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Phelan-McDermid syndrome (PMDS) arises from mutations in the terminal region of chromosome 22q13, impacting the SHANK3
gene. The resulting deficiency of the postsynaptic density scaffolding protein SHANK3 is associated with autism spectrum disorder
(ASD). We examined 12 different PMDS patient and CRISPR-engineered stem cell-derived neuronal models and controls and found
that reduced expression of SHANK3 leads to neuronal hyperdifferentiation, increased synapse formation, and decreased neuronal
activity. We performed automated imaging-based screening of 7,120 target-annotated small molecules and identified three
compounds that rescued SHANK3-dependent neuronal hyperdifferentiation. One compound, Benproperine, rescued the decreased
colocalization of Actin Related Protein 2/3 Complex Subunit 2 (ARPC2) with B-actin and rescued increased synapse formation in
SHANK3 deficient neurons when administered early during differentiation. Neuronal activity was only mildly affected, highlighting
Benproperine’s effects as a neurodevelopmental modulator. This study demonstrates that small molecular compounds that reverse
developmental phenotypes can be identified in human neuronal PMDS models.
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INTRODUCTION

Phelan-McDermid syndrome (PMDS) is a rare genetic disorder
characterized by developmental delay, hypotonia, intellectual
disability (ID), speech impairments and autism spectrum disorder
(ASD) [1-3]. In most PMDS affected individuals the terminal region
of chromosome 22q13 is impacted by point mutations or larger
deletions. The gene SH3 and multiple ankyrin repeat domains 3
(SHANK3) is affected in most cases, often by larger deletions or
frameshift truncations in exon 21 [4, 5]. SHANK3 encodes a protein
of the postsynaptic density (PSD) of excitatory synapses and likely
fulfills a scaffolding function for the PSD complex. Consequently,
synaptic roles of SHANK3 in PMDS have been studied extensively.
PMDS neurons show for example reduced expression of
glutamate receptors resulting in impaired excitatory synaptic
transmission [6]. Although SHANK3 is a primarily synaptic protein,
SHANK3 deficiency has been linked to developmental conse-
quences such as downregulation of neural progenitor cell (NPC)
proliferation, hyperdifferentiation defects, increased neurite num-
bers in induced pluripotent stem cells (iPSC)-derived neurons, and
early maturation and hyperactivity in Shank3B~/~ mice, with
recent studies suggesting hyperexcitability and early maturation
as potential convergent phenotypes of ASD [7-10].

Multiple groups have attempted to rescue SHANK3 deficiency
by either upregulating the protein’s expression directly or
restoring its function via related pathways. For example, the
activation of Shank3 expression positively impacted neural
function and rescued certain autistic-like phenotypes in adult

mice [11]. Additionally, SHANK3-related phenotypes can be
rescued by pathway modulation of CLK2, ERK2 or direct
upregulation of SHANK3 [12-16]. First preclinical and clinical
studies in SHANK3 human neuronal models or PMDS patient
cohorts have begun to evaluate protein or small molecular
compounds that normalize synaptic transmission or increase
SHANK3 expression. PMDS-related synaptic defects were for
example rescued with insulin-like growth factor 1 (IGF1) [6, 17].
Using a gPCR-based compound screening, Darville et al. identified
Lithium as a compound positively impacting SHANK3 expression
[13].

Despite these advances, studies combining both the pharma-
cological rescue of developmental and synaptic phenotypes in a
SHANK3 deficiency context have not been performed. The
dysregulation of both developmental and synaptic neurobiology
needs to be better understood and eventually corrected to design
a successful PMDS treatment strategy. Here we describe a
hyperdifferentiation phenotype in PMDS-patient derived NPCs
and reproduced these findings in CRISPR/Cas9-engineered
SHANK3 deficient NPCs. CRISPR-engineered NPCs were then
subjected to small molecular compound screening using a
chemical library with known modes-of-action (MoA). We identified
three SHANK3-defficiency specific small molecules able to rescue
the hyperdifferentiation phenotype in both patient-derived and
CRISPR-engineered NPCs. The compound Benproperine also
rescued synapse formation but only mildly affected neuronal
activity, highlighting its effect during neurodevelopment.
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Benproperine is an actin-related protein 2/3 complex subunit 2
(ARPC2) inhibitor. Treated cells presented a rescued B-actin/ARPC2
colocalization phenotype. We anticipate that the use of chemical
genomics approaches in human PMDS model systems can lead to
the discovery and testing of cellular pathways that positively
influence both cortical development and synaptic homeostasis
which can increase the chances for the successful development of
treatments against PMDS.

METHODS

Neuronal progenitor cell generation

All cell lines that were used in this study are described in Table S4. PC56
iPSC line was obtained commercially at Phenocell (France). 4603 fibroblasts
were obtained from Coriell's biorepository (Coriell Institute for Medical
Research, NJ, USA), PDFO1 fibroblasts were obtained from ATCC repository
(American Type Culture Collection, VI, USA). SHANK3-iPSC lines were
derived from fibroblasts of 3 autistic children with de novo SHANK-3
mutations. The 3 patients were diagnosed with autism and severe
intellectual according to DSM-IVTR criteria. They were included initially in
a national observational study (IDRCB 2008-A00019-46) and, in this
context, were submitted to whole genome sequencing to exclude
additional autism-linked mutations. After patient’s legal representatives
approval, 8-mm skin punch biopsies were obtained (study approval by
Comity for the Protection of Persons CPP no. C07-33) and fibroblasts were
isolated. Fibroblasts were reprogrammed using the four human genes
OCT4, SOX2, c-Myc, and KLF4 cloned in Sendai viruses. The obtained iPSC
lines were characterized as previously described [18]. Commitment of the
iPSCs to the neural lineage and derivation of stable late cortical
progenitors (LCP) was described previously [19]. Briefly, neural commit-
ment was induced using the BMP inhibitor Noggin and the Nodal inhibitor
SB431542. On D10, neural rosettes containing neuro-epithelial cells were
collected and plated in poly-L-ornithin/laminin treated culture dishes in
N2B27 medium containing Epidermal Growth Factor (EGF), FGF-2, and
Brain-derived Growth Factor (BDNF). At confluence, the passages were
performed using trypsin at a density of 50,000 cells/cm? Mass amplifica-
tion was performed until passage 8 and cells were frozen on D20.

Gene editing

SHANK3 gene-knockout mutants were generated using CRISPR/Cas9-
mediated genome editing [20]. Guide RNAs (sgRNAs) were designed using
Crispor software (http://www.crispor.tefor.net). CRISPR/Cas9 was com-
plexed with sgRNA and TracrRNA and inserted in the hESC line SA001
by nucleofection (Table S4). After nucleofection, cells were plated in Petri
dishes containing StemMACS medium supplemented with Clone-R
Supplement. After 1 week, cells were dissociated and sorted using the
C.SIGHT clonal dispenser (Cytena) or the MoFlo cell sorter (Beckman) in 96-
well plates. CRISPR/Cas9 editing was first screened using PCR and
occurrence of deletions further validated by Sanger sequencing (Genewiz,
Azenta Life Science). Clones exposed to Cas9, but lacking detectable
mutations in the SHANK3 gene were considered as isogenic controls.
Selected hESC clones were further differentiated as described for iPSCs.

Cell line quality control

Karyotype analysis: Chromosome integrity was analyzed with 70 meta-
phases by Multiplex in situ hybridization (mFISH). The evaluation was
performed using Metafer and Isis software (MetaSystems). SNP analysis:
Molecular karyotyping was performed by analyzing single nucleotide
polymorphisms (SNPs). 200 ng of gDNA were analysed using lllumina
Infinium Core24 SNP arrays and GenomeStudio Software (performed by
IntegraGen). SNP data were used to compute copy number variation (CNV)
and validate cell line parentality. Flow cytometry: Cells were dissociated
using 1X Tryple (ThermoFischer Scientific) then incubated with
fluorophore-coupled antibodies at 4 °C for 30 min (Table S2). Quantification
of events was performed on a MACSQuant flow cytometer (Miltenyi Biotec)
using FlowJo X software (Tree Star, Inc). 15,000 events were analyzed for
each sample.

Cellular differentiation

D20 pre-differentiated cryopreserved NPCs were thawed in basal medium
(Table S2) and centrifuged at 300g for 5min. Cell pellets were
resuspended in proliferation medium (Table S2) supplemented with ROCK

SPRINGER NATURE

inhibitor. Cells were seeded in T175 flasks coated with Poly-Ornithine/
Laminin (Table S2) and incubated at 37 °C and 5% CO,. 24 h after thawing,
the proliferation medium was changed to remove Rock inhibitor. After
3 days in proliferation medium, cells were detached, counted using an
automated cell counter (Countess, ThermoFisher) and centrifuged at 300 g
during 5 min. The cell pellet was resuspended in differentiation medium
(Table S2). 384 well plates (Greiner, 781091) were coated with Poly-
Ornithine using a Multidrop Combi (ThermoFisher) for dispensing and a
Bravo automated liquid handler (Agilent) for PBS washes and Laminin
dispensing. Both coatings were incubated overnight at 37 °C and 5% CO,.
Just before cell seeding, the coating solution was aspirated using a Bravo
automated liquid handler leaving 10 L of coating solution inside the well
to ensure coating intactness. Developmental phenotype: After resuspension
in differentiation medium, cell seeding was performed using a Multidrop
Combi (ThermoFisher) adding 40 pL of cell suspension per well. Cells were
incubated at 37 °C and 5% CO.,. Cells were fixed on D6 and stained with
Hoechst, and antibodies against Ki67 and HuC/D. Synaptic phenotype: After
cell resuspension in differentiation medium, seeding was performed using
a Multidrop Combi (ThermoFisher) in the following condition: 50 pL/well
containing 500 SHANK3 +/+ cells/well and 2500 SHANK3 +/— cells/well.
Cells were then incubated at 37 °C, 5% CO2. Twice a week, medium was
removed and 30 pL/well of fresh differentiation medium were added. From
D14 onwards, the differentiation medium was replaced by a BrainPhys
medium (Table S2). Between D28 and D36, cells were fixed and stained
with antibodies against MAP2, Synapsin 1 and SHANK3. For MEA
experiments, neurons were differentiated until D42. For all experiments,
at least two independent differentiations were performed. The number of
differentiations is mentioned in the respective figure legends.

RT-qPCR

Cells were seeded and differentiated as described before until D6 or D28.
gPCR samples were prepared using the Fast Advanced Cells-to-CT TagMan
kit (ThermoFisher) according to the manufacturer’s protocol. Expression
levels were determined by relative quantification using the AACt method.
SHANK3 mRNA relative expression was determined in comparison to PPIA,
described before as a suitable control [13]. Expression levels of DRD2,
HRH1, and ARPC2 were determined relative to GAPDH and PPIA expression.

Western blotting

Cell lysis was performed in RIPA buffer. Samples were loaded in NUPAGE
LDS Sample Buffer and ran on NUPAGE Novex 3-8% Tris-acetate gels
immersed in NUPAGE Tris-acetate SDS running buffer (1x) for 1.5 h at 120V
(Table S2). Gels were transferred to PVYDF membranes using the Trans-Blot
Turbo Transfer System (Biorad) and the high molecular weight transfer
option. Membrane blocking was performed in 5% skim milk powder in
TBS-T for 1 h at room temperature. Used primary and secondary antibodies
are summarized in Table S2. The anti-SHANK3 antibody was preincubated
with a SHANK3 blocking peptide to demonstrate signal specificity. The
membrane was developed using SuperSignal West Dura chemiluminescent
substrate and imaged using an iBright (ThermoFisher) imager. Band
intensity was determined using the Area Under the Curve (AUC) method in
FlJl/ImageJ [21].

Immunofluorescence

All steps were performed using an EL406 liquid handler (Biotek). Fixation
was performed for 20 min by directly adding 20 pL/well of 16% PFA (4%
final) to the cells, followed by three PBS washes. Blocking and
permeabilization was performed for Th in 1% BSA and 0.05% Triton
X-100 diluted in PBS (Table S2). After a PBS wash, primary antibodies were
added in PBS containing 1% BSA and incubated overnight at 4 °C. After
three PBS washes, the secondary antibodies were added in PBS containing
1% BSA and incubated for 90 min at RT, followed by three PBS washes
(Table S2).

Imaging and image analysis

Imaging was performed on a Yokogawa CV7000 microscope in scanning
confocal mode using a dual Nipkow disk. 384-well plates were mounted on
a motorized stage and images were acquired in a row-wise “zig-zag”
fashion. The system’s CellVoyager software and 405/488/561/640 nm solid
laser lines were used to acquire 16-bit TIFF images through a dry 20X or
water-immersion 60X objective lens using a cooled sCMOS camera with
2560 x 2160 pixels and a pixel size of 6.5um without pixel binning. Using
the 20X objective 9 single Z-plane images were acquired in a 3x3
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orientation from the center of each well. Using the 60X objective 16
images from three 1pum-separated Z-planes were acquired in a 4x4
orientation from the upper right corner of the well. Maximum intensity
projection was performed. Image segmentation and feature extraction was
performed with our in-house software PhenoLink (https://github.com/
Ksilink/PhenoLink). Image segmentation was performed on illumination
corrected raw images based on fluorescent channel intensity thresholds
empirically determined per plate (Fig. S10). Nuclei were segmented using
intensity and size thresholds allowing the identification and counting of
debris, dead cells and live cells. The HUC/D and Ki67 positive cell ratio was
determined by two thresholds: one for intensity-based Hoechst, HUC/D
and Ki67 segmentation and another for HuC/D and Ki67 colocalization with
nuclei. A nucleus was deemed positive for HuC/D or Ki67 if over 50% or 5%
of its area, respectively, overlapped with the HUC/D or Ki67 segmentation.
To identify synapses, we employed a methodical three-step approach: We
first created a neurite skeleton based on the MAP2-channel to serve as a
framework. We then identified synaptic puncta in the Synapsin1 and
SHANK3 channels by analyzing their local maxima and intensity profiles,
selecting them based on signal-to-noise ratio, size, and intensity thresh-
olds. Finally, we confirmed synapses by ensuring the synaptic puncta
signals overlapped with the neurite skeleton, establishing a triple
colocalization (Fig. S10). This methodical approach allowed us to accurately
map synaptic connections. In all cases, image segmentation results are the
mean value per well therefore taking into account either 9 or 16 images
per well depending on the chosen magnification of 20X or 60X,
respectively.

Screening and hit detection

The CRISPR-engineered and SHANK3-deficient HT3 cell line was seeded at
3,500 cells per well in 384-well plates as described above and treated in
duplicate with 1T uM of 7,120 chemical compounds from Selleckchem'’s
Bioactive compound library 5h post-seeding from DO to D6 with a re-
treatment on D4. Cells were fixed, stained, imaged and the ratios of
proliferating and differentiating cells were calculated as described above.
Data across screening runs was normalized per plate using median
normalization based on the DMSO control wells. The Z’ factor between
GSK-25 and DMSO treated control wells was calculated to assess plate
quality. Plates with Z’ factor <0.2 were discarded. Hit candidates were
defined as molecules that increased the ratio of proliferating and
decreased the ratio of differentiating cells more than 3 standard deviations
(SDs) from the median of the DMSO control. Compounds that lowered the
live cell count below 2,000 per well were discarded as toxic. All raw data
and the corresponding analysis workflow is available as a Jupyter
notebook on GitHub (https://github.com/Ksilink/Notebooks/tree/main/
Neuro/SHANK3screening). Potential biological interactions between anno-
tated hit targets were explored and visualized using the STRING biological
database. All available annotated target-related gene name inputs of all 42
primary hits are summarized in Table S3.

Compound treatment

Early compound treatment: Cells were treated 5 h after plating on DO by
adding 10uL of differentiation medium containing the concentrated
chemical compound to reach the desired final concentration (i.e. 1 uM
during primary screening). 0.1% DMSO was used as vehicle control and
10 uM HA-1077 or 1 uM GSK-25 were used as positive controls during
screening (Table S2). On D4, half of the medium (30 pL) was changed and
cells were re-treated using the previously chosen final concentration (i.e.
1 UM during primary screening). Compound treatments were performed
using a VPrep liquid handler (Agilent). For synaptic imaging and MEA
experiments, early treatment was performed from D1-D3 without
compound re-treatment. Late compound treatment: Neurons were treated
with chemical compounds and 0.1% DMSO as vehicle control either from
D34-D36 or D40-D42 and were fixed for staining or assessed by MEA,
respectively (Table S2).

Neuronal activity

Cryopreserved NPCs were thawed in a water bath and centrifuged (400 g,
5 min, RT) in basal medium supplemented with ROCK inhibitor (Table S2).
Cell pellets were resuspended in differentiation medium (Table S4)
supplemented with ROCK inhibitor. 48-well CytoView MEA plates were
coated with Polyethyleneimine solution (Table S2) for 1 h at 37 °C followed
by Laminin coating for 2 h at 37°C. 150 x 10% cells/well were seeded in
15 pL in the center of each well on the electrodes and incubated for 1 h at
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37°C. After 1h, 300 puL of medium was added. Cells were incubated at
37°C and 5% CO2 for up to 42 days with differentiation medium changes
twice a week. Before media changes, the electrical activity was recorded on
the Maestro Pro Multiwell MEA (Axion Biosystems) using the AxIS
Navigator software (version 3.5.1, Axion Biosystems). Electrical activity
was recorded for 10 min at a 12.5 kHz sampling rate and a 5.5 standard
deviation threshold level for action potential detection. Before plate
loading the device was allowed to equilibrate for approximately 30 min to
37°C and 5% CO2. Data analyses were performed using the Neural Metric
Tool (version 3.1.7, Axion Biosystems) and default parameters. In rare cases,
wells showing only background activity were excluded from the analysis.
Two independent differentiations were performed with at least 4 technical
replicate wells per condition. Data was analyzed only if at least 3 active
wells were present. We focused on the three features activity, synchrony,
and oscillation, each calculated per well. Activity is the mean firing rate
across all electrodes in a well. It is calculated by dividing the total number
of spikes detected by the total observation time, averaged across all
electrodes. This provides a measure of the overall neuronal function within
the well. A higher mean firing rate indicates more active neuronal firing.
Synchrony is a measure of the strength of synaptic connections within the
neuronal network. It is calculated as the normalized area under the cross-
correlation curve between pairs of electrodes. Cross-correlation measures
the degree to which the firing patterns of two electrodes are similar, with a
delay considered. The area under this curve is then normalized by the total
number of electrode pairs, providing a measure of overall network
synchrony. Higher values of synchrony indicate stronger synaptic
connections and more coordinated neuronal activity. Oscillation measures
the variability in the timing of neuronal firing, specifically the variation in
inter-spike intervals (ISIs). It is calculated as the coefficient of variation
(standard deviation divided by the mean) of the ISIs. This provides a
measure of the rhythmicity or oscillatory behavior of the neuronal network.
High values of oscillation indicate periods of intense firing (bursts of action
potentials), followed by periods of relative silence. In contrast, low values
indicate a more random, uncoordinated firing pattern across neurons.

Statistical analysis

The exact sample sizes (n) for each experiment are provided in the
corresponding figure captions. We considered independent stem cell
differentiations as biological replicates, while the mean values per well
were treated as technical replicates. We did not perform power
calculations to determine sample sizes. For each experiment, all individual
data points were plotted. In most cases, we used boxplots to represent the
data, which show the median and the 2nd and 3rd quartiles. The whiskers
on these plots indicate 1.5 times the interquartile range. For dose-response
line graphs, we displayed a 95% confidence interval around the median
center value. We performed Welch’s unequal variances t-test using the
medians of independent differentiation experiments. The variance
between the compared groups was similar. Adjustments for multiple
comparisons were not performed. Statistical test results are reported as
p-values using the following symbols: ‘ns’ for not significant, * for p < 0.05,
** for p<0.01, and *** for p <0.001.

RESULTS

SHANKS3 haploinsufficiency results in hyperdifferentiation in a
PMDS patient-derived cell line

Based on previous studies that identified signs of hyperdiffer-
entiation in SHANK3 mutated PMDS models, we asked the
question whether decreased proliferation and increased differ-
entiation could be observed as early as in the NPC stage [7-10].
We used three previously described human iPSC-based models to
analyze the effects of SHANK3 de novo heterozygous truncating
mutations on neuronal differentiation (ASD01, ASD03, ASD04). The
donors presented with ASD and moderate to severe ID [4, 13, 22].
All three mutations likely result in truncated SHANK3 by
premature stop codons, either by direct mutation (E809X) or via
frameshifting (G1271 Afs*15 and L1142Vfs*153) (Fig. 1A). Addi-
tionally, we used three healthy donor iPSC lines (PDF0O1, PC056,
4603). Karyotyping and single-nucleotide polymorphism (SNP)
analysis indicated no modifications compared to the original
somatic cells (Fig. S1). iPSCs were pre-differentiated for 20 days
into NPCs and cryopreserved. After thawing, NPCs were
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SHANKS3 mutations in PMDS patient-derived NPCs
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differentiated into cortical neurons in 384-well plates and stained
with Hoechst, and antibodies against the proliferation marker
Ki67, and the neuronal marker HuC/D. Staining was performed at
differentiation day 6 (D6), D9 and D14 (Fig. 1B). We performed
automated fluorescence confocal microscopy and image
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segmentation to quantify the ratios of proliferating and differ-
entiating cells across all patient-derived cell lines. Compared to
healthy donor cells, we observed decreased proliferation in ASD04
NPCs at D9 and D14. In line with decreased proliferation, also the
ratio of HuC/D-positive cells was >2-fold increased across all
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Fig. 1 SHANKS3-deficiency results in hyperdifferentiation in PMDS patient-derived and CRISPR-engineered cell lines. A Schematic
depiction of SHANK3 domains and localization of mutations in the PMDS patient-derived iPSCs. fs* indicates a frame shift and gives the
position of the stop codon in the new reading frame. B Fluorescently stained patient-derived NPCs at multiple differentiation timepoints.
C Immunostaining-based quantification of the ratio of proliferating and differentiating healthy donor (blues) and patient-derived NPCs (reds).
D Same as in (A), but mutations in the CRISPR-engineered cell lines are indicated. Frameshifts are predictions based on the observed deletion.
E Same as (B), but in CRISPR-engineered isogenic NPC pairs. F Same as (C), but in CRISPR-engineered isogenic NPC pairs. Each datapoint
represents technical replicate data from one 384-well plate well. Larger markers represent the medians of independent differentiation
experiments (N = 3). The boxplots show the median and the 2" and 3" quartiles of the data. Whiskers indicate 1.5X of the interquartile range.
Welch's unequal variances t-test was performed using the medians of independent differentiation experiments. ns = not significant, * =

p <0.05, * = p<0.01, ¥* = p<0.001.
<

timepoints in ASD04 NPCs, indicating neuronal hyperdifferentia-
tion (Fig. 1C). Cell lines ASDO1 and ASDO3 did not show the
decreased proliferation and increased differentiation phenotypes.
The observed heterogeneity in patient lines across multiple
independent differentiations is likely not experimentally induced
variability since the three unrelated healthy donors show
homogenous differentiation behavior (Fig. S1).

SHANK3 haploinsufficiency results in hyperdifferentiation in
CRISPR-engineered cell lines

Next, we wanted to confirm the hyperdifferentiation phenotype in
unrelated SHANK3 CRISPR-engineered cells. The objective was to
reproduce the loss of function mutations in the SHANK3 gene in a
heterozygous manner to model the mutations found in the
patient cells. Since SHANK3 mutations in PMDS patients are
predominantly localized in exon 21, we used CRISPR/Cas9-
engineered SHANK3 haploinsufficiency models with cut-sites in
exon 21 which we had previously created in the human
embryonic stem cell (hESC) line SA001 [20]. CRISPR-engineered
clones were recovered, and the type of deletion analyzed using
PCR and sequencing. All successful deletions were localized in the
N-terminal part of SHANK3’s proline-rich domain (HT1, HT2, HT3)
(Fig. 1D). All deletions were predicted to lead to frameshifts and
premature stop codons. gRNA-transfected, but unmutated clones
were selected as isogenic control lines (WT1, WT2, WT3).
Karyotyping and SNP analysis indicated no modifications com-
pared to the original SA001 cell line. Fluorescence-activated cell
sorting (FACS) quantification of high Stage specific embryonic
antigen 3 and 4 (SSEA-3 and SSEA-4) expression indicated
pluripotent and stem cell-like characteristics of all clones (Fig.
S2). Reduced levels of SHANK3 expression in the CRISPR-modified
cells were confirmed by RT-qPCR and Western blotting (Fig. S3A-
B). Identical to the previous experiments in patient-derived NPCs,
we stained the CRISPR-engineered NPCs at D6, D9, and D14 using
antibodies against Ki67 and HuC/D (Fig. 1E). Image quantification
showed that 2 out of 3 CRISPR-engineered NPC lines showed a
similar hyperdifferentiation phenotype as patient-derived cell line
ASDO4. CRISPR-engineered line HT3 showed decreased prolifera-
tion and increased neuronal differentiation across all tested days.
HT2 presented a similar hyperdifferentiation phenotype on D9
and D14 (Fig. 1F, Fig. S4). In addition to Ki67 as proliferation
marker, we also used an EdU (5-ethynyl-2"-deoxyuridine) incor-
poration assay. EdU becomes fluorescent when incorporated into
replicating DNA, indicating cellular proliferation. On average, WT
clones proliferated more on D6 than HT clones (24% vs. 12%) (Fig.
S3Q). Additionally, we quantified the expression of pluripotency
marker SOX2 on D6 and found more SOX2-postive cells in WT
clones than HT clones (75% vs. 52%) (Fig. S3D). The neuron-
specific B-tubulin Il surface area was two-fold increased in HT
clones indicating increased differentiation in line with the
decreased proliferation ~measured by Ki67, EJU and
SOX2 stainings (Fig. S3E). CRISPR-engineered isogenic control
lines (WT1, WT2, WT3) and the healthy donor lines (PDF01, PC056,
4603) behaved homogenously and differentiated similarly, sug-
gesting only small clonal or differentiation protocol induced
variability. The observation that only two out of the three CRISPR-
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engineered NPC lines showed the hyperdifferentiation phenotype
could be related to the slightly different SHANK3 truncation sites
or undetected off-target mutations (Fig. 1D). In summary, we used
12 mutant and control cell lines of different origins and observed
that SHANK3 deficiency can correlate with a hyperdifferentiation
phenotype.

SHANK3 haploinsufficiency results in altered synapse
formation and decreased neuronal activity

To examine the effects of SHANK3-related hyperdifferentiation in
neurons, we continued the differentiation of CRISPR-engineered
lines WT2 and HT3 and patient-derived cell lines PC056 and ASD04
until 30 days of differentiation (D30). D30 neurons were stained
using Hoechst and antibodies against SHANK3, Synapsin 1, and
MAP2. To quantify the neuronal differentiation in all acquired
images in an unbiased manner, we developed a computational
image analysis workflow. All fluorescent image channels were
segmented, and binary masks were used to quantify MAP2
network length or the position of synapses-related signals. To
increase the confidence that detected fluorescent puncta indeed
correspond to synapses we used several criteria: First, we searched
for local maxima of SHANK3 and Synapsin1 spots and applied
signal over noise, size and intensity thresholds. Secondly, we
required both signals to be colocalized and to be localized to a
MAP2-positive neurite. All cell lines showed a typical neuronal
morphology and the presence of synaptic markers on neurites,
indicating that despite their initially different differentiation speed
both SHANK3-deficient and SHANK3-normal cells eventually
differentiated into neurons (Fig. 2A, B). Quantitative image analysis
revealed several links to hyperdifferentiation in the SHANK3-
deficient cell lines ASD04 and HT3. For example, we observed total
MAP2 network length increases in SHANK3-deficient neurons (Fig.
2A, B). Additionally, both SHANK3-deficient cell lines showed a
significant increase of pre-synaptic Synapsin 1 spot numbers as
well as a non-significant trend towards increased post-synaptic
SHANK3 spots numbers (Fig. 2A, B). Synapsin 1/SHANK3 double
positive synapses were significantly increased in the HT3 neurons,
while in ASD04 neurons we observed less synapses (Fig. 2A, B).
Despite the increase in SHANK3 spot numbers, we found reduced
total cellular SHANK3 content by Western blotting and gPCR and
reduced SHANKS3 signal intensity in Synapsin 1/SHANK3 synapses
in SHANK3 deficient neurons (Figs. S3, S5A). Multi-Electrode Array
(MEA) measurements further confirmed that all tested cell lines
were electrophysiologically active, indicating their successful
differentiation into neurons. However, in line with potentially
structurally incomplete SHANK3-lacking synapses, the electrophy-
siological activity was lower in the SHANK3-deficient cell lines
ASDO04 and HT3. Compared to the respective control cell lines at
differentiation D35 the mean firing rate was reduced by
approximately 50% and network oscillations were reduced by
30% (Fig. 2C).

Identification of hyperdifferentiation rescuing chemical
compounds

Small molecules are frequently used to increase the efficiency of
neuronal in vitro differentiation [19, 23, 24]. We hypothesized that
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the observed SHANK3-specific increased differentiation during the
early stages of cortical differentiation might also be amendable to
modulation by small molecules. Accordingly, we designed a
screening funnel to identify chemical compounds that decrease
the observed hyperdifferentiation in a SHANK3-dependent
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manner in CRISPR-engineered and patient-derived NPCs (Fig. 3).
For primary screening, the CRISPR-engineered and SHANK3-
deficient HT3 cell line was seeded at 3,500 cells per well in 384-
well plates and treated with DMSO or 1 uM of 7,120 chemical
compounds from DO to D6. Cells were fixed and stained with
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Fig. 2 SHANK3-deficiency leads to increased neurite network length and number of synapses, but decreased neuronal activity. A The
PMDS patient-derived ASD04 and healthy control PC056 NPC lines were differentiated for 30 days and fluorescently stained. The length of the
MAP2 neurite network and the number of pre-synaptic Synapsin 1 spots, post-synaptic SHANK3 spots and Synapsin 1/SHANK3 double
positive synapses were quantified. B Same as in (A), but in CRISPR-engineered SHANK3-deficient HT3 and isogenic control WT2 NPC lines.
Each datapoint represents technical replicate data from one 384-well plate well. Larger markers represent the medians of independent
differentiation experiments (N = 4). The boxplots show the median and the 2" and 3™ quartiles of the data. Whiskers indicate 1.5X of the
interquartile range. Welch’s unequal variances t-test was performed using the medians of independent differentiation experiments. ns = not
significant, * = p <0.05. C Neuronal activity was measured at multiple differentiation timepoints in PMDS patient-derived and CRISPR-
engineered cell lines using a Multi-Electrode Array (MEA). Activity represents the frequency of action potentials. Oscillations are alternating
periods of high and low activity. Bar plots show data means from at least six MEA wells and error bars indicate the standard deviation of
independent differentiation experiments (N = 2). Raster plots show single well examples of neuronal activity over 60s. Each row shows

activity data from one electrode. Coordinated activity over multiple electrodes is expressed as a spike in the top row.
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Fig. 3 Overview of the applied screening strategy. During primary
screening 7,120 Mode of Action (MoA)-annotated compounds were
assessed based on non-toxic proliferation increase and differentia-
tion decrease in the CRISPR-engineered HT3 SHANK3-deficient NPC
line. Dose-response testing and counter screening in isogenic
control WT2 and PMDS donor-derived NPCs yielded three candidate
compounds.

Hoechst and antibodies against Ki67 and HuC/D. Images were
segmented and the ratio of proliferative and differentiating cells
was measured. 22% of DMSO-treated NPCs were Ki67 positive and
assumed to be proliferating, while 25% of NPCs were HuC/D
positive and assumed to be differentiating (Fig. 4A). We calculated
a 3-standard deviation (SD) window around the DMSO control’s
Ki67 and HuC/D ratio means. Compounds in the top left quadrant
were considered as hits since those compounds increased
proliferation and decreased differentiation compared to the
DMSO control treatment. Compounds that fulfilled this criterium
but resulted in a nuclei count <2000 were considered toxic and
excluded. In total 42 compounds were identified that significantly
increased proliferation and decreased differentiation (Table S3).
The inhibitors HA-1077 and GSK-25 were used as positive controls.
We measured average Z’ factors of 0.56 and 0.47 between GSK-25
and DMSO treated wells across all plates for the Ki67 and HuC/D
ratio means, respectively (Fig. S6A, B). Plates with a Z’ factor < 0.2
were discarded and repeated. The screen was performed in
duplicate and was highly replicable as indicated by Pearson’s
correlation coefficients between both replicates of 0.85 and 0.79
for the Ki67 and HuC/D positivity ratios, respectively (Fig. S6C).
Since we used a proliferation/differentiation readout, as expected,
21 out of 42 hits had annotated targets related to cell cycle
regulation or differentiation such as mitogen-activated protein
kinases (MAPKs), cyclin-dependent kinases (CDKs), rho-associated
coiled-coil-containing protein kinase (ROCK), or glycogen synthase
kinase-3 (GSK-3). Querying the STRING database with all identified
targets showed a close physical or functional interaction for most
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(Fig. 4B) [25]. 5 detected hits function as GSK3-B inhibitors and 4
hits as ROCK1/2 inhibitors. A number of target annotations
occurred only once and were not connected to other annotated
targets. Often those were related to neuronal signaling or
remodeling such as acetylcholinesterase (AChE) inhibition, dopa-
mine D, receptor (DRD2) or histamine H; receptor (HRHT)
antagonism or actin-related protein 2/3 complex subunit 2
(ARPC2) inhibition. Next, we performed dose-response testing
using all 42 identified hit candidates. We used the same CRISPR-
engineered SHANK3-deficient cell line HT3 as before and
additionally the isogenic control cell line WT2 expressing SHANK3
from both alleles to identify SHANK3 deficiency-specific mole-
cules. Cells were treated from DO to D6 in seven 3-fold dilution
steps from 10 uM to 0.01 uM, fixed and stained with antibodies
against Ki67 and HuC/D (Fig. 4C). Compounds were selected based
on three criteria: First, a dose-dependent increase in proliferating
Ki67 positive cells, second a dose-dependent decrease in
differentiating HuC/D positive cells, and third a SHANK3-
deficiency specific effect occurring only in the mutant line. 11
compounds showed a SHANK3-defiency specific proliferation
increase (Fig. 4D). Out of these 11 compounds, the three
compounds Alimemazine, Benproperine, and Boldine showed
also a SHANK3-deficiency specific effect on neuronal differentia-
tion (Fig. 4E). Out of the originally identified 42 compounds we
therefore validated three compounds to have dose-dependent
and SHANK3 deficiency-specific effects on NPC differentiation
(Table S1).

Validation of SHANK3-specific hyperdifferentiation rescuing
chemical compounds in patient-derived NPCs

Next, we validated the effects of the three identified compounds
in the ASD04 PMDS patient-derived cell line. The healthy donor
derived PC056 cell line was used as control. Identical to previous
experiments, cells were treated from DO to D6 in seven 3-fold
dilution steps from 10 uM to 0.01 pM, fixed and stained with
Hoechst and antibodies against Ki67 and HuC/D (Fig. S7A). The
hyperproliferation and hypodifferentiation-inducing effects of
all three tested compounds were confirmed in the SHANK3-
deficient ASD04 NPCs. When comparing these results to the
PCO056 healthy-donor control NPC results, we could show that all
three tested compounds specifically upregulated proliferation in
a SHANK3 deficient manner (Fig. S7B). SHANK3 deficiency-
specific downregulated differentiation was also demonstrated
with all three compounds (Fig. S7C). For comparison, we also
included three compounds (Domperidone, Promethazine, Tri-
mipramine) that were not selected as SHANK3 deficiency-
specific hits based on the previous results obtained in the
CRISPR-engineered NPCs (Fig. 4D, E). Although Domperidone,
Promethazine, and Trimipramine showed SHANK3 deficiency-
specific increases on NPC proliferation, we detected no clear
SHANK3 deficiency-specific effects on differentiation. All three
compounds decreased differentiation in both the ASD04 PMDS
patient-derived cells as well as the healthy donor derived PC056
cells (Fig. S7B, C). In conclusion, we identified Alimemazine,
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Benproperine and Boldine out of the 42 primary screening hits
as chemical compounds that increase proliferation and decrease
differentiation specifically in CRISPR-engineered as well as
human PMDS patient-derived SHANK3 deficiency models (Table
S1).
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Pharmacological hyperdifferentiation rescue depends on
residual SHANK3 levels

PMDS patients are heterozygous SHANK3 mutation carriers, and
the used SHANK3 mutated cell lines were designed to express
approximately half of normal SHANK3 levels, but we also wanted
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Fig. 4 ldentification of SHANKS3 deficiency-specific hyperdifferentiation rescuing chemical compounds in CRISPR-engineered NPCs. A The
top left quadrant shows 42 selected hit candidates (red) based on a 3 standard deviation (SD) window around the DMSO control’s Ki67 and
HuC/D ratio means. Molecules that increased proliferation and decreased differentiation and did not lower the nuclei count < 2,000/well were
considered as hit candidates. The primary screen was performed in two independent differentiation experiments (N = 2). B Visualization of
known physical and functional interactions of all protein targets attributed to the detected hit candidates annotated in the STRING biological
database. The color coding represents the frequency of target annotations in the hit list. Compounds can have multiple targets (see also Table
S3). C Representative images of CRISPR-engineered SHANK3 + /- and control SHANK3 + /+ NPCs treated with Benproperine at multiple doses.
D Dose-response effects of 11 compounds on the ratio of proliferating Ki67 positive SHANK3 + /- and control SHANK3 + /+ NPCs. E Dose-
response effects of 11 compounds on the ratio of differentiating HUC/D positive SHANK3 + /- and control SHANK3 + /+ NPCs. Concentrations
that were toxic were not used for ratio calculations. The shaded area in the line graphs corresponds to the 95% confidence interval of

triplicate technical replicates of a single differentiation (N=1).

to test whether the identified compounds require SHANK3
expression at all to show the identified proliferation and
differentiation phenotypes (Fig. S3). To examine the compounds’
SHANK3 dependence we used a CRISPR-engineered SHANK3
double knockout cell line (SHANK3-/-) and tested all three counter-
screen validated compounds in these SHANK3-/- NPCs. Identical to
previous experiments, cells were treated from DO to D6 in seven
3-fold dilution steps from 10 uM to 0.01 uM, fixed and stained with
Hoechst and antibodies against Ki67 and HuC/D. Compound
toxicity was determined as increased nuclear staining intensity
and decreased nuclear surface. SHANK3-/- double knockout cells
were more susceptible to compound-induced toxicity than the
previously tested cell lines (Fig. S8A). Alimemazine and Benpro-
perine lead to a decrease in nuclei number already starting at
0.37 uM, while Boldine showed decreasing cell counts at 1.12 pM.
When only the non-toxic doses for each compound were
considered, we saw no or only very small dose-dependent effects
on proliferation or differentiation in the SHANK3-/- NPCs (Fig. S8A).
Boldine showed a small dose-response effect at non-toxic
concentrations. Due to the absence of large compound-induced
effects in the SHANK3-/- NPCs, we therefore conclude that residual
SHANK3 levels are required for the full response to the identified
compounds and that full SHANK3 deletion abolishes compound
effects.

Actin-related protein 2/3 complex subunit 2 (ARPC2) is
expressed in D6 NPCs and its localization is altered by
Benproperine treatment

Out of the three dose-response validated compounds only
Benproperine had an annotated protein target (Table S1).
Benproperine was originally developed as a cough suppressant
and is an actin-related protein 2/3 complex subunit 2 (ARPC2)
inhibitor. Probably linked to actin-remodeling, Benproperine also
suppresses cancer cell migration and tumor metastasis [26]. To
confirm whether ARPC2 is expressed in our NPC models, we
performed TagMan-probe RT-gPCR in D6 NPCs and measured the
expression relative to the housekeeping gene GAPDH. Additionally
we measured the mRNA expression levels of Dopamine receptor
D2 (DRD2) and Histamine Receptor H1 (HRHT), the annotated
targets of the compounds Domperidone and Promethazine which
were not selected as hits (Fig. 5A). In both WT2 and HT3 cell lines
we found that DRD2 and HRHT were expressed at 1% or less of the
GAPDH mRNA level. In contrast, ARPC2 was expressed between
10-31% of the GAPDH mRNA level. Furthermore, RT-gPCR showed
that ARPC2 inhibitor Benproperine did not impact the ARPC2
mRNA expression level (Fig. S8B). ARPC2 is a subunit of the seven-
subunit Actin Related Protein 2/3 (ARP2/3) complex involved in
the regulation of the actin cytoskeleton and specifically neurite
outgrowth and corticogenesis [27, 28]. Since no other ARP2/3
complex inhibitors were part of the 7,120 screened molecules, we
tested CK-666, a classic ARP2/3 complex inhibitor, to show that
Benproperine exerts its proliferation inducing effect via the ARP2/
3 complex [29]. As before we measured the ratio of Ki67 positive
NPCs as a proxy for proliferation. Similar to our previous results,
we found that at D6 HT3 NPCs proliferated less than WT2 NPCs
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and that this phenotype was rescued by a 6-day treatment with
1 uM Benproperine. Although less than Benproperine, also CK-666
lead to a dose-dependent increase of HT3 NPC proliferation
suggesting a possible link to ARP2/3 complex inhibition (Fig. 5B).
Since the ARP2/3 complex is closely physically associated with
actin, we next investigated whether Benproperine would have an
impact on ARPC2 localization or expression on the protein level.
We performed immunofluorescence experiments in D6 NPCs
using antibodies against ARPC2, B-actin, and B-tubulin Il (Fig. 5C).
We observed B-actin accumulation in B-tubulin lll-positive neurites
and colocalization with the ARPC2 signal. Using colocalization
analysis we found that ARPC2/B-actin colocalization was lower in
SHANK3-deficient HT3 cells (20%) than in control cells (32%) (Fig.
5D). Treatment with Benproperine rescued the lowered colocaliza-
tion to 30%. It is important to note that this effects was only
observed in the HT3 NPCs and is therefore SHANK3-deficiency
specific. The protein levels of ARPC2 and B-actin, as measured by
the mean fluorescent intensity in the images, were not different
between the WT2 and HT3 cells and Benproperine treatment did
not change ARPC2 or B-actin protein levels in line with our qPCR
results (Fig. 5D, Fig. S8B). Benproperine therefore restores ARPC2/
B-actin colocalization without altering protein expression.

The ARPC2-targetting compound Benproperine rescues
increased synapse numbers when administered early during
differentiation

Given the role of the ARP2/3 complex for neurite outgrowth via
actin remodeling in neuronal growth cones, we investigated
Benproperine effects on synapse formation and neuronal activity.
We treated CRISPR-engineered WT2 and HT3 cells with 1puM
Benproperine or DMSO for 72 h at either one of two different
timepoints during neuronal differentiation. An early treatment
interval from D1-D3 was chosen to evaluate Benproperine’s effect
during development on synapse formation and activity, while a
later interval from D34-36 in previously untreated neurons was
chosen to test Benproperine'’s effects on already formed synapses.
Neurons were stained with Hoechst, and antibodies against pre-
synaptic marker Synapsin 1, post-synaptic protein SHANK3 and
MAP2 (Fig. 6A). Consistent with our previous results, we measured
an approximately two-fold increased number of synapses in HT3
neurons compared to WT2 control neurons (Fig. 2A, B, Fig. 6B).
Interestingly, only an early treatment from D1-3 lowered the
synapse count in HT3 neurons, thereby partially rescuing
increased synapse formation. Later treatment from D34-36 did
not lower synapse counts compared to DMSO. In line with our
previous findings, Benproperine therefore decreased neuronal
differentiation leading to reduced synapse formation while not
being synaptotoxic when administered later during differentia-
tion. We also tested the effects of the other two identified hits
Alimemazine and Boldine on synapse formation and observed
that both compounds impacted synapse numbers in HT3 neurons.
While Alimemazine increased synapse formation, Boldine
decreased the number of synapses similar to Benproperine (Fig.
S9A). To understand whether the rescue of synapse numbers has
also effects on neuronal activities we differentiated WT2 and HT3
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Fig. 5 Actin-related protein 2/3 complex subunit 2 (ARPC2) inhibition increases proliferation and alters ARPC2 colocalization with B-
actin. A RT-qPCR was performed using Tagman probes against the annotated compound targets dopamine-2 receptor (DRD2), histamine H1
receptor (HRHT) and actin-related protein 2/3 complex subunit 2 (ARPC2). The expression level was determined relative to GAPDH.
B Measurement of Ki67 positive proliferating WT2 and HT3 NPCs treated with the ARPC2 inhibitors Benproperine and CK-666.
C Representative images of DMSO or Benproperine treated D6 NPCs with ARPC2, B-actin, and B-tubulin Il immunofluorescent staining.
D Quantification of ARPC2 and B-actin colocalization and fluorescent intensity. Two independent differentiations were performed using
multiple technical replicates (N = 2). The boxplots show the median and the 2" and 3™ quartiles of the data. Whiskers indicate 1.5X of the
interquartile range. Welch's unequal variances t-test was applied. ns = not significant, * = p < 0.05, ** = p<0.01, *** = p<0.001.

neurons in MEA plates for 42 days and measured their electrical
activity in regular intervals. In line with our previous results we
found that untreated WT2 neurons were more active than
SHANK3-deficient HT3 neurons on the individual neuron level,
but also on the network level (Fig. 2C, Fig. 6C, D). While the mean
neuronal firing rate of WT2 neurons was about 10 Hz, it was
reduced to 3 Hz in HT3 neurons. Also signal synchrony, reflecting
the strength of synaptic or inter-electrode connections, and
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network oscillation, reflecting the coordination of network activity
across electrodes, were decreased in HT3 neurons (Fig. 6D). When
Benproperine was added either early (D1-3) or late (D40-42)
during WT2 and HT3 neuron differentiation, interestingly only
minor changes were observed. In HT3 neurons the neural activity,
as measured by firing rate, was slightly decreased from 3 to 2 Hz
when Benproperine was administered early during differentiation
(D1-3), but not during late treatment (D40-42). Higher order
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neuronal synchrony and network oscillation patterns remained
unchanged after Benproperine treatment (Fig. 6D). SHANK3 is a
crucial scaffolding protein in the postsynaptic density and we
hypothesized that a compound-induced lack of SHANK3 might be
associated with the observed reduction of synapses and the mild
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decrease of neuronal firing rate. As described above, we first
determined synapses as Synapsin 1/SHANK3 double positive spots
on the MAP2 network in D36 neurons. As an indicator of the
SHANK3 protein level in synapses the integrated sum of all
SHANK3 channel pixel intensities specifically within synapses was
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Fig. 6 Benproperine modulates synapse formation and neuronal activity. A Representative images of fluorescently stained CRISPR-
engineered SHANK3-deficient HT3 neurons after 36 days of differentiation and Benproperine treatment. B HT3 mutant or WT2 isogenic
control cells were treated with Benproperine either early (D1-3) or late (D34-36) during differentiation and synapses were quantified.
C Representative raster plots showing HT3 mutant or WT2 isogenic control neuron activity on a Multi-Electrode Array (MEA) plate after 42 days
of differentiation. The cells were treated with Benproperine either early (D1-3) or late (D40-42) during differentiation. D WT2 and HT3 neuronal
activity, synchrony, and oscillation determined by MEA after 42 days of differentiation and after early (D1-3) or late (D40-42) Benproperine
treatment. E Quantification of the integrated SHANK3 pixel intensities in synapses (Synapsin 1/SHANK3 double positive puncta on MAP2
dendrites). F Schematic overview of the effects of SHANK3 haploinsufficiency and Benproperine treatment on neuronal differentiation. Two
separate differentiations were performed (N = 2). The boxplots show the median and the 2" and 3" quartiles of the data. Whiskers indicate
1.5X of the interquartile range. Welch’s unequal variances t-test was performed. ns = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

determined. As measured before, we observed that the synapses
in untreated SHANK3-deficient HT3 neurons contained less
SHANKS3 signal (Fig. S5A, Fig. 6E). When we measured the synaptic
SHANKS3 signal in Benproperine-treated neurons, to our surprise,
the SHANK3 integrated intensity was lower in both tested cell
lines and there was no difference between both cell lines (Fig. 6E).
Benproperine therefore seems to affect synaptic SHANK3 levels
less in SHANK3-deficent HT3 neurons.

Taken together, our results highlight that Benproperine might
act via an inhibition of the ARP2/3 complex mainly early during
differentiation by increasing NPC proliferation, which inhibits
synapse formation due to a developmental delay. Additionally,
Benproperine can impact synaptic SHANK3 content. In line with
these findings also individual neuronal activity is decreased, while
the overall neuronal network is still functional. Benproperine
administration to mature neurons has no effects on synapse
numbers or neuronal activity, highlighting the compound’s
specific activity during neurodevelopment (Fig. 6F).

DISCUSSION
In this study we used PMDS patient and CRISPR-engineered
human neuronal PMDS models and show that SHANK3-deficiency
leads to decreased proliferation and increased differentiation of
human NPCs (Fig. 1). Increased differentiation also increased
neuronal network length and the number of synapses, while
decreasing neuronal activity (Fig. 2). In various model systems and
different SHANK3 genetic backgrounds others have described
related results. In Shank3B™~ knockout mice, Peixoto et al. also
found earlier maturation of spiny projection neurons and
increased corticostriatal network activity [8]. Using ASD patient
derived neurons carrying SHANK3 microdeletions, it was found
that the number of primary neurites was increased when SHANK3
levels were decreased [9]. A recent study revealed that cortical
neurons, derived from patient iPSCs, each harboring a distinct ASD
genetic mutation, such as SHANK3, exhibited both hyperexcit-
ability and precocious maturation, thereby proposing these
characteristics as potential shared phenotypes of ASD [10]. Given
its classical localization to the PSD, the question remains how
SHANK3 is involved in the regulation of differentiation before the
PSD has formed. We performed a screen using 7,120 molecules
with annotated MoAs to identify small molecular compounds that
can reverse the observed hyperdifferentiation (Fig. 3). 21 out of 42
obtained hits had annotated targets related to cell cycle
regulation or differentiation such as MAPKs, CDKs, ROCK, or
GSK-3 (Fig. 4B). This target enrichment is most likely due to the
used Ki67 and HuC/D proliferation and differentiation readout.
When we performed counter screening in both healthy donor and
non-modified CRISPR SHANK3 control NPCs none of these 21 cell
cycle regulation and differentiation-related molecules showed a
SHANK3 deficiency specificity and were discarded (Fig. S7, Table
S1). After these selection steps the three molecules Alimemazine,
Benproperine, and Boldine were found to rescue hyperdifferentia-
tion without toxicity in a SHANK3 deficiency-specific manner.
Since actin remodeling is of relevance to neuronal differentia-
tion, we focused on the ARP2/3 complex subunit ARPC2 inhibitor
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Benproperine. Benproperine rescued ARPC2 colocalization to
B-actin in developing dendrites while not changing total protein
levels (Fig. 5C, D). Several known genetic risk factors for psychiatric
disease are related to the regulation of actin polymerization [28].
Although it is unclear how SHANK3 deficiency influences cortical
development, SHANK3 interactors, such as ARP2/3 complex
subunits, that modulate actin polymerization have been described
to impact cortical development and synaptic plasticity.
Differentiation-linked processes such as morphological changes
or lineage specification depend on the activity of the ARP2/3
complex [30, 31]. Next to increased neurite formation, Kathuria
et al. found reduced actin levels in SHANK3-deficient human
neurons [9]. Direct SHANK3 interactions with the ARP2/3 complex
and actin in transgenic mice, human cell lines, and Zebrafish have
been shown to modulate actin levels and to influence dendritic
spine development [32-34]. Additionally, the structural plasticity
of dendritic spines is negatively impacted by the deletion of
ARPC2/3 complex subunit ARPC3 with consequences for cognition
and social behavior in mice [35]. Other actin regulators can cause
SHANK3-related autism phenotypes as well. For example, the
aberrant regulation of synaptic actin filaments by the actin-
binding protein cofilin has been shown to contribute to the
manifestation of autism-like phenotypes in mice, while modula-
tion of the cofilin upstream kinases PAK and Rac1 partially rescued
social deficits [32]. Taken together, it is therefore plausible that a
chemical compound which targets actin polymerization via ARPC2
inhibition can rescue neuronal hyperdifferentiation, thereby
normalizing synaptic density on dendrites. Supporting a close
connection between SHANK3, the ARP2/3 complex and differ-
entiation is our finding that Benproperine requires residual levels
of SHANK3 protein and fails to rescue hyperdifferentiation in full
SHANK3 knockout cells (Fig. S8A).

Our observations revealed an increase in synaptic markers in
SHANK3 heterozygous mutant cells due to increased -early
differentiation (Fig. 2). This aligns with other studies linking ASDs
and hyperexcitability [8, 10]. However, synaptic imaging showed
that SHANK3 + /- cells contain less SHANK3 protein in their
synapses, consistent with previously described lower neuron
SHANK3 mRNA content (Fig. S5A, Fig. 6E) [36]. Despite the increased
number of total synapses, functional assessment by MEA suggested
that the reduction in synaptic content might lead to fewer functional
synapses (Fig. 6B-D). It is important to note that Benproperine did
not increase SHANK3 synaptic protein levels, but rather led to a
further decrease. This decrease was more pronounced in control
than in SHANK3-deficient neurons, resulting in equal synaptic
SHANK3 content after treatment during differentiation. Given the
crucial scaffolding function of SHANK3, the observed decrease in
synapse formation and mild decrease in neuronal firing could be
due to a disruption in synapse structural integrity caused by further
reduced SHANK3 levels. Most of the Benproperine-associated effects
were less severe in SHANK3 + /4 control cells, possibly due to the
higher overall SHANK3 protein level in these cells, which could
buffer the effects of Benproperine. Future research needs to
investigate whether the ARP2/3 complex or actin remodeling plays
a role in maintaining synaptic SHANK3 levels, for instance, due to
mRNA transport.
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Benproperine only decreased Synapsin 1/SHANK3 synapses
when NPCs were treated early (D1-3), but not late during
differentiation (D34-36) (Fig. 6B). MEA measurements showed
that Benproperine only mildly affected neuronal firing and in line
with the synaptic data only when administered early during
differentiation (Fig. 6D). Other chemical compounds have also
been described to have differentiation blocking effects in NPCs.
For example, several antidepressants have been shown to
stimulate adult NPC proliferation [37-39]. Similar to Benproperine,
the proliferation stimulating effect of Lithium depends on the
genetic background of the patient [40]. In our study, Benproperine
rescued mostly early developmental phenotypes, while a new
potential PMDS drug candidate must address the developmental
deficits of SHANK3-deficient cells as well as synaptic and
functional deficits that might be disconnected from a develop-
mental rescue. Any future PMDS treatment strategy targeting
neuronal differentiation will face high safety hurdles and will
require careful compound characterization. We anticipate that
human PMDS stem cell models will play a key role in developing
novel molecular treatment hypotheses and to identify and
characterize novel chemical neurodevelopmental modulators.
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All screening-related raw data and the corresponding analysis workflow is available
as a Jupyter notebook on GitHub (https://github.com/Ksilink/Notebooks/tree/main/
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segmentation and feature extraction is available on GitHub (https://github.com/
Ksilink/PhenoLink).
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Ksilink/PhenoLink).

REFERENCES

1. Burdeus-Olavarrieta M, San José-Céceres A, Garcia-Alcén A, Gonzéalez-Pefas J,
Hernandez-Jusdado P, Parellada-Redondo M. Characterisation of the clinical
phenotype in Phelan-McDermid syndrome. J Neurodev Disord. 2021;13:26.

2. Phelan K, McDermid HE. The 22q13.3 Deletion Syndrome (Phelan-McDermid
Syndrome). Mol Syndromol. 2012;2:186-201.

3. Phelan MC, Thomas GR, Saul RA, Rogers RC, Taylor HA, Wenger DA, et al. Cyto-
genetic, biochemical, and molecular analyses of a 22q13 deletion. Am J Med
Genet. 1992;43:872-6.

4. Leblond CS, Nava C, Polge A, Gauthier J, Huguet G, Lumbroso S, et al. Meta-
analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of
Severity in Cognitive Impairments. PLoS Genet. 2014;10:e1004580.

5. Moessner R, Marshall CR, Sutcliffe JS, Skaug J, Pinto D, Vincent J, et al. Con-
tribution of SHANK3 Mutations to Autism Spectrum Disorder. Am J Hum Genet.
2007;81:1289-97.

6. Shcheglovitov A, Shcheglovitova O, Yazawa M, Portmann T, Shu R, Sebastiano V,
et al. SHANK3 and IGF1 restore synaptic deficits in neurons from 22q13 deletion
syndrome patients. Nature. 2013;503:267-71.

7. Kim H, Cho B, Park H, Kim J, Kim S, Shin J, et al. Dormant state of quiescent neural
stem cells links Shank3 mutation to autism development. Mol Psychiatry.
2022;27:2751-65.

8. Peixoto RT, Wang W, Croney DM, Kozorovitskiy Y, Sabatini BL. Early hyperactivity
and precocious maturation of corticostriatal circuits in Shank3B(-/-) mice. Nat
Neurosci. 2016;19:716-24.

9. Kathuria A, Nowosiad P, Jagasia R, Aigner S, Taylor RD, Andreae LC, et al. Stem
cell-derived neurons from autistic individuals with SHANK3 mutation show
morphogenetic abnormalities during early development. Mol Psychiatry.
2018;23:735-46.

10. Hussein Y, Tripathi U, Choudhary A, Nayak R, Peles D, Rosh |, et al. Early
maturation and hyperexcitability is a shared phenotype of cortical neurons
derived from different ASD-associated mutations. Trans| Psychiatry. 2023;13:246.

11. Mei Y, Monteiro P, Zhou Y, Kim JA, Gao X, Fu Z, et al. Adult restoration of Shank3
expression rescues selective autistic-like phenotypes. Nature. 2016;530:481-4.

Translational Psychiatry (2024)14:249

A. Thibaudeau et al.

12. Bidinosti M, Botta P, Kriittner S, Proenca CC, Stoehr N, Bernhard M, et al. CLK2
inhibition ameliorates autistic features associated with SHANK3 deficiency. Sci-
ence. 2016;351:1199-203.

13. Darville H, Poulet A, Rodet-Amsellem F, Chatrousse L, Pernelle J, Boissart C, et al.
Human Pluripotent Stem Cell-derived Cortical Neurons for High Throughput
Medication Screening in Autism: A Proof of Concept Study in SHANK3 Hap-
loinsufficiency Syndrome. EBioMedicine. 2016;9:293-305.

14. Mossa A, Pagano J, Ponzoni L, Tozzi A, Vezzoli E, Sciaccaluga M, et al. Develop-
mental impaired Akt signaling in the Shank1 and Shank3 double knock-out mice.
Mol Psychiatry. 2021;26:1928-44.

15. Torossian A, Saré RM, Loutaev |, Smith CB. Increased rates of cerebral protein
synthesis in Shank3 knockout mice: Implications for a link between synaptic
protein deficit and dysregulated protein synthesis in autism spectrum disorder/
intellectual disability. Neurobiol Dis. 2021;148:105213.

16. Wang L, Adamski CJ, Bondar VV, Craigen E, Collette JR, Pang K, et al. A kinome-
wide RNAI screen identifies ERK2 as a druggable regulator of Shank3 stability.
Mol Psychiatry. 2020;25:2504-16.

17. Kolevzon A, Breen MS, Siper PM, Halpern D, Frank Y, Rieger H, et al. Clinical trial of
insulin-like growth factor-1 in Phelan-McDermid syndrome. Mol Autism. 2022;13:17.

18. Nakagawa M, Taniguchi Y, Senda S, Takizawa N, Ichisaka T, Asano K, et al. A novel
efficient feeder-free culture system for the derivation of human induced plur-
ipotent stem cells. Sci Rep. 2014;4:3594.

19. Boissart C, Poulet A, Georges P, Darville H, Julita E, Delorme R, et al. Differ-
entiation from human pluripotent stem cells of cortical neurons of the superficial
layers amenable to psychiatric disease modeling and high-throughput drug
screening. Transl Psychiatry. 2013;3:e294.

20. Chatrousse L, Poullion T, El-Kassar L, Giraud-Triboult K, Boissart C, Sanatine P,
et al. Establishment of heterozygous and homozygous SHANK3 knockout clonal
pluripotent stem cells from the parental hESC line SA001 using CRISPR/Cas9.
Stem Cell Res. 2023;72:103209.

21. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji:
an open-source platform for biological-image analysis. Nat Methods.
2012;9:676-82.

22. Gouder L, Vitrac A, Goubran-Botros H, Danckaert A, Tinevez JY, André-Leroux G,
et al. Altered spinogenesis in iPSC-derived cortical neurons from patients with
autism carrying de novo SHANK3 mutations. Sci Rep. 2019;9:94.

23. Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, Studer L.
Highly efficient neural conversion of human ES and iPS cells by dual inhibition of
SMAD signaling. Nat Biotechnol. 2009;27:275-80.

24. Hergenreder E, Zorina Y, Zhao Z, Munguba H, Calder EL, Baggiolini A, et al.
Combined small molecule treatment accelerates timing of maturation in human
pluripotent stem cell-derived neurons [Internet]. bioRxiv; 2022 [cited 2023 Apr
12]. p. 2022.06.02.494616. Available from: https://www.biorxiv.org/content/
10.1101/2022.06.02.494616v1.

25. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The STRING
database in 2021: customizable protein-protein networks, and functional char-
acterization of user-uploaded gene/measurement sets. Nucleic Acids Res.
2021;49:D605-12.

26. Yoon YJ, Han YM, Choi J, Lee YJ, Yun J, Lee SK, et al. Benproperine, an ARPC2
inhibitor, suppresses cancer cell migration and tumor metastasis. Biochem
Pharmacol. 2019;163:46-59.

27. Korobova F, Svitkina T. Arp2/3 complex is important for filopodia formation,
growth cone motility, and neuritogenesis in neuronal cells. Mol Biol Cell.
2008;19:1561-74.

28. Wang PS, Chou FS, Ramachandran S, Xia S, Chen HY, Guo F, et al. Crucial roles of
the Arp2/3 complex during mammalian corticogenesis. Dev Camb Engl.
2016;143:2741-52.

29. Nolen BJ, Tomasevic N, Russell A, Pierce DW, Jia Z, McCormick CD, et al. Char-
acterization of two classes of small molecule inhibitors of Arp2/3 complex. Nat-
ure. 2009;460:1031-4.

30. Aloisio FM, Barber DL. Arp2/3 complex activity is necessary for mouse ESC dif-
ferentiation, times formative pluripotency, and enables lineage specification.
Stem Cell Rep. 2022;17:1318-33.

31. Xia S, Lim YB, Zhang Z, Wang Y, Zhang S, Lim CT, et al. Nanoscale architecture of
the cortical actin cytoskeleton in embryonic stem cells. Cell Rep.
2019;28:1251-67.e7.

32. Duffney LJ, Zhong P, Wei J, Matas E, Cheng J, Qin L, et al. Autism-like Deficits in
Shank3-Deficient Mice Are Rescued by Targeting Actin Regulators. Cell Rep.
2015;11:1400-13.

33. Han K, Holder JL Jr, Schaaf CP, Lu H, Chen H, Kang H, et al. SHANK3 over-
expression causes manic-like behaviour with unique pharmacogenetic proper-
ties. Nature. 2013;503:72-7.

34. Salomaa SI, Miihkinen M, Kremneva E, Paatero |, Lilja J, Jacquemet G, et al.
SHANK3 conformation regulates direct actin binding and crosstalk with
Rap1 signaling. Curr Biol. 2021;31:4956-70.e9.

SPRINGER NATURE

13


https://github.com/Ksilink/Notebooks/tree/main/Neuro/SHANK3screening
https://github.com/Ksilink/Notebooks/tree/main/Neuro/SHANK3screening
https://github.com/Ksilink/PhenoLink
https://github.com/Ksilink/PhenoLink
https://github.com/Ksilink/Notebooks/tree/main/Neuro/SHANK3screening
https://github.com/Ksilink/Notebooks/tree/main/Neuro/SHANK3screening
https://github.com/Ksilink/PhenoLink
https://github.com/Ksilink/PhenoLink
https://www.biorxiv.org/content/10.1101/2022.06.02.494616v1
https://www.biorxiv.org/content/10.1101/2022.06.02.494616v1

A. Thibaudeau et al.

14

35. Kim IH, Racz B, Wang H, Burianek L, Weinberg R, Yasuda R, et al. Disruption of
Arp2/3 Results in Asymmetric Structural Plasticity of Dendritic Spines and Pro-
gressive Synaptic and Behavioral Abnormalities. J Neurosci. 2013;33:6081-92.

36. Taylor SE, Taylor RD, Price J, Andreae LC. Single-molecule fluorescence in-situ
hybridization reveals that human SHANK3 mRNA expression varies during
development and in autism-associated SHANK3 heterozygosity. Stem Cell Res
Ther. 2018;9:206.

37. Boldrini M, Underwood MD, Hen R, Rosoklija GB, Dwork AJ, John Mann J, et al.
Antidepressants increase neural progenitor cells in the human hippocampus.
Neuropsychopharmacology. 2009;34:2376-89.

38. Boldrini M, Hen R, Underwood MD, Rosoklija GB, Dwork AJ, Mann JJ, et al. Hip-
pocampal Angiogenesis and Progenitor Cell Proliferation Are Increased with
Antidepressant Use in Major Depression. Biol Psychiatry. 2012;72:562-71.

39. Sahay A, Hen R. Adult hippocampal neurogenesis in depression. Nat Neurosci.
2007;10:1110-5.

40. Wolter JM, Le BD, Matoba N, Lafferty MJ, Aygiin N, Liang D, et al. Cellular
Genome-wide Association Study Identifies Common Genetic Variation Influen-

cing Lithium-Induced Neural Progenitor Proliferation. Biol Psychiatry.
2023;93:8-17.
ACKNOWLEDGEMENTS

We thank Arnaud Ogier for help with screening data management and all colleagues
at Ksilink for regular and helpful discussions. We also thank I-STEM’s stemCARE
platform for help with bioproduction and quality control of the different SHANK3 cell
lines. Ksilink is supported by the “Programme d'investissements d'avenir” (PIA) of the
French government. I-STEM is supported by a recurrent annual grant of the
Association Francaise contre les Myopathies (AFM-Téléthon) and is part of the
Genopole biocluster (Evry, France).

AUTHOR CONTRIBUTIONS

AT designed and performed differentiation and synaptic imaging experiments,
performed primary screening, and analyzed imaging data; KS optimized the
differentiation protocol, performed MEA analysis, and designed experiments; DH
performed synaptic imaging, MEA experiments, and qPCR; LCo designed the image
analysis workflow and analyzed imaging data; AW performed primary screening; AV
performed synaptic imaging experiments; LF and LCh created cell lines; PS co-
initiated the project; CJ supervised screening experiments; AB co-initiated the project;

SPRINGER NATURE

JW designed experiments, analyzed data, supervised the project, and wrote the
manuscript with input from all authors.

COMPETING INTERESTS
AT, KS, DH, LCo, AW, AV, CJ, PS, and JW are or were employees of Ksilink. The
remaining authors have no conflicts of interest to declare.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541398-024-02947-3.

Correspondence and requests for materials should be addressed to
Johannes H. Wilbertz.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Translational Psychiatry (2024)14:249


https://doi.org/10.1038/s41398-024-02947-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Pharmacological modulation of developmental and synaptic phenotypes in human SHANK3 deficient stem cell-derived neuronal�models
	Introduction
	Methods
	Neuronal progenitor cell generation
	Gene editing
	Cell line quality control
	Cellular differentiation
	RT-qPCR
	Western blotting
	Immunofluorescence
	Imaging and image analysis
	Screening and hit detection
	Compound treatment
	Neuronal activity
	Statistical analysis

	Results
	SHANK3 haploinsufficiency results in hyperdifferentiation in a PMDS patient-derived cell�line
	SHANK3 haploinsufficiency results in hyperdifferentiation in CRISPR-engineered cell�lines
	SHANK3 haploinsufficiency results in altered synapse formation and decreased neuronal activity
	Identification of hyperdifferentiation rescuing chemical compounds
	Validation of SHANK3-specific hyperdifferentiation rescuing chemical compounds in patient-derived�NPCs
	Pharmacological hyperdifferentiation rescue depends on residual SHANK3�levels
	Actin-related protein 2/3 complex subunit 2 (ARPC2) is expressed in D6 NPCs and its localization is altered by Benproperine treatment
	The ARPC2-targetting compound Benproperine rescues increased synapse numbers when administered early during differentiation

	Discussion
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




