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Sir,
Recently, Wan and colleagues (Wan et al., 2016) described mutations in SLC25A46 in patients 
with lethal congenital pontocerebellar hypoplasia (PCH). PCH is a rare, heterogeneous 
prenatal onset neurodegenerative disorder, mainly but not exclusively affecting cerebellum 
and pons. Based on clinical features and genetic causes, the current classification comprises 
ten distinct PCH subtypes. Concurrent with the report by Wan et al., other studies have 
identified SLC25A46 mutations in optic atrophy spectrum disorders including other 
neurological features such as axonal Charcot Marie Tooth (CMT) neuropathy and/or 
cerebellar atrophy (Abrams et al., 2015; Nguyen et al., 2016).
 The patients described by Wan et al (2016) presented with PCH, optic atrophy and 
apnoea and showed neuromuscular involvement with evidence of axonal sensorimotor 
neuropathy. These findings were compatible with PCH type 1 (PCH1) which is characterized 
by the combination of spinal muscular atrophy and PCH (Barth, 1993). However, no autopsy 
studies were available to confirm coincident degeneration of spinal motor neurons (Wan et 

al., 2016).
 Following earlier reports of similar cases (Norman, 1961; Goutiéres et al., 1977; Chou et al., 
1990; Kamoshita et al., 1990), Barth defined PCH1 as a clinically distinct type of PCH, based 
on the presence of anterior horn cell degeneration in addition to PCH (Barth, 1993). Barth 
described a family with three affected siblings born to non-consanguineous Dutch parents 
(Barth, 1992; Barth, 1993). All three children were delivered after full-term pregnancy and 
died within one day after birth due to lack of spontaneous respiration and profound muscle 
weakness. Prenatal ultrasound detected no fetal abnormalities; only the second pregnancy 
was complicated by polyhydramnios. Autopsy on the second child, a girl, showed a very 
small cerebellum, degenerative changes in the inferior olive nucleus; the spinal cord was 
not available for pathological diagnosis. The third child, a boy, had multiple congenital 
contractures, severe hypotonia and convulsions. A computed tomography scan revealed 
severe pontocerebellar hypoplasia (Supplementary Fig. 1). Ophthalmological examination 
showed a pale optic disc. Autopsy confirmed olivopontocerebellar degeneration, similar 
to the deceased sister. Histological analysis of the cervical spinal cord showed loss and 
ongoing degeneration of spinal motor neurons in the medial parts of the anterior horn at 
all levels from the cervical to the lumbar region. A biopsy from the rectus femoris muscle 
showed severely atrophied muscle fibers of all types without type grouping. (Fig. 1A-D) 
(Barth, 1993).
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Figure 1. Neuropathology showing pontocerebellar hypoplasia, muscle atrophy and spinal motor 
neuron degeneration in the third affected sibling.

A. Transverse section of cerebellum and pons at the level of the vestibular nuclear complex. The hemispheric 
cerebellar cortex has underdeveloped folia with poor branching. The vermal cortex shows a mature aspect. The 
ventral pons is mildly hypoplastic with its height approximately equal to that of the tegmentum. Synaptophysin 
antibody staining. Scale bar 5 mm. CH= cerebellar hemispheric cortex, V= cerebellar vermal cortex, VP= ventral 
pons.

B.  Transverse section of frozen rectus femoris muscle, myosin ATPase pH 4.3. Random extreme fibre size variability 
and atrophy were noted, affecting type I as well as subtypes IIA and IIB fibers, with the smallest fibre diameters 
measuring less than 5 µm (in normal neonates, all types >10 µm).  Occasional very large type I fibres are normal 
at this age. Scale bar 100 µm.

C.  Anterior horn of cervical spinal cord, showing degenerating spinal motor neurons with loss of nuclear staining, 
indicated by asterisks, and gliosis. H&E. stain. Scale bar 50 µm.

D.  Anterior horn of lumbar spinal cord, showing degenerated, shrunken motor neurons, and gliosis. Some lost 
neurons are represented by eosinophilic “ghosts”, indicated by asterisks. H&E. stain. Scale bar 100 µm.

In 2012, mutations in EXOSC3 were identified as an important cause of PCH1 (Wan et al., 
2012). However, mutations in this gene are generally associated with relatively milder forms 
of PCH1, without respiratory failure and some patients surviving into adulthood (Rudnik-
Schöneborn et al., 2013; Eggens et al., 2014). In keeping with this, we observed no EXOSC3 
mutations in the Dutch PCH1 family reported by Barth (1992, 1993). We failed to identify 
bi-allelic variants in the known PCH genes or convincing co-segregating bi-allelic variants in 
any other gene by whole-exome sequencing of the DNA of the third affected child.
 In view of the clinical similarities of the patients described by Wan et al (2016) and the Dutch 
family, we re-analyzed the whole exome sequencing data. This revealed a heterozygous 
mutation leading to a premature stop codon (c.691C>T | NM_138773; p.R231* | NP_620128) 



59 

Chapter 

3

Pontocerebellar hypoplasia w
ith spinal m

uscular atrophy (PC
H

1)

in exon 8 of the SLC25A46 gene, but no additional truncating or missense SLC25A46 
mutation was detected. Analysis of patient fibroblast mRNA showed monoallelic expression 
of the SLC25A46 allele with the stop mutation in exon 8, indicating loss of expression of the 
other allele. In order to explain this loss of expression, we proceeded with whole genome 
sequencing and detected a heterozygous deletion of about 2.4 kb encompassing exon 3 
of the SLC25A46 gene. Exon 3 contains 58 nucleotides and this deletion therefore results 
in a frameshift. A deletion-spanning PCR and subsequent sequencing of the PCR product 
confirmed a deletion of 2,391 bases of genomic sequence. The stop mutation in exon 8 
and the exon 3 deletion were located on different alleles and also present in a compound 
heterozygous state in the second affected child (Fig. 2A-C and Supplementary material). 
Immunoblot showed absence of SLC25A46 protein in patient fibroblasts, , suggesting 
instability of the SLC25A46 mRNA or its protein (Fig. 2D and Supplementary material).

I
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2
II

c.691C>T
Exon 3 deleeon

c.691C>T
Exon 3 deleeon

c.691C>T Exon 3 deleeon

SLC25A46

Figure 2. Pedigree of  the Dutch PCH1 family, identified SLC25A46 mutations and cDNA analysis.

A.  Pedigree of the family. Black filled symbols: affected individuals . Dotted symbols: carrier status. NA: not analyzed. 
Identified SLC25A46 mutations are noted below each individual. No DNA was available of patient II.1.

B.  Sequence traces of SLC25A46 exon 8 of patient II.3 showing the paternally inherited c.691C>T (p.R231*) nonsense 
mutation in gDNA (left) and cDNA (right), indicating monoallelic expression of this allele.

C.  Snapshot from Integrative Genomics Viewer showing a heterozygous deletion of about 2,4 kb of genomic DNA 
in patient II.3. The deleted sequence contains exon 3 of the SLC25A46 gene.

D.  Western blot analysis of SLC25A46 in two controls compared to patient II.3, showing no SLC25A46 protein in the 
patient. Actin was used as an input control.
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SLC25A46 is located in the outer mitochondrial membrane and plays an important role 
in maintaining the mitochondrial cristae and balancing mitochondrial fission and fusion, 
probably acting in a pro-fission manner (Abrams et al., 2015; Janer et al., 2016). Assessment of 
mitochondrial membrane potential, as measured by accumulation of tetramethylrhodamine, 
methyl ester, perchlorate (TMRM), showed reduced uptake in the patient compared to 
control (Supplementary material and Supplementary Fig. 4). This indicates a decrease of 
mitochondrial membrane potential in the patient compared to the control.
 Notably, other genes involved in mitochondrial dynamics are also associated with optic 
nerve atrophy, e.g. OPA1, mutated in autosomal dominant optic nerve atrophy, and MFN2, 
an important cause of axonal CMT, which can be accompanied by optic nerve atrophy. 
The neurological phenotypes caused by SLC25A46 mutations are variable, but fit within 
this spectrum. Optic nerve pathology seems to be a consistent finding in SLC25A46 related 
phenotypes, irrespective of disease severity. However, this feature might be overlooked in 
early fatal disease.
 In essence, we identified the causal SLC25A46 variants in the original Dutch family 
that was exemplary for the delineation of PCH1 as a distinct clinical subtype. We provide 
neuropathological evidence that loss of functional SLC25A46 indeed causes motor neuron 
degeneration, categorizing SLC25A46-associated PCH as a subtype of PCH1. We suggest 
classifying SLC25A46-associated PCH1 as PCH1D (mutations in VRK1, EXOSC3 and EXOSC8 are 
associated with PCH1A, PCH1B and PCH1C, respectively). PCH1D is clinically distinguishable 
from other PCH1 subtypes by optic nerve involvement, respiratory failure and early death 
and is at the most severe end of the broad spectrum of SLC25A46-related conditions.
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SUPPLEMENTARY MATERIAL

Whole Exome Sequencing (WES) and Sanger sequencing:
Library preparation of genomic DNA of the third affected child was done with the 
NimbleGen SeqCap EZ Library v. 3.0 (Roche). 150 bp paired-end sequencing followed on 
a Illumina HiSeq2000 instrument. Sequences were aligned to hg19 and GATK pipeline 
was used for variant calling. Variants were analyzed with IGV version 2.3.10 and Ingenuity 
Variant Analysis (Qiagen). The identified mutation in SLC25A46 were confirmed using 
standard Sanger sequencing. PCR amplification using standard conditions with the 
following M13 tailed primers (Exon 8 FW: 5-GATGTTTCCCTCTTCAGTCACT-3 and REV: 
5-GCGGAAGAAGTCGTTTGCTAT-3) Codon Code Aligner version 5.0.2 was used to analyze 
the sequenced samples.

Fibroblast culture, mRNA isolation and cDNA analysis:
Fibroblasts were cultured on standard growth medium (DMEM (Lonza), 10% fetal calf 
serum (Bodinco B.V.), Penstrep (100 Units/mL Penicillin, 100 µg/mL Streptomycin, Gibco) 
and 10µg/mL ascorbic acid). RNA was isolated with the RNeasy mini kit (Qiagen, Cat. No. 
74106) from fibroblasts at 75% confluence. cDNA was synthesized with SuperScript III 
Reverse Transcriptase, according to the manufacturers protocol (Thermofisher). cDNA 
was amplified by PCR using the following exon spanning  M13 tailed primer pairs  FW: 
5-TCCCTAACTTACGTGGTGGC-3 and REV: 5-GCGGAAGAAGTCGTTTGCTAT-3. Sanger 
sequencing was done using standard methods.

Whole Genome Sequencing (WGS), Bioinformatics analysis, and confirmation of 
deletion by PCR
WGS sequencing was performed as paired-end 150 on a Hiseq4000 sequencer. A single 
lane yielded 80 GB data. Library preparation was performed with a DNA-ultra prep kit 
followed by 2 cycles of PCR (NEB). This WGS sample is processed using our in house biopet 
pipeline (http://biopet-docs.readthedocs.io/en/latest/pipelines/shiva/). Part of this pipeline 
resembles the best practices of GATK in terms of their approach to variant calling. First, 
the remaining adapter sequences detected by FASTQC toolkit are clipped using cutadapt 
(version 1.10). Low quality bases are further trimmed using sickle with default settings 
(version 1.33). The processed reads are then aligned against human reference genome 
(GRCh38 analysis set without alternative haplotype sequences) using bwa mem with default 
settings (version 0.7.10). Variant calling is performed using HaplotypeCaller from GATK 3.7.
 For confirmation of the deletion, determination of the exact breakpoints and 
testing segregation in the family, deletion -spanning primers were designed (FW: 5- 
TGGGGTTCATGAAGATCAAA -3 and REV 5- TCCCAGCTCATTAGCACAAA -3). Sanger 
sequencing was done using standard methods.
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Immunoblot analysis
Fibroblasts were lysed in RIPA buffer (50mM Tris-HCl, 150mM NaCl, 1,5% Triton X-100, 
0,5% Sodiumdeoxycholate, 0.1%SDS) for 45 minutes on ice. Lysates were centrifuged for 
15 minutes at 4C at maximum speed. Protein concentration was measured with the BCA 
protein kit. Equal amounts of protein extracts were loaded and separated by SDS-PAGE. 
SLC25A46 antibody (Rabbit polyclonal, Proteintech, 12277-1-AP) and actin antibody (mouse 
monoclonal, chemicon, MAB1501) were used.

Assessment of mitochondrial membrane potential
To assess mitochondrial membrane potential, fibroblasts were incubated with 100 nM 
tetramethylrhodamine, ethyl ester, perchlorate (TMRM, Red-orange; Life Technologies), a 
membrane potential-dependent fluorescent dye for 45 min to allow adequate equilibration 
of the membrane potential-sensitive TMRM dye within the mitochondria. TMRM was kept 
in the medium while imaging. Experiments were performed in triplicate with at least three 
technical replicates and normalized by the area of cells per sample.

Confocal microscopy
Cells were imaged live by confocal microscope (Leica TCS SP8 Confocal Microscope) with a 
63 × oil immersion objective. The cells were kept at 37°C in a 5% CO2 humidified microscope 
stage chamber. TMRM was recorded through a band-pass 573–607 nm filter (Hajmousa et 

al., 2016).
 

Supplementary figure 1. Cerebral CT of patient highlighting posterior fossa abnormalities. 

A.  Severe hypoplasia of cerebellar hemispheres, leaving a large part of the posterior fossa “empty”. Cerebellar 
vermis relatively  preserved. Lower border of pons appears flattened.

B.  Lower section of posterior fossa exposing the brainstem. The middle cerebellar peduncles appear to be absent.
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Rev
primer

Fw
primer Chr 5: g.110742638 Chr 5: g. 110745029

2,4 kb deletion

Exon 3

agatctggttttcatacgaaaatacagttt

agatctggttttcat acgaaatacagttt...gtaagtacgaaaattcttttcatgggtc... 58 nucleotides

Supplementary figure 2. Deletion of exon 3 of the SLC25A46 gene.

A. Upper panel: PCR with primers flanking the assumed breakpoints (as derived from whole-genome sequencing) 
revealed a deletion-specific band in the DNA samples of the mother (I.1) and both affected children (II.2 and II.3). 
Lower panel: Amplification of SLC25A46 exon 6 served as a control for intactness of the DNA samples.

B. Schematic drawing illustrating the 2.391 nucleotide deletion in SLC25A46 and showing the exact breakpoints 
identified by Sanger sequencing of PCR products obtained in (A).
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Supplementary figure 3. Full length immunoblots.

A. Immunoblot with anti-SCL25A46 antibody and PPP-protein marker. Blot was incubated with HRP-labeled goat-
anti-rabbit secondary antibody for 1 hour at room temperature, washed 5 times with PBS and incubated with 
Lumi- Light western blotting substrate (Sigma-Aldrich) for 5 minutes. Exposure time: 10 minutes.

B. Immunoblot with anti-actin antibody and PPP protein marker. Blot was incubated with HRP-labelled rabbit- 
anti-mouse secondary antibody for 1 hour at room temperature, washed 5 times with PBS and incubated with 
Lumi- Light western blotting substrate (Sigma-Aldrich) for 1 minute. Exposure time: 10 seconds
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Supplementary figure 4. Assessment of mitochondrial membrane potential. 

A & B. Mitochondrial membrane potential of fibroblasts was detected and measured with mitochondrial 
membrane potential–sensitive TMRM (red) dye using confocal laser scanning microscopy in the patient (B) 
and control (A). 

C. Quantification of fluorescent signal plotted as Median Fluorescent Intensity ± SEM (**P = 0.0052). TMRM 
uptake in the patient was 75% compared to control (difference between means 0.2551 ± 0.090).
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