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1 | INTRODUCTION

Abstract

Objective: Pathogenic variants in y-aminobutyric acid type A (GABA,) receptor
genes have been associated with a wide spectrum of neurological disorders. We
aimed to delineate the clinical trajectories associated with gain-of-function (GoF)
and loss-of-function (LoF) variants in GABRB2 and GABRB3, and to develop a
risk-prediction model for gross motor dysfunction based on age at seizure onset.
Methods: Clinical data, including seizure onset, epilepsy syndromes, cogni-
tive outcomes, and gross motor function classification system (GMFCS), were
collected through direct interviews, physician reports, and literature review.
Kruskal-Wallis, Mantel-Cox and non-parametric analysis of variance (ANOVA)
with Dunn's corrected post hoc tests were used for statistical comparisons. A lo-
gistic ordinal regression model was developed to predict GMFCS outcomes based
on age at seizure onset.

Results: We analyzed a cohort of 117 individuals with pathogenic GABRB2
(n=49) and GABRB3 (n=68) variants. Fifty-three individuals carried GoF vari-
ants and 64 carried LoF variants. The GoF group was associated with earlier sei-
zure onset, higher seizure frequency, and lower rates of seizure freedom. Gross
motor dysfunction was markedly worse in the GoF group, with 64% classified
as GMFCS IV or V (non-ambulation), compared to 7.5% in the LoF group. An
inverse correlation was found between age at seizure onset and GMFCS severity
in the GoF, but not the LOF group. The risk model predicted a >90% likelihood
of non-ambulation for individuals with GoF variants and seizure onset before
1 month of age, decreasing to ~35% with seizure onset after 20 months.
Significance: We found a clear genotype-phenotype correlation in GABRB2- and
GABRB3-related disorders, demonstrating that GoF variants are associated with a
more severe neurodevelopmental trajectory. The age at seizure onset serves as a
biomarker for predicting motor outcomes in individuals with GoF variants. These
findings provide guidance regarding prognosis, need for early intervention, and
data for comparison of efficacy in targeted therapeutic interventions for GABA ,
receptor-related disorders.

KEYWORDS

clinical biomarker, developmental and epileptic encephalopathy, functional variant
classification, GABA, receptor-related disorders, genotype—-phenotype correlation, motor
disability prediction

and their composition varies widely due to the availability

Developmental and epileptic encephalopathies (DEEs)
are the most severe group of epilepsies, with a high pro-
portion having a monogenic etiology. More than 900
genes have been associated with genetic DEEs,"* in-
cluding genes encoding the y-aminobutyric acid type A
(GABA,) receptor.’ GABA , receptors are ligand-gated ion
channels that facilitate neuronal inhibition by opening a
chloride-permeable pore in response to GABA binding.
Structurally, these receptors are pentameric assemblies,

of 19 different subunits (a1-6, p1-3, y1-3, §, €, 0, &, and
p1-3). In humans, the most frequent receptor consists of
two o, two B, and one y2 subunit.*

Pathogenic variants in the GABRB2 and GABRB3
genes, encoding the f2 and p3 subunits of the GABA, re-
ceptor, respectively, have been associated with a spectrum
of neurodevelopmental disorders and epilepsies.”™ Loss-
of-function (LoF) and gain-of-function (GoF) variants
have been reported, and associated phenotypes are linked
to the functional outcome of the variants. LoF variants
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are typically associated with seizure onset after 3months,
febrile seizures, milder cognitive, motor and epilepsy out-
comes.>®'” In contrast, GoF variants have been associated
with early infantile developmental and epileptic encepha-
lopathies (EIDEESs) with onset before 3 months of age and
severe neurological comorbidities, including motor and
cognitive impairment, hyperkinetic movement disorders,
feeding difficulties and higher risk of early death.>”%!

Although previous studies have demonstrated that ep-
ilepsy and developmental outcomes vary widely between
patients with GoF and LoF variants, the use of relatively
broad phenotypic descriptions and limited information
on longitudinal trajectories have left critical aspects unex-
plored. For example, understanding motor and cognitive
outcomes and other morbidities, in addition to epilepsy
prognosis, is critical to determine the efficacy of treatment
and allow comprehensive clinical trial designs with mean-
ingful therapeutic endpoints.

This study will systematically examine the relationship
between age at seizure onset and gross motor outcome in
individuals with GABRB2 and GABRB3 pathogenic vari-
ants. Unlike prior GABA, receptor studies that focused
primarily on epilepsy phenotypes and cognitive outcomes,
we focus on motor dysfunction as a distinct, quantifiable
clinical endpoint. We identify an association between age
at seizure onset and severity of gross motor dysfunction
and develop a risk-prediction model to inform clinical di-
agnosis, prognosis of motor development, and treatment
evaluation.

2 | METHODS

2.1 | Patient cohort and data collection
One hundred and seventeen individuals with pathogenic
variants in GABRB2 (n=49) and GABRB3 (n=68) were
included. Forty individuals were novel, and updated
clinical information was provided for a substantial num-
ber of the previously published cases.”*''"'® New cases
were collected via international patient advocacy groups
(Cure GABA-A and GABA-Alliance), the European
Reference Network for all rare and complex epilepsies
(ERN-EpiCARE) Genetic platform (https://epi-care.eu/
collaborative-genetic-research/), or via an international
network of epilepsy and genetics centers in Europe, North
America, and Australia.

Demographic, genetic, and clinical information was
collected, including information on pregnancy, birth,
neurodevelopmental milestones, neurodevelopmental/
cognitive outcomes, age at seizure onset, seizure types, ep-
ilepsy syndromes, and seizure outcomes. Developmental
and cognitive levels were based on clinical and, whenever

Epilepsia

Key points

« Gain-of-function (GoF) variants in GABRB2
and GABRB3 lead to earlier seizure onset and
more severe neurodevelopmental outcomes
than loss-of-function variants.

« An earlier age at seizure onset correlates
with more severe gross motor dysfunction in
individuals with GABRB2 or GABRB3 GoF
variants.

« Functional variant classification and seizure-
onset age guide prognosis and serve as
comparators for future clinical trial design.

available, standardized assessment. The Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition
(DMS-5), was used to classify the findings. Developmental
delay (DD) was classified as mild, moderate, or severe in
children who were 5years of age or younger. Individuals
older than 5years were classified as having mild, mod-
erate, severe, or profound intellectual disability (ID).
During video interview, we obtained information about
gross motor function and movement disorders. All data
were collected and stored at the Danish Epilepsy Centre.
Semiology of the first seizure and epilepsy syndrome were
classified according to the International League Against
Epilepsy (ILAE) classification,'* > whenever possible.

2.2 | Gross motor function classification
system (GMFCS)

Gross motor function classification system (GMFCS)*
scores were determined through interviews with families
and/or physicians for all new and some previously pub-
lished individuals. For published individuals, where more
recent clinical details were not available, information was
extracted from the articles.

Individuals were categorized into three GMFCS
groups: (1) those who walk independently (GMFCS I
and II); (2) those who walk with support (GMFCS III);
and (3) those who cannot walk independently, regard-
less of head control (GMFCS IV and V). Individuals with
normal gross motor function were not classified with
GMFCS.

2.3 | Inclusion criteria

Only individuals with complete clinical data, as well as
information on the functional effect of the variant, were
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included. The functional effect of 54 variants was reported
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previously™®; the same methods were used to functionally

assess 17 additional variants for this study (Figure 1). The
variants were grouped into GoF or LoF based on GABA

sensitivity.

| Functional characterization

76.4% of the individuals harboured variants that were
either null variants or missense variants that have

previously been functionally characterized.™ For the
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FIGURE 1 Overview of cohort segregation into both functional loss of function (LoF) and gain of function (GoF) groups and gene
sub-groups compared in this study. (A) Location of GABRB2 and GABRB3 variants in the structure of the p2 (pdb:8dd3) and p3 (pdb:6hup).
The y-aminobutyric acid (GABA) molecule bound is shown in aqua, location of LoF variants depicted as red spheres, GoF variants as blue,
and residues where different amino acid changes result in either LoF or GoF in purple. Variants in both genes are roughly similarly spread
between the extracellular and GABA-binding regions, coupling residues, and transmembrane domain. (B) Functional analysis of variants
depicting a GoF GABRB2 p.Thr286lle [blue]| and a LoF GABRB2 p.Thr294Ala [red] variant). Concentration-response curves (left) were
constructed to determine the AlogECs, change between variant and wild-type receptors recorded on the same day with a minimum n=10.
The AlogEC,,s were compared with a one-way analysis of variance (ANOVA) and Dunnett's post hoc test (inset). Variants were assigned
as GoF if GABA sensitivity significantly increased and LoF if it decreased. Representative traces (right) are shown of responses to GABA
activation of concatenated receptors containing a single variant copy. (C) Summary of the general features of the main cohort, the two LoF
and GoF variant patient groups based on functional change (above), and the four gene-specific LoF and GoF sub-groups with GABRB2 or

GABRBS3 gene variants (right).

remaining 17 missense variants identified in 22 indi-
viduals, functional evaluation of variant receptors was
performed using a custom made two-electrode voltage
clamp apparatus described previously.>*?* Briefly, con-
catenated pentameric receptor constructs using human
GABA, receptor subunits were used that allowed for
the systematic introduction of a point-mutated subunit
into the second position of a y2-pf2-al-pf2-al or y2-p3-
al-p3-al construct. Mutant constructs were made and
verified by sequencing followed by sub-cloning into the
concatenated construct using standard restriction di-
gestion and ligation. Linearized complementary DNA
(cDNA) was generated and cRNA for each concatenated
receptor construct was produced using the mMessage
mMachine T7 Transcription Kit (Thermo Fisher).

The complementary RNA (cRNAs) of wild-type (WT)
and mutant concatenated receptors were injected into
Xenopus laevis oocytes at ~25ng cRNA per oocyte. Oocytes
were incubated for 2 days at 18°C in modified Barth's solu-
tion (96 mM NaCl, 2mM KCI, 1 mM MgCl,, 1.8 mM CacCl,,
5mM HEPES, 2.5mM sodium pyruvate, 0.5mM theoph-
ylline, and 100mg/L gentamicin; pH7.4). All recordings
were performed at room temperature. Oocytes were
placed in a recording chamber, and ringer (ND96) solu-
tion (96 mM NaCl, 2mM KCl, 1 mM MgCl,, 5mM HEPES,
1.8mM CaCl,, pH7.4) was continuously perfused. The
pipettes were backfilled with 3M KCI and had open pi-
pette resistances from 0.4 to 2 MQ when submerged in
ND96 solution. Oocytes were voltage clamped using an
Axon GeneClamp 500B amplifier (Molecular Devices) at
a holding potential of —60mV. Amplified currents were
low-pass filtered at 20Hz using a four-pole Bessel filter
(Axon GeneClamp 500B), digitized using a Digidata 1440
(Molecular Devices), and sampled at 200Hz on a per-
sonal computer using the pClamp 10.2 suite (Molecular
Devices). Episodic traces following triggering events
representing responses to individual applications were
collected.

On each experimental day, the functional properties
of WT receptors were assessed along with the mutant re-
ceptors to eliminate the impact of inter-day variation and
variation between batches of oocytes. To assess maximum
current amplitudes, 10mM GABA was applied. GABA
concentration-response relationships were then deter-
mined by applications of increasing concentrations of
GABA to the oocyte. Final datasets for GABA concentra-
tion-response were collected from at least 10 independent
experiments performed on at least two different batches
of oocytes.

Raw traces were analyzed using pClamp 10.2. To de-
termine the half-maximal effective concentration (ECs)
values of GABA concentration-response relationships, the
Hill equation was fitted to peak GABA-evoked current am-
plitudes for individual oocytes using GraphPad Prism 10:

1= AbS. Ly (IAI™ / (1A + [EC5o] ™ ) )

where AbS. Iy is the absolute maximum current, ECspisthe
concentration that evokes half-maximum response, [Alis the
ligand (GABA) concentration, and nH is the Hill slope. For
each individual oocyte, a complete concentration-response
curve was recorded as a single determination (#). From the
ECspvalue the corresponding 108 ECso value was calculated.
By fitting the Hill equation to all data for each construct,
final ECso values were calculated. For each experimental
day, the mean 108 ECso for WT construct (108 ECso.wt) was
calculated. In addition, the A 108 ECs value for each oocyte
containing a mutant construct tested on the same day was
calculated using the following equation:

A log ECsy = log ECyg y,r — log ECsg

Variants were defined as GoF if the AlogECs, was >0.2
and p<0.0001, and LoF where the AlogECs, was <-0.2 and
p<0.0001, when compared by one-way analysis of variance
(ANOVA) with Dunnett's post hoc test.
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The normalized maximum GABA-evoked current
amplitude (Imax) was calculated using the peak current
evoked by 10mM GABA at WT controls (Abs. Imaxwt) and
mutants (Abs'lmaX) for parallel experiments performed
on the same experimental day. To determine the (Imax) for
each individual experiment on a variant following equa-
tion was used:

I Abs. I .

M AbS. Loy wi
Variants were defined as LoF based on the I, where the
reduction was >50% and p <0.0001 when compared with a
Mann-Whitney test to WT.

2.5 | Data analysis and statistics

The age at seizure onset, GMFCS, and cognitive scores
were compared with a Kruskal-Wallis non-parametric
ANOVA and Dunn's corrected post hoc test. Age at sei-
zure onset was compared with a Mantel-Cox test.

A simple risk model to predict gross motor function
was developed with a logistic ordinal regression of the
log(age at onset) at different GMFCS scores in SPSS. The
resultant outputs were converted into cumulative risk per-
centages for GMFCS scores at different ages at onset.

2.6 | Ethics statement

The study was conducted according to the ethical princi-
ples for medical research outlined in the Declaration of
Helsinki. The study was approved by the Institutional
Review Board at the Danish Epilepsy Centre, under pro-
tocol number EMN-20240-1998. All individuals or legal
guardians provided written informed consent for research
participation, and the appropriate institutional forms
have been archived.

3 | RESULTS

3.1 | Demographics

We collected a cohort of 117 individuals (51 female, 66
male) with neurodevelopmental disorders due to patho-
genic variants in GABRB2 (49 individuals) and GABRB3
(68 individuals). In the 49 individuals with a GABRB2 var-
iant, 33 heterozygous missense variants were identified,
whereas 37 missense and 8 null variants (4 frameshift, 1
exon 1-3 deletion, 1 whole gene deletion, and 2 splice-
site variants) were identified in the 68 individuals with

a GABRB3 variant. According to American College of
Medical Genetics (ACMG) criteria, variants were classi-
fied as pathogenic (44), likely pathogenic (30), or variants
of unknown significance’ (Table S1).

3.2 | Functional characterization of
novel variants

Fifty-five variants had been characterized previously
(24 in GABRB2 and 31 in GABRB3).>® Ten GABRB2 and
seven GABRB3 variants were functionally assessed in this
study using two-electrode voltage clamp. Twelve of the
novel variants were characterized as LoF and five as GoF
(Tables S1 and S2). Eight null variants were not tested,
as they were assumed to be LoF. All mutant receptors
showed concentration-dependent increases in response
to GABA applications. Maximal GABA-evoked current
amplitudes were evaluated for receptors containing the 17
subunit variants (10 2 and 7 p3). After functional test-
ing was performed, all variants were then reclassified as
pathogenic or likely pathogenic according to the ACMG
criteria®® (Table S1). Examples of functional testing are
provided in Figure 1 (GoF B2 T2861 and LoF (2 T249A).
Expanded functional and phenotypical information is
provided in Figure 1 and Tables S1 and S2.

3.3 | Follow-up and mortality

The median age at last follow-up was 96 months (inter-
quartile range [IQR]: 48-148; range: 8 months to 62 years).
Only one patient had perinatal complications following
a premature birth (29 weeks) that may have contributed
to her phenotype. Eight individuals (seven GoF and one
LoF) had died (two GABRB2 and six GABRB3), with the
age at death available for six; the average age at death
was 47 months (range: 24-72months). Three individuals
(including one individual with an LoF variant) died from
possible sudden unexpected death in epilepsy (SUDEP),
one died due to respiratory failure following a respiratory
infection, and one died due to super refractory status epi-
lepticus, whereas the cause of death was unknown in the
other three cases.

3.4 | Cohort segregation: LoF And GoF
functional groups and GABRB2/GABRB3
sub-groups

We first segregated the cohort into two groups, based
on the functional change of the variants (LoF or GoF)
(Figure 1). Sixty-four individuals had 43 different LoF
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variants. The median age at last follow-up in the LoF
group was 119months (range: 11-744months), and 94%
(60/64) of the individuals had epilepsy. Fifty-three indi-
viduals had 35 different GoF variants. The median age at
last follow-up in the GoF group was 60 months (range_
8-226 months), and 96% (51/53) had epilepsy. We then di-
vided these groups according to gene and function, mak-
ing four subgroups: GABRB2 LoF and GoF and GABRB3
LoF and GoF (Figure 1). The subgroups did not differ
substantially in number of patients, sex, or age at last
follow-up.

3.5 | Epilepsy and seizure outcomes of
patients with LoF and GoF variants

The GoF group had a lower median age at seizure onset
(3months, 95% confidence interval [CI]: 2.5-5) compared
with the LoF group (9 months, CI: 8-12; p<0.001). In ad-
dition, individuals with a GoF variant had more frequent
seizures (p <0.001), with daily seizures being more com-
mon in the GoF (42%) compared to the LoF group (19%).
Similarly, seizure freedom was less frequently achieved in
the GoF (15%) than the LoF group (45%) (Figure 2A).

Epilepsy syndromes in the LoF group included 48.2%
(28/58) with a DEE, including 1 case with infantile epilep-
tic spasms syndrome (IESS), 1 with early infantile develop-
mental and epileptic encephalopathy (EIDEE), 13% (8/58)
with a phenotype within the Dravet syndrome-like (3 in-
dividuals) and genetic epilepsy with febrile seizures plus
(GEFS+) spectrum (5 individuals), 13% (8/58) with epilepsy
with myoclonic-atonic seizures (EMALtS), 7% (4/58) with
focal epilepsy, and 3.5% (2/58) with idiopathic generalized
epilepsy (one with childhood absence epilepsy [CAE] and
one with juvenile myoclonic epilepsy [JME]). The epilepsy
syndrome was not classifiable in the remaining 13% (8/58).

Epilepsy syndromes in the GoF group included EIDEE
in 23.5% (12/51), epilepsy of infancy with migrating focal
seizures (EIMFS) in 17.6% (9/51), and 4% (2/51 cases) with
each of the following syndromes: DEE with spike-wave
activation during sleep (DEE-SWAS), IESS and Lennox-—
Gastaut syndrome (LGS), and the remaining 47% (24/51)
had unclassified DEE.

For GABRB2, age at seizure onset was similar for the
LoF (9months, CI: 7-12) and GoF (6 months, CI: 3-35)
subgroups (p=0.94 Mann-Whitney test, p=0.82 Mantel-
Cox test), as was seizure frequency (p =0.95). Seizure free-
dom occurred in 26% (11/43) of individuals, of whom 5
had LoF and 6 had GoF variants (Figure 2B). However,
patients with GABRB2 GoF variants had a broader range
of age at seizure onset than those with LoF variants, with
a much greater variance for the cohort (p <0.001, F-test
log,(age at onset)). By contrast, individuals with GABRB3

Epilepsia-

GoF variants had a higher seizure frequency (p<0.001)
and lower median age at seizure onset at 3months (CI:
2-4) than those with LoF variants at 12 months (CI: 8-16),
(p <0.001 Mann-Whitney test, p <0.001 Mantel-Cox test).
Seizure freedom occurred in 62% (23/37) of individuals
with GABRB3 LoF and 10.7% (3/28) of those with GABRB3
GoF variants (Figure 2C).

Taken together, phenotypes of individuals with GoF
variants were more severe than those with LoF variants.
However, when studying each gene individually, there is
a wider range of clinical variability for individuals with
GABRB2 GoF variants compared to GABRB3 GoF variants.

3.6 | Cognitive outcome is markedly
worse for individuals with GoF variants

The level of cognitive or neurodevelopmental impairment
in patients <5years of age, was assessed using the DSM-
5, Text Revision?’ or clinical observations where cognitive
measurements were not available. Individuals in the GoF
group were more severely impaired, as severe intellectual
disability was observed more frequently (82%), compared
with those in the LoF group (11%) (p <0.001) (Figure 3A).
Individuals with seizure onset before 1 month of age were
found only in the GoF group and uniformly had severe-
profound intellectual disability. No association between
the age at seizure onset and the severity of cognitive impair-
ment (p=0.11 and 0.072) was observed in either the LoF or
GoF groups. For individuals with GoF variants, this was
partly due to the very high proportion of GoF individuals
with severe or profound intellectual disability (Figure 3A).

For both GABRB2 or GABRBS3, individuals with GoF
variants had worse cognitive deficits (70% GABRB2, 93%
GABRB3) than those with LoF variants (13% GABRB2,
10% GABRB3), (GABRB2: p<0.01; GABRB3: p<0.01),
and were more likely to have severe intellectual disabil-
ity (Figure 3B,C). There was no association between the
age at seizure onset and severity of intellectual disability
in patients with GABRB2 GoF (p=0.51) or GABRB3 LoF
(p=0.86) variants.

Taken together, severe to profound intellectual disabil-
ity was more frequent in individuals with GoF variants,
and ubiquitous in GoF individuals with seizure onset in
the first month of life.

3.7 | Gross motor function is associated
with age at seizure onset for individuals
with GoF variants

Gross motor function was evaluated using GMFCS to de-
termine each patient's abilities in terms of head control,

) SUONIPUOD) PUT SR, 31 295 “[970/20/10] U0 ATIGIT AUIUQ A9TEAL © (PRPIUES 9P OLIISIUIJ) UOISIAOI [FUONEN SUEIYP0D) ysturds - no[Sountizay sxary £q 96002 1d%/200101/0p/wo KajimAeiquautiuoy/:sdny woxj papeofumoq ‘0 “L9118ZST

/w0 Kaj

25UADIT SUOWIIO) FANEAI) AqEANIAdE A1 £q PAUIANGT A1 SOOI VO 295N JO SAINI 10] AIGIT AUUQ) ARTEA UO



ORTIZ ET AL.

*LEpilepsia

(A) Seizure phenotypes GOF and LOF Groups
Seizure Frequency Age of seizure onset
LOF P < 0.001
o
GOF 100 i
= 14
2 0
Sei g H ¢ ot N 40
f o
Daily Weekly Monthly Yearly ?;Z:re < ¢ &
- - - = I 01 70
|| = || 1 @D
0.01 0 T T T T v
LOF GOF 0 50 100 150 200 250
Variant function Age of onset (m)
(B) Seizure phenotypes GABRB2 Sub-Groups (C) Seizure phenotypes GABRB3 Sub-Groups
Seizure Age of seizure onset Seizure Age of seizure onset
Frequency ;500 P=0.16 P =0.82 Frequency 1500 . P <0.001 P < 0.001
vy — 1001
LOF . LOF
sz 5 £ '] 8 % o i g0 8 < 50
GOF @ 4 5 GOF B qp %
2] = 60 2] = 60
2 6 | 5 .ﬁ X | — LoF 14 3K ‘% — LoF
‘D 1 il [ ] = - — ‘B 1 7 5 —
P=0.94 g ® g 40 GOF p=17x10° 3 @ § 40 GOF
[=2] @ (=2 ]
L 0 W 201 < 0.1 0 204
a o
1+ T 0.01 0 e ¥
LOF GOF 0 100 200 LOF GOF 0 100 200
Variant function Age of onset (m) Variant function Age of onset (m)

FIGURE 2 Seizure frequency and age at onset at LoF and GoF variant groups. (A) Selected clinical parameters of the seizure phenotype
were assessed for their association with their molecular phenotype at LoF and GoF variants. Bar graph (left) depicting seizure frequency at
LoF (red) and GoF (blue), with shading from darkest to lightest to denote daily, weekly, monthly, or yearly seizures, respectively. Seizure-
free individuals are depicted in white (p <0.001, Mann-Whitney test, y*=548.5; n =49 LoF and 38 GoF). Age at seizure onset (middle) is
shown on a log scale with LoF depicted as red dots, GoF as blue, and the median is a solid bar (p <0.001, Mann-Whitney test, )(2 =698; n=59
LoF and 50 GoF). Seizure risk (right) is shown for LoF (red line) and GoF (blue line) and p-value for a Mantel-Cox test is shown. “m” refers
to months on the y-axis. (p=0.003, Mantel-Cox test; n=62 LoF and 52 GoF). (B) No association of seizure frequency or age oat seizure onset
between gene-specific GABRB2 LoF and GoF subgroups (seizure frequency: p=0.94, y*=141, n=17 LoF and 17 GoF; age at onset p=0.16,
)(2 =181.5, n=22 LoF and 22 GoF, Mann-Whitney test, p=0.82, Mantel-Cox test, n =23 LoF and 24 GoF). (C) Association of GoF with
increased seizure frequency and younger age at seizure onset between gene-specific GABRB3 LoF and GoF subgroups (seizure frequency:
p<0.001, ;(2 =128.5, n=32 LoF and 21 GoF; age at onset p <0.001, ;(2 =137.5, n=37 LoF and 28 GoF, Mann-Whitney test, p <0.001, Mantel-
Cox test, n=39 LoF and 28 GoF).

sitting, and walking, and which equipment or mobility
aids each patient might require. Scores were grouped into
four categories: normal, GMFCS I and II, GMFCS III, and
GMFCS 1V and V.

Overall, the GoF group had worse GMFCS scores
than the LoF group (p<0.001), (Figure 4A). Individuals
with GoF variants were more likely to be non-ambulant

(GMFCS 1V or V) (64%) than those with LoF (7.5%) vari-
ants. Moreover, younger age at seizure onset was associ-
ated with more severe levels of gross motor dysfunction
in individuals with GoF variants (p <0.001), with GMFCS
IV and V having a younger age at seizure onset (median
2.8months, 95% CI: 2-4) than those with GMFCS III
(8 months, CI: 1-71) and GMFCS I and II (17.5months,
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FIGURE 3 Cognitive impairment at LoF and GoF variants. (A) Comparison of cognitive deficits at LOF (red) and GOF (blue) variants.
Bar graph (top) depicting cognitive impairment at LoF (red) and GoF (blue), with shading from darkest to lightest to denote severe,
moderate, or mild intellectual disability, respectively. Individuals without intellectual disability are depicted in white (p <0.001, y*=350.5,
n=63 LoF and 51 GoF, Mann-Whitney test). Age at seizure onset for LoF (below left) and GoF (below right) variants are shown; each
individual is represented as a single dot with the same color scheme as above. Bars indicate median scores (LoF p=0.11, H, s3="5.967,
n=58, Kruskal-Wallis test) or GoF (p=0.072, y*=82, n=48, Mann-Whitney test). (B) Comparison of cognitive deficits at GABRB2 LoF and
GOF sub-groups for cognitive deficits (GABRB2: p <0.001, y*=81, n=23 LoF and 23 GoF, Mann-Whitney test) and age at seizure onset for
different severity of cognitive deficits at GABRB2 LoF (p=0.049, Dunn’s post hoc test, p=0.036 H, ,; =8.553, n=21, Kruskal-Wallis test)
and GABRB2 GoF sub-groups (p=0.51, y*=29.5, n=20, Mann-Whitney test). (C) Comparison of cognitive deficits at GABRB3 LoF and GoF
sub-groups for cognitive deficits (p <0.001, y*=78, n=40 LoF and 28 GoF, Mann-Whitney test) and age at seizure onset for different severity
of cognitive deficits at GABRB3 LoF (p=0.86, H, 3;=0.07493, n=37 Kruskal-Wallis test) and GABRB3 GoF sub-groups (n.d, too few data in
moderate ID).
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FIGURE 4 Gross motor function classification system (GMFCS) scores at LoF and GoF variants. (A) Bar graph (top) depicting gross
motor deficits at LoF (red) and GoF (blue), with shading from darkest lightest to denote GMFCS IV and V (unable to walk with or without
head control), GMFCS III (can walk with support), or GMFCS I and II (can walk without support but unsure running, jumping, or walking
stability), respectively. Individuals with no gross motor dysfunction are depicted in white (p <0.001, y*=387.5, n=63 LoF and 53 GoF,
Mann-Whitney test). Age at onset is not correlated with the GMFCS score for the LoF group (below left) (p >0.05, n= 58, Dunn's post hoc
tests) but is correlated with the group GOF (below right) (p <0.001, H; 5,=15.5, Kruskal-Wallis test; p=0.033, n=34 (IV and V) 8 (III), and
p=0.002, n=34 (IV and V), 8 (IIT), Dunn's post hoc test), variants are shown with the same color scheme as above. (B) Gross motor deficits
are less severe overall at the GABRB2 LoF sub-group than the GoF subgroup (p <0.001, y*=90, n=23 LoF and 25 GoF, Mann-Whitney
test). No association was found between GMFCS classification and the age at onset in the GABRB2 LoF (p=0.24, y*=20.5, n=21, Mann-
Whitney test) or GoF subgroups (p=0.063, H; ,, = 5.368, Kruskal-Wallis test). (C) Gross motor deficits are less severe overall at the GABRB3
LoF sub-group than the GoF subgroup (y*=91, n=40 LoF and 28 GoF, Mann-Whitney test). No association was found between GMFCS
classification and the age at onset in the GABRB3 LoF (p=0.14, H, 3,=5.585, Kruskal-Wallis test) or GoF subgroups (p=0.054, H; ,3=5.824,
Kruskal-Wallis test).
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CI:3-92)(p=0.033 and p=0.002, respectively) (Figure 4A).
We found no difference between age at seizure onset and
GMFCS scores in patients with LoF variants (p> 0.05).

Regardless of whether the variant was in the GABRB2 or
GABRB3 gene, individuals with a GoF variant were more
likely to be non-ambulatory with a GMFCS IV or V score
(40% GABRB2, 86% GABRB3) compared to those with a
LoF variant (0% GABRB2, 13% GABRB3). Reflecting that
individuals with GoF variants had worse GMFCS scores
overall (GABRB2 and GABRB3: p<0.001) (Figure 4B,C).

No association was found between GMFCS classifica-
tion and age at seizure onset, regardless of whether pa-
tients had LoF (GABRB2 p=0.24, GABRB3 0.14) or GoF
(GABRB2 p=0.063, GABRB30.054) variants (Figure 4B,C).
The median age at seizure onset for individuals with
GMFCS IV and V was similar for the GABRB2 GoF sub-
group (3months, CI: 8.5-36) and GABRB3 GoF subgroup
(2.5, CI: 1.6-4). We therefore developed a risk-prediction
model for gross motor dysfunction based on the age at sei-
zure onset.

3.8 | A simple risk-prediction model for
gross motor dysfunction severity based on
age at seizure onset for patients with GoF
variants

Consistent with the strong association between GMFCS
scores and the age at seizure onset, we designed a model
by fitting the GMFCS score to the log;, of the age at seizure
onset with an ordinal regression. The log transformation
was chosen because the data were better approximated by
a lognormal distribution. We describe this model as a sim-
ple risk-prediction model due to the inherent assumptions
in the model and the limited, but high-quality, dataset to

Epilepsia*

which we are fitting the model. The model fitted well to the
data for GoF variants ()(2= 18.061, p=2.1X 107, Pearson
goodness of fit y*=39.6, p=0.762, Cox and Snell R*=0.303).
However, the model returns a poor fit to the age at onset of
LoF variants, consistent with the lack of a robust associa-
tion between GMFCS scores and the age at seizure onset
(¥*=2.685, p=0.101, Pearson goodness of fit y*=85.8,
p=0.31, Cox and Snell R2=0.045). Nevertheless, the risk
of an individual with a LoF variant being non-ambulatory
(GMFCS IV and V) was less than for a patient with a GoF
variant with any age at seizure onset (Figure 5A). The
model predicts a very high likelihood (>90%) of an individ-
ual being non-ambulatory when seizure onset is in the first
month of life. This risk reduces with later age at seizure
onset to ~35% by 20 months of age.

The risk of a milder level of motor dysfunction (GMFCS
III) rises to about 31% and the risk of the mildest level of
motor dysfunction (GMFCS I and II) rises to 35%. After
20months of age, the risk of GMFCS IV and V and of III
continues to decline (Figure 5).

4 | DISCUSSION
In this study, we delineated the clinical trajectories of 117
individuals with GABRB2- and GABRB3-related disor-
ders by comparing differences in epilepsy, cognitive, and
motor function in individuals with LoF and GoF variants.
Furthermore, we investigated the relationship between
the age at seizure onset and the severity of gross motor
dysfunction, ultimately developing a risk-prediction
model with utility for clinical diagnosis and prognosis of
motor development and future treatment trials.

Our findings revealed distinctly different clinical tra-
jectories for individuals with LoF or GoF GABRBZ2 and

Simple GMFCS Risk Score at GOF and LOF Cohorts
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FIGURE 5 Simple model for gross motor function risk. Ordinal regression of GMFCS risk scores against the log age at onset. Best-fit
risk of GMFCS IV and V (left) at different ages at seizure onset shown for LoF (dotted red line) and GoF (blue line). GMFCS IV and V risk
curve for GOF showing the 95% confidence intervals; LoF not shown as confidence intervals suggest age at onset not correlated with GMFCS
risk. Calculated risk values (right) of GMFCS I and II (light blue), GMFCS III (blue), and GMFCS IV and V (dark blue) at different ages at

onset at GoF variants.
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GABRB3 variants. In individuals with GoF variants, we
identified more severe gross motor and cognitive impair-
ment, together with earlier (often neonatal) seizure onset.
By employing the age at seizure onset as a clinical bio-
marker, we developed a predictive model that forecasts
gross motor function outcomes in individuals with GoF
variants in GABRB2 or GABRB3.

The age at seizure onset is a useful clinical biomarker
that has been used previously as a proxy for the severity
of the disorder.® We reasoned that if the age at onset was
a proxy for severity, it could also be used to predict the de-
velopment of other morbidities. Therefore, we developed
a simple risk model for gross motor deficits based on two
variables: (1) whether the variant caused a loss or gain of
function; and (2) the age at seizure onset.

We recently reported that individuals with GABRB2
GoF variants more frequently had ongoing seizures, more
severe epilepsy syndromes, more severe cognitive deficits,
hyperkinetic movement disorders, and profound motor
impairment (non-ambulant) compared with those with
LoF variants.® However, in our previous study, the severity
of gross motor function deficit was evaluated using a rela-
tively coarse assessment (either reported by families or as-
sessed ad hoc by treating clinicians), thereby limiting the
ability to draw definitive conclusions about the relation-
ship between gross motor outcomes and either the clinical
phenotype or the functional consequence of the variant.
By scoring gross motor dysfunction with the standardized
GMFCS, we showed a high incidence of gross motor dys-
function in our GoF cohort.

Early diagnosis of gross motor dysfunction is import-
ant to prepare families and caregivers with realistic expec-
tations regarding motor development and to ensure timely
implementation of appropriate interventions. Because the
age at seizure onset is a useful proxy for the overall sever-
ity of the disorder, we reasoned that it might provide a fast
and reliable prediction of gross motor function compared
with the challenges of deciphering functional properties
of pathogenic variants. Indeed, gross motor outcomes
strongly correlated with the age at seizure onset, and the
simple risk model we developed shows that individu-
als with GoF variants who have seizure onset in the first
month of life have an ~90% likelihood of never walking in-
dependently (GFMCS IV and V). This risk decreases with
later seizure onset, with 30% of individuals with seizure
onset by 20 months of age having GMFCS IV or V.

There are some limitations to our model. The first is
that gross motor function outcomes are more severe in
individuals with GABRB3 than with GABRB2 GoF vari-
ants. It is important to note that the age at seizure onset is
also younger in the GABRB3 cohort, and seizure onset in
the first month of life occurs only in those with GoF vari-
ants. The second caveat is that the model fits an ordinal

regression to the data that assumes proportional odds at
the different severities of GMFCS. In both of these cases,
the model will be less reliable for patients with later-
onset seizures with GABRB3 variants, and in differenti-
ating the risk between GMFCS I and II and GMFCS III,
and hence why we frame it as a simple risk-prediction
model. However, neither of these caveats affect the main
conclusion that the risk of being non-ambulant, or scor-
ing GMCEFS IV-V, is very high when an individual with
a de novo GABRB2 or GABRB3 variant presents with sei-
zures in the first month of life. In practice, the functional
motor outcome of these individuals, comprising ~10% of
the overall cohort, can be confidently predicted without
waiting for time-consuming (and relatively inaccessible)
functional analysis of the variant to be performed. Due
to the cross-sectional design of our study, we could not
assess whether GMFCS levels remained stable in individ-
uals over time.

We found that intellectual disability was diagnosed in
the majority of individuals with a GoF variant; 82% had
severe intellectual impairment. In contrast, severe intel-
lectual disability was present in 11% of individuals with
LoF variants. This is consistent with previously published
GABRB2 and GABRBS3 studies, where cognitive deficits
were more frequent and severe in GoF cohorts.>® Unlike
gross motor dysfunction, the age at seizure onset did not
correlate with the severity of cognitive deficits for individ-
uals with LoF or GoF variants.

4.1 | Strengths and limitations

This study includes a large number of participants, made
possible by the support of families and treating physicians
who enabled us to conduct in-depth phenotypic analyses
and assess outcomes. Because variant functional testing
is available only in research settings, we provide a model
that can predict the gross motor outcome of the variant in
individuals with seizures. An important limitation of our
study is selection bias, as patients with more severe epilep-
sies or neurodevelopmental delay are more likely to un-
dergo molecular genetic testing. This could skew our data
toward individuals with more severe clinical outcomes.

5 | CONCLUSIONS

Our study advances understanding of the clinical tra-
jectories of patients with GABRB2- and GABRB3-related
disorders, providing valuable insights for families and
physicians, as well as informing the design of future clini-
cal trials. We found that gross motor dysfunction and
cognitive deficits are more severe in individuals with GoF
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GABRB?2 or GABRB3 variants. Using a simple risk model,
clinicians can have high confidence in predicting the
severity of gross motor dysfunction for individuals with
GABRB2 or GABRB3 variants and seizure onset in the
newborn or infantile period.
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