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ABSTRACT: Background: Pathogenic variants within
the unique N-terminal inactivation particle of FGF13 iso-
form A (FGF13A) have so far been associated only with
an X-linked dominant epileptic encephalopathy (DEE).
Objective: The aim was to expand the clinical and
molecular spectrum of FGF13A-related disorder.
Methods: We performed exome or genome sequencing
of patients with unexplained nonepileptic paroxysmal dys-
kinesia (PxD).

Results: Four unrelated boys with three novel de novo or
inherited pathogenic missense variants in FGF13A were
identified. Variants were also located within the inactiva-
tion particle, proximal to the DEE variants. Carrier
mothers were unaffected, indicating an X-linked

o

~

recessive inheritance. All patients presented with PxD in
infancy, consisting of both hyperkinetic and hypokinetic—
hypotonic phases, and a variable neurodevelopmental
disorder. The frequency of attacks was high (60-100 per
day). Treatment with caffeine with or without methylphe-
nidate partially improved PxD in 2 patients.

Conclusions: FGF13A variants cause a partially caffeine-
responsive PxD phenotype with variable cognitive impairment,
albeit without epilepsy. © 2026 The Author(s). Movement Dis-
orders published by Wiley Periodicals LLC on behalf of Intema-
tional Parkinson and Movement Disorder Society.
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Paroxysmal dyskinesia (PxD) is a group of movement
disorders (MD) characterized by recurrent involuntary
episodic movements, including dystonia, chorea, and
athetosis. The majority of cases are triggered by a sud-
den movement change (kinesigenic PxD) or by anxiety,
coffee, sleep deprivation, and fatigue (nonkinesigenic
PxD), whereas some lack identifiable triggers.! Provoking
factors, frequency, and duration are variable. PxD shows
a large clinical and genetic heterogeneity. The implemen-
tation of genome/exome sequencing enabled the identifi-
cation of more than 20 known causative genes for
isolated PxD.>® However, the genetic etiology remains
unclear in a substantial proportion of PxD cases.*

FGF13, also known as FHF2, is located on the X
chromosome and encodes a fibroblast growth homolo-
gous factor.” Alternative splicing produces five protein-
coding FGF13 isoforms, which are expressed in a
tissue-specific manner and have different functions. The
major isoform with high expression in the brain is
FGF13A (NM_004114.5), expressed in both inhibitory
and excitatory neurons.

FGF13A performs several functions, including the
modulation of sodium currents through interaction
with different voltage-gated sodium channels (Na,).”*
Within its unique N-terminus, the FGF13A isoform
contains an inactivation particle, which mediates rapid,
long-term inactivation of Na, channels (Fig. 1B).”

Heterozygous or hemizygous pathogenic missense
variants in the FGF13A-specific exon 1 have been asso-
ciated with X-linked developmental and epileptic
encephalopathy 90 (DEE90, MIM* 300070), a disor-
der characterized by severe developmental delay, absent
or limited speech, and drug-resistant epilepsy. The iden-
tified developmental and epileptic encephalopathy
(DEE) variants were localized within the inactivation
particle.'??

Here, we report novel hemizygous missense variants
in FGF13A identified in 4 unrelated male patients pre-
senting with distinctive PxD, albeit without epilepsy.

Patients and Methods

All individuals (Fig. 1A) were referred to the neurol-
ogy departments of pediatric clinics and/or clinical
genetic institutes for detailed assessment. Cooperation
was established through the web-based GeneMatcher,
ADDIRares, and ERN-ITHACA platforms. The
FGF13A variants were identified by trio exome/genome
sequencing in research or diagnostic settings in the col-
laborating centers. Sanger sequencing of patient 2’s rel-
atives and X-inactivation assays were performed using
standard methods.'”> Exome sequencing data of
45 undiagnosed patients with kinesigenic PxD were rea-
nalyzed. More details on the sequencing methods and
variant annotation in Figure 1 are presented in File S1,

“Supporting Information and Methods.” Written
informed consent for publication of clinical and molec-
ular data, photos, and videos was obtained from the
patients’ legal guardians (Video 1).

Results

Clinical Description

All 4 patients presented with a nonepileptic paroxys-
mal MD that began in the first year of life (between
5 and 9 months of age) and persisted throughout child-
hood up to the last clinical evaluation (Table 1). The
severity was similar in patients 2 to 4, whereas patient
1 exhibited a milder form. Brain magnetic resonance
imaging and repeated electroencephalography recording
between and during the episodes revealed no abnormal-
ities in any of the 4 patients. In patients 2 to 4, the
attacks occurred more than 60 times a day and con-
sisted of two phases. The first was a hyperkinetic phase
with abrupt onset, presenting with generalized dyskine-
sia (including the face) and lasting <1 minute, followed
by a hypokinetic-hypotonic phase with behavioral
arrest and decreased alertness lasting several minutes
(Video 1). Both phases occurred in full consciousness.
The attacks ended with a gradual return to baseline. In
patient 1, the episodes were purely dyskinetic between
6 and 10 months of age, then became less frequent
(varying from 2 to 3 per month to 3 per day), and from
1 year of age they were purely hypokinetic-hypotonic.
In patients 2 to 4, the attacks were so frequent that no
single trigger could be identified: they were both
kinesigenic and nonkinesigenic (related to fatigue, psy-
chological stress, fever, or occurred without trigger). In
patients 1 to 3, attacks were also observed during sleep.

Several pharmacologic approaches were ineffective,
including ketogenic diet and deep brain stimulation in
patient 4. Only caffeine exhibited partial efficacy
in 2 patients, reducing the intensity and frequency of the
hyperkinetic phase in one and the duration of the hypo-
tonic phase in the other. In the latter, combination with
methylphenidate led to a significant reduction in attack
frequency. This treatment has not yet been administered
to the other 2 patients (see also Table 1 and File S1).

Baseline examination between episodes of patients
2 to 4 revealed motor impairment, including dystonia
in 2 of them and uncoordinated walking in patient
4. Patient 1 had age-appropriate neurological findings.
Patients 2 to 4 exhibited developmental delay, including
learning difficulties or mild intellectual impairment
(Table 1; File S1).

Genetic Analysis

We detected three amino acid (aa) substitutions
located in exon 1 of the FGF13A isoform, which is
absent from the other FGF13 transcripts. These had
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FIG. 1. (A) Images and pedigrees of the PxD (paroxysmal dyskinesia) patients described here. (B) Linear protein structure of FGF13A (NP_004705.1)
and its domains: an inactivation particle necessary for sodium channel inactivation (inact_part, amino acids [aa] 2-21, blue), a bipartite, importin-
a-dependent nuclear localization signal (NLS_bi, aa 11-40, yellow), a monopartite NLS (NLS_mono, aa 53-62, pink), and the fibroblast growth factor
core domain (FGF, aa 65-212, dark orange). The inactivation particle and bipartite NLS motifs overlap (aa 11-21, green). Through its FGF domain,
FGF13A binds to voltage-gated sodium channels,?® and its N- and C-terminal regions modulate channel activity (see also File S2 sheet domains).®2*
(C) Enlargement of the N-terminal inactivation particle (aa 2-21), containing all variants discussed in this report. Lollipops above the protein model show
the missense variants causing either developmental and epileptic encephalopathy (DEE, light orange) or PxD (green). The shape of the lollipop heads
corresponds to the sex of individuals carrying the variant (circle: only females, square: only males, diamond: both sexes). The lollipop segment length
for each variant corresponds to their scaled CADD (Combined Annotation Dependent Depletion) scores.?® (D) Generalized linear model of scaled CADD
scores for all possible missense variants of FGF13A (see also File S2 sheet all_missense). The CADD score can indicate variant deleteriousness. It is
normalized to all possible single nucleotide variants (SNVs) in the human genome: a value of >25 indicates the respective variant is among the top
0.5% of deleterious variants in the genome. The blue line indicates the smoothed CADD values, whereas the red horizontal line represents the rec-
ommended cutoff for this score according to ACMG/AMP criteria (framework for interpretation of sequence variants, published by the American Col-
lege of Medical Genetics and Genomics and the Association for Molecular Pathology).?® This analysis indicates that the inactivation particle and a part
of the FGF domain are highly conserved and intolerant to missense variants. [Color figure can be viewed at wileyonlinelibrary.com]

not previously been described in the literature or listed patients 1 and 4 revealed a random X-inactivation sta-
in international patients’ databases, were absent from tus in peripheral lymphocytes with a ratio of 68% and
the public database gnomAD, and were predicted as 67%, respectively.

pathogenic by prediction algorithms (File S2 sheet Reanalysis of the exome data of 45 patients with
cohort_variants). Patients 1 and 2 carried the mater- genetically undiagnosed kinesigenic PxD did not detect

nally inherited variants p.(Ala3Val) and p.(Ala6Val), any additional FGF13A variants.
respectively; the heterozygous mothers were healthy.
The sister of patient 2 was also an unaffected carrier.

The same variant p.(Ser8Leu) was identified in patients Discussion
3 and 4, occurring de novo in the former and being
inherited from the unaffected mother in the latter To date, pathogenic variants in FGF13A have been

(Fig. 1A-C). Analysis of the healthy carrier mothers of reported only in patients with severe DEE.'® This study
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Video 1. Patient 1: video-EEG (electroencephalography) recording at
3 years of age. The paroxysmal episode begins with truncal hypotonia
lasting 15 seconds. Then generalized hypotonia sets in, accompanied
by an opened mouth and hypomimia, without loss of awareness or EEG
abnormalities. The episode lasts 3 minutes. Recovery is gradual, over a
few tens of seconds: the child can grasp an object, move the limbs, roll onto
the side, and then sit up again. Patient 3: clinical examination at 8 years of
age. The interictal state is characterized by generalized subcortical myoclo-
nus. The paroxysmal episode begins with a hyperkinetic phase lasting about
20 seconds, marked by generalized hyperkinetic movements involving the
face, with an open mouth and associated drooling. Progressively, the hypo-
tonic and hypokinetic phases begin with truncal hypotonia and chewing
movements, followed by generalized hypotonia, behavioral arrest, and
clenched hands. There is no loss of consciousness. Patient 4: familial video
recording at 8 years of age. Interictal state shows mild impairment of fine
motor skills. The paroxysmal episode begins abruptly with generalized dyski-
netic movements that cause the child to fall to the floor. The child is still able
to speak. After ~30 seconds, the hypotonic-hypokinetic phase begins with
eyelid drooping, chewing movements, behavioral arrest, and clenched
hands. There is no loss of consciousness. Recovery is gradual, lasting a few
tens of seconds: the child is able to sit up, although axial hypotonia persists
and the hands remain clenched, and he resumes playing (detailed descrip-
tion of the paroxysmal episodes is also provided in File S1).

Video content can be viewed at https://onlinelibrary.wiley.com/doi/10.1002/
mds.70256

is the first to describe a novel FGF13A-associated non-
epileptic PxD with peculiar characteristics and variable
cognitive impairment.

FGF13A-related PxD begins in the first year of life, is
mainly biphasic, lasts several minutes (3-20 minutes),
and exhibits a very high frequency (several dozen per
day). Triggers are diverse, kinesigenic, and non-
kinesigenic, and episodes may occur during sleep. The
early onset and high frequency of PxD, facial involve-
ment, and sleep onset are reminiscent of individuals
with gain-of-function variants in ADCY5'* and biallelic
loss-of-function variants in PDE2A."S The sequence of
a hyperkinetic phase followed by a hypokinetic-
hypotonic phase in 3 of 4 patients has previously been
reported for PDE2A variants.”” The isolated
hypokinetic—hypotonic phase, observed in 1 patient,
resembles the paroxysmal phenomena associated with
KCNMAT1 variants or the plegic attacks linked to
ATP1A3 or RHOBTB2 variants.'®!” Another differen-
tial diagnosis is narcolepsy of autoimmune origin,
which may begin in children with episodes of cataplexy
associating “negative” (hypotonia) and “active” (rang-
ing from perioral movements to dyskinetic-dystonic
movements) motor disturbances.'® However, in narco-
lepsy, these phenomena occur simultaneously, are trig-
gered by laughter and emotions, and typically manifest
later, from the age of 6 years.

FGF13A-associated PxD did not respond to conven-
tional treatments. Due to the efficacy of caffeine and
methylphenidate in ADCYS5-related dyskinesia,'”*" we
suggested this combination to our patients. Caffeine
exhibited partial effectiveness in 2 patients. Notably,
the combination with methylphenidate enhanced the
effect of caffeine treatment (File S1). Our findings add
to the ongoing evidence for the therapeutic effect of caf-
feine in patients with genetic PxD. However, a more
systematic evaluation of these treatments is warranted.

By exome and genome sequencing, we identified 3
novel missense variants in exon 1 of FGFI13A in
4 patients with PxD. These variants differ from those
previously associated with DEE but cluster similarly to
the latter within the first 21 residues at the N-terminus,
which encode the inactivation particle (Fig. 1B,C).
Interestingly, this domain along with a part of the FGF
domain is the most highly conserved in FGF13A, and is
intolerant to aa substitutions (Fig. 1D).

Despite the clustering, the phenotypic divergence indi-
cates functional differences between DEE and PxD vari-
ants. To date, 7 male and 3 female patients with DEE
from 6 unrelated families, harboring 5 distinct FGF13A
pathogenic missense variants, have been described
(Fig. 1B).'°"'? None of these variants were inherited.
De novo occurrence, low-grade somatic mosaicism, or
gonadal mosaicism in the unaffected mother were
observed. Both males and females were affected,
suggesting an X-linked dominant inheritance. In con-
trast, all affected individuals with the PxD variants
described here are males. Three of four aa substitutions
were inherited from heterozygous unaffected mothers,
indicating X-linked recessive inheritance.

We considered nonrandom X-chromosome inactiva-
tion (XCI) as a possible explanation for why female
carriers of PxD variants are unaffected. An XCI assay
in peripheral lymphocytes of 2 healthy carrier mothers
did not identify skewing toward the normal allele.
However, we cannot rule out the possibility that blood
is not representative of all tissues.

Fry et al. showed that the DEE variants p.(Arg11Cys)
and p.(Arg14Cys) (Fig. 1B,C) reduce or completely dis-
rupt the ability of the inactivation particle to mediate
long-term inactivation of Na,1.6 in excitatory neurons,
resulting in increased excitability and seizures.'® A loss-
of-inhibitory function was suggested. A recent study in
Fgf13-knockout mice confirmed the aberrant long-term
inactivation of Na,1.6 channels but suggested that this
is not the primary mechanism triggering seizures. Abla-
tion of Fgfl3 in inhibitory interneurons reduced K"
channel currents, leading to a depolarization block and
reduced inhibitory drive, thus causing seizures.*!
Although further experimental studies are needed to
understand the effects of DEE variants, aberrant regula-
tion of Na'/K" voltage-gated channels in neurons
appears to be one of the driving mechanisms of DEE.
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The three PxD-associated FGF13A variants have not
yet been functionally investigated. Because they are also
located in the inactivation particle, dysregulation of
Na, channel activity could underly both the PxD and
DEE clinical entities. FGF13A has aliphatic (residues 1-
10) and cationic (residues 11-20) regions involved in
modulating and maintaining the long-term inactivated
state of sodium channels.”> DEE variants remove key
cationic or aliphatic residues, which reduces the ability
of FGF13A to bind sodium channels and cause long-
term block. In contrast, all PxD substitutions have
larger aliphatic side chains. The increased hydrophobic-
ity of these residues may enhance the interaction
between FGF13A and sodium channels, leading to
reduced neurotransmission and hypokinetic symptoms.
In addition, the milder clinical presentation of the PxD
patients may be attributed to a milder impairment of
FGF13A protein function compared to the DEE vari-
ants. Nevertheless, it cannot be excluded that FGF13
isoform A exerts additional roles and functions in neu-
ronal cells that are differentially impacted by the PxD
and DEE pathogenic variants. @
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