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ABSTRACT

GNAO1 variants were recently discovered as causes of epileptic encephalopathies and heterogeneous syndromes
presenting with movement disorders (MDs), whose phenomenology and clinical course are yet undefined. We
herein focused on GNAO1-related MD, providing an analytical review of existing data to outline the main MD
phenomenology and management, clinical evolution and genotype-phenotype correlations.

Reviewing 41 previously published patients and assessing 5 novel cases, a comprehensive cohort of 46 pa-
tients was analyzed, reassuming knowledge about genotypes, phenotypes, disease course and treatment of this
condition. GNAO1-related MD consisted of a severe early-onset hyperkinetic syndrome, with prominent chorea,
dystonia and orofacial dyskinesia. Symptoms are poorly responsive to medical therapy and fluctuate, with cri-
tical and life-threatening exacerbations, such as status dystonicus. The presence of a choreiform MD appears to
be predictive of a higher risk of movement disorder emergency. Surgical treatments are sometimes effective,
although severe disabilities persist. Differently from the early infantile epileptic encephalopathy phenotype
(associated with loss of function variants), no clear correlation between genotype and MD phenotype emerged,

although some variants recurred more frequently, mainly affecting exons 6 and 7.

1. Introduction

GNAO1 gene encodes the a subunit of heterotrimeric guanine nu-
cleotide-binding protein (G; protein), a membrane protein widely ex-
pressed in the central nervous system involved in signal transduction. In
fact, G; proteins modulate inhibitory signaling of many neuro-
transmitters, including GABA, adenosine and dopamine, therefore
being crucial for several brain functions [1,2]. Basically, such G; protein
inhibits the adenylyl cyclase, decreasing the production of cyclic ade-
nosine monophosphate (cAMP); however, it may further inhibit the N-
type (Ca,2.2) and P/Q type calcium channels, or directly prevent

neurotransmitters release at synaptic level [3].

In 2013 Nakamura et al. described four de novo heterozygous
missense GNAO1 variants causative of severe early onset epileptic en-
cephalopathy (EOEE); however following reports revealed a larger and
heterogeneous phenotypic spectrum, including mixed syndromes with
MDs, development delay, MRI brain abnormalities, inconstant seizures
[4]. Of interest, it has recently been demonstrated that epileptic en-
cephalopathy is mostly related to GNAO1 loss of function (LOF) var-
iants, while gain of function (GOF) heterozygous variants pre-
dominantly underline the manifestation of MDs with or without
epilepsy [1].
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Fig. 1. Inclusion criteria of cases from literature.

Existing literature mainly describes GNAOI-related MD as a child-
hood choreo-dyskinetic syndrome with associated features [4,5], al-
though a more detailed clinical profile has not been yet defined, as well
as disease natural history. In fact, many other conditions, such as cer-
ebral palsy, acquired basal ganglia disease, metabolic en-
cephalopathies, mitochondrial diseases or other genetic disorders (e.g.
ADCY5, NKX2-1, PDE1I0A or STXBPI-related conditions) [5,6] may
have similar presentations, making differential diagnosis challenging.
Indeed, GNAO1 together with ADCY5, PDE10A, GPR88, GNAL, con-
stitute a group of genes causing heterogeneous disorders whose pa-
thophysiology probably underlies the disruption of the post-synaptic G;
protein —cAMP pathway in striatal medium spiny neurons [3,6,7].

In this study, we provided a comprehensive analysis on the main
genetic and clinical features of all cases of GNAOI-related MD so far
reported, including 5 unreported patients. In facts, we aimed at deli-
neating phenomenology, clinical course and management of MDs in this
condition, evaluating possible genotype-phenotype correlations in the
light of recent acquisitions about the functional behavior of several
GNAO1 variants.

2. Methods

To collect all patients with GNAOI-related MD, an in-depth litera-
ture search using the Medline database was performed. Keywords
“GNAOI1“, “GNAO1” plus “movement disorder”, “GNAO1” plus
“chorea”, “GNAO1” plus “epilepsy” and “GNAO1” plus “epileptic en-
cephalopathy” were used.

All patients with pathogenic GNAO1 variants in whom a description
of the MD phenotype was available were included. Patients reported
without an exhaustive delineation of the MD were excluded. In addi-
tion, 5 patients assessed by the authors were included. Genetic analysis
was performed for diagnostic purpose by a Custom Enrichment panel
for more than 100 genes related to pediatric MD (Case 4,
Supplementary File 1 was diagnosed through a panel for epilepsy). For
these cases, all procedures accorded local ethical standards and the
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ethical principles of Helsinki declaration. Involved subjects and their
relatives offered the consent for case reporting.

From both previously reported and novel cases, we collected data on
the characteristics of the MD (including age of onset, phenomenology
classification, clinical course, medical and/or surgical therapies), neu-
roimaging findings, epileptic features (if present), follow-up informa-
tion and genetic background. According to Feng et al. [1], which used
inhibition of cAMP production as the functional readout to assess the
mutant proteins, all reported variants were classified as LOF, partial
loss of function (PLOF), normal function (NF), GOF or of unknown
function (UF), (see Feng et al., 2017 [1] and 2018 [3] for a compre-
hensive review of the functional behavior of known GNAO1 variants).
Additionally, we used SIFT (http://sift.jcvi.org), Polyphen-2 (http://
genetics.bwh.harvard.edu/pph2/) and CADD  (http://cadd.gs.
washington.edu/home) bioinformatics tools to predict the pathogeni-
city of those variants classified as NF and UF.

A descriptive statistical analysis of data collected was performed. In
addition, a logistic regression analysis model to assess the predictive
variables associated with a higher risk of the occurrence of MDs
emergencies was applied. Candidate clinical variables were tested to
identify significant differences between patients with and without MD
emergencies. After reviewing for appropriateness, the y2-and Student's
t tests were used for categorical and continuous variables, respectively.
Inclusion of potentially predictive variables in the logistic model was
based on clinical and biological plausibility and significant or nearly
significant differences on %> and t tests. Variables with extremely un-
balanced distribution in the two groups (frequency 0% in one group)
were excluded. Adjusted odds ratios (O.R.) and 95% confidence inter-
vals (C.1.95%) were used as measures of effect. The statistical sig-
nificance was set at p < 0.05.

MYSTAT" software (Systat Software Inc., San Jose, California) was
used to perform all statistical analyses.
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Table 1

Main clinical and demographic features of patients with GNAOI-related
movement disorder. fAvailable for 40 out of 46 patients. $This proportion
considers only the 46 patients with a described movement disorder.

Sex
Female 27(58.7%)
Male 19(41.3%)

Movement disorders features

Age in months at MD onset{ [mean(median) = SD] 24.2(17) + 23.3

Chorea 27(58.7%)
Dystonia 30(65.2%)
Dyskinesia 29(63%)

21(45.7%)
19(41.3%)
10(21.7%)

MD emergencies

Need for intensive care hospitalization
Surgical treatment

Neuroimaging Features

Cortical atrophy

White matter abnormalities

21(45.7%)
18(39.1%)

Basal ganglia abnormalities 3(6.5%)
Epileptic features

Epilepsy 22(47.8%)
Epileptic encephalopathy 9(19.6%)+

28.9(3) = 43.6
10(45.4%)

Age in months at epilepsy onset [mean(median) = SD]
Total seizure control

Partial seizure control 1(4.5%)
Intractable seizures 5(22.7%)
No data 6(27.2%)
Follow up data

Death 4(8.7%)
Age in years at exitus [mean(median) + SD] 4.8(4) + 3.8
Age in years at last follow up [mean(median) + SD] 6.9(5) + 4.8

3. Results
3.1. GNAOI1-related movement disorder cohort

Through the literature search, a total of 77 articles were collected.
Among these, 27 articles, appeared between 2013 and 2018 and de-
scribing a total of 53 patients, were relevant for our purposes
(Supplementary Table S1) [2,4,5,8-31]. Ten patients reported in 7
different papers [8-14] were excluded because little or no information
about the possible presence of MD was provided. In addition, we ex-
cluded 2 out of the 4 patients described in detail by Nakamura et al. [2]
because no MD was reported (Fig. 1).

In addition to previously reported cases, we included 5 novel pa-
tients who were assessed in 4 different Institutions (see Supplementary
File 1 for a detailed clinical history of the previously unreported pa-
tients). As a result, a MD phenotype was found to be described in 46 out
of 58 so far reported patients (79%, including the 5 currently described
patients). This virtual MD cohort (27 females, male-to-female ratio 0.7)
was finally considered (Table 1).

3.2. Movement disorder phenotype and clinical course

The mean age at MD onset (available for 40 patients) was 24
months, but a wide variability was found (range from 3 months to 8
years). Symptomatology mainly consisted of a mixed hyperkinetic
syndrome, encompassing different combination of dystonia, chor-
eoathetosis and “dyskinetic movements” in 29 out of 46 cases (63%). In
8 patients, the single presence of choreoathetosis was reported; 5 pa-
tients were reported to show only dystonia and in 4 cases the MD
phenotype was described as “dyskinetic” or the occurrence of stereo-
typed dyskinetic movements was reported. In the overall cohort, dys-
tonic features were most frequently reported to be a component of the
MD (30 patients, 65.22%), followed by dyskinesias (29 patients,
63.04%) and choreoathetosis (in 27, 58.7%). In 16 patients (34.8%),
the presence of oro-facial dyskinesias was reported and in 4 patients
(8.7%) myoclonus or unspecified jerky movements were described.

In 21 cases (45.7%), the occurrence of a movement disorders
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emergency (namely status dystonicus) was reported, requiring intensive
care unit (ICU) admission in 19 cases. Both spontaneous or trigger-in-
duced (excitement, stress, intercurrent illness, infections, fever, pain)
exacerbations were reported [4,17,21,22].

Mortality was relevant, with 4 patients (8.7%) who deceased at the
mean age of 4.72 years (Table 1). Causes of death were respiratory
complications [2,17], sepsis [17] or rhabdomyolysis with renal failure
[4]. Surviving patients frequently shows severe motor disability
[16,17,25], epilepsy [4,5,16,25], mental retardation [2,16,17,20,25],
respiratory, speech and feeding problems [16,17], needing significant
supportive therapies and cares.

3.3. Movement disorder management

In 10 patients (21.74%) a satisfactory management of the MD was
obtained with oral treatment. Overall, tetrabenazine was the most used
and effective drug [4,5,17,18,23]. Moreover, variable effects on man-
agement of hyperkinesias were reported with phenobarbital, benzo-
diazepines (clonazepam, diazepam), .-DOPA, neuroleptics (haloperidol,
risperidone) and antiepileptics (topiramate, carbamazepine, valproate)
[5,17,22,24-26]. 10 patients presenting with severely medical-re-
fractory MD required surgical treatment. 9 of them received the Globus
pallidus internus deep brain stimulation (GPi-DBS); the bilateral sur-
gical pallidotomy was instead performed in the remaining one. GPi-DBS
has been reported to generally reduce the frequency and severity of MD
exacerbations, although in the absence of complete remission
[18,21,23,24,27]. Pallidotomy also partially improved MD in that
single case (case 1, Supplementary File 1).

3.4. Neuroimaging data

In 16 cases, normal brain MRI was described. In the remaining
cases, a constellation of unspecific findings was reported, namely white
matter abnormalities in 18 patients (39.1%, including thin corpus cal-
losum or hypomielination), pallidal hypointensities in 3 cases (6.5%)
and cortical atrophy in 21 patients (45.7%).

3.5. Associated epileptic features

Epilepsy was comorbid with movement disorders in 22 out of the 46
patients (47.8%). The onset of seizures preceded the MD manifestation
in 8 cases and followed it in 10 patients (this information was missing in
5 patients). The mean age of epilepsy onset (reported in 20 cases) was
28.85 months (range: 1st month of life to 10 years). Nine patients
presented with EOEE (early onset epileptic encephalopathy), including
2 cases of early infantile epileptic encephalopathy with burst-suppres-
sion (Ohtahara syndrome) and 2 patients with West syndrome (infantile
spasms). Seven patients presented focal seizures and 3 patients suffered
from generalized tonic-clonic seizures. In the remaining 3 cases, the
epileptic phenotype was not specified. In 10 patients, a complete sei-
zure control was obtained, 1 patient reached a partial control on anti-
epileptic treatment and in 5 patients the epilepsy was described as in-
tractable, no data being available on seizure control in the remaining 6
cases.

3.6. Genetic background

A total of 20 different GNAO1 variants were accounted among the
46 patients. The array of the different GNAO1 variants and their
functional behavior is summarized in Fig. 2, while Fig. 3 shows the
frequency of the different variants encountered. Seven variants have
been reported to have a GOF effect, 4 a LOF or PLOF effect and 14 have
been reported not to alter protein function, while the functional effect
of the remaining 21 is uncertain. 18 patients were found to harbor GOF
variants (39.1%), 14 NF variants (30.43%), 3 LOF and 2 PLOF variants,
while 9 patients (19.57%) were carriers of UF variants. About 90% of
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the variants clustered in exons 6 and 7, including those affecting codons
209 and 246, which together account for more than 50% of cases. In
addition, we report on a novel missense variant, the c.818 A > T
(p.Asp273Val) transversion, which has not been previously described
(Case 4, Supplementary File 1). Supplementary Table S2 reassumes the
results of in silico pathogenicity prediction tests for all NF and UF
variant alleles.

Considering all patients so far reported, with or without MD, it
emerged that patients with the NF variants ¢.626G > T and
c.625C > G (p.Arg209Leu) and ¢.625C > T (p.Arg209Cys) were all
reported to be affected by MD (p = 0.028), showed a lower frequency
of epilepsy compared to patients harboring different variants
(p = 0.009), and were not reported to develop EOEE. Patients har-
boring LOF or PLOF showed a higher frequency of epilepsy and EOEE,
while the presence of a GOF variant was not associated with a sig-
nificant difference in the frequency of MD, epilepsy or EOEE (Table 2).

C.736G>A
(p.Glu246Lys),
11 patients

C.626G>A
(p.Arg209His),
6 patients

C.625C>T
(p-Arg209Cys),
5 patients

3.7. Logistic regression analysis

Six variables were included in the logistic regression model de-
signed to identify clinical predictors of the occurrence of MD emer-
gencies: sex, presence of chorea, dystonia, dyskinesia, occurrence of
epilepsy and the presence of a GOF variant. According to our model
(Table 3), the presence of chorea appeared to be significantly associated
with a higher risk of MD emergencies, while the other variable did not
significantly modify the risk of MD emergencies.

4. Discussion

Since the first description in 2013 [2], the number of patients with
GNAO1-related neurological conditions has rapidly grown. Initially
described as a novel form of EOEE (early infantile epileptic en-
cephalopathy, type 17, MIM 615473) [2,12,15,16], it has become

Single case reported variants
¢.118G>T(p.Gly40Trp)
¢.124G>C(p.Gly42Arg)
¢.133G>C (p.Gly45Arg)
¢.139A>G (p.Ser47Gly)
¢.155A>C(p.GIn52Pro)
¢.167T>C(p.1le56Thr)
¢.521A>G (p.Asp174Gly)
¢.572_592 del (p.Thr191_Phe197 del)
¢.596T>C (p.Leu199Pro)
€.625C>G (p.Arg209Gly)
€.680C>T (p.Ala227Val)
€.692A>G (p.Tyr231Cys)
¢.698A>C (p.GIn233Pro)
C.723+1G>A

¢.737A>G (p.Glu246Gly)
¢.808A>C (p.Asn270His)
¢.818A>T (p.Asp273Val)
€.824T>C (p.Phe278Ser)

€.626G>T (p.Arg209Leu), 2 patients

c.836T>A (p.1le279Asn), 2 patients
€.709G>A (p.Glu237Lys), 3 patients

¢.118G>C (p.Gly40Arg), 4 patients

Fig. 3. Frequency distribution of the different GNAOI variants described so far.
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Table 2

Frequency of movement disorder, epilepsy and early-onset epileptic en-
cephalopathy (EOEE) in patients harboring variants with different functional
behavior. All patients carrying GNAO1 variants so far reported have been in-
cluded (58 cases). In rows are indicated the three main clinical features con-
sidered in the population (movement disorder: observed in 46 patients; epi-
lepsy: observed in 34 patients; EOEE: observed in 18 cases). In columns are
expressed the number of cases grouped per genotype (GOF, non-GOF, LOF/
PLOF, non-LOF/PLOF, NF, non-NF); the percentage in brackets indicates the
frequency of phenotype in that genetic subgroup (example: in the first row, of
34 cases with “epilepsy” phenotype, 10 carried GOF variants; these 10 patients
were the 52.63% of the GOF carriers population, including 19 total in-
dividuals). P values are based on y>test and reflect the comparison of the re-
lative frequency of movement disorder, epilepsy and EOEE in each group of
mutation versus the frequency of the same feature amongst all other cases.
Statistically significant values are marked in bold characters. GOF: gain of
function, LOF: loss of function, PLOF: partial loss of function, NF: normal
function.

GOF (n = 19) non-GOF Total p
(n = 39) (n = 58)
Epilepsy 10 (52.63%) 24 (61.53%) 34 0.52
Movement 17 (89.47%) 29 (74.36) 46 0.18
disorder
EOEE 4 (21.05%) 14 (35.9%) 18 0.25
LOF or PLOF non-LOF/PLOF  Total p
(n=10) (n=48) (n=58)
Epilepsy 10 (100%) 24 (50%) 34 0.003
Movement 6 (60%) 40 (83.33%) 46 0.1
disorder
EOEE 8 (80%) 10 (20.83%) 18 < 0.001
NF (n=14) non-NF (n=44) Total P
(n=58)
Epilepsy 4 (28.57%) 30 (68.18%) 34 0.01
Movement 14 (100%) 32 (72.72%) 46 0.03
disorder
EOEE 0(0%) 18 (40.90%) 18 0.004
Table 3

Multiple logistic regression model for the risk of movement disorders emer-
gencies in patients with GNAOI-related movement disorders. GOF: gain of
function.

Independent p-value Odds Standard 95% confidence interval

Variable Ratio Error _—
Lower Upper

GOF variant 0.3 0.3 0.3 0.1 2.1

Sex 0.5 54.7 0.5 0.1 3.7

Chorea 0.001 54.7 67.4 4.9 611.3

Dystonia 0.8 0.8 0.8 0.1 5.8

Dyskinesia 0.3 3.4 3.6 0.4 27.8

Epilepsy 0.5 0.5 0.5 0.1 3.4

rapidly clear that GNAOI encephalopathy is associated with a broad
spectrum of neurological phenotypes, with various combinations of
epilepsy, developmental delay and hyperkinetic MD [5,17-21]. Our
review shows that a MD phenotype involves almost 80% of patients.
The presence of MD was reported in at least one additional patient [12],
but details provided are poor to include him in our analysis. Given its
high prevalence, MD appears to be a core feature of GNAOI en-
cephalopathy, and it has been observed in the absence of seizures in
about 40% of patients so far described. Based on the functional data of
15 GNAOI1 variants, it has been recently postulated that LOF variants
are associated with a predominant epileptic phenotype, presenting as
EOEE, whereas GOF variants prominently express as a movement dis-
order [1]. Because of the lack of information about the possible pre-
sence of MD in a significant proportion of GNAO1 patients and absent
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knowledge about the functional behavior of a quarter of the variants
reported, it is difficult to speculate about the real prevalence of MD
among patients harboring GOF, LOF or NF GNAO1 variants. However,
considering all the patients so far reported, variants affecting the ar-
ginine 209 residue seem to be significantly associated with a prominent
MD phenotype, with low prevalence of epilepsy and no occurrence of
EOEE. Other mutation hotspots prominently causing MD are Glycine
203 and Glutamate 246 residues [3]. By contrast, it is evident that
epilepsy, especially the EOEE presentation, is significantly more fre-
quent in patients with LOF or PLOF variants. GNAO1 protein is nor-
mally responsible for the reduction of cAMP levels, via the inhibition of
adenylyl cyclase; therefore such LOF or PLOF variants, leading to an
enhancement of cAMP-mediated signaling, may explain the pathogen-
esis of GNAOI-related EOEE. Conversely, it is rather unclear how NF
variants can cause the MD. Probably, we should consider that the in-
hibition of the cAMP pathway, commonly used as a functional readout
for the protein, is not sufficient to assess its real biological activity.
Indeed, GNAO1 protein also controls N-type and P/Q-type calcium
channels and synaptic vesicle release, which may be likewise critically
involved in the pathophysiology of MD [1,3].

The course of MD has been described as severe and fluctuating,
characterized by spontaneous or trigger-induced exacerbations
[4,17,21,22], frequently requiring ICU admission and sedation
[4,20,23]. According to our model, the occurrence of MD emergencies
is favored by the presence of a choreoathetosic phenotype, and is less
frequent in patients with other forms of hyperkinetic MD. In this regard,
it is noteworthy that MD terminology and classification is a critical
issue in childhood-onset MD literature [32], because of the lack of
consensus on the correct utilization of derived terms. Consequently, the
heterogeneous classification of MD phenomenology in different reports
could limit the validity of our conclusions.

By contrast, no genetic factor has been found to modify the risk of
MD emergencies. As mentioned above, the poor genotype-phenotype
correlation probably reflects the still partial comprehension of the
functional behavior of a consistent proportion of the pathogenic var-
iants and the heterogeneity in patients’ phenotyping. However, it is
evident that MD exacerbations are a severe and frequent complication
of this condition, further worsened by poor responsiveness to medical
treatments. Tetrabenazine resulted the most used and effective drug
[4,5,17,18,23], probably due to its wide-spread effect in reducing G;
signaling through the depletion of biogenic amines [3]. Again, other
medications commonly used for management of MD provided very
modest efficacy. In patients with severely refractory MD, GPi-DBS has
been reported to generally reduce the frequency and severity of MD
exacerbations, although in the absence of complete remission
[18,21,23,24,27]. Unfortunately, available data did not allow claiming
the efficacy of such intervention in preventing status dystonicus, MD
emergencies and further neurological deterioration, being indeed ne-
cessary specific prospective controlled studies. However, DBS and, to a
lesser extent, the surgical pallidotomy could represent promising ther-
apeutic options for patients with GNAOI-related MD at early phases. At
this regard, the severity of the condition should be carefully considered,
in face of the high mortality and disability of surviving patients.

5. Conclusions

GNAO1 variants are causative of a severe early-onset hyperkinetic
disorder. Dystonia, dyskinesias and choreoathetosis were most fre-
quently reported, followed by oro-facial dyskinesias and myoclonus.
Movement disorders often precipitate, causing life-threatening emer-
gencies (including status dystonicus). Response to medical therapy is
incomplete, while bilateral GPi-DBS or pallidotomy provide partial ef-
ficacy, although long-term data are still lacking. Despite the consistent
emerging correlations between the EOEE phenotype and the loss of the
inhibitory function of GNAO1 protein, the correlation between the
genotype and the MD phenotype are yet poorly understood, as well as
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the functional mechanisms underlying MD development. GNAO1 de-
fects should be considered in the differential diagnosis of conditions
presenting with developmental delay, neurological deterioration and
severe hyperkinetic disorder during the first years of life. In particular,
exons 6 and 7 are mutational hotspots to be preliminary evaluated in
that cases.
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