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Multiomics analysis identifies VPA-induced changes in neural
progenitor cells, ventricular-like regions, and cellular
microenvironment in dorsal forebrain organoids
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Pharmaceutical agents, such as antiepileptic medications, can cross fetal barriers and affect the developing brain. Prenatal exposure
to the antiepileptic drug valproate (VPA) is associated with an increased risk of neurodevelopmental disorders, including congenital
malformations and autism spectrum disorder. In animal models and neural organoids, VPA has been shown to alter signaling
pathways, such as Wnt pathway, providing insights into VPA-induced neurodevelopmental defects. Here, we exposed dorsal
forebrain organoids to VPA for 30 days and examined effects at the tissue, cellular, and molecular level. VPA treatment disrupted
ventricular-like regions, indicating defects in cell-cell and cell-matrix interactions. Transcriptomics analysis confirmed altered
expression of extracellular matrix (ECM) genes and single cell RNA sequencing analysis identified genes involved in
microenvironment sensing, such as cellular mechanosensing and Hippo-YAP/TAZ signaling pathway. Finally, proteomics analysis
corroborated that VPA alters the microenvironment of the human dorsal forebrain organoids by disrupting the secretion of ECM
proteins. Altogether, our study suggests that VPA-treated dorsal forebrain organoids serve as a model to investigate the role of
extracellular processes in brain development and to understand how their disruptions might contribute to neurodevelopmental

disorders.
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INTRODUCTION

Environmental factors, including maternal medications, have been
implicated in shaping early brain development [1]. Some
antiepileptic drugs (AEDs), such as Levetiracetam (LEV), are
considered non-teratogenic and safe for use during pregnancy
[2]. However, other medications that can pass maternal and fetal
barriers might increase the risk of neurodevelopmental and/or
psychiatric disorders [1]. For example, valproate (VPA), an AED, is a
well-known teratogen that passes the barriers and reaches the
fetal brain [3-5]. In utero exposure to VPA, especially in the first
trimester, is associated with increased risk of congenital mal-
formations, such as neural tube closure defects, and neurodeve-
lopmental disorders, including autism spectrum disorder (ASD)
[6, 7]. Despite its known teratogenic effects, VPA treatment may
be continued during pregnancy when it is the only effective
treatment for seizure control in patients who do not respond to
other AEDs [8]. Since the use of VPA is unavoidable in some cases
of pregnancies of epileptic patients, understanding the

mechanism by which VPA disrupts neurodevelopment is crucial
to develop strategies to mitigate the risk.

In utero exposure to VPA is a common environmentally induced
animal model of autism spectrum disorder (ASD) [9]. Rodents
prenatally exposed to VPA display ASD-like behavioral phenotypes
such as reduced sociability and repetitive hyperactivity combined
with reduced exploratory activity [10-13]. This animal model also
provides a tool to study the neurobiology of VPA-induced ASD and
VPA-induced structural malformations in the nervous system.
Findings show that VPA results in dysregulated differentiation of
neural progenitor cells [14] and excitation/inhibition imbalance [15].
Additionally, the expression level of collagens was increased in the
medial prefrontal cortex of rats prenatally exposed to VPA [16]. A
possible mechanism that might induce these changes is through
epigenetic effect of VPA as a histone deacetylase inhibitor (HDACi)
[17]. However, animal models are limited in understanding the VPA-
induced ASD pathophysiology and the effects of VPA on the
developing human brain due to interspecies differences [18].
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Human induced pluripotent stem cell (iPSC)- and embryonic
stem cell (ESC)-derived neural organoids provide an in vitro model
system to investigate the mechanisms of environmental expo-
sures in neurodevelopment [1, 19, 20] and developmental defects
in ASD [21, 22] in a human-specific tissue context. Various neural
organoid protocols have been developed, including regionalized
protocols such as dorsal forebrain organoids (DFOs), which
recapitulate important features of the cellular, molecular, and
cytoarchitectural features of specific regions of the human brain
[23, 24]. Human neural organoids have been utilized to study the
effects VPA exposure and its potential link to ASD [25-27].
Independent studies have shown that VPA treatment altered
ventricular zone (VZ)-like structures and progenitors, and impaired
differentiation in neural organoids [26-30]. While these studies
have provided insights into the cellular and transcriptional
changes induced by VPA exposure, they have not investigated
how microenvironment components, such as extracellular matrix
(ECM) are altered in a human tissue context.

In this study, we used human iPSC-derived DFOs to examine the
cellular and molecular effects of VPA exposure during early
neocortical development. We treated the organoids with VPA
from day (D)21 of differentiation until D50 to recapitulate
continuous exposure of progenitor cells to VPA at early stages
of their expansion and neural differentiation. Using immunohis-
tochemistry, we found that VPA exposure disrupted the VZ-like
structures, possibly by disrupting the cellular microenvironment.
We identified changes in intracellular pathways related to
microenvironment sensing such as mechanosensing via integrin
and PIEZO channels and Hippo-YAP/TAZ signaling pathway
especially in progenitor cells upon VPA treatment through
single-cell transcriptomic analysis. Following up on this finding,
we analyzed the secretome using mass spectrometry and found
increased secretion of ECM components. In conclusion, for the first
time, we show an altered microenvironment in VPA-exposed
human neural organoids, opening the door to new therapeutic
approaches to circumvent VPA-induced neurodevelopmental
defects.

MATERIALS AND METHODS

iPSC culture

Commercially available human induced pluripotent stem cell (iPSC) lines
BIONi010-C (Source: EBiSC), KOLF2.1J (Source: The Jackson Laboratory),
HMGU1 (Source: Helmholtz Zentrum Miinchen Deutsches Forschungszen-
trum fur Gesundheit und Umwelt (GmbH)) [31] were used for the
experiments. The iPSC lines were cultured in standard conditions at 37 °C,
5% CO2 and 100% humidity. The cells were maintained in E8 flex media
(Gibco, Cat. no. A2858501) or mTESR Plus media (STEMCELL Technologies,
Cat. no. 100-0276) and passaged onto hESC-qualified growth factor-
reduced Matrigel-coated (Corning, Cat. no. 354277) or Geltrex-coated
(ThermoFisher Scientific, Cat. no. A1413302) plates in colonies using Gentle
Dissociation Reagent (STEMCELL Technologies, Cat. no. 07174). The media
after passaging was supplemented with 2 uM Thiazovivin (Sigma-Aldrich,
Cat. no. 420220) and replaced with fresh media the next day. All cell lines
were tested for pluripotency with antibodies against OCT4 (rabbit, 1:500,
Abcam, Cat. no. ab19857) and mycoplasma contamination (TaKaRa, Cat.
no. 6601) upon thawing. Cells with passage number below 25 were used
for the experiments.

Dorsal forebrain organoid differentiation

Dorsal forebrain organoids were generated by using previously described
protocol [23] with minor changes. iPSCs that reached around 80%
confluency were treated with Accutase (Merck, Cat. no. A6964) to obtain
single cell dissociation. Then, 9000 cells per well were seeded into 96 well
V-bottom low adhesion plates (S-bio, Cat. no. MS-9096VZ) in cortical
differentiation medium (CDM) | (Glasgow’s MEM (Gibco, Cat. no. 11710035)
with 20% KnockOut Serum Replacement (KOSR, Thermofisher Scientific,
Cat. no. 10828028), 1X non-essential amino acids (Sigma, Cat. no. M7145),
0.11 mg/mL Sodium Pyruvate (Thermofisher Scientific, Cat. no. 11360070),
1X Penicillin-Streptomycin (Thermofisher Scientific, Cat. no. 15140122),
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0.1 mM B- Mercaptoethanol (Gibco, Cat. no. 21985023) with supplements
(20 uM Y-27632 (Cayman Chemical, Cat. no. 10005583), 5 uM SB 431542
(Tocris, Cat. no. 1614), and 3uM IWR-1 (Merck, Cat. no. 681669)).
Alternatively, 9000 cells per well were seeded in specific iPSC media for
each cell line. The next day, the aggregate formation was checked, and the
media was replaced with supplemented CDMI as written in the protocol.
Media change was performed every three days and on day six Y-27632 was
removed from the media. On day 18, organoids were transferred to 24-well
low adhesion plates in CDMII (DMEM/F12 + 1X Glutamax supplemented
(Thermofisher Scientific, Cat. no. 31331093) with 1X N2 Supplement
(Thermofisher Scientific, Cat. no. 17502048), 1X CD Lipid Concentrate
(Thermofisher Scientific, Cat. no. 11905031) and 1X Penicillin-Streptomycin
(Thermofisher Scientific, Cat. no. 15140122)) and placed on orbital
shaker (53 rpm, 2.5 cm throw). From day 18 on media change was
performed every three-four days. On day 35, the media was changed to
CDMIII (DMEM/F12 Glutamax supplement (Thermofisher Scientific, Cat. no.
31331093) with 10% FBS (GE Healthcare Life Sciences, Cat. no.
SH30070.03), 5ug/mL Heparin (Merck, Cat. no. H3149-25KU), 1X N2
Supplement, 1X CD Lipid Concentrate and 1% Matrigel (Corning, Cat. no.
356234)). Organoids were cultured in CDMIII until day 50.

Starting from day 21 until the collection day, dorsal forebrain organoids
were treated with Valproic acid sodium salt (Sigma Aldrich, Cat. no. P4543)
and Levetiracetam (Sigma Aldrich, Cat. no. L8668). The treatment was
supplemented into the culturing media for treatment groups and
refreshed on every media change. For day 35 experiments, 0.1, 0.5 and
1 mM VPA and LEV were used individually for treatment groups, and for
day 50 experiments, TmM VPA were used for treatment group.
Information on treatment conditions can be found in the figures and
figure legends.

For indentation and second harmonic generation experiments, cortical
organoids were generated using a protocol from a previously published
protocol [32] with minor modifications: 1.8 million cells were seeded into
one well of the AggreWell™800 in E8 Flex medium supplemented with
10 uM Y-27632 (Cayman Chemical, Cat. no. 10005583). The next day, the
medium was changed to neural induction medium (Essential 6, Thermo
Fisher Scientific, Cat. no. A151640), supplemented with 2.5 uM dorsomor-
phin (Tocris, Cat. no. 3093), 10 uM SB-431542 and 2.5 uM XAV-939 (Tocris,
Cat. no. 3748). Media change was performed every other day. On day 4,
aggregates were transferred to ultra-low attachment V-bottom 96 well
plates. At day 6, neural induction media was replaced with neural
maintenance medium (NM) (Neurobasal-A, Gibco, Cat. no. 10888-022)
containing 1xB27 supplement without Vitamin A (Thermo Fisher
Scientific, Cat. no. 12587010), 1 x GlutaMAX and 1 x penicillin/streptomy-
cin. NM medium was supplemented with 20 ng/ml EGF (Merck, Cat.
no. GF144) and 20 ng/ml FGF2 (PeproTech, Cat. no. 100-18B) from day 6 to
day 24 and with 20 ng/ml BDNF (PeproTech, Cat. no. 450-02) and 20 ng/ml
NT-3 (PeproTech, Cat. no. 450-03) from day 25 to day 43. After day 43, no
supplements were added to the NM media. On day 20, organoids were
transferred to ultra-low attachment 24 well plates and 1TmM VPA
treatment was started. From the start of VPA treatment, media change
was performed twice a week as done with previous differentiations and
organoids were collected or fixed at day 50 for further analysis.

Size measurements

Bright field images of organoids were taken every three-four days for
organoids treated from day 21 to day 35 and every five days for organoids
treated from day 21 to day 50 starting from day 21. Images were taken
with EVOS cell imaging system (Thermo Fisher) with 4x or 10x objectives
and were analyzed using a previously published Fiji [33] macro [34] with
minor modifications. Then, size measurements data was arranged in
Microsoft Excel and plotted using GraphPad Prism.

Immunohistochemistry (IHC) in dorsal forebrain

organoid slices

On day 35 or day 50, organoids were collected and fixed in 4%
paraformaldehyde (PFA) (Morphisto, Cat. no. 11762) for one hour at room
temperature. Fixed samples were washed three times with PBS (Roth, Cat.
no. 1105.1) for 15 min before incubation at 4 °C with 30% sucrose (Sigma
Aldrich, Cat. no. $7903) in PBS. Once the organoids settled down in the
plate, they were embedded in 1:1 (v/v) mixture of optimal cutting
temperature (OCT) compound (Sakura, Cat. no. 4583) and 30% sucrose in
PBS solution to be frozen at —80 °C freezer. The organoid blocks were
sectioned to 20 um-thick slices on Superfrost Plus slides (VWR) with a
cryostat and kept in —80 °C freezer until further use.
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For immunohistochemistry, the slides were thawed in room temperature
for 15 min and rehydrated with PBS. After removal of extra embedding,
hydrophobic pen (PAP pen, Abcam, Cat. no. ab2601) was used to circle the
sections. Slides for anti-TBR2 staining were incubated for 10 min in ice cold
100% methanol and then washed three times in PBS and continued with
next steps. Sections were incubated with permeabilization and blocking
solution (1% Triton-X100 (Sigma, Cat. No. T8787), 0.2% gelatin (Sigma, Cat.
no. G1890), and 10% normal donkey serum (Abcam, Cat. no. ab7475) in
PBS) for one hour in room temperature. Primary antibodies were diluted in
permeabilization and blocking solution and incubated overnight at 4 °C.
The next day, primary antibodies (anti-Ki-67 (rabbit, 1:300, Merck, Cat. no.
AB9260), anti-SOX2 (goat, 1:500, R&D Systems, Cat. no. AF2018), anti-CTIP2
(rat, 1:400, Abcam, Cat. no. ab18465), and anti-cCas3 (rabbit, CST, Cat. no.
9661S) anti-PAX6 (mouse, 1:500, HPA, Cat. no. AMAb91372), anti-TBR2
(sheep, 1:500, Biotechne, Cat. no. AF6166), anti-COL IV (rabbit, 1:50, Abcam,
Cat. no. ab6586)) were washed three times with PBS for 15 min. Secondary
antibodies (donkey anti-goat AF555 (Abcam, Cat. no. ab150130), donkey
anti-goat AF647 (Invitrogen, Cat. no. A21447), donkey anti-rat AF555
(Abcam Cat. no. ab150154), donkey anti-rabbit AF488 (Invitrogen Cat. no.
A21206), donkey anti-rabbit AF647 (Invitrogen, Cat. no. A31573), donkey
anti-mouse AF488 (gifted), donkey anti-rabbit AF546 (Invitrogen, Cat. no.
A10040), donkey anti-mouse AF647 (Invitrogen, Cat. no. A31571), donkey
anti-sheep AF488 (Invitrogen, Cat. no. A11015)) were diluted in permea-
bilization and blocking solution (1:1000) and incubated for three hours at
room temperature. Secondary antibodies were washed three times with
PBS for 15 min and stained with DAPI (Thermofisher Scientific, Cat. no.
D1306) diluted in PBS (1:5000) for four minutes at room temperature. After
rinsing with PBS, the slides were mounted with ProLong Gold (Thermo-
fisher Scientific, Cat. no. P36930). For epifluorescence imaging of whole
organoid sections, Leica DMi8 microscope was used with 20x or 40x
magnification objectives. Confocal imaging of VZ-like structures was
performed using Zeiss LSM710, Zeiss LSM980 Airyscan, Echo Revolution
spinning disc, and Leica SP8 confocal microscopes. Objectives included
20x, 25x oil immersion (Airyscan Super-Resolution mode), and 40x lenses.
For presentation purposes, representative images were adjusted for
brightness and/or contrast to improve visibility. All quantitative measure-
ments were performed on unprocessed raw images.

Quantification of IHC analysis

Imaging of Ki67+ cells were performed on randomly selected VZ-like
regions in the dorsal forebrain organoid slice. Using Imaris 9.7 software, all
confocal images were rotated, adjusted with “Surfaces” tool and cropped
to obtain 50 um-wide VZ-like regions. Then, by using “Spots” tool cells that
were positive for both Ki67 and SOX2 markers were quantified. The exact
number of VZ-like regions quantified for each treatment condition can be
found in the respective figure legends.

Quantification of the number and size of VZ-like structures were
performed with Imagel. The whole DFO section was used to count the
total number and area of VZ-like regions. Polygon selection tool was used
to mark each VZ-like region using SOX2+ vRG cells, then total number of
polygons created, and the area of each polygon was quantified in ImageJ.

Quantification of cCas3+ area over SOX2+ VZ-like area was performed
using custom macro in ImageJ. In short, first VZ-like regions were cropped
in ImageJ using SOX2+ VRG cells as reference. The macro would first detect
the SOX2+ area within the VZ-like region and crop the image where
SOX2 signal is positive, then identify the cCas3+ and SOX2+ double
positive area to generate percentage cCas3+ area over SOX2+VZ-like
region.

Quantification of PAX6+, TBR2+, SOX2+ and CTIP2+ cells were
performed on randomly selected VZ-like regions in the dorsal forebrain
organoid slice. Segmentation was performed in QuPath v0.4.4 using the
StarDist model optimized for fluorescent nuclei. A uniform threshold of 50
gray levels was applied to all markers. Marker-positive nuclei were
quantified for PAX6/DAPI, TBR2/DAPI, SOX2/DAPI and CTIP2/DAPI combi-
nations. Segmentation masks and ROIs were exported per channel for
further analysis in R v4.4.0 (using tidyverse, stringr, ggpubr packages).

RNA isolation and bulk RNA sequencing

RNA isolation from organoids was performed by using the RNeasy Mini Kit
(Qiagen, Cat. No. 74106) and RNase- Free DNase set (Qiagen, Cat. no.
79254) with RNAase-free water. Library preparation for bulk RNA
sequencing was performed by Novogene (https://en.novogene.com/)
using non-directional poly-A enrichment strategy. Samples were
sequenced with lllumina NovaSeq 6000 platform using paired-end, 150-
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bp-long reads to 30 million reads per sample. Further quality control
measures and bioinformatics analysis were performed by Novogene.

For detection of significantly differentially expressed genes (DEGs) from
differential gene expression analysis, two criteria were used: (1) absolute
Fold change > 1.5 and (2) padj < 0.05 between Ctrl and VPA treatment
conditions. For further GO enrichment analysis of upregulated and
downregulated DEGs, online RNA-seq bioinformatics analysis tool of
Novogene called NovoMagic was used. All expressed genes present in the
dataset was used as background for enrichment analysis. Further plotting
of the data was performed on R using custom scripts.

Batch effects were corrected using the removeBatchEffect function from
the limma R package (v3.60.6), using the treatment condition as a covariate
in the design matrix.

Layer-specific analysis and plotting was performed using custom R script
following the method published in Miller et al. [35]. For enrichment human
fetal PCW15-16 microarray data from Allen Institute was used. Fisher's
exact test was used for statistics with the Benjamini-Hochberg for multiple
comparisons.

Weighted gene co-expression analysis (WGCNA) was performed by
Novogene. NovoMagic was used for further GO enrichment analysis of
eigengene modules generated by Novogene. Custom script in R were used
to visualize GO analysis and WGCNA module network using the gene
names as nodes and connectivity between genes as size of each node.

Single cell RNA sequencing

Single cell dissociation and multiplexing for single cell RNA sequencing.
Following a published protocol (Velasco et al.) with minor modifications,
individual dorsal forebrain organoids were dissociated into single cells
using Worthington Papain Dissociation System kit (Worthington Biochem-
ical, Cat. no. LK003150). In short, organoids of interest were washed twice
with PBS and then incubated with Papain supplemented with DNase
inhibitor for 20 mins at 37°C on orbital shaker (53 rpm, 2.5 cm throw).
Then, organoids were gently triturated 15 times using 1 mL pipette tip and
returned to incubation 10min, repeated twice. Single cells were
transferred to a tube containing Ovomucoid Inhibitor diluted in Earle’s
medium supplemented with DNase inhibitor and centrifuged at 150 g for
10 min in room temperature. Cell pellet was resuspended in 0.04% BSA in
PBS, filtered through 40 pm cell strainer (Flowmi) and counted using an
automatic fluorescent cell counter (Luna). Single cell suspensions were
centrifuged at 300 rcf for 5 min at room temperature.

The cell pellet was resuspended in Cell Multiplexing Oligos from 3’
CellPlex Kit Set A (10x Genomics, Cat. no. PN-1000261) and multiplexing
protocol from manufacturer was performed.

Finally, multiplexed cells were counted and pooled in equal proportions
to be proceeded with single cell RNA sequencing pipeline by CeGat
Tubingen. Approximately 14 000 cells per channel were loaded to
Chromium chip (10x Genomics) and processed through the Chromium
controller. Sequencing libraries were generated using Chromium Next GEM
Single Cell 3’ Kit, v3.1 (10x Genomics) and sequenced on NovaSeq 6000
(INlumina).

Single-cell data analysis

Quality control and data preprocessing. CellRanger (v.7.1.0) multi pipeline
was used to align reads to the prebuild 10x Genomics GRCh38-2020-A
reference genome including introns and generate cell-by-gene matrices.
Data were analyzed in R (v4.3.2) using Seurat (5.0.3) [36]. Ambient RNA was
removed with CellBender (v0.2.0) with false discovery rate (FDR) = 0.01 and
epochs =150 [37]. The following thresholds were chosen for removing
low-quality cells: min number of genes per cell - 2000, max number of
reads per cell - 50000, max percentage of mitochondrial reads per cell -
8%, min percentage of ribosomal protein coding genes - 4%, min
log10(genes per UMI) - 0.8. DoubletDetection (v4.2) under default
parameters was employed to remove potential doublets [38]. Following
these filters, a total of 37 326 cells were retained with an average of 16 842
transcripts per cell and average 5 159 genes per cell. Raw gene counts
were normalized per sample using the SCTransform workflow while
regressing out the number of genes, the number of reads, and percentage
of mitochondrial and ribosomal RNAs. Different samples were then
integrated using reciprocal principal component analysis (rPCA) as
implemented in Seurat v5. Linear dimensionality reduction was performed
using PCA, and we selected first 30 PCs for further clustering and non-
linear dimensionality reduction based on the Elbow plot. UMAP plots were
generated using the Seurat package with a number of neighbors set to 15.
Louvain clustering was performed across several resolutions, and
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resolution 0.6 was chosen based on clustree (0.5.1) cluster stability
assessment [39]. Cluster marker analysis using the FindAlIMarkers function
with both MAST [40] and roc algorithms were utilized as an initial guidance
for cluster annotations. Additionally, we assessed the expression of
canonical genes to assign each cluster to a known cell type.

Removal of non-telencephalic and stressed cells. The forebrain-like regional
identity of the organoids was validated through query-to-reference
mapping performed in ArchMap using a human fetal brain transcriptomic
atlas [41], and a spatial correspondence assessment with E13.5 mouse
brain three-dimensional in situ hybridization data from the Allen Brain
Atlas using VoxHunt (v1.1.0) [42].

The Gruffi (1.5.5) algorithm was applied to identify cells exhibiting a
transcriptional signature of cellular stress. This was done using an
automatic threshold at the 0.9 quantile for two stress-related GO terms -
G0:0034976 (Response to ER stress) and GO:0006096 (Glycolytic process) -
and two non-stress-related GO terms - GO:0042063 (Gliogenesis) and
G0:0022008 (Neurogenesis). Clusters that did not show similarity to the
forebrain and identified as stressed were filtered out from the dataset.

After removing non-telencephalic and stressed cells, the dataset was
subjected to normalization, integration, clustering (with resolution 0.4),
dimensionality reduction, and annotation workflow as mentioned above.

Cell proportion analysis. Differences in cell type proportions between
experimental conditions were analyzed with a permutation test followed
by bootstrapping (https://github.com/rpolicastro/scProportionTest), where
clusters with absolute log2 Fold change > 0.58 and FDR<0.05 were
considered differentially abundant.

Trajectory inference and trajectory quality assessment. For this section and
subsequent steps of the analysis of the single-cell RNA-seq data, updated
versions of R (v.4.4.1) and Seurat (v.5.1.0) were utilized. For trajectory
inference, cells belonging to excitatory lineage were subset, normalized,
integrated, and plotted into reduced dimensions. Monocle 3 (v.1.3.7)
algorithm was applied to construct putative single-cell differentiation
trajectories based on the UMAP representation [43, 44]. The start of the
trajectory was set in the RG cell type. A random forest classifier was used to
retrieve genes differentially expressed along the putative deep-layer
neuron differentiation trajectory.

Identification of differentially expressed genes, gene module signatures, and
GO enrichment analysis. To identify differentially expressed genes (DEGs)
between experimental conditions by cell type, we performed a differential
gene expression (DGE) analysis using the edgeR package (v.4.2.2). A
minimum threshold of 30 cells per sample for each cell type was applied.
Three pseudo-replicates were generated for each sample and cell type by
splitting the cells into three groups and summing the gene expression
values within each group. Low-expression genes were excluded using the
filterByExpr function, and differences in library sizes across samples were
normalized with calcNormFactors. Dispersion estimates for each gene were
calculated using estimateDisp, and a negative binomial generalized log-
linear model was fitted to the gene counts with glmQLFit. Genes with
absolute log2 Fold change > 1.5 and FDR < 0.0001 and were considered
statistically significant.

GO enrichment analysis was conducted for both upregulated and
downregulated genes using the enrichGO function from the clusterProfiler
R package (v.4.12.6), with an adjusted p-value cutoff of 0.05 and the false
discovery rate (FDR) correction method. Genes expressed in the dataset
were used as the background for enrichment calculations.

To evaluate differential expression of gene modules, the SCTransform-
normalized count matrix was used as input for the UCell algorithm (v.2.8.0).
Predefined gene sets corresponding to selected GO terms were employed
to compute enrichment scores at the single-cell level.

Gene set enrichment analysis was also performed for autism spectrum
disorder (ASD) risk genes obtained from the SFARI database (SFARI
released on 31.10.2019, 20.07.2022 and 09.10.2024) [45] as well as for a
wider spectrum of neurodevelopmental conditions using the lists of risk
genes curated by Mato-Blanco et al. [46]. Enrichment was evaluated using
a one-sided Fisher’s exact test in R, which assessed whether the proportion
of ASD risk genes within the differentially expressed gene set for each cell
cluster was significantly higher than expected by chance.

Cell communication analysis. We employed CellChat (v.2.1.2) to analyze
cell-cell and cell-ECM interactions across experimental conditions. Seurat
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objects were split by condition, and for each subset, normalized expression
data and metadata were used to create CellChat objects. The CellChatDB
human database was subset to include ECM-receptor and cell-cell
interactions separately, and overexpressed genes and interactions were
identified for each condition. Communication probabilities were computed
using the tri-mean method and filtered to exclude interactions involving
fewer than 10 cells. Finally, aggregated signaling networks were generated,
and interaction networks were compared across conditions to rank
signaling pathways and evaluate differences in total interaction strength.

Gene regulatory network analysis. SCENIC analysis was performed to
identify gene regulatory networks in RG cells, comprising a subset of 6 210
cells extracted from the Seurat object containing excitatory lineage cells.

The regulatory network inference step was conducted using the
PySCENIC (v.0.12.1) grn command. Co-expression modules were calculated
based on transcription factors in the human genome [47].

The PySCENIC ctx command was subsequently employed to annotate
and refine the regulatory network. Regulatory modules were filtered by
motif enrichment wusing two motif databases: hg38__refseqg-
r80__10kb_up_and_down_tss.mc9nr and hg38__refseq-
r80__500bp_up_and_100bp_down_tss.mc9nr [48]. Motifs with a normal-
ized enrichment score (NES)>3.0 and either direct transcription factor
annotations or orthologous annotations were used to define regulons, with
a minimum threshold of 10 genes per regulon. AUCell analysis was carried
out using the PySCENIC aucell function to calculate the activity of each
inferred regulon across individual RG cells. Additionally, regulon specificity
scores were computed to evaluate the condition-specific activity of
regulons within RG cells. For visualization, a t-SNE embedding was
generated using the AUCell regulon activity matrix, and specific regulon
activity levels were displayed using Scanpy’s plotting functions.

Mass spectrometry sample collection and protein isolation
Whole organoid proteome and secretome samples were collected as
organoids or their culturing media, respectively, from the same organoids.
Within each sample, 3 organoids or 3 media aliquots from respective
organoids were pooled. For secretome analysis, media change was
performed on D19, D34, and D49 to collect one-day old media on D20,
D35, and D50. Media were collected into a 2 mL tube, submerged in liquid
nitrogen until frozen, and stored at —80 °C. For D49 media change, CDMIII
media without HyClone Defined Fetal Bovine Serum (Cytiva, Cat. no.
SH30070.03) and Matrigel was used to avoid artifacts in protein
composition. For whole organoid proteome analysis, after collection of
the culturing media, dorsal forebrain organoids on D20, D35, and D50 of
differentiation were washed with 1X PBS, then transferred to protein
LoBind 1.5 mL tubes (Eppendorf, Cat. no. 0030108116). Once transferred,
any liquid was removed, and tubes containing organoids were submerged
in liquid nitrogen for snap freezing and stored at —80°C until protein
isolation. The samples were delivered to the Core Facility for Medical
Bioanalytics for protein isolation and mass spectrometry.

Total protein was extracted from collected samples using TBS lysis buffer
(Tris-(hydroxymethyl)-aminomethane (30 mM; Tris (AppliChem), NP40
0.5%, supplemented with complete protease inhibitors cocktail (Roche,
Cat. no. 11836170001) and phosphatase inhibitors 2 and 3 cocktails (Sigma
Cat. no. P5726 and Cat. no. P004) according to the manufacturer
recommendations. Total extracted proteins were precipitated and
quantified using Bradford assay, and a similar total amount of protein
from each sample was used to prepare the sample for mass spectrometry
analysis as described previously [49].

For secretome, an equal amount of secretome collected from different
biological conditions were centrifuged at 5 000g for 10 min at 4°C to
remove cell debris and subjected to a methanol/chloroform precipitation
as adapted from a published study [50]. Briefly, the collected supernatant
volume was mixed with four volumes ice-cold methanol, vortexed and
centrifuged for one minute at 9 000 g. Then, mixed with one volume of
chloroform, vortexed and centrifuged for one minute at 9 000g. Three
volumes of HPLC grade water were added, vortexed and centrifuged for
two minutes at 16 000g. After discarding the upper phase, without
disturbing the interphase, three volumes of HPLC grade water were added,
vortexed and centrifuged at 16 000g for four minutes. Finally, the
supernatant was discarded, and the protein pellets were dried under a
laminar flow hood and stored at —80°C to be processed for in solution
tryptic digestion.

Briefly, extracted proteins were alkylated and reduced using dithio-
threitol (DTT) and iodoacetamide (IAA), followed by tryptic digestion
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overnight at 4 °C. Collected peptides were further desalted using STAGE-tip
(Affinisep). Peptides were resuspended in Acetonitrile trifluoracetic acid
solution and prepared for Mass spectrometry analysis.

Mass spectrometry

Mass Spectrometry analysis was performed on an Ultimate3000 RSLC
system coupled to an Orbitrap Tribrid Fusion mass spectrometer (Thermo
Fisher Scientific). Tryptic peptides were loaded onto a UPAC Trapping
Column with a pillar diameter of 5 um, inter-pillar distance of 2.5 um, pillar
length/bed depth of 18 um, external porosity of 9%, bed channel width of
2mm and length of 10 mm; pillars are superficially porous with a porous
shell thickness of 300 nm and pore sizes in the order of 100-200 A at a flow
rate of 10yl per min in 0.1% trifluoroacetic acid in HPLC-grade water.
Peptides were eluted and separated on the PharmaFluidics uPAC nano-LC
column: 50cm PPAC C18 with a pillar diameter of 5um, inter-pillar
distance of 2.5 um, pillar length/bed depth of 18 um, external porosity of
59%, bed channel width of 315 um and bed length of 50 cm; pillars are
superficially porous with a porous shell thickness of 300 nm and pore sizes
in the order of 100-200 A by a linear gradient from 2-30% of buffer B (80%
acetonitrile and 0.08% formic acid in HPLC-grade water) in buffer A (2%
acetonitrile and 0.1% formic acid in HPLC-grade water) at a flow rate of
300 nl per min. The remaining peptides were eluted by a short gradient
from 30-95% buffer B; the total gradient run was 120 min. Spectra were
acquired in Data Independent Acquisition (DIA) mode using 50 variable-
width windows over the mass range 350-1500 m/z, MS2 scan range was set
from 200-2000 m/z.

Mass spectrometry data analysis and statistics

MS RAW data were analyzed using DIA-NN 1.8.1 (PMID: 31768060) in
library-free mode against the human database (UniProt release September
2023). First, a precursor ion library was generated using FASTA digest for
library-free search in combination with deep learning-based Spectra
prediction. An experimental library generated from the DIA-NN search was
used for cross-run normalization and Mass accuracy correction. Only high-
accuracy spectra with a minimum precursor false discovery rate (FDR) of
0.01, and only tryptic peptides (2 missed Tryptic cleavages) were used for
protein quantification. The match between runs option was activated and
no shared spectra were used for protein identification.

Statistical analysis, including label-free quantification ratios (LFQ), and
two-sided corrected permutation-based T-test (250 permutations and a
minimum p-value of 0.05) to identify putative differentially abundant
proteins between the two groups was done using the Perseus software
suite version 1.6.15.0 [51]. The analytical platform Omics Playground
(https://github.com/bigomics/omicsplayground) was used for proteomics
data exploration and integration.

Principle component analysis (PCA) plots and volcano plots were
generated using the built-in functions within the Perseus software. For PCA
plot of proteome and secretome, data before data imputation was used.
For the rest of the analysis, data imputation was performed separately for
each cell line and time point by replacing missing values with values from
normal distribution. Custom codes in RStudio software were generated for
heatmaps and GO analysis. To analyze and visualize proteins, we used
gene symbols. pheatmap library was used for heatmaps with “Euclidean”
as clustering distance for rows and averaged log2 transformed LFQ values
were used as input for the heatmaps. Finally, overrepresentation analysis
(ORA) for GO terms was performed using topGO library and parameters
used for enrichGO function were as follows: reference gene list=org.H-
s.eg.db, minGSSize=10, maxGSSize=500, p value =0.05, q value =0.10
and p adjusted method = FDR. All proteins that were found in at least two
samples were used as background for GO enrichment analysis. Further
adjustments to the plots were made using Inkscape software.

Multimodal data analysis

Deconvolution of Bulk RNA-seq data using MuSiC. To estimate cell type
proportions in bulk RNA-seq samples, we applied the function music2 from
the MuSIiC package (v1.0.0), leveraging the single-cell RNA-seq dataset
generated in this study as a reference for deconvolution. The preprocessed
and annotated single-cell RNA-seq dataset (containing stressed and non-
telecenphalic cells) was loaded and subset to include only variable genes
overlapping with the bulk RNA-seq dataset. Deconvolution analyses were
conducted across three annotation levels: (i) Class, comprising broad
categories of Progenitor, Progenitor/Neuron, and Neuron; (ii) cell type,
capturing finer distinctions such as RG, IPC/Newborn ExN, Newborn ExN,
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ExN, InhN, and mixed Inh/ExN populations; and (iii) a binary stress
classification, distinguishing stressed from non-stressed cells.

Cross-Omics GO similarity analysis. To identify shared dysregulated
biological processes across omics layers, semantic similarity between GO
terms was calculated using the GOSemSim package (v2.30.2) with the
Wang method. Analyses were performed separately for up- and down-
regulated GO terms derived from each omics dataset in this study,
including the proteome, secretome, bulk RNA-seq, and single-cell RNA-seq
data. For single-cell RNA-seq, up- and downregulated GO terms were
obtained by first generating a pseudobulk dataset, identifying differentially
expressed genes between VPA-treated and control samples, and subse-
quently performing GO enrichment analysis using the enrichGO function
from the clusterProfiler R package, as described above.

Pairwise semantic similarity matrices were computed for each combina-
tion of omics layers using a similarity threshold of 0.7. Modules of highly
similar GO terms were then identified manually annotated based on the
associated GO term names.

Nanoindentation experiments

Organoids were plated in 35 mm, high Grid-500 Glass Bottom dishes (Ibidi,
Cat. No: 81168) previously coated for 1 h with 0,01% poly-L-lysine solution
(Sigma-Aldrich, Cat. No: P4707-50 mL) at 37°C, washed with PBS, and
coated overnight with applied cell extracellular matrix (ABM, Cat. No. G422)
at 4 °C. Following the seeding of the organoids on the coated plates, they
were allowed to attach at 37 °C undisturbed for 90 min.

Nanoindentation measurements were carried out in excess cell culture
media on a Pavone nanoindenter (Optics11life), with a probe of 11 um tip
radius and 0,5 N/m spring constant. All experiments were carried out in an
atmosphere of 5% CO2 and 37 °C. Single organoids were indented at a
speed of 10 um/s to a maximum load of 0,5 uN, adapted from a previously
published protocol [52]; a total of 5 randomly distributed indentations
were carried out on each organoid, with n =5 organoids measured for
each experimental condition.

Data analysis and fitting were done using the Prova software (v0.6.17
Dev) provided by the device manufacturer. The Young's Modulus was
calculated for each curve by fitting the experimental data using a Hertzian
contact model [53]. The fitting was applied up to a maximum load value of
0,1 pN, and any curves with fitting R2 value below 0,95 were discarded.
Further plotting of the data was done in GraphPad Prism software.

Second harmonic generation (SHG)

SHG was performed on organoid samples using a FLUOVIEW FV4000MPE
multiphoton laser scanning microscope (Evident/Olympus) with an 1X83
frame and equipped with a UCPLFLN 20x/0.70 NA air objective (WD = 0.8
mm). Excitation was provided by an InSight X3+ tunable ultrafast laser
(Spectra-Physics) tuned to 850 nm. Emission was collected in backward
using a non-descanned detection (NDD) filtered through a band-pass
410-430 nm window to isolate the SHG signal at ~425 nm. Images were
acquired at a resolution of 1024 x 1024 pixels, corresponding to a pixel size
of 0.249 um (field of view = 254 x 254 um), in 16-bit grayscale. Line scan
speed was set to 3.14 (pixel dwell ~2 ps) with line averaging (16 x)
enabled to improve signal-to-noise. Images were post-processed with Fiji
(ImageJ) [33] using a median filter (radius 0.5) to improve image quality.
Scale bars correspond to 100 pm.

Statistical analysis

Statistical analyses were performed in GraphPad Prism software or by
using custom scripts in R/Python. The details of each statistical analysis
performed can be found in the respective figure legend.

RESULTS

Dose-dependent alterations in dorsal forebrain organoids are
evident upon exposure to VPA, but not Levetiracetam

With the aim of investigating how environmental factors affect
neocortical development, we differentiated a range of control iPSC
lines into dorsal forebrain organoids [23]. To investigate the effects
of different AEDs and their concentration-dependent biological
effects, we treated DFOs with VPA (teratogenic AED) and LEV
(non-teratogenic AED) at concentrations of 0.1, 0.5, and 1T mM
from D21 of differentiation until D35 (Fig. S1A). These
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concentrations are in the clinically relevant therapeutic range for
epilepsy treatment [54], and similar ranges were used in other
neural organoid studies [25-29]. We chose to start treatment from
D21 targeting neural progenitors and early neural differentiation,
mirroring the increased risk for neurodevelopmental disorders
upon exposure in the first trimester of pregnancy [55]. Throughout
the treatment period, organoid growth was monitored using
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brightfield microscopy (Fig. S1B). At D35, VPA-treated organoids
were smaller than control (Ctrl) organoids upon 1mM VPA
treatment. However, this effect was not clearly observed at lower
concentrations (Fig. S1C). No significant difference in organoid size
was observed between any LEV concentrations and Ctrl at any
time point (Fig. S1C). To determine whether the smaller size of
VPA-treated organoids was due to reduced proliferation in the VZ-
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Fig. 1 Dorsal forebrain organoids to study the effects of long-term exposure to VPA. A Schematic of VPA treatment from day 21-50. DFOs
were generated using the protocol from Velasco et al. [23] with minor modifications. B Representative brightfield images of organoid
development. € Quantification of organoid size throughout treatment period with VPA compared to Ctrl. Data points represent the mean of
all data in each condition, and the error bars represent the standard error of mean (SEM). For D21-35, n = 72 for VPA and Ctrl; for D40 n =29
for VPA and n =30 for Ctrl; for D45-50 n = 58 for VPA and n =59 for Ctrl. Multiple unpaired t-tests with Welch’s correction were used for
significance testing between VPA and Ctrl per time point. Benjamini-Hochberg False Discovery Rate (FDR) was used for multiple comparisons.
D Bar plot of organoid size at D35 and D50. Bar plots represent the mean of all data points, and the error bars represent the standard error of
mean (SEM). Welch'’s t test was used for significance testing between VPA and Ctrl at D35. Nonparametric Mann-Whitney statistical test was
used for significance testing at D50. Shapiro-Wilk test was used to assess normality. E Immunohistochemistry of SOX2 for RG cells, Ki67 for
proliferative cells and CTIP2 for deep layer neurons on representative whole organoid section. F Quantification of proliferative RG cells in 50
pm-wide ventricular area in DFO slice at D50. Individual VZ-like areas from different organoids and batches were quantified, for Ctrl n =37 and
for VPA n = 45. Four batches of DFOs were differentiated using BIONi0O10-C, each differentiation is represented with different shape of the data
point: square, circle, triangle and diamond. Nonparametric Mann-Whitney statistical test was used for significance testing between VPA and
Ctrl. Shapiro-Wilk test was used to assess normality. G Representative images of disrupted VZ-like regions in VPA treated organoids.
H Quantification of number and area of SOX2+ VZ-like regions within DFO slice. For both number and area of VZ-like regions, n=12
organoids were used (n =3 per batch, 4 BIONi010-C batches). For area of VZ-like regions, all VZ-like regions per organoid were averaged.
Nonparametric Mann-Whitney statistical test was performed for both number of VZ-like regions and area of VZ-like regions. Shapiro-Wilk test
was used to assess normality. All data points were obtained from four independent DFO differentiation batches from BIONi010-C cell line.

itatistical analysis, **** p <0.0001; ***, p <0.001; **, p<0.01; *, p <0.05.

like regions, we assessed the proliferative state of ventricular radial
glia (VRG) by quantifying Ki67 (a marker for cell proliferation)-SOX2
(a marker for radial glia) co-expressing proliferative radial glia (RG)
cells over SOX2+ total RG cells in VZ-like region cropped to 50 um-
width (Fig. S2A). We found fewer proliferative RG cells upon VPA
treatment on D35 in a concentration-dependent manner, where
1 mM VPA-treated organoids had significantly fewer proliferative
VRG cells (Fig. S2B). We did not observe any significant reduction
in proliferative VRG cells at any LEV concentrations (Fig. S2B). To
determine whether cell death also contributed to the smaller size
of these organoids, we quantified the percentage of cCas3
(cleaved Caspase-3, a marker for apoptosis)-positive apoptotic
VRG cell area over a 50 pm-wide SOX2 + VZ-like region area
(Fig. S2C). No significant difference was observed between the
VPA-treated and Ctrl groups, indicating that apoptosis of VRG cells
does not drive the reduced size at D35 (Fig. S2D). Since RG cells
are the main cell type driving proliferation and organoid growth at
D35, we decided to focus solely on this cell type for proliferation
and apoptosis analysis. Collectively, these results suggest that VPA
treatment alters the neurodevelopmental trajectory of DFOs by
reducing the proportion of proliferative cells, in line with other
VPA-treated organoid and animal models [26, 28, 56]. As expected,
we did not see significant changes upon LEV treatment, which is
known as a non-teratogenic AED treatment. To understand the
teratogenic mechanisms of VPA treatment, we solely focused on
VPA-treated DFOs in further analyses.

Long-term exposure to VPA disrupts DFO growth and alters

the structure of ventricular-like zones

To investigate the long-term effects of VPA on DFOs, we decided
to use 1 mM VPA, as this concentration successfully mimicked the
developmental defects without inducing apoptosis in VRG cells.
Hence, 1 mM VPA was continuously added to the organoid culture
media from D21 to D50 to focus on the early neurogenesis
(Fig. TA). Organoid growth was monitored with bright-field
microscopy throughout the treatment period (Fig. 1B) and
revealed that Ctrl organoids exhibited continuous growth over
the culture period, while VPA-treated organoids ceased growing
around day 35 (Fig. 1C). Size comparison between VPA-treated
and Ctrl organoids revealed significant differences at both D35
and D50 (Fig. 1D). Furthermore, we visualized (Fig. 1E, S3A) and
quantified the proliferative VRG using Ki67-SOX2 co-expressing
cells over SOX2+ total RG cells at D50 (Fig. 1F). VPA-treated
organoids had significantly less proliferating vRG cells compared
to the Ctrl organoids at D50 (Fig. 1F). A closer look at the SOX2-
positive cells revealed that VZ-like structures were disrupted upon
VPA treatment; for example, several DFOs displayed inverted VZ-
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like regions while others had small VZ-like regions (Fig. 1G).
Overall, VPA-treated organoids showed a tendency to have more
VZ-like structures, and the total area of VZ-like structures was
significantly reduced at D50 (Fig. 1H). Our results corroborate
previous findings that showed VPA-treated organoids had smaller
VZ-like structures [28, 291. Furthermore, we quantified the RG cells,
intermediate progenitor cells and deep-layer neurons (Fig. S3B-E).
Upon VPA treatment, DFOs showed increased number of RG cells,
and reduced number of intermediate progenitor cells and deep-
layer neurons (Fig. S3C, S3E).

Transcriptomic analysis reveals that VPA predominantly
affects the extracellular matrix, cell adhesion molecules, and
synapses

To investigate the molecular changes driving the observed cellular
features induced by long-term VPA treatment, we treated DFOs
with 1 mM VPA from D21 to D50 and performed RNA sequencing
(RNA-seq) on VPA-treated and Ctrl DFOs on D50 of differentiation.
Principal component analysis (PCA) showed a clear separation of
VPA-treated and Ctrl samples, indicating distinct expression
profiles (Fig. 2A). Subsequently, we performed differential gene
expression (DGE) analysis to compare gene expression between
VPA treated and Ctrl organoids (significance threshold: absolute
log2 Fold change >0.58, p-adjusted value (padj) < 0.05) (Fig. 2B,
Table S2). DGE analysis identified 2358 upregulated differentially
expressed genes (DEGs) and 979 downregulated DEGs upon VPA
treatment (Fig. 2B). Gene ontology (GO) enrichment analysis of all
upregulated and downregulated DEGs showed upregulation of
biological processes related to cell adhesion, secretion and
extracellular matrix (ECM) organization and downregulation of
biological processes (BP) related to neurogenesis and axogenesis
upon VPA treatment (Fig. 2C, Table S2). To investigate whether
these DEGs corresponded to a specific cortical layer, we
performed enrichment analysis of layer-specific genes by using
human fetal postconceptional week (PCW) 15-16 microarray data
[33] (Fig. 2D). We identified subplate and ventricular zone as
cortical layers significantly susceptible to VPA treatment (Fig. 2D).
BP related to proteoglycans in the subplate-specific DEGs and JAK-
STAT signaling in the ventricular zone-related DEGs were down-
regulated (Fig. 2E). JAK-STAT signaling is necessary for cell cycle
progression in some radial glia cells [57] and is shown to be
affected also by other environmental impacts, such as pro-
inflammatory cytokines, interleukin-6 (IL-6) [58].

Genes in biological systems do not function in isolation but in
conjunction with other genes, and bioinformatic methods such as
weighted gene co-expression network analysis (WGCNA) identify
expression modules that group relevant genes using the
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correlated expression patterns [59]. We hence performed WGCNA
and identified 17 gene modules (Fig. S4A). From these modules, 7
were significantly deregulated upon VPA treatment (Fig. 2F).
Among the significant modules, yellow, brown, and black modules
supported the previous findings. GO analysis for the yellow
module revealed an upregulation of cell-substrate adhesion and
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ECM organization-related terms (Fig. S4B), while the brown
module showed a downregulation of axogenesis and synapse
organization-related terms (Fig. S4C). The black module showed a
downregulation of protein translation and endoplasmic reticulum
(ER)-related terms (Fig. S4D). Downregulation of protein transla-
tion was also reported in DFO model of maternal immune

Molecular Psychiatry



Z. Yentdr et al.

Fig. 2 Bulk RNA-sequencing to identify changes in DFO transcriptome upon VPA exposure. A PCA plot for DFO samples at D50. Color of
the data point represents the treatment condition (purple, Ctrl; orange, VPA) and shape of the data point represents the organoid batch. Four
batches generated with BIONi010-C cell lines were used for RNA-sequencing. B Volcano plot of VPA vs. Ctrl. Significance threshold is absolute
Fold change > 1.5 and padj from t-test < 0.05. Each datapoint represents a gene. Upregulated differentially expressed genes (DEGs) are
colored in purple, downregulated DEGs in blue, and not DEGs in grey. C Bar plot showing selected biological processes derived from GO
analysis using both significantly upregulated and downregulated DEGs between VPA-treated and Ctrl DFOs. D Enrichment of layer-specific
genes among DEGs upon VPA treatment were analyzed as described as Miller et al. [35]. For enrichment human fetal PCW15-16 microarray
data from Allen Institute was used. Fisher’s exact test is used for statistics with the Benjamini-Hochberg for multiple comparisons. MZ,
marginal zone; CPo, outer cortical plate; SP, subplate; IZ, intermediate zone; SZo, outer subventricular zone; SZi, inner subventricular zone; VZ,
ventricular zone. E Bar plot showing selected biological processes derived from GO analysis using VZ- and SP-enriched significantly
downregulated DEGs between VPA and Ctrl DFOs. F Expression profile heatmap from WGCNA analysis of VPA and Ctrl treatment groups
obtained by average expression of module genes. After checking descriptive statistics and performing normality test, multiple unpaired t-test
was performed for statistical analysis. G WGCNA network representation for yellow module genes enriched in ECM-related GO terms.

activation upon IL-6 treatment [58]. Network connection of
selected ECM-related genes in the yellow module showed a high
number of connections between collagen, integrin, and metallo-
peptidase genes and other genes in the module, suggesting that
defects in these genes might have an impact on the rest of the
module (Fig. 2G). A closer look at the differentially expressed ECM-
related genes, including collagens, laminins, integrins and
proteases revealed that most of these genes were upregulated
upon VPA treatment (Fig. S4E). Overall, these findings highlight
significant disruptions in ECM organization and cell adhesion
pathways in response to VPA treatment and indicate a possible
susceptibility of RG cells to VPA-induced effects. Significant
enrichment in extracellular structure organization was also
reported in transcriptomics analysis of VPA-treated organoids in
other studies [25, 26], indicating a high reproducibility across
independent studies using different organoid differentiation
protocols and dosing schemes.

Single-cell transcriptomic analysis suggests that VPA-treated
DFOs have altered cell type proportions

Our immunohistochemistry (Fig. 1) and RNA-seq (Fig. 2) results
indicate potential cell-type-specific effects of VPA treatment,
especially targeting RG cells in VZ-like regions and newborn
neurons in the subventricular zone in DFOs. To investigate cell-
type-specific effects of VPA treatment, we performed single-cell
RNA-seq (scRNA-seq) at D50 of differentiation on Ctrl and 1 mM
VPA-treated DFOs (Fig. 3A). Each individual organoid was used as
a sample for the analysis. The transcriptomes of 37 326 cells were
analyzed after quality control, with on average 5 159 unique
transcripts per cell (Fig. S5A). After performing normalization and
sample-wise integration, the main cell types were annotated
(Fig. S5B). Stressed cells were assessed using the Gruffi algorithm
[60], by examining stress-, gliogenesis-, and neurogenesis-related
GO terms (Fig. S5C-F). Then, non-forebrain cells were identified
(Fig. S6A-B). In total, we removed 10 827 cells, of which 1 719 cells
were identified as mixed Inh/ExN or non-forebrain cells, and 9 108
cells were identified as stressed. The proportion of stressed cells
between Ctrl and VPA-treated organoids was not pronouncedly
different for any cell types or cell lines (Fig. S5E-F). However, VPA-
treated DFOs had a higher number of stressed cells compared to
the control (Fig. S5F). We, therefore, assessed the proportion of
stressed cells in RNA sequencing data, and confirmed the
increased number of stressed cells in VPA-treated DFOs also in
bulk RNA dataset (Fig. S5G). After the removal of these cells,
features of the dataset were reassessed (Fig. S7A-B) and 14
transcriptionally distinct clusters were formed (Fig. S7C). UMAP
plots showed that samples and cell lines were integrated (Fig. S7C).
Their gene counts and ribosomal and mitochondrial gene counts
were also visualized as quality control measures (Fig. S7C). We
further annotated these clusters using manually selected marker
genes (Fig. S8A) and confirmed the final annotations using
reference-query integration with a human neocortical develop-
mental dataset [61] (Fig. S8B). UMAP plot split by treatment
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conditions showed that VPA-treated organoids contained more
progenitor and early neuronal cells, while Ctrl organoids
contained more mature neurons (Fig. 3B). We then quantified
the proportion of each cell type in each condition and sample
(Fig. 3C, Fig. S8C). Progenitor cell clusters intermediate progenitors
(IPC) and RG were overrepresented in VPA-treated organoids, and
mature deep excitatory neurons (dExN) and inhibitory neurons
(InhN) were overrepresented in Ctrl organoids (Fig. 3D), corrobor-
ating the IHC quantifications where VPA treatment resulted in
increased number of radial glia cells and reduced number of deep-
layer neurons (Fig. S3C, S3E). Although VPA-treated organoids had
reduced VRG proliferation compared to Ctrl organoids, the
defected differentiation trajectory of RG cells results in presence
of more RG cells and less neurons, therefore RG cells were
overrepresented. Interestingly, although IPCs were overrepre-
sented in scRNA-seq, we previously identified less TBR2+ IPCs in
VPA-treated organoids (Fig. S3E). This discrepancy may be
explained by translational repression mechanisms [62], in which
mRNA expression precedes protein translation.

As a next step, we performed Monocle3 trajectory analysis using
the excitatory neuron lineage (Fig. 3E). We observed the
proportion of cells from VPA-treated organoids to be higher at
earlier pseudotime, while the proportion of cells from Ctrl
organoids was higher at later pseudotime (Fig. 3F). Cell type
proportions and trajectory inference analysis showing reduced
numbers of more differentiated neuronal cell populations was in
line with downregulation of neurogenesis and synaptogenesis-
related terms observed in the RNA-seq dataset (Fig. 2C) and
reduced CTIP2+ deep layer neurons (Fig. S3C). Altogether, these
results suggest that VPA-treated organoids were stalled in their
development compared to Ctrl organoids.

Different cell types show differential susceptibility to VPA
treatment

To identify cell-type-specific changes in the transcriptome upon
VPA treatment, we performed DGE analysis on transcriptomic
clusters. We excluded Cajal-Retzius cells because they did not
meet the threshold of a minimum number of 30 cells per organoid
and performed DGE analysis on the remaining cell types (Fig. 4A).
We identified more than 400 upregulated DEGs in RG cells, IPC/
newborn ExN, young dExN, and mature dExN (significance
threshold: absolute log2 Fold change > 1.5 and false discovery
rate (FDR)<0.0001) (Fig. 4B, C, Table S3). We then performed
enrichment analysis using upregulated and downregulated DEGs
for each cell type (Table S4). The young ExN cluster had significant
upregulation of GO terms related to Wnt signaling pathway.
Meanwhile, the mature dExN cluster had significant upregulation
of GO terms related to dorsal/ventral patterning. Upon VPA
treatment, neither yielded significant downregulated biological
processes GO terms. For further analysis, we decided to focus on
the progenitor cell types, RG and IPC, as these cell types were
significantly over-represented in VPA-treated organoids. 426
genes were upregulated, and 115 genes were downregulated in
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RG in organoids treated with VPA compared to the Ctrl organoids
(Fig. 4D). Overrepresentation analysis (ORA) using upregulated
DEGs from RG cells identified upregulation of BP terms related to
cell adhesion, synaptic membrane adhesion, and exocytosis-
related terms in VPA-treated organoids compared to Ctrl (Fig. 4E).
On the other hand, 416 genes were upregulated, and 109 genes
were downregulated in the IPC/newborn ExN cluster in VPA-
treated organoids compared to the Ctrl organoids (Fig. S8D).
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Similar to the RG cluster, ORA using upregulated DEGs from IPC/
newborn ExNs identified BPs related to cell adhesion, synapse
organization, vesicle fusion, and exocytosis in VPA-treated
organoids compared to Ctrl (Fig. S8E). Downregulated DEGs from
both RG and IPC/newborn ExNs did not yield any significant GO
terms.

These results indicate altered extracellular secretion and
intercellular communication in VPA-treated organoids. To explore
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Fig.3 Single cell RNA-sequencing to determine affected cell types upon VPA treatment. A Experimental scheme for VPA treatment of DFOs
and single cell RNA sequencing. B UMAP plot with cells from VPA (cyan) and Ctrl (red) DFOs (left). UMAP plot with 9 cell groups labeled by
color (right). Data from n =3 organoids per condition per cell line, 2 cells lines were used (KOLF2.1J and BIONi010-C). RG, radial glia; IPC/
Newborn ExN, intermediate progenitor cell/newborn excitatory neuron; Young dExN, young deep-layer excitatory neuron; Mature dExN,
mature deep-layer excitatory neuron; InhN, inhibitory neuron; Cajal-Retzius N, Cajal-Retzius neuron; RG stalled, stalled radial glia; dExN stalled,
stalled deep-layer excitatory neuron; Unknown. C Stacked bar plot of proportion of cell types per condition. Cell lines were combined, n=6
per condition. D Permutation plot for cell type distribution. Negative values indicate underrepresented cell types in VPA-treated DFOs, while
positive values indicate overrepresented cell types in VPA compared to Ctrl DFOs. Significantly overrespresented cell types are colored in
purple and underrepresented cell types in blue (significance threshold: absolute log2 Fold change > 0.58 and FDR < 0.05) and nonsignificant
cell types are colored in grey. E Trajectory inference of cells belonging to the excitatory lineage (including RG, IPC/Newborn ExN, Young dExN,
Mature dExN) as assessed with Monocle3. The trajectory was started at the cycling cells, which corresponds to earlier pseudotime and finished
at Mature dExN cell cluster. F Density plot of cell distribution along the pseudotime as assessed with Monocle3 and by experimental

conditions, VPA and Ctrl. The experimental scheme was created with BioRender.com.

this hypothesis in more detail, we used CellChat to compare two
different types of molecular interactions in VPA vs. Ctrl: ECM-
receptor interactions and cell-cell contact interactions in RG cells
(Fig. 4F, Fig. S8F). In both cases, interaction strength was notably
reduced in VPA compared to Ctrl organoids (Fig. 4F, Fig. S8F). We
identified reduced information flow in ECM proteins such as
collagen and laminin upon VPA treatment (Fig. 4F) and reduced
information flow in synaptic adhesion molecules such as neurexin
and NCAM (Fig. S8F). To understand the mechanism behind this
change, we compared the expression of individual genes in the
RG cluster from pathways that are likely to be involved in ECM
interactions and cell adhesion (Fig. 4G). These pathways included
PIEZO, Hippo signaling, integrin-FAK signaling, and cytoskeleton.
We identified that upon VPA treatment, PIEZO1 channel expres-
sion was increased. Meanwhile, the expression of Hippo and
integrin-FAK signaling pathway elements was dysregulated,
suggesting changes in the ECM-receptor interactions in the RG
cluster (Fig. 4QG).

To further understand the regulatory mechanisms driving these
signaling pathway changes, we performed SCENIC analysis on RG
cells to identify key transcription factors driving transcriptional
changes upon VPA treatment. We identified the 50 most active
regulons in VPA-treated and Ctrl DFOs (Fig. S9A) and found RARB,
LEF1, MAF, HLF, and PRRX1 to be highly specific to RG cells from
VPA-treated organoids (Fig. 4H). Among these regulons, a
canonical Wnt signal mediator LEF1 [63] had the second highest
regulon specificity score and was highly expressed in RG cells from
VPA-treated organoids (Fig. 4l). However, LEF1 was not signifi-
cantly expressed in the RNA-sequencing dataset, which might
indicate cell-type-specific changes in LEF1 expression.

Finally, to understand the relationship between VPA treatment
and different neurodevelopmental disorders, we tested for
enrichment of cell-type-specific DEGs upon VPA treatment with
neurodevelopmental disorder risk genes from Mato-Blanco et al.
(Fig. S9B)[46]. RG cells, IPC/Newborn ExN and young ExN had an
enriched expression of genes involved in diverse neurodevelop-
mental disorders, such as major depressive disorder (MDD_2018),
compared to mature ExNs and inhibitory neurons (Fig. S9B).
Conversely, we found all cell types showed significant enrichment
for ASD risk genes (Fig. S9B). Therefore, ASD risk genes from SFARI
were further analyzed (Fig. S9C). We identified the highest odds
ratio for RG and IPC/Newborn ExN clusters, indicating that these
cell types may be the most relevant for the increased ASD risk
upon VPA exposure during pregnancy. This supports the idea that
neural progenitor cells are the most susceptible cell types in DFOs
to VPA treatment.

Secretome analysis captures changes in ECM, CAM and
synapses upon VPA treatment

Taken together, both bulk and single-cell transcriptomic data
(Figs. 2—-4, Fig. S4-9) point towards a disruption in the microenviron-
ment, especially of progenitor cells, leading to the disorganized VZ-
like structures we observed in immunohistochemical analysis (Fig. 1).
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To investigate the cellular microenvironment of VPA-treated and Ctrl
DFOs, we performed secretome and proteome analysis on samples
that consisted of three pooled organoid culture media or organoids in
triplicates at D20, D35, and D50 using liquid chromatography-mass
spectrometry (LC-MS) (Fig. 5A). Proteome comparison of VPA-treated
and Ctrl DFOs yielded significant yet minor differences (Fig. S10A-D,
Table S5). For example, exocytosis and neuronal adhesion-related
proteins such as a-synuclein (SNCA), annexin A6 (ANXA6) and
astrotactin 1 (ASTN1) were increased in abundance upon VPA
treatment at D35 (Fig. S10B). In comparison, secretome comparison
provided major significant findings. PCA analysis of all secretome
samples showed three distinct clusters: D20 Ctrl DFOs, D35 and D50
Ctrl DFOs, and lastly D35 and D50 VPA-treated DFOs (Fig. 5B),
suggesting a distinct secretome profile between VPA treatment and
Ctrl conditions. Confirming the younger pseudotime of VPA-treated
organoids (pseudotime ~0, 10, 30) compared to Ctrl organoids
(pseudotime ~45) (Fig. 3F), D35 and D50 VPA-treated samples were
clustered closer to D20 Ctrl samples (Fig. 5B). To identify changes in
protein abundance between conditions, we performed differential
protein abundance analysis (significance threshold: absolute log2
Fold change > 1, FDR < 0.05). The analysis of VPA-treated vs. Ctrl
secretomes at D35 yielded 299 proteins with increased abundance
and 387 proteins with decreased abundance (Fig. 5C, E, Table S5).
Meanwhile, the analysis of VPA-treated vs. Ctrl secretomes at D50
yielded 325 proteins with increased abundance and 547 proteins with
decreased abundance (Figs. 5D, E, Table S5). Functional annotation of
these significantly differentially abundant proteins indicated a
decrease in the BP GO terms related to synapse assembly and
intermediate filament organization at D35 (Fig. 5F, Table S6), and an
increase in the BP GO terms related to cell adhesion, ECM
organization, and collagen organization at D50 (Fig. 5G, Table S6).
The proteins with increased abundance at D35 and the protein with
decreased abundance at D50 did not vyield significant biological
processes GO terms (Table S6). A closer look at the selected ECM-
related proteins and cell adhesion-related proteins showed an overall
increase in protein abundance in both categories at D50 (Fig. 5I, J). To
visualize the change in protein abundance over time, we plotted the
protein abundance of COL5A1, COL9A1, and LAMAT1 proteins at three
time points for both VPA-treated and Ctrl secretomes (Fig. 5J). Time
course plots showed an increased accumulation of ECM proteins over
time in VPA-treated DFO secretomes compared to the Ctrl, which
supports the findings from transcriptomic analysis that VPA treatment
increases the ECM in the organoids (Fig. 2C). Taken together, our data
indicates that altered VZ-like structures may result from disrupted
interactions between the cellular microenvironment, cell adhesion
molecules, and ECM proteins, which despite being abundantly
secreted, do not appear to form functional interactions.

Integrative omics analysis reveals ECM and cell adhesion as
shared modules

To explore the relationship between different omics modalities,
we performed integrative analysis (Fig. S11). First, the two RNA-
based modalities were integrated (Fig. S11A-B). Deconvolution of
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the bulk RNA sequencing dataset revealed an increased propor-
tion of progenitor cells and a reduced proportion of neurons in
VPA-treated DFOs, corroborating the findings of scRNA-seq data
(Fig. S11A, Fig. 3C). Then, we compared the expression of genes
from different pathways of interest as shown in Fig. 4G. Similar to
RG-specific changes, we observed that PIEZO1 and LEF1 expres-
sion was upregulated in both pseudobulk of single cell RNA
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sequencing and bulk RNA sequencing in VPA-treated DFOs
(Fig. S11B). We also showed similar VPA vs. Ctrl differential gene
expression trends for the remaining genes of interest between
pseudobulk and bulk RNA datasets (Fig. S11B), highlighting a
correspondence between the RNA-based modalities. However, the
overlap between transcriptomics-derived differentially expressed
genes and proteomics-derived differentially abundant proteins
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Fig. 4 Single cell RNA-sequencing to analyze cell-type differential effects of VPA treatment. A UMAP plot of cell types included in the DGE
analysis. Cajal-Retzius neurons were not included due to not meeting the minimum cell number threshold for the analysis. RG, radial glia; IPC/
Newborn ExN, intermediate progenitor cell/newborn excitatory neuron; Young dExN, young deep-layer excitatory neuron; Mature dExN,
mature deep-layer excitatory neuron; InhN, inhibitory neuron; RG stalled, stalled radial glia; dExN stalled, stalled deep-layer excitatory neuron;
Unknown. B Strip plot of differentially expressed genes across each cell type (significance threshold: absolute log2 Fold change > 1.5 and
FDR < 0.0001). Each datapoint represents a gene; upregulated DEGs are colored in purple, downregulated DEGs are in blue, nonsignificant
genes are in grey. C Bar plot of number of DEGs across cell types. Upregulated DEGs are colored in purple, downregulated DEGs are in blue.
D Volcano plot of DEGs in RG cells comparing the transcriptome of VPA-treated DFOs to Ctrl (significance threshold: absolute log2 Fold
change > 1.5 and FDR < 1e-04). Each datapoint represents a gene; significantly upregulated DEGs are colored in purple, significantly
downregulated DEGs are in blue, nonsignificant genes are in grey. E Bar plot showing selected biological processes derived from GO analysis
using significantly upregulated DEGs between RG cells of VPA-treated and Ctrl DFOs. F CellChat analysis of ECM-receptor interactions
comparing VPA (cyan) and Ctrl (red) transcriptomes of RG cells. Bar plot of number of interactions (left) and information flow (right).
G Heatmap of gene expression of selected genes from relevant signaling pathways; ECM, Hippo signaling, integrin-FAK signaling and
cytoskeleton. Color bar indicates average normalized gene expression across condition. H Ranked regulons in RG cells (x-axis) and their
specificity scores in VPA vs. Ctrl organoids (y-axis) as assessed by SCENIC. I t-SNE plots obtained with SCENIC based on the AUCell regulon

activity matrix in RG cells colored by condition (top) and showing the expression of the LEF1 regulon (bottom).

was limited (i.e. 3 upregulated and 4 downregulated genes/
proteins shared between RNAseq, scRNA-seq and secretome
analysis). Therefore, instead of integrating individual genes/
proteins, we correlated the GO terms that were significant in
each modality using upregulated and downregulated GO terms
upon VPA treatment and plotted the correlations above 70%
(Fig. ST1C-E). Correlation of proteome analysis with other readouts
did not yield any significant GO terms with a correlation higher
than 70%, therefore whole organoid proteome was not included
in further analysis. We identified modules related to ECM and
collagen, cell adhesion, Wnt signaling and integrin, glycoamino-
glycans and synapses using the correlation heatmaps (Fig. ST1F).
ECM and collagen and cell adhesion modules were consistently
upregulated across all modality correlations, supporting cross-
omics concordance on the effects of VPA on the DFO
microenvironment.

Functional validation of VPA-induced changes in cortical
organoids

To validate the accumulation of ECM-proteins upon VPA treatment,
we differentiated cortical organoids using the protocol developed
by Pasca and Yoon with minor modifications [32], treated them with
1 mM VPA from D20 until D50 and assessed their ECM composition
and mechanical properties (Fig. S12A-E). We identified dysregula-
tion of COL4 in RNAseq data (Fig. S4E), therefore, we performed
immunohistochemistry to visualize collagen 4 protein in the Ctrl
and VPA-treated organoids (Fig. S12A). We observed structural
differences in collagen 4 organization: in Ctrl organoids the COL4
signal was diffuse and in VPA organoids fiber-like signal was visible
(Fig. S12A, white arrows). Then, we performed nanoindentation
measurements on Ctrl and VPA-treated organoids (Fig. S12B-C) and
revealed Young's Modulus values in the range of previously
published organoid nanoindentation data in both conditions
[64, 65]. VPA-treated organoids were characterized by increased
stiffness compared to Ctrl, in line with a higher collagen content
(Fig. S12B-C). Additionally, we visualized the collagen content using
second harmonic generation (SHG) (Fig. S12D). Consistent with the
stiffness measurements, we observed areas of higher SHG signal
intensity, which correspond to collagens type 1, 2, and 3 (but not
type 4), for VPA-treated organoids, which correspond to localized
collagen deposits (Fig. S12D, white arrows). This finding is in line
with the dysregulated expression of collagen genes in RNAseq
(Fig. S4E) and the increased abundance of collagen proteins in
secretome analysis (Fig. 5H). However, unlike collagen 4 staining, we
did not observe fiber structures in the collagen signal in neither
experimental condition (Fig. S12D). Instead, diffusely distributed or
randomly accumulated collagen structures were visible (Fig. S12D).
Altogether, these data demonstrate that VPA treatment disrupts
the microenvironment and increases the stiffness of neural
organoids.
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DISCUSSION
Prenatal exposure to VPA is a well-known risk factor for
neurodevelopmental disorders. This study mimicked early neuro-
developmental defects associated with prenatal VPA exposure
using human iPSC-derived DFOs. Leveraging a multi-omics
approach by combining several types of transcriptomic and
proteomic analyses, we found an accumulation of ECM compo-
nents in the microenvironment and dysregulation of mechan-
osensitive signaling pathways, especially in RGs. Hence, we
highlight the link between intracellular dysregulation induced by
VPA, and extracellular consequences and how they lead to the
neurodevelopmental defects, an aspect that has been under-
explored in previous human models of prenatal VPA exposure.
Previous studies on VPA-treated organoids have reported
similar findings, including reduced organoid size and proliferation,
and alterations in ventricular-like structures [26, 28, 29]. A closer
look at their transcriptomics data also identified upregulation of
extracellular structure-related terms [25, 66]. Altogether, despite
differences in experimental paradigms, such as different organoid
protocols, VPA concentrations, and treatment durations, these
studies consistently reported similar neurodevelopmental disrup-
tions, highlighting the robustness of VPA-induced defects. Similar
to our findings, Zang et al. observed that VPA inhibited progenitor
proliferation and reduced neural differentiation, as well as
identified upregulation of genes related to the Wnt signaling
pathway [26], which was also upregulated in our scRNA-seq data.
They showed that blockers of Wnt pathway rescued VPA-induced
defects such as surface area, ventricular-like structure thickness,
neural progenitor proliferation, and neurogenesis [26]. Interest-
ingly, it was previously shown that the Wnt/B-catenin pathway is
responsive to ECM stiffness [67, 68], which could link upregulated
ECM genes to the increased expression of Wnt signaling genes
observed by both Zang et al. and us. We therefore emphasize the
role of the microenvironment in neurodevelopment and highlight
how defects in extracellular interactions contribute to neurode-
velopmental disorders.

ECM accumulation in the cellular microenvironment and
disrupted cellular mechanosensing

ECM is one of the main components of the cellular microenviron-
ment and it provides mechanical and structural support to the
cells as well as regulating the local availability of signaling
molecules [69]. ECM accumulation in the microenvironment may
lead to increased ECM stiffness and thus influence cell-ECM
interactions and cellular mechanosensing. Cell-ECM interactions
can affect mechanosensing in two parallel pathways: integrin
receptors and the integrin-based focal adhesion kinase (FAK)
signaling pathway, and piezo channels [70, 71]. Integrins are cell
adhesion transmembrane proteins that link the ECM to the
cytoskeleton, which allows them to transduce signals between
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cells and their microenvironment [72]. This signaling is mediated
by FAK, which is a key downstream signaling mediator of integrins
upon activation [72]. Integrin-FAK signaling components, includ-
ing ITGA2, ITGB1, and ITGB3 as well as SRC were downregulated in
VPA-treated DFOs, indicating a defective mechanotransduction
(Fig. 4G). In line with our findings, it was previously shown that
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VPA treatment blocked the interaction between renal carcinoma
cells and ECM by altering integrin expression and blocking FAK
signaling [73, 74]. VPA is a histone deacetylase inhibitor (HDACi),
which alters expression of genes through epigenetic regulation
[75]. Previously the epigenetic effects of VPA treatment on neural
organoids were demonstrated by comparing the effects of VPA
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Fig. 5 Secretome analysis of DFOs treated with VPA compared to Ctrl. A Experimental scheme for collection of DFOs and DFO culture
media for the proteome and secretome analysis, respectively. Three DFOs and three culture media were bulked to generate one pool, three
independent pools were analyzed using liquid chromatography-mass spectrometry (LC-MS) at D20, D35 and D50. Same treatment scheme
was used where DFOs were treated with 1 mM VPA from D21 until D50. BIONi010-C, KOLF2.1 J and HMGUT1 cell lines were used. B PCA plot of
all VPA-treated (orange) and Ctrl (purple) secretome samples from D20, D35 and D50. Each datapoint represents one sample, n =9 per time
point. € Volcano plot of differentially abundant proteins with increased abundance (purple) and decreased abundance (blue) proteins
comparing VPA vs. Ctrl DFO culture media samples at D35. D Volcano plot of differentially abundant proteins with increased abundance
(purple) and decreased abundance (blue) proteins comparing VPA vs. Ctrl DFO culture media samples at D50. E Bar plot showing number of
differentially abundant proteins for VPA vs. Ctrl DFO culture media at D35 and D50. F GO biological processes analysis of proteins with
decreased abundance found in VPA vs. Ctrl secretome analysis at D35. G GO biological processes analysis of proteins with increased
abundance found in VPA vs. Ctrl secretome analysis at D50. H Heatmap of selected ECM-related proteins from G. Colors represent the
averaged log2 transformed LFQ values for VPA and Ctrl samples at D50. | Heatmap of selected cell adhesion-related proteins from G. Colors
represent the averaged log2 transformed LFQ values for VPA and Ctrl samples at D50. J Line plot showing protein abundance over time for
VPA-treated (orange) and Ctrl (purple) samples. Each point represents the averaged log2 transformed LFQ values at a given time for each
condition. For (C, D and E) the difference between time points is plotted against -log(P-value) with significance threshold: absolute log2 Fold

change values 2 1, FDR < 0.05). The experimental scheme was created with BioRender.com.

with Valpromide, a derivative of VPA that does not exhibit HDAC
inhibition [26]. The authors have shown increased levels of Acetyl-
H3 upon VPA but not Valpromide treatment [26]. Therefore, gene
expression changes observed upon VPA treatment, including
changes in the integrin signaling, could be caused by epigenetic
alterations. Thus, VPA treatment might contribute to the
decreased expression of integrin receptors, which may amplify
ECM accumulation.

PIEZO1 expression was increased in VPA-treated DFOs (Fig. 4G),
likely as a response to increased ECM in the microenvironment.
Piezo channels are calcium channels that allow calcium flow into
the cell depending on mechanical changes in the microenviron-
ment [66]. This calcium influx then activates various intracellular
signaling pathways that influence processes such as growth and
migration [76]. Ahmed and colleagues showed that ECM stiffening
reduced proliferation, impaired differentiation and induced
accumulation of transitional alveolar progenitor cells via mechan-
osensing [77]. These transitional cell states were associated with
fibrotic remodeling and senescence [77]. Thus, increased ECM
components alter mechanical properties of the microenvironment
and affect cellular mechanosensing.

Hippo-YAP/TAZ signaling pathway dysregulation and
quiescent/senescent cellular state

Different cellular inputs including mechanical signals, such as cell-
cell contact and ECM stiffness can influence Hippo-YAP/TAZ
signaling pathway, which regulates processes such as organ size
by controlling proliferation/differentiation dynamics [78]. In our
dataset, disruptions in Hippo pathway components were observed,
with reduced YAP1 and TEAD2 expression (Fig. 4G), which might
indicate mechanosensing defects. It has been shown that YAP/TAZ
are required to maintain the proliferative potential and structural
organization of cortical RG cells [79]. Meanwhile, loss of YAP/TAZ
resulted in increased cell cycle length of RG cells, therefore reducing
the proliferative capacity, and resulting in reduced number of
cortical projection neurons [79]. In line with this finding, reduced
YAP1 expression in VPA-treated DFOs may explain overrepresenta-
tion of progenitor cells and underrepresentation of neuronal cells
through increased cell cycle length or a possible shift towards
transitional progenitor state due to incomplete RG to neuron
differentiation.

Upon performing SCENIC analysis on RG cells, we identified
upregulation of LEF1, a transcription factor associated with
quiescent adult neural stem cell gene regulation [80]. VPA could
potentially increase the activity of LEF1 regulon by increasing its
chromatin accessibility and drive radial glia cells into quiescence.
Both quiescence and senescence are states of cell cycle arrest, and
they have been proposed to represent a continuum of cell cycle
withdrawal [81]. Previously, decreased proliferation and increased
senescent markers were observed in neuroepithelial cells in VPA-
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treated neural organoids [28] and VPA-treated neural tube
organoids [82]. ECM stiffening, such as through increased
collagen, was shown to be one of the hallmarks of senescent
cells [83]. In line with this notion, our IHC analysis showed
decreased RG proliferation (Fig. 1F) and pseudotime analysis
revealed an arrest at various cell states along the excitatory
lineage (Fig. 3F). Thus, VPA might induce or prolong a transitional
cellular state in progenitors, in which these cells then enter
senescence or quiescence.

Structural changes in VZ-like regions in DFOs and its
neurodevelopmental implications

Altogether, our data reveals accumulation of ECM proteins in the
microenvironment and defects in mechanosensing pathways,
which likely result in disrupted VZ-like structures and associated
neurodevelopmental implications. Consistent with our findings,
Zhang et al. demonstrated that VPA exposure induces irregularly
shaped neural rosettes with reduced diameters compared to Ctrl
organoids modelling neural tube defects [84]. Similarly, VPA
treatment was used to model the risk of neural tube defects in
human spinal cord organoids [85]. Furthermore, VPA treatment of
DFOs may be used to recapitulate the cortical malformations seen
in ASD patients. For example, the reduced size of our DFOs upon
VPA treatment could mimic microcephaly observed in some ASD
patients [86]. Therefore, in vitro VPA exposure of neural organoids
offers an environmentally induced human model of ASD,
providing a platform to study ASD pathophysiology in human
tissue. Altogether, ECM components may be a therapeutic target
for ASD, as modulation of the microenvironment has potential to
restore molecular, cellular, and structural alterations. ECM-based
interventions may offer a more accessible treatment option
compared to treatments that target intracellular pathways.

In this study, we provide a comprehensive transcriptomic and
proteomic profile of VPA-treated DFOs during early neural devel-
opment. To our knowledge, this is the first neural organoid study to
perform a comparative secretome analysis of VPA treatment in
organoids and to confirm increased stiffness of VPA-treated neural
organoids. Our findings demonstrate that VPA treatment disrupts
the microenvironment and cellular mechanosensing, potentially
exacerbating their defects in a feedback loop. This disruption in ECM
and cell-ECM interactions leads to impaired RG proliferation, defects
in VZ-like structures, and disrupted neurogenesis. Therefore, this
model can serve as a platform to study the effects of environmental
adversities on the microenvironment and give new insights into the
mechanisms of neurodevelopmental disorders.

LIMITATIONS OF THE STUDY
While we intentionally treated the organoids from D21 to D50 to
capture changes in progenitor populations and early neuronal
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differentiation, this time frame does not provide information on later
neurodevelopmental processes, such as neuronal maturation and
synaptic activity. Although we focused on dorsal forebrain devel-
opment, thus, primarily on the excitatory neuron lineage, further
analysis of inhibitory neuron differentiation would be of interest, i.e.
by using an assembloid model [87] to address the effects of VPA
treatment on inhibitory neurons and their interaction with excitatory
neurons during development. Additionally, although we employed
a broad range of techniques, such as scRNA-seq and LC-MS, these
methods have inherent limitations. For instance, scRNA-seq offers
detailed insights into cellular states but lacks spatial context, while
mass spectrometry is a bulk method that does not provide cell-type-
specific proteomic changes or spatial information. In future studies, a
new method called secretion encoded single-cell sequencing (SEC-
seq) could be utilized to link the transcriptome of each cell with its
secretome on a single-cell level [88]. However, a key limitation of
SEC-seq in our model is its reliance on dissociated cells. Given that
cell adhesion is one of our key VPA-induced phenotypes, organoid
dissociation would result in a loss of functional information. To our
knowledge, at present, there are no methods available to perform
single-cell secretion profiling in 3D tissue context. Furthermore,
functional validation experiments are required to understand a
possible causal relationship between ECM accumulation and
changes in mechanosensing pathways following VPA treatment.
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