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Objective: A growing body of evidence indicates a strong genetic overlap between developmental and epileptic
encephalopathies (DEEs) and movement disorders. De novo loss-of-function variants in NUST have been recently iden-
tified in DEE cases. Herein, we report a large cohort of cases with pathogenic NUS1 variants and describe their clinical
presentation and the details of the associated epilepsy and movement disorders.
Methods: Cases with NUS1-related disorders were identified through a multicentric international collaboration made
possible by the GeneMatcher platform. Clinical data were acquired through retrospective case-note review.
Results: We identified 41 subjects carrying 38 different pathogenic or likely pathogenic heterozygous NUS1 variants.
The majority of cases displayed developmental delays and intellectual disability of variable severity. Epilepsy was pre-
sent in 68.3% of cases (28/41) with onset typically in early childhood. Strikingly, 87.8% of cases (36/41) presented with
movement disorders and for 13 of these cases the movement disorder was not accompanied by epilepsy. The phenom-
enology of the movement disorders was complex with myoclonus observed in 68.3% of cases (28/41), either in isola-
tion or in combination with dystonia, ataxia, and/or parkinsonism. Seven cases that otherwise did not have prominent
movement disorders had mild incoordination and intention tremor, suggestive of cerebellar dysfunction. There was no
observed genotype—phenotype correlation, suggesting that other genetic or acquired factors impact the clinical
presentation.
Interpretation: Heterozygous NUST pathogenic variants cause a complex neurological disorder, variably featuring
developmental and epileptic encephalopathies and a broad spectrum of movement disorders, which represent the
major source of neurological disability for most cases.

ANN NEUROL 2025;00:1-12

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.27272
Received Oct 28, 2024, and in revised form Apr 30, 2025. Accepted for publication May 3, 2025.

Address correspondence to Dr Niccolo E. Mencacci, Northwestern University Feinberg School of Medicine, Department of Neurology, 303 East Chicago
Avenue, Ward 12-140, Chicago, IL 60611. E-mail: niccolo.mencacci@northwestern.edu

From the 'Department of Neurology, Northwestern University Feinberg School of Medicine, Chicago, IL; 2Department of Human Neuroscience, Sapienza
University of Rome, Rome, Italy; 3Depar‘[ment of Neurology, University of Connecticut School of Medicine, Farmington, CT; 4Depar‘tment of Neurology,
Beni Suef University, Beni Suef, Egypt; *Department of Pediatrics, Pediatric Neurology, Hospital Universitario Son Espases, Palma, Spain; *Department of
Neurology, The University Hospitals of Strasbourg, Strasbourg, France; ’University of Strasbourg, Institut de Génétique et de Biologie Moléculaire et
Cellulaire IGBMC), Strasbourg, France; University of Strasbourg, Fédération de Médecine Translationnelle de Strasbourg (FMTS), Strasbourg, France;
“Universite Paris Cite, Department of Genomic Medicine of Rare Disorders, Necker Hospital, Paris, France; WODepar‘cment of Neurology, University of
Pennsylvania, Philadelphia, PA; ""Department of Pediatrics, University of Cologne, Kéln, Germany; '°Max-Plancinstitute for Biology of Ageing, Kdln,
Germany; "*Schon Klinik Vogtareuth, Specialist Centre for Paediatric Neurology, Neurorehabilitation, and Epileptology, Vogtareuth, Germany;
"Department of Pediatric Neurology, University Children’s Hospital Zurich, Zurich, Switzerland; "University Children’s Hospital Zurich, Children’s Research
Center, Zurich, Switzerland; "®Technical University of Munich School of Medicine and Health, Institute of Human Genetics, Minchen, Germany;
""Department of Obstetrics and Gynecology, Technical University of Munich Klinikum Rechts der Isar, Miinchen, Germany; '®Department of Pediatrics,
Division of Medical Genetics and Genomic Medicine, Vanderbilt University Medical Center, Nashville, TN; WDepartment of Genetics, University Hospital
Centre Lyon, Lyon, France; °Department of Medical Genetics, Assistance Publique - Hopitaux de Paris-Sorbonne Universite, Paris, France; ?'Department
of Neurology, Assistance Publique - Hopitaux de Paris-Sorbonne Universite, Paris, France; 22Departr‘nent of Neurology, NYU Grossman School of
Medicine, New York, NY; ?>Department of Neurology, Movement Disorders Unit, Westmead Hospital, Westmead, New South Wales, Australia; *“The
University of Sydney, Sydney Medical School, Sydney, New South Wales, Australia; 2>TY Nelson Department of Neurology, The Children’s Hospital at
Westmead, Sydney, New South Wales, Australia; ?Molecular Diagnostic and Clinical Genetics Department, Hospital Universitario Son Espases, Palma,
Spain; 27Department of Pediatric Neurology, Hépital Necker-Enfants Malades, AP-HP, Paris, France; 28Gaetano Pini-CTO, Parkinson Institute, Milan, ltaly;
2’Department of Neurology, University Hospital Wurzburg, Wurzburg, Germany; *°Auragen laboratory, Plan France Medecine Génomique, Lyon, France;
3'Department of Neurology, Hospices Civils de Lyon, Lyon, France; *Department of Medical Genetics, University of Alberta, Faculty of Medicine and
Dentistry, Edmonton, Alberta, Canada; **CHU de Rennes, Service de Génétique Médicale, Rennes, France; *Montpellier University, Expert Center for
Neurogenetic Diseases, Montpellier, France; 35Department of Cell and Molecular Biology St. Jude Children’s Research Hospital, Center for Pediatric
Neurological Disease Research, Memphis, TN; *Department of Medical Genetics, Kaiser Permanente Oakland Medical Center, Oakland, CA; *'The
University of Sydney, Faculty of Medicine and Health, Sydney, New South Wales, Australia; *City St. George's University of London, Neuroscience and
Cell Biology Institute, London, UK; *’Department of Neurology, Kaiser Permanente San Rafael Medical Center, San Rafael, CA; “°Division of Pediatric
Neurology and Metabolic Medicine, Heidelberg University Medical Faculty Heidelberg, Center for Pediatric and Adolescent Medicine, Heidelberg,
Germany; “'Department of Neurology, The University of Chicago, Chicago, IL; *’Department of Pediatrics, Neuropediatric Division, Hospital ltaliano de
Buenos Aires, Buenos Aires, Argentina; “Fondazione Grigioni per Il Morbo di Parkinson, Milan, Italy; 44Department of Translational Medicine and
Neurogenetics, University of Strasbourg, Institute of Genetics and Molecular and Cellular Biology (IGBMC), lllkirch, France; “*Department of Medical
Genetics, Saint Etienne University Hospital, Saint-Etienne, France; 46D<=:par‘cmen‘c of Pediatric Neurology, Hospices Civils de Lyon, Lyon, France;
“University of Melbourne, Austin Health and Royal Children’s Hospital and Florey Neuroscience Institutes, Melbourne, Victoria, Australia; “*Department of
Neurology, Hospital Universitario Son Espases, Palma, Spain; *?CHU Dijon, Centre de Genetique, Dijon, Spain; *’Institute for Neurodegenerative
Disorders, New Haven, CT; *'Ghent University Hospital, Center for Medical Genetics, Ghent, Belgium; *’Kingston and Richmond NHS Foundation Trust,
Kingston upon Thames, UK; 53Helmholtz Zentrum Miinchen, Institute of Neurogenomics, Munich, Germany; STechnical University of Munich, Institute for
Advanced Study Garching, Munich, Germany; and **University Hospital Cologne, Institute for Human Genetics, Koln, Nordrhein-Westfalen, Germany

Additional supporting information can be found in the online version of this article.

2 Volume 00, No. 0

85UBO 1T SUOWLLIOD SAIIeR1D 3|qeal|dde sy Aq peusenob ae sajoilke YO ‘8sn J0 s8Nl Joj Akeiqiauluo 3|1 UO (SUONIPUOD-pUE-SWLLBY/L0D A8 | IM Ak 1pulJUO//SdNY) SUONIPUOD pUe Swie | 8U) 88S *[5202/20/9T] Uo Aeig 17 8uljuo 481 ‘WniuezsBunydsiod ssyasineq Ueyousn | WUz ZyjoywpH Ag z/2/zeue/z00T 0T/10p/woo A8 imAseidijputjuo//:sdiy wo.j pspeojumod ‘0 ‘6vZ8TEST


https://orcid.org/0000-0002-2314-6139
https://orcid.org/0000-0003-4945-3628
mailto:niccolo.mencacci@northwestern.edu

he NUS! gene (OMIM *610463), located on chromo-

some 6q22.1, encodes the transmembrane protein
Nogo-B receptor (NgBR), which along with dehydro-
dolichyl diphosphate synthase (encoded by DHDDS;
OMIM*608172) makes up the cis-prenyltransferase
enzyme." This enzyme is essential for biosynthesis of dolichol,
a lipid critical for the process of protein N-glycosylation.>”
Furthermore, the C-terminus of NgBR interacts with and
stabilizes the NPC2 protein, which regulates intracellular
cholesterol trafficking out of the lysosome.”

De novo NUSI heterozygous truncating variants
and microdeletions have been recently identified in cases
clinically diagnosed with developmental epileptic encepha-
lopathies (DEEs)” and in cases with progressive myoclonic
epilepsies (PMEs).® Importantly, an expanding spectrum
of movement disorders, including myoclonus, dystonia,
tremors, and chorea is increasingly recognized as a frequent
feature of several genetically determined DEEs.” Along these
lines, 2 number of case reports and small case series have
described the presence of movement disorders in cases with
pathogenic NUSI variants, including tremor, myoclonus,
dystonia, ataxia, and parkinsonism.gﬁ14 However, only limited
information regarding the frequency, spectrum of the move-
ment disorders, and precise phenomenology in NUSI-mutated
cases has been provided in the existing literature. Recent work
from Galosi et al'® and Williams et al'® has expanded our
knowledge of the neurologic phenotype associated with variants
in DHDDS, demonstrating that pathogenic variants in the
NUSI and DHDDS genes result in similar dlinical features due
to the shared pathway between these 2 genes.

Herein, we report the largest series to date of 41 cases
harboring pathogenic variants in NUSI and describe in
detail the presence and clinical characteristics of epilepsy
and movement disorders. Importantly, movement disor-
ders were identified in 87.8% of cases (36/41) and were a
prominent feature in 29 of these cases, with myoclonus
being commonly observed either in isolation or in associa-
tion with other movement disorders, including ataxia, dys-
tonia, and parkinsonism.

Methods

Cases

We collected clinical and molecular data of 41 cases with
pathogenic or likely pathogenic variants in NUST identified
from different clinical centers in Europe, North America,
South America, and Australia through international clinical
collaborations and networking (GeneMatcher)."” Informed
consent forms allowing for participation were signed by all
study participants and/or their parents or guardians, and
patient studies were approved by institutional review boards
within the institutions in which the studies were performed.
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All cases were unrelated except for case #26 and case #40
who are half siblings. Eight of the 41 cases were previously
reported in the literature with 1 case being previously
described by Wirth et al'? (case #7), 5 cases were reported
in a recent case series by Williams et al (cases #22-26),'°
one case was reported by Monfrini et al (case #35),'® and
one case was reported by Riboldi et al (case #36)." For
those cases that were reported in the literature, previous
reports were expanded upon by the collection of additional
comprehensive data on movement disorders and epilepsy
phenotypes when applicable, as well as the collection of any
pertinent updates regarding clinical progression over time.
Additionally, homemade and video-recorded examinations
from 13 cases in our series, and 10 previously published
cases, were collected and reviewed by the authors to better
characterize the phenomenology of movement disorders.

Genetic Analysis

Molecular genetic diagnoses were made by whole-exome
sequencing, whole-genome sequencing, gene panel testing,
or chromosomal microarray. Sanger sequencing confirma-
tion and segregation analysis of the variants was performed
in all available family members when next-generation
sequencing (NGS) had been performed in the proband
only. Previously unreported genetic variants were assessed
for pathogenicity following standard American College of
Medical Genetics guidelines.”’

Results

We describe 41 cases (26 female cases and 15 male cases)
ranging from 4 to 64 years of age at the most recent
assessment who had pathogenic or likely pathogenic vari-
ants in NUS1. Most cases had no family history of similar
symptoms, with the exception of cases #26 and #40 who
are half-siblings and cases #4 and #32 who had positive
family history consistent with an autosomal dominant pat-
tern of inheritance.

Genetic Findings

We report a total of 38 different NUSI heterozygous vari-
ants, including 25 loss-of-function small indels or single
nucleotide variants (6 stop-gain variants, 16 frameshift
indels, 2 essential splice site variants, and 1 start codon
loss), 7 whole gene deletions, 1 frameshift single exon
deletion, and 5 missense variants (Fig 1 and Supple-
mentary Table S1). One missense variant, ¢.868C>T
(p-Arg290Cys), was present in the 2 unrelated cases #36
and #37 and an identical de novo frameshift duplication
(c.128_141dupCCGCCTCTGCCGCG) was found in
the 2 unrelated cases #23 and #33. An identical start
codon loss mutation (c.3G>T) was identified in 2 half-
siblings as well (cases #26 and #40).
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FIGURE 1: NUS1 variant map. (A) Protein map positions of NUS1 pathogenic variants. For each variant, associated clinical
phenotypes are represented by color coding to indicate the presence of movement disorders, epilepsy, or both. (B) The
proportion of NUS1 cases with both epilepsy and movement disorders (56.1%), movement disorders alone (31.7%), or epilepsy

alone (12.2%) is shown.

Notably, case #4 had maternal inheritance of a
¢.26G>A; p.(Trp9*) NUSI variant. This patient’s mother
who also carried the variant had lifelong intellectual dis-
ability, tremor, and ataxia as well as adult-onset of
tonic—clonic seizures. One of the patient’s maternal
aunts who had no neurologic symptoms underwent
genetic testing as well and did not harbor the NUSI
variant. The patient also had a maternal uncle with
mild intellectual disability, tremors, adult-onset sei-
zures, and parkinsonism and a maternal aunt with mild
intellectual disability and tremor. No DNA was avail-
able for the mother of case #32, who had a similar gait
disorder and hand tremor.

In sporadic cases, NUS! variants were confirmed to
be de novo in 28 cases, whereas, for 12 cases, genetic test-
ing of both parents could not be completed. All identified
small indels and single nucleotide variants are absent in
the latest release of gnomAD (version 4.1.0; last accessed
in July 2024) and all of these variants were classified as
pathogenic or likely pathogenic according to American
College of Medical Genetics and Genomics (ACMG)
criteria. The only exception was the novel missense variant
(c.622C5T; p.Cys208Arg) found in case #38. This variant
is absent in gnomAD and has a Combined Annotation
Dependent Depletion (CADD) score of 25 (top 1% of
the most deleterious variants) and is predicted pathogenic
by all in silico tools, but there was no available segregation
data in the parents to help confirm the pathogenicity of
this variant. Therefore, we pursued additional protein
structural analysis of this variant as well as the other mis-

sense variants in our cohort.

NUS1 Protein Structural Analysis. The identiied NUSI

missense variants spanned across the entire gene without

clustering in any specific protein domain. To assess
whether the NUSI missense variants that we identified in
our cohort might contribute to loss of enzymatic function,
we examined the position of these residues in a crystal
structure of the NUS1-DHDDS complex as these 2 pro-
teins constitute a heterodimeric cis-prenyltransferase
(PDB: 7PAX).?! In this structure, 2 of the 5 identified
mutations occur at residues on the interface between
NUS1 and DHDDS (Fig 2). Residue R290 of NUSI is
part of a conserved RXG motif,>* which appears to engage
with the substrates of the enzyme and possibly with a
magnesium ion cofactor.”’ Mutation of this residue has
previously been shown to decrease substrate binding and
the catalytic rate of the complex.”* Additionally, we found
that residue C208 of NUSI is part of a hydrophobic
patch at the interface between NUS1 and DHDDS
(Fig 2B). Mutation of this residue to arginine as in case
#38 would both produce a steric clash and disrupt the
hydrophobic interface, which may destabilize the associa-
tion between NUS1 and DHDDS. With these data we
were able to confirm that the c.622C>T; p.Cys208Arg
variant meets ACMG classification criteria as a likely path-

ogenic variant.

Neurodevelopmental Features

Delays in the development of motor, cognitive, and/or
language domains were observed in the majority of cases
(see the Table and Supplementary Table S2). For a subset
of cases, developmental milestones were normal until 1 to
2 years of age, at which time there was regression in both
language and motor function (e.g. cases #1 and #2). The
vast majority of cases had some degree of intellectual dis-
ability, which was most commonly classified as mild in

severity (see the Table and Supplementary Table S2).
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FIGURE 2: NUS1 and DHDDS protein structure. (A) The
crystal structure (PDB: 7PAX) of the complex between NUS1
(green) and DHDDS (magenta). Substrates of the complex
are shown in orange, whereas a magnesium cofactor is
shown in gray. Residues with missense mutations identified
in this study are shown in yellow. Inset: The residue C208 at
the interface between NUS1 and DHDDS, with the sulfur
atom colored darker. (B) Surface hydrophobicity map at the
interface between NUS1 (left) and DHDDS (right) containing
residue C208 (yellow).

Nine cases had a moderate degree of intellectual disability,
4 cases had a severe intellectual disability, and for 3 cases
the degree of intellectual disability was not formally char-
acterized. Full-Scale Intelligence Quotient (FSIQ) testing
was available for 7 cases and ranged from 32 to 74.

Movement Disorders

Movement disorders were observed in 36 of 41 cases and
there was notably a wide spectrum of movement phenom-
enologies across the cohort (see the Table and Supplemen-
tary Table $3). The age of onset of movement disorders
was typically in early childhood (median age of
onset = 3 years, and range birth to 20 years) with 18 cases
presenting with movement disorders at 2 years of age or
younger. The most commonly observed movement disor-
ders were myoclonus (Supplementary Videos S1-S5 and
S7-§13), ataxia (see Supplementary Videos S1, S2, S6,
and S9-S12), and tremor (see Supplementary Videos S1,

Brooker et al: Case Series of NUS1-Related Neurologic Disorders

S3, S5-S7, S10, and S11, also see the Table) and the
majority of cases (27/41) displayed a complex phenotype
involving multiple prominent movement disorders,
including myoclonus and tremor accompanied by variable
involvement of dystonia, ataxia, and parkinsonism (see
Supplementary Table S3). Among those cases with com-
bined movement disorders, 11 cases had predominantly
myoclonus dystonia (see Supplementary Videos S2-S4,
S7, and S10) and for 11 cases myoclonus and ataxia were
the principal movement features (see Supplementary
Videos S1, S11, amd S12). In contrast, in 7 cases the
movement disorder phenotype was mild with isolated
mild gait ataxia and intention tremor without other overt
movement disorders (see Supplementary Video S6).

A review of additional videos from the literature rev-
ealed multiple hyperkinetic movement disorders consistent
with myoclonus dystonia syndrome in 4 cases, with ataxia
observed in 3 of them.®'**?

In our case series, myoclonus was typically general-
ized affecting the limbs, face, and trunk, but was most
prominent in the upper extremities. Myoclonus tended to
be present both at rest and with maintenance of posture
and was worsened by action in a subset of cases. In 4 cases,
myoclonus was noted to be alcohol responsive. Across the
cohort, medications that were effective in improving
myoclonus in at least 1 patient included clonazepam,
brivaracetam, levetiracetam, zonisamide, and propranolol.

Tremors varied in qualitative description with some
cases having a low amplitude, high frequency postural
myoclonic tremor, whereas others had either an intention
tremor or a jerky irregular tremor. Tremors were likely
variable in etiology, occurring as a feature of myoclonus,
dystonia, or cerebellar dysfunction. Propranolol and clo-
nazepam were both effective at partially alleviating tremor
in 2 cases, respectively.

Ataxia was a frequent feature across the cohort
(26/41) with common occurrence of gait ataxia as well as
variable involvement of limb dysmetria. Ataxia was often
mild in severity, and for a subset of cases, gait ataxia and
mild coordination difficulties were the sole movement dis-
order. Explosive speech indicative of cerebellar dysfunction
was observed in 2 cases as well.

Dystonia was reported in 13 of 41 cases and when
present always involved the limbs, predominantly the
upper extremities (see Supplementary Videos S2-S4, S7,
S10, and S11). In a subset of these cases, cervical or
truncal dystonia was described as well.

Parkinsonism, including rigidity, bradykinesia, rest
tremor, and shuffling gait, was observed in 6 of 41 cases
in combination with other movement disorders (2 cases
had myoclonus-dystonia syndrome plus parkinsonism,
3 cases had a combination of myoclonus, ataxia, and
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parkinsonism, and 1 case had ataxia and dystonia along

TABLE. Frequency of Clinical Features Observed in with parkinsonism; see Supplementary Videos S1 and S4).

NUS1 Cases Bradykinesia when present could be either asymmetric or
Number of Cases symmetric. Carbidopa-levodopa was trialed in 2 cases with
(percentage of . . L
parkinsonism and was effective in 1 of these cases.
Clinical Feature total cases)

Movement disorders that were observed in only rare

cases included chorea and tics.
Neurodevelopmental features

Paroxysmal exacerbations of movement disorders

Devel tal del 34 (82.9% . .
cvelopmental deays (82.99%) were described in 4 cases. Case #27 demonstrated paroxys-
Intellectual disability 36 (87.8%) mal episodes of lower extremity myoclonus provoked
Movement disorders while walking. Case #21 had episodic exacerbations of left
Any movement disorder 36 (87.8%) hemi-dystonia accompanied by orofacial choreiform move-
ments (see Supplementary Video S10). Case #8 had epi-
Myoclonus 28 (68.3%) . . i i
sodic exacerbations of myoclonus and dystonia. Finally,
Araxia 26 (63.4%) case #10 had intermittent exacerbations of ataxia accom-
Tremor 26 (63.4%) panied by esotropia (see Supplementary Video S6).
Dystonia 13 (31.7%)
Parkinsonism 6 (14.6%)
Epileps
Paroxysmal movement disorders 4 (9.8%) p psy .
Epilepsy was a common feature of the disorder and was
Ties 2 (4.9%) reported in 28 of 41 cases (see the Table and Supplemen-
Chorea 1 (2.4%) tary Table S4). The seizure onset was typically in early
Epilepsy childhood (median age of seizure onset = 2.5 years, range
) o birth to 29 years). Fourteen cases had seizure onset at
Epilepsy diagnosis 28 (68.3%) .
2 years of age or younger, 11 had seizure onset between
o .
Tonic-clonic scizures 18 (43.9%) 2 and 18 years of age, and only 3 cases had adult onset of
Febrile scizures 9 (22.0%) seizures with generalized tonic—clonic seizures starting at
Myodlonic seizures 8 (19.5%) age 23 years in case #20, there were 2 isolated myoclonic
Absence or myoclonic absence seizures 8 (19.5%) seizures at age 29 years in case #38, and tonic—clonic sei-
zures starting at age 22 years in case #39.
Eyelid myoclonia 6 (14.6%) . . . . .
Most cases with epilepsy had multiple seizure semi-
Myoclonic astatic seizures 3 (7.3%) ologies (see Supplementary Table S4). Tonic—clonic
Focal seizures 4 (9.8%) seizures were the most common seizure type. The tonic—
Non-convulsive status epilepticus 2 (4.9%) clonic seizures were known or presumed to be of general-

ized onset in 11 cases and of unknown or focal onset in
Other relevant features . . .
7 cases. Febrile convulsions were reported in 9 cases. Eye-

Dysarthria 13 31.7%) lid myoclonia was a notable early feature in both of our
Anxiety 12 (29.3%) index cases (cases #1 and #2), noted by the parents at age
Pyramidal tract signs 6 (14.6%) 2 years. Eyelid myoclonia was noted as a clinical feature in
) _ 4 additional cases and 1 case without a diagnosis of epi-
Axial hypotonia 4 (9.8%) .

lepsy had electroencephalogram (EEG) findings that were
i i 0 . . . . . . . .
Auention deficits 4 0.8%) characteristics of eyelid myoclonia with activation of epi-
Asymmetric hemiparesis 2 (4.9%) leptiform activity with eye closure (case #10). Myoclonic
Restricted upgaze 4 (9.8%) seizures were only diagnosed in 8 cases, however, this may
Oculomotor apraxia £0.8%) be due to ch?dlenges in classlfylng cortical myodo.nus as a
movement disorder versus seizure. Other generalized sei-

Sensorineural hearing loss 3 (7.3%) . .
zure types were also commonly noted, including absence,
Disease course myoclonic-absence, and myoclonic astatic seizures. Focal
Slowly progressive course 20 (48.8%) seizures were rare across the cohort but were reported in
Static course 18 (43.9%) 4 cases (cases #5, #34, #36, and #41). Nine cases were
considered to have DEE. Two cases of non-convulsive
6 Volume 00, No. 0
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FIGURE 3: Generalized eplleptlform discharges on electroencephalogram. (A, B) Case 2 ambulatory EEG at age 32 years
demonstrating interictal 4 to 6 Hz generalized, bifrontally predominant spike-wave activity (A) and increased EMG with and without
corresponding spike-wave activity during a period of patient-reported “Head jerking, eyelid fluttering and shoulder jerking” (B).
EEG settings = 10 pV/mm and 10 s/page. (C, D) Case 2 routine EEG at age 38 years demonstrating interictal 4 to 6 Hz generalized
bifrontally predominant spike-wave activity during drowsiness (C) and paroxysmal fast and spike- wave activity during an axial

myoclonic jerk (D). EEG settings = 10 pV/mm and 10 s/page.

(E, F) Case 9 EEG at age 9 years demonstrating photoparoxysmal

response (E). Photoparoxysmal response was seen for all frequencies 5 to 25 Hz. EEG settings = 10 pV/mm and 20 s/page. EEG at
age 12 years demonstrating 4 to 5 Hz, generalized, bifrontally maximal spike-wave activity without clinical correlate (F). EEG
settings = 10 pV/mm and 10 s/page. EEG = electroencephalogram; EMG = electromyography; Hz = hertz.

status (absence status in 1 case) were reported (cases #3
and #15).

Of the 13 cases who did not have a clear clinical
diagnosis of epilepsy, 6 had epileptiform abnormalities on
EEG (cases #10, #14, #19, #21, #23, and #26) and 7 cases
were treated with anti-seizure medications, including clo-
nazepam, levetiracetam, brivaracetam, or carbamazepine,
for treatment of movement disorders.

EEGs were performed in 36 cases (see Supplemen-
tary Table S4). Eighteen cases had EEGs with generalized
epileptiform activity (Fig 3), most typically spike-wave
complexes that were 2.5 to 3 hertz (Hz) or 3 to 3.5 Hz.
Focal or multifocal EEG features were noted in 3 cases
with co-existing generalized abnormalities and in 5 cases

without generalized abnormalities. A slow background was
noted in several cases. In a few cases, changes to the EEG
were noted over time. For example, for case #3, general-
ized spike—wave activity was initially 2 Hz and increased
to 3 to 3.5 Hz with subsequent EEGs. In another case
(case #29), focal occipital sharp-wave activity was noted at
age 4 years and generalized spike-wave complexes at age
12 years.

Seizure control was achieved for the majority of cases
with epilepsy. Data on anti-seizure medication effective-
ness was available for 24 cases. Of these cases, just under
half (42%) had complete seizure control, approximately
one third of cases (37.5%) had greater than 75% improve-
ment in seizure frequency, and only 3 cases (12%) had
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less than 25% improvement in seizure frequency. Anti-
seizure medications that were reported to be effective
at decreasing seizure frequency in at least a subset of
cases included clobazam, clonazepam, ethosuximide,
lamotrigine, levetiracetam, sultiame, topiramate, and
valproate. Carbamazepine and lacosamide were effec-
tive at treating focal-onset seizures in cases #34 and

#41, respectively.

Other Neurologic and Psychiatric Features

Other commonly observed neurologic features across the
cohort included dysarthria and pyramidal tract signs,
including spasticity or hyperreflexia and asymmetric
hemiparesis (see the Table and Supplementary Table S2).
Reported eye movement abnormalities included restricted
upgaze and oculomotor apraxia. Other neurologic features
reported included axial hypotonia and mild sensorineural
hearing loss.

Psychiatric features were fairly common across the
cohort, particularly anxiety. Other observed neuropsychi-
atric features included autism spectrum disorder and
attention deficits.

Disease Course

The disease course was either static or slowly progressive
over time, with a progressive course reported in 20 of
41 cases. For those cases who had progression of symp-
toms over time, the main change observed was a gradual
worsening of movement disorders, including tremor,
myoclonus, or ataxia. The rate of change in movement
disorders tended to be very slow. For example, case #23
displayed worsening myoclonus and parkinsonism as
well as slow deterioration in ataxia over the course of
decades. For several cases, the progression in movement
disorders was significant enough to lead to impaired
ambulation (cases #8, #16, and #25) but for others (eg,
case #26) gait was preserved despite worsening myoclo-
nus. For some cases, the course was initially slowly pro-
gressive in childhood but subsequently became static.
For instance, for case #18, there was a gradual pro-
gression of myoclonus throughout childhood which
subsequently plateaued upon reaching adulthood.
Development of new movement disorders in adulthood
was uncommon, but for case #1 involuntary movements
began in early childhood and then there was subsequent
development of parkinsonism at approximately age
50 years with shuffling gait and worsening tremor. For
case #9 and case #22, although there was a gradual pro-
gression in involuntary movements over time, both
cases displayed improvements in cognitive and behav-

ioral functions.

Neuroimaging

Across the cohort, brain magnetic resonance imaging
(MRI) did not consistently demonstrate significant abnor-
malities. In a small subset of cases, diffuse cortical atrophy
(cases #8 and #20) or cerebellar atrophy (cases #1, #16,
#35, and #36) was observed. Other likely incidental
abnormalities noted in individual cases included structural
abnormalities in the corpus callosum (cases #5 and #30),
unilateral hippocampus hypoplasia (case #3), a cavernous
malformation (case #1), an arachnoid cyst (case #29), and
small vessel ischemic changes (case #8).

A DaTscan was performed in only 5 cases. Case #1
had parkinsonism with hypomimia and shuffling gait and
the DaTscan showed reduced uptake in the right putamen
demonstrating evidence of dysfunction in the nigrostriatal
pathway. Case #17 had bradykinesia and rigidity on exam-
ination but had normal DaTscan imaging. A normal
DaT'scan was also observed in 3 cases who did not have
clinical evidence of parkinsonism.

Magnetic resonance spectroscopy (MRS) was per-
formed in 5 cases. MRS was normal in 4 cases and in case
#23 MRS showed elevated choline on long echo time
(TE) spectroscopy and elevated glutamine-glutamate on
short TE spectroscopy.

Discussion

This case series provides a comprehensive description of
the phenotypes associated with pathogenic variants in
NUSI. We found that heterozygous pathogenic variants
in NUSI are associated with complex neurologic symp-
toms, including developmental delays and variable degree
of intellectual disability, as well as frequent occurrence of
epilepsy and a broad spectrum of both hyperkinetic and
hypokinetic movement disorders. Neurologic symptoms
typically manifested in infancy or early childhood and
clinical follow-up demonstrated either a static or very
slowly progressive disease course across the cohort. Among
the movement disorders observed, myoclonus was particu-
larly prominent and was typically generalized but with a
propensity for the upper extremities and face. Patients
commonly exhibited multiple movement disorders includ-
ing frequent co-occurrence of myoclonus-dystonia and
myoclonus-ataxia.

Homozygous pathogenic variants of NUSI were ini-
tially reported by Park et al who described a congenital
disorder of glycosylation in 2 siblings with a homozygous
missense variant in the NUSI gene.”* The siblings pres-
ented with a severe phenotype with axial hypotonia and
acral spasticity, refractory seizures, and developmental
delay. No movement disorders were described in these
cases. Attempts at modeling homozygous loss of function
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of NUSI demonstrated that complete NUS! knockout is
embryonic lethal in animal models.”*

In humans, initial information about the effects of
heterozygous loss of function of NUSI came from analysis
of cases harboring chromosomal deletions in the chromo-
some 6q region involving the NUSI gene. Previously
described 6q deletion syndromes have included neu-
rodevelopmental disorders and epilepsy, often with a
severe phenotype, and there have been reports of associ-
ated movement disorders in a significant subset of these
cases.””® Five 6q deletion cases described by Rosenfeld
et al included the NUS! gene, 3 of which had movement
disorders including (1) ataxic gait, (2) late onset myoclo-
nus with ataxia and fine tremors with associated cerebellar
vermian atrophy, and (3) progressive tremors with incoor-
dination, respectively.”” Szafranski et al thereafter reported
6 cases involving microdeletion in the 6q21q22.31 region,
5 of which included the NUS! gene.”® All cases had neu-
rodevelopmental delay with epilepsy and 3 of the 6 cases
had movement disorders, including 2 with tremors alone
and 1 with polyminimyoclonus with mild intention
tremors. The critical region for the neurodevelopmental
phenotype in these cases was narrowed down to the
NUSI and SLC35F1 genes.26 More recently, Canafoglia
et al reported 3 cases of 6q22.1 deletions, all of whom
had intellectual disability and prominent myoclonic jerks
which were demonstrated to be cortical in origin.*

More recently, the effects of specific NUS1 variants,
including single-nucleotide variants or small indels, on
neurologic phenotypes have begun to be characterized.
Hamdan et al found de novo NUSI heterozygous loss-
of-function variants in 3 cases with DEE.” The clinical
picture across the cohort consisted of developmental delay
and refractory seizures. Movement disorders reported
included tremors in 2 cases and ataxia in 1 of the cases.”
In addition, 2 unrelated Japanese cases with the same
novel heterozygous NUSI variant presented with
childhood-onset epilepsy, scoliosis, and movement disor-
ders, including ataxia and myoclonic jerks in both cases.®
EEG with back averaging in one of these cases confirmed
a cortical origin of myoclonic jerks.® In the last several
years, additional case reports or small case series of hetero-
zygous NUSI variants have been reported,®”~'*181930-32
and in a recent comprehensive literature review of NUSI
variants by Williams et al, it was found that across
21 reported cases of NUSI heterozygous pathogenic vari-
ants movement disorders were described in all cases with
multifocal myoclonus, tremor, and mild ataxia being com-
monly observed.'® Similarly, movement disorders were
reported in 80% of previously described 6q deletion

16
syndromes.

Brooker et al: Case Series of NUS1-Related Neurologic Disorders

Given the complex and heterogenous neurologic
phenotype observed in our series, NUSI should be
broadly considered on the differential diagnosis of myoclo-
nus syndromes, for which the clinical picture involves
myoclonus in isolation or in combination with other
movement disorders and/or epilepsy. NUSI-related disor-
ders can present with childhood onset of myoclonus and
dystonia, and thus may have overlapping clinical features
with classic myoclonus dystonia syndrome (MDS) due to
variants in the epsilon sarcoglycan (SGCE) gene or MDS
caused by variants in other genes, such as ADCY5,
KCTDI17, and KCNN2.%>* There are notable differences
between classic MDS and the neurologic phenotypes
observed in our NUSI cohort, however, particularly the
frequent presence of intellectual disability and epilepsy.
NUSI mutations should be considered when a patient
with myoclonus and dystonia presents with additional fea-
tures not typically associated with MDS, including devel-
opmental delays, intellectual disability, seizures, pyramidal
tract signs, or other movement disorders, such as ataxia
and parkinsonism. Furthermore, myoclonus caused by
SGCE mutations is thought to be subcortical in ori-

3334 Conversely, in our NUSI cohort, there is evi-

gin.
dence to suggest that myoclonus may be predominantly of
cortical origin, including the tendency for myoclonus to
localize to the distal upper limbs and face, as well as the
demonstration of EEG correlate to myoclonic jerks in a
subset of cases. In addition to myoclonus and dystonia
phenotypes, a combination of myoclonus and cerebellar
ataxia was commonly observed in our cohort, and thus
NUS1-related disorders may also share clinical features
with progressive myoclonus ataxia (PMA) syndromes
related to variants in CS7B, GOSR2, KCNCI, among
many others.”

Given the frequent combination of developmental
delays and intellectual disability in combination with epi-
lepsy in our cohort, NUSI variants should be considered
in the differential diagnosis of individuals presenting with
DEE. Epilepsy in NUSI-related neurologic disorder may
present similarly to a variety of DEE syndromes including
Lennox—Gastaut and Myoclonic-atonic epilepsy. NUSI-
related disorders can also present as a PME syndrome and
thus may mimic PME due to Unverricht-Lundborg dis-
ease, Lafora disease, and neuronal ceroid lipofuscinoses.
Given the broad spectrum of neurologic phenotypes, test-
ing for a NUS-related neurologic disorder should be con-
sidered in any patient with intellectual disability and
childhood onset epilepsy and/or movement disorders with
a static or slowly progressive course. NUSI whole gene
deletions can be identified via chromosomal microarray
but whole exome or whole genome sequencing is

35UBD1 7 SUOWILLIOD) BAIRR.ID 3jqeat|dde ay) Aq pausenoh afe sapile YO ‘9N JO s3I 10§ Afeiq T UIUQ AB]IAN UO (SUO I} PUOI-pUe-SWLB) W' AB| 1M Ae.q 1 pu[UO//SA1Y) SUOIIPUOD pue SWid | Y3 89S *[G202/L0/9T] Uo Ariqi auluQ A3 1A\ ‘Wwniuazsbunyasio4 Sayosine@ UBLOUSN Al WNUSZ Z} oYW RH Aq Z/2/2eue/z00T OT/Iop/wod A8 m:AReiqpuljuo//:sdny Wwoly papeo|umoq ‘0 ‘6v28TEST



ANNALS of Neurology

indicated to evaluate for pathogenic truncating, splice site,
or missense variants.

Recently, Williams et al reported on overlapping
neurologic phenotypes observed in cases with DHDDS
and NUS! variants, highlighting the converging mecha-
nism of loss of function of these genes.'® The 5 NUSI
cases from this series are included in our cohort (cases
#22-26) and the 3 DHDDS cases described by Williams
et al notably had a comparable phenotype, including intel-
lectual disability, epilepsy in 2 of the 3 cases, and multiple
movement disorders, with myoclonus present in all
3 cases.'® Despite the similarities between these disorders,
there are some distinctive traits between DHDDS and
NUSI-related disorders. For instance, DHDDS cases
described by Galosi et al,'” seem to experience higher fre-
quency of refractory seizures compared with NUSI cases
and a more pronounced progressive course compared to
patients with NUSI. Furthermore, facial dysmorphisms
reported in the DHDDS group were only observed in a
small number of NUSI cases. DHDDS and the Nogo-B
receptor, the protein encoded by NUSI, together consti-
tute the cis-prenyltransferase enzyme which is located on
the endoplasmic reticulum and mediates dolichol biosyn-
thesis, a lipid critical for the process of protein
N-glycosylation. Therefore, the synergistic activity of the
Nogo-B receptor and DHDDS in mediating dolichol bio-
synthesis provides a clear mechanistic explanation for the
overlapping phenotypes seen in DHDDS- and NUSI-
linked neurodevelopmental disorders. Given the role of
NUSI in regulating protein N-glycosylation, the patho-
genic effects of variants in this protein likely involve
impaired glycosylation of substrate proteins and therefore
identification of key substrates mediating pathogenesis is
an important area of further investigation.

Pathogenic variants in NUSI have previously been
demonstrated to reduce lysosomal protein NPC2 levels,
likely due to abnormal glycosylation of NPC leading to
increased intracellular cholesterol accumulation.” Notably,
in their cohort of cases with pathogenic DHDDS variants,
Galosi et al'> demonstrated pathological evidence of lyso-
somal dysfunction of lipid processing with abundant lipid-
like material in cutaneous myelinated fibers and Schwann
cells.!”” Furthermore, functional investigation of NUSI
loss of function in a zebrafish model revealed lysosomal
cholesterol accumulation and lysosomal proteolytic
deficits,"* and a loss of function variant of the NUSI
homolog in drosophila similarly showed cholesterol accu-
mulation particularly in dopaminergic neurons.’® These
findings suggest that therapies targeting cholesterol accu-
mulation could potentially be beneficial in NUSI-related
neurologic disorders.

10

Lysosomal dysfunction is also an important compo-
nent of disease pathogenesis in Parkinson’s disease
(PD) and other neurodegenerative forms of parkinsonism.
Interestingly, 6 of our cases demonstrated parkinsonism
and in 1 of these cases there was confirmed evidence of
nigrostriatal degeneration on DaTScan. The NUSI gene
has recently been identified as a potental candidate
gene for early onset PD with functional studies in dro-
sophila demonstrating a significant reduction in dopami-
nergic neurons and total dopamine levels in the brain.*”*®
However other studies have found contradictory results
with analysis of NUSI variants in Chinese cases finding
no association between NUSI and PD in 2 studies.’”*
Similarly, analysis of European populations did not dem-
onstrate an enrichment of rare damaging NUSI variants
in PD cases.”! Interestingly, one recent study found
reduced levels of soluble Nogo-B in the serum of PD cases
compared with controls.*?

In our case series, NVUSI missense mutations did not
cluster in any specific protein domain and no genotype—
phenotype correlations were identified. Notably, even
cases with identical pathogenic variants demonstrated sig-
nificant variability in phenotype. For example, cases #23
and #33 had an identical NUSI duplication variant but
had divergent phenotypes with case #23 displaying mild
intellectual disability and multiple prominent movement
disorders (myoclonus, dystonia, and parkinsonism) but no
seizures, whereas case #33 had normal cognition, myoclo-
nus, and epilepsy. Similarly, cases #36 and #37 had the
same NUSI c.868C>T missense variant with case #37
having severe intellectual disability, whereas case #36 only
had mild intellectual impairments. Of the 7 cases in our
series with NUSI whole gene deletions, some had epilepsy
whereas others did not. The reason for the high degree of
phenotypic variability across the cohort, even between
individuals with identical variants, is unknown, but
because loss of function of NUSI likely leads to impaired
protein glycosylation there may be additional genetic
modifiers that can influence the impact of impaired
glycosylation of different protein substrates, perhaps in a
cell-type-dependent manner. More specifically, given the
evidence that NUS! variants may result in impairments in
lysosomal lipid processing,®® individuals who harbor addi-
tional genetic variants linked to lysosomal dysfunction
may be theorized to be prone to a more severe phenotype.

Although the NUSI gene is expressed equally
throughout the central nervous system,” brain imaging
and histopathology have demonstrated diffuse cortical
and/or cerebellar involvement, particularly involving the
vermis.”**> Mild global cortical atrophy or cerebellar ver-
mian atrophy were also noted in a subset of our cases.
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Notably ataxia was a common clinical feature, particularly
gait ataxia with impairment in tandem gait, consistent
with cerebellar vermian dysfunction. We hypothesize that
myoclonus in NUSI variants is likely to be cortical in ori-
gin, as highlighted by recent neurophysiologic characteri-
zation of NUS1-related myoclonus,®*” and the clinical
characteristics of myoclonus in our series were consistent
with cortical myoclonus as well. Ataxia and intention
tremors on the other hand are likely to be cerebellar in

origin.

Conclusions

Our findings confirm that heterozygous NUSI variants
are a cause of epilepsy and DEE and provide a compre-
hensive overview of the complex neurological phenotypes
observed in individuals with NUS1 variants. We observed
a broad spectrum of movement disorders, including fre-
quent occurrence of myoclonus, tremors, and ataxia with
variable involvement of dystonia and parkinsonism.
Future functional studies are indicated to explore whether
NUSI variants may lead to abnormal lysosomal function
due to abnormal glycosylation and maturation of NPC2.
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