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Abstract

Background

We undertook genetic analysis of three affected familiedentify the cause of dominantl
inherited CAPOS (cerebellar ataxia, areflexia, pes cavus; aptbphy and sensorineu
hearing loss) syndrome.
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Methods

We used whole-exome sequencing to analyze two families affecte CAPOS syndromsg
including the original family reported in 1996, and Sanger sequencingstssa familig
segregation of rare variants identified in the probands and in a dppdyrently unrelate
family with CAPOS syndrome.
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Results

We found an identical heterozygous missense mutation, ¢.2452G > A (p.(Gys31.8h the

Na'/K* ATPasens (ATP1A3) gene in the proband and his affected sister and mother, Qut not

in either unaffected maternal grandparent, in the first fariiifiye same mutation was also
identified in the proband and three other affected members ottond family and in ajl
three affected members of the third family. This mutation wadaustd in more than 3640
chromosomes from unaffected individuals.

Conclusion

Other mutations IinATP1A3 have previously been demonstrated to cause rapid{onset

dystonia-parkinsonism (also called dystonia-12) or alternagmgfiegia of childhood. This
study shows that an allelic mutationAmP1A3 produces CAPOS syndrome.
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Background

Cerebellar ataxia, areflexia, pes cavus, optic atrophy, and gsensadi hearing loss
(CAPOS) syndrome (OMIM 601338) is a rare neurological disordeGhatioi date has only
been reported in a single family. In 1996, Nicolaides et al. [1]ritbest CAPOS syndrome in
a brother and sister and their mother, all of whom were normaltheyi presented with a
relapsing and partially remitting, early-onset cerebeltaxia following a febrile illness.
Other features included progressive optic atrophy and sensorinearaghess, generalized
hypotonia, areflexia and pes cavus without evidence of a periphewabpathy on
neurophysiological studies. All three patients shared theseckéiyrés, although the severity
and number of ataxic relapses varied. The mode of inheritance was tholghautosomal
dominant or mitochondrial. Extensive investigations failed to iderdgifgause, and the
authors believed that the neurological disorder affecting thmslyfgprobably represented a
“new” “ataxia plus” syndrome. No other patients with CAPOS symdr have been reported
in the subsequent 17 years.

We have identified two additional families with CAPOS syndrome @eassessed the
original family. We here describe the clinical features andrabhistory of this disorder and
report a novel heterozygous missense mutation ofAff&lA3 gene that causes CAPOS
syndrome in all ten affected members of these three apparently unretaiiéesfa



Methods

We obtained informed consent and assent, when appropriate, from pantcifanily
members. Ethical review and approval according to the Finding @f Biaease GEnes
(FORGE) Canada Consortium and University of British Columbia vedse obtained.
Clinical details of Family 1, originally described in 1996 [1], were updated by AZ013.

We performed whole exome sequencing on DNA from the probands in &aniljFigure
1A, Family 1 IlI-1) and 2 (Figure 1A, Family 2 1I-2) on an IllluminéiSeq 2000 after
SureSelect Target enrichment with an Agilent 50 Mb Human All EKan (Agilent
Technologies Inc., USA) using the manufacturers’ protocols and otheodsepreviously
described [2]. lllumina's GA Pipeline was used to remove sequemeads that failed
chastity filtering, and the remaining reads were mapped tchtinean genome reference
sequence (HG18) using BWA [3]. Duplicate reads and reads with a mgagqore of O were
removed, and the remaining aligned reads were exported to pileup .fdfarents were
identified using SAMtools [4]. We filtered out variants with a lgyascore below 10 at
varFilter parameter — D 1000 for single nucleotide variants anféiltea parameters — D
1000, —d 2 and - | 30 for indels. We annotated the filtered variantsnas/fi” or “novel”,
depending on whether they had been previously reported in dbSNP (version1B29 [&r,6]
or in the 1000 Genomes Project [7,8]. We also determined how marg tteeariant had
previously been observed in our in-house database of 1834 normal germline genome
sequenced at Canada’s Michael Smith Genome Sciences Centre.

Figure 1 Pedigrees and Sanger sequencing results in three families with CAB

syndrome. A) Pedigeed-amily 1 was initially described by Nicolaides et al.[1] Individuals
with CAPOS syndrome are indicated by filled pedigree symbols, and unaffedieduals,

by empty symbolsB) Sanger sequencing results in affected and unaffected family
members.A portion of the Sanger sequencing trace is shown for each individual who was
tested, with the nucleotides at Ch19:47,166,267, correspondiidPttA3 position ¢.2452 on
the minus strand, indicated by a vertical blue line. Each affected individuakishgjous

for the variant T (corresponding to ¢.2452A) and the reference C (corresponding to ¢.2452G)
nucleotidesC) Conservation of Nd/K* ATPaseas protein sequence in the region of the
mutation. The E818K mutation found in all three CAPOS families is shown in red type; the
location of the EB15K loss-of-function mutation, which is associated with aitegnat
hemiplegia of childhood, is shown in blue type. This segment of ttK NATPasens

protein is highly conserved.

Results

Table 1 provides an overview of the clinical features of thiesse, apparently unrelated
families. Additional file 1: Table S1 summarizes the results of investigaperformed in the
families.



Table 1 Clinical features of 10 patients from three families with CAPOS syirome

Family 1 (Previously Family 2 Family 3
reported by Nicolaides
et al., 19961])
Subject -1 m-£ -2 -2 -1 -2%  1-3 I-1° -1 -2
Current age 49yr 22yr 20yr43yr 15yr 14yr 10yr 40yr 15yr 1lyr
Episodes of ataxic encephalopathy and/or weakness
Age of onset 18m 16m 9m 6 m 9m S5yr 18myr3 1luyr 3yr
Number of episodes 1 3 1 2 3 1 1 3 3 2
Episodes triggered by febrile iliness + + + + 4+ + + + + +
Age of last episode 18 m 4yr 9m 4yr 7yr yr5 18 m 25yr 18 m 5yr
Abnormal eye movements - - - + + - + + + -
Dysphagia - - - - + - - by - -
Seizures - - - - % - - - - -
Symptoms present at most recent examination
Age at most recent exam 49yr 22yr 20 M2 yr 14yr 13yr 9yr 39yr 14yr 10yr
Cerebellar ataxia + + + + + + + + + +
Areflexia + + + + + + + + + +
Pes cavus + + - + - - - - - -
Optic atrophy + + + + + + + + + +
Sensorineural hearing loss + + + + + + + + + +
Dystonia - - - 4 - - - - - -
Urinary symptoms - - - - - - - €t - -
Autonomic dysfunction - - - - - - - - - -
Cognitive dysfunction - - - - T - - - - -
Autistic traits - - - - - - - - 9 49
Cardiac arrhythmia - - - ny - - - - - -

Abbreviations used: m, months; yr, years; +, present; -, absentt noted.

2 Proband.

® Mild persistent dysphagia was noted by age 32syear

¢ Brief focal seizures (unilateral arm jerking) dyed in association with first episode of feved aataxic

encephalopathy.

4 patient developed cervical dystonia responsiventbotulinumtoxinA injections at age 32 years.
€ Urinary urgency and frequency were noted by agged2s.

" patient was assessed at age 10 years for schfialltes and found to have low average to aver#@end

reduced attention skills.

9Siblings 11-1 and I11-2 of family 3 were noted tave repetitive behaviours and social difficulti¢sige 10 and

4 years, respectively.

" Patient was diagnosed with Wolff-Parkinson-Whitadrome at age 24 years.

Family 1

Following normal development, the male proband (Figure 1A, Familyl-1) of this
Caucasian United Kingdom family experienced three episodeghafrdgy, hypotonia, and
ataxia during acute febrile illnesses, beginning at age 16 madrtiesmost severe episode
occurred at age 4.5 years, when he was comatose for a week. Neuselpgglae at 6 years
of age included markedly ataxic gait, poor hand coordination, truncaldnyppnhystagmus,
dysarthria, optic atrophy with absent visual evoked potentials and nwdeitateral
sensorineural deafness; the latter two features had developed at age 3 ye



On re-examination at age 22 years, his phenotype was sligliig severe than that
described at age 6 years. He had suffered no acute episodeagant® years but had slow
progression of all symptoms since that time. His balance rempim&d and, although he
walked unaided, he could not walk on uneven surfaces. He read with i$tarass of an
electronic magnifier and wore hearing aids. His cognition was npama he was studying at
university.

His 49-year old mother (Figure 1A, Family 1 1I-1) was waitil the age of 18 months when
she developed acute ataxia during a febrile iliness. She experiendarther acute episodes
but has shown a progressive course with visual impairment, deafnelsssmd balance. At
age 31 years she had profound bilateral sensorineural hearing latsabioptic atrophy
with horizontal nystagmus, mild cerebellar ataxia, pes cavus, arghtalleep tendon
reflexes. Since then, her walking has progressively deteribrsite cannot walk on uneven
surfaces and has required a walking stick for the past 2. y&@ess now registered blind and
requires hearing aids for profound bilateral hearing loss. Her veuaMed potentials and
brainstem auditory evoked potentials are absent. Electromyogramdshater unit loss and
innervation changes.

The proband’s 20-year old sister (Figure 1A, Family 1 1lI-2) preskwnith an ataxic episode
with marked hypotonia, nystagmus and areflexia at age 9 monthsgdarrnon-specific
febrile illness. She recovered but was noted to have optic atrophyyshiber her acute
neurological symptoms resolved. She has not had any subsequent atsodegpShe has
developed sensorineural deafness, but the severity is less thahhtbaR2-year old brother.
She can walk on uneven surfaces but tends to fall when running. Althogigkered as
partially sighted, she does not use any visual aids. She hasgheats for mild-moderate
hearing loss. She is also studying at university.

The proband’s mother’'s parents (Figure 1A, Family 1 I-1 and I-2) lbatre normal
neurological examinations. There are two maternal sibs who rererealuated recently, and
are both unaffected at ages 50 and 46 years, respectively.

Family 2

The proband of Family 2 (Figure 1A, Family 2 1I-2) is now aygér-old girl who was well
until she developed ataxic encephalopathy with a febrile illnesg&ts years. She had a
reduced level of consciousness for the first two weeks and slow rgcafterwards with
dysarthria, dysphagia, dysmetria and truncal and gait at8ke.did not fully recover and
was unable to walk without support for one year following the episode.h@s had no
further episodes, but progressive optic atrophy and sensorineunalghesas developed, and
9 years later she wears hearing aids for bilateral mtedarasevere upsloping sensorineural
hearing loss. She has bilateral optic atrophy, horizontal end-gatmymus, and 6/46 visual
acuity. The patient has mild dysarthria, and, although her gait hesodated and she is
areflexic, she is still able to walk unaided. She has had nftlddatricular enlargement on
cardiac evaluation since early childhood. Her cognition was &sbéssde low average to
average at age 10 years, and she has had attention and school difficulties.



Her two siblings and father show similar features but theiical courses have been milder.
The proband’s older brother (Figure 1A, Family 2 11-1), who is nowdars old, presented
at 9 months of age during a febrile illness. He had two furthesoees of ataxic
encephalopathy with febrile illnesses at 2.5 and 7 years of eagsiant limitation of
abduction or adduction in one or both eyes was also noted during these episdoad.mild
residual balance difficulties following the episodes, but his ceegbathxia is currently
minimal, with only mild difficulties with tandem gait and standing one foot. He is
areflexic but does not have pes cavus. Sensorineural hearing/dssglentified at age 7
years, but his subsequent audiological assessments have beemsthldemild upsloping
sensorineural hearing loss bilaterally. He uses an FM aogtidn device. He has bilateral
optic disc atrophy and horizontal nystagmus, with visual acuityXd &Y the right eye and
6/18 in the left eye. He has no academic difficulties. He hiasleft ventricular enlargement
of the heart that has been stable since early childhood.

The proband’s younger brother (Figure 1A, Family 2 1I-3), now agegea@s, presented at
18 months of age with an acute ataxic episode triggered by &félmess. He has had no
subsequent acute episodes but has mild residual balance difficatir@sal cerebellar
ataxia, and absent reflexes. He had eye movement difficultiesgchis acute episode, with a
residual left intermittent esotropia that improved with patchiig.also has bilateral optic
disc atrophy and horizontal nystagmus, with visual acuity of 6/H5ebdlly. He developed a
moderate upsloping bilateral sensorineural hearing loss and now hesing aids. He has
no academic problems.

The father (Figure 1A, Family 2 1-2), who is of French Canadiacetgsis currently 43
years of age. When he was 6 months old, he developed fever, gedehgiponia and
weakness, areflexia, vertical nystagmus, and limited abduction of both eyescd¥ered but
had a similar episode with fever at age 4 years. Optic digptat and sensorineural hearing
loss were also identified at that time. He now has profound sensalihearing loss and has
had a cochlear implant. He is legally blind. He walks unaided but Hdsdgsmetria and
ataxic gait, areflexia and pes cavus. He was treated foif-Rérkinson-White syndrome at
age 24 years. He developed cervical dystonia with dystonic tratramge 32 years and has
benefited from onabotulinumtoxinA injections since 38 years of agml $ierve biopsy
performed at age 34 years revealed findings consistent with @gnmoidlerate axonal
neuropathy.

Family 3

The proband of Family 3 (Figure 1A, Family 3 I-1), who lives in tmitédl Kingdom and is
of Caucasian descent, is a 40-year old woman who presented atyages 3vith a febrile
illness and associated weakness and ataxia, which resolved aftertds. At age 11 years,
she had another acute episode, during which she became comatose draymased with
encephalitis. She made a full intellectual recovery but wasvldf poor vision in association
with optic atrophy, severe bilateral sensorineural hearing loss and.aberr another febrile
illness at age 25 years, she developed generalized weakness andngoo$dner hearing,
vision and ataxia. Clinical re-evaluation at age 27 years showedabpiphy with impaired
vision (acuity 6/60 in the left eye and 6/36 in the right eye) witidpkr nystagmus in all
directions of gaze and superimposed square wave jerks. She had bdatreal
sensorineural hearing loss, mild dysarthria, moderate atagial@asent deep tendon reflexes
but no pes cavus. Her cognition was normal. The neurological findingsunehanged at 32
years of age, but she reported swallowing difficulties owing to slow movement lgisiand



tongue and increased urinary urgency and frequency, which responded tredkment with
oxybutynin. She had abnormal visual evoked potentials bilaterally, butdotrogétinogram
was normal.

The proband’s mother died at age 50 years of “heart problems” bubtivasvise said to
have enjoyed good health; autopsy was not performed. The probandishiasheo signs of
neurologic or systemic disease.

The proband’s 15-year old daughter (Figure 1A, Family 3 1I-1) wel$ until the age of 1
year when she presented with a febrile episode associated @ndrafized weakness,
floppiness and areflexia. She made a full recovery after 5 w8eksdeveloped similar, but
milder, problems following another febrile illness at the age ahtfths. At age 3 years she
was found to have increased latencies of her visual evoked potentidisaandtem auditory
evoked potentials. Bilateral mild sensorineural hearing loss wgaaliad at 7 years of age,
and optic disc pallor was noted at age 7.5 years. At age 10 yeansdshe upper respiratory
infection and developed acute onset of strabismus, which took seveldd teeeesolve.
Although her academic progress was reported to be normal, repbgtnaiors and social
difficulties resulted in a diagnosis of autism spectrum disorder at age Hd5 ye

The proband's son (Figure 1A, Family 3 1I-2), who is now 11 yearsdelveloped profound
weakness, hypotonia and areflexia during a febrile illnesseaB ggars. He recovered slowly
over 6 months, but his brain stem auditory evoked potentials were abrasrthbly age 3.5
years he had optic disc pallor and visual acuity of 6/12 in both eyes. He hadiamgaitaand
was areflexic. At age 5 years he had another acute fepriede with weakness, hypotonia
and altered sensorium that resolved after 3 days. Bilaterdllowl frequency sensorineural
hearing loss was diagnosed at age 5.8 years and has beenistabtber. He has also been
diagnosed with autism spectrum disorder.

Genetic studies

We used whole exome sequencing sought to identify heterozygoustsdhat were present
in the same gene in the probands of both Family 1 and Family 2, areréenrthe normal
population, and were predicted to cause non-synonymous changes in proteinregating
or to interfere with splicing. The results of this analysis are sumethnizTable 2. Candidate
variants were validated using PCR and standard Sanger sequenaihgeven affected and
four unaffected members of CAPOS Families 1 and 2.

Table 2 Summary statistics of whole exome sequencing in two unrelated patisnwvith
CAPQOS syndrome

Family 1, subject IlI-1 Family 2, subject II-2

Total reads 108,841,666 104,389,738
Chastity-passed reads 103,868,186 102,337,954
Reads aligned with mapping qualitg0 92,611,315 91,501,102
Average exome read depth 69x 65X
Non-synonymous single nucleotide variants 10,911 11,254
Splice-site single nucleotide variants 517 524
Coding insertions/deletiohs 805/416 810/501
Non-silent varianfsnot in doSNP 129 or 130 2,259 2,209

Novef heterozygous, autosomal variants 390 224




Genes with novaton-identical heterozygous variants 9°
in both probands

Genes with novdldentical heterozygous variants in 3

both probands

Variant segregating in all 10 affected family members ATP1A3

tested in three CAPOS families chr19:47,166,267C > T (hg18)
.2452G > A
p.Glu818Lys

% Average read depth of exons annotated using Ensembl 54 (includimgtipoPCR duplicates)
calculated as (sum of the number of reads aligned per sitdl fexamic sites) / (total number of
exonic sites).

® Supported by7 reads.

¢ Includes non-synonymous single nucleotide variants, splice-sitie singleotide variants (within 2
bases of exon boundaries), and small, coding insertions and delasi@mnotated using Ensembl 54
gene models.

4 Not previously reported in dbSNP129 or 130, 1000 Genomes Project, or 183dnuen-genomes
collected in Canada’s Michael Smith Genome Sciences Centre’s logbhdat

® Non-identical variants of 6 of these genes were called suifficient quality in both probands to
warrant confirmation by Sanger sequencing. Variants of thewwly genes were tested but did not
segregate with the disease in either famipR26, C120rf56, LMO7, and DNAH17. A variant of

S GLECL segregated as expected in Family 2, but the variant found idyFhid not segregate as
expected. A variant oMUC16 segregated as expected in Family 1, but neither of twerelift
variants of this gene found in Family 2 segregated as expected.

" Only one of these variants (c.2452G > AAWP1A3) was called with sufficient quality in both
probands to warrant confirmation by Sanger sequenciigs variant showed the expected
segregation pattern with the disease in both families.

9 Location in hgl9 is chr19:42,474,427C > T.

" Annotation is on Ensembl transcript ENST00000302102, version 5.

Only one novel heterozygous missense variant was demonstratedifiectttd members of
both families and absent in the two unaffected spouses tested. Tihist,vahich was the
same in both families (Additional file 2: Figure S1), occurredasition 47,166,267 (C > T)

of chromosome 19 (NCBI36/HG18) and corresponds to ¢.2452G > A (p.(Glu818Lys))
(Ensembl transcript ENST00000302102, version 5)[9] in AlP1A3 (sodium/potassium-
transporting ATPase subunit) gene (OMIM 182350) encoded on the opposite strand. We
then analyzedATP1A3 by targeted Sanger sequencing in Family 3 and demonstrated the
same ¢.2452G > A mutation in all three affected individuals. FijBrehows theATP1A3
Sanger sequencing results for Families 1-3.

We found the samATP1A3 ¢.2452G > A mutation in all three CAPOS families studied. This
observation raised the possibility that the mutation might exhib@namon origin through
unaffected carrier antecedents. However, AMB1A3 ¢.2452G > A mutation in the affected
mother (1I-1) in Family 1 was not inherited from either of herfiewded parents (Figure 1B,
Family 1 I-1 or I-2) and, therefore, must have aridenovo. (Non-paternity was excluded by
testing all six Family 1 members shown in Figure 1A withmina OMNIEXxpress whole
genome genotyping arrays)(lllumina, Inc., San Diego, Calfiornia, USA).



The parents of the affected adults in Families 2 and 3 were nitaldedor mutation testing,
so we performed genome-wide SNP genotyping on lllumina OMNIExmesys using
standard protocols to determine the haplotype on which the mutation feseund that
both families shared a region of more than 2 Mb containing 35 inform@®s surrounding
the mutation (Additional file 3: Figure S2). Although new mutationsraost likely in all
three families, we cannot rule out the possibility of a remalgionship between Families 2
and 3 with a common ancestialP1A3 ¢.2452G > A mutation and incomplete penetrance.

The heterozygouBTP1A3 ¢.2452G > A variant found in all 10 affected individuals in these
three CAPOS families was not observed in more than 1834 unafiedigitiuals who had
undergone whole exome or whole genome sequencing.

Discussion

ATP1A3 encodes the catalytigz; subunit of N&¥K* ATPase, an integral membrane protein
responsible for establishing and maintaining electrochemicaiems across the plasma
membrane. The ¢.2452G > A mutation substitutes a positively-chaggsoe [for a
negatively-charged glutamate in the C-terminus cation transpaittingain of the NaK”
ATPaseas protein. SIFT [10] predicts this change to be damaging with hogtiidence
(score = 0), and Mutation Taster [11] predicts it to be diseassirgy (probability = 1.00).
PhyloP [12] indicates that the affected nucleotide is highly ceeddiscore = 2.17), and this
is also apparent by inspection of the amino acid sequence in tlezl altgion of the protein
(Figure 1C).

Na'/K* ATPase uses adenosine triphosphate (ATP) to pumoNs out of cells and Kions

into cells [13,14]. These gradients are involved in regulating neurairtes reuptake and

the electrical excitability of nerve and muscle. In additior’/KaATPase plays a key role in
several signal transduction pathways. We have not studied the efffdwt c.2452G > A
mutation on N&K* ATPase function, but our observation of exactly the same missense
change in association with the same, extremely rare phenotypeeaslt of at least two, and
probably three, separate mutational events is consistent witm afgunction. Studies of
other characteristic phenotypes that are caused by identoateet mutations of other genes
have often shown that the responsible mutations produce a gain of function e.g., [15-17].

Although the ¢.2452G > A mutation has not been reported before, differetations of
ATP1A3 are known to cause two other autosomal dominant neurological diseases: rapid-onset
dystonia-parkinsonism [18-20] (DYT12; OMIM: 128235) and alternating hemgipl of
childhood [21,22] (AHC; OMIM: 614820). These two disorders have somewhatppary
clinical features but are generally considered to be distd®&Pfl]. Moreover, th&TP1A3
mutations reported in the two conditions all differ, and most aliemaénemiplegia of
childhood mutations occude novo, while rapid-onset dystonia-parkinsonism mutations are
more often inherited [21-24]. This genotype-phenotype correlation alsad=xto CAPOS
syndrome in that the mutation we observed has not been seen in eitieptifer conditions
associated witiRTP1A3 mutations, and the clinical features of CAPOS syndrome, although
somewhat overlapping, are distinct from those of rapid-onset dygtarkasonism or
alternating hemiplegia of childhood. In addition, all of &l#*1A3 mutations associated with
DYT12 or AHC that have been assessed functionally produce loss ofofurit8,20,21],
while the recurrent c.2452G > A variant found in the three CAP@feirame families
presented here has characteristics of a gain-of-function mutation, asedeabsve.



Table 3 provides an overview of the phenotypic similarities and difteebetween the three
conditions. CAPOS syndrome, DYT12 and AHC all can be inherited asanal dominant
traits, and all three are characterized by variable expitgs®ll may exhibit acute onset of
neurological symptoms in childhood in association with a febrileséinbut the predominant
neurological manifestations differ — ataxic encephalopathy in @3Psyndrome,
dystonia/parkinsonism in DYT12, and transient episodes of hemiplegiatbedsymptoms
including dystonia in AHC.

Table 3Comparison of clinical features in alternating hemiplegia of childhood (AMC),
rapid-onset dystonia-parkinsonism (DYT12) and CAPOS syndrome (adapteand
modified from Rosewich et al [22])

Alternating hemiplegia of Rapid-onset dystonia- CAPOS

childhood parkinsonism syndrome
Usual age of onset 0-18m 4 -55yr 6m-5yr
Onset trigger
Emotional stress &2 + ?
Exercise e + ?
Hypo/Hyperthermia + + by
Bathing + Not reported -
Alcohol 7 + 7
Neurological symptoms
Ataxic encephalopathy episodes - - +
Hemiplegic episodes + - -
Quadriplegic or paretic episodes + - +
Dystonia + + —/+
Dysarthria + + —/+
Drooling + + —/+
Reduced facial expression —/+ + -
Mutism —/+ + -
Rostrocaudal gradient + + -
Ataxic gait —/+ + +
Bradykinesia —/+ + -
Seizures -/+ -+ -/+
Choreoathetosis + - -
Abnormal eye movements during + =+ —/+
episodes
Areflexia - - +
Pes cavus - - =+
Optic atrophy/visual loss - - +
Sensorineural hearing loss - - +
Developmental delay or intellectual + —/+ —/+
disability
Clinical course
Abrupt onset + + +
Polyphasic with slow progression of + - =+
non-paroxysmal symptoms
Mono- or biphasic with slow - + =+

progression of neurological symptoms

Abbreviations used: m, months; yr, years; +, feature usuallyumc+/—, feature may occur; -, feature not
described.

& Cannot assess in infancy or early childhood.

® Hyperthermia only.




In contrast to AHC and DYT12, in which the dystonic symptomso#ien asymmetric and
progress in a rostrocaudal gradient, dystonia is an uncommon featDAPOS syndrome.
The clinical features that progress in this disorder are moreajeee and symmetric; they
include progressive gait ataxia and loss of vision and hearindgpaBglymptoms, which
typically occur in AHC and DYT12, are uncommon in CAPOS syndrome.

Optic atrophy and sensorineural hearing loss have not been repoR&d 12 or AHC but

are frequent features of CAPOS syndrome. These symptoms inatiantp are slowly
progressive over time. The recent demonstration that ttiKNATPaseas subunit plays a
critical role in anchoring retinoschisin, the protein involved in X-linked juvesii@oschisis,

to photoreceptor and bipolar cells of the retina in a mouse model ipatibia with
involvement ofATP1A3 in visual function [25]. The role of the N&*-ATPasens subunit in
hearing is unknown, buATP1A3 is abundantly expressed in membranes of spiral ganglion
somata, type | afferent terminals contacting inner haiis aatid medial efferent terminals
contacting the outer hair cells of the cochlea [26].

Unaffected carriers have been reported for o&?1A3 missense mutations in rapid-onset
dystonia-parkinsonism [18,19,27], but there is no evidence for incompletergrereetin
CAPOS syndrome. We demonstratedeanovo origin for theATP1A3 ¢.2452G > A mutation
in Family 1 (Figure 1B), and the clinical and family historame most compatible with
separate, recurrede novo mutations in Families 2 and 3 as well.

We conclude that a heterozygous c.2452G > A mutatiolATR1A3 causes CAPOS
syndrome in ten affected individuals in three different famil@mically, CAPOS syndrome
is characterized by acute onset of ataxic encephalopathyfetitte illness in childhood,
partial recovery and subsequent slow progression. TestingTfelA3 mutations should be
considered in other patients with features of CAPOS syndrometloiotiier paroxysmal and
progressive forms of early-onset dystonia, weakness or ataxia.
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Additional file 1: Table S1 Investigations performed on 10 patients from three families with
CAPOS syndrome.

Additional_file_2 as JPEG

Additional file 2: Figure S1 Visualization of read alignments supporting theATP1A3

mutation in the libraries from each of the two probands.Upper panel: Family 1 subject

[lI-1. Lower panel: Family 2 subject II-2. Read alignments to hgl18 storedih fBes were
manually examined, and the alignment image was exported using Inte@eatethe Viewer
[28,29]. The heterozygous C > T mutation at chromosome 19:47,166,267 was corroborated
by 22 out of 41 reads in Family 1 subject IlI-l and by 34 out of 59 reads in Family 2 subject
[-2.

Additional _file_3 as JPEG
Additional file 3: Figure S2 Haplotyping results in Families 2 and 3 in the region
flanking the ATP1A3 mutation.



Family 2

Oan

1 2

N

Family 3

Family 2

o
He

Family 3

[

c/T

G

TCTCTT GTG
AR

» A T
WWYWAW Y /A‘N.‘-L\/Y\ A"‘.\h’\.ﬁhﬁlll\ﬁ

TTT | GGCAC

)

AANAAA AMA < A oo
LNy Y n,“]
[ <7t | c/T c/T
” 1 l c | I | {grcTeTTCAT T | GGCAGCCT GTG
=1 () A A\ A T \eniNeaniahbihcasshaaha g 7
e - . v WNWATIA A LWWIAVWV A WAV WA, WA\
-2 m‘ I | s eonene
- E GTCTCTTCA TTT|GGCAGCC
A A.A AN AMALA AR AN Noashaan sl = 2 A
v W\ ) LWV WAWWANVY W \f AMAn
) W \ AN
[ c/T
-3 i ‘
N A AN AN /
PV WW U
T /T ]
i |
N1 =
WYV VWY IV WAV WA AWAN
/T |

-2

Position
Human

Rhesus

Mouse

Rabbit

Dog

Elephant

X_tropicalis

Lamprey

Fruit fly

> (> > (> [>|>(>|> (> |> &
<|[=<[=<[=<[=<[=<[=<[=<[=<|=< S
mimimmimMmimMm|m|m|m|m &
m|—=|>|>|>|>|>|>|>|>
> (> > (> [>|>(>|> (> |> &

mimmm|m|m|m|m|m

figure €_elegans

O|o|o|o|o|o|o(o|o|o J]
S E N BN B B B B
Y B B B B B B B B Y




Additional files provided with this submission:

Additional file 1: 1173177001127747_add1.docx, 36K
http://www.ojrd.com/imedia/1988005404119872/suppi.docx
Additional file 2: 1173177001127747_add2.jpeg, 528K
http://www.ojrd.com/imedia/4621620591198722/supp?2.jpeg
Additional file 3: 1173177001127747_add3.jpeg, 521K
http://www.ojrd.com/imedia/1076651816119872/supp3.jpeg



http://www.ojrd.com/imedia/1988005404119872/supp1.docx
http://www.ojrd.com/imedia/4621620591198722/supp2.jpeg
http://www.ojrd.com/imedia/1076651816119872/supp3.jpeg

	Start of article
	Figure 1
	Additional files

