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Case Reports
Intermediate Phenotypes of ATP1A3 Mutations: Phenotype–Genotype
Correlations
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Abstract
Background: ATP1A3-related disorders include rapid-onset dystonia–parkinsonism (RDP or DYT12), alternating hemiplegia of childhood (AHC), and CAPOS
syndrome (Cerebellar ataxia, Areflexia, Pes cavus, Optic atrophy, and Sensorineural hearing loss).
Case Report: We report two cases with intermediate forms between RDP and AHC. Patient 1 initially presented with the AHC phenotype, but the RDP
phenotype emerged at age 14 years. The second patient presented with levodopa-responsive paroxysmal oculogyria, a finding never before reported in ATP1A3related disorders. Genetic testing confirmed heterozygous changes in the ATP1A3 gene in both patients, one of them novel.
Discussion: Intermediate phenotypes of RDP and AHC support the concept that these two disorders are part of a spectrum. We add our cases to the phenotype–
genotype correlations of ATP1A3-related disorders.
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Our first patient carried a novel missense variant previously unknown
in intermediate phenotypes or any ATP1A3-related disorders. Our
second patient carried a known deleterious mutation and possessed an
unusual phenotype never before reported in the intermediate form.
These two unique patients illustrate the expanding phenotypic
spectrum of ATP1A3-related disorders.
Written informed consent was obtained from the patients for
publication of this case report and any accompanying images.

Introduction
Historically, heterozygous ATP1A3 mutations were initially
described in rapid-onset dystonia–parkinsonism (RDP or DYT12)
(MIM 128235).1 Advances in genetic techniques led to the subsequent
discovery that abnormalities in the same gene were responsible for
some forms of alternating hemiplegia of childhood (AHC) (MIM
614820),2 and also the CAPOS syndrome (Cerebellar ataxia,
Areflexia, Pes cavus, Optic atrophy and Sensorineural hearing loss)
(MIM 601338).3 Although clinical features of RDP and AHC differ, on
rare occasions patients have been reported with clinical features
overlapping between the two,4,5 suggesting that RDP and AHC are
disorders in the same spectrum4,6,7 rather than just allelic disorders as
initially envisioned.8
In this paper, we present two unusual patients with ATP1A3-related
disorders with clinical features overlapping between RDP and AHC.
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Case report
Patient 1
A 24-year-old female without family history of neurologic illness
presented for evaluation of global developmental delay from early
childhood and monthly alternating hemiplegic episodes lasting minutes
to hours since her early teens. She usually recovered from these
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Video 1. The first patient’s office examination demonstrates a
prominent risor grin, drooling and marked dysarthria. Asymmetric
dystonia of the left arm and hand led to flexion posturing of the elbow,
prominent wrist and finger flexion, and ulnar deviation of her wrist. A
rostrocaudal gradient of dystonia is evident, with preservation of walking.

Video 2. Patient number 2 is shown in three segments. segment 1.
A home video demonstrates an oculogyric episode, with eyes elevated upward
with intermittent lateral deviation, accompanied by head tilt to the left and jaw
deviation to the right. She was uncomfortable but did not lose consciousness.
This episode lasted almost 1 minute, after which she partially recovered and
looked exhausted. About 20 seconds afterwards, she developed oculogyria with
upward eye deviation again. Segment 2. The second home video segment
shows her in a stroller. She developed dystonic posturing of her neck with tilting
to the left and lateral rotation to the right, accompanied by dystonic posturing of
her hands and jaw opening. She recovered before her mother transferred her to
a cushion. Segment 3. This video segment shows her during her initial office
evaluation, already treated with levodopa. Her speech was mildly soft and
indistinct with no ocular motor abnormalities. Mild symmetric dystonic
posturing of both hands with intermittent choreiform movements of her
fingers was present. There was no parkinsonism or dysmetria. She walked well
with good arm swing.

episodes after sleeping, but at age 14 she developed a severe episode
that was not terminated by sleep. A diagnosis of “AHC” was made at
this time, and a hospital evaluation for epilepsy was negative. Since
that event, she developed continuous and unremitting posturing and
functional impairment of the left arm, dysarthria, and lower cranial
dystonia with marked drooling.
On examination a prominent risus sardonicus, marked dysarthria,
and prominent drooling were evident (Video 1). Ocular motor
examination was normal, and asymmetric dystonic posturing of the
arms was present accompanied by parkinsonism. A rostrocaudal
gradient of her dystonia was noted with only very mild involvement in
her legs. Deep tendon reflexes were 3+ throughout.
Sanger sequencing of exons 1–23 in the ATP1A3 gene at a
commercial laboratory revealed a novel heterozygous missense variant
(NM_152296.4: c.2851G.A; NP_689509.1: p.E951K) in exon 21.
This variant is not found in large publically available cohorts.9–11
In silico, this variant is predicted to be damaging by SIFT (Sorting
Intolerant From Tolerant) and probably damaging by PolyPhen-2
(with a score of 0.998).12,13 The position is highly conserved across
multiple vertebrate species (from humans to zebrafish; Genomic Evolutionary Rate Profiling [GERP] score 2.91).14 Though not reported,
this variant was also seen once in another patient with AHC in a
research cohort in Utah (T. Newcomb, personal communication, June
12, 2015). Based on the new American College of Medical Genetics and
Genomics standards and guidelines for interpretation of sequence
variants, this variant is classified as likely to be pathogenic.15 Her parents
elected not to pursue testing since they were asymptomatic. Botulinum
toxin injection to the left arm provided temporary relief of dystonia.

mute, drooling, and unable to use her arms to feed herself but she
could sit and walk. She seemed alert however, and after a few visits
recognized her adoptive mother. She had experienced frequent episodes since childhood that had been labeled epileptiform (Video 2).
Review of the video showed clear oculogyria with upward and lateral
deviation of both eyes, accompanied by neck posturing. After her first
evaluation in the United States, her referring neurologist started her on
levodopa 200 mg/day, and the episodes dramatically improved, along
with improved motor performance.
Examination in the office revealed a cooperative young girl with
mildly soft and indistinct speech. Ocular motor examination was
normal. There was symmetric mild dystonic posturing of both hands,
with slow choreiform movements of her fingers, mild incoordination of
the hands and no overt parkinsonism. She walked well with good arm
swing. Deep tendon reflexes were 1+ throughout.
Owing to the dramatic response to levodopa and presence of
oculogyria, our differential diagnosis included levodopa-responsive
forms of aromatic L-amino acid decarboxylase (AADC)16 and tyrosine
hydroxylase (TH) deficiency. Surprisingly, whole exome sequencing
(and confirmed using the Sanger method) at a commercial laboratory
revealed a known pathogenic heterozygous mutation (NM_152296.4:
c.2401G.A; NP_689509.1: p.D801N) in exon 17 of the ATP1A3
gene.17–19 There were no mutations found in the DDC or GCH1 genes.
Coverage for these two loci was at 100% and at least 106 (N.
Alexander, personal communication, August 8, 2015). Since the TH
gene was not well covered by whole exome sequencing, separate TH

Patient 2
A 10-year-old female presented to our office with her parents after
being adopted from China 8 months prior. Information on her early
development was limited. At age 1 year she was brought to an
orphanage with obvious global developmental delay. When her
adoptive mother met her in China, she was malnourished, immobile,
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Table 1. Clinical Features of Our Patients with Intermediate Forms of Alternating Hemiplegia of Childhood and Rapidonset Dystonia–Parkinsonism
Clinical Feature
Developmental delay
Drooling
Paroxysmal alternating hemiplegia
Paroxysmal oculogyria
Hypotonia
Recovery of the episode with sleep

Patient 1

Patient 2

+
+1
+

+
+
+1
+

+
+1

Asymmetric dystonia
Mild bilateral hand dystonia
Rostrocaudal gradient of dystonia
Speech involvement
Stabilization of the symptoms over time

+1
1

+
+1
+

+1 (mild)

Clinical features of each patient were classified according to whether they were more compatible with alternating hemiplegia (in pink) vs. rapidonset dystonia–parkinsonism (in green). “+” sign indicates the presence of the features in each patient.
1
Features that are seen in the videos.

including the intermediate phenotype between AHC and RDP. The
mutation in Patient 2, D801N, is one of the most common mutations
reported with the classic AHC phenotype,21 but has never been
reported in the intermediate form of AHC and RDP. Although almost
all reported genetic derangements in ATP1A3-related disorders are de
novo,22 parental genetic testing was not available in either of our
patients. Phenotype–genotype correlations in ATP1A3-related disorders are summarized in Table 2.
The ATP1A3 gene encodes the a3-subunit of the enzyme Na+/K+
ATPase. This enzyme functions to pump three molecules of Na+ out
and two molecules of K+ into the cell to maintain the electrochemical
gradient at the plasma membrane prior to depolarization. Both the
E951K and D801N variants are located in the transmembrane regions
of the ATP1A3 protein, which is also a cation-transporting ATPase
region near the C-terminus. In previous studies, it was found that
mutations causing AHC phenotypes tend to affect the transmembrane
regions or functional domains compared to those causing RDP
phenotypes,6 although this association cannot be applied in all cases.
Interestingly, Patient 2 presented with paroxysmal oculogyria
dramatically responsive to levodopa, a phenomenon never reported
before in AHC or RDP. AHC patients can have episodic ocular motor
abnormalities, reported in up to 93% in one study,23 including
nystagmus and intermittent esotropia or exotropia. In 1993, Dobyns et
al.24 reported two out of 12 RDP patients with persistent (not
paroxysmal) oculogyric crisis at the onset, lasting days or weeks.
Genetic testing of the ATP1A3 gene was not available at that time, but
subsequently one of them was found to have the I758S mutation in the
ATP1A3 gene.25 Since then, oculogyria has not been reported in RDP.
To our knowledge, this is the first patient reported with paroxysmal
oculogyria associated with an ATP1A3 mutation. This atypical feature
initially pointed us to other differential diagnoses of levodopa-responsive
oculogyria in children, especially disorders in the monoamine synthetic

gene sequencing was performed at the same commercial laboratory
using the Sanger method, which included all exons, flanking splice
regions, and the cyclic adenosine monophosphate (cAMP) response
element spanning c-74 to c-67 in the promoter region. TH deletion/
duplication analysis was also performed via a dense exonic
comparative genomic array. These methods did not detect any
mutations, deletions, or duplications in the TH gene. Test method
details for whole exome sequencing, TH sequencing, and deletion/
duplication analysis can be found at the commercial laboratory’s
website (www.genedx.com). Cerebrospinal fluid studies were not
available.
Discussion
We present two unusual patients with missense changes in the
ATP1A3 gene whose clinical features overlapped between AHC and
RDP. In classic AHC, patients experience symptom onset before
18 months of age, consisting of paroxysmal alternating hemiplegia
events, developmental delay, and drooling. The classic RDP phenotype is often milder than AHC, with the main feature of rapid-onset
parkinsonism over minutes to weeks, and stabilization of symptoms
with minimal progression after a month. A rostrocaudal gradient of
symptoms, asymmetric involvement, and prominent bulbar involvement including dysarthria and/or dysphagia is characteristic.
Our two patients’ clinical histories and examination overlapped
between these two disorders (Table 1). In fact, Patient 1 started with an
AHC phenotype, and her RDP phenotype emerged at age 14 years.
Sasaki et al.5 reported and reviewed cases in the literature with
intermediate phenotype between AHC and RDP,4,20 all of which (six
patients) had D923N mutations in the ATP1A3 gene. Rosewich et al.6
later reported two patients with intermediate phenotype and the novel
mutations I810F and W382R. The missense variant in our first
patient, E951K, has never been reported in ATP1A3-related disorders,
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Table 2. Phenotype–Genotype Correlations of ATP1A3-related Disorders
RDP

AHC

I

I274T, E277K, 327Ldel,
T370N, W382R, L417P,
T613M, S684F, R756H,
I758S, F780L, D810Y,
D923N

D801N1,
G867D,
D923N,
E951K1

S137Y, S137F, Q140L, I274N, E277K,
V322D, C333F, T335P, G358C, L371P,
G755A, G755S, G755C, L757P, T771N,
S772R, N773S, N773I, D801E, D801N,
T804I, D805E, M806R, I810F,
I810S, S811P, E815K, 2542+1G.A
(splice site), 919Vdel, D923N,
D923Y, C927Y, C927F, C927W,
G947R (2839G.A and
2839G.C), A955D, D992Y, 1013Ydup

I

CAPOS

E818K

E818K

AHC, Alternating Hemiplegia of Childhood; CAPOS, Cerebellar ataxia, Areflexia, Pes Cavus Optic Atrophy, and Sensorineural Hearing
Loss; RDP, Rapid-onset Dystonia–Parkinsonism.
The table demonstrates genotypes reported in the literature that are related to each phenotype classified into typical RDP, typical AHC, typical
CAPOS syndrome, shown in pink, green, and blue, respectively.5,6,21,26–29 Intermediate (I) forms between each phenotype are shown in grey.
Amino acid code alterations are shown in order of the codons.
1
Mutations in our cases.

pathway such as AADC and TH deficiencies. Given the dramatic
improvement in our patient and in the other three patients in the same
family with a novel AADC mutation,16 a trial of levodopa in children
presenting with unexplained oculogyria seems warranted.
Our two cases expand our current knowledge of the phenotype–
genotype variations and natural history of ATP1A3-related disorders,
and emphasize that AHC and RDP are part of the same spectrum.
Recognition of the overlapping phenotypes will help guide clinicians
toward a correct molecular diagnosis for their patients.

8. Alexoudi A, Schneider SA. Alternating hemiplegia of childhood and rapidonset dystonia parkinsonism are allelic disorders due to ATP1A3 gene mutations. Mov Disord 2012;27:1494, doi: http://dx.doi.org/10.1002/mds.25222.
9. Exome Aggregation Consortium (ExAC), Cambridge, MA. http://exac.
broadinstitute.org (accessed June 2015).
10. Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP),
Seattle, WA. http://evs.gs.washington.edu/EVS/ (accessed June 2015).
11. 1000 Genomes Project Consortium, Abecasis GR, Auton A, et al. An
integrated map of genetic variation from 1,092 human genomes. Nature 2012;
491:56–65, doi: http://dx.doi.org/10.1038/nature11632.

References

12. Kumar P, Henikoff S, Ng PC. Predicting the effects of coding non-

1. de Carvalho Aguiar P, Sweadner KJ, Penniston JT, et al. Mutations in the

synonymous variants on protein function using the SIFT algorithm. Nat Protoc

Na+/K+ -ATPase alpha3 gene ATP1A3 are associated with rapid-onset

2009;4:1073–1081, doi: http://dx.doi.org/10.1038/nprot.2009.86.

dystonia parkinsonism. Neuron 2004;43:169–175.

13. Adzhubei IA, Schmidt S, Peshkin L, et al. A method and server for

2. Heinzen EL, Swoboda KJ, Hitomi Y, et al. De novo mutations in

predicting damaging missense mutations. Nat Methods 2010;7:248–249, doi:
http://dx.doi.org/10.1038/nmeth0410-248.

ATP1A3 cause alternating hemiplegia of childhood. Nat Genet 2012;44:1030–
1034, doi: http://dx.doi.org/10.1038/ng.2358.

14. Davydov EV, Goode DL, Sirota M, Cooper GM, Sidow A, Batzoglou S.

3. Demos MK, van Karnebeek CD, Ross CJ, et al. A novel recurrent

Identifying a high fraction of the human genome to be under selective

mutation in ATP1A3 causes CAPOS syndrome. Orphanet J Rare Dis 2014;9:15,
doi: http://dx.doi.org/10.1186/1750-1172-9-15.

constraint using GERP++. PLoS Comput Biol 2010;6:e1001025, doi: http://dx.
doi.org/10.1371/journal.pcbi.1001025.

4. Roubergue A, Roze E, Vuillaumier-Barrot S, et al. The multiple faces of

15. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the

the ATP1A3-related dystonic movement disorder. Mov Disord 2013;28:1457–

interpretation of sequence variants: A joint consensus recommendation of the

1459, doi: http://dx.doi.org/10.1002/mds.25396.

American College of Medical Genetics and Genomics and the Association for
Molecular Pathology. Genet Med 2015;17:405–423, doi: http://dx.doi.org/10.

5. Sasaki M, Ishii A, Saito Y, Hirose S. Intermediate form between
alternating hemiplegia of childhood and rapid-onset dystonia-parkinsonism.
Mov Disord 2014;29:153–154, doi: http://dx.doi.org/10.1002/mds.25659.

1038/gim.2015.30.
16. Chang YT, Sharma R, Marsh JL, et al. Levodopa-responsive aromatic

6. Rosewich H, Ohlenbusch A, Huppke P, et al. The expanding clinical and

L-amino acid decarboxylase deficiency. Ann Neurol 2004;55:435–438, doi:

genetic spectrum of ATP1A3-related disorders. Neurology 2014;82:945–955, doi:

http://dx.doi.org/10.1002/ana.20055.

http://dx.doi.org/10.1212/WNL.0000000000000212.

17. Hunanyan AS, Fainberg NA, Linabarger M, et al. Knock-in mouse

7. Ozelius LJ. Clinical spectrum of disease associated with ATP1A3
mutations. Lancet Neurol 2012;11:741–743, doi: http://dx.doi.org/10.1016/

model of alternating hemiplegia of childhood: Behavioral and electrophysiologic
characterization. Epilepsia 2015;56:82–93, doi: http://dx.doi.org/10.1111/epi.
12878.

S1474-4422(12)70185-0.
Tremor and Other Hyperkinetic Movements
http://www.tremorjournal.org

4

The Center for Digital Research and Scholarship
Columbia University Libraries/Information Services

Intermediate Phenotypes of ATP1A3 Mutations

Termsarasab P, Yang AC, Frucht SJ

18. Rosewich H, Thiele H, Ohlenbusch A, et al. Heterozygous de-novo

syndrome. Pediatrics 2009;123:e534–541, doi: http://dx.doi.org/10.1542/peds.
2008-2027.

mutations in ATP1A3 in patients with alternating hemiplegia of childhood: A

24. Dobyns WB, Ozelius LJ, Kramer PL, et al. Rapid-onset dystonia-parkin-

whole-exome sequencing gene-identification study. Lancet Neurol 2012;11:764–

sonism. Neurology 1993;43:2596–2602, doi: http://dx.doi.org/10.1212/WNL.

773, doi: http://dx.doi.org/10.1016/S1474-4422(12)70182-5.

43.12.2596.

19. Weigand KM, Messchaert M, Swarts HG, Russel FG, Koenderink JB.
Alternating hemiplegia of childhood mutations have a differential effect on

25. Oblak AL, Hagen MC, Sweadner KJ, et al. Rapid-onset dystonia-

Na(+),K(+)-ATPase activity and ouabain binding. Biochim Biophys Acta 2014;

parkinsonism associated with the I758S mutation of the ATP1A3 gene: A
neuropathologic and neuroanatomical study of four siblings. Acta Neuropathol

1842:1010–1016, doi: http://dx.doi.org/10.1016/j.bbadis.2014.03.002.

2014;128:81–98, doi: http://dx.doi.org/10.1007/s00401-014-1279-x.

20. Anselm IA, Sweadner KJ, Gollamudi S, Ozelius LJ, Darras BT. Rapid-

26. Heinzen EL, Arzimanoglou A, Brashear A, et al. Distinct neurological

onset dystonia-parkinsonism in a child with a novel atp1a3 gene mutation.

disorders with ATP1A3 mutations. Lancet Neurol 2014;13:503–514, doi: http://

Neurology 2009;73:400–401, doi: http://dx.doi.org/10.1212/WNL.0b013e3181

dx.doi.org/10.1016/S1474-4422(14)70011-0.

b04acd.

27. Rosewich H, Weise D, Ohlenbusch A, Gartner J, Brockmann K.

21. Brashear A, Sweadner KJ, Cook JF, Swoboda KJ, Ozelius L. ATP1A3-

Phenotypic overlap of alternating hemiplegia of childhood and CAPOS

related neurologic disorders. In: Pagon RA, Adam MP, Ardinger HH, et al.,

syndrome. Neurology 2014;83:861–863, doi: http://dx.doi.org/10.1212/WNL.
0000000000000735.

editors. Gene Reviews(R). Seattle, WA; 2008 (updated 2014).
22. Brashear A, Dobyns WB, de Carvalho Aguiar P, et al. The phenotypic

28. Sasaki M, Ishii A, Saito Y, et al. Genotype-phenotype correlations in

spectrum of rapid-onset dystonia-parkinsonism (RDP) and mutations in the

alternating hemiplegia of childhood. Neurology 2014;82:482–490, doi: http://dx.

ATP1A3 gene. Brain 2007;130:828–835, doi: http://dx.doi.org/10.1093/brain/

doi.org/10.1212/WNL.0000000000000102.

awl340.

29. Rosewich H, Baethmann M, Ohlenbusch A, Gartner J, Brockmann K. A

23. Sweney MT, Silver K, Gerard-Blanluet M, et al. Alternating hemiplegia

novel ATP1A3 mutation with unique clinical presentation. J Neurol Sci 2014;

of childhood: Early characteristics and evolution of a neurodevelopmental

Tremor and Other Hyperkinetic Movements
http://www.tremorjournal.org

341:133–135, doi: http://dx.doi.org/10.1016/j.jns.2014.03.034.

5

The Center for Digital Research and Scholarship
Columbia University Libraries/Information Services

