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ABSTRACT

BACKGROUND: STXBP1-related disorder (STXBP71-RD) is a neurodevelopmental disorder caused by pathogenic
variants in the STXBP1 gene. lts gene product MUNC18-1 organizes synaptic vesicle exocytosis and is essential
for synaptic transmission. Patients present with developmental delay, intellectual disability, and/or epileptic
seizures, with high clinical heterogeneity. To date, the cellular deficits of neurons of patients with STXBP7-RD are
unknown.

METHODS: We combined live-cell imaging, electrophysiology, confocal microscopy, and mass spectrometry
proteomics to characterize cellular phenotypes of induced pluripotent stem cell-derived neurons from 6 patients
with STXBP1-RD, capturing shared features as well as phenotypic diversity among patients.

RESULTS: Neurons from all patients showed normal in vitro development, morphology, and synapse formation, but
reduced MUNC18-1 RNA and protein levels. In addition, a proteome-wide screen identified dysregulation of proteins
related to synapse function and RNA processes. Neuronal networks showed shared as well as patient-specific
phenotypes in activity frequency, network irregularity, and synchronicity, especially when networks were
challenged by increasing excitability. No shared effects were observed in synapse physiology of single neurons
except for a few patient-specific phenotypes. Similarities between functional and proteome phenotypes suggested
2 patient clusters, not explained by gene variant type.

CONCLUSIONS: Together, these data show that decreased MUNC18-1 levels, dysregulation of synaptic proteins,
and altered network activity are shared cellular phenotypes of STXBP71-RD. The 2 patient clusters suggest
distinctive pathobiology among subgroups of patients, providing a plausible explanation for the clinical
heterogeneity. This phenotypic spectrum provides a framework for future validation studies and therapy design for
STXBP1-RD.
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Synaptic transmission between neurons requires the tightly
controlled SNARE complex machinery to drive synaptic
vesicle exocytosis (1,2). Advances in clinical genetics have
now linked variants in all 8 core members of the SNARE
complex to a clinical spectrum of neurodevelopmental disor-
ders, collectively referred to as SNAREopathies (3). Although
variants in different components of the same macromolar
protein complex are expected to lead to similar symptoms
and disease severity, the clinical phenotype of patients with
SNAREopathies is remarkably diverse, not only between
genes, but also between patients with variants in the same
gene (3-7). To design rational intervention strategies and
personalized treatments, we need a better understanding of

the shared and distinctive pathobiology of patients with

SNAREopathies.

Variants in the STXBP1 gene, leading to STXBP1-related
disorder (STXBP1-RD), are most prevalent among the SNAR-
Eopathies with an estimated incidence of 1:30,000 (8). STXBP1
encodes the MUNC18-1 protein, which organizes SNARE
complex formation and is essential for synaptic transmission
(9,10). All affected patients have neurodevelopmental delay,
the majority (80%) experience epileptic seizures, and many
experience additional neurological and psychiatric symptoms,
yet the type of symptoms and their severity vary substantially
(4). STXBP1 variants range across the whole gene and include
missense (50% of cases), nonsense, frameshift, and intronic
variants and partial or full deletions. In almost all cases, vari-
ants are heterozygous and occur de novo [with few exceptions
(11,12)]. To date, no robust correlation between STXBP1 ge-
notypes and clinical phenotypes has been observed.
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The lack of genotype-phenotype correlation, together with
in vitro and behavioral animal research, suggests that hap-
loinsufficiency is a plausible underlying disease mechanism.
STXBP1 missense variants cause MUNC18-1 instability,
leading to reduced expression levels (13-16). In addition,
several strains of Stxbp1™/~ mice recapitulate cardinal features
of STXBP1-RD including seizures and cognitive and other
behavioral deficits (13,17,18). In these animal models, synaptic
dysfunction has been observed in various brain circuitries,
indicating that a reduction in MUNC18-1 levels directly affects
synaptic transmission. Moreover, in vitro networks of human
embryonic stem cell-derived heterozygous STXBP1 neurons
show deficits in neurotransmitter release and network perfor-
mance (19,20), and induced pluripotent stem cell (iPSC)-
derived neurons from one patient with STXBP7-RD showed
network activity deficits (21).

However, shared and/or unique pathobiology of patients
with STXBP1-RD has not yet been established in patients’ own
cells. Haploinsufficiency alone is insufficient to explain the
substantial clinical diversity, and additional genetic and/or
environmental factors probably contribute to this heterogene-
ity. Current iPSC technology provides the opportunity to study
molecular and cellular phenotypes in the patient’s genetic
background. By studying a series of patient iPSC-derived
neurons (induced neurons), potential pathobiological mecha-
nisms can be identified that are either general to STXBP71-RD
or distinctive for particular patients or patient subgroups.

The aim of this study was to analyze such shared and
distinctive cellular phenotypes in induced neuron lines derived
from patients with STXBP7-RD. The findings in this discovery
study demonstrate reduced MUNC18-1 levels resulting in
synaptic proteome dysregulation and altered network activity
as underlying pathobiology in neurons derived from patients
with STXBP1-RD. Interpatient clustering of induced neuron
lines, not explained by variant type, was observed at both
proteomic and functional level, indicating distinctive pathobi-
ology between patient subgroups.

METHODS AND MATERIALS

Compliance With Ethical Guidelines and Legislation

All experiments were carried out in compliance with relevant
laws and institutional guidelines at the Vrije Universiteit in
Amsterdam. Details are provided in Supplemental Methods
and Materials in Supplement 1.

Patient Phenotyping

For all patients with STXBP1-RD except for the R235Q patient,
clinical phenotyping was performed using a questionnaire filled
out by the parents/caregivers, and additional or retrospective
information was obtained from the medical records. Patients
were also assessed by a clinical geneticist and a neurologist
for additional clinical assessments.

Skin Biopsy, iPSC Generation, and Culture

Skin biopsy specimens were performed under sterile condi-
tions after local anesthesia with 2% lidocaine with ephi-
nephrine using a 3-mm skin punch. Fibroblasts were
reprogrammed into iPSCs via the CytoTune-iPS 2.0 Sendai
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Reprogramming Kit (#A16517; Thermo Fisher Scientific Inc.)
according to the manufacturer’s instructions. The iPSC cul-
tures were maintained in Essential E8 medium (Thermo Fisher
Scientific Inc.) plus 0.1% penicillin-streptomycin on Matrigel-
coated plates. Details are provided in Supplemental Methods
and Materials in Supplement 1.

The iPSC lines from control individuals were obtained either
commercially or from collaborators. Control line 1 was ob-
tained from Coriell Institute for Medical Research (GM25256)
and characterized using methods reported in (22) and (23). The
donor was 30 years of age at the time of biopsy and is of Asian
ancestry. Control line 2 was obtained from Coriell Institute for
Medical Research (GM23973) and characterized using
methods reported in (24) and (23). The donor was 19 years of
age at the time of biopsy and is of White/European ancestry.
Control line 3 has been characterized before as reported in (25)
and (23) (hVS-88). This line was sampled from a 74-day-old
infant. All three control lines were obtained from reprog-
rammed fibroblasts and derive from male donors.

Single Nucleotide Polymorphism Analysis and Copy
Number Variation Calling

Genomic integrity and identity were assessed using the
GSA beadchip GSA MD v1 (lllumina, Inc.) and analysis
package iPsychCNV (https://biopsyk.dk/ipsychcnv/). De-
tails are provided in Supplemental Methods and Materials in
Supplement 1.

Neuronal Induction

Neuronal induction of iPSCs was performed via forced
expression of the transcription factor NGN2 (Neurogenin-2)
and dual SMAD inhibition (26,27). Neurons were plated on a
rat glial feeder layer to promote neuronal maturation. Details
are provided in Supplemental Methods and Materials in
Supplement 1.

Immunocytochemistry

Neuronal cultures were immunostained as described before
(28). Images were acquired on an Eclipse Ti microscope (Nikon
Corp.), equipped with confocal scanner model A1R+, using a
40X oil immersion objective (humerical aperture 1.3; Carl Zeiss
Microscopy GmbH). Details, including on morphometry on
cultured neurons, are provided in Supplemental Methods and
Materials in Supplement 1.

Western Blotting

Western blotting procedures were executed as described
before (13). Details are provided in Supplemental Methods and
Materials in Supplement 1.

Quantitative Polymerase Chain Reaction

RNA was isolated using TRIzol and chloroform. Complemen-
tary DNA synthesis and quantitative polymerase chain reaction
using SYBR Green were performed according to manufac-
turer’s instructions (Meridian Bioscience). Details are provided
in Supplemental Methods and Materials in Supplement 1.
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Mass Spectroscopy

Sample collection, preparation, and mass spectrometry were
performed as described previously (29). Gene Ontology (GO)
analysis was done in Cytoscape plug-in ClueGO (https://apps.
cytoscape.org/apps/cluego). Details are provided in
Supplemental Methods and Materials in Supplement 1.

Electrophysiology

Synapse physiology at single-neuron resolution was recorded
by whole-cell patch-clamp electrophysiology of autaptic
induced neurons recorded at days in vitro 39 to 42. Analysis
was formed in in-house developed MATLAB v2018A (The
MathWorks, Inc.) scripts and Clampfit v10.7 (Molecular De-
vices), further detailed in Supplemental Methods and Materials
in Supplement 1.

Calcium Imaging

Network activity was assessed using Fluo-4, AM (Thermo
Fisher Scientific Inc.). Cultures were imaged in normal Tyrode’s
solution, and after incubation with 100 pM 4-aminopyridine
(MilliporeSigma), analysis was performed in EvA software
(30). Details are provided in Supplemental Methods and
Materials in Supplement 1.

Linear Discriminant Analysis

Linear discriminant analysis (LDA) was performed in R/RStudio
(v.4.1.1; R Foundation for Statistical Computing; https://www.
R-project.org/ and RStudio, Inc.; http://www.rstudio.com/)
using the caret and MASS packages. Details are provided in
Supplemental Methods and Materials in Supplement 1.

Statistical Analysis

Statistical analysis was performed using linear mixed-effects
models to account for the clustered structure of the data us-
ing R/RStudio and Ime4 package. Details are provided in
Supplemental Methods and Materials and Table S2 in
Supplement 1. Sample size numbers are indicated in figure
legends, n/N: number of observations/number of independent
culture batches (i.e., biological replicates). Data were plotted
as boxplots with Tukey whiskers that extend to 1.5 times the
interquartile range. In plots with overarching comparisons of
control individuals and patients, data points outside of this
range are plotted as individual dots. In plots comparing groups
separately, dots represent individual data points.

RESULTS

We generated a cohort of iPSC lines from 6 patients with
STXBP1-RD, each carrying a different STXBP1 de novo variant
(Figure 1A). One variant introduced a stop codon (R235X); one
introduced a frameshift mutation (S241fs); one predicted
introduction of a splice site (c.1359+5 G>C; intronic); and 3
were missense variants (D207G, D262V, R235Q), of which the
former may create a (cryptic) splice site according to Splice-
Finder (31). The 6 patient-derived lines were compared with 3
independent iPSC lines from unrelated, healthy individuals
(control lines 1-3) (Figure 1B). The occurrence and severity of
clinical symptoms varied substantially between patients
(Figure 1C; Table S1 in Supplement 1), which is typical for the
STXBP1-RD patient population (4). Induced neurons were
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cultured on rodent astrocytes to promote neuronal matura-
tion for 39 to 42 days in vitro, at which time point the induced
neurons are synaptically mature [see below and (28)].
Six independent inductions were performed for all 9
experimental groups (6 patient-derived lines and 3 control
lines) and subjected to an array of functional assays
(Figure 1D): neuronal morphology and synaptogenesis, pro-
tein levels (using Western blotting and immunocytochemistry),
messenger RNA (mRNA) levels, proteomics, synapse physi-
ology (patch clamp), and network activity (using calcium im-
aging). Sporadically, some inductions for specific experimental
groups were not included in these analyses due to technical
failures or biological issues, leading to the exclusion of at most
one patient line in 3 of the 6 functional assays (Figure 1D; see
Tables S1 and S2 in Supplement 1 for details on group sizes
and statistical tests).

iPSC-Derived Neurons From 6 STXBP1-RD Patients
Have Normal Morphology and Synapse Numbers

To assess whether STXBP71 variants affect neuronal
morphology and synapse formation/maintenance, single
induced neurons were immunostained for dendritic marker
MAP2, presynaptic protein synaptophysin, and postsynaptic
protein PSD-95 (Figure 2A). Neuronal morphology, dendritic
complexity, and synapse density were comparable between
STXBP1-RD and control induced neurons except for a small
reduction in soma size (Figure 2B-E; Figure S1A-C in
Supplement 1). Thus, neuronal morphology and synapse
density are not affected in STXBP1-RD induced neurons.

MUNC18-1 Protein and RNA Levels Are Reduced in
STXBP1-RD Neurons

Next, we investigated whether MUNC18-1 protein and RNA
levels were affected in induced neurons from patients with
STXBP1-RD. MUNC18-1 protein levels, measured using
semiquantitative immunocytochemistry with an antibody that
detects both known splice variants (Figure 3A), were signifi-
cantly reduced in STXBP1-RD induced neurons in total, in
MAP2-positive dendrites, and in synaptophysin-1-positive
synapses (Figure 3B, C; Figure S2A, B in Supplement 1).
MUNC18-1 immunocytochemistry did not reveal abnormal
protein accumulation or aggregation, as observed in over-
expression studies and transgenic nematodes (14), or other
abnormal MUNC18-1 distribution. Western blot analysis of cell
lysates confirmed the reduction in MUNC18-1 levels
(Figure 3D). To examine RNA levels, quantitative polymerase
chain reaction was performed on cell lysates with primers that
detect both known splice variants of MUNC18-1 (Figure S2C in
Supplement 1). Al MUNC18-1 transcript levels were signifi-
cantly reduced in STXBP1-RD induced neurons, including the
neurons expressing missense variant D207G, which according
to SpliceFinder (31) may have a (cryptic) splice site (Figure 3E;
Figure S2D, E in Supplement 1). Because null mutation of
Stxbp1 in mouse neurons leads to changes in mRNA levels of
syntaxin-1A and SNAP25 (32), we also assessed these 2
transcripts. However, no shared patient effects were found for
syntaxin-1A, syntaxin-1B, or SNAP25 mRNA levels (Figure 3F—
H; Figure S2F-H in Supplement 1). Hence, MUNC18-1 protein
and mRNA levels are reduced in STXBP1-RD induced neurons.
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Figure 1. Study design to discover cellular phenotypes in induced neurons derived from patients with STXBP1-related disorder (STXBP7-RD). (A) Overview
of STXBP1-RD variants. The STXBP1 gene is depicted; black stripes represent published disease variants, and red stripes show variants included in this study:
2 missense variants D207G and D262V, 2 nonsense variants Arg235X and Lys308X, one frameshift S241fs, and one intronic variant ¢.1359+5G>C (hereinafter
referred to as intronic). Exons and introns are not depicted for clarity. (B) Study design. iPSCs were generated from 6 STXBP1-RD patients and 3 healthy
control individuals. (C) Summary table of the clinical phenotypes of the included STXBP7-RD patients. Severity of clinical symptoms is indicated by shading
(black = severe; gray = intermediate; white = mild). Detailed information is provided in Table S1 in Supplement 1. (D) Schematic presentation of the experi-
mental design. iPSCs were induced to glutamatergic induced neurons via forced expression of NGN2. After 39-42 days in culture, induced neurons were
examined by confocal microscopy, liquid chromatography-tandem mass spectrometry proteomics, patch clamp electrophysiology, and calcium imaging.
Sporadically, technical failures prevented analyses of individual patient lines, as indicated by a red X (see main text). For each parameter measured in this
study, overarching effects between control individuals and patients were assessed by comparing pooled measurements from all control and all patient lines,
while accounting for the multilevel (nested) data structure (see Methods and Materials). In addition, patient-specific differences were assessed by comparing
measurements from each patient line separately with the pooled measurements from the control lines, again accounting for the multilevel structure. C, control;
iPSC, induced pluripotent stem cell; N/A, not applicable; P, patient; gPCR, quantitative polymerase chain reaction; Spec., spectrometry.

Expression of Synaptic and RNA Processing
Proteins Is Altered in STXBP1-RD Neurons

To assess proteome alterations in STXBP71-RD induced neu-
rons, quantitative mass spectrometry was performed on
induced neuron cultures. A mean (SD) of 3798 (52.8) proteins
were detected per sample. Principal component (PC) analysis
of peptide abundance levels showed that the 2 main compo-
nents (PC1: 18.3%; PC2: 16.1%) separated STXBP71-RD cul-
tures from control lines, with the exception of D262V induced
neurons, which clustered with control lines (Figure 4A). Dif-
ferential expression analysis identified 176 proteins signifi-
cantly dysregulated in STXBP1-RD cultures (92 down and 84
up) (Figure 4B; see Table S4 in Supplement 2 for details).
STXBP1/MUNC18-1 was among the most downregulated
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proteins. Directionality and fold changes of the 176 dysregu-
lated proteins were highly comparable across induced neuron
lines (Figure 4C). Functional annotation with GO terms showed
that biological processes related to synapse function and RNA
processes, including nonsense-mediated decay, were most
affected in STXBP1-RD induced neurons (Figure 4D). To spe-
cifically examine dysregulation of synaptic proteins, significant
hits were analyzed in the SynGO knowledge base (33). Of the
176 regulated proteins, 44 (26%) were annotated in SynGO, of
which 32 were mapped to biological processes in the synapse.
Dysregulated proteins were found in all major synapse cate-
gories (Figure 4E). Equal proportions were either down-
regulated or upregulated, although this balance was shifted in
different subcategories: the majority of presynaptic proteins
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Figure 2. Neuronal morphology and synapse formation are normal in patient-derived induced neurons. (A) Typical examples of single induced neurons from
each control and STXBP1-related disorder (STXBP1-RD) line stained for dendritic marker (MAP2), presynapse marker (synaptophysin) and postsynaptic PSD-
95. Scale bar = 100 um; scale bar zoom = 20 um. (B) Dendritic length was not different between control lines and STXBP1-RD induced neuron lines. n/N =
57-96/3-6. (C) Soma area was significantly smaller for STXBP1-RD induced neurons at group level. n/N = 57-96/3-6. (D) Density of presynaptic puncta,
labeled by synaptophysin immunostaining, was not different between control and STXBP7-RD induced neuron lines. n/N = 53-99/3-6. (E) Density of post-
synaptic puncta, labeled by PSD-95 immunostaining, was not different between control and STXBP7-RD induced neuron lines. n/N = 53-99/3-6. Data in
panels (B-E) are presented in Tukey plots, where data outside of 1.5 times the interquartile range are plotted individually. Statistical details are listed in
Table S2 in Supplement 1. *p < .01. n/N: number of neurons/number of independent replicates. C, control; n.s., not significant.

were downregulated, whereas differentially expressed post- Distinctive Proteome Regulation Among

synaptic proteins were largely upregulated (Figure 4F). In sum, Interpatient Clusters

STXBP1-RD induced neurons showed substantial changes in We next tested how the altered proteomes of the individual
protein expression, especially for proteins related to synaptic STXBP1-RD induced neuron lines were interrelated. Affected
function and RNA metabolism. biological processes were comparable across patient lines
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except for D262V induced neurons and largely overlapped with
GO terms at group level (Figure 4G; compare to Figure 4D). The
highest numbers of differentially expressed proteins were
found for the GO term vesicle-mediated transport. Relative
numbers of proteins within biological processes, scaled to the
total number of dysregulated proteins, were generally com-
parable between induced neuron lines (color coding in
Figure 4G). Hence, these interindividual comparisons revealed
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both unique and shared proteomic alterations, with strong
overall similarities in vesicle transport and RNA-processing
protein expression.

To assess the extent of similarity in proteomic changes
between STXBP1-RD induced neuron lines, we calculated the
coefficient of determination (R?) between all STXBP1-RD pairs
(Figure 4H). Large similarities were observed in 2 patient
clusters: R235X-S241fs-D262V (cluster A) and R235Q-intronic
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(cluster B) induced neurons. This interpatient clustering was
further demonstrated by hierarchical clustering of the fold
changes of the top 100 dysregulated proteins per induced
neuron line (Figure 4l). Thus, increased proteomic similarity
was observed for R235X-S241fs-D262V induced neurons as
well as for R235Q-intronic induced neurons.

STXBP1-RD Neurons Maintain Normal Synaptic
Transmission at Single Cell Level

Given the known essential role of MUNC18-1 in synaptic
transmission and the reduced MUNC18-1 levels in STXBP1-RD
induced neurons, we studied synaptic transmission in
these neurons. STXBP1-RD neurons and control lines were
cultured as single neurons on glial micro-islands, and
measured using patch clamp electrophysiology (Figure 5A).
This culture system has previously been pivotal in unraveling
the molecular and cellular roles of MUNC18-1 in murine neu-
rons (34-39). No differences were observed in spontaneous
synaptic currents (amplitude in Figure 5B,C and Figure S4A in
Supplement 1; frequency in Figure 5D and Figure S4B in
Supplement 1). In response to action potential stimulation, no
overarching differences were observed except for a larger
excitatory postsynaptic current amplitude for intronic induced
neurons (Figure 5E, F); no difference was observed in excit-
atory postsynaptic current charge (Figure S4C in Supplement
1). Short-term plasticity was assessed by a paired-pulse
stimulation with a 50-ms interval and 5, 10, and 20 Hz train
stimulations (Figure 5G-I; Figure S5A-F in Supplement 1). No
overarching differences between control and STXBP7-RD
induced neurons were found, but R235X induced neurons
had a higher paired-pulse ratio (Figure 5H) and reduced syn-
aptic depression during train stimulation (Figure 5I; Figure S5B,
C in Supplement 1). No group-level differences were observed
in recovery after synaptic depression or after depletion of the
total release-ready synaptic vesicle pool (Figure S5 in
Supplement 1). The size of the total pool of readily releasable
vesicles was not different for any patient line except for intronic
induced neurons (Figure S5H, | in Supplement 1). In sum, no
difference in synapse physiology was observed between
control and STXBP1-RD neurons except for a few patient-
specific effects.

LDA was applied to investigate whether the combined set of
synapse physiology parameters discriminates STXBP71-RD

Cellular Phenotypes of STXBP1-Related Disorder Patient Neurons

single neurons from control neurons (Figure 5J). The model
accuracy was 55%, which is not significantly different from
chance level (40). Subsequently, LDA was performed on all
separate lines (Figure 5K), yielding a model accuracy of 22%,
again not significant from chance level. Plotting linear dis-
criminants 1 and 2 revealed no clustering of control and
STXBP1-RD lines. Hence, LDA confirms that single-cell syn-
apse physiology parameters are similar between control and
STXBP1-RD patient lines.

Altered Activity and Reduced Synchronicity in
STXBP1-RD Neuron Networks

Functional deficits caused by STXBP1 variants may not be
revealed at the single cell level, but rather become apparent in
neuronal networks. To test this, we examined activity and
dynamics of STXBP1-RD induced neuron networks (consisting
of excitatory neurons only) using fluorometric calcium imaging
(Figure 6A, B). After 40 days in culture, control induced neuron
networks showed rhythmic and highly synchronous burst
events lasting for several seconds (Figure 6C), as shown pre-
viously (41,42).

Compared with control networks, STXBP7-RD induced
neuron networks showed diverging effects on burst frequency:
increased burst frequency for D207G, R235X, S241fs, and
R235Q induced neuron networks, whereas intronic induced
neuron networks showed reduced burst frequency (Figure 6D,
E; Figure S6A in Supplement 1). Consequently, the average
interburst interval was reduced for D207G, R235X and S241fs
induced neuron networks and increased for intronic networks
(Figure S6B in Supplement 1). Regularity of burst activity was
assessed by the coefficient of variation (CoV) of interburst in-
tervals. CoV values were higher in all STXBP1-RD induced
neuron networks compared with control networks (Figure 6F;
Figure S6C in Supplement 1), indicating increased irregularity
of burst activity. In addition, several burst event characteristics
were affected in STXBP71-RD induced neuron networks,
including a significantly smaller event area, shorter event
duration, and shorter rise time, whereas no effects were
observed for mean event amplitude (Figure S6D-H in
Supplement 1). In control induced neuron networks, nearly all
induced neurons participated in a burst event, resulting in a
mean participation index close to 1 (Figure 6G). In contrast,
R235Q and intronic induced neuron networks showed

Figure 3. MUNC18-1 protein and RNA levels are reduced in STXBP1-related disorder (STXBP1-RD) induced neurons. (A) Typical examples of induced
neurons stained for MAP2 (dendritic marker), synaptophysin (synaptic marker), and MUNC18-1. Scale bar = 100 um. (B) (Left panel) Neuronal MUNC18-1
levels were reduced in STXBP7-RD induced neurons compared with control induced neurons. (Right panel) Significant reductions of MUNC18-1 levels
were observed for D207G and S241fs induced neurons. All intensities were acquired with the same detection settings. Afterward average intensities were
normalized to the average of the 3 control lines. (C) (Left panel) STXBP7-RD induced neurons showed reduced levels of synaptic MUNC18-1. (Right panel) At
the individual patient level, no significant effects were observed. (D) MUNC18-1 levels were quantified by immunoblotting and normalized to the levels of
gamma-tubulin. STXBP1-RD cultures showed reduced total MUNC18-1 levels. (E) (Left panel) STXBP1 RNA levels (using STXBP1 3' primers) were lower in
STXBP1-RD induced neurons compared with control induced neurons. (Right panel) Significantly reduced levels were observed for S241fs and R235Q. (F)
Syntaxin-1A RNA levels were not different in the group-level comparison between STXBP7-RD and control induced neurons. (G) STXBP1-RD induced neurons
did not show lower syntaxin-1B RNA levels. (H) Group-level SNAP25 RNA levels were not different in STXBP1-RD induced neurons. Data on the left of panels
(B-E) and all of panel (F) are presented in Tukey plots, where data outside of 1.5 times the interquartile range are plotted individually. Data on the right of panels
(B) and (C) are presented in Tukey plots with dots representing individual neurons; in panels (D) and (E) individual data points are shown. Immunocyto-
chemistry n/N = 98-130/5; Western blot N: 2-10; quantitative polymerase chain reaction N: 4-5. *p < .05, **p < .01, **p < .001, #p < .1. Statistical details are
listed in Table S2 in Supplement 1. n/N: number of neurons/number of independent replicates. A.U., arbitrary unit; C, control; Norm., normal; n.s., not sig-
nificant; SYP, synaptophysin.
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significantly reduced participation (Figure 6G; Figure S7A in
Supplement 1), and the fraction of neurons participating in all
burst events was lower in D207G and R235Q induced neuron
networks (Figure S7B in Supplement 1). The CoV of the
participation index (a measure of participation uniformity) was
increased in D207G, S241fs, R235Q, and intronic STXBP1-RD
induced neuron networks (Figure 6H; Figure S7C in
Supplement 1). Taken together, baseline activity frequency,

A B

burst characteristics, and network synchronicity of STXBP1-
RD induced neuron networks are altered compared with con-
trol networks with additional, patient-specific effects in burst
frequency and synchronicity.

To assess phenotypes of challenged induced neuron net-
works, cultures were incubated with the potassium channel
blocker 4-aminopyridine (4-AP). In control induced neuron
networks, 4-AP caused a 5-fold increase in burst frequency
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(Figure 6l, J; Figure S6J in Supplement 1). Compared with
control networks, R235Q and intronic induced neuron net-
works showed increased burst activity (Figure 61, J; Figure S6l
in Supplement 1). Strikingly, both of these patient induced
neuron networks showed a relatively low burst frequency
during rest (Figure 6E), and therefore the increased frequency
after 4-AP indicates that these 2 induced neuron networks had
a larger fold change than the others (i.e., 4-AP-induced fre-
quency jump) (Figure 6K). Interburst interval values were
reduced in STXBP1-RD induced neuron networks, again most
prominently in R235Q and intronic networks (Figure S6J in
Supplement 1). Interburst interval CoV (burst activity irregu-
larity) upon 4-AP was increased in STXBP7-RD induced
neuron networks (Figure 6L; Figure S6K in Supplement 1).
Similar to baseline conditions, event area, event duration, rise
time, and decay time all were reduced in STXBP1-RD induced
neuron networks, while the mean event amplitude was not
different (Figure S6L-P in Supplement 1). Upon 4-AP, pheno-
types in synchronicity parameters were exacerbated
compared with baseline. The mean participation and the
fraction of neurons participating in all events were strongly
reduced in STXBP1-RD induced neuron networks (Figure 6M,
N; Figure S7D, E in Supplement 1). Participation CoV values
were significantly increased in all STXBP1-RD induced neuron
networks, yet most prominently for D207G, R235X, and S241fs
networks (Figure 60; Figure S7F in Supplement 1). Taken
together, 4-AP unmasked stronger differences between con-
trol and patient induced neuron networks in burst frequency,
irregularity, and synchronicity and identified 2 subgroups,
R235Q and intronic induced neuron networks, characterized
by a 4-AP-induced frequency jump, and D207G, R235X, and
S241fs networks, characterized by strong reduced participa-
tion uniformity.

To assess whether network activity parameters discriminate
STXBP1-RD induced neuron networks from control networks,
LDA was first performed on all network parameters. LDA
reached an accuracy of 100% when discriminating based on
condition (Figure 6P; Figure S8A in Supplement 1). Second,
LDA performed on line identity correctly classified 55% of the
networks, also significant from chance level (Figure 6Q). Linear
discriminant 1 (accounting for 52% of model) discriminated

Cellular Phenotypes of STXBP1-Related Disorder Patient Neurons

control induced neuron networks from STXBP17-RD networks
(Figure 6Q). Linear discriminant 2 (accounting for 25% of
model) then separated the 4-AP-induced frequency jump
subgroup (R235Q and intronic induced neuron networks) from
the participation uniformity subgroup (D207G, R235X, and
S241fs induced neuron networks). To further explore the de-
gree of interpatient similarities, R? values between STXBP7-RD
induced neuron networks were determined (Figure 6R). High
R? values were observed for the 4-AP-induced frequency jump
subgroup and the participation uniformity subgroup. In sum,
differences in network activity parameters are effective to
discriminate STXBP7-RD and control induced neuron net-
works. Among STXBP17-RD induced neuron networks, inter-
patient clustering was observed between the participation
uniformity subgroup (D207G, R235X, and S241fs) and the
frequency jump subgroup (R235Q and intronic induced neuron
networks). Notably, this clustering paralleled patient clusters A
and B observed at the proteomic level.

DISCUSSION

In this study, we demonstrated in patient-derived neurons that
reduced MUNC18-1 protein levels were a shared cellular
phenotype among all 6 patients with STXBP7-RD using 3 in-
dependent approaches (Western blotting, immunocytochem-
istry, and proteomics). This confirms earlier conclusions in
mouse primary neurons and heterologous cells that missense
as well as truncating variants in STXBP1 result in lower cellular
MUNC18-1 levels (13-15,43). Together with the notion that
STXBP1 variants range across the entire gene, without
apparent hotspots and no robust correlations to clinical
symptoms (4), we conclude that haploinsufficiency is the pri-
mary disease mechanism in STXBP71-RD. Furthermore, this
study shows that patient neurons have substantially altered
synaptic proteomes and that network properties are altered in
patient neurons. Finally, this study provides the first indications
for patient subgroup stratification, which interestingly does not
align with patient mutation type (e.g., missense vs. loss-of-
function) (Figure 4G-l) or specific functional domains in the
sequence (Figure 1A).

Figure 4. Proteins related to synaptic and RNA biological processes are most severely affected in STXBP1-related disorder (STXBP7-RD) induced neurons.
(A) PCA of peptide abundance levels performed on all detected proteins showing PC1 (18.3% of variance explained) and PC2 (16.1% of variance explained) of
STXBP1-RD and control induced neurons. N = 3 independent replicates. (B) Volcano plot showing 176 (92 downregulated, 84 upregulated) proteins signif-
icantly regulated in STXBP7-RD induced neurons compared with control lines. STXBP1/MUNC18-1 was one among the top regulated proteins. (C) Heatmap
visualizing patient-specific log,-FC of the 176 significant proteins. Directionality and effect sizes of regulated proteins were comparable across patients. Fold
changes were capped at —1.5 and 1.5 for visualization. Hierarchical clustering was used to visualize patient subgroups based on similarity in log,-FC. (D)
Functional annotation of the significant hits (minimum 5 proteins per term, minimum 5% of the GO term) covered 58 proteins. The number of proteins
associated with every GO term are shown. GO terms related to the synapse and RNA processes were most prominent. (E) Of the significant proteins, 44 were
annotated in SynGO, of which 32 were categorized in SynGO biological processes. A sunburst plot with color-coded gene counts of every GO term (including
child terms) is shown. (F) Group-level log,-FC for the 44 SynGO proteins. (G) Top row shows the number of significantly regulated proteins in 5 STXBP1-RD
induced neuron lines. Functional GO enrichment of patient-level contrasts is shown below. The number of proteins associated with significantly enriched GO
biological processes is depicted for every individual line, color coded by the percentage of all regulated proteins per line. (H) Proteomic similarity matrix.
Coefficients of determination (R?) were calculated between every STXBP1-RD pair, based on significantly regulated proteins in at least one of the 2 lines. The
upper part of graph shows R? values, and lower part shows scatterplots of the log,-FC of the included proteins. Red line indicates a robust regression fit. (I)
Heatmap visualizing log,-FC of proteins that were in the top 100 significant proteins in at least one of the STXBP7-RD induced neuron lines. Fold changes were
capped at —1 and 1 for visualization. Hierarchical clustering was used to visualize patient subgroups based on similarity in log,-FC. C, control; cotranslat.,
cotranslation; ER, endoplasmic reticulum; FC, fold change; FDR, false discovery rate; GO, Gene Ontology; mRNA, messenger RNA; Neg, negative; PCA,
principal component analysis; presyn, presynaptic; SRP-dep, signal recognition particle-dependent.
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In addition to the reduced MUNC18-1 levels, patient neu-
rons present many more changes in protein levels. First, the
upregulation of RNA processing proteins may relate to the
degradation of incorrect STXBP1 RNA, as proposed before
(44). Second, the lower expression of the interaction partners
of MUNC18-1 and other proteins involved in the synaptic
vesicle cycle may be a direct consequence of the reduced
MUNC18-1 levels. Finally, several other synaptic proteins were
upregulated, most prominently RAPGEF4, a protein also
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upregulated during paradigms that increase synaptic strength
(45,46); its effectors RAP1A and RAP1B; and other synaptic
proteins associated with synaptic strength modulation,
including ITGB1, ARLS8, FLOT1, and MPP2 (47-50). Hence, it
seems plausible that compensatory mechanisms are activated
to counteract the reduced MUNC18-1 levels and the functional
consequences thereof.

Indeed, no synaptic deficits were observed in single patient
neurons. This is in line with previous findings that single
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heterozygous mouse neurons (39) and heterozygous mouse
neurons expressing STXBP1 variants did not reveal deficits in
basal synaptic transmission (13), although heterozygous
mouse neurons showed small deficits during train stimulation
(89). Thus, it is likely that homeostatic mechanisms succeed in
compensating for the reduced MUNC18-1 levels in single
neuron physiology. However, networks of patient neurons
showed altered frequency, increased burst irregularity, and
impaired synchronization. This is again in line with previous
findings that networks of MUNC18-1 heterozygous neurons
derived from embryonic stem cells have impaired neurotrans-
mitter release (19), reduced spikes and bursts (21), and
reduced network synchronicity and increased asynchronous
firing of individual neurons (20). Hence, cellular phenotypes
appear to be less penetrant in single neurons than in neuronal
networks. This is consistent with previous findings where
experimental genetic perturbations produced different synap-
tic phenotypes between single (autaptic) mouse neurons and
neuron pairs or networks (32,51,52). Hence, homeostatic
mechanisms may compensate more successfully for cellular
deficits caused by the reduction in MUNC18-1 levels in a more
reduced (single neuron) setting, but less so in a network
setting, maybe also because in the current experiments, net-
works consisted of NGN2-induced excitatory neurons only,
which is expected to trigger strong homeostatic responses
due to the absence of inhibition. In patient-derived neurons,
the observed network effects became even more pronounced
on further increasing neuronal excitability, presumably exac-
erbating the extent to which MUNC18-1 haploinsufficiency is
rate limiting for network function. Extrapolating this concept to
even more complex settings, e.g., the intact patient brain, it is
plausible that compensatory mechanisms fail to an increasing
extent with increasing complexity, causing the clinical symp-
toms of STXBP1-RD.

This is the first study to our knowledge using a patient
cohort of iPSC-derived neurons to investigate molecular/
cellular disease mechanisms in SNAREopathies (3). For other
SNAREopathy genes, previous studies have expressed dis-
ease variants in (isogenic) murine neurons. The majority of

Cellular Phenotypes of STXBP1-Related Disorder Patient Neurons

these variants in SYT1, SNAP25, VAMP2, STX1, and UNC13A
do not affect cellular protein levels, but exhibit variant-specific
deficits, which generally scale with clinical severity in patients
(6,53-57). Moreover, for SYT1, SNAP25, and VAMP2 variants,
deficits are also observed when overexpressed on a wild-type
background, indicating dominant negative activity and
excluding a haploinsufficiency scenario as observed for
STXBP1 variants (6,53,54,57). These observations suggest
that the primary disease mechanisms vary among SNAR-
Eopathies. Differences in experimental approaches and lack of
models composed of patients’ own cells hinder direct com-
parison of primary and downstream functional phenotypes.
Nevertheless, as all SNAREopathy variants are expected to
affect the same core synaptic vesicle release machinery, it is
conceivable that variants from different genes, with different
primary effects on synaptic transmission, converge on com-
mon downstream mechanisms such as the incomplete ho-
meostatic compensation at the network level that lead to
impaired network synchronicity and regularity. More broadly,
impairments in neuronal network synchronicity and regularity
have been observed in in vitro models of other neuro-
developmental disorders (41,58-61). Deficits in neuronal con-
nectivity, excitability, regulation of specific synaptic proteins
such as L-type voltage-gated channels, and alterations in en-
ergy metabolism all are associated with network asyn-
chronicity and irregularity (58,60,62). Thus, although genes
associated with neurodevelopmental disorders have diverse
cellular functions, disease-associated variation in these genes
appears to converge on deficits in neuronal network dynamics.
Incomplete homeostatic compensation at the network level is
a plausible final common pathway for all these cases.

iPSC Disease Modeling to Identify Shared and
Patient-Specific Pathobiology

Disease modeling using iPSCs allows studying both shared
disease principles and patient-specific effects. Indeed, within
the shared disease mechanism of STXBP7-RD proposed here,
patient lines showed patient-specific effects in most

Figure 5. No overarching synaptic changes in single STXBP1-related disorder (STXBP17-RD) induced neurons. (A) Single induced neurons are grown on
micro-islands of pregrown glial cells so that the induced neuron forms synapses onto itself. Thus, a single patch pipette can be used to simultaneously
stimulate presynaptically and record the postsynaptic response. (B) Typical example traces of spontaneous synaptic activity in control and STXBP71-RD
induced neurons. (C) No group-level differences were observed in mEPSC amplitude (for graphs showing the data per patient line, see Figure S5C in
Supplement 1). n/N = 10-52/3-6. (D) No group-level differences were observed in mEPSC frequency (for graphs showing the data per patient line, see
Figure S5B in Supplement 1). n/N = 8-35/3-6. (E) Typical traces of evoked EPSCs of STXBP71-RD and control induced neuron lines. (F) (Left panel) EPSC
amplitude was not different in STXBP7-RD induced neurons at the group level. (Right panel) At the patient-specific level, intronic induced neurons had a
significantly higher EPSC amplitude. n/N = 26-61/3-6. (G) (Left panel) No group-level differences were observed in paired-pulse ratio. (Right panel) R235X
induced neurons showed a significantly higher paired-pulse ratio compared with control induced neurons. n/N = 27-57/3-6. (H) Typical traces of a stimulation
paradigm of 5 action potentials at 5 Hz, followed by a single pulse 2 seconds following the end of the train. Examples for control line C3 (gray) and patient line
R235X (red) are shown. (l) (Left panel) No group-level differences were observed between patient and control lines in synaptic depression in response to a 5 Hz
train. However, induced neurons with R235X variant showed a significantly higher synaptic depression ratio compared with control neurons. n/N = 21-55/3-6.
(J) Linear discriminant analysis using all electrophysiological parameters had an accuracy of 55% [n.s. according to (40)] to discriminate between STXBP1-RD
and control induced neurons. (K) Linear discriminant analysis using all electrophysiological parameters had an accuracy of 22% [n.s. according to (40)] to
predict line identity. Linear discriminants 1 and 2 are shown. Data in panels (C) and (D) and the left of panels (F), (G), and (I) are presented in Tukey plots, where
data outside of 1.5 times the interquartile range are plotted individually. Data on the right of panels (F), (G), and (I) are presented in Tukey plots with dots
representing individual neurons. *p < .05, #p < .1. Statistical details are listed in Table S2 in Supplement 1. n/N: number of neurons/number of independent
replicates. C, control; LDA, linear discriminant analysis; mEPSC, miniature excitatory postsynaptic current; n.s., not significant.
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experiments. Two patient clusters were distinguishable in
proteomics (cluster A and cluster B) and in network activity
(participation and frequency jump subgroups). Strikingly, these
2 subgroups largely overlapped. Although the current sample
is too small to draw definitive conclusions, this overlap clearly
suggests phenotypic subgroups. Clustering was not driven by
variant type, as expected in haploinsufficiency. Most likely, the
genetic background in each patient contributes to distinctive
pathobiology, and additional genetic factors play a substantial
role in disease etiology. Such modifier genes have been pro-
posed for other Mendelian disorders, such as monogenic
cases of autism spectrum disorder, SCN1A-related epilepsy,
and cystic fibrosis (63-65). Induced neurons expressing a
missense variant (D262V) showed by far the fewest significant
proteome changes (Figure 4G) and clusters close to the control
lines in PC analysis (Figure 4A, albeit the clinical phenotype is
strong; Figure 1C). Cases of this variant type (missense mu-
tations) may segregate from the heterogeneous group of loss-
of-function mutations.

This discovery study identifies the cellular assays that are
most likely to discern pathogenic hallmarks, thus providing a

Cellular Phenotypes of STXBP1-Related Disorder Patient Neurons

such as the recently identified pharmacological chaperones
that are proposed to stabilize MUNC18-1 (66). An in vitro
model based on an individual patient’s own cells will allow
selection of existing treatments tailored to the patient [e.g., as
demonstrated previously for individuals harboring SCNSA
variants (61)], greatly shortening the time to develop the
optimal treatment regimen.
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