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Abstract

Inherited ataxias are an extremely heterogeneous group of disorders. Autosomal recessive
spinocerebellar ataxia 20 (SCARZ20) is a recently described disorder characterized by intellectual
disability, ataxia, coarse facial features, progressive loss of Purkinje cells in the cerebellum and
often hearing loss and skeletal abnormalities. Mutations in the gene SA.XZ4, which plays an
important role in autophagy, have been found to cause SCAR20. The unique clinical findings of
progressive coarsening of facial features makes the clinical phenotype recognizable among the
various hereditary ataxias. Here we report on a child with a novel missense mutation in the SN.X14
gene that appears to be debilitating for protein conformation, function and review the previously
reported cases from 15 families.
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INTRODUCTION

Autosomal recessive spinocerebellar ataxias are a clinically and genetically heterogeneous
group of early-onset disorders associated with cerebellar atrophy or hypoplasia, imbalance
and uncoordinated gait. Multisource population based studies have estimated their
prevalence at an average 3.3 per 100,000 (Ruano et al., 2014). The common forms of
recessive childhood ataxias include Friedreich ataxia, ataxia-telangiectasia, and ataxia
oculomotor apraxia. The uncommon forms constitute a highly heterogeneous group of
disorders with early onset ataxia as the predominant feature. Intellectual disability is present
in more than 60% of these patients (Poretti et al., 2014). The precise molecular etiology has
been elucidated in only a small number of these conditions.

Autosomal recessive spinocerebellar ataxia 20 (SCAR20 [MIM 616354]) is a recently
described disorder characterized by early onset cerebellar atrophy or hypoplasia, severe
ataxia, neurodegeneration due to Purkinje cell loss, coarse facial features, hypotonia,
developmental delay and severe intellectual disability caused by loss of function mutations
in SN.X14, encoding for a sorting nexin (Akizu et al., 2015; Sousa et al., 2013; Thomas et
al., 2014). The distinct dysmorphism associated with this syndrome makes it a clinically
recognizable disorder. SCAR20 is part of an emerging group of conditions with underlying
defect in the degradation of intracellular proteins and organelles termed macroautophagy
(Ebrahimi-Fakhari et al., 2016).

In the present study we describe a consanguineous Indian family with one child affected
with SCAR20. Using exome sequencing we delineated a homozygous missense mutation in
SN.X14 coding region as its underlying molecular cause. We discuss our molecular and
clinical findings in the light of the previous studies and review the currently known salient
features of SMX14-linked spinocerebellar ataxia.

CLINICAL REPORT

The proband was evaluated at 6 years and 9 months. She was born at term by lower segment
cesarean section to a consanguineously married couple (Fig. 2A). She weighed 3.75 kg
(normal) at birth. Global developmental delay was recognized in late infancy. She attained
head control at 6 months of age and could crawl at 1 year and 3 months. She is able to walk
with support and has frequent falls. There is no speech till date but is able to comprehend
simple commands. There is no history of seizures in her. Behavioral abnormalities
particularly aggression were noted in her. At the time of examination her weight was 21 kg
(normal), height was 110 cm (normal) and head circumference was 52 cm (normal). Small
forehead, thick eyebrows with lateral flaring, telecanthus, broad bridge and base of nose,
long philtrum, thick and everted vermillion of the lower lip with small and narrow chin were
noted (Fig. 1A). Dental caries were present. She had increased facial and body hair (Fig. 1B
and 1D). Both gait and truncal ataxia were present. Tone and deep tendon reflexes were
normal. There were no contractures or laxity. The child has normal hearing. Rest of the
systemic examination was unremarkable. Her skeletal radiographs and karyotype did not
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show any abnormality. Magnetic resonance imaging of the brain revealed cerebellar atrophy
with normal brain stem structures (Fig. 1C).

Chromosomal microarray

Chromosomal microarray revealed no copy number changes. However, large regions of
homozygosity were detected on chromosomes 1, 2, 3, 6, 7, 8, 9 and 10.

Exome sequencing

Genomic DNA was extracted from the whole blood using the standard phenol-chloroform
method. Genomic capture was carried out with lllumina’s Nextera Rapid Capture Exome
Kit. Massively parallel sequencing was done using the NextSeq500 Sequencer (Illumina,
Inc., San Diego, CA, USA.) in combination with the NextSeq™ 500 High Output Kit (2 x
150 bp). Raw sequencing reads were subjected to quality control and aligned to the GRCh37
(hg19) build of the human reference genome using bwa software with mem algorithm. The
primary alignment files based on GATK best practices recommendation were used for
variant calling using three different variant callers (GATK HaplotypeCaller, freebayes and
samtools). Variants were annotated using Annovar and in-house ad hoc bioinformatics tools.
Alignments were visually verified with the Integrative Genomics Viewer v.2.3 and Alamut v.
2.4.5 (Interactive Biosoftware, Rouen, France). Variant prioritization was performed without
bias with a cascade of filtering steps. A homozygous variant p.E370K (c.1108G>A,
NM_153816.5) was identified in the proband in exon 12 of SN.XZ4. The variant information
is submitted to ClinVar database in NCBI (Submission ID: SUB2086432). It is not present in
heterozygous or homozygous state in The Exome Aggregation Consortium (ExAc), 1000
Genomes and Varsome. It is also absent in exomes of 139 unrelated individuals from local
population. Further, functional in silico prediction tools SIFT, PolyPhen2 and Mutation
Taster are consistent in predicting the damaging/disease causing nature of this variant as
damaging, probably damaging and disease causing respectively. No other sequence variants
of pathogenic significance were identified. The variant was validated by Sanger sequencing
in the proband (Fig. 2B). Targeted testing of the parents using Sanger sequencing confirmed
the variation to be heterozygous in them (Fig.2C, D) and absent in her unaffected sibling
(data not shown). Informed consent was obtained from the family in accordance with the
guidelines prescribed by the institutional ethics committee. Specific parental consent was
obtained for the use of photographs, clinical and research findings for publication.

Protein structure prediction

Due to the absence of a homologous three dimensional (3D) structure for the RGS domain
of Snx14 in the RCSB Protein Data Bank, we have used I-TASSER (lterative Threading
ASSEmbly Refinement) server, an online platform for predicting protein structure and
function. The best model for the wild-type RGS domain of Snx14 had a C score of 0.18, TM
score of 0.74 + 0.11 and RMSD score of 4.2+2.8 A (Fig. 3). While the model for the mutant
RGS domain (p.E370K) had a C score of 0.21, TM score of 0.74 £ 0.11 and RMSD score of
4.1+2.8 A. The resultant molecular structure of the RGS domain of Snx14 (wild-type and
mutant) and the hydrogen bonding interactions were visualized by PyMOL (The PyMOL
Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC). Substitution of the wild-
type (Glutamic acid) at the 370 amino-acid position with the mutant (Lysine) residue
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appeared to result in the loss of long-distance hydrogen bonding interactions (Fig. 3). The
ProSA (Protein Structure Analysis) web server was used for refinement and validation of
protein structures (Wiederstein and Sippl, 2007). Further it was used for checking model
structural quality with potential errors, and the resultant ??-scores were used to determine
the overall quality of the model. This revealed that the mutant RGS domain was distinct
from the wild-type as the Z score for the former was —7.01 and that of the latter was —6.06.
Finally the Ramachandran plot assessment for the native and mutant RGS domain of Snx14
was carried out using RAMPAGE web-based server and is depicted in Fig. 4. In the plot, the
native protein of phi/psi angles for 87% residues was in the most favored region, 7.6%
residues were in the additionally allowed regions, while 5.3% residues were in the
disallowed regions (Fig. 4A). In contrast, the analyses of the mutant RGS domain structure
revealed that 87%, 6.9%, and 6.1% residues lie in the most favored, additionally allowed,
and disallowed regions, respectively (Fig. 4B). These results indicated that the incorporated
mutation p.E370K enforced shifting of residues towards the disallowed region from the
additionally allowed regions in the mutant RGS domain. Taken together it appears that the
mutation c. 1108G>A (p.E370K) in Snx14 has a likely debilitating effect on the RGS
domain conformation and maybe detrimental to its function.

DISCUSSION

The definitive clinical diagnosis of childhood onset ataxias, cerebellar atrophy and
intellectual disability is challenging. Often it is aided by the presence of associated features
in these disorders. SCAR20 is a recently described progressive disorder with a recognizable
phenotype caused by mutations in SN.X14 gene. We discuss the phenotypic features in our
patient ascertained through whole exome sequencing and review the features in 29 patients
from 15 families reported earlier (Table S1) [Akizu et al., 2015; Sousa et al., 2013; Thomas
et al., 2014]. We also discuss briefly the underlying pathophysiology of this disorder
resulting in progressive cerebellar dysfunction, ataxia and coarsening of facial features.

Subjects diagnosed with SCAR20 are asymptomatic at birth. The common age of
presentation for the previous reported cases is early childhood. Few children have been
diagnosed as early as late infancy owing due to severe developmental delay. The maximum
age of the individuals reported with this disorder is 32 years. Distinct and characteristic
facial dysmorphism is the predominant clue to the clinical diagnosis in this disorder. Coarse
facial features have been noted in all individuals reported till date. The characteristic facial
features include increased facial hair, small forehead with frontal bossing, puffy eyelids,
telecanthus, wide and depressed nasal bridge, wide base of nose, full cheeks, long and deep
philtrum, often thick vermillion borders and a pointed chin.

Severe motor delay and cognitive delay is consistently seen in all the cases. Two-thirds of
these children had complete lack of speech at presentation. Hypotonia was evident in most.
One third individuals had significant hearing loss. Skeletal abnormalities were observed in
more than half and included spinal deformities, pectus carinatum, brachydactyly and
camptodactyly. Cerebellar atrophy/hypoplasia has been reported in all but two cases.
Imaging was unavailable in one of the patient. Associated pontine thinning/hypoplasia has
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been seen in only 3 cases. Retrocerebellar cysts have been reported in seven individuals with
this disorder.

SN.X14belongs to a large family of sorting nexin (SNX) proteins and the PXARGS-PX-
PXC subfamily and plays a vital role in cellular trafficking, signaling and development
(Worby and Dixon, 2002). It generates two transcripts consisting of either 29 exons
encoding a 946 amino acid isoform a (RefSeq NM_153816.2) or 26 exons, lacking exons
14, 23, and 24, encoding a shorter protein of 893 amino acids, isoform b (RefSeq
NM_020468.3). SN.X14isoforms contain two putative transmembrane domains and four
conserved domains: the PX (phosphoinositide binding, Phox homology), RGS (regulator of
G protein signaling) and domains of unknown function PXA (PX-associated domain A) and
PXC (PX-associated domain C) (Fig. 2C) (Mas et al., 2014). The PX module in SN.X14
enables it to bind specific phosphatidylinositol moieties and mediate differential intracellular
trafficking (Krauss and Haucke, 2007; Mas et al., 2014). The RGS domain in SNX14is
predicted to function as a GTPase activating (GAP) module, and potentially attenuates G
protein—coupled receptor (GPCR) signaling (Jean-Baptiste et al., 2006; Ross and Wilkie,
2000).

SNX14 protein has been localized to the neuronal lineages during embryonic development
in mice and zebrafish, while in adult mice tissues, highest transcript levels are noted in the
cerebellum and hippocampus [Akizu et al., 2015; Carroll et al., 2001]. SNX14 mRNA is
expressed in all human fetal and adult tissues, but at greater levels in the cerebellum
increasing steadily from embryonic to postnatal stages [Akizu et al., 2015; Thomas et al.,
2014]. In human neural precursor cells (NPCs) SNX14 protein localized predominantly to
the lysosomes (Akizu et al., 2015). In induced pluripotent stem cell (iPSC)- derived neuronal
cells from patients with SNX14 mutations, lysosomes were found to be increased in size
with impaired autophagosome clearance (Akizu et al., 2015), thus mimicking the
pathogenesis of several lysosomal storage diseases (Ebrahimi-Fakhari et al., 2016).
Knockdown of snx14 in a zebrafish model confirmed progressive Purkinje cell loss and
neuronal cell death secondary to dysfunction in autophagy. This defect was rescued with
coexpression of human SNX14 [Akizu et al., 2015].

Eleven mutations, all highly deleterious (nonsense, splicing and frameshift), across all the
four conserved domains have been described in the SN XZ4 gene (Fig. 2C). The pathogenic
variant in our subject, ¢.1108G>A occurs within an exon that codes for both SN.X14
transcripts, resulting in a missense variation, p.E370K in the RGS domain that is predicted
to be pathogenic via /in sifico analysis tools (Fig. 2B). This was consistent with our findings
based on the predicted protein structures the of native and mutant RGS domain. The
phenotype, prediction of functional consequences and segregation of the variant suggest the
mutation is likely to be disease causing.

Overall SNX14 appears to function in the autophagic degradation pathway in neuronal cell
types, and the disease phenotype observed in SN.XZ4 linked spinocerebellar ataxia results
from abolished or impaired SNX14 activity. There is progressive neurodegeneration and
lysosomal dysfunction manifesting as progressive ataxia, cerebellar atrophy and coarsening
of facial features in this disorder. Recently defects in genes in the autophagy pathway have
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been recognized as a distinct class of inborn errors of metabolism manifesting as progressive
multisystem disorders with predominant central nervous system involvement and
neurodegeneration (Ebrahimi-Fakhari et al., 2016). These disorders include EPG5-related
Vici syndrome, beta-propeller protein-associated neurodegeneration due to mutations in
WDRA45, three forms of hereditary spastic paraplegia, SPG11, SPG15 and SPG49 caused by
SPG11, ZFYVEZ6 and TECPRZ mutations and SN.X14-associated autosomal-recessive
cerebellar ataxia and intellectual disability syndrome.

This report summarizes the phenotypes and SAVXZ4alleles underlying autosomal recessive
spinocerebellar ataxia 20. Progressive coarse facial features and cerebellar atrophy are likely
to point towards the diagnosis in a child with intellectual disability and ataxia. This report
also illustrates the importance of exome sequencing in such genetically heterogeneous
conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Sugbject at age 6 years and nine months. Note the telecanthus, strabismus, puffy eyelids, long
and deep philtrum, broad bridge and base of nose, thick vermillions of upper and lower lip,
pointed chin (A) and increased facial and body hair (B,D). Magnetic resonance imaging of
brain shows cerebellar atrophy with normal brainstem structures (C)
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¢.1108G>A ¢.1108G>A ¢.1108G>A
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c.428T>A' p.Cys890°
p.Leu143 1 c.1894+1G>T
¢.645dupA 1 c.1132GC>T p.Ala603_Gly632del €.2764_2770delGACATTG
N \ p.Glu216Argfs'25 \\ p.Arg378’ A p.Asp922’
& & ! v/ P
"I ~ = = T ~
¢.809_813delTAAGA c.1182delG
p.lle270Argfs'17 p-Lys395Argfs'22
€.2596C>T
¢.1108+1181_2108-2342del p.GIng66"

p.Val369_Leu702del

Fig. 2.
Family pedigree (A). Sanger sequencing in the proband showing homozygous ¢.1108G>A

variation in SNX14 (B), heterozygous in mother (C) and father (D). SN.X14 gene with the
two transmembrane, four conserved domains with the mutation in proband in the RGS
domain (E). The location of previously described pathogenic SAM.X14 variants are also
indicated (E).
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Fig. 3.

Prgedicted models of the wild-type and mutant RGS domain of Snx14. (A) The wild-type
RGS domain structure depicting the native Glutamic acid residue and its predicted H-
bonding interactions. Note while the Glu residue occurs at position 370 in the context of the
entire Snx14 protein, it is depicted here as Glu35, as only the RGS domain of Snx14 has
been modeled here. (B) A magnified view of the native Glu residue and interactions. We
note that in the wild-type state the Glu35 residue is predicted to be interacting via H-bonds
with distant residues such as Arg and Tyr. (C) The predicted mutant RGS domain structure,
(p.E370K) where a Lys residue occurs in place of Glu, at position 370 with regards to the
whole Snx14 protein and position 35 in the context of the RGS domain alone. (D) A
magnified view of the mutant Lys residue and its interactions. We note that the occurrence of
a mutant Lys residue at this position appears to significantly alter the native interactions seen
in this context, such that all long distance H-bonding interactions appear to be absent.
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Fig. 4. The Ramachandran plot of Snx14 wild-type and mutant RGS domain models
Plots for (A) wild-type and (B) mutant Snx14 RGS domain. Note that the most favored

regions, additionally allowed regions, and disallowed regions are indicated in dark blue,

light blue and white respectively.
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