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Abstract

Inherited disorders of spasticity or ataxia exist on a spectrum with overlapping causative genes and phenotypes. We investigated
the use of whole-genome sequencing (WGS) to detect a genetic cause when considering this spectrum of disorders as a single
group. We recruited 18 Korean individuals with spastic paraplegia with or without cerebellar ataxia in whom common causes of
hereditary cerebellar ataxia and hereditary spastic paraplegia had been excluded. We performed WGS with analysis for single
nucleotide variants, small insertions and deletions, copy number variants (CNVs), structural variants (SVs) and intronic variants.
Disease-relevant variants were identified in ABCD1 (n=3), CAPNI (n=2), NIPAI (n=1) and PLA2G6 (n = 1) for 7/18 patients
(38.9%). A ‘reverse phenotyping’ approach was used to clarify the diagnosis in individuals with PLA2G6 and ABCD]1 variants.
One of the ABCD1 disease-relevant variants was detected on analysis for intronic variants. No CNV or SV causes were found.
The two males with ABCD/ variants were initiated on monitoring for adrenal dysfunction. This is one of only a few studies to
analyse spastic-ataxias as a continuous spectrum using a single approach. The outcome was improved diagnosis of unresolved
cases for which common genetic causes had been excluded. This includes the detection of ABCD/ variants which had manage-
ment implications. Therefore, WGS may be particularly relevant to diagnosing spastic ataxias given the large number of genes
associated with this condition and the relatively high diagnostic yield.
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Introduction

The autosomal dominant cerebellar ataxias, autosomal reces-
sive cerebellar ataxias, and hereditary spastic paraplegias
(HSP) were traditionally considered as separate clinicogenetic
disease entities [1-3]. Each disorder is associated with a large
number of disease genes; variants in nearly 40 genes are cur-
rently associated with autosomal dominant cerebellar ataxia
[2], a further 50 are associated with autosomal recessive cer-
ebellar ataxia [3], and more than 80 genes have been associ-
ated with HSP [4].

It is now recognised that ataxias and hereditary spastic
paraplegias have common causative genes that result in over-
lapping phenotypes and disease mechanisms [1]. A
Movement Disorders Society task force identified 69 genes
causing the ‘ataxia-spasticity syndrome’ [1] and recommend-
ed that they be considered as a spectrum disorder. With the
vast causative genetic landscape of spasticity and ataxia syn-
dromes, next-generation sequencing (NGS) technologies may
be useful to diagnose unsolved cases by considering them as
two extremes of a continuous spectrum.

Three main NGS-based applications currently exist: (i)
whole-genome sequencing (WGS), (ii) whole-exome se-
quencing (WES), and (iii) targeted gene-panel sequencing
[5]. Gene-panel sequencing is a commonly used application
but requires the correct genes to be considered in a panel.
WES can sequence DNA coding for proteins, which accounts
for 1% of the entire human genome, and is enriched for path-
ogenic mutations [6]. However, WGS offers potential advan-
tages over WES including improved ability to detect copy
number variants (CNVs), structural variants (SVs), and
intronic variants, as well as more uniform coverage [7].
While WGS is more expensive than WES, there is evidence
that it provides a higher diagnostic return and can provide
future value by serving as a comprehensive dataset that can
be interrogated and re-interrogated in the future [8].

Genetic pleiotropy, a phenomenon by which the same mu-
tation can produce different diseases, is another reason to con-
sider WES or WGS over gene-panel sequencing in the diag-
nosis of inherited spasticity and ataxia. For example, studies
have used WES to demonstrate that complex HSP cases show
genetic heterogeneity encompassing genes associated with
amyotrophic lateral sclerosis, hereditary neuropathy, neurode-
generation with brain iron accumulation, disorders of glyco-
gen metabolism and spasticity-parkinsonism [9, 10]. We re-
cently used WGS in early onset HSP to show mutations in
known HSP genes, as well as in genes outside of traditional
HSP panels [11].

There are limited studies using WES or WGS to investigate
disorders of spasticity and ataxia as a single disorder using a
common approach [12]. We report the use of WGS to identify
genetic causes of spastic paraplegia with or without ataxia in
18 undiagnosed probands from South Korea. We show that
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WGS is an effective diagnostic tool to screen many known
disease genes in overlapping disease phenotypes.

Patients and Methods

Eighteen patients from unrelated Korean families with undi-
agnosed spastic paraplegia with or without cerebellar ataxia/
spastic ataxia spectrum were enrolled by the Movement
Disorder Center at Seoul National University Hospital in
Seoul, South Korea. All patients provided written informed
consent according to the Declaration of Helsinki. The objec-
tives and procedures of the study were approved by the insti-
tutional review board (Seoul National University Hospital:
reference number 1601-048-733). Routine investigations
were performed in all patients including testing for vitamin
B12, vitamin E, ceruloplasmin, serum copper, human immu-
nodeficiency virus, human t-lymphotropic virus and trepone-
ma pallidum. We performed brain and cervical spinal cord
magnetic resonance imaging (MRI) at 1.5 T or 3 T for all
participants. In addition, we tested mutations for SPAST and
ATLI in individuals with a predominant HSP phenotype.
Individuals with predominant ataxia phenotypes were further
tested for spinocerebellar ataxia (SCA) 1,2, 3,6,7,8,and 17,
as well as dentatorubropallidoluysian atrophy (Supplementary
Table 1).

WGS was performed on DNA extracted from blood at the
Kinghorn Centre for Clinical Genomics using the Illumina
HiSeq X sequencing platform, as previously described [11,
13, 14]. Data analysis was performed using the GATK Best
Practices pipeline, as previously reported [15]. Variant
prioritisation was performed using Seave [16], by considering
variant occurrence in population databases (including
gnomAD [17]), medium and high variant impact in keeping
with Gemini Database Schema criteria [18], in silico predic-
tion of variant impacts (including SIFT [19] and Polyphen2
[20]), and analysis using VarSome (http://varsome.com) [21].
We initially considered a large set of genes associated with
disorders of spasticity and ataxia that we created
(Supplementary Table 2). In those individuals that returned a
negative outcome for the initial gene set, we also interrogated
the Illumina TruSight One Sequencing Panel of 4802 disease-
associated genes, which may be considered as a ‘clinical ex-
ome’ [22]. We identified copy number variants (CNVs) and
structural variants (SVs) using ClinSV (Minoche et al., man-
uscript in preparation and as described [7]). We analysed the
WGS data using Introme (Gayevskiy et al., manuscript in
preparation, also see https://github.com/KCCG/introme) to
prioritise the intronic variants that are likely to disrupt
existing splice sites or create new ones. Classification of
variants was performed according to ACMG 2015 criteria
[23], with variants falling just short of ‘likely pathogenic’
considered as ‘variants of uncertain significance (VUS)
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(favour pathogenic)’ [24]. We confirmed candidate variants
by Sanger sequencing in new blood samples from the patient
and any first-degree relatives to check segregation with dis-
ease. Coverage of WGS was compared to WES datasets as
previously described [7].

Results

The individuals studied had average age at onset 35.5 (range
5-75), age at examination 45.9 (11-76), and were 13 males
and 5 females (Supplementary Table 1). They had 13 ataxia
predominant phenotype and 5 spastic paraplegia predominant
phenotype.

We identified disease-relevant variants in 38.9% (7/18) of
individuals screened. Disease-associated variants were identi-
fied in the ABCDI (n=3), CAPNI (n=2), NIPAl (n=1) and
PLA2G6 (n=1) genes (Tables 1 and 2) from our panel, with no
further diagnoses detected on analysis of the clinical exome
based on genes targeted by the Illumina TruSight One panel,
or from testing for CNVs or SVs using ClinSV. One of the
variants in ABCD/ was detected on analysis for intronic vari-
ants affecting splicing using Introme. We considered as diag-
nosed two individuals who were compound heterozygous for
CAPN] variants; this included a VUS-favour pathogenic vari-
ant in trans with a pathogenic or likely pathogenic variant in
both cases.

ABCD1 Variants

A novel variant in ATP-binding cassette sub-family D member
1 gene ABCD1 (NM_000033.3:¢.(644T>C); NP_000024.2
p.(Leu215Pro)) was found in a 58-year-old man (pt.A in
Table 2, III-1 in Fig. la) presenting with a gait impairment,
bladder disturbance and erectile dysfunction since the age of
20 years. His symptoms progressed slowly, and he had a
cystostomy and walked with a cane by 46 years of age. His
mother had a gait abnormality in her thirties but was not avail-
able for assessment. On neurological examination, he had cer-
ebellar dysarthria, upper limb ataxia, mild weakness in both
legs, hyperreflexic knee jerks, absent ankle jerks and
hypoesthesia to temperature worse in his right leg. His brain
and spinal cord MRI showed mild cerebellar atrophy and slight-
ly increased T2 signal in both parieto-occipital white matter
(Fig. 2a, b). His initial nerve conduction study (NCS) at the
age of 46 was normal, but a follow-up NCS at the age of 58
showed a sensorimotor polyneuropathy. Results from WGS
prompted testing of plasma very long-chain fatty acids
(VLCFA), which were found to be elevated [C26:0 =
1.608 pumol/L (Ref range 0—1.310), C26:0/C22:0=0.099 (Ref
range 0-0.023) and C24:0/C22:0 = 1.839 (Ref range 0—1.390],
consistent with the diagnosis of adrenomyeloneuropathy. There
was no evidence of adrenal involvement on reassessment of this

individual to warrant treatment with corticosteroids; however,
he was instituted on periodic re-evaluation of adrenocortical
function at six monthly intervals as recommended [31].

A woman with a spastic paraparesis phenotype (pt.B in
Table 2, Fig. 1b) was found to carry a novel, likely pathogenic
variant in ABCDI (NM_000033.3:c.(346_348dupGGA),
NP_000024.2:p.(Glyl116dup). Unfortunately, she was not
available for plasma VLCFA testing.

An ABCD] variant (NM_000033.3:¢.1866-10G>A), pre-
viously reported as pathogenic [25, 26], was also identified
in a man (pt.C in Table 2, Fig. 1¢) with a spastic ataxia phe-
notype. This intronic variant was initially overlooked due to
our primary filters being focused on coding and essential
splice site variants but was identified using the Introme anal-
ysis. This variant was known to be associated with human
disease, with previously reported functional analysis demon-
strating that it results in the creation of an upstream splice
acceptor site that causes abnormal splicing [25, 32]. Results
from WGS in this patient also prompted testing of plasma very
long-chain fatty acids (VLCFA), which were found to be ele-
vated [C26:0=2.101 umol/L (Ref range 0-1.310), C26:0/
C22:0=0.092 (Ref range 0-0.023) and C24:0/C22:0 =2.007
(Ref range 0-1.390], consistent with the diagnosis of
adrenomyeloneuropathy. The rapid adrenocorticotropic hor-
mone (ACTH) stimulation test was normal, and he was insti-
tuted on monitoring for adrenal dysfunction.

NIPA1 Variant

We identified a variant in the magnesium transporter N/PA
gene (NIPAT) (NM_144599.4:¢.(316G>A); NP_653200.2:p.-
(Gly106Arg)) that had previously been reported in the litera-
ture [27, 28], in a 41-year-old woman with a 25-year history of
slow progressive gait disturbance and bladder involvement
(pt.D in Table 2, III-3 in Fig. 1d). Neurological examination
showed upper limb hyperreflexia, lower limb spasticity and
weakness, distal loss of vibration sense, and an ataxic gait. Her
brain and spinal cord MRI were normal. Given the variant was
absent in both her parents, it was classified as de novo.

CAPNT1 Variants

A 25-year-old man (pt.E in Table 2, III-1 in Fig. le) pre-
sented with a progressive ataxic gait since the age of
19 years old. On examination, he had gaze-evoked nystag-
mus, slow saccades, cerebellar speech, dysphonia, truncal
titubation, dysmetria in both hands, lower limb weakness
and spasticity, and a spastic and ataxic gait. His brain MRI
showed cerebellar atrophy (Fig. 2c¢), and brain positron
emission tomography (PET) imaging showed mild
hypometabolism in bilateral temporal lobes and the cere-
bellum. He did not respond to treatment with dantrolene,
clonazepam, and baclofen. WGS showed novel compound
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Fig. 1 Pedigrees of the individuals with disease relevant variants. Pedigree charts of pt.A (a), pt.B (b), pt.C (¢), pt.D (d), pt.E (e), pt.F (f), and pt.G (g)

heterozygous variants in the calpain-1 catalytic subunit
gene CAPNI (NM _005186.3:¢c.(1271T>QG),
NP_005177.2:p.(Met424Arg) and NM_005186.3:¢.(1943-

5 1943delACCAGQG)). The ¢.1943-5 1943delACCAGG
variant would delete the canonical splice acceptor site
and the first nucleotide of exon 20, likely resulting in exon

Fig. 2 Neuroimaging findings in individuals with disease relevant
variants. Sagittal T1-weighted MR (a) shows mild atrophy of cerebellum
and cervical cord (Pt.A). Axial FLAIR MRI (b) showing slightly in-
creased signal involving the parieto-occipital white matter (Pt.A). Axial
T1-weighted MRI (c) shows cerebellar atrophy (Pt.E). Sagittal T2-
weighted MRI (d) shows pontocerebellar atrophy (Pt.F). Axial FLAIR
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MRI (e) shows cerebellar atrophy, and axial GRE T2-weighted images (f,
g) disclose iron deposition involving globus pallidus and substantia nigra
(Pt.G). Sagittal T1-weighted MRI (h) shows cerebellar atrophy and claval
hypertrophy (Pt.G). MRI magnetic resonance imaging, FLAIR fluid-
attenuated inversion recovery, GRE gradient recalled echo
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skipping or a frameshift and premature truncation of the
protein.

Biallelic CAPN1 variants were also implicated in the pheno-
type of pt.F (-5 in Fig. 1f). We identified a missense variant
(NM_005186.3:¢.(1142C>T), NP_005177.2:p.(Ala381Val))
that has been reported in association with progressive spastic
ataxia [29], and a novel missense variant
(NM_005186.3:¢.(614T>G); NP_005177.2:p.(Leu205Arg)).
This individual presented with dysarthria at 13 years of age,
developed an ataxic gait at 18 years of age, which was followed
by progressive lower limb weakness. She finally became
wheelchair dependent in her late twenties. Her cognition was
normal. One of her cousins (III-3 in Fig. 1d) in her paternal line
had an undiagnosed gait disturbance starting in her twenties but
was not available for assessment. Neurological examination
revealed cerebellar speech, mild weakness of both arms, distal
lower limb amyotrophy, moderate weakness and spasticity in
both legs, truncal titubation, limb ataxia, and impairment of
vibration sense in the feet. Her brain MRI showed
pontocerebellar atrophy (Fig. 2d).

PLA2G6 Variants

A 30-year-old man (pt.G in Table 2, III-2 in Fig. 1g) presented
with a slowly progressive gait disturbance, epilepsy, and mild
cognitive dysfunction at 14 years of age. Neurological exami-
nation showed increased gain on upward smooth pursuit, right
and up beating nystagmus after head shaking, and weakness in
both arms and legs, especially in the distal lower limbs. There
was bilateral lower limb spasticity, hyperreflexic knee jerks and
absent ankle jerks. He had upper limb ataxia and impairment of
vibration sense and proprioception in the lower limbs. He did
not develop features of parkinsonism until his last visit at
30 years of age. WGS analysis identified novel variants in the
calcium-dependent phospholipase A2 gene PLA2G6,
(NM_003560.2:¢.(278C>A); NP_003551.2:p.(Pro93His) and
(NM_003560.2:¢.(1634A>G); NP_003551.2:p.(Lys545Arg))
that were shown to be biallelic. The latter variant affects the site
of a previously described amino acid substitution
(p-Lys545Thr) that was reported in association with neurode-
generation and brain iron accumulation type 2A (NBIA2A)
[30]. This prompted re-evaluation of his brain MRI findings
to reveal cerebellar atrophy and iron deposition in bilateral basal
ganglia and substantia nigra (Fig. 2f-h), which are typical fea-
tures of PLA2G6-Associated Neurodegeneration (PLAN) [33].

Variants of Uncertain Significance

We detected VUS in five individuals (Supplementary Table 3).
Of note, we detected a heterozygous variant
(NM_001080414.3:¢.(1391G>A); NP _001073883.2:p.-
(Arg464His)) in the gene CCDCS8C (SCA40) in a 36-year-
old man with a 2-year history of a progressive cerebellar

disorder. This variant was originally reported as a cause of
cerebellar ataxia. However, the allele frequency of this variant
for East Asians in the gnomAD database (0.003641) was con-
sidered too high to be disease-causing for a rare autosomal
dominant disorder.

A canonical acceptor splice site variant
(NM_014846.3:¢.2668-1G>A) was identified in the WASH
complex subunit 5 gene WASHC5 (SPGS8) in one individual.
Loss of function variants in the gene have been reported to be
pathogenic in an autosomal dominant manner [34]. However,
the variant was present in the proband’s asymptomatic father
and was therefore classified as a variant of uncertain
significance.

Using ClinSV, we detected a deletion involving the 5’ un-
translated region of NIPAI in two individuals (pt.1 and pt.E,
Supplementary Table 4). This deletion was detected in 1 out of
500 individuals from our Medical Genome Reference Bank
control database and 2% of “1000 genomes project” samples,
and so was not considered a high impact variant.

Coverage of WGS Compared to WES Datasets

Firstly, we showed that on the splice variant in ABCDI
(NM_000033.3:¢.1866-10G>A) may have been missed on
WES, given that it fell below a critical threshold of 15X
mapped read depth [35] for one of two WES datasets
(Supplementary Table 5). Furthermore, we compared cover-
age of all pathogenic/likely pathogenic obtained from ClinVar
[36] from our HSP and ataxia gene panel between WGS and
WES in-house datasets, using methods as previously de-
scribed [7]. We showed that only a very low number of vari-
ants fell below 15 reads for the WGS dataset (reads with
coverage < 15: 12 of 29517) in comparison to the WES
datasets (reads with coverage < 15: 1861 of 29517 and 2809
of 29517, Supplementary Fig. 1). This suggests that WGS
misses far fewer clinically relevant variants in comparison to
WES.

Discussion

In this study, we used WGS to detect disease-relevant variants
in 38.9% (7/18) of patients. This is a surprisingly high diagnos-
tic rate given common causes of spasticity, and ataxia had been
excluded in this previously undiagnosed cohort. Using high-
throughput sequencing by considering disorders of spasticity
and ataxia as a single entity can help to improve the diagnostic
yield. Consistent with this concept, a recent report showed good
diagnostic efficacy (29%) when using gene panel sequencing in
individuals with ataxia and spasticity disorders [12].
Mutations in NIPAI (SPG6, HSP-NIPA1 [37]) typically
cause a pure phenotype of HSP that can be complicated by
peripheral neuropathy, spinal cord atrophy, epilepsy,
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dysarthria, dystonia, and arm involvement [38]. To our knowl-
edge, there are no previous reports of N/PA/ mutations caus-
ing both spasticity and ataxia. Our findings suggest that mu-
tations in this gene should be considered as a cause of spastic
ataxia.

CAPN1 mutations have been described independently as a
cause of both HSP [39] and ataxia [29] (HSP/ATX-CAPN1
[37]). Our findings are consistent with recent reports
highlighting that CAPNI variants can cause spastic-ataxia
phenotypes [40—42]. We suggest that CAPN1-related disor-
ders should be considered along with genes such as SPG7 [43,
44], as exemplars of spastic ataxia spectrum disorders.

Mutations in PLA2G6 were originally described as a cause
of dystonia-parkinsonism [45], but the phenotype has now
broadened. Our findings support PLA2G6 as a cause of spastic
ataxia spectrum phenotype and are in keeping with recent
studies implicating this gene as a cause of HSP, highlighting
the broad clinical spectrum of PLA2G6-related disorders [46].

For three individuals, we attributed the spastic-ataxia spec-
trum phenotype to ABCD] variants. For two men (pt.A and
pt.C), the finding of an ABCD1 variant prompted the treating
clinician to test for aberrant VLCFs, the findings of which
supported a diagnosis of adrenomyeloneuropathy [31]. One
of these men (Pt.C) was found to have a known splice site
mutation in ABCDI detectable on analysis for splice variants.
This supports the utility of WGS for detailed interrogation of
intronic variants. The genetic findings led to the diagnosis of
adrenomyeloneuropathy, which prompted monitoring for ad-
renal dysfunction which is potentially treatable with cortico-
steroids. A female carrier of an ABCD/ variant (patient B) was
assessed as having a myelopathy with age-dependent pene-
trance which is a known manifestation of X-linked adrenoleu-
kodystrophy in women [47]. This individual was not available
for VLCFA testing, which is abnormal for plasma or skin
fibroblasts in 85% of female carriers [31]. In another individ-
ual (pt.G), the findings of biallelic PLA2G6 variants prompted
detailed re-evaluation of the brain MRI, revealing typical ra-
diological features of PLAN. For four individuals (pt.A, pt.B,
pt.C, and pt.G), results of WGS investigations prompted clin-
ical re-evaluation that led to a change in diagnosis. In these
scenarios, we used the genetic data to direct phenotyping as
part of the diagnostic pathway, in what could be termed a
‘reverse phenotyping’ approach [48]. It can be argued that
these disorders should have been suspected and diagnosed
with directed genetic testing. However, our findings are in
keeping with previous studies using WES which have shown
that unanticipated rare disorders are relatively frequent in cer-
ebellar ataxia and spastic paraplegia [49]; this may be partic-
ularly relevant for atypical or forme fruste clinical presenta-
tions. While routine testing of plasma VCLFA in individuals
with HSP may be worthwhile, our experience is that this is not
auniversal practice; in fact, there are examples in the literature
where ABCD] variants were detected on exome sequencing
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rather than by VCLFA testing [50]. Furthermore, we suggest
that the MRI findings of NBIA may be easily overlooked
unless clinically suspected.

To date, it has been difficult to select the best approach for
genetic diagnosis of inherited disorders of spasticity and atax-
ia. It is clinically challenging to distinguish between these
disorders, which have previously been investigated with dis-
tinct gene panels. There are a large number of possible disease
genes involved, and there has been a high rate of gene discov-
ery, making this a diagnostic challenge [43]. In this study, we
identified a variant in a gene not included in a list of 69 genes
considered relevant to ataxia-spasticity [1]. This highlights the
difficulty of tailoring inclusive gene lists to detect unanticipat-
ed findings and emphasises the limited indication of restrictive
gene lists. We did not identify any pathogenic CNV or SV in
known disease genes in this cohort; however, this does not
exclude the possibility of detecting these mutations in a larger
sample. Furthermore, CNVs/SVs are known to be important
in these disorders; for example, there is a high frequency of
deletions in SPAST for autosomal dominant HSP [51]. WGS
allowed us to interrogate non-coding regions of the genome,
identifying a known splice variant leading to an additional
diagnosis. In total, there remain 11/18 cases without an iden-
tifiable cause (11/18). This may be due to variants in genes not
currently implicated in human disease, variants that we cur-
rently cannot interpret, or repeat expansion disorders that we
did not test for (e.g., SCA8). Our study supports investigating
spastic-ataxia disorders using WGS to exploit comprehensive
consideration of the large panel of genes associated with these
overlapping disorders. The major limitation of the study is the
small sample size with only one intronic disease-relevant var-
iant detected. Arguably all other cases can be potentially pick-
ed up by WES with good coverage; however, our coverage
data suggests that WGS is more sensitive than WES for de-
tecting disease-relevant variants. While WGS is expensive,
we anticipate that the costs will fall over time and that the
benefits of this approach are yet to be fully exploited—this
could be further explored by a cost-effectiveness study.

Conclusion

Inherited disorders of spasticity and ataxia have overlapping
genes and phenotypes. Individuals with both spasticity and
ataxia frequently present to the clinic and pose a diagnostic
challenge to clinicians. Our study supports taking a unified
approach to genetic diagnosis, considering these conditions
on a spectrum and investigating genetic variation using a
genome-scale approach, such as WGS.
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