https://doi.org/10.1093/brain/awab327 BRAIN 2022: 145; 1668-1683 | 1668

Assessing the landscape of STXBP1-related
disorders in 534 individuals
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Disease-causing variants in STXBP1 are among the most common genetic causes of neurodevelopmental disorders.
However, the phenotypic spectrum in STXBP1-related disorders is wide and clear correlations between variant type
and clinical features have not been observed so far.

Here, we harmonized clinical data across 534 individuals with STXBP1-related disorders and analysed 19973
derived phenotypic terms, including phenotypes of 253 individuals previously unreported in the scientific litera-
ture. The overall phenotypic landscape in STXBP1-related disorders is characterized by neurodevelopmental abnor-
malities in 95% and seizures in 89% of individuals, including focal-onset seizures as the most common seizure
type (47%). More than 88% of individuals with STXBP1-related disorders have seizure onset in the first year of life,
including neonatal seizure onset in 47%. Individuals with protein-truncating variants and deletions in STXBP1
(n=261) were almost twice as likely to present with West syndrome and were more phenotypically similar than
expected by chance. Five genetic hotspots with recurrent variants were identified in more than 10 individuals,
including p.Arg406Cys/His (n = 40), p.Arg292Cys/His/Leu/Pro (n = 30), p.Arg551Cys/Gly/His/Leu (n = 24), p.Pro139Leu
(n=12), and p.Argl90Trp (n = 11). None of the recurrent variants were significantly associated with distinct electro-
clinical syndromes, single phenotypic features, or showed overall clinical similarity, indicating that the baseline
variability in STXBP1-related disorders is too high for discrete phenotypic subgroups to emerge. We then recon-
structed the seizure history in 62 individuals with STXBP1-related disorders in detail, retrospectively assigning
seizure type and seizure frequency monthly across 4433 time intervals, and retrieved 251 anti-seizure medication
prescriptions from the electronic medical records. We demonstrate a dynamic pattern of seizure control and

Received March 30, 2021. Revised July 30, 2021. Accepted August 10, 2021. Advance access publication November 23, 2021

© The Author(s) (2021). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-0205-0648
https://orcid.org/0000-0002-0834-0750
https://orcid.org/0000-0003-0212-8318
https://orcid.org/0000-0001-8249-0549
https://orcid.org/0000-0003-2718-296X
https://orcid.org/0000-0002-1735-8178
https://orcid.org/0000-0002-7138-6022
https://orcid.org/0000-0002-5385-0119
https://orcid.org/0000-0003-2878-1147
https://orcid.org/0000-0002-5452-5000
https://orcid.org/0000-0001-8486-0558

Assessing the landscape of STXBP1-related disorders BRAIN 2022: 145; 1668-1683 | 1669

complex interplay with response to specific medications particularly in the first year of life when seizures in
STXBP1-related disorders are the most prominent. Adrenocorticotropic hormone and phenobarbital were more
likely to initially reduce seizure frequency in infantile spasms and focal seizures compared to other treatment
options, while the ketogenic diet was most effective in maintaining seizure freedom.

In summary, we demonstrate how the multidimensional spectrum of phenotypic features in STXBP1-related disor-
ders can be assessed using a computational phenotype framework to facilitate the development of future preci-
sion-medicine approaches.
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ACTH = adrenocorticotropic hormone; ASM = anti-seizure medications; DEE = developmental and

epileptic encephalopathy; EOEE = early onset epileptic encephalopathy; HPO = Human Phenotype Ontology;

PTV = protein-truncating variants

Introduction

Disease-causing alterations in STXBP1 are among the most com-
mon causes of neurodevelopmental disorders and epilepsy with
an estimated frequency of at least 1:30000. The role of STXBP1
variants in human neurological disorders was initially identified
in Ohtahara syndrome,® but subsequent studies have identified a
broader range of other neurological features.>*° However, in con-
trast to other genetic causes of neurodevelopmental disorders,®’
STXBP1-related disorders have received relatively little attention to
understanding genotype-phenotype correlations.

Knowledge about the function of STXBP1 precedes its discovery
as a disease gene. STXBP1 encodes the syntaxin-binding protein 1,
Sec1/Munci8-1, a synaptic vesicle protein involved in vesicle re-
lease.® Munc18-1 is a key organizer of the neuronal SNARE com-
plex, the molecular machine driving synaptic vesicle fusion.®°
Homozygous Munc18 knockout mice have no synaptic transmis-
sion, emphasizing the crucial role of Secl/Munc18 in the presy-
napse. In addition, the role of STXBP1 has been recognized in the
Golgi complex and intracellular trafficking.’**® The main disease
mechanism in STXBP1-related disorders is haploinsufficiency.™*
However, possible dominant-negative effects’ and gain-of-func-
tion effects® have also been suggested.

Since the initial discovery of STXBP1, genetic variants in other
genes encoding presynaptic proteins have been found to cause
neurodevelopmental disorders, including genes that encode com-
ponents of the presynaptic fusion machinery such as SNAP25,
VAMP2 or STX1B.2~*° Synaptic vesicle recycling also represents a
prominent disease mechanism, and we have previously identified
disease-causing variants in DNM1 and AP2M1 in neurodevelop-
mental disorders.?*?!

There are several reasons why research on STXBP1-related dis-
orders faces obstacles. First, the overall phenotypic spectrum of
STXBP1-related disorders is broad, including a wide range of epi-
lepsy presentations and neurological features.**>?’ Second, no
clear genotype-phenotype correlations have been identified to
date.? Third, as STXBP1 encodes for a synaptic protein, the patho-
genic mechanism linking impaired release of synaptic vesicles to
neurological features is less clear than, for example, ion channel-
related disorders. Only recently have specific strategies targeting
the function of Munc18-1 been suggested. Some of these strat-
egies, such as pharmacological chaperones for protein stabiliza-
tion, are expected to be assessed in clinical trials soon.*®

Analysis of clinical features linked to neurodevelopmental dis-
orders has previously been performed in a non-standardized way,
using a variety of templates and case-report forms. Methods based
on controlled vocabularies and bio-ontologies allow for heteroge-
neous clinical data to be harmonized across a wide range of sour-
ces.?® The Human Phenotype Ontology (HPO) is emerging as the
lingua franca in the field and is widely used in clinical laboratory
and research settings.?®>° Large studies such as the Deciphering
Developmental Disorders study, the UK Biobank, and prominent
molecular diagnostic laboratories use HPO, and we have previously
shown that heterogeneous phenotypic data in epilepsy disorders
can be harmonized and collectively analysed using this frame-
work.?"*! Harmonization through HPO terminology also allows for

the application of a range of computational approaches, including
systematic assessment of overlapping phenotypic features. We
have previously demonstrated that methods based on the HPO
framework can be used to generate evidence for disease causation
by genetic variants in neurodevelopmental disorders, delineate
gene-specific phenotypic profiles®® and identify phenotypic pro-
files of recurrent variants within neurodevelopmental genes.??
Here, we assessed the phenotypic landscape in 534 individuals
with STXBP1-related disorders, including 281 individuals reported in
the scientific literature and 253 individuals recruited through an
international network of collaborators. We employed computational
approaches utilizing the HPO framework to delineate complex geno-
type-phenotype relationships in STXBP1-related disorders.

Materials and methods

Literature was reviewed to identify all previously reported cases of
STXBP1-related disorders. We searched PubMed for studies using
the search term ‘STXBP1’ and identified variants using the Human
Gene Mutation Database Professional 2020.2. A total of 253 add-
itional individuals were included through an international collab-
orative network on STXBP1-related disorders, including Children’s
Hospital of Philadelphia, USA (n =63, Institutional Review Board
#12226); University of Genoa, Italy (n = 46); Beijing University First
Hospital, China (n =37); University Hospital Heidelberg, Germany
(n=21); Hospital Sant Joan de Déu, Spain (n=16); University
Medical Center Amsterdam, Netherlands (n=14); Boston
Children’s Hospital (n = 13); University Hospital Antwerp, Belgium
(n=9); Danish Epilepsy Center, Denmark (n=9); Children’s
Hospital Colorado, USA (n = 8); University of Cambridge, UK (n = 6);
Sichuan University, China (n=4); Instituto Fernandes Figueira,
Brazil (n=4); Newcastle Upon Tyne Hospitals NHS Foundation
Trust, UK (n = 1); and Samsung Medical Center, Republic of Korea
(n=1). We reannotated all missense variants and small indels
using a modified annotation pipeline as previously described?">?
and only included variants that were either pathogenic or likely
pathogenic by American College of Medical Genetics and
Genomics criteria (mainly protein-truncating variants, recurrent
missense variants) or de novo variants in the coding region of
STXBP1. Regarding copy number variations, we did not include
individuals with deletions/duplications involving other genes in
addition to STXBP1. We assessed 20 individuals that were reported
more than once in the literature and 23 individuals contributed by
collaborating groups that were previously published in the litera-
ture, using the most recent or most complete report to assess phe-
notypes. Individuals with recurrent variants and insufficient
clinical data to distinguish duplicate reports were removed (n = 8).

HPO terms were manually assigned by the core research team and
collaborators using HPO version 1.2 (release format-version: 1.2;
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data-version: releases/2018-12-21; downloaded on 02/05/2019). We
performed automatic reasoning (propagation) to infer higher-level
clinical features based on the ontological structure of the HPO tree
as previously reported.?** We also extracted age of seizure onset
and age of last assessment for individuals reported in the litera-
ture, when available. We grouped individuals into broad pheno-
typic categories including Ohtahara syndrome, West syndrome,
atypical Rett syndrome, early-onset epileptic encephalopathy
(EOEE), other developmental and epileptic encephalopathies (other
DEE) and neurodevelopmental disorders based on the initial as-
signment in the clinical report or the assessment by the contribu-
ting clinical group, following a standardized definition applied to
the entire cohort (Supplementary material). To compare the fre-
quency of clinical features in specific patient subgroups versus the
remainder of the cohort, we used ‘phenograms’ as previously
described,®>*? highlighting phenotypic features with a nominal
P-value < 0.05.

We used a standard phenotypic similarity assessment®** to de-
termine whether individuals of a certain subgroup were more
related than expected by chance. In brief, phenotypic similarity
was assessed by comparing shared clinical features between indi-
viduals, weighing the contribution of each feature by its frequency
in the overall cohort (Supplementary material). Exact P-values
were determined by comparing observed versus expected pheno-
typic similarity based on permutational testing of 100000 equally
sized groups with randomly selected individuals from the larger
cohort.

To reconstruct seizure history in the Epilepsy Genetics Research
Project (EGRP) cohort (Children’s Hospital of Philadelphia, USA,
n=62), we retrospectively reviewed clinical records, identifying
the presence or absence of seizures within monthly time intervals
and coding seizure types using HPO terms. For each monthly inter-
val, we also assessed seizure severity, applying the standard no-
menclature for seizure frequency used in the Epilepsy Learning
Health System and Pediatric Epilepsy Learning Health System,?¢
jointly referred to here as ELHS/PELHS standards. The combined
format allowed for the assessment of seizures in three dimen-
sions, including time, seizure type and seizure frequency, and
allowed us to determine whether an individual had seizures with-
in each one-month time increment, what type of seizures the indi-
vidual had and how frequent the seizures were. We then
compared seizure frequency as ordinal variables referred to as
seizure frequency (SF) scores: multiple daily seizures (>5 per day,
SF score = 5), several daily seizures (2-5 per day, SF score = 4), daily
seizures (SF score = 3), weekly seizures (SF score = 2), monthly
seizures (SF score = 1), no seizures (SF score = 0). When assessing
seizure frequency on a group level, we used median seizure fre-
quency and displayed the range of values. For individuals who
were reported to have seizures but the seizure frequency was not
available from chart review, we assigned the median seizure fre-
quency of other individuals who had seizures in the respective
time interval during which the seizure frequency was unknown.
While this subcohort only accounted for 12% of the overall cohort,
we aimed to leverage the maximum amount of information that
could be derived where in-depth longitudinal information was
available in the medical records.
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We extracted prescriptions for the most common anti-seizure
medications (ASM) from the electronic medical records (EMRs) at
Children’s Hospital of Philadelphia.®* In several individuals with
adrenocorticotropic hormone (ACTH) treatment for infantile
spasms, the treatment effect was so rapid that binning into
monthly seizure severity scores failed to capture the sequence of
medication initiation and resolution of spasms. In these cases, we
adjusted the time intervals accordingly to reflect the correct se-
quence of ACTH administration and seizure improvement. We
defined discrete episodes of ASM use as the time between first and
last prescription and assumed that ASM use during this episode
was uninterrupted. We reviewed all patient charts for the presence
of additional ASM and manually added information on prednisol-
one use for seizure treatment, performed according to the United
Kingdom Infantile Spasms Study (UKISS) at our institution,® and
the ketogenic diet.*® Excluding rescue medications, we compared
nine ASM (vigabatrin, topiramate, phenobarbital, levetiracetam,
clobazam, UKISS/prednisolone/methylprednisolone, cannabidiol,
ACTH and oxcarbazepine) in addition to the ketogenic diet.

We assessed the comparative effectiveness of the ASM by analy-
sing the frequency of intervals with seizure improvement coincid-
ing with medication use compared to the frequency of intervals
with seizure improvement without the use of the medication. For
example, we assessed the number of monthly intervals in which
levetiracetam was prescribed and the change in seizure frequency
during these intervals based on preceding intervals compared to
the change in seizure frequency across intervals in which individ-
uals received a medication other than levetiracetam. We defined
reduction in seizure frequency as an improvement or decrease in
seizure frequency scores within a monthly interval. For example,
an individual with multiple daily seizures (>5 per day, SF score =
5) during 2 months of age that evolved to weekly seizures (SF score

= 2) by 3months of age was defined to have a reduction in seiz-
ures. We defined seizure freedom as having no seizures (SF score

= 0) across consecutive time intervals. Using this information, we
derived odds ratios using Fisher’s exact test for three assessments
of comparative effectiveness: (i) the odds ratio of seizure frequency
reduction; (ii) the odds ratio of seizure frequency reduction or con-
tinuing seizure freedom; and (iii) the odds ratio of continuing seiz-
ure freedom only. The latter measure was based on the rationale
that some ASM may be initially effective in reducing seizure fre-
quency but not able to maintain continuing seizure freedom.

All computations were performed using the R Statistical
Framework.> Statistical testing for the similarity analysis and
ASM comparative effectiveness assessment is reported with cor-
rection for multiple comparisons using a false discovery rate (FDR)
of 5%. Statistical significance was not reached after correction for
multiple comparisons in findings reported from longitudinal as-
sessment of clinical features, epilepsy history reconstruction, and
analysis on genotype-phenotype correlations between variants.
These findings remain on a descriptive level and are presented as
odds ratios (OR) with 95% confidence intervals (CI).
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Figure 1 Overview of STXBP1 variants. (A) Recurrent STXBP1 variants found in five or more individuals. (B) The STXBP1 protein (top) and gene (bottom),
highlighting a selection of recurrent variant hotspots. The proportion of STXBP1 disorder-associated versus population variants is shown below, high-
lighting (grey) regions in which the difference is significant. (C) Distribution of variant types. Splice site, frameshift variants and whole and partial

gene deletions were included in the PTV/del group.

Data availability

Primary data for this analysis are available in the Supplementary
material. Computer code for HPO analysis, phenotypic similarity ana-
lysis, reconstruction of seizures and ASM history is available at
github.com/helbig-1lab/STXBP1.

Results

The variant spectrum in STXBP1-related disorders
shows a distinct distribution with several recurrent
variants

We analysed the disease-causing variants identified in the 534 indi-
viduals included in our study (Fig. 1 and Supplementary Table 1),

including 255 individuals with missense variants (108 unique, 25 re-
current variants), 119 individuals with protein-truncating variants
(PTV, 79 unique, 12 recurrent variants), 79 individuals with splice site
variants (58 unique, 14 recurrent variants), 33 individuals with whole
or partial gene deletions, 30 individuals with frameshift variants (24
unique, two recurrent variants), five individuals with duplications,
nine individuals with in-frame deletions (six unique, two recurrent
variants) and one individual with a synonymous de novo variant
(Supplementary Table 2). For further analysis, we included splice
sites, frameshifts and whole and partial gene deletions in a single
group referred to as PTV/del (n = 261). Of the 83 novel missense var-
iants found in only one individual, 81 variants were de novo, with
two variants of unknown inheritance (p.Gly544Cys, p.Glu369Gln) in
individuals with epileptic encephalopathy. As these variants
occurred at recurrent hotspots, these individuals were included.
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Table 1 Cohort information on 534 individuals with STXBP1-related disorders

Demographic information
Male
Female
Not applicable?®
Age distribution, median (range) [IQR]
Age at assessment (n = 472)
Seizure onset (n = 427)
Seizure offset (n = 80)
Phenotypic information, median (range)
Number of phenotypic terms per individual

Number of phenotypic terms per individual after propagation of HPO terms

Number of distinct phenotypic terms in cohort

Number of distinct phenotypic terms in cohort after propagation of HPO terms

254/534 (47.6%)
236/534 (44.2%)
44/534 (8.2%)

5 years (0.8 months to 58 years) [2.09 to 12 years]
1.33 months (0.0 to 36 years) [0.24 to 5 months]
9 months (1 month to 42 years) [6 months to 1.6 years]

10 terms (1-53 terms)
34 terms (3-169 terms)
592 terms
1015 terms

“Literature reports with limited data.

We observed 54 recurrent variants (n=271 individuals) in
STXBP1, including 16 variants found in five or more individuals
(Supplementary Table 3). The most common recurrent variants
were all arginine residues, p.Arg406His (n=20), p.Arg406Cys
(n =20) and p.Arg292His (n = 18). Three genomic hotspots were par-
ticularly frequent in individuals with STXBP1-related disorders,
including p.Arg406Cys/His (n=40), p.Arg292Cys/His/Leu/Pro
(n=30), p.Arg551Cys/Gly/His/Leu (n=24). In total, recurrent var-
iants identified in five or more individuals accounted for 32% of all
individuals with STXBP1-related disorders, and the p.Arg406Cys/
His alone accounted for 7% of all individuals. When plotted against
the frequency of population variants, disease-causing variants
were accumulated in two regions (Fig. 1B). These regions do not
overlap with known molecular functions.

We included individuals reported in the primary literature (n = 281,
53%) and those contributed by participating groups (n = 253, 47%).
Individuals contributed by the EGRP at Children’s Hospital of
Philadelphia were analysed both jointly with the overall cohort
and separately with clinical data over time (n = 62, see below).

In the joint cohort of 534 individuals, we analysed a total of
5564 initially assigned (base) HPO terms, including 592 unique
terms. The most common assigned initial HPO terms were ‘Global
developmental delay’ (HP:0001263; f=0.54), ‘Absent speech’
(HP:0001344; f=0.33) and ‘Infantile spasms’ (HP:0012469; f=0.32).
The median number of HPO terms assigned to individuals was 10
with a range of 1-53 terms (Table 1). We then performed data har-
monization to assign higher-level phenotypic terms, a process
referred to as propagation,® which allowed us to reassess the fre-
quency of terms in a manner that gave a better estimate of the
true frequency of phenotypic features. After propagation, we
obtained a total number of 19973 HPO terms with 1015 unique
terms and a median of 34 terms per individual. The most common
HPO terms after propagation were ‘Neurodevelopmental abnor-
mality’ (HP:0012759; f=0.95), ‘Seizures’ (HP:0001250; f=0.89) and
‘Neurodevelopmental delay’ (HP:0012758; f = 0.86).

We grouped individuals into six phenotypic categories based
on the phenotypes reported in the primary literature or assigned
by clinical collaborators (Fig. 2B and Supplementary material). A
total of 139 individuals were reported to have specific electroclini-
cal syndromes, including West syndrome (n =77, 15%), Ohtahara
syndrome (n =49, 9%) and atypical Rett syndrome (n =13, 2%). The
remaining 395 individuals had phenotypes that did not fit the de-
scription of West syndrome, Ohtahara syndrome or atypical Rett

syndrome and included EOEE (n = 163, 31%), neurodevelopmental
disorders (n = 129, 24%) and developmental and epileptic encephal-
opathy not otherwise specified (other DEE, n = 103, 19%).

Using the harmonized and propagated phenotypic dataset, we
next assessed the distribution of phenotypes across all six pheno-
typic groups in the overall cohort (Fig. 2C and Supplementary
Table 4). Seizures and neurodevelopmental abnormalities were
common across all six groups. The largest difference between
phenotypic groups was epileptic spasms that were present in 97%
of individuals with West syndrome, 67% of individuals with
Ohtahara syndrome, 44% of individuals with EOEE, 33% of individ-
uals with other DEE, 9% of individuals with neurodevelopmental
disorders and absent in the atypical Rett syndrome group.

We analysed the epilepsy history of 427/534 individuals with
STXBP1-related disorders where information on seizure onset and/
or offset was available (Fig. 3A). Of all individuals with seizures,
378/427 (89%) had seizure onset during the first year of life. A total
of 36 different seizure types were reported in individuals with
STXBP1-related disorders. ‘Focal-onset seizure’ (HP:0007359;
f=0.47), ‘Generalized-onset seizures’ (HP:0002197; f=0.43) and
‘Epileptic spasms’ (HP:0011097, f=0.42) were the most reported
seizure types. ‘Simple febrile seizures’ (HP:0011171; f=0.002),
‘Myoclonic atonic seizures’ (HP:0011170; f = 0.002), ‘Typical absence
seizures’ (HP:0011147; f=0.004) and ‘Hemiclonic seizures’
(HP:0006813; f=0.01) were reported in fewer than 10 individuals
with STXBP1-related disorders.

Comparing available information on seizure onset, seizure off-
set and age at evaluation in a subgroup of 62 individuals from the
EGRP cohort, we assessed the proportion of individuals with seiz-
ures at each time point and the transition between seizure fre-
quencies within each month in the first year of life (Fig. 3B and
Supplementary Tables 5 and 6). Seizures were most frequent at the
age of 4-5months (n=19, 54%). While 37 individuals (60%) with
STXBP1-related epilepsy had seizures at some point within the first
year of life, the individual seizure trajectories were heterogeneous.
This observation suggests that while seizures in infancy in
STXBP1-related disorders are common, the patterns can be hetero-
geneous and often limited to individual patients.

In addition to phenotypic information, we also retrieved the last age
of assessment and used frequencies within different age groups to
identify clinical features that either increased or decreased over
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typic features across subgroups.

time across four clinically meaningful groups (0-3years, 3-5years,
5-11years, >11years; Supplementary Table 7). Age-dependence of
‘Intellectual disability’ (HP:0001249) was expected and served as a
positive control for this assessment. We observed that the frequency
of ‘Tremor’ (HP:0001337), ‘Ataxia’ (HP:0001251), ‘Generalized tonic-
clonic seizure’ (HP:0002069), ‘Absence seizure’ (HP:0002121) and ‘EEG
with abnormally slow frequencies’ (HP:0011203) increased over
time, while the frequency of ‘Hypsarrhythmia’ (HP:0002521) and
‘EEG with burst suppression’ (HP:0010851) decreased over time, as
expected. These results suggest a changing clinical picture across
the lifespan as phenotypes more frequent in younger individuals
such as those with Ohtahara syndrome and West syndrome
decreased over time, and phenotypes associated with movement

disorders and other types of epilepsy were more frequent in older
individuals with STXBP1-related disorders.

PTV/del but not recurrent variants in STXBP1 show
phenotypic similarity

Clinical recognition of phenotypic similarities often depends on
the overall constellation and recognizability of phenotypes. We
previously demonstrated that clinically intuitive phenotype recog-
nition can be replicated through computational algorithms,
referred to as semantic similarity algorithms.?* These methods are
particularly relevant as associations with single phenotypic
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features may underestimate clinical similarities within specific pa-
tient groups, especially when phenotypic features are rare. In
assessing PTV/del versus missense variants, we found that PTV/
del (n=261, P=0.015) showed significant phenotypic similarity
after correction for multiple testing (FDR 5%). Conversely, when
assessing recurrent variants and hotspots, none of the major re-
current variants in STXBP1 had significant phenotypic similarity,
in contrast to main recurrent variants in other neurodevelopmen-
tal disorders such as SCN2A-related disorders.*” This suggests that
despite observed trends of recurrent variants with specific pheno-
typic features (see below), the baseline variability of phenotypic
features is too high to allow for discrete clinical subgroups to be
recognized. Any variant-specific clinical homogeneity was too sub-
tle to distinguish from the overall heterogeneity in STXBP1-related
disorders.

Based on initial functional data, it has been hypothesized that sev-
eral recurrent variants may result in either gain-of-function or
dominant-negative effects'>* rather than haploinsufficiency, the
generally accepted disease-mechanism in STXBP1-related disor-
ders. However, when we grouped all variants with known or sus-
pected dominant-negative effects (n=35) including p.Arg406His,
p.Pro335Leu, p.Pro480Leu and p.Gly544Asp/Val, statistical signifi-
cance was not reached with regards to clinical similarity and dis-
crete phenotypic associations after correction for multiple
comparisons (Supplementary Fig. 1). Therefore, we examined
whether individuals with recurrent variants had phenotypic fea-
tures that nominally differed from the larger group of individuals
with STXBP1-related disorders. We used ‘phenograms’ and ‘pheno-
trees’ as previously described®>*? to visually examine the distribu-
tion of phenotypes in individuals with recurrent variants (Fig. 4
and Supplementary Fig. 2). We found that p.Arg551Cys/Gly/His/
Leu variants were more frequently found in individuals with other
DEE (OR 2.65, 95% CI 0.99-6.69); however, none of the other recur-
rent variants were associated with any electroclinical syndrome
or phenotypic group (Supplementary Fig. 3 and Supplementary
Table 8).

We then assessed recurrent variants on the level of individual
phenotypic features and found that the three most frequent recur-
rent variant hotspots showed emergent phenotypic profiles. We
found that ‘EEG with burst suppression’ (HP:0010851, OR 2.55, 95%
CI 1.13-5.46), ‘Spastic tetraplegia’ (HP:0002510, OR 4.92, 95% CI 1.49-
14.21) and ‘Inability to walk’ (HP:0002540, OR 2.45, 95% CI 1.15-5.05)
were nominally associated with the p.Arg406Cys/His variants
(Table 2). The p.Arg292Cys/His/Leu/Pro variants had a higher fre-
quency of ‘Head tremor’ (HP:0002346, OR 7.82, 95% CI 1.24-36.7),
‘Focal impaired awareness seizure’ (HP:0002384, OR 2.94, 95% CI
1.18-6.91), and ‘Abnormality of the cerebral ventricles’
(HP:0002118, OR 6.83, 95% CI 1.11-30.6), while the p.Arg551Cys/Gly/
His/Leu variants were nominally associated with ‘Developmental
regression’ (HP:0002376, OR 3.06, 95% CI 0.95-8.52), ‘EEG with ab-
normally slow frequencies’ (HP:0011203, OR 2.53, 95% CI 0.98-6.32)
and ‘Generalized-onset seizure’ (HP:0002197, OR 2.81, 95% CI 1.11-
7.72). However, none of the associations remained significant after
correction for multiple testing. When excluding the major recur-
rent variants, no domain of the STXBP1 protein was associated
with specific phenotypic features.

Finally, we assessed phenotypic profiles associated with PTV/
dels and missense variants (Table 2). We found that individuals
with PTV/dels in STXBP1 were nominally associated with West
syndrome (OR 1.60, 95% CI 0.95-2.73) and phenotypic features
including ‘Infantile spasms’ (HP:0012469, OR 1.59, 95% CI 1.08-2.35)
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and ‘Ataxia’ (HP:0001251, OR 1.84, 95% CI 1.20-2.84), while individu-
als with missense variants were more likely to have other DEE (OR
2.05, 95% CI 1.28-3.32; Supplementary Table 9). We did not observe
additional differences in missense variants versus PTV/del be-
tween the other phenotypic groups (Supplementary Fig. 4).

For the 62 individuals in the EGRP cohort, we were able to retro-
spectively analyse clinical data and assess the presence or absence
of seizures in monthly time increments. We used the HPO frame-
work to assess seizure types, including additional documentation
of seizure frequencies. Accordingly, we reconstructed monthly
seizure types and seizure frequencies in a standardized and com-
putable format (Fig. 5A). In total, we were able to reconstruct seiz-
ure histories for 4433 total months across 62 individuals.

We first assessed the temporal evolution of seizure frequency
in individuals independent of their age of seizure onset (Fig. 5B).
We found that seizure frequency was highest in the first year of
life with 91% of all individuals with seizures presenting with mul-
tiple daily seizures. Seizure frequency across all individuals
decreased dramatically by the age of 7 years. Median seizure fre-
quency increased by the age of 10years but was only based on clin-
ical data from a limited number of individuals and we were unable
to draw conclusions regarding the cause of seizures worsening.
We observed that the patterns for seizure frequencies were differ-
ent for specific seizure types, including ‘Infantile spasms’
(HP:0012469) and ‘Focal impaired awareness seizure’ (HP:0002384,
Fig. 5C and D).

For a subset of the EGRP cohort (n = 17), medical care was provided
in a single centre where EMR could be mined to extract prescrip-
tions and administrations of ASM (Fig. 6A and B). After correction
for multiple testing, we found that phenobarbital (n=7, OR 10.3,
95% CI 2.47-38.9) and ACTH (n =4, OR 45.9, 95% CI 3.55-2434) were
more likely to reduce seizure frequency than to worsen or to have
no effect (Fig. 6C). When assessing the ability of specific ASM to re-
duce seizure frequency or maintain seizure freedom, we found
that clobazam (n =8, OR 2.72, 95% 1.70-4.41) and the ketogenic diet
(n=3,0R7.19, 95% 2.98-21.1) were effective (Fig. 6D and E).

We next examined patterns in ASM response to specific ages
and seizure types. We found that all significant ASM responses
were primarily restricted to the first 2 years of life (Supplementary
Fig. 5) and specific to unique seizure types. The ACTH response
could be attributed to improvements in infantile spasms and the
phenobarbital response was due to reduced seizure frequency of
focal seizures (Supplementary Fig. 6). These combinations of medi-
cation response and seizure types reflected the common use of
these ASM in clinical practice, indicating that responses in
STXBP1-related disorders may be seizure type-specific rather than
dependent on the underlying genetic aetiology.

Discussion

We analysed the phenotypic landscape of STXBP1-related disor-
ders using a harmonized dataset of 19973 individual phenotypic
annotations in 534 individuals. We highlighted common pheno-
typic patterns in individuals with STXBP1-related disorders,
emphasized the genetic architecture characterized by recurrent
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A Seizure onset and offset in STXBP1-related disorders
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Figure 3 Seizure patterns in a subset of individuals with STXBP1-related disorders. (A) Cumulative distribution of seizure onset in 427 individuals and
seizure offset in 80 individuals, highlighting 89% of individuals with seizure onset in the first year of life and offset within the first 5years. Seizure
onset interquartile range (IQR): 0.24-5.0 months. Seizure offset IQR: 5.75 months-1.6 years. (B) Changes in seizure frequency in monthly intervals dur-
ing the first year of life, indicating a dynamic course of seizures in individuals with STXBP1. Progression in blue between monthly increments indi-
cates seizure improvement, whereas yellow indicates seizures worsening and grey indicates no change in seizure frequency.

variants with specific phenotypic associations and outlined the
dynamic seizure patterns in STXBP1-related disorders.

Data harmonization in a heterogeneous
neurodevelopmental disease
STXBP1-related disorders pose a challenge in describing the clinical

phenotype and outlining the phenotypic spectrum. Since the ini-
tial description by Saitsu et al.,® various phenotypes have been

reported throughout the literature. However, the existing literature
has only included a limited number of individuals and provided a
heterogeneous amount of clinical data in case-cohort descriptions.
We attempted to overcome this challenge by capturing clinical
data through a data harmonization framework using HPO termin-
ology. The HPO is emerging as a common data standard in the
medical genetics field and enables the description of clinical fea-
tures at various levels of detail. Using the HPO framework, we
combined this heterogeneous information into a joint analysis
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Figure 4 Phenograms of missense variants versus PTV and most frequent recurrent variant hotspots. (A) Phenogram comparing the frequency of
phenotypic features in individuals with PTV/del (n = 261) and individuals with missense variants (n = 255). PTV/dels included splice sites, frameshifts
and whole and partial gene deletions. (B) Phenogram comparing the frequency of phenotypic features in individuals with variants in p.Arg406Cys/His
and the remainder of the cohort. (C) Phenogram comparing the frequency of phenotypic features in individuals with variants in p.Arg292Cys/His/
Leu/Pro and the remainder of the cohort. (D) Phenogram comparing the frequency of phenotypic features in individuals with variants in
p-Arg551Cys/Gly/His/Leu and the remainder of the cohort. Red points indicate HPO terms with uncorrected P-values < 0.05, while blue points indi-
cate HPO terms with uncorrected P-values > 0.05. Size of points indicate —-log;o(P-value).

that included all individuals reported in the literature and previ-
ously unreported individuals contributed by 15 collaborating
centres, allowing us to assess the distribution of over 1000 unique
phenotypic terms in individuals with STXBP1-related disorders.

Age-related features in STXBP1-related disorders

Confirming prior studies, nearly all individuals with STXBP1-
related disorders have neurodevelopmental features, including de-
velopmental delay and/or intellectual disability, emphasizing the
relevance of developmental trajectories when examining STXBP1-
related disorders. As expected, we found that intellectual disability
is diagnosed in relation to patient age, with a frequency of almost
90% of individuals above the age of 11, including 64% of individuals
with sufficient clinical data to classify severe or profound intellec-
tual disability and only 2% with mild intellectual disability. In add-
ition, at least 38% of individuals were non-verbal in the age group

above 11years, highlighting the role of communication in STXBP1-
related disorders. We acknowledge that our study design did not
allow for the dissection of developmental trajectories. In future
studies, prospective assessments using standardized outcome
assessments of patient-level developmental features will be
paramount, including assessment of non-verbal measures of
cognition.

Several age-dependent features in STXBP1-related disorders
may be underappreciated in the existing literature given the
wide range of ages of individuals reported in the literature and
recruited at collaborating clinical centres. For example, tremor
and ataxia were identified in up to 40% of individuals above the
age of 11years, emphasizing that features such as movement
disorders may be more common in older individuals than
previously expected and may require further scrutiny in future
studies focusing on the adult phenotypes of STXBPI-related
disorders.
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Table 2 Phenotypic features nominally associated with variant groups

Phenotypic feature (HPO code)®

Association with protein truncating variants and deletions (PTV/del, n = 261)® in at least 20 individuals®

Abnormality of coordination (HP:0011443)
Ataxia (HP:0001251)

Abnormality of muscle physiology (HP:0011804)
Abnormal muscle tone (HP:0003808)

Muscular hypotonia (HP:0001252)

Epileptic spasms (HP:0011097)

Infantile spasms (HP:0012469)

Neonatal onset (HP:0003623)

Developmental regression (HP:0002376)

Association with three most frequent recurrent variant hotspots in at least five individuals

p-Arg406Cys/His (n = 40)
Bruxism (HP:0003763)
EEG with generalized epileptiform discharges (HP:0011198)
Hypertonia (HP:0001276)
Spastic tetraplegia (HP:0002510)
Upper motor neuron dysfunction (HP:0002493)
Inability to walk (HP:0002540)
Spasticity (HP:0001257)
EEG with burst suppression (HP:0010851)
Dystonia (HP:0001332)
p.Arg292Cys/His/Leu/Pro (n = 30)
Focal impaired awareness seizure (HP:0002384)
Abnormal axial skeleton morphology (HP:0009121)
p.Arg551Cys/Gly/His/Leu (n = 24)
Generalized-onset seizure (HP:0002197)
Developmental regression (HP:0002376)
Epileptic spasms (HP:0011097)
EEG with abnormally slow frequencies (HP:0011203)

Odds ratio (95% CI) Group frequency
1.86 (1.22-2.85) 0.32
1.84 (1.20-2.84) 0.30
1.59 (1.11-2.29) 0.56
1.57 (1.09-2.26) 0.54
1.59 (1.10-2.30) 0.46
1.57 (1.09-2.27) 0.48
1.59 (1.08-2.35) 0.38
1.61 (1.06-2.46) 0.30
0.52 (0.28-0.96) 0.08
6.57 (2.29-17.4) 0.20
2.82 (1.38-5.99) 0.65
2.95 (1.36-6.18) 0.35
4.92 (1.49-14.2) 0.15
2.72 (1.28-5.63) 0.38
2.54 (1.15-5.05) 0.38
2.77 (1.14-6.23) 0.25
2.55 (1.13-5.46) 0.30
2.95 (1.02-5.46) 0.18
2.94 (1.18-6.91) 0.33
2.63 (0.97-6.49) 0.27
2.81(1.11-7.72) 0.67
3.06 (0.95-8.52) 0.25
0.35 (0.11-0.99) 0.21
2.53(0.98-6.32) 0.42

?Positive and negative associations for each class by decreasing nominal significance are shown.

PPTV/dels included splice sites, frameshifts and whole and partial gene deletions.
€All nominal associations with PTV/del are shown in Supplementary Table 10.

We found that 89% of seizures in STXBP1-related disorders start in
the first year of life. Accordingly, once individuals with STXBP1-
related disorders reach the second or third year of life, the risk for
future seizures decreases with a probability of future seizures of
5% or less by the age of 3 years based on data available from clinic-
al reports. However, we acknowledge that long-term outcomes for
most individuals are not available and that the true risk for seizure
recurrence in STXBP1-related disorders remains unknown.

Infantile spasms were found in almost half of all individuals
with STXBP1-related disorders who have seizures, a clinical feature
that stands out within the context of the wider range of neurode-
velopmental disorders. We have previously shown that within a
group of 663 individuals with various developmental and epileptic
encephalopathies assessed across almost 3500 cumulative pa-
tient-years, STXBP1-related disorders represent the only genetic
aetiology significantly associated with infantile spasms.** The
overall high frequency of infantile spasms may open up a window
for rapid identification of individuals with STXBP1-related disor-
ders for precision medicine trials.

Historically, STXBP1-related disorders are considered to present
without clear genotype-phenotype correlations.? For example, in
contrast to ion channel disorders, where both gain-of-function

and loss-of-function variants frequently result in vastly different
phenotypes with distinct clinical features, medication responses
and specific protein domains, STXBP1-related disorders were not
observed to present with clear identifiable genomic features and
clinical subgroups.

In clinical practice, genotype-phenotype associations in
STXBP1-related disorders are subtle and evade the identifica-
tion of distinct clinical constellations in individuals with shared
molecular features. Our study demonstrates the benefits of har-
monizing phenotypic data in a large collaborative cohort to
identify differences in the risk of developing certain pheno-
types in individuals with particular hotspot variants. Given that
the emerging phenotypic groups may reinforce different under-
lying disease mechanisms, further work to outline clinical sub-
groups in STXBP1l-related disorders will be paramount.
Surprisingly, none of the major recurrent variants in STXBP1
showed significant phenotypic similarity, in contrast to the
main recurrent variants in other neurodevelopmental disorders
such as SCN2A-related disorders.®” This lack of phenotypic
similarity for recurrent variants indicates that when compared
to the phenotypes of STXBP1-disorders as a whole, the baseline
variability of phenotypic features is too high for single-pheno-
type associations to result in overall phenotypic similarity. This
negative result mirrors clinical experience and suggests that
phenotypic patterns in STXBP1-related disorders are often not
distinct enough to be recognized as subgroups.

However, emerging functional data suggest dominant-negative
mechanisms for some of the recurrent STXBP1 variants, including
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Figure 5 Reconstruction of seizure frequency in monthly increments. (A) Changes in seizure severity with time in one individual with STXBP1-related
disorder are shown. Seizure severity is represented by ordinal seizure frequency (SF) scores: multiple daily seizures (SF = 5), several daily seizures (SF

= 4), daily seizures (SF = 3), weekly seizures (SF = 2), monthly seizures (SF = 1), no seizures (SF = 0). (B) Pattern of seizure frequency in individuals
with seizures, regardless of type (HP:0001250, n = 43). Seizure frequencies of individuals tracked across time (left), each row along the y-axis represent-
ing a unique individual. Colour and size of dots represent seizure severity. Median severity in the subgroup with size of dots indicating number of
individuals (right). (C) Pattern of seizure frequency in individuals with infantile spasms (HP:0012469, n = 19). (D) Pattern of seizure frequency in indi-

viduals with focal impaired awareness seizures (HP:0002384, n = 16).

p.Arg406His, p.Pro335Leu, p.Pro480Leu and p.Gly544Asp/Val.'®
Accordingly, we assessed whether specific phenotypic features
were nominally correlated with hotspot variants in STXBP1. We
found that features associated with EOEE before the typical age of
infantile spasms, including EEG with suppression burst, were
increased by a factor of two in individuals with p.Arg406Cys/His re-
current variants. Likewise, the frequency of spastic tetraplegia was
increased almost 5-fold, while ataxia was less common as in the
larger group of individuals with STXBP1-related disorders by more
than 7-fold. Other recurrent variants were found to have nominal
associations with distinct phenotypes, including a 3-fold increase
in focal impaired awareness seizures among individuals with

p-Arg292/Cys/His/Leu/Pro variants. In contrast, the frequency of in-
fantile spasms was reduced more than 3-fold among individuals
with p.Arg551Cys/Gly/His/Leu variants. None of the clinical fea-
tures found to be associated with recurrent variants were exclu-
sive to either carriers of recurrent variants or the larger population
of individuals with STXBP1-related disorders. However, grouping
all variants with known or suspected dominant-negative mecha-
nisms did not result in statistically significant clinical similarity.
This suggests that STXBP1-related disorders with presumed or
known dominant-negative effects do not have a joint, recognizable
phenotypic signature that sets this group of variants apart in our
study.
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Figure 6 Comparative effectiveness assessment of ASM and treatment responses. (A) Selection of ASM prescriptions extracted from the EMR, across
ages 0-5years in a subset of individuals with STXBP1. (B) Extension of A, showing the distribution of individuals on ASM and ketogenic diet across
ages 0-20years. (C) Relative effectiveness of ASM in reducing seizure frequency. (D) Relative effectiveness of ASM in reducing seizure frequency or
maintaining seizure freedom. (E) Relative effectiveness of ASM in maintaining seizure freedom. Odds ratios were calculated based on changes in seiz-

ure frequency to ASM use across monthly time intervals.

Genotype-phenotype correlations for missense
variants versus PTV/del

We found that individuals with PTV/dels were twice as likely to
have infantile spasms, hypsarrhythmia and ataxia, and were more
likely to have hypotonia and neonatal seizure onset than individu-
als with missense variants. While these single genotype-pheno-
type associations did not remain significant after correction for
multiple testing, we found that individuals with PTV/dels were sig-
nificantly more phenotypically similar than expected by chance.
We believe that this information will help delineate strategies to
stratify patients for future clinical studies by identifying individu-
als more likely to have specific variant classes as well as provide
valuable information to our patients’ families.

Heterogeneous patterns of seizures in
STXBP1-related disorders

Despite the high frequency of infantile spasms, seizures in individ-
uals with STXBP1-related disorders in the first year of life are not
uniform. While seizures are most common between the ages of
4 and S5months, reconstructing seizure types and seizure

frequencies revealed a dynamic and heterogeneous pattern of
seizure onset and offset in the first year of life. For example, during
each month, only 40% of all individuals with seizures at some
point during infancy had seizures, and the remaining 60% either
had seizures that had occurred earlier, started later, or were tem-
porarily controlled. This observation emphasizes the need for lon-
gitudinal assessments in future studies and clinical trials. STXBP1-
related disorders represent a paradigmatic neurodevelopmental
condition with heterogeneous phenotypic features that occur and
remit over time, and these methods will allow for comparison
with other neurodevelopmental disorders.

Implications for clinical management of individuals
with STXBP1-related disorders

In our study, we aimed to leverage the entire existing clinical infor-
mation on STXBP1-related disorders. We highlighted numerous
new disease-causing variants within STXBP1 that have not previ-
ously been reported in the literature. Our report of all known var-
iants will allow for formal reclassification of these variants for
individuals with uncertain diagnoses and highlight hotspots of re-
current variants that require further scrutiny with respect to the
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disease mechanism. Furthermore, this genetic information
coupled with a phenotypic map of clinical phenotypes will allow
clinicians to obtain a better understanding of the full range of clin-
ical features to be expected in STXBP1-related disorders, including
age-dependent features and phenotypes that are conspicuously
absent. For example, status epilepticus, a common feature in
many other DEEs, has a very low frequency in STXBP1-related dis-
orders in our study. By assessing the true frequency of clinical fea-
tures within subgroups (e.g. variant types) and across all
individuals with STXBP1-related disorders, clinicians can better
counsel patients on the relative risk of developing certain clinical
features, such as the increased risk of infantile spasms in individu-
als with PTV/del in STXBP1, as well as reference an expected time
frame for developmental milestones and allow for early
intervention.

The reconstruction of seizures histories in a subset of individu-
als provides an in-depth overview of the changing picture of
STXBP1-related seizures, particularly during the first year of life
when individuals are often misdiagnosed, and testing and treat-
ment is frequently delayed. By demonstrating that STXBP1-related
disorders have a highly dynamic seizure pattern with temporary
seizure resolution, we provide clinicians with information that
provides anticipatory guidance in the management of STXBP1-
related epilepsy in the first year of life when seizure onset is
observed in >90% of individuals. The detailed reconstruction of
seizure presentations will allow for more specific estimates and
counselling of seizure risks over time as a child ages, including
seizure onset and offset.

Finally, we provide information from a subset of individuals on
treatment response in STXBP1-related disorders. Even though the
number of individuals where information was available was lim-
ited, we found significant differences with respect to the effects of
various anti-seizure medications that were dependent on seizure
type and age. This information may provide clinicians with initial
evidence with respect to effective therapies, including the benefi-
cial effect of the ketogenic diet in maintaining seizure freedom.
We hope that our comparative effectiveness analysis will serve as
a guiding framework for learning health systems and future
approaches in understanding drug effects in STXBP1-related disor-
ders and the genetic epilepsies.

Our study draws upon a large and heterogeneous amount of clinic-
al information in a complex neurodevelopmental disorder. As we
included all clinical information available in the literature and
through many collaborating centres, the degree of phenotypic
completeness and available information is variable. For example,
different centres can have different diagnostic practices that can
lead to potential detection bias. In addition, clinical features are
documented at varying levels of specificity. However, this also pre-
sented us with the opportunity to utilize the HPO to leverage the
various levels of detail and assess the overall landscape of clinical
features in STXBP1-related disorders, overcoming the attentional
bias found in traditional case-cohort reports. In summary, we pre-
sent a descriptive study, outlining the complex clinical presenta-
tions in STXBPl-related disorders based on all available
information within the literature and across an international net-
work of collaborating centres.

Accordingly, our work includes three levels of data: a larger co-
hort with phenotypic information and limited longitudinal data
(n = 534), a smaller cohort of individuals from a single centre where
longitudinal data were available (n = 62) and a subset of this cohort
where ASM could be extracted from the medical records (n=17).
We acknowledge that the smaller number of individuals in these
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subgroups can limit the conclusions that can be drawn.
Nevertheless, the information drawn from these subcohorts pro-
vides valuable insights with regards to temporal evolution of seiz-
ures (n=62, 370 patient years) and response to ASM (n=17, 48
patient years), providing a baseline for future studies on natural his-
tory and therapy response in STXBP1-related disorders, in which the
developmental trajectory is relatively unknown and targeted
pharmacological therapies are still being developed.

Conclusion

STXBP1-related disorders represent a perplexing group of neurode-
velopmental disorders in which the broad range of neurodevelop-
mental features poses a conceptual difficulty in outlining
phenotypic subgroups, genotype-phenotypic correlations and
assessing drug response. In addition, the rapidly changing seizure
frequencies, particularly in the first year of life, add additional
complexity when trying to define shared clinical trajectories. We
addressed these complexities through a computational approach
coupled with data harmonization through biomedical ontologies.
We show that these methods allowed us to outline specific pheno-
typic patterns in STXBP1-related disorders associated with protein-
truncating variants and deletions and recurrent missense variants.
We hope that the results from our study will guide the design and
outcome measures of future precision medicine trials in STXBP1-
related disorders, one of the most common developmental and
epileptic encephalopathies.
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