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Objective: Pathogenic variants in GNAOT cause a spectrum of epilepsy, movement disorders, and developmental
impairment. Clinical heterogeneity complicates prognosis and therapeutic development. We present the first longitudi-
nal natural history study of GNAO1-related disorders (GNAO1-RD) to delineate phenotypic trajectories.
Methods: Sixty-six individuals with GNAO1-RD were included in a cross-sectional analysis. Of these, 21 were enrolled
in a prospective natural history arm (March 2021-December 2024), undergoing annual standardized evaluations with
validated clinical scales to monitor phenotypic progression.
Results: Our cohort exhibited broad phenotypic and severity variability. GNAO1-RD severity scores ranged from 0.5 to
13. Neurodevelopmental impairment varied: 45.5% lacked head control, whereas 22.7% achieved independent walk-
ing; and 65% had no expressive language. Movement disorders were nearly universal (95.5%), with dyskinetic crises in
54.5%. Epilepsy affected 51.5%, with different seizure types. Individuals carrying recurrent variants showed consistent
phenotypes and severity, supporting a genotype—-phenotype correlation reinforced by molecular functional data.
Molecular functional analysis for 20 of 31 missense variants correlated with severity scores. Longitudinal data from
21 patients in the natural history cohort showed overall stability or mild improvement across most functional domains.
No significant deterioration was observed in global severity, motor function, cognition, or quality of life. However,
severe patients experienced progressive worsening of movement disorder.
Interpretation: This largest GNAO1-RD cohort and first longitudinal natural history study provide insights into disease
progression. GNAOT-RD generally follows a non-degenerative course, showing stability or mild improvements over
time in cognition, language, adaptive skills, and motor function. Importantly, although global severity scores remained
stable overall, severe cases showed cumulative functional burden driven by progressive movement disorder, rather
than global neurodegeneration. Mortality occurred in a subset of patients because of complications from dyskinetic cri-
ses, infections, and epilepsy-related events. Genotype—-phenotype data and the GNAO1-RD severity score support
early risk stratification and personalized treatment development.
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NAOI gene was first related to developmental and epilepsy, accompanied by a broader spectrum of ID.>*”

epileptic encephalopathy (DEE) 17 (Online Mende-
lian Inheritance in Man [OMIM] 615473) by Nakamura
et al' in 2013. Individuals with DEE-17 typically exhibit
pronounced neurological impairments with severe psycho-
motor developmental delay and profound intellectual dis-
ability (ID), frequent movement disorders, epilepsy, and
the need for nutritional support.' Nevertheless, a sub-
group of individuals with variants in GNAOI displays a
phenotype in which the movement disorder, particularly
dystonia and dyskinetic crises, take precedence over the

Recognizing this variability, OMIM distinguished the fol-
lowing phenotypes related to GNAO!I variants: (1) DEE-17
(OMIM 615473) and (2) neurodevelopmental disorder with
involuntary movements (NEDIM) (OMIM 617493). The
expanding clinical case descriptions have revealed a spectrum
of disease severity, ranging across intermediate or even mild
clinical phenotypes,s_18 ultimately leading to the umbrella
term GNAOI-related disorders (GNAOI-RD). To date,
approximately 282 individuals have been reported world-
wide and more than 150 distinct variants—predominantly
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missense mutations—have been implicated in GNAOI-RD,
underscoring its genetic and phenotypic heterogeneity.'”

The GNAOI gene encodes the Gao subunit of neu-
ronal heterotrimeric G proteins, involved in transducing
signals from a wide range of G protein-coupled receptors
(GPCRs), including those for dopamine, GABA, acetyl-
choline, and opioids.zo‘21 On GPCR activation, Goo
binds to GTP and dissociates from the Gy subunits to
regulate downstream effectors, until it deactivates on
hydrolyzing GTP. Pathogenic variants in GNAOI disrupt
this signaling through diverse mechanisms: loss-of-func-
tion, dominant-negative, reduced expression and trimer
formation, and altered receptor interactions with GPCRs,
and other proteins, which contribute to variability in clini-
cal outcomes.”****** Notably, recent studies show that
although many variants reduce Goto expression, only the
impairments in its ability to localize to the plasma mem-
brane (PM) correlates with disease severity and with the
presence of seizures, suggesting that this parameter could
be used as a predictive biomarker for phenotypic stratifica-
tion."* Moreover, disruptions in interactions with the reg-
ulators of G protein signaling (RGS)—proteins that speed
up GTPase activity of Gao and GPy subunits—vary
among mutants and may also align with clinical severity.’
These mechanistic insights underscore the complexity of
GNAOI-RD and the importance of variant-level molecu-
lar characterization for prognosis and therapy.'®'¢2+%>
Although a few studies examined genotype—phenotype
correlation, 167182628 1 comprehensive natural history
data of GNAOI-RD is available. In this study, we analyzed
the clinical characteristics of 66 individuals with de novo
GNAOI pathogenic variants, 21 of whom underwent a stan-
dardized, in-depth longitudinal assessment over a 4-year fol-
low-up period. We characterized their clinical and molecular
features, incorporating the recently developed GNAOI-RD
severity score,” which permitted categorizing patients into
severity-based subgroups, considering the diverse clinical pre-
sentations of epilepsy, movement disorders, motor and lan-
guage development, and feeding difficulties.

Our study provides insights into the natural course
and phenotypic trajectories of GNAOI-RD. By integrat-
ing the GNAOI-RD severity score, we aim to precisely
delineate the nuances in severity among these individuals,
thereby enhancing our understanding of the heterogeneity
inherent to this disorder.

Patients and Methods

Ethical Approvals, Registrations, and Patient
Consent

This study was reviewed and approved by the Ethics
Committee of the Sant Joan de Déu Research Institute in

Barcelona, Spain (PIC-77-21 and PIC-150-23). Weritten
informed consent was obtained from the legal guardians
of all participants, in accordance with the principles of the
Declaration of Helsinki.

Study Design and Participant Ascertainment

A cross-sectional analysis was conducted using combined
data from the main study “Prospective and retrospective
study of phenotypic and genotypic characterization of
patients affected by GNAOI-related disorders” (PIC-
77-21) and the sub-study “Development and validation of
a severity score for GNAOI-related disorders and its
correlation with genotype and molecular mechanisms”
(PIC-150-23). A subset of participants was enrolled in the
prospective arm, designed to longitudinally assess pheno-
typic trajectories through a standardized protocol with
annual clinical evaluations. The cross-sectional cohort was
partly used to develop the GNAOI-RD severity score,’
and selected cases were previously reported,'*" or included
in the caregiver survey by Axeen et al."

Clinical Data Collection

Clinical data were collected for all individuals through
medical record review, supplemented with structured
interviews with families or caregivers when needed. Pro-
spective standardized evaluations were incorporated for the
longitudinal subset. Data included age at symptom onset
and diagnosis, neurodevelopmental milestones, epilepsy
and movement disorder characteristics, feeding and nutri-
tional status, current and past treatments, hospitalizations,
and neurophysiological and neuroimaging findings. Pro-
longed video-electroencephalography (EEG) monitoring
was performed in a subset of children and analyzed sepa-
rately for biomarker identification in a dedicated study.”
Likewise, brain magnetic resonance imaging (MRI) data
are the subject of an independent study on volumetric
and connectome alterations. Medication history was
obtained through detailed chart review and caregiver and
clinician reports. Although medication use was docu-
mented, specific information on positive or negative
responses to individual drugs was not systematically
collected.

Genetic Analysis

All individuals received a molecular diagnosis of GNAOI
variants as part of their routine clinical evaluation. The
genetic findings were obtained using 1 of the following
approaches: (1) targeted sequencing of the GNAOI gene,
(2) a multi-gene panel specific for DEEs, or (3) whole

exome sequencing.
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Molecular Functional Analysis and Experimental

Measurement Score

Missense GINAO1 variants underwent molecular character-
ization using bioluminescence resonance energy transfer
(BRET)-based assays, as previously described by Domi-
nguez-Carral et al.” Further details on these molecular
assays, as reported in that study, are provided in the
Supplementary Material. This methodology enabled the
evaluation of 5 functional parameters: Goo expression,
heterotrimer  formation, loss-of-function, dominant-
negative activity, and receptor interaction. Each parameter
was scored from 0 to 3, where 0 represented values com-
parable to wild-type and 3 indicated the most pronounced
deviation. These scores were integrated into a compo-
site  experimental measurement score, ranging from
0 (no molecular impact) to 15 (maximum functional alter-
ation). This molecular severity scoring approach contrib-
uted to the genotype—phenotype analysis presented in this
study.

Statistical Analysis

Descriptive analysis summarized categorical variables as
frequencies and percentages, and numerical variables
as mean and standard deviation (SD) or median and inter-
quartile range, depending on distribution assessed QQ
plots. Natural history was studied with linear mixed
models, including age as independent variable and random
effects associated to subject ID to control for repeated
measures. Group differences (according to GNAOI-RD
severity score) and its interaction with age were also stud-
ied. Model assumptions (normality and homoscedasticity)
were evaluated using robust methods when the fit of the
models was inadequate. Significance was set at p < 0.05.
The analysis was performed in R v4.3., using /mned,
ImerTest, and robustlmm libraries. For graphical representa-
tion only, selected continuous variables were discretized
using data binning, grouping values into predefined inter-
vals to simplify the data, reduce noise, and facilitate visual-
ization while improving interpretability. These discretized
variables were not used in inferential analyses.

Longitudinal Clinical Assessments

Global Disease Severity

The recently developed GNAOI-RD severity score’ was
applied annually throughout the follow-up period. This
score evaluates 5 domains: epilepsy, movement disorders,
gross motor development, language development, and
feeding. The epilepsy and movement disorder components
consider frequency, intensity, associated falls or injuries,
and treatment. Total scores range from 0 to 13 and are
categorized into mild (0-3.9), moderate (4-7.9), or severe
(>8) disease severity. For individuals in the prospective

natural history cohort, mean scores across multiple time
points were used to determine overall severity category.

Movement Disorder Severity

Movement disorder severity was assessed longitudinally
using the Burke-Fahn-Marsden Dystonia Rating Scale
(BFMDRS), the Abnormal Involuntary Movement Scale
(AIMS), and the movement disorders domain of the
GNAOI-RD severity score. Assessments combined video
recordings and direct clinical observations performed by a
single experienced movement disorder specialist, without
altering ongoing treatments, and included evaluations dur-
ing rest and voluntary movement. Potential confounders
(eg, hypotonia or speech limitations) were considered
when assigning regional BEMDRS scores. The most severe
abnormal movements observed were scored. Dyskinetic
crises were explicitly incorporated into the movement dis-
order domain of the GNAOI-RD severity score and rated
according to frequency, intensity and duration, associated
injuries, and treatment requirements. Therefore, dyski-
netic crises contributed directly and substandially to the
overall severity score rather than being analyzed as a sepa-
rate feature. These crises were defined as sudden, paroxys-
mal exacerbations of abnormal involuntary movements,
differing in pattern, or intensity from baseline, with pre-
served awareness and environmental responsiveness, and
easily identified by caregivers. This definition follows the
guidelines provided by the recently published Delphi

30
consensus.

Epilepsy Severity

Epilepsy severity was measured using the epilepsy domain
of the GNAOI-RD severity score. Seizure types were clas-
sified in accordance with the International League Against
Epilesy (ILAE) guidelines.”'

Motor Function

Motor development and function were assessed longitudi-
nally using 2 complementary tools: the Gross Motor
Function Measure (GMFM-88) and the Motor Skills sub-
domain of the Vineland Adaptive Behavior Scales (VABS).

Adaptive Functioning

Adaptive functioning was measured using the Vineland
Adaptive Behavior Composite (VABC). Both standard
scores and raw scores were analyzed. Although standard
scores provided an age-normed overview of adaptive func-
tioning, raw scores were used to track intra-individual
changes over time. The VABC raw score was derived by
summing the raw scores from the communication, daily
living skills, socialization, and motor skills subdomains to

generate a COHlPOSitC measure.
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Cognitive, Communication, and Socialization
Development

Cognition was assessed using the cognitive domain of the
Bayley Scales of Infant and Toddler Development, third
edition (Bayley-IIT). Communication was evaluated using
both the communication subdomain of the VABS and the
expressive and receptive language subscales of the
Bayley-I1I. Socialization was assessed through the socializa-
tion subdomain of the VABS. It is recognized that some
of these developmental instruments have floor effects in
individuals with very low developmental functioning,
which may reduce sensitivity to detect further decline in
profoundly affected individuals. The Bayley-III was
administered across a broad age range. Scores obtained
beyond the instrument’s normative age limits were inter-
preted descriptively to support intra-individual longitudi-
nal comparison rather than normative developmental
benchmarking.

Daily Life Function
Daily functioning in everyday activities was evaluated
using the daily living skills subdomain of the VABS.

Quality of Life

Quality of life was assessed using the Pediatric Neuro-
Quality of Life upper and lower extremity function scales
(NeuroQL) and the total score of the Caregiver Priorities
and Child Health Index of Life with Disabilities
(CPCHILD).

Results

Data from 66 individuals with GNAOI-RD were evalu-
ated and analyzed, of whom 21 participated in the pro-
spective natural history study. Among the 21 patients,
9 underwent a single evaluation, 2 had 2 evaluations,
4 had 3 evaluations, and 6 had 4 evaluations. Over the
course of the study, 6 of 66 patients (9%) died because of
infections (3 of 6, 50%), exacerbations of dyskinetic crises
or status dyskineticus (2/6, 33%), or sudden unexpected
death in epilepsy (SUDEP) (1 of 6.17%), at a median age
of 4.2 years (range: 3-23).

Genetic Characteristics

Thirty-nine different GNAO! variants were identified in
the cohort, including 6 novel variants: ¢.631_633del,
c.823 T>G (p.F275V), ¢352G>A (p.E118K), ¢.909_
920dup, c.154C>A (Q52K) and c.164 T>G (I55S). Recur-
rent variants included p.G40R (P1, P38), p.T1821 (P4, P35,
P37), p.R209H (P7, P44), p.R209C (P14, P15, P35, P55,
P61), p.G203R (P11, P12, P13, P20, P22, P28, P39, P40,
P41, P62, P66), p.E237K (P16, P26, P29, P30, P42),
c.724-8G>A (P17, P34, P51), p.E246K (P24, P32),

¢723+1G>A (P36, P52), p.206Q (p43, P57), and
p-N76K (P31, P64). Table 1 summarizes the characteristics
of the genetic variants identified in the cohort, while
Table S1 provides a detailed description for reference.

Clinical Overview
Patient ages in the whole cohort (n = 66) ranged from
3 months to 25 years (mean, 9.2 & 5.9 years). In the nat-
ural history study subgroup (n = 21), mean age was
7.8 &£ 13.6 years at baseline and 9.3 £ 5.5 years at last
follow-up (range: 11 months to 21 years and 2 months).
Phenotypic characteristics demonstrated broad vari-
ability. Most patients exhibited early neurodevelopmental
impairments, although 2 reached typical developmental
milestones, 1 of them showing only autism spectrum
traits. Motor function varied widely: 15 of 66 (22.7%)
achieved independent walking and purposeful hand use,
whereas others had variable gross motor deficits: 30 of
66 (45.5%) had no head control, 12 of 66 (18.2%) had
acquired head control but were not able to sit, 2 of
66 (3%) were able to sit, and 7 of 66 (10.6%) were able
to walk with support. Expressive language was affected in
54 of 66 (82%), with 43 of 66 (65%) having no language
at all. Initial symptoms included motor delay or hypotonia
(36/66, 54.5%), epilepsy (19/66, 28.8%), and movement
disorders (8/66, 12.1%). Movement disorders were pre-
sent in all but 3 patients, predominantly dystonia (57/66,
86%) and chorea (42/66, 63.6%). The mean age at onset
of movement disorders was 2.37 & 3.26 years (range: 0—
14), with 50% of patients showing symptoms by
12 months of age. Dyskinetic crises occurred in 36 of
66 (54.5%), with a mean age at onset of 4.54 * 3.5 years
(range: 0-15.2), and 50% of cases presented by 3 years of
age (Fig 1A). This latency highlights that dyskinetic crises
emerge after initial movement disorder symptoms and
emphasizes the need for anticipatory clinical monitoring.
Pharmacological treatments had limited efficacy, and
17 of 66 (25.7%) patients underwent globus pallidus deep
brain stimulation with variable outcomes. Epilepsy
affected 34 of 66 (51.5%) of patients, with 28 of
34 (82.3%) being drug-resistant. The mean age at seizure
onset was 2,9 & 4.3 years (range: 0-17), with 50% of
affected patients presenting seizures by 2 months of age
(see Fig 1A). Seizure types were diverse and included focal
motor clonic seizures (11/33, 33.3%), bilateral clonic sei-
zures of unknown onset (11/34, 32.3%), focal non-motor
autonomic seizures (10/34, 29.4%), focal motor tonic sei-
zures (9/34, 26.4%), epileptic spasms (6/34, 17.6%), gen-
eralized non-motor or typical absence seizures (1/34, 3%),
and an isolated febrile seizure (1/34, 3%). Among those
with epileptic spasms and focal non-motor autonomic sei-
zures, 3 of 6 and 6 of 10 patients, respectively, carried the
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TABLE 1. Genetic Variants Identified in the Cohort
HGVS (NM_020988)
Protein
Patient cDNA change change

P1, P38 c.118G>C G40R
P2 c.137A>G K46R
P3 c.143C>T T481
P4, P5, P37 c.545C>T T1821
P6 596 T>C L199P
P7, P44 c.626G>A R209H
P8 c.692A>G Y231C
P9 c.704 T>C 1235P
P10 c.871 T>A Y291N
P11, P13 c.607G>C G203R
P12, P20, P22, P28, P39, c.607G>A G203R
P40, P41, P62, P66
P14, P15, P35, P55, P61 c.625C>T R209C
P16, P26, P29, P30, P42 c.709G>A E237K
P17, P34, P51 c.724-8G>A
P18 c412C>T Q138*
P19 c.1030_1032delATT 1344%*
P21 72342 T>A
P23 c.644G>A C215Y
P24, P32 c.736G>A E246K
P25 ¢.631_633del 1211*
P27 c.748C>T L250F
P31, P64 c.228C>A N76K
P33 c.127G>A E43K
P36, P52 c.723+1G>A
P43, P57 c.617G>A R206Q
P45 c.616C>G R206G
P46 c.649G>A E217K
P47 c.823 T>G F275V
P48 c.119G>A G40E
P49 c.352G>A E118K
P50 c.610G>A G204S
P53 c.980C>A T327K
P54 c.622G>C E208Q
P56 €.909_920dup A306_Q307

ins HIA
P58 c154C>A Q52K
P59 164 T>G 1558
P60 .1046_ R349_

1055del10ins10 G362delinsQGCA

P63 c.526C>A L1761
P65 €.626G>T R209L

Variant type

Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense

Missense

Missense
Missense

Splicing

Nonsense
Nonsense
Splicing
Missense
Missense
Nonsense
Missense
Missense
Missense
Splicing
Missense
Missense
Missense
Missense
Missense

Missense

Missense
Missense
Missense

In-frame

duplication
Missense
Missense

In-frame indel

Missense

Missense

ACMG
classification

Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic

Pathogenic

Pathogenic
Pathogenic

Likely
pathogenic

Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic

Likely
pathogenic

Pathogenic
Pathogenic
Pathogenic

Likely pathogenic

Pathogenic
Pathogenic

Pathogenic

Pathogenic

Pathogenic

Summary of the genetic characteristics of all variants detected in our cohort of patients with GNAOI-related disorders.
ACMG = American College of Medical Genetics and Genomics; cDNA = complementary DNA; HGVS = Human Genome Variation Society.

CADD
score

33
1.083
27
28,8
28,5
21
29,1
32
26
32

33

32

32

294

22.8

223
27.1

31

32
27
27.4
22.5
32

23

28.5

27.8

26.4

27.5

28.1

33

REVEL

Deleterious (0.94)
Deleterious (0.95)
Deleterious (0.94)
Deleterious (0.99)
Deleterious (0.97)
Deleterious (0.91)
Deleterious (0.99)
Deleterious (0.95)
Deleterious (0.89)
Deleterious (0.94)

Deleterious (0.94)

Deleterious (0.89)

Deleterious (0.92)

Deleterious (0.9)
Deleterious (0.84)
Deleterious (0.91)
Deleterious (0.91)
Deleterious (0.91)
Deleterious (0.86)
Deleterious (0.88)
Deleterious (0.84)
Deleterious (0.95)
Deleterious (1)

Uncertain (0.46)

Deleterious (0.9)
Deleterious (0.93)

Deleterious (0.78)

Deleterious (0.93)

Deleterious (0.94)

Deleterious (0.83)

Deleterious (0.93)
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(n=2) (n=5) (n=2) (n=5) (n=2) (n=5)

m No head control

Walks with or without support

FIGURE 1: Clinical manifestations and age of onset in the full GNAO1-related disorders (RD) cohort and recurrent variants.
(A) Cumulative incidence curves (Kaplan-Meier) showing the age at onset of epilepsy (n = 34), movement disorders (n = 63), and
dyskinetic crises (n = 36). Circles indicate the age at which 50% of individuals presented the symptom (median age of onset),
and diamonds indicate the age at which 90% of individuals had developed the symptom. Patients with presence of the
symptom, but unknown age at onset were excluded from the analysis. (B) Prevalence of core clinical features in the full GNAO1-
RD cohort (n = 66), including motor developmental delay, language developmental delay, movement disorders, dyskinetic crises,
and epilepsy. (C) Radar plots illustrating the distribution of core clinical features (epilepsy, movement disorders, dyskinetic crises,
motor developmental delay, language developmental delay, and feeding difficulties) among individuals carrying recurrent

GNAOT1 variants. NGT = nasogastric tube.
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G203R variant. Seizure frequency ranged from daily sei-
zures to 6 episodes over 13 years. No anti-seizure medica-
tion was consistently reported as being more effective,
although good response to sodium channel blockers was
observed in 4 patients. Five patients received ketogenic
diet, being the most effective treatment tried in 1 of them,
and none received vagus nerve stimulation. Feeding diffi-
culties were common, with 26 of 66 (39.4%) patients
requiring gastrostomy. Additionally, uncommon features
such as delayed puberty with growth hormone deficiency,
pancreatitis, and a Rett-like phenotype without dystonia
were observed in single individuals, highlighting the clini-
cal heterogeneity of the disorder. Figure 1B summarizes
the prevalence of core clinical features across full cohort,
while Table S2 details the main symptoms for each indi-
vidual. Symptom prevalence across recurrent GNAOI var-
iants (n 2 2) varied considerably, as seen in Figure 1C.

In the full cohort of 66 patients, GNAOI-RD sever-
ity scores ranged from 0.5 to 13. Based on predefined
thresholds, 18 of 64 patients (28%) were classified as
mild, 19 of 66 (28.8%) as moderate, and 29 of
66 (43.9%) as severe (Fig 2A). For recurrent variants,
mean severity scores were: ¢.723+1G>A (n =2, 10.5,
range: 10.25-10.75), ¢.724-8G>A (n =3, 2.78, 1.1-
5.75), E237K (n = 5, 6.77, 6-8.5), E246K (n = 2, 8.38,
8-8.75), G203R (n =11, 8.2, 1.25-13), G40R (n = 2,
7.3, 5.12-9.5), R209C (n =5, 5, 1.97-7.75), R209H
(n=2, 3.5, 2.5-4.5), N76K (n =2, 7,75, 5,5-10), and
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Age at evaluation (years)

O GA4OR (P1, P38) N76K (P31, P64) © T1821 (P4,P5, P37)

[J R209C (P14, P15, P35, P55, P61) <> R209H (P7, P44)

GNAO1-RD Severity Score

A\ G203R (P11, P12, P13, P20, P22, P28, P39, P40, P41, P62)

1 E237K (P16, P26, P29, P30, P42)

T182 (n = 3, 10.88, 8.75-13). Differences in severity

scores across variants were statistically

(p < 0.001).

significant

Functional Variant Analysis

Twenty of the 31 missense variants in the cohort were
studied and evaluated using the experimental measure-
ment score. The mean composite score was 6.5 £+ 2.9
(3.5-12.5). A positive correlation was observed between
the composite experimental measurement score and the
GNAOI-RD severity score (r=0.51, p<0.001) (see
Fig 2B). Figure 3 shows the functional study results for
variants E43K, E118K, R206G, and F275V, which have
not been previously reported. Additionally, Figure S1
summarizes the results of the 5 functional parameters and
the composite experimental measurement score for each
variant.

Phenotypic Trajectory in GNAO1-RD

The analysis included data from 49 GNAOI-RD severity
score assessments across 21 individuals, 47 Bayley, Vine-
land, and GMFM-88 assessments across 21 individuals;
50 BFMDRS and AIMS assessments across 19 individuals;
and 43 Neuro-QL and CPCHILD assessments across
17 individuals. Tables 2a and 2b presents detailed statisti-
cal results from the longitudinal models analyzing the evo-
lution of clinical and functional scale scores with age,
stratified by severity groups. Table S3 summarizes clinical

o

/k’\

Age at evaluation (years)

§
c .
E .
>
>
GNAO1-RD Severity Score

Severity # Mid Moderate @ Severe

£ R206Q (P43, P57)

3¢ E246K (P24, P32)  © c.723+1G>A (P36,P52) Yy .724-8G>A (P17, P3, P51)

Non-recurrent variants: K46R (P2), T48I (P3), L199P (P6), Y231C (P8), L235P (P9), Y291N (P10), Q138 (P18), 1344* (P19), c.723+2T>A (P21), C215Y (P23), K211* (P25), L250F (P27),
E43K (P33), R206G (P45), E217K (P46), F275V (P47), GAOE (P48), E118K (P49), G204S (P50), T327K (P53), E208Q (P54), A306_Q307 ins HIA (P56), Q52K (P58), 1555 (P59),

¢.1046_1055del10ins10 (p.R349_G362delinsQGCA) (P60), L1761 (P63)

FIGURE 2: Distribution and longitudinal evolution of global disease severity in GNAO1-related disorders (RD). (A) Distribution of

GNAO1-RD severity scores in the full cohort (n = 66), classified into mild, moderate, and severe groups. (B) Correlation between
the experimental composite measurement score and the GNAO1T-RD clinical severity score across all variants, showing a
significant positive correlation (r=0.51, p <0.001). (C) Longitudinal evolution of GNAO1-RD severity scores by age. No
significant association with age was found, indicating clinical stability over time. In A and B, each symbol represents an individual
patient; recurrent GNAOT1 variants are shown using variant-specific symbols shared across patients, whereas non-recurrent
variants are depicted as dots. In C, dots represent individual patient assessments, dashed lines connect repeated assessments
from the same patient over time, and solid (bold) lines indicate group-level trajectories for mild, moderate, and severe
phenotypic groups, calculated as mean scores within 2-year age intervals.
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FIGURE 3: Functional characterization of GNAO1 variants E43K, E118K, R206G, and F275V. (A) Representative western blotting
of the expression level of Gao A wild-type (WT), E43K, E118K, R206G, and F275V. (B) Quantification of the expression level.
(C) Representative traces of mutations on dopamine-induced signaling. (D) The effect of mutations on dopamine-induced
signaling. (E) The effect of mutations on trimer formation measured by the basal bioluminescence resonance energy transfer
(BRET) ratio. The trimer formation was defined by 0% (without Gao) to 100% (WT Gao). (F) Representative traces of the
dominant negative effect of mutations by measuring the A BRET in the presence of Go mutants with WT. (G) Quantification of
the dominant negative effect. No significant difference between WT:WT with WT:Control indicates the saturation of the WT Gao
in the assay. WT:F275V falls below WT:Control, suggesting F275V suppresses WT Gao coupling. (H) Representative
luminescence traces measuring the D2R interaction with G protein heterotrimer. (I) Quantification of the effect of Go mutants on
interactions with D2R. EMS = Experimental Measurement Score.

and functional scores at baseline and last evaluation for
the whole cohort and stratified by disease severity.

Global Disease Severity. Among patients enrolled in the
natural course study (n = 21), no statistically significant
association was found between age and GNAOI-RD

severity scores, indicating that disease severity remained
relatively stable over time (see Fig 2C).

Adaptive Functioning. The raw VABC score showed a sta-
tistically significant increase over time across the cohort
(p <0.001 for age). When stratified by disease severity
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TABLE 2a. Longitudinal Mixed-Effects Model Estimates for Clinical and Functional Scale Trajectories
Coefficient Estimate Standard error £ value ?
GNAOI-RD severity score Age 0.05025 0.07228 0.695 0.4908070482
BFMDRS Age 0.4738 0.8288 0.572  0.5731929588
Age x Severity group moderate 2.0356 1.2110 1.681 0.1058270918
Age x Severity group severe 4.4006 2.0956 2.100  0.0474592727
AIMS Age —0.2751 0.1732 —1.588 0.13715
Age x Severity group moderate 0.3940 0.2556 1.542  0.14942
Age X Severity group severe 1.6536 0.4337 3.813  0.00268
MDSS Age 0.02553 0.03138 0.813  0.421187
ESS Age —0.05232 0.03204 —1.633  0.11205
GMFM-88 (%) Age —0.5623 0.7792 —0.722  4.762066¢-01
Age x Severity group moderate 1.8406 1.0572 1.741  9.117942e-02
Age X Severity group severe —0.3808 1.6138 —0.236  8.151643¢-01
VABS-motor skills (RS) Age 2.0259 1.1571 1.751  0.09396444
Age x Severity group moderate  —0.6807 1.5960 —0.426  0.6736901
Age X Severity group severe —2.3667 2.4056 —0.984 0.33679
VABS-ABC (RS) Age 24.708 3.801 6.500  0.0000003126604
Age x Severity group moderate  —21.915 5.202 —4.213  0.0001795889
Age X Severity group severe ~23.936 7.949 ~3.011  0.005282412
Bayley-cognitive (RS) Age 0.585874 0.383341 1.528 0.1356922
Age X Severity group moderate  —0.003084  0.509638  —0.006  0.9952072
Age X Severity group severe —0.720097  1.090380  —0.660 0.5134819
VABS-communication (RS)  Age 9.149 1.120 8.169  2.960664¢-09
Age X Severity group moderate  —8.125 1.499 —5.420  4.814578¢-06
Age X Severity group severe —8.906 2.359 —3.775 0.0006999715
Bayley-receptive Age 0.7597 0.2521 3.013  4.587170e-03
language (RS) Age X Severity group moderate ~ —0.3111 0.3353 —0.928  3.593410e-01
Age x Severity group severe —0.5817 0.5663 —1.027  3.113460e-01
Bayley-expressive Age 2.0371 0.4237 4.808  9.018438e-05
language (RS) Age x Severity group moderate ~ —2.0706 0.5840 —3.546  1.978220e-03
Age x Severity group severe —1.9550 0.8984 —2.176  4.214194e-02
VABS-socialization (RS) Age 6.511 1.102 5.909 0.000001220877
Age X Severity group moderate  —6.189 1.511 —4.096  0.0002270505
Age X Severity group severe —5.788 2.301 —2.515 0.01704384
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Coefficient

VABS-daily living skills (RS) Age

Age x Severity group severe

NeuroQL-upper extremities Age

Age X Severity group severe

NeuroQL-lower extremities Age

AgC X SCVCI‘ity group severe

CPCHILD Age

Age X Severity group severe

RS = raw score; VABS = Vineland Adaptative Behavior Scale.

TABLE 2b. Longitudinal Mixed-Effects Model Estimates for Clinical and Functional Scale Trajectories

Age x Severity group moderate

Age x Severity group moderate

Age x Severity group moderate

Age X Severity group moderate

Estimated coefficients (Estimate), standard errors, #values and p-values from models analyzing changes in clinical and functional scores over time with
age, stratified by severity group. These results indicate the relative impact of age and disease severity on the evolution of each outcome measure.

ABC = Adaptative Behavior Composite; AIMS = Abnormal Involuntary Movement Scale; BEMDRS = Burke-Fahn-Marsden Dystonia Rating Scale;
CPCHILD = Caregiver Priorities and Child Health Index of Life with Disabilities; ESS = Epilepsy Severity Score; GMFM-88 = Gross Motor Func-
tion Measure-88; GNAOI-RD = GNAOI related disorders; MDSS = Movement Disorders Severity Score; NeuroQL = Neuro-Quality of Life scale;

Estimate  Standard error t value ?
7.2415 0.8262 8.765 2.455124e-08
—7.1347 1.1430 —6.242 4.450757¢-06
—7.3688 1.7067 —4.317 0.0004003830
0.6498 0.4782 1.359 0.1835397006
—0.3009 0.6221 —0.484 0.6317276608
—0.6498 1.0764 —0.604 0.5497682273
1.4677 0.7087 2.071 0.0476396612
—0.7276 0.9362 —0.777  0.4431666814
—1.4677 1.6615 —0.883 0.3835562657
4.114 2.138 1.924 0.0670
—1.970 2.811 —0.701 0.4914
—4.929 4.943 —0.997  0.3325

groups, this trend varied notably (p < 0.001). VABC raw
scores increased with age in the mild group, showed mini-
mal change in the moderate group, and remained
unchanged in the severe group (Fig 4A).

Cognitive, Communication and Socialization Development.

No statistically significant change over time was observed
in Bayley-III cognitive scores across the whole cohort.
However, cognitive scores differed significantly between
severity groups, with patients in the moderate and severe
groups showing significantly lower scores than those in
the mild group (p < 0.001 for both comparisons). No sig-
nificant interaction between age and severity group was
found for cognitive scores (see Fig 4F). In contrast, VABS
communication scores (p < 0.001), Bayley-III receptive
language scores (p = 0.005), Bayley-III expressive lan-
guage scores (p < 0.001), and VABS socialization scores
(p < 0.001) all showed significant improvements over time
in the whole cohort (see Fig 4B,C,G,H). When stratified
by severity, the mild group showed significant improve-
ments in VABS communication and socialization scores
(both p < 0.001), as well as in Bayley-III expressive lan-
guage scores (p = 0.002), whereas the moderate group
showed minimal change and the severe group remained
stable. No significant interaction effects between age and

severity group were observed for Bayley-III receptive lan-
guage scores, suggesting a comparable trajectory across
groups. Bayley-III scores consistently distinguished sever-
ity groups, with mild cases showing modest gains and
moderate-to-severe groups remaining low throughout
follow-up.

Movement Disorder Severity. No statistically significant
changes were observed over time across the cohort in the
BFMDRS, AIMS, or the movement disorders subdomain
of the GNAOI-RD severity score (Fig 5A-C). When
stratified by severity, patients in the mild and moderate
groups showed no statistically significant change over time
in BEMDRS and AIMS. In contrast, patients classified as
severe showed a significantly steeper increase in scores over
time in both BFMDRS (p =0.047) and AIMS
(p = 0.003).

Epilepsy Severity. No statistically significant change in
the epilepsy subdomain of the GNAOI-RD severity score

was observed over time across the cohort (see Fig 5D).

Motor Function. There was no statistically significant
change for the GMFM-88 or the motor skills domain of
the VABS scores over time across the cohort (see Fig 4E

11
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FIGURE 4: Longitudinal trajectories of adaptive and neurodevelopmental domains in individuals with GNAO1-related disorders.
(A) Vineland Adaptive Behavior Composite (VABC) raw scores, (B-E) VABS-Il domains: communication (b), socialization (c), daily
living skills (d), and motor skills (E); (F-H) BSID-lll domains: (F) cognitive, (g) receptive language and (h) expressive language;
() GMFM-88 dots represent individual patient assessments. Dashed lines connect repeated assessments from the same patient
over time. Solid (bold) lines indicate group-level trajectories for mild, moderate, and severe phenotypic groups, calculated as
mean scores within 2-year age intervals. Significant improvements were observed in (A), (B), (C), (D), (G), and (H), mainly driven
by the mild group; minimal change in moderate and stability in severe groups. No significant changes were observed in (E), (F),
or (I). BSID-lll = Bayley Scales of Infant and Toddler Development (third edition); GMFM-88 = Gross Motor Function Measure-88,
RS = raw score; VABS-Il = Vineland Adaptive Behavior Scales (second edition).

and I). Padients in the moderate and severe groups showed
significantly lower motor skills scores compared to the
mild group (p <0.001 and p = 0.002, respectively).
When stratified by severity groups, there was no signifi-
cant difference in the trajectory of motor skills scores over

time between groups.

Daily Life Function. A statistically significant increase in
daily living skills scores was observed over time across the
cohort (p < 0.001). Analysis by severity group revealed

12

significant improvements in the mild group (p < 0.001),
whereas patients classified as moderate and severe showed
a less marked increase over time (Fig 4D).

Quality of Life. No statistically significant association with
age was observed for the Neuro-QL upper extremity func-
tion scale or the CPCHILD (Fig 5E). In contrast, a statis-
tically significant increase in scores over time was observed
for the Neuro-QL lower extremity function scale

(p =0.048) (see Fig 5F,G). When comparing severity
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FIGURE 5: Longitudinal changes in movement disorder severity, epilepsy severity, and quality of life in GNAO7-related
disorders. (A) BFMDRS, (B) AIMS, (C) MDSS, (D) ESS, (E) CPCHILD, and (F-G) Neuro-QL Pediatric upper and lower extremity
function scores over time stratified by severity group. Dots represent individual patient assessments; dashed lines connect
repeated assessments from the same patient over time. Solid (bold) lines indicate group-level trajectories for mild, moderate,
and severe phenotypic groups, calculated as mean scores within 2-year age intervals. For BFMDRS, AIMS, MDSS, and ESS higher
scores indicate greater severity (worse outcome), whereas for the QoL scales, higher scores indicate better outcome. No
significant changes over time were observed in A-E, although the severe group showed a significant worsening in A and B. A
significant improvement over time was observed in F, but not in G. Significant group differences were observed in F and G, with
lower scores in the moderate and severe groups compared to the mild group. AIMS = Abnormal Involuntary Movement Scale;
BFMDRS = Burke-Fahn-Marsden Dystonia Rating Scale; CPCHILD = Caregiver Priorities and Child Health Index of Life with
Disabilities; ESS = Epilepsy Severity Score; MDSS = Movement Disorders Severity Score; NeuroQL = Neuro-Quality of Life scale;
RS = raw score; QoL = quality of life.

groups, scores for both the Neuro-QL upper and lower
extremity function scales differed significantly, with
patients in the moderate and severe groups showing signif-
icantly lower values compared to those in the mild group
(upper extremities: p = 0.004 and p = 0.038, respec-
tively; lower extremities: p = 0.004 and p = 0.045,
respectively).

Discussion

This study provides valuable insights into the natural his-
tory and phenotypic variability of GNAOI-RD through a
cohort of 66 individuals, with a subset of 21 undergoing
prospective longitudinal assessment. Patients exhibited a

broad spectrum of neurodevelopmental impairments,
movement disorders, and epilepsy, with a significant mor-
tality rate. Six patients died because of infections and
other complications, mainly associated with exacerbations
of dyskinetic crises or epilepsy, further underscoring the
potentially life-threatening nature of GNAOI-RD. This
aligns with previous cohorts reporting mortality associated
with dyskinetic crisis-related complications, reinforcing
the need for proactive identification of high-risk patients.
Longitudinal analyses suggest stability in overall disease
severity, with milder patients showing improvements in
adaptive functioning over time, whereas severe cases
exhibit little functional gain and progressive worsening of
movement disorder, underscoring the variable prognosis of
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GNAOI-RD. Among the most severely affected patients,
clinical deterioration appears to be driven primarily by the
progressive burden of movement disorder rather than
global neurodegeneration, indicating a cumulative increase
in functional disability over time.

Clinical Heterogeneity in GNAO1-RD

The phenotypic presentation of GNAOI-RD varies widely
across the cohort. Although a minority of individuals
achieved key developmental milestones or displayed only
mild features such as autism spectrum traits, the majority
experienced early neurodevelopmental impairments.
Motor outcomes ranged from independent walking and
purposeful hand use to severe hypotonia and gross motor
deficits. Movement disorders were nearly universal, typi-
cally manifesting as early-onset generalized chorea or dys-
tonia. Dyskinetic crises emerged as a distinctive and well-
recognized feature, characterized by severe, paroxysmal,
involuntary movements affecting multiple body regions.*
Previous studies have characterized these episodes as
highly variable in frequency, duration, and intensity, often
necessitating emergency medical intervention and impos-
ing a considerable burden on patients and families.” They
can cause significant morbidity, including dehydration,
rhabdomyolysis, decreased consciousness, and multisystem
failure, with some cases resulting in incomplete neurologi-
cal recovery, increased hypotonia, or loss of previously
acquired mortor skills.”*'"**™® Epilepsy presented with
diverse manifestations, ranging from infrequent, well-
controlled seizures to drug-resistant forms, with consider-
able variability in age at onset and frequency, spanning
from the neonatal period to adolescence and from daily
episodes to isolated events. Seizure types included both
motor and non-motor, with epileptic spasms, tonic sei-
zures, and focal non-motor autonomic seizures being par-
ticularly prominent. No single anti-seizure medication
proved consistently effective, although some patients
responded to sodium channel blockers,”” and 1 case
showed good response to ketogenic diet.*” Notably, a sub-
stantial proportion of patients with epileptic spasms and
focal non-motor autonomic seizures carried the G203R
variant, underscoring the need for careful identification of
these subtle seizure types, which may be overlooked, espe-
cially in individuals with significant neurodevelopmental
impairment and movement disorders.”>*” Feeding diffi-
culties were common. These observations align with a pre-
vious caregiver-reported survey by Axeen et al,'”” which
described a large cohort with symptom onset typically
before 6 months of age, universal developmental delay,
and diverse movement disorder and epilepsy phenotypes.
Although hypotonia and developmental delay were the
most frequent initial concerns, that study also highlighted
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milder epilepsy cases and 1 patient without epilepsy or
movement disorder at age 4, reinforcing the importance of
including GNAO! in early diagnostic gene panels. This
study expands on these findings by providing physician-
confirmed clinical data. A wide range of medications was
used across the cohort, often in sequential or combined
strategies, with variable and frequently transient benefit.
Advanced electrophysiological and neuroimaging data
from this cohort will be reported separately to allow
detailed modality-specific analysis. A subset of the EEG
data from this cohort has already been analyzed and publi-
shed, demonstrating neuronal oscillatory imbalances asso-

ciated with disease severity.*”

Phenotypic Trajectories in GNAO1-RD: A Non-
degenerative Course with Worsening Movement
Disorders in Severe Cases

Unlike previous reports, which have largely relied on
cross-sectional or case-based descriptions, this study pro-
vides novel insights into disease progression by systemati-
cally evaluating global disease severity, movement disorder
and epilepsy burden, motor function, adaptive behavior,
cognitive and social development, daily life functioning,
and quality of life over time.'>”"> This longitudinal
approach enhances our understanding of phenotypic tra-
jectories, contributing valuable data to guide clinical care
and future therapeutic interventions.

Our findings indicate that GNAOI-RD does not fol-
low a neurodegenerative course. Disease progression gen-
erally followed a stable trajectory, with GNAOI-RD
severity scores remaining consistent across evaluations and
no significant association with patient age. Longitudinal
analyses revealed heterogeneous, but notable developmen-
tal gains, particularly in individuals with milder pheno-
types, while patients with moderate phenotypes showed
limited progression, and those with severe presentations
remained largely stable. Adaptive functioning, as measured
by the VABC raw score, as well as communication, social-
ization, expressive language, and daily living skills, showed
a significant increase over time in the mild group,
reflecting their potential for functional gains and greater
autonomy, with important implications for educational
and rehabilitative strategies. Cognitive development,
assessed via Bayley-III cognitive scores, showed no signifi-
cant change over time, although differences between sever-
ity groups were evident, with moderate and severe groups
scoring lower than the mild group.”' Consistently low
Bayley-III scores in moderate and severe phenotypes fur-
ther demonstrate limited developmental progression in
these subgroups. A key exception to this stability was
worsening of movement disorder severity in the severe
group, as evidenced by increasing BFMDRS and AIMS
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scores, whereas mild and moderate phenotypes showed no
progression. This asymmetry suggests that movement dis-
order burden may evolve specifically in the most affected
individuals, and reinforces the importance of early severity
stratification for predicting clinical outcome. Importantly,
because dyskinetic crises directly contribute to the severity
score, their emergence and recurrence were captured ana-
lytically, supporting their role as key drivers of disability
progression in the most severely affected patients. Such
observations align with prior reports describing a fluctuat-
ing but progressive movement disorder phenotype, partic-
ularly in severe cases.”®?” Epilepsy severity remained
stable throughout the follow-up period across all severity
groups, offering reassurance regarding the stability of this
component, which is critical for clinical management.
Motor function, as assessed by the GMFM-88 and the
motor skills domain of the VABS, showed no significant
changes over time across the cohort.” This stability
informs about the functional ceiling and the potential
need for intensive interventions to alter trajectories. A
slight, but significant improvement was observed in
Neuro-QL lower extremity function scores, however, no
improvements were noted in Neuro-QL upper extremity
function or CPCHIL, indicating persistent limitations and
the need for ongoing support.

Genotype—Phenotype Correlations in
GNAO1-RD

Our findings reinforce previous evidence linking specific
GNAO!I variants to distinct clinical phenotypes.®®!%1%42
Individuals carrying the same variant often exhibited con-
sistent patterns in age at onset, symptom profiles, and
functional outcomes, particularly regarding core features
such as epilepsy, movement disorders, and motor mile-
stones. For instance, epilepsy was present in all individuals
with the ¢.7234+1G>A and G40R variants,'' and in 90%
of those with G203R, but absent in all with
c.724-8G>A,* E237K, and R206Q. Movement disorders
were nearly universal. Dyskinetic crises were most fre-
quent in individuals with E246K, T182I, and
c.723-+1G>A variants, and less so in others. Motor out-
comes showed genotype-specific trends: head control and
ambulation were preserved in all individuals with
c.724-8G>A and R206Q), and in most with R209C and
R209H variants, whereas those with G203R and E246K
variants typically lacked these abilities. These patterns
align with Axeen et all® findings, where R209H was asso-
ciated with movement disorders without epilepsy, and
E237K and E246K with prominent hyperkinetic features,
whereas G203R correlated with severe epileptic encephalopa-
thy. Overall, our findings support the presence of genotype—
phenotype correlation in  GNAOI-RD, particularly for

recurrent variants with consistent clinical profiles and molec-
ular alterations. Intra-genotypic heterogeneity was also noted,
suggesting broader variability than previously recognized.
Functional studies further support these correlations, indicat-
ing that variants affecting plasma membrane localization and
Gy binding (eg, G40R, L199P, and Y231C)">"? are linked
to severe DEE phenotypes, whereas those with near-normal
localization (eg, R209C, R209H, and E237K) tend to pro-

duce milder or moderate NEDIM presentations.

The GNAO1-RD Severity Score as a

Prognostic Tool

The GNAOI-RD severity score proved effective in captur-
ing clinical burden across domains and quantifying inter-
individual variability.” Individuals with the same variant
exhibited similar scores and severity categories, with signif-
icant differences between recurrent variant groups,
supporting genotype—phenotype correlations. For example,
variants G203R and T182I were consistently associated
with high severity scores, suggesting a strong association
with more severe clinical phenotypes.”** In contrast,
E237K was associated with a moderate phenotype, with
all carriers falling within a narrow range of moderate sever-
ity. Interestingly, variants R209C and R209H, both
affecting the same amino acid, displayed greater
intragenotypic variability. Although a tendency toward
milder phenotypes can be observed,”® scores among the
7 children carrying these variants ranged from 1.975 to
7.75. This lack of phenotypic consistency indicates that,
for these variants, genotype alone may not be a reliable
predictor of clinical severity. Altogether, these findings
highlight both the value and limitations of genotype-based
predictions and underscore the importance of integrating
detailed phenotypic characterization with longitudinal
follow-up to better capture the full clinical spectrum of
GNAOI-RD. The ability of the GNAOI-RD severity
score to stratify patients is increasingly relevant with
emerging targeted therapies, such as zinc salts restoring
GTPase activity in preclinical models,** or antisense oligo-
nucleotides (ASO) reducing expression of the mutated
GNAOI allele in patient-derived models.*> These
advances underscore the need for integrated clinical-
genetic phenotyping to guide prognosis, trial design, and
therapeutic responses, especially for emerging targeted
therapies.

Although the positive longitudinal findings
observed in this cohort provide valuable insights for dis-
ease monitoring and management, they require valida-
tion in future studies. The prospective longitudinal data
for one-third of the cohort and the retrospective/cross-
sectional nature of the remaining data limit long-term

inference and progression in all individuals cannot be
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excluded. Similarly, although the GNAOI-RD severity
score is promising, it requires validation in larger
cohorts, including inter-rater reliability and longitudinal
consistency assessments. Several developmental and
functional scales used in this study have floor effects,
particularly in the severe group. This may limit the abil-
ity to detect further decline in individuals with pro-
found impairment. Age was used for longitudinal
alignment in this study, but it is not a perfect proxy for
disease duration. To address this limitation, we addi-
tionally stratified by severity phenotype and analyzed
within-individual longitudinal trajectories. Future work
will incorporate disease duration and age at onset into
progression models as larger, prospective multicenter
datasets become available. Pharmacologic treatments
were not systematically evaluated in this study, and ded-
icated studies will be required to assess their effective-
ness, including medications and neuromodulation.

GNAOI-RD exhibit marked clinical heterogeneity,
necessitating tailored monitoring and management. Our
study combination of retrospective and prospective data
offers the most comprehensive longitudinal analysis of this
ultra-rare condition to date. Overall, most domains
remained stable over the observation period, supporting a
generally non-degenerative course, although individuals
with severe phenotypes showed progressive worsening of
movement  disorders.  Although individuals  with
GNAOI-RD are often described as fitting into seizure-
predominant or movement-predominant phenotypes,
clinical overlap and frequent evolution between pheno-
types make strict categorical separation challenging. For
this reason, we adopted a severity-based stratification,
anchored by the GNAOI-RD severity score, which cap-
tures the full phenotypic spectrum while preserving
power in this rare-disease cohort. The severity score
proved particularly valuable in capturing disease burden,
guide severity-based stratification, informing prognosis,
and enabling early identification of high-risk patients for
individualized care planning. Future prospective datasets
with larger sample size will enable formal phenotype-
based trajectory models (eg, seizure-first, movement-first,
or mixed evolution patterns) and further clarify
phenotype-specific natural history.
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