb2 Hbb-b2 0,08502057 Up Heme/oxygen/iron binding

c137.a1.

a1

P63082 V-type proton ATPase 16 kDa proteolipid

subunit

Vatl Atp6v0c 0,09458836 Up

c391.a1.

a1

Q9JJV2 Profilin-2 Prof2 Pfn2 0,14790441 Up

c506.a1.

a1

Q8R1Q8 Cytoplasmic dynein 1 light intermediate

chain 1

Dc1l1 Dync1li1 0,19304849 Up

https://doi.org/10.1371/journal.pgen.1006597.t004
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attached to the membrane. Cristae morphology is maintained and regulated mainly by OPA1

and by the MICOS complex [1,47]. This complex is composed of six subunits in yeast, with all

of them inserted in the inner mitochondrial membrane [48]. Mutations in genes encoding

these subunits result in an altered internal architecture, i.e. loss of cristae junctions, and cristae

organized as membrane stacks [48–50]. MIC60, also known as Mitofilin, is one of the key play-

ers of the MICOS complex. In yeast, the MIC60 homolog Fcj1p interacts with SLC25A46

homolog Ugo1p, forming close contact sites between outer and inner mitochondrial mem-

branes [51]. The interaction between MIC60 and SLC25A46 has been recently documented in

human [23,34]. In the report from Janer et al., the absence of SLC25A46 resulted in a marked

decrease in the steady-state level of MIC60 in studied human fibroblasts [34]. Based on abnor-

malities of mitochondrial architecture detected in Tg-/- mice, we inferred that Slc25a46 (poten-

tially in association with Mic60), may contribute to establishment of a proper contact between

outer and inner mitochondrial membranes in mammals. However, Mic60 was only marginally

downregulated in Tg-/- mice (MS/MS analysis), with the p-value nearly reaching the threshold

of significance, and this downregulation could not be observed by Western blot analysis.

Furthermore, MS/MS analysis did not highlight any downregulation of fusion factors inter-

acting with Slc25a46, such as OPA1 and MFN2, nor did specific analysis of these proteins by

Western blotting. These differences suggest either cell-type (fibroblast vs brain cells) and/or

species’ specificities.

Since cristae contain OXPHOS subunits (i.e. respiratory complexes I to V), disorganization

of cristae often decreases activity of OXPHOS subunits [49,52,53] and disturbs assembly of

respiratory supercomplexes, with profound reduction in respiration efficiency [54]. Mitochon-

drial metabolism is indeed affected in Tg-/- mice, with a marked decrease in complexes I, III,

IV activities in brain and muscle, and an increase in complexes III and IV activities in liver.

This discrepancy is not unlikely, given the specificity of each tissue and each cell type in the

response to physiological stresses [35,36] or to mutations [55,56].

Our proteomic analysis highlighted a potential interaction between Slc25a46 and Hsp70

proteins; eight of the latter were down-regulated in Tg-/- mice. These chaperone proteins,

participate in the protein folding [57–59] and in the protein import across the outer mitochon-

drial membrane [60,61] in close interaction with Tom70, which is also significantly downregu-

lated. Thus, in Tg-/- mice, importation of proteins may be downregulated, either by a direct

interaction between Slc25a46 and the import machinery (interactions between Slc25a46 and

Hsp90, Grp75 and Grp78 were recently evidenced by immunoprecipitation [23]), or by a gen-

eral alteration of the outer mitochondrial membrane structure. Interestingly, Grp78 also

known as BiP, which is one of the most significantly downregulated protein in the Tg-/- mice,

is considered as a major regulator of the ER, due to its multiple roles in the ER function [62],

and is shown to act at the ER-mitochondria interface under stress conditions [63,64]. The

recent observation that SLC25A46 interacts with the Endoplasmic Reticulum Membrane

Complex (EMC) and may participate to the regulation of the phospholipid flux between ER

and mitochondria appears to support the pivotal role of SLC25A46 between ER and mitochon-

dria [34].

Alternatively, since all these Hsp70 proteins function under the dependence of ATP, the

affected mitochondrial metabolism may be insufficient to provide enough ATP, which could

downregulate Hsp70 protein expression.

Collectively, there was good evidence for a pivotal function of SLC25A46 between the outer

and inner mitochondrial membranes. Disruption of Slc25a46 in mouse not only affected the

subtle equilibrium between fusion and fission, but also disturbed the internal architecture and

the link with a pool of Hsp70 chaperone proteins and potentially the mitochondrial-ER traf-

ficking. Consequently, mitochondrial and general metabolisms were severely impacted,
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leading to premature death. This model seemed similar to an affected infant that died seven

days after birth [33].

In contrast, in cattle affected by the “Turning calves syndrome”, the mutated protein was

still present and we inferred that it retained a portion of its activity, as in humans carrying

homozygous missense mutations. According to the localization of the mutations (in cytosolic,

transmembrane or inter mitochondrial membrane domains), interactions with various pro-

teins could be disturbed, affecting only a part of SLC25A46’s functions.

Furthermore, alteration of SLC25A46’s functions might also result in species-specific phe-

notype, as all human cases reported so far suffer from optic atrophy, which is not observed in

the bovine [29] and mouse models reported here (Table 5). However, it should be mentioned

that FVB/N mice carry two mutations which result in severe vision impairment: a mutation

in the tyrosinase gene (TyrC) causing an albino phenotype and the retinal degeneration muta-

tion (Pde6brd/rd11) [65]. Consequently, FVB/N mice suffer from early onset retinal degenera-

tion and blindness around weaning [66] which might interfere with the observation of the

phenotype.

Table 5. Comparative description of mammalian cases of SLC25A46 mutations. The age of onset refers to the onset of neurological symptoms. ND,

non-detected; NA, non-analyzed.

“Turning

calves

syndrome”

[29]

Model KO for

SLC25A46

UK family [23] PL family

[23]

IT family [23] US family [23] Optic atrophy

[33]

Leigh

syndrome [34]

Species Bovine Mouse Human Human Human Human Human Human

SLC25A46

mutation

c. 376C>T Tg18

indel

12 bp

Tg26

del 75

bp

Compound

c.165_166insC

and c.746G>A

c.1005A>T c.1018C>T Compound

c.882_885dupTTAC

and c.998C>T

c.283+3G>T,

no wild-type

mRNA

detected

c.425C > T

SLC25A46

protein

p. R126C

detected

No protein

detected

p.His56fs*94

and p.

Gly249Asp

p.Glu335Asp p.Arg340Cys p.Asn296fs*297 and

p.Pro333Leu

Absence of

protein

suspected

No protein

detected

Age of onset 1 month 2 weeks 5–8 years 1–2 years 2 years Birth Birth 4 months

Age of death Unknown

(euthanasia

around 2–3

months)

3–4 weeks No (around 40

‘s)

No (13

months

//11.5 years)

No (51 years) 15 weeks 7 days 14.5 months

CNS

Involvement

+ + + + + + +

PNS

Involvement

+ + (mild) + (adulthood) + + (young

adulthood)

+ (birth) + +

Optic atrophy ND ND + (early) + (early) + (early) + (early) + + (early)

Other NA Growth

defect,

Epilepsy

Slight bilateral

deafness

Myopathy with small

fibers

Myoclonic

jerks

Uncoordina-

ted oral phase

Mitochondrial

network

Numerous

aggregated

mitochondria

Numerous

aggregated

mitochondria

NA Numerous

mitochondria

Hyperfilamen-

tous

NA Mitochondrial

fragmentation

Hyperfused

Mitochondria

morphology

abnormalities

Small and

altered

mitochondria

Small

mitochondria,

decrease of

cristae

junctions,

vesicular-like

cristae
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Overall, our data in both models provided a basis for the wide range of human phenotypes

described for SLC25A46 mutations. Furthermore, there was clear evidence that SLC25A46
should be added to the list of candidate genes causing premature neonatal death, with a poten-

tial link between early deaths and SLC25A46 mutations that result in the absence or in a drastic

reduction of the amount of the protein (see Table 5). Finally, we produced the first Slc25a46

knock-out mouse model, which should be useful to further elucidate the function of

SLC25A46 in mitochondrial dynamics.

Materials and methods

Ethics statement

All procedures involving animals conformed to the Guide for the Care and Use of Laboratory

Animals (NIH Publication No.85-23, revised 1996). All efforts were made to minimize

suffering.

Blood samples were collected from cattle by veterinarians or by trained and licensed techni-

cians during routine blood sampling for paternity testing, genomic selection or annual pro-

phylaxis. Affected calves were euthanized for ethical reasons, due to the absence of effective

treatment. All samples and data were obtained with permission of breeders or breed

organizations.

For mice, protocols were approved by the Animal Experimentation Ethics Committee and

the French Ministry of Research (APAFIS#1227–2015100516164803 v3), and the Haut Conseil

des Biotechnologies (HCB n˚6461).

Homozygosity mapping

Twelve affected calves were examined clinically and confirmed to have the disease [29]. Blood

samples were collected from these calves and their parents, and DNA was extracted with a

Genisol Maxi-Prep kit. Blood samples were also collected from control animals known to be

unaffected based on our genotypes database. In total, 123 unaffected adult cattle, all of the

Rouge-des-Prés breed, were selected (including eight bulls used for artificial insemination and

115 cows from the La Greleraie INRA experimental facility). All of these cattle were genotyped

by Labogena with the Bovine SNP50 Beadchip V1 (Illumina). Mapping was carried out by

homozygosity mapping with in-house HOMAP software, as described [28].

Whole-genome sequencing and analysis

Whole genome sequencing was performed at the Get-PlaGe platform (http://genomique.

genotoul.fr/) on a HiSeq 2000 Illumina sequencer producing 100-bp long, paired end reads.

Four animals had their entire genomic DNA sequence determined (two affected, one carrier

and one healthy). Reads were quality checked and mapped on the UMD3.1 reference genome

using BWA aln software (version 0.5.9-r16). Alignments were filtered with a minimum MAPQ

value of 30. Reads that mapped to multiple localizations were removed. The target region was

selected on each produced.bam file using Samtools (Version 0.1.18). Local indel realignment

and base quality recalibration were applied using GATK toolkit. The SNPs were predicted with

samtools mpileup and bcftools, and annotated with Ensembl Variant Effect Predictor tool and

SNPs were filtered according to the animals’ phenotype-genotype correlation.

Bovine sample selection and DNA extraction

A total of 93 living Rouge-des-Prés cattle were tested for SLC25A46 and MAN2A1 polymor-

phisms, including 27 with clinical symptoms of distal axonopathy (with or without subsequent
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histopathological confirmation). In addition, 31 more historical Rouge-des-Prés animals were

also tested, as well as 321 other cattle from 12 French breeds. For all of these, DNA was

extracted from blood samples (Genisol Maxi-Prep kit or QIAsymphony DNA Kit (Qiagen)).

Sanger sequencing

Sanger sequencing was performed using standard methods on the two potential polymorphisms

identified after whole-genome sequencing, in SLC25A46 and MAN2A1 genes. Primers (S2

Table) were designed using Primer3. The PCR products were amplified using 200 ng of DNA,

with standard GoTaq PCR reagents (Promega), on a Master Thermal Cycler (Eppendorf).

SLC25A46 polymorphism routine sequencing

The SNP of SCL25A46 gene was genotyped using PCR-LAR (Ligation Assay Reaction) by

Labogena. A pair of PCR primers (Turn_F and Turn_R) flanking the mutation was designed

with Primer3.vo4 software, based on the genomic sequence of the bovine gene SCL25A46,

according to the UMD3.1 assembly (S3 Table).

The PCR amplification was performed in a final volume of 10 μl using a Qiagen Multiplex

PCR Kit, 10−50 ng of template DNA and 2.0 pmol of each primer. Reactions were run for 30

cycles in an MJ thermal cycler (Model PTC-200). The PCR amplification included an initial

activation step at 95˚C for 15 min, denaturation at 94˚C for 30 s, primer annealing at 60˚C for

90 s, extension at 72˚C for 1 min, and final extension at 60˚C for 30 min.

The following tagged probes were designed for the ligation assay, Turn_LAR-M ending

with the mutated nucleotide and Turn_LAR-S ending with the non-mutated nucleotide, and

Turn_2p, a double-phosphorylated primer (S3 Table).

The PCR product (10 μl) was used for allele discrimination using the Ligation Assay Reac-

tion. The reaction contained 2 pmol of each probe, 1.5 U of Taq DNA Ligase and reaction

buffer (New ENGLAND BioLabs). Reactions were run in an MJ thermal cycler (Model PTC-

200). The ligation reaction included an initial activation step at 95˚C for 2 min and the follow-

ing thermocycling profile was repeated 35 times: denaturation at 94˚C for 30 s and probe

annealing at 60˚C for 3 min. Finally, the reacting solution was held at 99˚C for 10 min to deac-

tivate Taq DNA Ligase.

Following the ligation reaction, an Applied Biosystems 3730xl DNA analyser with GeneMap-

per Analysis software (Applied Biosystems) was used to analyze fluorescently tagged fragments.

TALEN plasmid constructs

Exon3 of mouse Slc25a46 gene was targeted at the site of the original mutation associated with

phenotype (chromosome:GRCm38:18:31604753:31606764:1 (reverse complement)). The

target sequence was chosen with the ZiFiT Targeter program (http://zifit.partners.org). A

potential TALEN target sequence identified by the program was selected empirically with a

preference for an 18-16-18 combination (16 bases for the spacer). The chosen sequences were

TGTGCTGGCCCATCCTTG for the left TALEN and CAGTGTCAGGTAAATATA for the

right. No homology with the targeted sequence was identified (Blast NCBI) at any other loca-

tion in the genome that could represent a potential off-target site The TALEN kit used for

TALE assembly was a gift from the Keith Joung laboratory (Addgene kit # 1000000017).

The TALEN were constructed according the REAL (Restriction Enzyme And Ligation)

assembly method, as described [67].The left TALEN was constructed by assembling units of

the kit in the following order: 9, 15, 19, 22, 30, 14, 19, 22, 27, 12, 16, 25, 27, 12, 20, and 25 (by

groups of four units). The entire insert was subcloned into the final JDS74 plasmid opened at

the bsmb1 sites. Similarly, the right TALEN was constructed by assembling of units of the kit
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in the following order: 6, 15, 16, 25, 30, 15, 16, 22, 27, 15, 19, 21, 27, 11, 17, and 25. The entire

insert was then subcloned into the final JDS74 plasmid. All inserts of final plasmids were en-

tirely sequenced with primers 2978 (TTGAGGCGCTGCTGACTG) and 2980 (TTAATTCAA

TATATTCATGAGGCAC). To prepare RNA from each plasmid for microinjection, 5 μg of

TALEN plasmid was linearized with 20 U of Age1 enzyme (New England Biolabs,) for 8 h at

37˚C in 100 μl. The linearized fragment was purified by migration on an agarose gel and a

Qiagen Gel extraction column kit (Qiagen). Messenger RNA was produced on 1 μg of purified

linearized plasmid with the ARCA T7 capRNA pol kit (Cellscript, TEBUbio France) and polya-

denylated with the polyA polymerase tailing kit (Epicentre) according to the manufacturer’s

instructions. Messenger RNA was purified with a Qiagen RNEasy minikit (Qiagen France), re-

suspended in distilled water, and RNA concentration was estimated with a nanodrop photom-

eter (Thermoscientific). The concentrated RNA was then diluted (100 ng/μl) in injection

buffer (Millipore, France) and stored at -80˚C until used.

Generation of SLC25A46 transgenic mouse lines by TALENs

The day of injection, 5 ng/μl of each TALEN RNA were mixed (final concentration, 10 ng/μl)

in injection buffer and microinjected into pronuclei of murine FVB/N embryos, which were

transferred into pseudo-pregnant mice. Resulting offspring were genotyped by DNA analysis

of tail biopsies. Transgenic mice were crossed with FVB/N mice to derive F1 offspring that

were used to produce the mentioned transgenic FVB/N Tg18 and Tg26 lines.

Mouse genotyping

Transgenic mice were genotyped using a couple of primers (S2 Table) surrounding the TALEN

restriction site. Since the AT content of the amplified fragment was high (71%), the PCR used

KAPA2G Robust Taq (Kapa Biosystems), with KAPA2G buffer A and KAPA Enhancer, in

accordance with manufacturer’s recommendations. The PCR products were amplified on a

Master Thermal Cycler (Eppendorf) including an initial activation step at 95˚C for 3 min, 40

cycles of denaturation at 95˚C for 15 s, primer annealing at 60˚C for 15 s, extension at 72˚C for

15 s and final extension at 72˚C for 3 min, followed by electrophoresis on a 3% agarose gel.

Tissue collection

In accordance with their general condition, between 2 and 4 weeks of age, WT and Tg-/- mice

were euthanized by cervical dislocation or anesthetic overdose (ketamine-xylazine) according

to protocols approved by the Animal Experimentation Ethics Committee. Blood was collected

(heparinized tubes) from the posterior vena cava [68], centrifuged (10 min at 3500 rpm and

4˚C), and plasma was removed and frozen (-20˚C) pending analyses. Various tissues were dis-

sected, and either frozen at -80˚C for RNA/protein extraction, or rinsed in PBS and fixed over-

night in 4% PFA/PBS, then processed in a TP1020-1-1 tissue processor (Leica) and embedded

in paraffin (EG 1160 Embedding Center; Leica).

Affected calves were euthanized for ethical reasons by intravenous administration of eutha-

nasia solution (T-61, embutramide 200 mg/mL, mebezonium iodure 50 mg/mL, tetracaine

chlorhydrate 5 mg/mL, 1 dose of 0.1 mL/kg, Intervet, Angers, France). Tissue were dissected

and frozen at -80˚C for subsequent protein extraction.

Plasma biochemical analysis

Plasma biochemical analyses were done at the Institut Clinique de la Souris (ICS, Strasbourg),

and at the Laboratoire de Biochimie (Hôpital Bicêtre, Paris). Following parameters were
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measured: glucose, sodium, potassium, chloride, calcium, phosphorus, magnesium, urea, iron,

ferritin, total proteins, albumin, total bilirubin, bile acids, total cholesterol, triglycerides, creati-

nine, beta hydroxybutyrate, lactate; as well as creatine kinase, aspartate aminotransferase and

alanine aminotransferase.

Microscopic examinations

Fixed and embedded tissues from WT and Tg-/- (n�3) were sectioned (5 μm) and stained

(Hemalun-Eosin-Saffron) in a VV24/4 VARISTAIN automatic slide stainer (Thermo Elec-

tron) according to a standard protocol. After staining, slides were scanned on a 3DHISTECH

scanner (Sysmex).

RNA extraction–RT PCR

Total RNA was extracted from various tissues using Qiazol reagent (Invitrogen) and the

RNeasy mini kit (Qiagen) with DNase I treatment. Then, 500 ng RNAs were reverse-tran-

scribed using a RT-vilo kit (Invitrogen), according to the manufacturer’s instructions.

To sequence transcripts, cDNA were amplified by PCR with PCR primers for Slc25a46 and

Rpl13 genes (S4 Table). Following PCR reactions, products were electrophoresed on a 2% aga-

rose gel and amplified cDNA fragments of Slc25a46 were sequenced.

Immunoblot analysis

Frozen tissues were ground with an Ultra-Turrax either in Mitochondria Isolation kit for Tis-

sue (ThermoFisher) for mitochondria-enriched protein extracts, or in 10 mM Tris solution

(pH 7.2, 2 mM MgCl2, 0.5% NP40, 1 mM DTT, with Halt Protease Inhibitor Cocktail EDTA

free; Roche Diagnostics) for total protein extracts. Protein contents were assayed with the 2-D

Quant kit (GE Healthcare) and 100 μg of proteins were separated on home cast 12.5% SDS-

PAGE at 80 V for 20 min and 150 V for 50 min, with 10 μl of MW Marker (Nippon Genetics)

added to the gel before electrophoresis. After separation, proteins were transferred on nitrocel-

lulose membrane with a Trans-blot Turbo apparatus (BioRad) for 7 min at 2.5 A and 25 V.

The membrane was rinsed twice, 5 min each, in MilliQ water and proteins were stained in 5X

Rouge Ponceau solution for 5 min. Proteins were destained in TBS solution for 20 min and the

membrane was blocked with 5% dry milk TBS-0.1% Tween20 solution for 1 h at room temper-

ature. The membrane was incubated with polyclonal anti-SLC25A46 Novus antibody at a 1/

1000 ratio in TBS-0.1% Tween20 solution for 1 h. The membrane was washed for 5 min and

then twice for 15 min in fresh TBS-0.1% Tween20 solution. Thereafter, the membrane was

incubated with goat anti-rabbit horseradish peroxydase-conjugated antibody (Santa Cruz)

diluted at 1/10 000 in TBS-0.1% Tween20 for 1 h, and then washed as previously described.

Bands were visualized by enhanced chemiluminescence (ECL Prime, GE Healthcare) and

detected on ChemiDoc Touch (BioRad) in automatic mode.

The membrane was washed 5 min in TBS solution, 2 x 10 min in TBS-0.1% Tween20 and

then was incubated with MTCO2 polyclonal antibody (ProteinTech) against cytochrome c

oxidase II protein (COX2) at a 1/1000 ratio in TBS-0.1% Tween20 solution for 1 h, and then

processed as described above.

Additional western blots were performed with rabbit polyclonal anti-Mfn2 (Santa Cruz)

antibody at a 1/200 ratio, mouse monoclonal anti-MIC60 (Abcam) antibody at a 1/500 ratio

and anti-OPA1 (Santa Cruz) antibody at a 1/200 ratio. For incubation of mouse samples with

mouse antibodies, a preliminary saturation of mouse IgG was performed with AffiniPure

Fab Fragment Donkey anti-mouse IgG (Jackson ImmunoResearch) at a 30 μg/mL ratio in

TBS/Tween20 0.1% solution. Successive steps were as described above with secondary goat
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respective anti-rabbit or anti-mouse horseradish peroxydase-conjugated antibody (Santa

Cruz) diluted at 1/10 000 in TBS-0.1% Tween20 for 1 h.

Mass spectrometry analysis

Mitochondria-enriched protein extracts were prepared as described in the above paragraph.

Each lane of gel was cut into 20 gel pieces and analyzed separately, except the last two which

were paired. After protein in-gel reduction (10 mM dithiothreitol), alkylation (50 mM iodoa-

cetamide) and trypsin digestion (overnight incubation at 37˚C with 100 ng of trypsin in 25

mM ammonium bicarbonate), the resulting peptides were extracted with 40% ACN/0.1% TFA

(v/v). Tryptic peptides were dried and re-suspended with 40 μL of 2% ACN/0.08% TFA (v/v).

Peptide analysis was performed on a nanoLC system (Ultimate 3000, Thermo Scientific)

coupled to an LTQ-Orbitrap Discovery mass spectrometer (Thermo Scientific) with a nanoe-

lectrospray interface. The sample was loaded into a trap column (PepMap100, C18, 300 μm i.

d. × 5 mm, 5 μm, Thermo Scientific) at a flow rate of 20 μl.min−1 for 3 min with 2% ACN/

0.08% TFA (v/v). Peptides were then separated on a reverse phase nanocolumn (PepMap100,

C18, 75 μm i.d. × 150 mm, 2 μm, Thermo Scientific) with a two-step gradient from 1 to 25% B

for 42 min and from 25 to 35% B for 5 min at 300 nl.min−1 at 40˚C (buffer A: 2% ACN/0.1%

FA (v/v), buffer B: 80% ACN/0,1% FA (v/v)). Ionization was performed in positive mode (1.4

kV ionization potential) with a liquid junction and a sillica tip emitter (10 μm id, NewObjec-

tive). Peptide ions were analyzed using Xcalibur 2.0.7 with a data-dependent method including

two steps: (i) full MS scan (m/z 300–1,400) and (ii) MS/MS (normalized collision energy fixed

to 35%, dynamic exclusion time set to 45 s). The MS and MS/MS raw data were submitted for

protein identification and quantification by spectral counting using the X!TandemPipeline

3.3.4 (version 2015.06.03, http://pappso.inra.fr/bioinfo/xtandempipeline/) with X! Tandem

search engine (version Piledriver, 2015.04.01, http://www.thegpm.org/TANDEM) and Uni-

prot SwissProt mus musculus database (version 2015.10.14; 25248 entries). Search criteria

used were trypsin digestion, carbamidomethyl (C) set as fixed modification and oxidation (M)

set as variable modification, one missed cleavage allowed, mass accuracy of 10 ppm on the par-

ent ion and 0.5 Da on the fragment ion. The final search results was filtered using multiple

threshold filter: -4.0 protein log (E-value) identified with at least two different peptides with E-

value < 0.01.

MS/MS data analysis

Differential analyses were performed using the Bioconductor Limma R package, with a voom

transformation [69,70] and a Benjamini-Hochberg correction for multiple testing. Proteins

with the lowest counts were removed using a threshold of 10 spectra for the sum over all

replicates.

Electron microscopy

Samples of central and peripheral nervous systems were fixed for 3 h in 2.5% glutaraldehyde in

Sœrensen buffer and osmificated for 1 h in 1% OsO 4, as described [71]. Afterwards, they were

rinsed in Sœrensen buffer, dehydrated in graded acetone, and embedded in Epon. Semi-thin

sections (1 μm) were stained with toluidine blue. Ultra-thin sections were stained with uranyl

acetate and lead citrate and viewed using a JEOL electron microscope.

Liver was fixed with 2% glutaraldehyde in 0.1 M Na cacodylate buffer (pH 7.2), for 4 h at

room temperature. Samples were then contrasted with 0.5% Oolong Tea Extract (OTE) in

cacodylate buffer, postfixed with 1% osmium tetroxide containing 1.5% potassium cyanofer-

rate, gradually dehydrated in ethanol (30 to 100%) and substituted gradually with a mixture of
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propylene oxyde-epon and embedded in Epon (Delta Microscopie–Labège France). Thin sec-

tions (70 nm) were collected onto 200 mesh cooper grids, and counterstained with lead citrate.

Grids were examined with an Hitachi HT7700 electron microscope operated at 80kV (Elexience–

France), and images were acquired with a charge-coupled device camera (AMT).

Analysis of mitochondrial metabolism

Samples of brain, liver and muscle were transferred to ice-cold isolation buffer (20 mM Tris,

0.25 M sucrose, 40 mM KCl, 2 mM EGTA, and 1 mg/mL BSA; pH 7.2) and homogenized on

ice by five strokes with a glass-Teflon potter homogenizer. Citrate synthase (CS), complex I

(NADH-ubiquinone oxidoreductase) (CI), complex II (succinate-ubiquinone oxidoreductase)

(CII), complex III (ubiquinone-cytochrome c oxidoreductase) (CIII), complex IV (cytochrome

c oxidase) (CIV), aconitase (ACO), isocitrate dehydrogenase (IDH), α-ketoglutarate dehydro-

genase (AKGDH) and fumarate hydratase (FH) activities were spectrophotometrically mea-

sured at 37˚C as described [72,73]. All enzymatic activities were expressed as nanomoles per

minute and per milligram of protein.

Analysis of mitochondrial DNA

Total DNA was extracted from brain, liver and muscle homogenates using a standard proce-

dure [74]. The mtDNA copy number per cell was measured by quantitative PCR based on the

ratio of mtDNA (MTCO2 gene) to nDNA (PPIB gene), as described [74]. Long-range PCR was

performed to detect large mtDNA deletions with primers F1 ACGGGACTCAGCAGTGATA

AAT;R1 GCTCCTTCTTCTTGATGTCTT (expected size, 15144 bp).

Supporting information

S1 Fig. Pedigree presenting the relationship between 11 cases. Affected cattle are colored in

grey. A predominant ancestor common to all the cases is identified 3 to 8 generations apart

from the affected calves.

(TIF)

S2 Fig. Mouse Tg18 and Tg26 lines and Slc25a46 expression in mice. (A) Sanger sequence

traces from homozygous mutant mice of Tg18 and Tg26 lines, and from a wild-type mouse.

Hmz mut, homozygous mutant; WT, wild-type; Del, deletion; Ins, insersion. The predicted

restriction site for TALENs is marked with a star. (B) RT-PCR from WT and homozygous

mutant animals from Tg18 line in various tissues demonstrated that Slc25a46 is expressed

ubiquitously in mouse. Homozygous mutants display no apparent mRNA decay, except in

nerves. P. nerve, peripheral nerve; sp. cord, spinal cord. (C) RT-PCR from WT and homozy-

gous mutant mice from Tg26 line in brain and liver demonstrated that Slc25a46 expression

was decreased in homozygous mutant animals, perhaps due to mRNA decay. Rpl13 (ribosomal

protein L13) was used as a housekeeping gene. Aff, affected; WT, wild-type.

(TIF)

S3 Fig. Phenotyping of Tg-/- mice. (A) Small intestine. HES staining. Transversal section

from Tg-/- mouse showing normal features (scale bar = 50 μm). (B) Liver. HES staining. Sec-

tion from Tg-/- mouse showing normal features (scale bar = 50 μm). (C) Quadriceps femoris

muscle. HES staining. Transversal section from Tg-/- mouse showing normal features (scale

bar = 50 μm).

(TIF)
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S4 Fig. Western Blots. (A) Proteins were extracted with a Mitochondria Isolation kit from

brains of WT and Tg26 mice. Samples were analyzed by immunoblotting with antibody

against the mitochondrial proteins Slc25a46, Mfn2, Opa1 and Mic60. WT, Wild-Type; Aff,

affected. (B) Proteins were extracted with a Mitochondria Isolation kit from brains and livers

of WT and Tg26 calves. Samples were analyzed by immunoblotting with antibody against the

mitochondrial proteins Slc25a46, Mfn2, Opa1 and Mic60. WT, Wild-Type; Aff, affected.

(TIF)

S5 Fig. SLC25A46 Western Blots. Since the antibody against SLC25A46 was designed for

humans, in a region where the percentage of homology between human and mouse or human

and bovine was not 100%, the presence of supplementary non-specific bands was understand-

able. (A) Immunoblotting with antibody against the mitochondrial protein SLC25A46. Total

proteins were extracted from bovine WT and affected brain and liver tissues. (B) Proteins

were extracted with a Mitochondria Isolation kit from mouse WT and Tg18 brain. Samples

were analyzed by immunoblotting with antibody against the mitochondrial protein

SLC25A46. (C) Immunoblotting with antibody against the mitochondrial protein SLC25A46.

Total proteins extracted from WT, Tg18 homozygous and Tg26 homozygous mice (brain,

muscle and liver). In Tg26 line, even the truncated protein (159 amino acids) could not be

detected on the western blot. WT, Wild-Type; Aff, affected; BTA, Bos taurus; MMU, Mus mus-

culus. The arrow marks localization of SLC25A46 protein (418 amino acids; estimated weight,

46 kDa)

(TIF)

S1 Table. Homozygosity mapping results leading to the identification of a 3.1 Mb-interval

of chromosome 19 as the locus containing the mutation of axonopathy in Rouge-des-Prés

breed. posUMD3; position of each marker from the Bovine SNP50 Beadchip V1 f(Illumina)

on the UMD3.1 assembly of bovine genome; n1, number of homozygotes for allele 1 in

affected animals; n2, number of heterozygotes in affected animals; n3, number of homozygotes

for allele 2 in affected animals; lrt, test statistics; f1, allele 1 frequency in wild-type animals. If

allele 1 frequency equals 0, it is indicated as 0.1; if it equals 1, it is indicated as 0.9. Homozygous

identified region is shown in bold.

(DOCX)

S2 Table. Primers used for Sanger sequencing.

(DOCX)

S3 Table. Primers used for Ligation Assay Reaction.

(DOCX)

S4 Table. Primers used for RT-PCR.

(DOCX)

S5 Table. Whole data obtained by MS/MS analysis for three WT mice (WT_P2, WT_P3

and WT_P5) and four Tg-/- mice (KO_P6, KO_P7, KO_P8 and KO_P9). Each line corre-

sponds to a subgroup of proteins (Sub-group ID), with the first protein of the subgroup (Top

protein id / Top protein description) if the subgroup contains several proteins. The total num-

ber of spectra which identify the protein (Spectra sum) is reported for each individual.

(XLSX)

S1 Movie. Movie showing the epileptic-like phenotype in a 3-week-old Tg-/- mouse. A WT

littermate was also present in the cage.

(AVI)
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