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CASE REPORT

A severe case of GNAO1-related disorder
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Abstract

Introduction: GNAO7-related disorder or GNAO1-associated epileptic encephalopathy and movement disorder, is a rare
neurodevelopmental group of disorders that manifests at a pediatric age with seizures, movement disorder and development
delay. Case report: We report the case of a previously healthy female infant who initiated seizures at two months of age.
Developmental delay and movement disorders gradually emerged at five months of age. An epilepsy WES-based NGS panel
revealed a heterozygous pathogenic variant (c.607G>A p.(Gly203Arg)) in the GNAO1 gene. At the age of three, the patient
suffers daily seizures, has dyskinesia, global hypotonia, poor interaction and does not communicate verbally.
Discussion: GNAO1-related disorder should be considered in patients with global developmental delay, hypotonia, epilepsy
and/or movement disorder. Despite there being few reported long-term outcomes, this variant appears to be severe and has
a poor prognosis. Early recognition is important for adequate multidisciplinary and family management.
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Um caso grave de disturbio relacionado ao GNAO1

Resumo

Introducao: A GNAO1-related disorder ou GNAO1-associated epileptic encephalopathy and movement disorder, € um grupo
raro de perturbagdes do neurodesenvolvimento que se manifesta em idade pediatrica com crises epiléticas, doenca de mov-
imento e atraso do desenvolvimento. Caso clinico: Relata-se o caso de uma crianga do sexo feminino, previamente saudavel,
que iniciou convulsées aos dois meses de idade e atraso no desenvolvimento e perturbagdes do movimento aos 5 meses
de idade. O painel NGS baseado em WES para epilepsia revelou uma variante patogénica em heterozigética (c.607G>A
p.(Gly203Arg)) no gene GNAO1. Aos 3 anos de idade, mantém convulsdes didrias, apresenta discinesia, hipotonia global,
escassa interagdo e auséncia de linguagem. Discussao: A encefalopatia. GNAO1 deve ser considerada em doentes com
atraso global do desenvolvimento, hipotonia, epilepsia e/ou perturbagdo do movimento. Apesar de poucos relatos, esta vari-
ante parece ser grave e de mau prognostico. O reconhecimento precoce é importante para adequada abordagem multidisci-
plinar e familiar.

Palavras-chave: Epilepsia. Disturbio do movimento. Atraso no desenvolvimento. Mutagées em GNAO1. Relato de caso.
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Keypoints

What is known

— Clinicians should consider a GNAO1-related disorder in pa-
tients with global developmental delay, hypotonia, epilepsy
and/or movement disorder.

— GNAOf1-related disorder has a considerable phenotypic
spectrum, in relation to the specific pathogenic variants in
the GNAO1 gene.

— Affected families should receive reproductive genetic coun-
selling to understand the implications for future pregnancies,
including the potential presence of gonadal mosaicism,
which could affect the transmission of genetic variant.

What is added

— Next-generation sequencing technologies offer hope in the
diagnosis to many patients with cryptogenic encephal-
opathies.

— The ¢.607G>A variant in GNAO1-related disorders is linked
to a severe phenotype of global developmental delay, hypo-
tonia, epilepsy and movement disorder.

— Early recognition and diagnosis support informed deci-
sion-making, help to manage parental expectations and
guide supportive care.

Introduction

Reported for the first time in 2013, GNAO1-related
disorder or GNAO1-associated epileptic encephalopa-
thy and movement disorder, is a rare neurodevelop-
mental group of disorders that manifests in childhood
or, more rarely, in early adulthood and is caused by
autosomal dominant variant in the GNAO1 gene'-2. The
majority of cases are associated with de novo autoso-
mal variant although gonadal mosaicism has also been
reported®*.

The GNAO1 gene encodes the o subunit of the gua-
nine nucleotide-binding protein (Gao), a heterotrimeric
G protein family, together with a p and y subunit. This
protein plays a crucial role in signal transduction and
is essential for G protein-coupled receptor (GPCR)
function'. The Gao subunit is responsible for binding
guanine nucleotides (GDP and GTP) and interacting
with GPCRs to mediate cellular signaling®. Gao there-
fore participates in regulating neuronal excitability and
neurotransmission and has been shown to be essential
for nervous system development and functionality®"®,

Different molecular mechanisms have been pro-
posed to explain GNAO1-related disorders. A well-sub-
stantiated model proposes that the majority of variants
show loss of function in the transmission of GPCR
signals due to distinct mechanisms that affect the G
protein cycle, including impaired downstream protein
binding and signaling. Additionally, some variants have
also shown dominant-negative effects that interfere
with the function of normal Gao. These are two identi-
fied mechanisms responsible for the disruption of
GPCR signaling®.

GNAOT1 variant were first reported in association with
early-onset epileptic encephalopathy syndromes®.
Since the first reports, a series of patients have been
reported to have severe movement disorder as a prom-
inent manifestation in association with developmental
delay'®. GNAO1-related disorder is thus responsible for

multiple neurologic manifestations of varying severity,
including neurodevelopmental delay, movement disor-
der and/or epilepsy.

One of the most severe variants described to date is
€.607G>A, producing the Gao [G203R] protein vari-
ant'’. As of March 2025, 23 cases with this variant had
been described worldwide''%'>?, Reported cases
include early-onset epileptic seizures, severe move-
ment disorder, developmental and intellectual delay as
well as brain malformations (Table 1). Other variants
(i.e., c.644G>A) seem to produce much milder clinical
outcomes, mostly late-onset hyperkinetic movement
disorder™.

In patients with GNAO1 variant and epilepsy, no spe-
cific electroencephalogram (EEG) pattern has been
described; rather, features are concordant with an epi-
lepsy phenotype (for example, hypsarrhythmia in cases
of infantile spasms or focal epileptiform discharges in
focal seizures)®®. Seizures can be controlled to some
degree with anti-seizure medications (ASM), although
multiple drugs are often required. A 100% seizure
reduction has been reported with perampanel in a
small case series, thus supporting its administration in
these patients. These findings warrant further investi-
gation into the mechanism of GNAO1 and glutamate
transmission to explain the therapeutic results with
perampanel’.

Among patients with movement disorders, tetra-
benazine has been appointed the most effective drug®.
Responses have also been reported with trihexyphe-
nidyl, topiramate and levetiracetam, the latter partici-
pating in the suppression of both movement disorders
and epilepsy. In drug refractory movement disorders,
deep brain stimulation targeting the globus pallidus
appears to be an effective treatment despite there not
being substantial data on long-term sustained effi-
cacy?”'3. Interestingly, dietary zinc salt supplementa-
tion in a Drosophila model of GNAO1-related disorder
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Table 1. GNAO1-related disorder: p.Gly203Arg (c.607G>A)-phenotype correlations

Nakamura et al. (2013)’

Saitsu et al. (2016)

Thiel et al. (2023)"

Arya et al. (2017)"

Schorling et al. (2017)"®

Xiong et al. (2018)'¢

Graziola et al. (2021)"”

Lee et al. (2021)'®

Yang et al. (2021)"°

Krygier et al. (2022)°

Liu et al. (2022)*

Dominguez-Carral et al.

(2023)%

Gambardella et al.
(2023)%

Li et al. (2023)*

Number of

patients

‘|T

1*

Focal seizure (tonic upgaze),
tonic seizure at 5 years.
Intractable (several times per
day)

Tonic-clonic seizures at 7
days. Complex partial
seizures. Intractable seizures

Focal and generalised
seizures

Generalized-onset seizures

Different

types of seizures: spasm like
tonic seizures

with turning to either side

Focal motor seizures

Focal seizures

Unknown

Focal seizures

Bilateral focal seizures. Reflex
seizures in the form of
epileptic spasms with flexing
of the trunk, loss of
awareness, and generalized
stiffness

Focal seizures, epileptic
spasm

1: Unknown form of epilepsy
in neonatal period

2: Daily seizures

3: No epilepsy

Focal seizures

Focal seizures, generalized
tonic clonic seizure, status
epilepticus

“Deceased at the age of 12 months due to severe pneumonia.

"Deceased at the age of 10 months due to milk choking and asphyxia.
*Deceased at the age of6 four years due to exacerbation of dystonia that was triggered by infection, lasting for hours to days, ending up in dystonic state with rising
creatine kinase and renal failure causing multiple organ dysfunction and death.

chorea, athetosis

Severe chorea

Focal, multifocal and
generalised dystonia,
paroxysmal chorea,

hyperkinetic crisis, myoclonus

Severe chorea

Opisthotonus as well as
episodes of dyskinetic
movements

Spasm and tonic spasm

Generalized dystonia

Intractable dystonia

Dystonia

Generalized chorea

No movement disorder
described

All with choreodystonia

Chorea and dystonia

Chorea and dystonia

Clinical characteristics

Opisthotonic posture, severe

Developmental delay

Developmental delay at
7 months

Intellectual disability,
motor developmental
delay

No milestones
reached

Severe global
developmental delay

Severe intellectual
disability and motor
developmental delay

Severe global
developmental delay

Significant
developmental delay,
with severe language
impairment and poor
motor development

Profound psychomotor
retardation

Global developmental
delay

Global developmental
delay

Global developmental
delay

Global developmental
delay (all 3 with no head
control; 1: absent
language development,
2: babbling, 3: guttural
sounds)

Severe global
developmental delay

Severe global
developmental delay
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Figure 1. Initial electroencephalogram. Bilateral centrotemporal paroxysmal activity, which was more intense in the
right-hand hemisphere, and sporadic broad frontal spikes. There are some episodes of flattening of baseline
electrogenesis, lasting two to four seconds, but with no criteria for a burst-suppression pattern.

demonstrated motor function restoration and longevity
of mutant flies, revealing a potential therapy for patients
with one of the three variants studied (Gly203Arg,
Glu246Lys and Arg209Cys)?S.

Despite available therapies showing some efficacy in
controlling epilepsy and movements disorders, no drug
seems to be able to mitigate developmental delay’®.

Case report

We report the case of GNAO1-related disorder, diag-
nosed in a Portuguese patient in 2021, caused by the
€.607G>A variant, producing the Gao [G203R] protein
variant.

We report the case of a female infant with non-con-
sanguineous healthy parents, born after an uneventful
gestational period, except for a history of insulin-treated
gestational diabetes and oligohydramnios. Pregnancy
screenings were normal and the child was born at 37
weeks and 6 days, with an APGAR score of 8/10 and
appropriate somatometry at birth.

The infant revealed appropriate development and
unremarkable health until the age of two months,
when she was taken to the Pediatric Emergency
Department presenting with generalized tonic seizures
with fixed gaze and facial flushing, followed by a cycli-
cal screaming cry lasting two to three minutes, and
focal aware clonic seizures of the right upper limb

followed by a cyclical screaming cry lasting two min-
utes. Characteristic crying was observed in the
Emergency Department (Video 1). On admission, the
infant was apyretic and the general examination was
unremarkable.

An interictal EEG revealed bilateral centrotemporal
paroxysmal activity, which was more intense in the
right-hand hemisphere (Fig. 1). A brain magnetic reso-
nance (MR) with spectroscopy was unremarkable. The
cerebrospinal fluid composition and pressure were
within reference ranges. Blood tests were normal,
including blood gas tests. Empirical therapy with cefo-
taxime, vancomycin and acyclovir was given, and leve-
tiracetam was initiated. While receiving levetiracetam,
the patient developed episodes of right-sided eyelid
myoclonia together with focal aware clonic seizures of
the right upper limb (Video 2), prompting the initiation
of phenobarbital. A trial with pyridoxine, pyridox-
al-5-phosphate and folinic acid was also initiated, with
no clinical or EEG improvement.

Further etiologic testing, including serum screening
for herpes family viruses and blood cultures, were all
negative. Thyroid function was normal. The neonatal
screening program, via blood spot tandem mass spec-
trometry, was negative. Further investigation of meta-
bolic defects, with testing of urine organic acid, free
total carnitine and plasma acylcarnitine profiles, was
normal.
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After starting levetiracetam (40 mg/kg/day) and phe-
nobarbital (5 mg/kg/day), there was no recurrence of
seizures and the child maintained good vitality,
spontaneous and symmetrical motor activity and ade-
quate muscle tone and reflexes. The patient was dis-
charged after 17 days and referred to a neuropediatric
consultation.

Given the unclear etiology after the initial workup, a
targeted gene panel sequencing for epilepsy (WES-
based NGS panel for 596 genes, including CNV anal-
ysis) was requested and revealed a heterozygous
pathogenic variant (c.607G>A p.(Gly203Arg)) in gene
GNAO1, confirming a genetic cause for the patient’s
manifestations. The parents’ genetic screening for the
variant was negative, suggesting a de novo mutation
in our patient.

At five months of age, developmental delay ensued.
It initially manifested with poor cephalic control and
rapidly progressed to global hypotonia. At eight months
of age, more severe motor dysfunction was present
with frequent chorea-like movements, evolving to fre-
quent dystonic opisthotonus episodes at twelve months
of age, with only a partial response to pharmacotherapy
with trihexyphenidyl. These involuntary movements
were responsible for complicated feedings and led to
frequent choking, leading to a gastrostomy at the age
of 24 months. The patient was able to babble until she
was one year old. However, she never advanced further
in language. Constipation became a persistent issue at
nine months of age, with the need for daily therapy with
laxatives. Maintenance insomnia also became an
issue, with the need for pharmacotherapy at bedtime.

The patient is currently aged three and a half and is
medicated with clonazepam (1.2 mg/day, 0.1 mg/kg/day,
at night), trihexyphenidyl (9 mg/day, three times/day)
and tetrabenazine (10 mg three times/day, 3 mg/kg/day)
for treatment of abnormal movements. She has a pau-
city of movements and mild dyskinesia despite medica-
tion. Epilepsy control has been challenging despite the
use of five anti-epileptic drugs (levetiracetam 50 mg/kg/
day, twice/day; topiramate 10 mg/kg/day, twice/day;
oxcarbazepine 30 mg/kg/day, twice/day; gabapentin 100
mg, three times/day and perampanel 4 mg/day, at
night). Neurogenic bladder with detrusor sphincter dys-
synergia and bladder wall thickening, motivated long-
term catheterization and therapy with diazepam (0.4
mg/kg/day, three times/day) and oxybutynin (0.4 mg/kg/
day, twice/day).

The child currently maintains generalized tonic sei-
zures of all four limbs, associated with nystagmus and
guttural noises, lasting around one minute, with eight
to 10 episodes per day. She has very poor interaction

and functional eye contact and does not communicate
verbally. The child reveals oral and limb dyskinesias, a
significant paucity of movements and is globally hypo-
tonic. Feeding via a gastrostomy button has allowed
nutrition, with ponderal evolution in the third percentile
and length in the 15th percentile (according to WHO
growth curves). Multiple respiratory infections have
motivated six hospital admissions in the most recent
year, with progressive gain of resistance to antibiotics
and chronic colonization to Pseudomonas aeruginosa.
Multiple periods of inconsolable crying and irritability
justified starting treatment with buprenorphine (cur-
rently with 17.5 mcg/dose, 72/72 h), allowing for a better
control of understandable discomfort.

Discussion

This patient’s age at onset and clinical manifestations
were consistent with a form of early-onset epileptic
encephalopathy. These syndromes result from identifi-
able primary causes, such as structural, neurodegen-
erative, metabolic, or genetic defects®. Next-generation
sequencing technology has revolutionized our ability to
sequence DNA at the whole exome level and numerous
studies in epilepsy genetics have successfully identified
an increasing number of genetic causes®'. The number
of cases with GNAO1 variant is expected to rise thanks
to an increasing number of variants identified and as
further sequencing of patients with cryptogenic enceph-
alopathies is performed®.

Complete pathophysiologic mechanisms underlying
this disorder are yet to be elucidated, but variant in
GNAO1 and other G-protein subunits in early-onset
movement disorders support the notion that disruption
of the G protein GPCR pathway axis is a key contributor
to the pathophysiology of movement disorder®. Impaired
modulation or transduction of transmembrane signaling,
presynaptic autoinhibitory effects and altered neuronal
excitability are all putative disease mechanisms that
might explain the co-occurrence of multiple neurologic
manifestations such as epilepsy and movement disor-
der®. Despite distinct behavioral and clinical manifesta-
tions between different GNAO1 variants, the widespread
occurrence of neurodevelopmental abnormalities sug-
gests a shared defect among most GNAO1 variants. At
later stages, the different variants deviate from each
other into different phenotypes, suggesting that the
Gao-controlled biochemical/physiological processes
continue to be affected differently for each variant
postnatally™.

Previously published case reports of the ¢.607G>A
variant describe early-onset, sometimes days after
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birth, epileptic seizures, motor dysfunction, develop-
mental delay and intellectual disability. The case we
report has a similar phenotype to those previously
described. As seen in this patient, the initial brain MR
is usually normal, but delayed myelination, thin corpus
callosum and progressive cerebral, cerebellar and
brainstem atrophy may develop at later stages®®.

The current incomplete understanding of the under-
lying pathophysiology has made treatment strategies
hard to develop. Since no curative treatments are avail-
able, treatment is aimed at relieving individual symp-
toms, mostly with mild and temporary relief, as
observed in this patient.

Timely identification allows healthcare providers to
tailor interventions that address specific symptoms and
improve the child’s quality of life. Additionally, it enables
families to access appropriate resources, genetic coun-
seling and potential clinical trials.

Dava availability

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.

Author contributions

P. Sousa: Conceptualization; K. Gouveia de Freitas, F.
Caldeira, A. Forno: Data collection and analysis; K. Gouveia
de Freitas, A. Forno: Drafting of the manuscript; P. Sousa,
A. Forno, F. Caldeira: Critical review of the manuscript; A.
Forno and P. Sousa: Final approval of the article.

Funding

None.

Conflicts of interest

None.

Ethical considerations

Protection of humans and animals. The authors
declare that no experiments involving humans or animals
were conducted for this research.

Confidentiality, informed consent, and ethical
approval. The authors have followed their institution’s confi-
dentiality protocols, obtained informed consent from patients,
and received approval from the Ethics Committee. The SAGER
guidelines were followed according to the nature of the study.

Declaration on the use of artificial intelligence.
The authors declare that no generative artificial intelligence
was used in the writing of this manuscript.

References

1.

20.

21.

22,

23.

24,

25.

Nakamura K, Saitsu H, Matsumoto Y, Tohyama H, Matsumoto N, lwama
K. De novo variant in GNAO1, encoding a Gao subunit of heterotrimeric
G proteins, cause epileptic encephalopathy. Am J Hum Genet.
2013;93(3):496-505.

. Wang D, Kim H, Li B, Zhang P, Deng HX, Siddique T. Genetic modeling

of GNAOT1 disorder delineates mechanisms of Gao dysfunction. Hum Mol
Genet. 2022;31(4):510-522.

. Ananth AL, Mithal DS, Basinger TB, Zobeck M, Fisher PS, Porter BE.

Clinical course of six children with GNAO1 variant causing a severe and
distinctive movement disorder. Pediatr Neurol. 2016;59:81-84.

. Al Masseri Z, AlSayed M. Gonadal mosaicism in GNAO1 causing neu-

rodevelopmental disorder with involuntary movements; two additional
variants. Mol Genet Metab Rep. 2022;31:100864.

. Savitsky M, Popovitchenko A, Khabarova L, Zaitseva N, Belyavsky A,

Frolov S. Humanization of Drosophila Gao to model GNAO1 paediatric
encephalopathies. Biomedicines. 2020;8(10):395.

. Danti FR, Vavassori C, Polli A, Vanni I, Chiapparini C, Zuffardi S, et al.

GNAO1 encephalopathy: Broadening the phenotype and evaluating treat-
ment and outcome. Neurol Genet. 2017;3(2):e143.

. Solis GP, Katanaev VL. Gao (GNAO1) encephalopathies: plasma mem-

brane vs. Golgi functions. Oncotarget. 2017;9(35):23846-23847.

. Bromberg KD, Ma’ayan A, Neves SR, Fitzpatrick DE, Li ML, lyengar R.

Regulation of neurite outgrowth by G(i/o) signaling pathways. Front
Biosci. 2008;13:4544-4557.

. Muntean BS, Li Y, Neary AJ, Lin X, Cui Y, Tao YX, et al. Goo is a major

determinant of cAMP signaling in the pathophysiology of movement
disorders. Cell Rep. 2021;34(5):108718.

. Saitsu H, Fukai R, Ben-Zeev B, Sakai Y, Mimaki M, Okamoto N, et al.

Phenotypic spectrum of GNAO1 variants: epileptic encephalopathy to
involuntary movements with severe developmental delay. Eur J Hum
Genet. 2016;24(1):129-134.

. Silachev DN, Plotnikov EY, Zorova LD, Pevzner IB, Postnikova GB,

Skulachev VP, et al. Mouse models characterize GNAO1 encephalopathy
as a neurodevelopmental disorder leading to motor anomalies: from a
severe G203R to a milder C215Y mutation. Acta Neuropathol Commun.
2022;10(1):9.

. Novelli M, Travaglini L, Terribili M, Castorina P, lodice A, Zara F, et al.

GNAO1-related movement disorder: an update on phenomenology, cli-
nical course, and response to treatments. Parkinsonism Relat Disord.
2023;111:105405.

. Thiel M, Burglen L, Blaschek A, Mihlebner A, Mastrangelo M, Lemke

JR, et al. Genotype-phenotype correlation and treatment effects in young
patients with GNAO1-associated disorders. J Neurol Neurosurg Psychia-
try. 2023;94(10):806-815.

. Arya R, Srivastava S, MacTaggart H, Scott Schaefer G, Patel A, Ryan

T, et al. GNAO1-associated epileptic encephalopathy and movement
disorders: ¢.607G>A variant represents a probable mutation hotspot with
a distinct phenotype. Epileptic Disord. 2017;19(1):67-75.

. Schorling DC, Dietel T, Mertins J, Wegner F, Mercimek-Mahmutoglu S,

Abicht A, et al. Expanding phenotype of de novo variant in GNAO1: four
new cases and review of literature. Neuropediatrics. 2017;48(5):371-377.

. Xiong J, Wang Y, Song N, Liu M, Zhang Y, Liu W, et al. [Clinical features

of a child with GNAO1 gene mutation: a case report and literature review].
Zhongguo Dang Dai Er Ke Za Zhi. 2018;20(2):154—157.

. Graziola F, Mastrangelo M, Giambruno S, Cordani R, Cossu D, Di Rosa

G, et al. Cognitive assessment in GNAO1 neurodevelopmental disorder
using an eye tracking system. J Clin Med. 2021;10(16):3541.

. Lee J, Hwang S, Lee MJ, Park S, Jeong SY, Cho SY, et al. Genomic

analysis of Korean patient with microcephaly. Front Genet. 2021;11:543528.

. Yang X, Xiao J, Lu Y, Feng J, Jiang Y, Lin J, et al. Phenotypes of GNAO1

variants in a Chinese cohort. Front Neurol. 2021;12:662162.

Krygier M, Grzybek M, Solecka E, Krélicka-Derggowska A, Jurkiewicz E,
Gasiorek B, et al. Reflex seizures in rare monogenic epilepsies. Seizure.
2022;97:32-34.

LiuY, Yuan 'Y, Xie T, Yan H, Huang J, Zhang K, et al. Both subthalamic
and pallidal deep brain stimulation are effective for GNAO1-associated
dystonia: three case reports and a literature review. Ther Adv Neurol
Disord. 2022;15:17562864221093507.

Dominguez-Carral J, Estévez-Fraga C, Alonso-Gonzalez R, Farifia-Cas-
tifieiras J, Barreiro-Costa J, Pazos-Pérez C, et al. Severity of GNAO1-re-
lated disorder correlates with changes in G-protein function. Ann Neurol.
2023;94(5):987-1004.

Gambardella ML, Benigni M, Di Rosa G, Licchetta L, Mastrangelo M,
Mercuri E, et al. Visual function in children with GNAO1-related encepha-
lopathy. Genes (Basel). 2023;14(3):544.

Li Y, Liu J, Wang H, Chen Z, Zhang Y, Yang J, et al. Phenotypes in
children with  GNAO1 encephalopathy in China. Front Pediatr.
2023;11:1086970.

Yang QZ, Zhang YH, Liu C, Zhang N, Qian P, Gao L, et al. GNAO1-re-
lated neurodevelopmental disorder: literature review and caregiver sur-
vey. Epilepsy Behav Rep. 2022;21:100582.



26.

27.

28.

K. Freitas et al. Unraveling ¢.607G>A: a variant linked to a severe phenotype

Nissenkorn A, Ben-Shalom E, Watemberg N, Abou-Khalil B, Khurana DS,
Shellhaas RA, et al. Perampanel as precision therapy in rare genetic
epilepsies. Epilepsia. 2023;64(4):866-874.

Benato A, Bonanni P, Del Giudice E, Balottin U, Frattini D, Pinelli L, et
al. Long-term effect of subthalamic and pallidal deep brain stimulation for
status dystonicus in children with methylmalonic acidemia and GNAO1
mutation. J Neural Transm (Vienna). 2019;126(6):739-757.

Larasati YA, Fansa EK, Ma Y, Tan YQ, Muntean BS, Li Y, et al. Restoration
of the GTPase activity and cellular interactions of Gao mutants by Zn2+ in
GNAOT1 encephalopathy models. Sci Adv. 2022;8(40):eabn9350.

29.

30.

31.

32.

Feng H, Liao Y, Du R, Hu Y, Yu L, Cao Y, et al. A mechanistic review on
GNAO1-associated movement disorder. Neurobiol Dis. 2018;116:131-141.
Alam S, Lux AL. Epilepsies in infancy. Arch Dis Child. 2012;97(11):985-
992.

Nieh SE, Sherr EH. Epileptic encephalopathies: new genes and new
pathways. Neurotherapeutics. 2014;11(4):796-806.

Solis GP, Bilousov O, Koval A, Munderloh C, Z6rnig M, Blaess S, et al.
Pediatric encephalopathy: clinical, biochemical and cellular insights into
the role of GIn52 of GNAO1 and GNAI1 for the dominant disease. Cells.
2021;10(10):2749.



