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Abstract

Mutations in ARID1B, a member of the mSWI/SNF complex,
cause severe neurodevelopmental phenotypes with elusive
mechanisms in humans. The most common structural
abnormality in the brain of ARID1B patients is agenesis of
the corpus callosum (ACC). This condition is characterized
by a partial or complete absence of the corpus callosum
(CC), an interhemispheric white matter tract that connects
distant cortical regions. Using human neural organoids, we
identify a wvulnerability of callosal projection neurons
(CPNs) to ARID1B haploinsufficiency, resulting in abnormal
maturation  trajectories and  dysregulation  of
transcriptional programs of CC development. Through a
novel in vitro model of the CC tract, we demonstrate that
ARID1B mutations reduce the proportion of CPNs capable
of forming long-range projections, leading to structural
underconnectivity phenotypes. Our study uncovers new
functions of the mSWI/SNF during human corticogenesis,
identifying cell-autonomous defects in axonogenesis as a
cause of ACC in ARID1B patients.

Keywords: mSWI/SNF, ARID1B, SATB2, corpus callosum
agenesis, cerebral cortex, neural organoids.
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Introduction

The mammalian SWItch/Sucrose Non-Fermentable
(mSWI/SNF) machinery regulates the interconvertibility
between heterochromatin and euchromatin, thereby
modulating gene expression during neurodevelopment (1).
Diverse mSWI/SNF complex configurations result from the
assembly of 29 different proteins, forming cell-type- and
cell-function-specific combinations of 10-15 subunits
(Fig.S1A); these include a core ATPase, as well as DNA- and
protein-binding components that modulate the targeting
and activity of the complex (1-3). Thus, the temporal
progression of mSWI/SNF subunit expression is pivotal in
the epigenetic regulation of neurodevelopment, controlling
processes of neural progenitor proliferation and
differentiation, cell-fate determination and lineage
progression, neuronal migration and maturation, as well as
neurite and synapse formation (1). Given these ubiquitous
functions, mutations in the genes encoding mSWI/SNF
members are strongly linked to neurodevelopmental and
cognitive dysfunction phenotypes (1, 4, 5).

The protein AT-rich interaction domain 1B (ARID1B, also
known as BAF250B) is a core component of the mSWI/SNF
complex, mediating DNA-binding in neural progenitors and
neurons (Fig.S1A). Mutations in ARID1B account for 70%
of cases of Coffin-Siris syndrome (6) and confer a
heightened risk for the development of intellectual
disability (ID) and autism spectrum disorder (ASD) (5, 7, 8).
Alongside intellectual and behavioral phenotypes, ARID1B
patients commonly present a striking abnormality in brain
structure: agenesis of the corpus callosum (ACC) (9, 10).

The corpus callosum (CC) is an interhemispheric white-
matter tract that connects opposing cortical regions (11-
13). During CC development, SATB2+ callosal projection
neurons (CPNs) respond to axon guidance cues produced at
the brain midline and extend long-range callosal axons that
cross to the contralateral hemisphere and establish
functional synaptic connections (14-17) (Fig.1A). ACC is a
neurodevelopmental condition characterized by a partial
or complete absence of the CC (18, 19). It affects about 1 in
4,000 newborns and 3-5% of children with intellectual
disability (20, 21), being associated with a broad spectrum
of symptoms that range from mild motor incoordination to
severe impairments in cognition, attention, language, and
social interaction (18, 19). Although the aetiology of the
disease is often unknown, it is estimated that 30-45% of
ACC cases are caused by genetic mutations (22, 23).

ARIDIB mutations are one of the major causal links
between genetic abnormalities and corpus callosum
defects in humans. In fact, one third of ARID1B patients
have ACC, and ARID1B mutations are present in 10% of

patients with ACC in association with intellectual disability
(5, 6,8, 9, 24, 25). Several studies have begun to shed light
onto the cognitive dysfunction phenotypes seen in patients.
ARID1B haploinsufficiency has been shown to affect the
differentiation of human neurons in 2D models systems
(26, 27), and to lead to ID- and ASD-related phenotypes in
in vivo mouse models (28-31) and in vitro human neural
organoids (32, 33). However, although complete ACC is
frequent in humans, this phenotype has not been
recapitulated in Aridlb mutant mice (28). Also, CC
formation is yet to be investigated using in vitro models of
human neurodevelopment. Thus, the relationship between
ARID1B haploinsufficiency and ACC is currently unclear.

Defects in neuronal specification or migration, axon
outgrowth or guidance, or contralateral targeting can result
in abnormal CC development (19). Here, we leveraged
clinical data, post-mortem tissue analysis, and patient iPSC-
derived neural organoids to study the impact of ARID1B
mutations on cortical and CC development. We focused on
cell-autonomous processes of CPN biology, namely fate-
acquisition, transcriptional signatures, axon outgrowth and
fasciculation, and synapse formation. Overall, we identified
a crucial effect of ARID1B on transcriptional regulation and
projection development in CPNs, whose defects suggested
a novel cause of ACC in ARID1B patients.

Results

To study how ARIDIB mutations influence cortical
development, we derived iPSCs from two patients
diagnosed with CC malformations by fetal magnetic
resonance imaging (MRI) (Fig.1B, Fig.S1B). Patient 1 (Pat.1
ARID1B*/-) had a short and truncated CC (partial ACC);
genetic analysis identified 6q25 microdeletion syndrome
(10, 34-36) encompassing part of ARID1B (from exon 8)
and two downstream genes (Fig.1C). Patient 2 (Pat.2
ARID1B*/-) had complete ACC and harbored a heterozygous
single-nucleotide duplication that led to an early stop
codon upstream of the functional domains of ARID1B
(Fig.1C); isogenic control cell lines were generated by
scarless CRISPR-based genome editing (Pat.2 ARID1B*/+).
Both patients presented features of Coffin-Siris syndrome
(37), including intellectual disability. To analyze the effects
of ARID1IB mutations in a healthy control genetic
background, we used iPSCs derived from a healthy donor
(HD.1 ARID1B*/*) and introduced a heterozygous frame-
shift mutation in the ARID domain, which resulted in an
early stop codon (HD.1 ARID1B*/) (Fig.1C). All
experiments were performed with three ARID1B*/- cell
lines and two ARID1B*/+ isogenic controls (Fig.1C, Fig.S2A-
B).
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Figure 1. SATB2+ neurons are generated in ARID1B+*/- patient brains and organoids. (A) Schematic representation of the corpus
callosum tract (CC, blue arrowhead) and sequential steps involved in its development. (B) Fetal MRI of a healthy control brain at
31 gestational weeks (GW), Patient 1 at 31 GW, and Patient 2 at 38 GW. Note the presence of the corpus callosum in the healthy control
(blue arrowhead), and the atypical "steer horn” appearance of the frontal horns of the lateral ventricles indicating corpus callosum
agenesis in the patients (red arrowheads). (C) Schematic representation of the wild-type ARID1B exon sequence, and of the mutant
alleles present in Pat.1, Pat.2 and HD.1. The ARID1B protein has two functional domains: AT-rich interaction domain (ARID, spanning
exons 13 and 14), which mediates DNA binding; and DUF3518, required for protein-protein interactions within the mSWI/SNF complex
(1). Patient 1 harbors a heterozygous microdeletion that spans ARIDIB from exon 8; Pat.2 and HD.1 ARID1B*/- iPSCs harbor
heterozygous frame-shift mutations before or on top of the ARID domain, respectively (red lines). Faded regions in Pat.2 and HD.1
represent the sequence after an early stop codon. (D) Protocol used for telencephalic organoid differentiation. Deep-layer excitatory
neurons (ExN-DL) are generated from early stages of development; upper-layer ExNs (ExN-UL) emerge at around day 70 of
development. (E-F) Immunostaining of SATB2 in healthy control and ARID1B+/- patient brains at 29 GW (E) and in Pat.2 iPSC-derived
organoids at D120 (F). (G) Fetal MRI-based super-resolution reconstruction and growth quantification of the cortical plate volumes in
healthy fetuses (blue) and six fetal ARID1B patients (red). Patient 1 has been included in this study. (H) ARID1B*/+ and ARID1B*/-
organoid growth during the generation of deep- and upper-layer neurons.
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Reduced levels of ARID1B protein do not impair iPSC
maintenance or telencephalic differentiation

To analyze the effects of the identified ARID1B mutations
on ARID1B protein abundance, we performed western blot
(WB). ARID1B*/- iPSCs showed a two-fold reduction of
ARID1B protein levels compared to ARID1B*/+ isogenic
controls (Fig.S2C). This suggests that Pat.2 and HD.1
mutations lead to nonsense-mediated mRNA decay due to
premature termination of translation, as seen in most
ARID1B patients (3). To determine if a reduction in ARID1B
protein levels affected the pluripotent state of iPSCs, we
assessed the expression of pluripotency markers SSEA-4
and TRA-1-60 by immunostaining and flow cytometry. The
latter showed that over 94% of ARID1B*/- iPSCs expressed
both markers (Fig.S2D), indicating that reduced ARID1B
levels did not affect pluripotency, as previously described
(27). However, in 2D models of neural differentiation,
ARID1B haploinsufficiency has been shown to impair exit
from pluripotency during neural crest formation (27), and
to promote premature differentiation of NPCs to neurons
(26). To study how ARID1B mutations affect cortical
specification in a 3D system, we generated telencephalic
organoids enriched in dorsal-cortical tissue from ARID1B*/-
iPSCs and isogenic controls (38) (Fig.1D). Organoid
formation was not impaired by ARID1B mutations and, at
early developmental stages (day 60, D60), organoids
presented neural rosettes with stratified organization of
SOX2+ radial glia (RGs), TBR2* dorsal intermediate
progenitor cells (IPCs), and CTIP2+ early-born excitatory
neurons (Fig.S3A), indicative of successful dorsal cortical
specification. To probe the levels of ARID1B and other
mSWI/SNF complex member proteins at this stage of
differentiation, we performed WB and immunostaining in
D60 organoids. Both in neural progenitors and neurons,
ARID1B levels remained reduced (Fig.S3B-C), while the
levels of the interchangeable mSWI/SNF core component
ARID1A, and of other subunits involved in telencephalic
development, BAF155 and BAF170 (39) (Fig.S3B, Fig.S3D-
F), were unaffected. These results show that ARID1B
haploinsufficiency did not impair iPSC maintenance or
neural differentiation in the telencephalic organoid system.

Differentiation of SATB2+ neurons is unaffected by
ARID1B mutations

Callosal projection neurons are marked by the expression
of SATB2 and born during late corticogenesis, making up
most of the upper cortical layers (16, 17, 40). To understand
how ARID1B mutations affect cortical development, we
assessed the presence of SATB2* neurons in patient
cortices and organoids. SATB2* neurons were abundant in
ARID1B*/- fetal cortices at gestational week (GW) 29
(Fig.1E). Similarly, despite the persistently lowered levels

of ARID1B protein in mutant samples (Fig.S4A), ARID1B*/+
and ARID1B+/- late-stage organoids (day 120, D120)
showed comparable density of SATB2* neurons at their
outer-most surface (Fig.1F, Fig.S4B-D). In accordance with
these observations, progression of fetal cortical volume
measured from MRIs (Fig.1G, Fig.S1C) and of organoid size
(Fig.1H) was comparable between patient and control
groups. Together, these findings show that ARID1B
mutations did not prevent the formation of the cerebral
cortex, including the differentiation of SATB2* neurons, the
main population contributing axons to the CC.

ARID1B mutations alter the lineage progression of
excitatory cell types

Dynamic changes in the composition of the mSWI/SNF
complex are developmental regulators of gene expression
and, therefore, lineage progression (7). As such,
perturbation of mSWI/SNF complex members, including
ARID1B (26), has profound effects on neurogenic gene
expression programs (41). To assess the impact of ARID1B
haploinsufficiency on transcriptional programs in
telencephalic organoids, we wused single-cell RNA
sequencing (scRNAseq) at D120 of organoid development
(Fig.2). To account for clonal heterogeneity and batch-to-
batch variability of gene expression (42), we performed
four different sequencing experiments, resulting in five
independent pairwise comparisons between organoids
from different cell lines, clones, and batches (Fig.2A,
Fig.S5A, details in Materials and Methods). By performing
UMAP projection and unbiased clustering of 54.480 cells,
we identified seven clusters of telencephalic populations:
interneurons (INs), dividing progenitors, RGs, IPCs, and
three populations of increasingly mature deep- and upper-
layer excitatory neurons (ExN1, ExN2, ExN3) (Fig.2B,
Fig.S5A-B). These clusters were characterized by the
expression of known cell-type marker genes (Fig.2C,
Fig.S5C-D). Distinct effects in cluster composition could be
identified. An expansion of the ventral telencephalic lineage
was observed in ARID1B*/- organoids (Fig.S5E), a finding
that has been previously described and is thought to
contribute to the ID/ASD phenotype of the patients (32, 33).
However, due to the guided differentiation protocol,
organoids were mainly composed of dorsal cortical tissue
(Fig.S5E). Importantly, within the excitatory lineage (from
IPCs to ExN3, Fig.S5F), ARID1B*/- organoids showed an
increase in immature cell types at the expense of most
mature ExNs, as revealed by the percentage of cells per
cluster (Fig.S5G) and visualization of cell density along
pseudotime (Fig.2D, Fig.S5H). Thus, ARID1B mutations did
not hinder dorsal telencephalic differentiation but altered
the maturation trajectory of excitatory neurons at the
transcriptional level.
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Transcriptional programs of CC development are
dysregulated in ARID1B*/- SATB2+* neurons

To address specific effects on putative callosal projection
neurons, we focused the subsequent analyses on cells in the
ExN clusters that expressed SATB2 (SATB2+ ExNs, Fig.2E-
G, Fig.S6). To group dysregulated genes by classes, we
performed gene ontology (GO) term enrichment analyses
on the top 300 genes downregulated in ARID1B*/-
organoids. The identified ontologies were linked to groups
of genes with various overlaps across pairwise
comparisons (Fig.S6A-B). Firstly, these genes were
associated with cellular processes of projection neuron
development, axonogenesis, dendrite development, and
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synapse organization (Fig.2E, Fig.S6A). Secondly, to
explore the disease relevance of downregulated genes, we
assessed the enrichment of terms from the Rare Disease
AutoRIF database of Enrichr, which gathers almost 5
million gene-publication associations (43—45). Remarkably,
disease ontologies involving corpus callosum agenesis
were the most consistent and statistically significant across
all five comparisons, followed by intellectual disability
(Fig.2F, Fig.S6B). Together, these data suggest that the
gene expression landscape of SATB2+ neurons is affected by
ARIDIB mutations, showing downregulation of broad
transcriptional programs associated with
development and corpus callosum agenesis.

neurite

Figure 2. SATB2+ neurons in ARID1B+*/- organoids show
dysregulation of genes associated with projection development
and CC agenesis. (A) Cell line clones used for organoid generation
and subsequent scRNAseq analysis at D120. Five independent
pairwise comparisons were drawn between individually
multiplexed organoids of different cell lines and batches; for Pat.2,
two clones of ARID1B+/+ (2c, 2d) and ARID1B*/- (2a, 2b) genotypes
and three organoid batches (B1, B2, B3) were used. Comparisons
were performed between organoids of the same batch, processed
and sequenced simultaneously. (B) UMAP projection and unbiased
clustering of 54.480 cells shows seven clusters of telencephalic
populations: interneurons (INs), dividing progenitors, radial glia
(RGs), intermediate progenitor cells (IPCs), and three populations of
increasingly mature deep- and upper-layer excitatory neurons
(ExN1, ExN2, ExN3) (C) TBR2, CTIP2 and SATB2 gene expression,
marking different populations of cells from the excitatory lineage.
(D) Slingshot analysis for pseudotime visualization of cell density
along the excitatory lineage (from <IPCs to «ExN3), per genotype. (E-
G) Analysis of differentially expressed (DE) genes in SATB2+ ExNs.
Gene ontology (GO) term enrichment analysis of cell processes (E)
and rare diseases (F) using the top 300 downregulated (DR) genes
in ARID1B+/- organoids, per pairwise comparison. The most
statistically significant GOs are shown: GOs found in 5 out of 5
comparisons, with a gene ratio above 5%, and ordered by the
average P value (Pval) across comparisons. (G) Up- and
downregulated genes in ARID1B*/- SATB2+ ExNs found in 5 out of 5
pairwise comparisons, ordered by descending fold-change (FC) (red,
upregulated; violet, downregulated). Symbols mark previous
associations with CC development or agenesis (ACC) (%) and
intellectual disability (ID) or autism spectrum disorder (ASD) (o).
Supporting literature: ID and/or ASD phenotypes have been
associated mutations or encompassing microdeletions in ILIRAPL1
(46—48), DPYD (49, 50), PCLO (51), RUNX1T1 (52, 53), and NLGN1 (54).
Gene variants of ZNF804A are a risk factor for reduction in white
matter in the CC (55); and FAM13A is a determinant of human brain
asymmetry and handedness (56, 57). Callosal agenesis or dysgenesis
has been described in patients harboring mutations or
microdeletions in EPHA7 (58), NFIB (59, 60), MID1 (Opitz syndrome)
(61-64), PRKD1 (65-67), and BCL11A/CTIP1 (2p15-16.1 syndrome)
(68-73).
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Top-ranked genes dysregulated in ARID1B*/- SATB2+
neurons control neuron projection development

To gain further insight into the specific genes dysregulated
upon ARID1B haploinsufficiency, we focused on the most
promising candidates - single genes consistently found
upregulated or downregulated in SATB2+ neurons in 4/5
(Fig.S6C-D) or 5/5 pairwise comparisons (Fig.2G, Fig.S6E-
F). We identified several ID and/or ASD risk genes (Fig.2G,
¢}, as well as known players in CC development in humans
(Fig.2G, ). Interestingly, in addition to ID, CC
abnormalities have been described in patients harboring
mutations or microdeletions in EPHA7 (58), MID1 (Opitz
syndrome) (6/-64), PRKD1 (65-67), NFIB (59, 60),
BCL11A/CTIP1 (2p15-16.1 syndrome) (68-73) and AKT3
(74). Furthermore, some of the top-ranked dysregulated
candidates have been shown to cause cell autonomous
phenotypes in mouse neurons, such as reduced dendrite
and axon formation in mouse hippocampal neurons upon
IL1IRAPL1 overexpression (75); defects in pioneering
callosal projection neurons in Nfib-KO mice (60, 76);
dysregulation of callosal axon outgrowth and mis-targeting
in Mid1-KO mice (77); and strong defects on the
morphology, migration, specification, or projection pattern
of CPN subpopulations in Bcll11a-KO mice (78-80).
Together, dysregulation of these genes may have
synergistic effects on the development and projection of
SATB2* neurons in ARID1B patients. Given the overlapping
effects between ACC and ID, we sought to precisely evaluate
its impact on the formation of long-range projections.

Late-stage telencephalic organoids form axon tracts in
vitro

To assess if the identified transcriptional differences led to
defects in the formation of long-range projections, we used
an axon tract formation assay previously shown to
recapitulate tract formation from early-stage organoids
(81). Briefly, organoid pieces were dissected and placed in
microdevices containing eight sets of two wells
interconnected by a 7 mm-long Matrigel-coated channel
(Fig.3A, Fig.S7). The assay started at D120 of organoid
development and lasted 30-40 days. To visualize axon tract
formation over time, we performed weekly brightfield
imaging. Axon outgrowth initiated 24 h after the start of the
assay, axon bundling after 4 to 5 days, and axons ultimately
reached the contralateral side, forming a thick 7 mm-long
tract after a total of 30 days (D120+30; Fig.3B, Fig.S8A). To
assess the identity of projecting axons, we co-stained the
pan-axonal marker Neurofilament (SMI312) (82), with
markers known to be expressed in the corpus callosum in
vivo, including Neuropilin-1 (NRP1) (83-87), Neogenin
(NGN) (88), and Nectin-3 (40, 89). All markers were

expressed at early (D120+7, Fig.S8B) and late (D120+30,
Fig.3C, Fig.S8C) stages of tract formation across cell lines,
supporting comparable identity of axonal projections.
Thus, late-stage telencephalic organoids can be used to
model long-range axon tract formation in vitro.

ARID1B+/- CC-like tracts show reduced contralateral
connectivity of SATB2+ neurons

To characterize the number and identity of neurons
forming long-range connections, we used monosynaptic
pseudotyped Rabies-virus (pRabV) tracing (Fig.3D,
Fig.S9A). PRabV can enter starter cells (SCs) that express
the cell-surface receptor TVA (here fused to GFP) and the
rabies virus glycoprotein (G). Upon entry, pRabV can
spread once retrogradely across structural synapses, to
immediate pre-synaptic partners. For tract formation, only
one of the two organoid pieces contained starter excitatory
neurons, ensuring unilateral pRabV entry. Therefore, upon
exposure to Crimson-expressing pRabV, Crimson* cells in
contralateral organoids were pre-synaptic neurons that
connected through a long-range projection with an
excitatory neuron. To assess the putative callosal identity
of connected neurons, we co-stained Crimson and SATB2
(Fig.3E, Fig.S9B). Around 80% of contralateral
connections were from SATB2* neurons in ARID1B*/* and
ARID1B*/- organoids (Fig.3F), showing an enrichment for
callosal-like projections independent of genotype. Next, we
interrogated the abundance of inter-organoid connections.
Remarkably, flow cytometry analysis of contralateral
Crimson* cells showed a significant reduction in the
absolute number of contralateral structural synapses in
ARID1B*/- connected organoids (Fig.3G). Thus, ARID1B
mutations caused a decrease in contralateral connectivity
after long-range projection of a population of neurons
enriched in SATB2* CPNs.

CC-like tracts from ARID1B*/- organoids have fewer
long-range projections

To evaluate if decreased connectivity was due to fewer
axons or lower percentage of cells forming synapses after
projection, we assessed axon tract properties. Axon
outgrowth and bundling occurred in ARID1B++ and
ARID1B*/- organoids (Fig.3C, Fig.S8C), ruling out obvious
defects in axon fasciculation, which are responsible for CC
defects in other disease settings (90). However, the
thickness of the interconnecting axon tract was
significantly reduced in ARID1B*/- organoids (Fig.3H-I,
Fig.S8D). To probe for differences in tract compaction, we
assessed the proportion of neurons contributing axons to
the tract. We resorted to mosaic expression of the
photoconvertible protein Kaede, whose fluorescence can
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be converted from green to red by exposure to UV light showed a significantly lower percentage of axon-associated
(Fig.3], Fig.S9C). Photoconversion restricted to the central  cells (Kaede-red+*) in ARID1B*/- organoids (Fig.3K, Fig.S9E-
tract region (Fig.S9D) led to local formation of Kaede-red, F). Together, these observations indicate a reduction in the
which diffused to the associated cell bodies within 24 h. number of axons interconnecting ARID1B*/- organoids,
Analysis by flow cytometry one day after photoconversion compared to control.
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Figure 3. CC-like tracts from ARID1B*/- organoids recapitulate underconnectivity phenotypes. (A) Schematic representation of
the axon tract formation assay. Dissected organoid pieces are placed in two wells interconnected by a Matrigel-coated channel at D120
of development. (B) Imaging at 30 days after the start of the assay (D120+30); organoids are interconnected by an axon tract. (C)
Immunostaining of axonal markers SMI312 and NRP1 at D120+30. (D) Schematic representation of monosynaptic pseudotyped rabies
virus (pRabV) tracing, used to assess the formation of contralateral synapses. (E) Co-immunostaining of SATB2 and Crimson in a
contralateral organoid (D120+30). (F) Quantification of the percentage of contralaterally connected cells (Crimson*) that are SATB2+,
based on co-expression in immunostaining (D120+30). (G) Quantification of the absolute number of Crimson+ cells per 100k cells in
contralateral organoids, identified by flow cytometry (D120+30). (H) Brightfield imaging of a segment of the final tract in Pat.2
organoids (D120+30). (I) Quantification of tract thickness (D120+30). (J) Schematic representation of Kaede photoconversion assay,
used to assess the proportion of axon-associated cells. (K) Quantification of the percentage of axon-associated cells, identified by flow
cytometry (D120+40). In boxplots, median values are indicated; each datapoint is an individual connected pair/organoid (technical
replicate); datapoint colors indicate organoid batches (biological replicates). Statistical tests are analysis of variance (ANOVA); 0 < p <
0.001, ***; 0.001 <p<0.01,** 0.01 <p <0.05,* p 20.05, ns (see results of statistical tests in Table S4)
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Axonogenesis is impaired in SATB2+ projection
neurons of ARID1B*/- organoids

We hypothesized that reduced tract thickness in ARID1B*/-
organoids could be either due to slower axonogenesis or to
a lower number of neurons forming long axonal
projections. To test these hypotheses, we analyzed early
stages of tract formation, prior to the onset of axon
fasciculation and bundling (Fig.4A). Axon outgrowth
properties were extracted from live imaging performed
between 24 h and 72 h after the start of the assay (Fig.4B).
To quantify axon outgrowth, we developed an automated
analysis pipeline for axon segmentation and counting
(Fig.S10A, details in Materials and Methods). Notably,

ARID1B mutations caused a significant reduction in the
number of axons observed at 72h (Fig.4C, Fig.S10), as
measured by quantification of axon number near the
organoid (first 160 um, Fig.4D), and along the initial
segment of the channel (Fig.4E). To assess whether this
reduction could be a result of lower outgrowth speed, we
used manual tracking of individual growth cones. Axon
outgrowth speed averaged at 37um/h and was unchanged
between ARID1B genotypes of isogenic backgrounds,
showing only a slight cell-line-dependency (Fig.4F). These
results indicate that ARIDIB haploinsufficiency did not
affect the axon outgrowth machinery itself but caused a
significant reduction in the number of long-range
projections at early stages of CC-like tract formation.
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Figure 4. A lower proportion of neurons send long-range axonal projections in ARID1B*/- organoids. (A) Immunostaining of the
CCmarker NRP1 at D120+7. Note the start of axon bundling at the edges of the channel (arrowheads, ») (B) Live imaging of early stages
of axon outgrowth allows the quantification of number and speed of growing axons. Axon number was measured at every 32,5 pm (50
pixels); and outgrowth speed was measured by manual tracking of individual growth cones with an imaging frequency of 2 hours. (C)
Representative images of computational segmentation of axons at D120+72h. (D-E) Quantification, at D120+72h, of the mean number
of axons in close proximity to the organoid (each datapoint is an individual organoid) (D); and across the initial segment of the channel
(E). (F) Quantification of axon outgrowth speed (each datapoint is an individual axon). In boxplots, median values are indicated; each
datapoint is an individual organoid/axon (technical replicate); datapoint colors indicate organoid batches (biological replicates).
Statistical tests are analysis of variance (ANOVA); 0 < p < 0.001, ***; 0.001 < p < 0.01, **; 0.01 < p < 0.05, *; p 2 0.05, ns (see results of

statistical tests in Table S4).

Martins-Costa et al. | bioRxiv | May 2023 | 8



Long-range projections of subcerebral projection
neurons are unaffected in ARID1B*/- organoids

Finally, to assess the specificity of the identified
underconnectivity phenotypes to callosal projections, we
evaluated tract formation at early stages of organoid
development (D30 to D60) (Fig.S11). At these stages,
SATB2* neurons were virtually absent (Fig.S11A) and
organoids were mostly composed of early-born deep-layer
TBR1* and CTIP2* neurons (Fig.S3A, Fig.S11A), which
project to subcerebral targets in vivo (9/-93). To evaluate
early axon outgrowth, we performed live imaging. Axon
outgrowth speed averaged at 28um/h, independently of
ARID1B genotype (Fig.S11B). Thus, in vitro, subcerebral
classes of projection neurons extended axons at a lower
speed than callosal projection neurons (Fig.4F), which may
reflect properties related to differential axon outgrowth
characteristics in vivo (94, 95). Next, to evaluate tract
formation, we performed imaging at D30+30 (Fig.S11C).
Remarkably, the thickness of ARID1B*/- tracts was not
reduced compared to isogenic controls at this stage
(Fig.S11D-E). Thus, ARID1B haploinsufficiency did not
affect the proportion of subcerebral projection neurons
capable of sending long-range projections in vitro. This
result is in stark contrast to the effects described for
SATB2+ projection neurons (D120+30, Fig.3H-I),
supporting the in vitro recapitulation of specific white
matter phenotypes of ARID1B patients.

Discussion

Heterozygous mutations in chromatin remodelers,
including mSWI/SNF complex members, cause severe
neurodevelopmental defects in humans (4). However, due
to the inaccessibility of human brain tissue, the entangled
neurodevelopmental phenotypes seen in patients, and
difficulties in cross-species modelling of brain
development, the cellular and molecular origin of these
conditions have remained poorly understood and
challenging to study.

Here, we conducted a holistic and quantitative comparison
of several processes of CPN biology between ARID1B*/+and
ARID1B*/- human neural organoids. We show that ARID1B
haploinsufficiency does not affect fate-acquisition of
SATB2* neurons. However, it causes transcriptional
dysregulation of genes involved in neuron projection
development, leading to a significant reduction in the
formation of long-range callosal projections and resulting
in broad structural underconnectivity phenotypes.
Transcriptome data further suggest that ARID1B mutations
may impact CC development by additional mechanisms,
such as impaired axon guidance due to EPHA7

downregulation (96-98) or midline glia abnormalities due
to NFIB downregulation (60, 76, 99, 100). Therefore, our
study expands on known functions of the mSWI/SNF
complex in the control of neuronal morphology, neurite
formation, and axon fasciculation and pathfinding (/07—
106). We uncover a role of ARID1B in the regulation of
global transcriptional programs required for human corpus
callosum development, and specifically needed for axon
projection formation in callosal projection neurons.

Thus far, mouse models have been the gold standard to
understand ACC. However, while CC development spans
around 30 weeks of gestation in the human, it lasts just a
few days in the mouse (15, 89, 107, 108). Such inter-species
difference may explain why phenotypes observed in
heterozygosity in humans often require homozygous loss of
functional alleles in mice, as seen in several mSWI/SNF
members (109, 110). Also, in the presence of severe midline
abnormalities in vivo (111, 112), it becomes challenging to
identify additional cell-autonomous impairments at the
level of callosal projection neurons. Here, we show that
neural organoids are superior to mouse models in
mimicking the protracted timeline and genetic context of
human development, not only recapitulating the
maturation trajectory of CPNs, but also revealing disease
features in heterozygosity. Furthermore, we develop a
robust and reproducible method to probe differentiation,
maturation, axonogenesis, axon fasciculation, and synapse
formation processes in human CPNs, thereby isolating
phenotypes that could be overlooked in a complex in vivo
environment. Finally, whereas Arid1b*/- mice do not
replicate the complete ACC observed in patients, they
exhibit a significant reduction in cortex size (28), a feature
that is not recapitulated in the human cortex. These
discrepancies suggest species-specific functions of ARID1B
in cortical and corpus callosum development that could
only have been identified with human-specific in vivo and
in vitro studies. Thus, a re-examination of ACC phenotypes
in the context of human neurodevelopment may provide
new insights that were previously inaccessible,
contributing to a more complete understanding of these
conditions.

On par with corpus callosum agenesis, mutations in
mSWI/SNF complex members are strongly associated with
syndromic forms of intellectual disability and autism
spectrum disorder (46, 113—115). The question of whether
and how ACC and ID/ASD phenotypes are related remains
central to this field. The prevailing hypothesis, based on
mouse models, is that a decrease in interneuron production
and inhibitory synapses causes ID/ASD (29, 30, 116).
However, recent neural organoid studies, including our
own, challenge the generalization of these mechanisms to
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human development, by demonstrating an expansion of
ventral  telencephalon  lineages upon  ARIDIB
haploinsufficiency (32, 33). Furthermore, the evolution of
human cognition highly correlates with cortical expansion
and increased number, diversity, and complexity of cell
types in the upper cortical layers (89, 108, 117-121).
Accordingly, while increased synaptic processing capacity
of upper-layer neurons has been associated with higher
intelligence (719), excitatory synapse pathophysiology
results in ASD and ID (/22). In this context, we show that
multiple genes found dysregulated in SATB2+ neurons are
associated with ID and ASD. Also, several differentially
expressed genes participate in excitatory synapse
formation, such as KCNB2 (123), CAMK4 (124), LRRTM4
(125,126), NLGN1 (127),PCLO (51, 128),and IL1IRAPL1 (129-
132). Thus, excitatory/inhibitory imbalance, as well as
transcriptional dysregulation in upper-layer neurons, may
impact higher-order processing functions and contribute to
the cognitive and behavioral phenotypes of ARID1B
patients. Overall, our data suggest that coexisting ID/ASD
and ACC are under the control of distinct transcriptional
and cell biological mechanisms, shedding new light onto the
multifactorial nature of the ARID1B phenotype.

Corpus callosum agenesis is one of the most prevalent
clinical findings in prenatal MRIs, with highly
unforeseeable prognosis (/33-135). Although previous
studies have shown favorable outcomes in approximately
two thirds of patients (/35, /36), prenatal diagnosis of ACC
is a surging cause of pregnancy termination (/33).
Pinpointing affected cell populations and biological
processes responsible for this condition, developing
appropriate models that mimic disease features while
preserving a human genetic context, and distinguishing
structural from cognitive phenotypes have been long-
standing goals with transversal medical and biological
relevance. After decades of clinical studies showing a
correlation between CC malformations and ARID1B
mutations (3, 6, 25), our study provides an unprecedented
leap in the molecular and cellular understanding of this
pathology and unlocks a paradigm shift in human corpus
callosum development research.
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Materials and Methods

Patient sample selection

Inclusion criteria. The study was approved by the local
ethics committee of the Medical University of Vienna
(MUV). Study inclusion criteria were as follows: 1)
complete or partial corpus callosum agenesis proven by
fetal MRI; 2) ARID1B mutations proven by genetic testing
with whole exome sequencing; 3) continuous follow-up at
the department of Pediatrics at the MUV.

Tissue sample collection. All clinical data were derived
from the MUV patient registry (e.g. sex, age, pre- and
postnatal MRIs and DTIs). After informed consent, 10 mL
blood was collected from two selected patients for iPSC
reprogramming. Evaluation of formalin-fixed and paraffin
embedded (FFPE) brain material of one other patient and
an age-matched control case was performed. Fetal MRI of
several patients and control cases was included for
comparative analysis.

Fetal MRIs

Inclusion criteria. Women with singleton pregnancies
undergoing fetal MRI at a tertiary care center from January
2016 to January 2023 were retrospectively reviewed. A
retrospective IRB-approved review of patient records
undergoing clinically indicated fetal MRI was performed
and patients with confirmatory genetic testing report for
ARID1B mutation were selected. Gestational ages at the
time of fetal MRI (given in gestational weeks and days post
menstruation) were determined by first-trimester
ultrasound. High-quality super-resolution reconstruction
was obtained. Age-matched control cases without ARID1B
mutations were identified and selected based on an
absence of confounding comorbidities, including structural
cerebral or cardiac anomalies and fetal growth restriction.

Measurement of cortical volume. Fetal MRI scans were
conducted using 1.5 T (Philips Ingenia/Intera, Best,
Netherlands) and 3 T magnets (Philips Achieva, Best,
Netherlands). The examinations were performed within 45
min and both the fetal head and body were imaged. Fetal
brain imaging included T2-weighted sequences in three
orthogonal planes (slice thickness 3-4 mm, echo time = 140
ms, field of view = 230 mm) of the fetal head. Post-
processing was conducted in a similar methodology as
previously described (734, 138, 139). Super-resolution
imaging was generated using a volumetric super-resolution
algorithm (/40). The resulting super-resolution data were
quality assessed and only cases that met high-quality
standards (score < 2 out of 5) were included in the analysis.
Atlas-based segmentation (/38) of the cortex was
performed using the open-source application ITK-SNAP

(141). Volumetric data was calculated based on the
investigated gestational ages. Plotting was done in R with
the geom_smooth() function of ggplot2, using method “lm”
and formula y ~ x + [(x2).

Generation of iPS cells

Induced pluripotent stem cells were generated from
peripheral blood mononucleated cells (PBMCs) isolated
from patient blood samples as previously described (/42).
Briefly, 10 mL blood was collected in sodium citrate
collection tubes. PBMCs were isolated via a Ficoll-Paque
density gradient and erythroblasts were expanded for 9
days. Erythroblast-enriched populations were infected
with Sendai Vectors expressing human OCT3/4, SOX2,
KLF4, and cMYC (CytoTune, Life Technologies, A1377801).
Three days post-infection, the cells were switched to mouse
embryonic fibroblast feeder layers; 5 days post-infection,
the medium was changed to iPSC media (KOSR + FGF2); and
10 to 21 days post-infection, the transduced cells began to
form colonies that exhibited iPSC morphology. IPSC
colonies were picked and passaged every 5 to 7 days. IPSCs
were passaged 10 times before being transferred to the
mTeSR1 culture system (StemCell Technologies, 85875).

ARID1B mutations identified by genome sequencing

A schematic representation of the ARID1B protein domains
and location of mutations is depicted in Fig. 1C.

Patient 1 presented a microdeletion (6q25.3del)
encompassing part of ARIDIB (from exon 8) and two
downstream genes (TMEMZ2432 and partially ZDHHC14),
identified clinically by whole exome sequencing and
confirmed in iPSCs with single nucleotide polymorphism
(SNP) genotyping.

Patient 2 harbored a heterozygous single-nucleotide
duplication (NM_020732.3: ¢.2201dupG) that led to an
early stop codon in exon 8, upstream of the active domains
of the ARID1B protein, identified clinically by whole exome
sequencing and confirmed in iPSCs with Sanger
sequencing.

The engineered cell line, HDon.1 ARID1B*/-, harbored a
heterozygous mutation in the ARID domain of ARID1B
(NM_020732.3: ¢.3489_3490insNN), which led to the
formation of an early stop codon in exon 14, identified with
Sanger sequencing.

Genome engineering of iPSCs

Generation of isogenic control cell lines for Patient 2.
An isogenic control cell line of Patient 2 was generated
using CRISPR/Cas9. S. pyogenes Cas9 protein with two
nuclear localization signals was purified as previously
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described (/43). The transcription of guide RNAs (gRNAs)
was performed with HiScribe T7 High Yield RNA Synthesis
Kit (NEB) according to the manufacturer’s protocol, and
gRNAs were purified via Phenol:Chloroform:Isoamyl
alcohol (25:24:1; Applichem) extraction followed by
ethanol precipitation. The sequence of the sgRNA used was
5" GGGGGGgCCCATCTCCCTC 3’ (g is the single-nucleotide
duplication in Pat.2). The HDR template (custom ssODN,
Integrated DNA Technologies) was designed to span 100 bp
up and downstream of the mutation site. For generation of
isogenic control cell lines, iPSCs were grown in mTeSR1.
Cells were washed with PBS (pH 7.4, without MgClz or
CaClz; Gibco, 14190-250) and incubated in TrypLE Select
(Thermo Fisher Scientific) for 5 min at 37 °C. After
formation of a single cell
resuspended in mTeSR and viability was assessed. Cells
were washed in PBS and 1 x 106 cells were resuspended in
Buffer R of the Neon Transfection System (Thermo Fisher
Scientific). 12 ng of sgRNA and 5 ng of electroporation-
ready Cas9 protein were mixed to form the Cas9/sgRNA
RNP complex and the reaction was mixed and incubated at
37 °C for 5 min. 1 pL of the HDR template (500 uM) was
added to the Cas9/sgRNA RNP complex and combined with
the cell suspension. Electroporation was performed using a
Neon® Transfection System (Thermo Fisher Scientific)
with 100 pL Neon® Pipette Tips using the ES cells
electroporation protocol (1400 V, 10 ms, 3 pulses). Cells
were seeded in one well of a 6 well plate in mTeSR1
supplemented with Rho-associated protein kinase (ROCK)
inhibitor (1:100; Selleck Chemicals, S1049). After a
recovery period of 5 days, cells were plated at a low density
in a 10 cm dish, to form separate colonies. Single colonies
were picked after 5-7 days and transferred to 96 well-
plates. After expansion, gDNA was extracted using the DNA
QuickExtract Solution (Lucigen), followed by PCR and
Sanger sequencing to determine efficient mutation rescue.

suspension, cells were

Generation of ARID1B mutation in a healthy donor
background. For generation of an ARID1B mutation in a
cell line derived from a healthy donor (HD.1 ARID1B*/-), we
targeted the ARID domain with CRISPR/Cas9. The
procedure was as described for the generation of the
isogenic control cell line for Patient 2, with the exception
that no HDR template was provided. The sequence of the
gRNA used was 5 CTGGCAACCAACCTAAACGT 3. A
heterozygous mutation on top of the ARID domain was
generated by non-homologous end joining.

Assessment of pluripotency and genomic integrity of
iPSCs

Pluripotency. Pluripotency of cell lines was assessed by
flow cytometry for stem cell markers SSEA-4 and TRA-1-60.
Briefly, a single cell suspension was washed with PBS and

fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich,
441244-1KG) and 0.1% Saponin (Sigma-Aldrich, 47036-
50G-F), for 15 min at RT. Cells were stained with Alexa
Fluor® 647 Mouse anti-SSEA-4 (Clone MC813-70) (BD
Biosciences, 560796) and Alexa Fluor® 488 Mouse anti-
Human TRA-1-60 (Clone TRA-1-60) (BD Biosciences,
560173) (1:20), in PBS with 0.1% Saponin and 1% BSA, for
30 min on ice. Unstained cells were used as a control. Cells
were washed PBS with 0.1% Saponin and 0.2% BSA and
analyzed on a BD LSRFortessa Instrument (BD
Biosciences). Single, live cells were gated, and the
percentage of positive cells was analyzed using the Flow]o
Software.

Genomic integrity. Genomic integrity of cell lines was
analyzed by SNP genotyping (/44), on an Infinium
PsychArray v1.3 (Illumina) and compared to data from
PBMCs. Normal karyotype was confirmed resorting to
short tandem repeat (STR) analysis.

After quality control, cells were banked at different
passages. For experiments, cells were used from passage 35
to 60, and never more than 10-15 passages after defrosting
of a quality-controlled vial. At the end of each round of
experiments, ARIDIB mutations and genomic integrity
were once again confirmed.

Maintenance and passaging of iPSCs

All cells were cultured on 6 well-plates (Corning, 3516)
coated with hESCs-qualified Matrigel (Corning, 354277),
and maintained in complete mTeSR1 medium . Cells were
fed daily with 2 mL of mTeSR1 (feeding with 4 mL allowed
skipping of one feeding day per week) and passaged after
reaching 60-80% confluency (every 3-5 days). For
passaging, cells were exposed to 0.5 mM EDTA diluted in
PBS during 3 min at 37 °C, lifted in mTeSR1 by gentle
spraying of the bottom of the well, and triturated to small
clusters of 20-50 cells. Cells were routinely tested for
mycoplasma. Cells, embryoid bodies (EBs), and organoids
were keptin a5 % COz incubator at 37 °C.

Generation of dorsal tissue-enriched telencephalic
organoids

Media formulations can be found in Table S1. Feeding
volumes in 96WP format were of 150 pL, and in 10 cm dish
format of 15 mL. The protocol was as previously described
((38); Matrigel-free conditions), with the only exception
that EBs were generated from 12.000 cells instead of 9.000
cells.

Embryoid body formation. Human iPSCs were grown to
60-80% confluency and dissociated into a single cell
suspension by Accutase (Sigma-Aldrich, A6964) treatment
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for 5 min at 37 2C, followed by manual trituration. Cells
were seeded in an ultra-low binding 96-well plate (Szabo-
Scandic, COR7007), at a density of 12.000 live cells/well, in
150 pL of complete Essential 8 (E8) medium (Thermo
Fisher Scientific, A1517001) with 50 uM ROCK inhibitor.
On day 3, the medium was replaced with E8 without ROCK
inhibitor supplementation. From day 6, EBs were fed daily
with Neural Induction (NI, Table S1) medium.

Tissue patterning. On day 13, the NI medium was replaced
with Differentiation Medium without vitamin A (Diff-A,
Table S1). Two pulse applications of 3 uM of GSK-3
Inhibitor CHIR99021 (Merck Millipore, 361571) were done
on days 13 and 14; the medium was replaced with Diff-A
without CHIR on day 16 and exchanged daily until day 20.

Long-term culture. On day 20, the organoids were
transferred to 10 cm dishes and cultured on an orbital
shaker (Celltron) at a rotating speed of 57 rpm. On day 25,
the medium was replaced with Differentiation Medium
with vitamin A (Diff+A, Table S1). From day 25 onwards,
the medium formulation remained unaltered throughout
organoid development, and the medium was changed twice
a week (every 3-4 days).

Organoid patterning confirmation. Patterning of
organoids was verified at D60 resorting to SOX2, TBR2 and
CTIP2 staining and at D90 resorting to SATB2
immunostaining. Batches in which dorsal cortical neural
rosettes were present at early stages, and SATB2+ neurons
were abundant around the whole organoid surface at late
stages were used for further analyses.

Virus production

The following plasmids were used in this study:

1. pAAV-CaMKII-TVA/EGFPfusion-N2cG-WPRE3-SV40pA.

2. pAAV-CAG-Kaede.

3. rAAV2-Retro-Helper (Addgene #81070) - AAV Retro
Capsid.

4. pAdDeltaF6 (Addgene #112867) - AAV Helper Capsid.

CVS-N2C-Crimson (Addgene #172377).

6. pTIT-N, P, L (gift from the Molecular Biology Service at
the ISTA, Institute of Science and Technology Austria).

“«

AAV production. Adeno-Associated Virus (AAV) was
generated as described by previous protocols (145, 146).
Briefly, 10x15cm dishes of HEK293-GT cells were
transfected with plasmids carrying the capsid, helper, and
cargo genes according to previous methods (/45). AAVs
from the supernatant and cells recovered,
concentrated and iodixanol purified as described before
(146). The purified virus was aliquoted and stored at -70 2C.
gPCR was used to titrate the virus, as described previously

(147).

were

Kaede plasmid production. To generate the AAV-CAG-
Kaede plasmid, cDNA of Kaede (/48) was cloned from
CoralHue® Kaede (pKaede-MN1), together with the CAG
promoter, into a pAAV plasmid.

Pseudotyped monosynaptic Rabies virus (RabV)
production. EnvA pseudotyped rabies virus (pRabV) was
produced as previously published (/49), with minor
modifications. Briefly, HEK293-GT cells were transfected
with CVS-N2C-Crimson viral genome, pTIT-N, pTIT-P and
pTIT-L using Xfect Transfection Reagent (Takara, 631318)
according to the instructions of the manufacturer. The
medium was changed on transfected cells every day for 4
days. The medium was not changed on day 5 and on day 6
but was collected, filtered, and used in the pseudotyping
step. To pseudotype the virus, the media harvested from
day 5 and 6 was applied to BHK-eT cells for 6h. Cells were
then processed according to a previous protocol (/49), until
the step of purification of the pseudotyped pRabV. To
concentrate the produced virus, the media collected from
the BHK-eT cells were pooled, filtered, and incubated with
Benzonase Nuclease (Merck Millipore, US170664-3) for 30
min at 37 2C. The medium was then ultracentrifuged on a
sucrose cushion for 2 h at 70,000 rcf and removed from the
viral pellets. Pellets were resuspended and pooled in 200
uL of PBS. Functional titer was determined as described
before (/50). The virus was aliquoted and stored at -70 2C
until use; single aliquots were defrosted a maximum of 2
times.

Axon tract formation assay

Microdevice fabrication. The microdevices for axon tract
formation assay were fabricated as previously described
(151).

Organoid dissection. Organoids were dissected at D955,
as depicted in Fig.S7C. P1000 tips were cut, generating an
opening with a width of around 1.5 mm. Organoids were
punctured with the cut tips, forming round pieces. Each
organoid was used to generate 5 to 10 pieces; 4 to 5
organoids were dissected per batch and per cell line, to
yield around 30 optimally sized pieces, with 1-1.5mm in
diameter. For tract formation at early developmental
stages, this step was not necessary, as D30 organoids were
still small enough to fit into the microdevice wells.

Microdevice preparation. Microdevices were kept
submerged in 96% ethanol until use. One day before the
start of the assay, ethanol-covered microdevices were
placed on top of slides and pressed down firmly. Nunc®
Lab-Tek™ Chambered Coverglasses with 1 well (Thermo
Fisher Scientific, 155361PK) were used for experiments
involving live imaging of axon outgrowth or
immunostaining and confocal imaging; Permaflex Plus
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Adhesive Microscope Slides (Leica, 3830001) were used for
all other experiments. Microdevices were allowed to
completely dry and attach to the slides overnight.
Microdevice channels were coated with 5% Matrigel for 2 h
at 37 °C, as previously described (81, 151). Briefly, the
coating solution was sucked with a P1000 pipette from one
well to the other, through the channel, filling it up
completely and without air bubbles.

Assay setup. The assay started at D120 (£5 days) or at D30
(¥4 days) of organoid development, as previously
described (81, 151). Two organoids of the same genotype
and same batch were placed in opposing wells, connected
by a Matrigel-coated microchannel. Organoid pieces were
chosen based on optimal size to fit into the wells (1-1.5mm
in diameter). Placement of organoid pieces in the wells
marked D120+0 (or D30+0) in the assay.

Feeding. Microdevices were fed on day1-2 and then twice
a week (every 3 to 4 days). Feeding medium was Diff+A +
2% Matrigel on day 0-7, Diff+A + 1% Matrigel on day 7-14,
and Diff+A without Matrigel thereafter.

Rabies virus tracing. For tracing of contralateral synapses,
the protocol was as depicted in Fig.S9A. Organoid pieces
were exposed to AAV:CamKII-TVA-GFP-G to generate
starter cells. Three rounds of infection were performed,
each with 0.125 pL of virus (MOI = 6,6E+13) per plate.
Typically, 10 to 15 organoid pieces from the same batch
were exposed together in a 6 cm dish with 4 mL of Diff+A
medium. The first infection was done at D110 (+5 days); the
second infection was done 2-3 days later (D112), without
medium change (just virus addition); the third infection
was done at D116 with medium change and virus addition;
after 3-4 days, the medium was replaced with plain Diff+A
and pieces were ready for the assay. These successive
infections significantly increased the number of starter
cells generated, in comparison with a single infection. The
axon tract formation assay was setup with only one of the
two organoids expressing TVA and G and, therefore,
permissive for Rabies virus entry. As negative control, 1-2
tracts per device were formed with two wild-type pieces.
Exposure to pRabV occurred at day D120+20 (+1 day) and
organoids  were analysed (by fixation and
immunofluorescence, or by flow cytometry) 10 days later,
at D120+30. At this stage, abundant ipsilateral and sparse
contralateral Crimson* cells were visible under a widefield
cell culture microscope; no Crimson* cells were seen in
negative control samples, as expected.

Kaede tracing. For assessment of axon-associated cells,
the protocol was as depicted in Fig.S9C. Organoids were
exposed to AAV:CAG-Kaede-green on D120+21, by
addition of 0,127 pL of virus (MOI = 6,0E+13) per well (200

puL of medium). Kaede photoconversion was done at
D120+39. The wells were covered below with black tape,
leaving only the central part of the axon tracts exposed.
This helped avoid unwanted conversion of cell bodies.
After, the microdevices were placed in an inverted
Scanning confocal microscope LSM800 (Zeiss). Each axon
tract was exposed to 15min of blue UV light, with a 10x
objective, leading to the local formation of Kaede-red. As
negative control, one tract per device was left unconverted.
After conversion, the medium was exchanged and the
microdevices were placed in the incubator for another 24
h, during which there was diffusion of Kaede-red to the cell
bodies of axon-associated cells.

Fixation. Axon tracts were fixed inside the microdevices.
After one wash with PBS, 200 uL of 4% PFA were added to
each well and incubated for 1.5 h at RT. After two washes
with PBS, the devices were stored at 4 °C until further
processing.

Flow cytometry analysis of organoid pieces. At
D120+30-40 of tract formation, organoid pieces were
analysed by flow cytometry for Kaede tracing and pRabV
tracing. For Kaede tracing, the two connected pieces of a
tract were processes together; for pRabV tracing, only the
contralateral organoid was processed. Organoids were
dissociated in 150 pL of Trypsin (Thermo Fisher Scientific,
15400054)/Accutase (1:1), at 37 °C for 15 min, followed by
manual pipetting with a P200 tip until a cell suspension
without clumps was obtained. The action of
Trypsin/Accutase was stopped by adding 400 pL of 0.1%
BSA in PBS. The samples were analysed immediately after,
in a NovoCyte Penteon Flow Cytometer. The data was
analysed using the Flow]o Software

Cryosectioning

For preparation of cryosections for immunofluorescent
staining analysis, organoids (or organoid pieces) were fixed
in 4% PFA for 1-2 hours at room temperature (RT). After
three 15 min washes with PBS, organoids were immersed
in a 15% Sucrose (Merck Millipore, 84097)/10% Gelatin
(Sigma, G1890-500G) solution at 37 °C, until they sunk to
the bottom of the tube (from 1h up to overnight). Organoids
were embedded in the same sucrose/gelatin solution,
solidified for 30 min at 4 °C, and flash frozen in a bath of 2-
methylbutane super-cooled to a temperature of -50 °C with
dry ice. Samples were stored at -702C until further
processing. Cryoblocks were sectioned at 20 pm thickness
using a cryostat (Thermo Fisher Scientific, CryoStar NX70).

Immunofluorescent staining

Organoids. After the slides were defrosted and hydrated
during 5 min in PBS, cryo-sections were permeabilized and
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blocked with blocking solution (5% bovine serum albumin
(BSA; Europa Bioproducts, EQBAH-0500) and 0.3% Triton
X-100 (Merck Millipore, 93420) in PBS) for 1-2 hours at RT.
Antibody incubations were done in antibody solution (1%
BSA, 0.1% Triton X-100 in PBS); after dilution of antibodies,
the solution was spun at maximum speed for 2 min. First,
sections were incubated with antibody solution containing
1:200 diluted primary antibodies, for 3.5 hours (up to
overnight) at RT. Then, after one wash of 5 min with PBS,
sections were incubated with antibody solution containing
1:500 diluted secondary antibodies and 1:10,000 diluted
Hoechst 33342 nuclear dye (Thermo Fisher Scientific,
H3569), for 1-2 hours at RT. Primary and secondary
antibodies used in this study are summarized in Table S2.
After one wash of 5 min with PBS, the slides were mounted
with DAKO mounting medium (Agilent, S302380-2). Slides
were left at RT to dry overnight and kept at 4 2C for long-
term storage.

Axon tracts. Immunostaining of axon tracts was performed
inside the microdevices, with the same solutions as
described for organoid sections. To successfully stain the
whole length of the tract, one of the two organoids was
removed from the device and the solutions were passed
through the channel carefully, by capillarity, from the side
with an organoid towards the side without an organoid.
Permeabilization/blocking was performed for 1.5 h,
primary antibody exposure overnight, and secondary
antibody exposure for 1 h. Two washes with PBS were done
in between primary and secondary antibodies, and at the
end. Stained tracts were stored at 4 2C, in PBS containing
0.01% of sodium azide.

Paraffin-embedded human brain samples. The use of
human brain samples for histological analysis was
approved by the local ethics committee of the Medical
University of Vienna. Human brain material was processed
for routine histopathology. The tissue was formalin fixed
and embedded in paraffin and 3 pm thin FFPE tissue
sections were prepared. Immunofluorescence for SATB2
was performed following the steps: slide dewaxing using
Xylene Substitute (Epredia, 6764506); antigen retrieval
(using sodium citrate buffer 10mM with 0.05% Tween, at
pH 6: pre-heating at 100 2C; 30 min in a steamer; 15min
cooling down at RT); two washes with TBS; one wash with
TBS-T (TBS with 0.05% Tween); blocking buffer for 1 h at
RT (5% BSA in TBS-T + 10% goat serum); primary
antibody, 1:200 in 2% BSA TBS-T, overnight at 4 °C; wash
with TBS-T; RbLMs linker (Anti-IgGl + IgG2a + IgG3
antibody; Abcam, ab133469), 1:500 in 2% BSA TBS-T, 30
min at RT; secondary anti-Rabbit antibody (AF647), 1:500,
1 h at RT; wash with TBS-T; DAPI staining,10 min at RT in

the dark; one wash with TBS-T; mounting with DAKO
mounting medium; long-term storage at 4 2C.

Western blotting

Sample preparation. Organoids from the same batch
(typically 5) were collected and washed in PBS. All further
steps were performed on ice. 300 pL of lysis buffer (RIPA
with PhosStop and Proteinase Inhibitor, Table S3) was
added. Organoids were dissociated by pipetting, until no
clumps remained. 1 pL of Benzonase (Merck Millipore,
US170664-3) was added and samples left on ice until an
aqueous solution formed (30 min to 1 h). Samples were
centrifuged at 15.000 g for 5min and the supernatant
transferred to a new tube.

Measurement of protein concentration. The Pierce
Rapid Gold BCA protein assay kit (Thermo, 23227) was
used to measure protein concentration, according to
manufacturer’s instructions.

Gel running. Sample dilution was done using Laemmli
Sample Buffer (Bio Rad, 161-0737), and incubated at 95°C
for 5 minutes. 25 pg of protein was loaded per well. Samples
were run on Nupage™ 3-8% Tris-Acetate Protein Gels
(Thermo Scientific, EA03755B0X), using NuPAGE® Tris-
Acetate SDS Running Buffer (20X, Thermo Fisher
Scientific), at room temperature and 100 V. PageRuler™
Plus Prestained Protein Ladder, 10 to 250 kDa (Thermo
Fisher Scientific, 26619) was used.

Gel transfer. Transfer to LiCOR membranes was done in
NuPAGE® Transfer Buffer (Thermo Scientific, NP0006)
with 10 % Methanol, for 1.5 h, at RT.

Blotting. After transfer, membranes were rinsed in PBS.
Further steps were performed in 50 mL falcon tubes.
Blocking was done with 5% BSA in PBS, 1 h at RT. Primary
and secondary antibodies (Table S2) were diluted in PBS
with 5% BSA and 0.1% Tween. Membranes were exposed
to primary antibodies overnight at RT, and to secondary
antibodies 1 h at RT. Membranes were washed in PBS with
0.1% Tween, 3 times 5 min in between antibodies and at
the end. Finally, membranes were rinsed in water, and
imaged.

Image Acquisition

Cryosections. Inmunostaining images were acquired with
a Pannoramic FLASH 250 II digital Slide Scanner
(3DHISTECH) at 20x magnification.

Live imaging of axon outgrowth. Axon outgrowth was
imaged from 24 h to 72 h after the start of the tract
formation assay, using a Celldiscoverer 7 (ZEISS).
Acquisition parameters were as follows: objective 20x/0.7;
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9 z-stacks with 2,5 um steps; 16 Bits; 1x1 binning. Devices
were fed after 2 days.

Widefield imaging of axon tracts. Axon tracts were
imaged once a week (D8, D15, D22, D30), using a Celigo
Image Cytometer (Nexcelom Bioscience).

Confocal imaging of stained axon tracts.
Immunostaining of axon tracts was performed in an
inverted Scanning confocal microscope LSM800 (Zeiss),
with a 20x objective.

Western blots. Western blot images were acquired using a
ChemiDoc MP Imaging System (Bio-Rad).

Imaging data analysis

All data matrices of quantifications were processed in R
software v4.2.2 using dplyr (v1.0.9) and visualized using
ggplot2 (v3.4.0). Boxplots represent the median value; two
hinges corresponding to the first and third quartiles (the
25th and 75th percentiles); and whiskers extending from
the hinge to the highest/lowest value no further than 1.5 *
IQR from the hinge (where IQR is the inter-quartile range,
or distance between the first and third quartiles). Statistical
analyses were performed in R software (Table S4).

Organoid area. Measurement of organoid area was
performed manually by drawing regions of interest (ROIs)
in the CaseViewer software (3DHISTECH), using the largest
cross-section per organoid. Plotting was done with the
geom_smooth() function of ggplot2, using method “Im” and
formula y ~ x + [(x2). Number of organoids included per
genotype and timepoint: D40, 13 ARID1B*/*, 9 ARID1B*/~;
D60, 22 ARID1B*/+, 37 ARID1B*/-; D90, 26 ARID1B*/*, 58
ARID1B*/-; D120, 19 ARID1B*/+, 25 ARID1B*/-.

Western blot band intensities. Measurement of band
intensity for each staining was done by manually drawing
equally sized rectangles around the bands, using the
“Rectangle” tool in Fiji. The band intensity of mSWI/SNF
proteins was normalized to the intensity of the respective
B-Actin band. The mean of ARID1B*/+ normalized values
was considered 1. The fold-change between normalized
intensities was plotted.

Density of SATB2+ cells. For detecting positive nuclei, a
custom workflow was designed, using "CaseViewer”, "Fiji”
and "Cellpose”. The organoid slices stained against SATB2
were scanned, marked, and exported as individual channels
via the CaseViewer software. In Fiji, we performed
segmentation of the outer-most organoid surface, where
SATB2* neurons are abundant, with a 325um-thick band
(1000 pixels), using the “Segmented line” tool. To map this
region to an xy-coordinate system, reduce image size and
exclude unwanted areas the ”Straighten” command was

used. Via the Cellpose implementation in Fiji, the positive
cells in each channel were detected using the pre-trained
"Cyto” model. Positive cells were segmented, and regions of
interest generated. Exemplary outputs of the different
steps of the protocol are depicted in Fig.S4C.

Axon outgrowth at 72 h. For analyzing the number of
axons extending between the two organoids we designed a
custom script written in Fiji-Macro language. In addition to
the built-in tools, we used the Morpholib] collection
(https://imagej.net/plugins/morpholibj) as well as the
“Derivatives” filter from the Feature] collection of the
ImageScience update site
(https://imagej.net/libs/imagescience). The images of
axon outgrowth were acquired in 3D using oblique
illumination (9 z-stacks with 2.5um steps). For extracting
the axons, the derivative image in z-direction was
computed, which significantly enhanced the contrast. Then,
the slice of highest contrast (maximum standard deviation)
was chosen for further analysis. We needed to restrict the
analysis to the inside of the microdevice channel
Therefore, we determined its upper and lower border using
the “Tubeness” filter on a max-projection and then
thresholding the result. Left and right borders were found
via plotting intensities along x and finding the two maxima.
Line ROIs for the cross-section measurements were created
within the area of the chamber in a sampling distance of 50
pixels (32.5 pm). For the final axon detection, we used the
derivative filtered image, applying the “Directional
Filtering” from Morpholib] as well as the “Tubeness” filter
to enhance the contrast of the axons. At the end, the
individual line-ROIs were applied, and intensities plotted.
Maxima above a certain threshold (2000) along the line
were considered as crossing axons. Exemplary outputs are
depicted in Fig.S10. The number of axons per sampling line
was counted throughout the length of the chamber. For
data visualization, the average number of axons in the first
five bins (162.5 um) and along the first 35 bins (1.1 mm)
was computed and plotted.

Axon outgrowth speed. Axon outgrowth speed was
calculated from manual tracking of growth cones, using the
“Mtrack]” tool (/52) in Fiji.

Axon tract thickness. Average axon tract thickness was
calculated based on seven equidistant measurements along
the axon tract, marked manually using the “Line” tool in Fiji.

Co-localization of Crimson and SATB2 in Rabies virus
experiments. Co-localization of Crimson and SATB2 was
done by visual assessment of immunofluorescence
stainings. All Crimson* cells present in a certain organoid
section were quantified for SATB2 positivity/negativity,
and the percentage of SATB2* cells plotted.
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Single-cell RNA sequencing

Generation of single-cell suspension of organoid cells.
Organoids used for scRNAseq were harvested, cut into 2 or
3 pieces using two P10 pipette tips, and washed with PBS.
Each individual organoid was incubated in 1.5 mL of
Trypsin/Accutase (1:1) containing 1 pL/mL of TURBO™
DNase (Thermo Fisher Scientific, AM2238, 2 U/pL) in a
gentleMACS Dissociator (Miltenyi Biotec, 130-093-235) in
the program NTDK1. After dissociation, tubes were briefly
spun down and 1.5 mL of buffer (ice-cold PBS with 0.1%
BSA) was added to the dissociated cells. The cell suspension
was spun at 400 g for 5 min at 4 2C. The supernatant was
aspirated, leaving a margin of around 200 uL, and cells
were resuspended in 700 pL of buffer. The suspension was
filtered through a 70 pm strainer once, and through a FACS
tube cap twice.

Organoid multiplexing. The 10X Genomics 3’ CellPlex Kit
was used to multiplex each individual organoid with a
unique Cell Multiplexing Oligo (CMO), as described in the
manufacturer’s protocol, except for the use of the
aforementioned buffer formulation and 400g in the
spinning steps.

FACS sorting of viable cells. After multiplexing, the
viability dye DraQ7 (Biostatus, DR70250, 0.3 mM) was
added at a concentration of 20 uL/mL and the suspension
gently mixed with a P1000 pipette. 50k live cells of each
individual organoid were FACS sorted onto the same tube
using a 100 ym nozzle; singlets were gated based on
forward and side scatter, and live cells based on negative
excitation with an Alexa 700 filter.

Library preparation. The final pool of multiplexed cells
was spun and resuspended in a small volume, and live cells
were counted again. Libraries were loaded with 50k live
cells per channel (to give estimated recovery of 15k cells
per channel) onto a Chromium Single Cell 3' B Chip (10X
Genomics, PN-1000073) and processed through the
Chromium controller to generate single-cell GEMs (Gel
Beads in Emulsion). ScRNAseq libraries were prepared
with the Chromium Single Cell 3’ Library & Gel Bead Kit v.3
(10x Genomics, PN-1000075).

Library sequencing. Libraries were pair-end sequenced in
a NovaSeq S4 flowcell.

Single-cell RNA sequencing data analysis

Dataset information. Four different sequencing
experiments were performed in four different libraries.
Each library contained organoids at D120 (+5 days), from
the same batch (EBs generated on the same date), of the
following cell lines and clones:

1. Library 177136:
Pat.2 ARID1B*/* clone 2¢ (2 organoids),
Pat.2 ARID1B*/- clone 2a (2 organoids).
2. Library 178119:
Pat.2 ARID1B*/* clone 2c¢ (3 organoids),
Pat.2 ARID1B*/- clone 2a (3 organoids).
3. Library 178120:
Pat.2 ARID1B*/* clone 2d (3 organoids),
Pat.2 ARID1B*/- clone 2b (3 organoids).
4. Library 184337:
Pat.1 ARID1B*/- clone 1a (3 organoids),
HD.1 ARID1B*/* clone 3a (3 organoids),
HD.1 ARID1B*/- clone 3b (3 organoids).

Data pre-processing. SCRNA-seq reads were processed
with Cell Ranger multi v6.1.1 using the prebuilt 10X
GRCh38 reference refdata-gex-GRCh38-2020-4A, and
including introns. Further processing such as
dimensionality reduction, clustering, and visualization of
the scRNA-seq data was performed in R v4.2.2 with Seurat
v4.3.0.

Identification of non-telencephalic clusters. Non-
telencephalic cells were separated at clustering resolution
0.02 (“FindClusters”). One non-telencephalic cluster
(cluster 2) was removed for downstream analysis, based on
absent/low FOXG1 expression. A total of 1.76% of cells
were excluded by this filter.

Removal of low-quality cells. After exclusion of non-
telencephalic cells, genes located on the Y-chromosome and
those not detected in atleast 5 cells were excluded. We used
the Gruffi algorithm to identify and remove cells presenting
a transcriptional signature of cellular stress (/53). Cells
were removed if they were identified as stressed, the gene
number metric was below a MAD (median absolute
deviation) based threshold (library: 178119 <900, 178120
<1100, 184337 <1200, 177136 <1500), the percentage of
mitochondrial reads was 10% or above, and the percentage
ribosomal RNAs was 25% or above. Count data was log-
normalized and scaled. Dimensionality reduction was
performed using PCA on the top 3000 most variable genes.
Batch correction across libraries was performed using
Harmony v0.1.1, and the 40 harmony embeddings were
used for UMAP visualizations.

Identification of telencephalic clusters. The first 10
Harmony dimensions were used to identify neuronal
subclusters with a resolution of 0.2. Clusters were assigned
to cell types using known neuron markers and the
developing human neocortex reference (PMID: 31303374):
INs (cluster 5), dividing progenitors (cluster 3), RGs
(cluster 4), IPCs (cluster 2), ExN1 (cluster 0), EXN2 (cluster
1), and ExN3 (cluster 6).
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Differential gene expression analysis. Wilcoxon rank
sum test implemented in Presto v1.0.0 was used to identify
differentially expressed genes between ARID1B*/* and
ARID1B*/- on the subset of SATB2+* cells for each sequencing
library. ClusterProfiler v4.6.2 and enrichR v3.1 were used
for further functional analysis and visualization thereof,
using the top 300 dowregulated genes in ARID1B*/-
organoids, per pairwise comparison. The most statistically
significant terms were considered as those found in 5 out of
5 comparisons, with a gene ratio above 5%, and ordered by
the average P value (Pval) across comparisons.

Data plotting. Two-dimensional representations were
generated using uniform manifold approximation and
projection (UMAP) (uwot v0.1.14). Visual representation of
differentially expressed genes was generated using ggplot2
and cnetplot. Data matrices of quantifications were
processed in R software v4.2.2 using dplyr (v1.0.9) and
visualized using ggplot2 (v3.4.0).

References

1. G. Sokpor, Y. Xie, J. Rosenbusch, T. Tuoc, Chromatin remodeling BAF (SWI/SNF)
complexes in neural development and disorders. Front Mol Neurosci. 10, 1-22
(2017).

2. N. G. N. Jr, X. Wang, A. Patsialou, M. Van Scoy, E. Moran, Distinct mammalian
SWI / SNF chromatin remodeling complexes with opposing roles in cell-cycle
control. 26, 752-763 (2007).

3. J. C. H. Sim, S. M. White, P. J. Lockhart, ARID1B-mediated disorders: Mutations
and possible mechanisms. Intractable Rare Dis Res. 4, 17-23 (2015).

4. B. Mossink, M. Negwer, D. Schubert, N. Nadif Kasri, The emerging role of
chromatin remodelers in neurodevelopmental disorders: a developmental
perspective (Springer International Publishing, 2021;
https://doi.org/10.1007/s00018-020-03714-5), vol. 78.

5. N.Bogershausen, B. Wollnik, Mutational Landscapes and Phenotypic Spectrum of
SWI/SNF-Related Intellectual Disability Disorders. Front Mol Neurosci. 11, 1-18
(2018).

6. G. W. E. Santen, J. Clayton-Smith, M. Adachi-Fukuda, A. AlKindy, A. Baban, K.
Berry, N. Canham, A. Collins, K. Chrzanowska, A. Gardham, D. Horn, M. Kato, T.
Kosho, M. Krajewska-Walasek, N. Kramer, S. Maas, I. Maystadt, G. Mancini, S.
McKee, J. Milunski, N. Miyake, S. Mizuno, H. Ohashi, N. Okamoto, S. Robertson,
G. Soares, S. Tanabe, C. Vincent-Delorme, B. de Vries, D. Wieczorek, L. Wilson,
The ARIDIB phenotype: What we have learned so far. Am J Med Genet C Semin
Med Genet. 166, 276-289 (2014).

7. E. Y. Son, G. R. Crabtree, The role of BAF (mSWI/SNF) complexes in mammalian
neural development. Am J Med Genet C Semin Med Genet. 166, 333-349 (2014).

8. J. Hoyer, A. B. Ekici, S. Endele, B. Popp, C. Zweier, A. Wiesener, E. Wohlleber,
A. Dufke, E. Rossier, C. Petsch, M. Zweier, I. Gohring, A. M. Zink, G. Rappold, E.
Schrock, D. Wieczorek, O. Riess, H. Engels, A. Rauch, A. Reis, Haploinsufficiency
of ARIDIB, a member of the SWI/SNF-A chromatin-remodeling complex, is a
frequent cause of intellectual disability. 4m J Hum Genet. 90, 565-572 (2012).

9. C. Mignot, M. L. Moutard, A. Rastetter, L. Boutaud, S. Heide, T. Billette, D.
Doummar, C. Garel, A. Afenjar, A. Jacquette, D. Lacombe, A. Verloes, C. Bole-
Feysot, P. Nitschké, C. Masson, A. Faudet, F. Lesne, T. Bienvenu, C. Alby, T. Attié-
Bitach, C. Depienne, C. Nava, D. Héron, ARID1B mutations are the major genetic
cause of corpus callosum anomalies in patients with intellectual disability. Brain.
139, ¢64 (2016).

10.  C. Halgren, S. Kjaergaard, M. Bak, C. Hansen, Z. El-Schich, C. M. Anderson, K. F.
Henriksen, H. Hjalgrim, M. Kirchhoff, E. K. Bijlsma, M. Nielsen, N. S. den
Hollander, C. A. L. Ruivenkamp, B. Isidor, C. Le Caignec, R. Zannolli, M.
Mucciolo, A. Renieri, F. Mari, B. M. Anderlid, J. Andrieux, A. Dieux, N.
Tommerup, I. Bache, Corpus callosum abnormalities, intellectual disability, speech

20.

21.

22.

23.

24.

25.

impairment, and autism in patients with haploinsufficiency of ARID1B. Clin Genet.
82, 248-255 (2012).

F. Aboitiz, A. B. Scheibel, R. S. Fisher, E. Zaidel, Fiber composition of the human
corpus callosum. Brain Res. 598, 143-153 (1992).

P. Rakic, P. I. Yakovlev, Development of the corpus callosum and cavum septi in
man. Journal of Comparative Neurology. 132, 45-72 (1968).

R. W. Sperry, Some general aspects of interhemispheric integration (Baltimore:
Johns Hopkins Press, 1962).

R. Suérez, L. R. Fenlon, R. Marek, L. Avitan, P. Sah, G. J. Goodhill, L. J. Richards,
Balanced interhemispheric cortical activity is required for correct targeting of the
corpus callosum. Neuron. 82, 1289-1298 (2014).

N. S. D. L. Reyes, L. Bragg-Gonzalo, M. Nieto, Development and plasticity of the
corpus callosum, 1-15 (2020).

O. Britanova, C. de Juan Romero, A. Cheung, K. Y. Kwan, M. Schwark, A. Gyorgy,
T. Vogel, S. Akopov, M. Mitkovski, D. Agoston, N. Sestan, Z. Molnar, V.
Tarabykin, Satb2 Is a Postmitotic Determinant for Upper-Layer Neuron
Specification in the Neocortex. Neuron. 57, 378-392 (2008).

E. A. Alcamo, L. Chirivella, M. Dautzenberg, G. Dobreva, I. Farifias, R. Grosschedl,
S. K. McConnell, Satb2 Regulates Callosal Projection Neuron Identity in the
Developing Cerebral Cortex. Neuron. 57, 364-377 (2008).

E. Leyva-Diaz, G. Lopez-Bendito, In and out from the cortex: Development of
major forebrain connections. Neuroscience. 254, 26-44 (2013).

T. J. Edwards, E. H. Sherr, A. J. Barkovich, L. J. Richards, Clinical, genetic and
imaging findings identify new causes for corpus callosum development syndromes.
Brain. 137, 1579-1613 (2014).

A. P. L. Marsh, D. Heron, T. J. Edwards, A. Quartier, C. Galea, C. Nava, A.
Rastetter, M. L. Moutard, V. Anderson, P. Bitoun, J. Bunt, A. Faudet, C. Garel, G.
Gillies, I. Gobius, J. Guegan, S. Heide, B. Keren, F. Lesne, V. Lukic, S. A.
Mandelstam, G. McGillivray, A. Mcllroy, A. Méneret, C. Mignot, L. R. Morcom,
S. Odent, A. Paolino, K. Pope, F. Riant, G. A. Robinson, M. Spencer-Smith, M.
Srour, S. E. M. Stephenson, R. Tankard, O. Trouillard, Q. Welniarz, A. Wood, A.
Brice, G. Rouleau, T. Atti¢-Bitach, M. B. Delatycki, J. L. Mandel, D. J. Amor, E.
Roze, A. Piton, M. Bahlo, T. Billette De Villemeur, E. H. Sherr, R. J. Leventer, L.
J. Richards, P. J. Lockhart, C. Depienne, Mutations in DCC cause isolated agenesis
of the corpus callosum with incomplete penetrance. Nat Genet. 49, 511-514 (2017).

H. C. Glass, G. M. Shaw, C. Ma, E. H. Sherr, Agenesis of the corpus callosum in
California 1983-2003: A population-based study. Am J Med Genet A. 146, 2495—
2500 (2008).

R. Romaniello, S. Marelli, R. Giorda, M. F. Bedeschi, M. C. Bonaglia, F. Arrigoni,
F. Triulzi, M. T. Bassi, R. Borgatti, Clinical Characterization, Genetics, and Long-
Term Follow-up of a Large Cohort of Patients with Agenesis of the Corpus
Callosum. J Child Neurol. 32, 60-71 (2017).

C. C. Schell-Apacik, K. Wagner, M. Bihler, B. Ertl-Wagner, U. Heinrich, E.
Klopocki, V. M. Kalscheuer, M. Muenke, H. Von Voss, Agenesis and dysgenesis
of the corpus callosum: Clinical, genetic and neuroimaging findings in a series of
41 patients. Am J Med Genet A. 146, 2501-2511 (2008).

T. J. Edwards, E. H. Sherr, A. James Barkovich, L. J. Richards, Reply: ARID1B
mutations are the major genetic cause of corpus callosum anomalies in patients with
intellectual disability. Brain. 139, 65 (2016).

P. J. van der Sluijs, S. Jansen, S. A. Vergano, M. Adachi-Fukuda, Y. Alanay, A.
AlKindy, A. Baban, A. Bayat, S. Beck-Wodl, K. Berry, E. K. Bijlsma, L. A. Bok,
A. F.J. Brouwer, I. van der Burgt, P. M. Campeau, N. Canham, K. Chrzanowska,
Y. W. Y. Chu, B. H. Y. Chung, K. Dahan, M. De Rademaeker, A. Destree, T.
Dudding-Byth, R. Earl, N. Elcioglu, E. R. Elias, C. Fagerberg, A. Gardham, B.
Gener, E. H. Gerkes, U. Grasshoff, A. van Haeringen, K. R. Heitink, J. C. Herkert,
N. S. den Hollander, D. Horn, D. Hunt, S. G. Kant, M. Kato, H. Kayserili, R.
Kersseboom, E. Kilic, M. Krajewska-Walasek, K. Lammers, L. W. Laulund, D.
Lederer, M. Lees, V. Lopez-Gonzalez, S. Maas, G. M. S. Mancini, C. Marcelis, F.
Martinez, I. Maystadt, M. McGuire, S. McKee, S. Mehta, K. Metcalfe, J. Milunsky,
S. Mizuno, J. B. Moeschler, C. Netzer, C. W. Ockeloen, B. Ochl-Jaschkowitz, N.
Okamoto, S. N. M. Olminkhof, C. Orellana, L. Pasquier, C. Pottinger, V. Richmer,
S. P. Robertson, M. Roifman, C. Rooryck, F. G. Ropers, M. Rosello, C. A. L.
Ruivenkamp, M. S. Sagiroglu, S. C. E. H. Sallevelt, A. Sanchis Calvo, P. O. Simsek-
Kiper, G. Soares, L. Solacche, F. M. Sonmez, M. Splitt, D. Steenbeck, A. P. A.
Stegmann, C. T. R. M. Stumpel, S. Tanabe, E. Uctepe, G. E. Utine, H. E. Veenstra-
Knol, S. Venkateswaran, C. Vilain, C. Vincent-Delorme, A. T. Vulto-van Silfhout,

Martins-Costa et al. | bioRxiv | May 2023 | 18



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

P. Wheeler, G. N. Wilson, L. C. Wilson, B. Wollnik, T. Kosho, D. Wieczorek, E.
Eichler, R. Pfundt, B. B. A. de Vries, J. Clayton-Smith, G. W. E. Santen, The
ARIDIB spectrum in 143 patients: from nonsyndromic intellectual disability to
Coffin-Siris syndrome. Genetics in Medicine. 21, 1295-1307 (2019).

E. Son, A. Krokhotin, S. Gourisankar, C.-Y. Chang, G. Crabtree, ARIDIB is a
Dosage-sensitive Regulator of Polycomb Repressive Complex Distribution and
HOX Gene Regulation in Patient-derived Neural Progenitors. Res Sg (2021),
doi:10.21203/1s.3.rs-959800/v1.

L. Pagliaroli, P. Porazzi, A. T. Curtis, C. Scopa, H. M. M. Mikkers, C. Freund, L.
Daxinger, S. Deliard, S. A. Welsh, S. Offley, C. A. Ott, B. Calabretta, S. A.
Brugmann, G. W. E. Santen, M. Trizzino, Inability to switch from ARIDIA-BAF
to ARID1B-BAF impairs exit from pluripotency and commitment towards neural
crest formation in ARIDI1B-related neurodevelopmental disorders. Nat Commun.
12, 1-16 (2021).

C. Celen, J. C. Chuang, X. Luo, N. Nijem, A. K. Walker, F. Chen, S. Zhang, A. S.
Chung, L. H. Nguyen, I. Nassour, A. Budhipramono, X. Sun, L. A. Bok, M.
McEntagart, E. F. Gevers, S. G. Birnbaum, A. J. Eisch, C. M. Powell, W. P. Ge, G.
W. E. Santen, M. Chahrour, H. Zhu, Aridlb haploinsufficient mice reveal
neuropsychiatric phenotypes and reversible causes of growth impairment. Elife. 6,
1-22 (2017).

J. J. Moffat, E. M. Jung, M. Ka, A. L. Smith, B. T. Jeon, G. W. E. Santen, W. Y.
Kim, The role of ARID1B, a BAF chromatin remodeling complex subunit, in neural
development and behavior. Prog Neuropsychopharmacol Biol Psychiatry. 89, 30—
38(2019).

E.-M. Jung, J. J. Moffat, J. Liu, S. M. Dravid, C. B. Gurumurthy, W. Y. Kim, Arid1b
haploinsufficiency disrupts cortical interneuron development and mouse behavior.
Nat Neurosci. 20, 1694-1707 (2017).

M. Shibutani, T. Horii, H. Shoji, S. Morita, M. Kimura, N. Terawaki, T. Miyakawa,
1. Hatada, Arid1b haploinsufficiency causes abnormal brain gene expression and
J Mol Sci. 18 (2017),

autism-related  behaviors in  mice. Int

doi:10.3390/ijms18091872.

B. Paulsen, S. Velasco, A. J. Kedaigle, M. Pigoni, G. Quadrato, A. J. Deo, X.
Adiconis, A. Uzquiano, R. Sartore, S. M. Yang, S. K. Simmons, P. Symvoulidis, K.
Kim, K. Tsafou, A. Podury, C. Abbate, A. Tucewicz, S. Smith, A. Albanese, K.
Chung, K. Lage, E. Boyden, A. Regev, J. Z. Levin, P. Arlotta, Autism genes
converge on asynchronous development of shared neuron classes (2022), vol. 602.

C. Li, J. S. Fleck, C. Martins-Costa, T. R. Burkard, M. Stuempflen, A. Vertesy, A.
M. Peer, C. Esk, U. Elling, G. Kasprian, N. S. Corsini, B. Treutlein, J. A. Knoblich,
Single-cell brain organoid screening identifies developmental defects in autism.
Biorxiv (2021), doi:10.1101/2022.09.15.508118.

G. W. E. Santen, E. Aten, Y. Sun, R. Almomani, C. Gilissen, M. Nielsen, S. G.
Kant, I. N. Snoeck, E. A. J. Peeters, Y. Hilhorst-Hofstee, M. W. Wessels, N. S. Den
Hollander, C. A. L. Ruivenkamp, G. J. B. Van Ommen, M. H. Breuning, J. T. Den
Dunnen, A. Van Haeringen, M. Krick, Mutations in SWI/SNF chromatin
remodeling complex gene ARID1B cause Coffin-Siris syndrome. Nat Genet. 44,
379-380 (2012).

S. C. S. Nagamani, A. Erez, C. Eng, Z. Ou, C. Chinault, L. Workman, J. Coldwell,
P. Stankiewicz, A. Patel, J. R. Lupski, S. W. Cheung, Interstitial deletion of 6q25.2-
q25.3: A novel microdeletion syndrome associated with microcephaly,
developmental delay, dysmorphic features and hearing loss. European Journal of
Human Genetics. 17, 573-581 (2009).

L. Ronzoni, F. Tagliaferri, A. Tucci, M. Baccarin, S. Esposito, D. Milani, Interstitial
625 microdeletion syndrome: ARIDI1B is the key gene. Am J Med Genet A. 170,
1257-1261 (2016).

G. W. E. Santen, E. Aten, A. T. Vulto-van Silfhout, C. Pottinger, B. W. M. van Bon,
1. J. H. M. van Minderhout, R. Snowdowne, C. A. C. van der Lans, M. Boogaard,
M. M. L. Linssen, L. Vijfhuizen, M. J. R. van der Wielen, M. J. E. Vollebregt, M.
H. Breuning, M. Kriek, A. van Haeringen, J. T. den Dunnen, A. Hoischen, J.
Clayton-Smith, B. B. A. de Vries, R. C. M. Hennekam, M. J. van Belzen, M.
Almureikhi, A. Baban, M. Barbosa, T. Ben-Omran, K. Berry, S. Bigoni, O. Boute,
L. Brueton, I. van der Burgt, N. Canham, K. E. Chandler, K. Chrzanowska, A. L.
Collins, T. de Toni, J. Dean, N. S. den Hollander, L. A. Flore, A. Fryer, A. Gardham,
J. M. Graham, V. Harrison, D. Horn, M. C. Jongmans, D. Josifova, S. G. Kant, S.
Kapoor, H. Kingston, U. Kini, T. Kleefstra, Malgorzata Krajewska-Walasek, N.
Kramer, S. M. Maas, P. Maciel, M. S. M. Grazia, I. Maystadt, S. McKee, J. M.
Milunsky, S. Nampoothiri, R. Newbury-Ecob, S. M. Nikkel, M. J. Parker, L. A.
Pérez-Jurado, S. P. Robertson, C. Rooryck, D. Shears, M. Silengo, A. Singh, R.
Smigiel, G. Soares, M. Splitt, H. Stewart, E. Sweeney, M. Tassabehji, I. K. Temple,

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

B. Tuysuz, A. M. van Eerde, C. Vincent-Delorme, L. C. Wilson, G. Yesil, Coffin-
siris syndrome and the BAF complex: Genotype-phenotype study in 63 patients.
Hum Mutat. 34, 1519-1528 (2013).

C. Martins-Costa, V. Pham, J. Sidhaye, M. Novatchkova, A. Peer, P. Mdseneder, N.
S. Corsini, J. A. Knoblich, Morphogenesis and development of human telencephalic
organoids in the absence and ECM,

doi:10.1101/2022.12.06.519271.

presence of exogenous

R. Narayanan, M. Pirouz, C. Kerimoglu, L. Pham, R. J. Wagener, K. A. Kiszka, J.
Rosenbusch, R. H. Seong, M. Kessel, A. Fischer, A. Stoykova, J. F. Staiger, T. Tuoc,
Loss of BAF (mSWI/SNF) Complexes Causes Global Transcriptional and
Chromatin State Changes in Forebrain Development. Cell Rep. 13, 1842-1854
(2015).

B. J. Molyneaux, P. Arlotta, R. M. Fame, J. L. MacDonald, K. L. MacQuarrie, J. D.
Macklis, Novel Subtype-Specific Genes Identify Distinct Subpopulations of
Callosal Projection Neurons. Journal of Neuroscience. 29, 12343-12354 (2009).

J. E. Otto, O. Ursu, A. P. Wu, E. B. Winter, M. S. Cuoco, S. Ma, K. Qian, B. C.
Michel, J. D. Buenrostro, B. Berger, A. Regev, C. Kadoch, Structural and functional
properties of mSWI/SNF chromatin remodeling complexes revealed through single-
cell perturbation screens. Mol Cell (2023), doi:10.1016/j.molcel.2023.03.013.

L. Westermann, Y. Li, B. Gocmen, M. Niedermoser, K. Rhein, J. Jahn, I. Cascante,
F. Schéler, N. Moser, B. Neubauer, A. Hofherr, Y. L. Behrens, G. Gohring, A.
Kottgen, M. Kottgen, T. Busch, Wildtype heterogeneity contributes to clonal
variability in genome edited cells. Sci Rep. 12 (2022), doi:10.1038/s41598-022-
22885-8.

E. Y. Chen, C. M. Tan, Y. Kou, Q. Duan, Z. Wang, G. V. Meirelles, N. R. Clark, A.
Ma’ayan, “Enrichr: interactive and collaborative HTML5 gene list enrichment
analysis tool” (2013), (available at http://amp.pharm.mssm.edu/Enrichr.).

M. V. Kuleshov, M. R. Jones, A. D. Rouillard, N. F. Fernandez, Q. Duan, Z. Wang,
S. Koplev, S. L. Jenkins, K. M. Jagodnik, A. Lachmann, M. G. McDermott, C. D.
Monteiro, G. W. Gundersen, A. Maayan, Enrichr: a comprehensive gene set
enrichment analysis web server 2016 update. Nucleic Acids Res. 44, W90-W97
(2016).

Z.Xie, A. Bailey, M. V. Kuleshov, D. J. B. Clarke, J. E. Evangelista, S. L. Jenkins,
A. Lachmann, M. L. Wojciechowicz, E. Kropiwnicki, K. M. Jagodnik, M. Jeon, A.
Ma’ayan, Gene Set Knowledge Discovery with Enrichr. Curr Protoc. 1 (2021),
doi:10.1002/cpz1.90.

A. Carrié, L. Jun, T. Bienvenu, M.-C. Vinet, N. Mcdonell, P. Couvert, R. Zemni, A.
Cardona, G. Van Buggenhout, S. Frints, B. Hamel, C. Moraine, H. H. Ropers, T.
Strom, G. R. Howell, A. Whittaker, M. T. Ross, A. Kahn, J.-P. Fryns, C. Beldjord,
P. Marynen, J. Chelly, “A new member of the IL-1 receptor family highly expressed
in hippocampus and involved in X-linked mental retardation” (1999), (available at
http://genetics.nature.com).

A. Piton, J. L. Michaud, H. Peng, S. Aradhya, J. Gauthier, L. Mottron, N.
Champagne, R. G. Lafreniére, F. F. Hamdan, R. Joober, E. Fombonne, C. Marineau,
P. Cossette, M. P. Dubé, P. Haghighi, P. Drapeau, P. A. Barker, S. Carbonetto, G.
A. Rouleau, Mutations in the calcium-related gene ILIRAPLI are associated with
autism. Hum Mol Genet. 17, 3965-3974 (2008).

E. L. Youngs, R. Henkhaus, J. A. Hellings, M. G. Butler, ILIRAPL1 gene deletion
as a cause of X-linked intellectual disability and dysmorphic features. Eur J Med
Genet. 55,32-36 (2012).

M. Carter, S. Nikkel, B. Fernandez, C. Marshall, A. Noor, A. Lionel, A. Prasad, D.
Pinto, A. Joseph-George, C. Noakes, C. Fairbrother-Davies, W. Roberts, J. Vincent,
R. Weksberg, S. Scherer, Hemizygous deletions on chromosome 1p21.3 involving
the DPYD gene in individuals with autism spectrum disorder. Clin Genet. 80, 435—
443 (2011).

M. H. Willemsen, A. Vallés, L. A. M. H. Kirkels, M. Mastebroek, N. O. Loohuis,
A. Kos, W. M. Wissink-Lindhout, A. P. M. de Brouwer, W. M. Nillesen, R. Pfundt,
M. Holder-Espinasse, L. Vallée, J. Andrieux, M. C. Coppens-Hofman, H. Rensen,
B. C. J. Hamel, H. van Bokhoven, A. Aschrafi, T. Kleefstra, Chromosome 1p21.3
microdeletions comprising DPYD and MIR137 are associated with intellectual
disability. J Med Genet. 48, 810-818 (2011).

S. D. Fenster, C. C. Garner, “Gene structure and genetic localization of the PCLO
gene encoding the presynaptic active zone protein Piccolo” (2002).

M. T. Huynh, M. Béri-Dexheimer, C. Bonnet, M. Bronner, A. A. Khan, L. Allou,
C. Philippe, J. Vigneron, P. Jonveaux, RUNXITI, a chromatin repression protein,

Martins-Costa et al. | bioRxiv | May 2023 | 19



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

is a candidate gene for autosomal dominant intellectual disability. Am J Med Genet
A.158 A (2012), pp. 1782-1784.

F. Restaldi, V. Alesi, A. Aquilani, S. Genovese, S. Russo, V. Coletti, D. Pompili, R.
Falasca, B. Dallapiccola, R. Capolino, M. Luciani, A. Novelli, A familial
chromosomal complex rearrangement confirms RUNX1T1 as a causative gene for
intellectual disability and suggests that 1p22.1p21.3 duplication is likely benign.
Mol Cytogenet. 12 (2019), doi:10.1186/s13039-019-0440-6.

A. Millson, D. Lagrave, M. J. H. Willis, L. R. Rowe, E. Lyon, S. T. South,
Chromosomal loss of 3q26.3-3q26.32, involving a partial neuroligin 1 deletion,
identified by genomic microarray in a child with microcephaly, seizure disorder,
and severe intellectual disability. 4m J Med Genet A. 158 A, 159-165 (2012).

T. Ikuta, B. D. Peters, S. Guha, M. John, K. H. Karlsgodt, T. Lencz, P. R. Szeszko,
A. K. Malhotra, A schizophrenia risk gene, ZNF804A, is associated with brain white
matter microstructure. Schizophr Res. 155, 15-20 (2014).

G. Cuellar-Partida, J. Y. Tung, N. Eriksson, E. Albrecht, F. Aliev, O. A. Andreassen,
1. Barroso, J. S. Beckmann, M. P. Boks, D. I. Boomsma, H. A. Boyd, M. M. B.
Breteler, H. Campbell, D. I. Chasman, L. F. Cherkas, G. Davies, E. J. C. de Geus, I.
J. Deary, P. Deloukas, D. M. Dick, D. L. Dufty, J. G. Eriksson, T. Esko, B. Feenstra,
F. Geller, C. Gieger, I. Giegling, S. D. Gordon, J. Han, T. F. Hansen, A. M.
Hartmann, C. Hayward, K. Heikkild, A. A. Hicks, J. N. Hirschhorn, J. J. Hottenga,
J. E. Huffman, L. D. Hwang, M. A. Tkram, J. Kaprio, J. P. Kemp, K. T. Khaw, N.
Klopp, B. Konte, Z. Kutalik, J. Lahti, X. Li, R. J. F. Loos, M. Luciano, S. H.
Magnusson, M. Mangino, P. Marques-Vidal, N. G. Martin, W. L. McArdle, M. 1.
McCarthy, C. Medina-Gomez, M. Melbye, S. A. Melville, A. Metspalu, L. Milani,
V. Mooser, M. Nelis, D. R. Nyholt, K. S. O’Connell, R. A. Ophoff, C. Palmer, A.
Palotie, T. Palviainen, G. Pare, L. Paternoster, L. Peltonen, B. W. J. H. Penninx, O.
Polasek, P. P. Pramstaller, I. Prokopenko, K. Raikkonen, S. Ripatti, F. Rivadeneira,
I. Rudan, D. Rujescu, J. H. Smit, G. D. Smith, J. W. Smoller, N. Soranzo, T. D.
Spector, B. S. Pourcain, J. M. Starr, H. Stefansson, S. Steinberg, M. Teder-Laving,
G. Thorleifsson, K. Stefansson, N. J. Timpson, A. G. Uitterlinden, C. M. van Duijn,
F. J. A. van Rooij, J. M. Vink, P. Vollenweider, E. Vuoksimaa, G. Waeber, N. J.
Wareham, N. Warrington, D. Waterworth, T. Werge, H. E. Wichmann, E. Widen,
G. Willemsen, A. F. Wright, M. J. Wright, M. Xu, J. H. Zhao, P. Kraft, D. A. Hinds,
C. M. Lindgren, R. Migi, B. M. Neale, D. M. Evans, S. E. Medland, Genome-wide
association study identifies 48 common genetic variants associated with
handedness. Nat Hum Behav. 5, 59-70 (2021).

Z. Sha, D. Schijven, A. Carrion-Castillo, M. Joliot, B. Mazoyer, S. E. Fisher, F.
Crivello, C. Francks, The genetic architecture of structural left-right asymmetry of
the human brain. Nat Hum Behav. 5, 1226-1239 (2021).

R. N. Traylor, Z. Fan, B. Hudson, J. A. Rosenfeld, L. G. Shaffer, B. S. Torchia, B.
C. Ballif, Microdeletion of 6q16.1 encompassing EPHA7 in a child with mild
neurological abnormalities and dysmorphic features: Case report. Mol Cytogenet. 2
(2009), doi:10.1186/1755-8166-2-17.

A. C. A. Rao, H. Goel, Pathogenic nonsense variant in NFIB in another patient with
dysmorphism, Autism Spectrum Disorder, agenesis of the corpus callosum, and
intellectual disability. Eur J Med Genet. 63 (2020),
doi:10.1016/j.ejmg.2020.104092.

1. Schanze, J. Bunt, J. W. C. Lim, D. Schanze, R. J. Dean, M. Alders, P. Blanchet,
T. Attié-Bitach, S. Berland, S. Boogert, S. Boppudi, C. J. Bridges, M. T. Cho, W.
B. Dobyns, D. Donnai, J. Douglas, D. L. Earl, T. J. Edwards, L. Faivre, B. Fregeau,
D. Genevieve, M. Gérard, V. Gatinois, M. Holder-Espinasse, S. F. Huth, K. Tzumi,
B. Kerr, E. Lacaze, P. Lakeman, S. Mahida, G. M. Mirzaa, S. M. Morgan, C. Nowak,
H. Peeters, F. Petit, D. T. Pilz, J. Puechberty, E. Reinstein, J. B. Rivi¢re, A. B.
Santani, A. Schneider, E. H. Sherr, C. Smith-Hicks, I. Wieland, E. Zackai, X. Zhao,
R. M. Gronostajski, M. Zenker, L. J. Richards, NFIB Haploinsufficiency Is
Associated with Intellectual Disability and Macrocephaly. 4m J Hum Genet. 103,
752-768 (2018).

B. Aranda-Orgillés, A. Trockenbacher, J. Winter, J. Aigner, A. Koéhler, E.
Jastrzebska, J. Stahl, E. C. Miiller, A. Otto, E. E. Wanker, R. Schneider, S.
Schweiger, The Opitz syndrome gene product MID1 assembles a microtubule-
associated ribonucleoprotein complex. Hum Genet. 123, 163176 (2008).

T. C. Cox, L.R. Allen, L. L. Cox, B. Hopwood, B. Goodwin, E. Haan, G. K. Suthers,
New mutations in MID1 provide support for loss of function as the cause of X-
linked Opitz syndrome. Hum Mol Genet. 9, 2553-2562 (2000).

B. Fontanella, G. Russolillo, G. Meroni, MID1 mutations in patients with X-linked
Opitz G/BBB syndrome. Hum Mutat. 29, 584-594 (2008).

L. Pinson, J. Augg¢, S. Audollent, G. Mattéi, H. Etchevers, N. Gigarel, F. Razavi, D.
Lacombe, S. Odent, M. Le Merrer, J. Amiel, A. Munnich, G. Meroni, S. Lyonnet,

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

M. Vekemans, T. Attié-Bitach, Embryonic expression of the human MID1 gene and
its mutations in Opitz syndrome. J Med Genet. 41, 381-386 (2004).

C.J. Ellaway, G. Ho, E. Bettella, A. Knapman, F. Collins, A. Hackett, F. McKenzie,
A. Darmanian, G. B. Peters, K. Fagan, J. Christodoulou, 14q12 microdeletions
excluding FOXGI give rise to a congenital variant Rett syndrome-like phenotype.
European Journal of Human Genetics. 21, 522-527 (2013).

Guanting Lu, Yan Zhang, Huiyun Xia, Xiaoyan He, Pei Xu, Lianying Wu, Ding Li,
Liya Ma, Jin Wu, Qiongling Peng, Identification of a de novo mutation of the
FOXG1 gene and comprehensive analysis for molecular factors in Chinese FOXG1-
related encephalopathies. Front. Mol. Neurosci. 15 (2022) (available at
https://pubmed.ncbi.nlm.nih.gov/).

M. Takagi, G. Sasaki, T. Mitsui, M. Honda, Y. Tanaka, T. Hasegawa, A 2.0Mb
microdeletion in proximal chromosome 14q12, involving regulatory elements of
FOXG1, with the coding region of FOXGI being unaffected, results in severe
developmental delay, microcephaly, and hypoplasia of the corpus callosum. Eur J
Med Genet. 56, 526-528 (2013).

H. Bagheri, C. Badduke, Y. Qiao, R. Colnaghi, I. Abramowicz, D. Alcantara, C.
Dunham, J. Wen, R. S. Wildin, M. J. M. Nowaczyk, J. Eichmeyer, A. Lehman, B.
Maranda, S. Martell, X. Shan, S. M. E. Lewis, M. O’Driscoll, C. Y. Gregory-Evans,
E. Rajcan-Separovic, Identifying candidate genes for 2p15p16.1 microdeletion
syndrome using clinical, genomic, and functional analysis. JCI Insight. 1 (2016),
doi:10.1172/jci.insight.85461.

C. Dias, S. B. Estruch, S. A. Graham, J. McRae, S. J. Sawiak, J. A. Hurst, S. K. Joss,
S. E. Holder, J. E. V. Morton, C. Turner, J. Thevenon, K. Mellul, G. Sanchez-
Andrade, X. Ibarra-Soria, P. Deriziotis, R. F. Santos, S. C. Lee, L. Faivre, T.
Kleefstra, P. Liu, M. E. Hurles, S. E. Fisher, D. W. Logan, BCLI11A
Haploinsufficiency Causes an Intellectual Disability Syndrome and Dysregulates
Transcription. Am J Hum Genet. 99, 253-274 (2016).

J. M. G. Florisson, I. M. J. Mathijssen, B. Dumee, J. A. M. Hoogeboom, P. J.
Poddighe, B. A. Oostra, J. P. Frijns, L. Koster, A. de Klein, B. Eussen, B. B. A. de
Vries, S. Swagemakers, P. J. van der Spek, A. J. M. H. Verkerk, Complex
craniosynostosis is associated with the 2p15p16.1 microdeletion syndrome. Am J
Med Genet A. 161, 244-253 (2013).

V. Hucthagowder, T. C. Liu, A. R. Paciorkowski, L. L. Thio, M. S. Keller, C. D.
Anderson, T. Herman, L. P. Dehner, D. K. Grange, S. Kulkarni, Chromosome
2p15p16.1 microdeletion syndrome: 2.5 Mb deletion in a patient with renal
anomalies, intractable seizures and a choledochal cyst. Eur J Med Genet. 55, 485—
489 (2012).

M. Piccione, E. Piro, F. Serraino, S. Cavani, R. Ciccone, M. Malacarne, M. Pierluigi,
M. Vitaloni, O. Zuffardi, G. Corsello, Interstitial deletion of chromosome 2p15-
16.1: Report of two patients and critical review of current genotype-phenotype
correlation. Eur J Med Genet. 55, 238-244 (2012).

H. Shimbo, T. Yokoi, N. Aida, S. Mizuno, H. Suzumura, J. Nagai, K. Ida, Y.
Enomoto, C. Hatano, K. Kurosawa, Haploinsufficiency of BCL11A associated with
cerebellar abnormalities in 2p15p16.1 deletion syndrome. Mol Genet Genomic Med.
5,429-437 (2017).

M. Poot, H. Y. Kroes, R. Hochstenbach, AKT3 as a candidate gene for corpus
callosum anomalies in patients with 1q44 deletions. Eur J Med Genet. 51 (2008),
pp. 689-690.

C. Montani, M. Ramos-Brossier, L. Ponzoni, L. Gritti, A. W. Cwetsch, D. Braida,
Y. Saillour, B. Terragni, M. Mantegazza, M. Sala, C. Verpelli, P. Billuart, C. Sala,
The X-linked intellectual disability protein ILIRAPLI regulates dendrite
complexity. Journal of Neuroscience. 37, 66066627 (2017).

M. Piper, R. X. Moldrich, C. Lindwall, E. Little, G. Barry, S. Mason, N. Sunn, N.
D. Kurniawan, R. M. Gronostajski, L. J. Richards, Multiple non-cell-autonomous
defects underlie neocortical callosal dysgenesis in Nfib-deficient mice. Neural Dev.
4, 1-16 (2009).

T. Lu, R. Chen, T. C. Cox, R. X. Moldrich, N. Kurniawan, G. Tan, J. K. Perry, A.
Ashworth, P. F. Bartlett, L. Xu, J. Zhang, B. Lu, M. Wu, Q. Shen, Y. Liu, L. J.
Richards, Z. Xiong, X-linked microtubule-associated protein, Mid1, regulates axon
development. Proc Natl Acad Sci U S 4. 110, 19131-19136 (2013).

C. Wiegreffe, R. Simon, K. Peschkes, C. Kling, M. Strehle, J. Cheng, S. Srivatsa, P.
Liu, N. A. Jenkins, N. G. Copeland, V. Tarabykin, S. Britsch, Bcllla (Ctipl)
Controls Migration of Cortical Projection Neurons through Regulation of Sema3c.
Neuron. 87, 311-325 (2015).

Martins-Costa et al. | bioRxiv | May 2023 | 20



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

M. B. Woodworth, L. C. Greig, K. X. Liu, G. C. Ippolito, H. O. Tucker, J. D.
Macklis, Ctipl Regulates the Balance between Specification of Distinct Projection
Neuron Subtypes in Deep Cortical Layers. Cell Rep. 15,999-1012 (2016).

H. Du, Z. Wang, R. Guo, L. Yang, G. Liu, Z. Zhang, Z. Xu, Y. Tian, Z. Yang, X.
Li, B. Chen, Transcription factors Bcll 1a and Bell1b are required for the production
and differentiation of cortical projection neurons. Cereb Cortex. 32, 3611-3632
(2022).

T. Kirihara, Z. Luo, S. Y. A. Chow, R. Misawa, J. Kawada, S. Shibata, F. Khoyratee,
C. A. Vollette, V. Volz, T. Levi, T. Fujii, Y. Ikeuchi, A Human Induced Pluripotent
Stem Cell-Derived Tissue Model of a Cerebral Tract Connecting Two Cortical
Regions. iScience. 14,301-311 (2019).

A. Yuan, M. V. Rao, Veeranna, R. A. Nixon, Neurofilaments and neurofilament
proteins in health and disease. Cold Spring Harb Perspect Biol. 9 (2017),
doi:10.1101/cshperspect.a018309.

M. Piper, O. Zalucki, T. Fothergill, G. Goudreau, R. Erzurumlu, C. Gu, L. J.
Richards, Neuropilin 1-Sema Signaling Regulates Crossing of Cingulate Pioneering
Axons during Development of the Corpus Callosum. Cerebral Cortex. 19, 11-21
(2009).

M. Nishikimi, K. Oishi, H. Tabata, K. Torii, K. Nakajima, Segregation and
pathfinding of callosal axons through EphA3 signaling. Journal of Neuroscience.
31, 16251-16260 (2011).

J. Zhou, Y. Wen, L. She, Y. -n. Sui, L. Liu, L. J. Richards, M. -m. Poo, Axon
position within the corpus callosum determines contralateral cortical projection.
Proceedings of the National Academy of Sciences. 110, E2714-E2723 (2013).

B. G. Rash, L. J. Richards, A role for cingulate pioneering axons in the development
of the corpus callosum. Journal of Comparative Neurology. 434, 147-157 (2001).

T. Ren, A. Anderson, W. Bin Shen, H. Huang, C. Plachez, J. Zhang, S. Mori, S. L.
Kinsman, L. J. Richards, Imaging, anatomical, and molecular analysis of callosal
formation in the developing human fetal brain. Anatomical Record - Part A
Discoveries in Molecular, Cellular, and Evolutionary Biology. 288, 191-204
(2006).

D. M. A. van den Heuvel, A. J. C. G. M. Hellemons, R. J. Pasterkamp,
Spatiotemporal Expression of Repulsive Guidance Molecules (RGMs) and Their
Brain. PLoS One. 8 (2013),

Receptor Neogenin in the Mouse

doi:10.1371/journal.pone.0055828.

R. M. Fame, C. Dehay, H. Kennedy, J. D. Macklis, Subtype-Specific Genes that
Characterize Subpopulations of Callosal Projection Neurons in Mouse Identify
Molecularly Homologous Populations in Macaque Cortex. Cereb Cortex. 27, 1817—
1830 (2017).

I. Bormuth, K. Yan, T. Yonemasu, M. Gummert, M. Zhang, S. Wichert, O. Grishina,
A. Pieper, W. Zhang, S. Goebbels, V. Tarabykin, K. A. Nave, M. H. Schwab,
Neuronal basic helix-loop-helix proteins neurod2/6 regulate cortical commissure
formation before midline interactions. Journal of Neuroscience. 33, 641-651
(2013).

J. Canovas, F. A. Berndt, H. Sepulveda, R. Aguilar, F. A. Veloso, M. Montecino,
C. Oliva, J. C. Maass, J. Sierralta, M. Kukuljan, The specification of cortical
subcerebral projection neurons depends on the direct repression of TBR1 by
CTIP1/BCL11a. Journal of Neuroscience. 35, 75527564 (2015).

W. L. McKenna, J. Betancourt, K. A. Larkin, B. Abrams, C. Guo, J. L. R.
Rubenstein, B. Chen, Tbrl and Fezf2 regulate alternate corticofugal neuronal
identities during neocortical development. Journal of Neuroscience. 31, 549-564
(2011).

B. Chen, S. S. Wang, A. M. Hattox, H. Rayburn, S. B. Nelson, S. K. McConnell,
The Fezf2-Ctip2 genetic pathway regulates the fate choice of subcortical projection
neurons in the developing cerebral cortex. Proc Natl Acad Sci U S A. 105, 11382—
11387 (2008).

Y. Hatanaka, K. Yamauchi, Excitatory cortical neurons with multipolar shape
establish neuronal polarity by forming a tangentially oriented axon in the
intermediate zone. Cerebral Cortex. 23, 105-113 (2013).

Y. Hatanaka, T. Namikawa, K. Yamauchi, Y. Kawaguchi, Cortical Divergent
Projections in Mice Originate from Two Sequentially Generated, Distinct
Populations of Excitatory Cortical Neurons with Different Initial Axonal Outgrowth
Characteristics. Cerebral Cortex. 26,2257-2270 (2016).

96.

97.

98.

99.

100.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

S. W. Mendes, Multiple Eph Receptors and B-Class Ephrins Regulate Midline
Crossing of Corpus Callosum Fibers in the Developing Mouse Forebrain. Journal
of Neuroscience. 26, 882-892 (2006).

H. A. North, M. A. Clifford, M. J. Donoghue, “Til Eph do us part”: Intercellular
signaling via Eph receptors and ephrin ligands guides cerebral cortical development
from birth through maturation. Cerebral Cortex. 23 (2013), pp. 1765-1773.

J. H. Rogers, T. Ciossek, A. Ullrich, E. West, M. Hoare, E. M. Muir, “Distribution
of the receptor EphA7 and its ligands in development of the mouse nervous system”
(1999), (available at www.elsevier.comrlocaterbres).

J. Bunt, J. M. Osinski, J. W. Lim, D. Vidovic, Y. Ye, O. Zalucki, T. R. O’Connor,
L. Harris, R. M. Gronostajski, L. J. Richards, M. Piper, Combined allelic dosage of
Nfia and Nfib regulates cortical development . Brain Neurosci Adv. 1,
239821281773943 (2017).

G. Steele-Perkins, C. Plachez, K. G. Butz, G. Yang, C. J. Bachurski, S. L. Kinsman,
E. D. Litwack, L. J. Richards, R. M. Gronostajski, The Transcription Factor Gene
Nfib Is Essential for both Lung Maturation and Brain Development . Mol Cell Biol.
25, 685-698 (2005).

C. Bachmann, H. Nguyen, J. Rosenbusch, L. Pham, T. Rabe, M. Patwa, G. Sokpor,
R. H. Seong, R. Ashery-Padan, A. Mansouri, A. Stoykova, J. F. Staiger, T. Tuoc,
mSWI/SNF (BAF) Complexes Are Indispensable for the Neurogenesis and
Development of Embryonic Olfactory Epithelium. PLoS Genet. 12 (2016),
doi:10.1371/journal.pgen.1006274.

K.Y. Choi, M. Yoo, J. H. Han, Toward understanding the role of the neuron-specific
BAF chromatin remodeling complex in memory formation. Exp Mol Med. 47
(2015), , doi:10.1038/EMM.2014.129.

A. John, H. Brylka, C. Wiegreffe, R. Simon, P. Liu, R. Jiittner, I. Bryan Crenshaw,
F. P. Luyten, N. A. Jenkins, N. G. Copeland, C. Birchmeier, S. Britsch, Bcll la is
required for neuronal morphogenesis and sensory circuit formation in dorsal spinal
cord development. Development. 139, 1831-1841 (2012).

J. I. Wu, J. Lessard, I. A. Olave, Z. Qiu, A. Ghosh, I. A. Graef, G. R. Crabtree,
Regulation of Dendritic Development by Neuron-Specific Chromatin Remodeling
Complexes. Neuron. 56, 94-108 (2007).

P. Weinberg, N. Flames, H. Sawa, G. Garriga, O. Hobert, The SWI/SNF chromatin
remodeling complex selectively affects multiple aspects of serotonergic neuron
differentiation. Genetics. 194, 189-198 (2013).

M. Ka, D. A. Chopra, S. M. Dravid, W. Y. Kim, Essential roles for ARIDIB in
dendritic arborization and spine morphology of developing pyramidal neurons.
Journal of Neuroscience. 36, 2723-2742 (2016).

1. Gobius, L. Richards, Creating Connections in the Developing Brain: Mechanisms
Regulating Corpus Callosum Development (2011).

F. Aboitiz, J. Montiel, One hundred million years of interhemispheric
communication: The history of the corpus callosum. Brazilian Journal of Medical
and Biological Research. 36, 409-420 (2003).

D. Z. Doyle, M. M. Lam, A. Qalieh, Y. Qalich, A. Sorel, O. H. Funk, K. Y. Kwan,
Chromatin remodeler Aridla regulates subplate neuron identity and wiring of
cortical connectivity. Proc Natl Acad Sci U S A. 118 (2021),

doi:10.1073/pnas.2100686118.

M. Alvarez-Saavedra, K. Yan, Y. De Repentigny, L. E. Hashem, N. Chaudary, S.
Sarwar, D. Yang, I. Toshikhes, R. Kothary, T. Hirayama, T. Yagi, D. J. Picketts,
Snf2h Drives Chromatin Remodeling to Prime Upper Layer Cortical Neuron
Development. Front Mol Neurosci. 12 (2019), doi:10.3389/fnmol.2019.00243.

A. Filatova, L. K. Rey, M. B. Lechler, J. Schaper, M. Hempel, R. Posmyk, K.
Szczaluba, G. W. E. Santen, D. Wieczorek, U. A. Nuber, Mutations in SMARCBI1
and in other Coffin—Siris syndrome genes lead to various brain midline defects. Nat
Commun. 10 (2019), doi:10.1038/s41467-019-10849-y.

1. Gobius, L. Morcom, R. Suarez, J. Bunt, P. Bukshpun, W. Reardon, W. B. Dobyns,
J. L. R. Rubenstein, A. J. Barkovich, E. H. Sherr, L. J. Richards, Astroglial-
Mediated Remodeling of the Interhemispheric Midline Is Required for the
Formation of the Corpus Callosum. Cell Rep. 17, 735-747 (2016).

Y. Tsurusaki, N. Okamoto, H. Ohashi, S. Mizuno, N. Matsumoto, Y. Makita, M.
Fukuda, B. Isidor, J. Perrier, S. Aggarwal, A. B. Dalal, A. Al-Kindy, J. Liebelt, D.
Mowat, M. Nakashima, H. Saitsu, N. Miyake, N. Matsumoto, Coffin-Siris
syndrome is a SWI/SNF complex disorder. Clin Genet. 85, 548-554 (2014).

Martins-Costa et al. | bioRxiv | May 2023 | 21



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

T. Kosho, N. Okamoto, Y. Imai, H. Ohashi, A. M. van Eerde, K. Chrzanowska, J.
Clayton-Smith, H. Kingston, F. Mari, S. Aggarwal, D. Mowat, N. Niikawa, Y.
Hiraki, N. Matsumoto, Y. Fukushima, D. Josifova, J. Dean, R. Smigiel, S.
Sakazume, M. Silengo, S. Tinschert, H. Kawame, S. Yano, T. Yamagata, B. W. M.
van Bon, A. T. Vulto-van Silfhout, T. Ben-Omran, S. Bigoni, Y. Alanay, N. Miyake,
Y. Tsurusaki, N. Matsumoto, G. W. E. Santen, D. Wieczorek, B. Wollnik, R. C. M.
Hennekam, Genotype-phenotype correlation of coffin-siris syndrome caused by
mutations in SMARCBI1, SMARCA4, SMARCE], and ARID1A. Am J Med Genet
C Semin Med Genet. 166, 262-275 (2014).

T. Kosho, N. Okamoto, H. Ohashi, Y. Tsurusaki, Y. Imai, Y. Hibi-Ko, H. Kawame,
T. Homma, S. Tanabe, M. Kato, Y. Hiraki, T. Yamagata, S. Yano, S. Sakazume, T.
Ishii, T. Nagai, T. Ohta, N. Niikawa, S. Mizuno, T. Kaname, K. Naritomi, Y.
Narumi, K. Wakui, Y. Fukushima, S. Miyatake, T. Mizuguchi, H. Saitsu, N.
Miyake, N. Matsumoto, Clinical correlations of mutations affecting six components
of the SWI/SNF complex: Detailed description of 21 patients and a review of the
literature. Am J Med Genet 4. 161, 1221-1237 (2013).

J. J. Moffat, E. M. Jung, M. Ka, B. T. Jeon, H. Lee, W. Y. Kim, Differential roles
of ARIDIB in excitatory and inhibitory neural progenitors in the developing cortex.
Sci Rep. 11, 1-17 (2021).

J. Berg, S. A. Sorensen, J. T. Ting, J. A. Miller, T. Chartrand, A. Buchin, T. E.
Bakken, A. Budzillo, N. Dee, S. L. Ding, N. W. Gouwens, R. D. Hodge, B.
Kalmbach, C. Lee, B. R. Lee, L. Alfiler, K. Baker, E. Barkan, A. Beller, K. Berry,
D. Bertagnolli, K. Bickley, J. Bomben, T. Braun, K. Brouner, T. Casper, P. Chong,
K. Crichton, R. Dalley, R. de Frates, T. Desta, S. D. Lee, F. D’Orazi, N. Dotson, T.
Egdorf, R. Enstrom, C. Farrell, D. Feng, O. Fong, S. Furdan, A. A. Galakhova, C.
Gamlin, A. Gary, A. Glandon, J. Goldy, M. Gorham, N. A. Goriounova, S. Gratiy,
L. Graybuck, H. Gu, K. Hadley, N. Hansen, T. S. Heistek, A. M. Henry, D. B. Heyer,
D. J. Hill, C. Hill, M. Hupp, T. Jarsky, S. Kebede, L. Keene, L. Kim, M. H. Kim,
M. Kroll, C. Latimer, B. P. Levi, K. E. Link, M. Mallory, R. Mann, D. Marshall, M.
Maxwell, M. McGraw, D. McMillen, E. Melief, E. J. Mertens, L. Mezei, N. Mihut,
S. Mok, G. Molnar, A. Mukora, L. Ng, K. Ngo, P. R. Nicovich, J. Nyhus, G. Olah,
A. Oldre, V. Omstead, A. Ozsvar, D. Park, H. Peng, T. Pham, C. A. Pom, L.
Potekhina, R. Rajanbabu, S. Ransford, D. Reid, C. Rimorin, A. Ruiz, D. Sandman,
J. Sule, S. M. Sunkin, A. Szafer, V. Szemenyei, E. R. Thomsen, M. Tieu, A.
Torkelson, J. Trinh, H. Tung, W. Wakeman, F. Waleboer, K. Ward, R. Wilbers, G.
Williams, Z. Yao, J. G. Yoon, C. Anastassiou, A. Arkhipov, P. Barzo, A. Bernard,
C. Cobbs, P. C. de Witt Hamer, R. G. Ellenbogen, L. Esposito, M. Ferreira, R. P.
Gwinn, M. J. Hawrylycz, P. R. Hof, S. Idema, A. R. Jones, C. D. Keene, A. L. Ko,
G. J. Murphy, L. Ng, J. G. Ojemann, A. P. Patel, J. W. Phillips, D. L. Silbergeld, K.
Smith, B. Tasic, R. Yuste, I. Segev, C. P. J. de Kock, H. D. Mansvelder, G. Tamas,
H. Zeng, C. Koch, E. S. Lein, Human neocortical expansion involves glutamatergic
neuron diversification. Nature. 598, 151-158 (2021).

1. H. M. Smart, Unique Morphological Features of the Proliferative Zones and
Postmitotic Compartments of the Neural Epithelium Giving Rise to Striate and
Extrastriate Cortex in the Monkey. Cerebral Cortex. 12, 37-53 (2002).

A. A. Galakhova, S. Hunt, R. Wilbers, D. B. Heyer, C. P. J. de Kock, H. D.
Mansvelder, N. A. Goriounova, Evolution of cortical neurons supporting human
cognition. Trends Cogn Sci. 26 (2022), pp. 909-922.

B. K. Stepien, R. Naumann, A. Holtz, J. Helppi, W. B. Huttner, S. Vaid,
Lengthening Neurogenic Period during Neocortical Development Causes a
Hallmark of Neocortex Expansion. Current Biology. 30, 4227-4237.e5 (2020).

B. K. Stepien, S. Vaid, W. B. Huttner, Length of the Neurogenic Period—A Key
Determinant for the Generation of Upper-Layer Neurons During Neocortex
Development and  Evolution. Front Cell Dev Biol. 9 (2021), |,
doi:10.3389/fcell.2021.676911.

H. Y. Zoghbi, M. F. Bear, Synaptic dysfunction in neurodevelopmental disorders
associated with autism and intellectual disabilities. Cold Spring Harb Perspect Biol.
4 (2012), doi:10.1101/cshperspect.a009886.

F. Boscia, M. L. Elkjaer, Z. Illes, M. Kukley, Altered Expression of Ton Channels
in White Matter Lesions of Progressive Multiple Sclerosis: What Do We Know
About  Their  Function?  Front  Cell  Neurosci. 15  (2021),
doi:10.3389/fncel.2021.685703.

H. Toyoda, M.-G. Zhao, V. Mercaldo, T. Chen, G. Descalzi, S. Kida, M. Zhuo,
“Calcium/calmodulin-dependent kinase IV contributes to translation-dependent
early synaptic potentiation in the anterior cingulate cortex of adult mice” (2010),
(available at http://www.molecularbrain.com/content/3/1/27).

Ji Seung Ko, Gopal Pramanik, Ji Won Um, Ji Seon Shim, Dongmin Lee, Kee Hun
Kim, Gug-Young Chung, Giuseppe Condomitti, Ho Min Kim, Hyun Kim, Joris de
Wit, Kang-Sik Park, Katsuhiko Tabuchi, Jaewon Ko, Ptpc functions as a

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

presynaptic receptor for the glypican-4/LRRTM4 complex and is essential for
excitatory synaptic transmission. Proc Natl Acad Sci U S A. 112, 1874-1879 (2015).

J. DeWit, M. L. O’Sullivan, J. N. Savas, G. Condomitti, M. C. Caccese, K. M.
Vennekens, J. R. Yates, A. Ghosh, Unbiased discovery of Glypican as a receptor for
LRRTM4 in regulating excitatory synapse development. Neuron. 79, 696-711
(2013).

A. A. Chubykin, D. Atasoy, M. R. Etherton, N. Brose, E. T. Kavalali, J. R. Gibson,
T. C. Siidhof, Activity-Dependent Validation of Excitatory versus Inhibitory
Synapses by Neuroligin-1 versus Neuroligin-2. Neuron. 54, 919-931 (2007).

E. D. Gundelfinger, C. Reissner, C. C. Garner, Role of Bassoon and Piccolo in
Assembly and Molecular Organization of the Active Zone. Front Synaptic Neurosci.
7 (2016), , doi:10.3389/fnsyn.2015.00019.

P. Valnegri, C. Montrasio, D. Brambilla, J. Ko, M. Passafaro, C. Sala, The X-linked
intellectual disability protein ILIRAPLI regulates excitatory synapse formation by
binding PTPS and RHOGAP2. Hum Mol Genet. 20, 47974809 (2011).

A. Pavlowsky, A. Gianfelice, M. Pallotto, A. Zanchi, H. Vara, M. Khelfaoui, P.
Valnegri, X. Rezai, S. Bassani, D. Brambilla, J. Kumpost, J. Blahos, M. J. Roux, Y.
Humeau, J. Chelly, M. Passafaro, M. Giustetto, P. Billuart, C. Sala, A Postsynaptic
Signaling Pathway that May Account for the Cognitive Defect Due to ILIRAPL1
Mutation. Current Biology. 20, 103-115 (2010).

H. Park, Y. Choi, H. Jung, S. Kim, S. Lee, H. Han, H. Kweon, S. Kang, W. S. Sim,
F. Koopmans, E. Yang, H. Kim, A. B. Smit, Y. C. Bae, E. Kim, Splice-dependent
trans-synaptic PTPS-ILIRAPLI interaction regulates synapse formation and non-
REM sleep. EMBO J. 39, 1-21 (2020).

M. Ramos-Brossier, C. Montani, N. Lebrun, L. Gritti, C. Martin, C. Seminatore-
nole, A. Toussaint, S. Moreno, K. Poirier, O. Dorseuil, J. Chelly, A. Hackett, J.
Gecz, E. Bieth, A. Faudet, D. Heron, R. Frank Kooy, B. Loeys, Y. Humeau, C. Sala,
P. Billuart, Novel ILIRAPL1 mutations associated with intellectual disability
impair synaptogenesis. Hum Mol Genet. 24, 1106-1118 (2015).

P. Guillem, B. Fabre, C. Cans, E. Robert-Gnansia, P. S. Jouk, Trends in elective
terminations of pregnancy between 1989 and 2000 in a French county (the Isére).
Prenat Diagn. 23, 877-883 (2003).

E. Schwartz, M. C. Diogo, S. Glatter, R. Seidl, P. C. Brugger, G. M. Gruber, H.
Kiss, K. Nenning, G. Langs, D. Prayer, G. Kasprian, The Prenatal Morphomechanic
Impact of Agenesis of the Corpus Callosum on Human Brain Structure and
Asymmetry. Cerebral Cortex, 1-14 (2021).

V. des Portes, A. Rolland, J. Velazquez-Dominguez, E. Peyric, M. P. Cordier, P.
Gaucherand, J. Massardier, M. Massoud, A. Curie, A. S. Pellot, F. Rivier, A.
Lacalm, A. Clément, D. Ville, L. Guibaud, Outcome of isolated agenesis of the
corpus callosum: A population-based prospective study. European Journal of
Paediatric Neurology. 22, 82-92 (2018).

A. Sotiriadis, G. Makrydimas, Am
doi:10.1016/j.ajog.2011.12.024.

J Obstet Gynecol, in press,

R. Edgar, M. Domrachev, A. E. Lash, “Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository” (2002), (available at
http://www.ninds.nih.gov/).

A. Gholipour, C. K. Rollins, C. Velasco-Annis, A. Ouaalam, A. Akhondi-Asl, O.
Afacan, C. M. Ortinau, S. Clancy, C. Limperopoulos, E. Yang, J. A. Estroff, S. K.
Warfield, A normative spatiotemporal MRI atlas of the fetal brain for automatic
segmentation and analysis of early brain growth. Sci Rep. 7, 1-13 (2017).

M. Stuempflen, E. Schwartz, M. C. Diogo, S. Glatter, B. Pfeiler, P. Kienast, A.
Taymourtash, V. U. Schmidbauer, L. Bartha-Doering, E. Krampl-Bettelheim, R.
Seidl, G. Langs, D. Prayer, G. Kasprian, Fetal MRI based brain atlas analysis detects
initial in utero effects of prenatal alcohol exposure. Cerebral Cortex (2023),
doi:10.1093/cercor/bhad005.

M. Ebner, G. Wang, W. Li, M. Aertsen, P. A. Patel, R. Aughwane, A. Melbourne,
T. Doel, S. Dymarkowski, P. De Coppi, A. L. David, J. Deprest, S. Ourselin, T.
Vercauteren, An automated framework for localization, segmentation and super-
resolution reconstruction of fetal brain MRI. 206 (2020),
doi:10.1016/j.neuroimage.2019.116324.

Neuroimage.

P. A. Yushkevich, J. Piven, H. C. Hazlett, R. G. Smith, S. Ho, J. C. Gee, G. Gerig,
User-guided 3D active contour segmentation of anatomical structures: Significantly
improved efficiency and reliability. Neuroimage. 31, 1116-1128 (2006).

C. A. Agu, F. A. C. Soares, A. Alderton, M. Patel, R. Ansari, S. Patel, S. Forrest, F.
Yang, J. Lincham, L. Vallier, C. M. Kirton, Successful generation of human induced

Martins-Costa et al. | bioRxiv | May 2023 | 22



143.

144,

145.

146.

147.

148.

pluripotent stem cell lines from blood samples held at room temperature for up to
48 hr. Stem Cell Reports. 5, 660-671 (2015).

M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J. A. Doudna, E. Charpentier, “A
Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial
Immunity,” (available at https://www.science.org).

P. Danecek, S. A. McCarthy, H. S. Consortium, R. Durbin, A method for checking
genomic integrity in cultured cell lines from snp genotyping data. PLoS One. 11
(2016), doi:10.1371/journal.pone.0155014.

R. C. Challis, S. Ravindra Kumar, K. Y. Chan, C. Challis, K. Beadle, M. J. Jang, H.
M. Kim, P. S. Rajendran, J. D. Tompkins, K. Shivkumar, B. E. Deverman, V.
Gradinaru, Systemic AAV vectors for widespread and targeted gene delivery in
rodents. Nat Protoc. 14, 379-414 (2019).

P. O. Buclez, G. Dias Florencio, K. Relizani, C. Beley, L. Garcia, R. Benchaouir,
Rapid, scalable, and low-cost purification of recombinant adeno-associated virus
produced by baculovirus expression vector system. Mol Ther Methods Clin Dev. 3,
16035 (2016).

C. Aurnhammer, M. Haase, N. Muether, M. Hausl, C. Rauschhuber, I. Huber, H.
Nitschko, U. Busch, A. Sing, A. Ehrhardt, A. Baiker, Universal real-time PCR for
the detection and quantification of adeno-associated virus serotype 2-derived
inverted terminal repeat sequences. Hum Gene Ther Methods. 23, 18-28 (2012).

R. Ando, H. Hama, M. Yamamoto-Hino, H. Mizuno, A. Miyawaki, R. Y. Tsien,
“An optical marker based on the UV-induced green-to-red photoconversion of a
fluorescent protein” (2002), (available at www.pnas.orgcgidoil0).

149.

150.

151.

152.

153.

154.

155.

A. Sumser, M. Joesch, P. Jonas, Y. Ben-Simon, Fast, high-throughput production
of improved rabies viral vectors for specific, efficient and versatile transsynaptic
retrograde labelling. Elife. 11 (2022), doi:10.7554/eLife.79848.

I. R. Wickersham, H. A. Sullivan, H. S. Seung, Production of glycoprotein-deleted
rabies viruses for monosynaptic tracing and high-level gene expression in neurons.
Nat Protoc. 5, 595-606 (2010).

T. Osaki, S. Y. A. Chow, Y. Nakanishi, J. Hernandez, J. Kawada, T. Fujii, Y.
Tkeuchi, Three-dimensional motor nerve organoid generation. Journal of Visualized
Experiments. 2020, 1-18 (2020).

E. Meijering, O. Dzyubachyk, I. Smal, "Methods for cell and particle tracking" in
Methods in Enzymology (Academic Press Inc., 2012), vol. 504, pp. 183-200.

A. Vértesy, O. L. Eichmiiller, J. Naas, M. Novatchkova, C. Esk, M. Balmaiia, S.
Ladstaetter, C. Bock, A. von Haeseler, J. A. Knoblich, Gruffi: an algorithm for
computational removal of stressed cells from brain organoid transcriptomic datasets.
EMBO J. 41, 1-18 (2022).

M. Probst, Uber den Bau des vollstindigen balkenlosen GroBhirns sowie {iber
Microgyrie und Heterotopie den Grauen Substanz. Arch Psychiat Nervenkr. 34,
709-786 (1901).

A. Bénézit, L. Hertz-Pannier, G. Dehaene-Lambertz, K. Monzalvo, D. Germanaud,
D. Duclap, P. Guevara, J. F. Mangin, C. Poupon, M. L. Moutard, J. Dubois,
Organising white matter in a brain without corpus callosum fibres. Cortex. 63, 155—
171 (2015).

Martins-Costa et al. | bioRxiv | May 2023 | 23



A B MRI

ESCs Sagittal Coronal
Ba '
=
BCL11 (OD
NB ARID1A *
ARID2 N
l -
BRG/ 25>
BRM
<| &
NPCs =
3|2
w5 @
*

ARID1A
ARID1B

g
w T
2 years-old

|2 |

ARID1A
ARID1B

Patient 2
37+1 GW

Measurement of cortical volume
@ BRM Fetal MRI Cortex segmentation Volumetric reconstruction

[& |
Kl
i
i'

31+3 GW

| Healthy control |

m Cerebral cortex

Figure S1. (Related to Fig.1B-C and G) Recruited ARID1B patients were diagnosed with corpus callosum malformations during gestation.
(A) Distinct mSWI/SNF configurations that exist during development. ARID1B is absent from the complex in embryonic stem cells (ESCs);
and is a core member in neural progenitor cells (NPCs) and neurons, interchangeable and mutually exclusive with ARID1A and ARID2. The
numbers indicate BAF subunits (e.g.: 150, BAF150). Adapted from (7). (B) Fetal and postnatal magnetic resonance imaging (MRI) and diffusion
tenson imaging (DTI) examinations of recruited patients harboring ARIDIB mutations. Sagittal, coronal, and axial imaging planes are shown.
(Ba) Patient 1 was examined at 21+0 gestational weeks (GW) (T2-weighted images), at 31+0 GW (T2-weighted images), and postnatally at 2
years (coronal and axial T2-weighted; sagittal T1 weighted images). Note the short and truncated corpus callosum in the sagittal planes (red
arrowheads). DTI at 21+0 GW prenatally and 2 years postnatally show Probst bundles (blue), large bilateral, barrel-shaped axonal structures
that form longitudinal intrahemispheric bundles situated in both hemispheres (1/54); and sigmoid bundles (orange), ectopic tracts crossing from
left occipital lobe to right frontal lobe, and vice versa (155). (Bb) Prenatal MRI of Patient 2 at 37+1 GW. Note the complete absence of the
corpus callosum (red arrowheads). Images from both patients reveal age-appropriate cortical maturation and normal gyrification. (C) Fetal MRI
based super-resolution reconstruction and cortical plate volume measurement; example of a healthy control at 31+3 GW. Atlas-based
segmentation (/38) of the cortex was performed using the open-source application ITK-SNAP, allowing volumetric reconstruction and
measurement of cortical volume in patients and healthy control individuals.
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Figure S2. (Related to Fig.1C-D) Characterization of patient iPSCs reveals ARID1B mutations and reduced ARID1B protein levels. (A)
Reprogrammed and engineered cell lines used in this study. IPSCs were obtained from Patient 1 (Pat.1), Patient 2 (Pat.2), and Healthy Donor 1
(HD.1) by reprogramming of peripheral blood mononucleated cells (PBMCs). CRISPR/Cas9 genome editing was used to generate isogenic
repair ARIDIB""* cell lines from Pat.2 iPSCs and ARIDIB"- mutant cell lines from HD.1 iPSCs. For Pat.2, a clone that went through the
CRISPR/Cas9 genome editing procedure but did not get edited was used in scRNAseq experiments to control for off-target effects (clone 2b).
(B) Confirmation of ARID1B gene sequence in patient and control cell lines. Single nucleotide polymorphism (SNP) genotyping of Pat.1 PBMCs
and iPSCs shows a heterozygous microdeletion (copy number CN = 1) in the region 25 of chromosome 6, encompassing ARID1B. Sanger
sequencing of Pat.2 and HD.1 iPSCs shows wild-type sequence in ARIDIB"* cell lines and heterozygous frame shift mutations by nucleotide
insertions in ARID1B"" cell lines (red nucleotides: Pat.2, NM_020732.3: ¢.2201dupG; HD.1, NM_020732.3: ¢.3489 3490insNN). (C) Western
blot analysis of ARID1B protein levels in iPSCs shows a two-fold reduction in ARID1B"" cell lines, compared to isogenic controls. The boxplot
shows the median value; each datapoint is an individual sample (iPSCs pooled from the same culturing well); datapoint colors indicate genetic
background. Statistical test is analysis of variance (ANOVA); 0 < p < 0.001, ***; 0.001 < p < 0.01, **; 0.01 <p <0.05, *; p > 0.05, ns (see
results of statistical tests in Table S4). (D) Immunostaining and flow cytometry analysis, shown as density plots, of pluripotency markers TRA-
1-60 (conjugated with AF488) and SSEA-4 (AF647); gating is based on negative control (unstained sample). Note that 94% or more cells are
double-positive in all cell lines.

Martins-Costa et al. | bioRxiv | May 2023 | 25



| Organoids D60

A Pat.1 Pat.2 HD.1
ARID1B*- ARID1B** ARID1B*- ARID1B** ARID1B*-

I ARID1B
ARID1A
BAF155

c ARID1B

1
B  Pat1 Pat2 HD.1 B Pt Pat2 HD.1
+/- +/+ +/- +/+ +/- =15 +/- ++ +/- ++ +/- > °
ARID1B £ ARID1A g1
(250kDa) o go (242kDa) | | H | I || ] éw
T F1.
L » & &
B-Actin Pactn [ ] ] =le -
(42kDa) | (][] (][] (42kDa)
E BAF155 F BAF170
ns
Pat1  Pat2 HD.1 ® ‘ Pat1  Pat2 HD.1 .
l‘ +/- +/+ +/- +/+ +/- % 1.5 I +/- +/+ +/- +/+ +/- _%
Bartss [ )] ()] ¢ ey ][] ] [ ] £
(155kDa) 210 (170kDa) 810
B-Actin 05 ® B-Actin
42kDa) I" _| |-H!] (42kDa) I I" ” | | || | 05

++ +- +H+ +-

Figure S3. (Related to Fig.1C-D) Reduced levels of ARID1B do not affect the differentiation of dorsal cortical progenitors and early-born
neurons in organoids. (A) Immunostaining analysis of dorsal cortical specification markers in organoids at D60. Neural rosettes with stratified
organization of SOX2" radial glia cells, TBR2" intermediate progenitor cells, and CTIP2" early-born excitatory neurons are formed in ARID1B""*
and ARID1B"" organoids. (B) Immunostaining of ARID1B, ARID1A, and BAF155 shows reduced signal of ARID1B and unaffected signal of
ARID1A or BAF155 in progenitor and neuron zones of ARIDIB"" organoids, compared to ARID1B"" organoids. (C-F) Western blot analysis
of ARID1B (C) shows reduction of protein levels in D60 ARID1B"" organoids; ARID1A (D), BAF155 (E), and BAF170 (F) show comparable
levels between ARIDIB"- and ARIDIB"* D60 organoids. In western blot analyses, the boxplots show the median value; each datapoint is an
individual sample (5 organoids pooled from the same batch); datapoint colors indicate genetic background. Statistical tests are analysis of
variance (ANOVA); 0 <p <0.001, ***; 0.001 <p <0.01, **; 0.01 <p <0.05, *; p> 0.05, ns (see results of statistical tests in Table S4).
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Figure S4. (Related to Fig.1F) Lowered ARID1B levels do not affect the differentiation of SATB2* neurons in ARID1B*- organoids. (A)
Western blot and immunostaining analysis of ARID1B levels at late stages of organoid development shows reduction of protein levels in D120
ARID1B"" organoids. In western blot analysis, the boxplots show the median value; each datapoint is an individual sample (5 organoids pooled
from the same batch); datapoint colors indicate genetic background. In immunostainings, organoid sections of all cell lines were stained
simultaneously, imaged with the same settings, and without any post-processing adjustment. (B) Immunostaining of SATB2 in organoids of all
cell lines at D120. At this stage, ARIDIB*~ and ARIDIB"" organoids present abundant SATB2* neurons lining their outer-most surface. (C)
Method for segmentation of SATB2" neurons: (Ca) organoid section stained against SATB2 (nuclear staining); (Cb) segmentation of the outer-
most organoid surface, where SATB2* neurons are abundant, with a 325um-thick band (1000 pixels, “Segmented line” tool in FIJT); (Cc)
straightening of the segmentation (’Straighten” tool in F1JI); (Cd-Cf) segmentation of individual cells and generation of regions of interest
(details in Materials and Methods). (D) Quantification of the number of SATB2* neurons per mm?. The boxplots show the median value; each
datapoint is an individual organoid (technical replicate); datapoint colors indicate organoid batches (biological replicates). Statistical tests are
analysis of variance (ANOVA); 0 <p <0.001, ***; 0.001 <p <0.01, **; 0.01 <p <0.05, *; p>0.05, ns (see results of statistical tests in Table
S4).
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Figure SS. (Related to Fig.2A-D) ScRNAseq analysis allows the recovery of telencephalic subpopulations and reveals changes in
excitatory lineage trajectories. (A) UMAP projection per genotype, cell line, and batch. A total of 11 control and 14 patient organoids were
tagged with unique molecular identifiers and could be demultiplexed for downstream analyses. Cell line clone identifiers (1a, 2a, 2b...) are as
in Fig.2A. (B) UMAP projection and unbiased clustering at resolution 0.2 shows seven clusters of telencephalic populations: interneurons (INs),
dividing progenitors, radial glia (RGs), intermediate progenitor cells (IPCs), and three populations of increasingly mature deep- and upper-layer
excitatory neurons (ExN1, ExN2, ExN3). (C) Top 10 markers per cluster (using the “FindMarkers” tool of Seurat). (D) Cell type-specific marker
genes commonly used to identify telencephalon (FOXG1), INs (DLX5), oligodendrocyte precursor cells (PDGFRA), neural progenitors (SOX2),
deep-layer ExNs (CTIP2) and upper-layer ExNs (SATB2). (E) Percentage of cells per cluster in ARIDIB"* and ARID1B"" datasets. (F) UMAP
projection of clusters of the dorsal excitatory lineage (‘IPCs, ‘ExN1, *ExN2, *ExN3). (G) Percentage of cells per cluster. Median values are
indicated; each datapoint is a single organoid; colors mark different genetic backgrounds. Statistical tests are analysis of variance (ANOVA); 0
<p <0.001, *¥**; 0.001 <p <0.01, **; 0.01 <p <0.05, *; p=>0.05, ns (see results of statistical tests in Table S4). (H) Slingshot analysis for
pseudotime visualization of cell density along the excitatory lineage (from IPCs to *ExN3), per individual clone and batch; each line is the
average of 2 or 3 organoids (as in (A)).
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Figure S6. (Related to Fig.2E-G) Differentially expressed genes in SATB2* neurons of ARIDIB""- organoids are related to ID and ACC.
(A-B) Individual genes found associated with top gene ontology (GO) terms of cell processes (A) and rare diseases (B), using the top 300
dowregulated genes in ARID1B*" organoids. Colors indicate the pairwise comparisons in which each gene was found downregulated. (C-D) Up-
(C) and downregulated (D) Genes in ARIDIB"- SATB2" ExNs found differentially expressed in 4 out of 5 or 5 out of 5 pairwise comparisons,
ordered alphabetically (violet, downregulated; red, upregulated). (E-F) Expression of DE genes found up- (E) and downregulated (F) in 5 out
of 5 pairwise comparisons (top-ranked candidates shown in Fig.2G).
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Figure S7. (Related to Fig.3A) Tract formation from dissected organoids occurs in bioengineered microdevices. (A) Microdevices used for
axon tract formation assay. (B) Schematic representation of the protocol. Organoids were dissected at D100 and placed in two wells
interconnected by a Matrigel-coated channel at D120. This marks t = 0 (D120+0) of the assay. (C) Dissection protocol. Each organoid is used
to obtain 5 to 10 dissected pieces. (D-E) Organoid pieces 24 h (D) and 2 weeks (E) after dissection. Note the appropriate size (1-1.5mm) and
healthy appearance of the tissue after two weeks, with minimal cell death and visible rosette structures (arrowheads, »).
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Figure S8. (Related to Fig.3B-C and H-I) The thickness of ARIDIB"- CC-like axon tracts from late-stage organoids is reduced. (A)
Example of tract formation timepoints (D120+8/15/22/30). Note that at D120+8 several thin bundles from opposing organoids have already met
at the middle of the channel. These different bundles come together by D120+15, to form a single tract that increases in thickness until D120+30.
(B-C) Representative images of immunostaining analysis of axonal markers NFH, NRP1, Nectin3, and Neogenin, at D120+7 (B) and D120+30
(C) of axon tract formation. Each staining was verified in 2 or 3 different batches (1 tract/batch) of all 5 cell lines. (D) Representative images at
D120+30 showing reduced thickness of ARIDIB"" tracts.
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Figure S9. (Related to Fig.3D-G and J-K) Rabies virus tracing and Kaede protein photoconversion can be used to assess tract connectivity.
(A) Schematic representation of the protocol used to assess the number and cell-type identity of contralaterally connected cells. 1) Expression
of CamKII::TVA-GFP-G was achieved by adeno-associated virus (AAV)-mediated transfection of organoid pieces at D110 (before start of axon
tract formation), generating GFP* starter cells (SCs). 2) For the axon tract formation assay, only one of the two organoid pieces contained SCs,
ensuring unilateral pRabV entry. 3) Connected organoids were exposed to Crimson-expressing pRabV at D120+21; pRabV entry originated
GFP*Crimson® SCs, and pRabV spread originated GFP-Crimson* pre-synaptic connected cells. Connected cells were ipsilateral, when on the
same organoid as the SC population; or contralateral, when spread happened through the axon tract. 4) 10 days after pRabV exposure, at
D120+31, organoids were analysed via immunofluorescent staining (IF) or flow cytometry (FC). (B) Co-immunostaining of Crimson and
SATB2, showing abundant ipsilateral and sparse contralateral Crimson” cells. Co-localization of Crimson and SATB2 allowed the identification
and quantification of SATB2" callosal projection neurons performing contralateral connections in ARIDI1B"* and ARIDIB"" organoids of all cell
lines. (C) Schematic representation of the protocol used to assess the proportion of axon-associated cells. 1) Expression of CAG::Kaede-green
was achieved by AAV-mediated transfection at D120+21 days, resulting in mosaic expression in organoid cells, including projection neurons,
and subsequent diffusion to the axon tract. 2) At D120+39, the central region of the axon tract was exposed to UV light during 15 min, leading
to local conversion of Kaede-green into Kaede-red. 3) Kaede-red subsequently diffused to the cell bodies of axon-associated cells, 4) allowing
their identification with flow cytometry (FC) analysis 24 h later. (D) Live imaging of Kaede-green and Kaede-red immediately after photo-
conversion. Note that the conversion is confined to the central tract region (Kaede-red"). (E) 24 h after photo-conversion, axon-associated cells
show green and red fluorescence; axon-non-associated cells show just green fluorescence. (F) Exemplary plots of flow cytometry analysis:
negative controls with no Kaede transfection (top) or no photoconversion (middle); and sample with local Kaede photoconversion in the axon
tract (bottom).
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Figure S10. (Related to Fig.4C-E) ARIDIB"- organoids show decreased axon outgrowth at D120+72h. (A) Automatized analysis pipeline
of images acquired with oblique illumination and 9 z-stacks (left), used for axon segmentation and quantification (right) (details in Materials
and Methods). (B) Representative images showing reduced axon outgrowth in ARIDIB"" organoids.
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Figure S11. (Related to Fig.4) The thickness of axon tracts from early-stage organoids is not affected by ARIDIB mutations. (A)
Immunostaining analysis of organoids at D65, showing dorsal cortical intermediate progenitors (TBR2) and excitatory neuron classes (TBR1
subcerebral projection neurons, SATB2 callosal projection neurons). At this stage, organoids are composed of dorsal cortical progenitors and
TBR1" and CTIP2" neurons (see Fig.S3A); only very few SATB2" neurons have started to differentiate (inset; arrowheads, »). (B)
Quantification of axon outgrowth speed from analysis of live imaging between t = 24 h and t = 72 h (each datapoint is an individual axon). (C)
Example of a tract from early-stage organoids at D30+30. (D) Representative images showing comparable tract thickness in ARIDIB"* and
ARID1B"" organoids at D30+30. (E) Quantification of tract thickness at D30+30 (each datapoint is an individual tract). In boxplots, median
values are indicated; each datapoint is an individual axon/tract (technical replicate); datapoint colors indicate organoid batches (biological

replicates). Statistical tests are analysis of variance (ANOVA); 0 < p < 0.001, ***; 0.001 < p < 0.01, **; 0.01 <p <0.05, *; p > 0.05, ns (see
results of statistical tests in Table S4).
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. Catalog Recipe for
Medium Components Manufacturer number 500 mL
DMEM/F12(1:1) 1x, with Hepes ThermoFisher Scientific =~ 11330-057 500 mL
N2 supplement ThermoFisher Scientific 17502048 5mL
NI Glutamax supplement-1 (100X) ThermoFisher Scientific ~ 35050-038 5mL
MEM Non-essential amino acid solution (100x) ThermoFisher Scientific 11140050 5mL
Antibiotic-Antimycotic (100x) ThermoFisher Scientific 15240062 5mL
Heparin solution (1 mg/mL in PBS) Merck H3149 500 pL
DMEM/F12(1:1) 1x, with Hepes ThermoFisher Scientific ~ 11330-057 250 mL
Neurobasal ThermoFisher Scientific 21103049 250 mL
N2 supplement ThermoFisher Scientific 17502048 5mL
B27 - Vitamin A supplement ThermoFisher Scientific 12587010 10 mL
Diff-A Recombinant human Insulin in solution Merck 19278 125 pL
2-Mercaptoethanol (1:100 diluted in DMEM/F12)  Merck 805740 175 pL
Glutamax supplement ThermoFisher Scientific ~ 35050-038 5 mL
MEM Non-essential amino acid solution (100x) ThermoFisher Scientific 11140050 2.5mL
Antibiotic-Antimycotic (100x) ThermoFisher Scientific =~ 15240062 5mL
DMEM/F12(1:1) 1x, with Hepes ThermoFisher Scientific =~ 11330-057 250 mL
Neurobasal ThermoFisher Scientific 21103049 250 mL
N2 supplement ThermoFisher Scientific 17502048 5mL
B27 + Vitamin A supplement ThermoFisher Scientific =~ 17504044 10 mL
Diff+A Recombinant human Insulin in solution Merck 19278 125 pL
2-Mercaptoethanol (1:100 diluted in DMEM/F12)  Merck 805740 175 pL
Glutamax supplement ThermoFisher Scientific =~ 35050-038 5mL
MEM Non-essential amino acid solution (100x) ThermoFisher Scientific 11140050 2.5mL
Antibiotic-Antimycotic (100x) ThermoFisher Scientific =~ 15240062 5mL
Sodium bicarbonate Merck S5761 1lg

Table S1. Medium composition for telencephalic organoid culture. Medium components and recipe for 500 mL of Neural
Induction medium (NI), Differentiation medium without vitamin A (Diff-A), and Differentiation medium with Vitamin A
(Diff+A).
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Primary antibodies

Species
Mouse
Ms

Rb
Rabbit
Goat
Sheep
Rabbit
Rat

Rb

Ms

Rb

Rb

Rb

Rb

Secondary antibodies

Antibody

Alexa Fluor 488 Donkey anti-rabbit
Alexa Fluor 488 Donkey anti-mouse
Alexa Fluor 488 Donkey anti-chicken
Alexa Fluor 488 Donkey anti-goat
Alexa Fluor 568 Donkey anti-rabbit
Alexa Fluor 568 Donkey anti-mouse
Alexa Fluor 568 Donkey anti-goat
Alexa Fluor 647 Donkey anti-rabbit
Alexa Fluor 647 Donkey anti-mouse
Alexa Fluor 647 Donkey anti-goat
Alexa Fluor 647 Donkey anti-rat
IRDye® 800CW Goat anti-Mouse IgG
IRDye® 680RD Goat anti-Rabbit IgG

Conjugated antibodies

Antibody

Antigen
SATB2
ARID1B
ARID1A
SMARCC1/BAF155
SOX2
TBR2
TBR1
CTIP2
dsRed
ARID1A
ARID1B
BAF155
BAF170
b-Actin

Alexa Fluor® 488 Mouse anti-Human TRA-1-60

(Clone TRA-1-60)

Alexa Fluor® 647 Mouse anti-SSEA-4

(Clone MC813-70)

Manufacturer

Abcam

Santa Cruz Biotechnology
Abcam

Cell Signaling Technology
R&D Systems

R&D Systems

Abcam

Abcam

Clontech

Abcam

Cell Signalling Technology
Cell Signalling Technology
Thermo Scientific

Abcam

Manufacturer

Invitrogen

Invitrogen

Jackson ImmunoResearch
Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Jackson ImmunoResearch
LI-COR Biosciences
LI-COR Biosciences

Manufacturer

BD Biosciences

BD Biosciences

Catalog#
ab51502
sc-32762
ab182560
11956S
AF2018
AF6166
ab31940
ab18465
632496
ab242377
92964
11956S
PA5-54351
ab8227

Catalog#
A21206
A21202
703-545-155
A11055
A10042
A10037
A11057
A31573
A31571
A21447
712-605-150
926-32210
926-68071

Catalog#

560796

560173

Application
IF
IF
IF
IF
IF
IF
IF
IF
IF
WB
WB
WB
WB
WB

Application
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
WB
WB

Application

FC

FC

Table S2. Antibodies used in this study. IF, immunofluorescence; WB, western blotting; FC, flow cytometry.
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Solution = Components Recipe for 1L

RIPA buffer (store at 4 2C):

20mM Tris-HCI (pH 7.5) 20 mL from 1M Stock
150mM NacCl 30 mL from 5M Stock
1mM Na2EDTA 2 mL from 500M Stock
1mM EGTA 0,38 g (MW 380,35 g/mol)
Protein 4, Np.40 10 mL
lysis .
0.1% SDS 10 mL 10% Stock solution
buffer
MilliQ H20 927 mL
Add freshly before use:
PhosStop (Roche, 4906837001) 1 tablet / 10mL of RIPA

Complete Mini EDTA free protease inhibitor

1 tablet / 10mL of RIPA
(Roche, 11836170001) tablet /10mL o

Table S3. Lysis buffer for protein sample preparation.
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) . Mean Lower Upper Adjusted
Figure: data Comparison .
difference range range p-value
Fig.S2C: WB, iPSCs, ARID1B WT-mut 04375  -0.84932  -0.02568  0.043062  *
Fig.S3C: WB, OrgD60, ARID1B WT-mut -0.625 117994  -0.07006  0.033983  *
Fig.S3D: WB, OrgD60, ARID1A WT-mut -0.19 12453 0.865296  0.662939  ns
Fig.S3E: WB, OrgD60, BAF155 WT-mut -0.29 091953 033953  0.289567  ns
Fig.S3F: WB, OrgD60, BAF170 WT-mut 0.141667  -0.20469  0.48802 03412  ns
Fig:54A: WB, Orgb120, WT-mut -046194  -0.64051  -0.28338  4.25E-05  ***
ARID1B
e ) WT-mut 2977637  -25.7557 8530846  0.284986  ns
Eﬁiggs‘/srﬁziz WT:Pat2-mut:Pat2  34.8056  -98.3449  167.9562 0968993  ns
WT:HD.1-mut:HD.1 756754  -457655 197.1163  0.438014  ns
IPCs: WT-mut 3334026  0.684653 5983399 0016223  *
Fig.S5: %Cell /cluster ExN1: WT-mut 0155714  -2.09261 2404039 0.886576 ns
(excitatory lineage) ExN2: WT-mut 308734  -520272  -097196  0.006402  **
ExN3: WT-mut 040312  -2.83466  2.028425 0.733086  ns
, o WT-mut 510486  -14.4889 427923 0277714 ns
f:‘fif;/;ATBz /Crimson WT:Pat2-mut:Pat2  -3.12599  -24.6068 1835485 099783  ns
WT:HD.1-mut:HD.1 ~ -3.46927  -262911 1935252  0.99733  ns
, N WT-mut 372031  -49.8242  -24.5819  128E-07  *t*
Eggdi%e?lzlmson cells per WT:Pat2-mut:Pat2  -36.9688  -63.5534  -10.3842  0.001616  **
WT:HD.1-mut:HD.1  -22.9974  -56.1671 10.17224 0335426  ns
, , WT-mut 1438672  11.10506 17.66837  2.55E-15  **
f];gég:tﬁi‘;traathldmess WT:Pat2-mut:Pat2  10.01818 3412554  16.6238  0.000304 ***
WT:HD.1-mut:HD.1  11.64495  3.322536 19.96737  0.001148  **
Fig 31 % Axon-associated WT-mut 111215 -14.0463  -8.19665  7.85E-09  ***
- WT:Pat2-mut:Pat2  -10.7147  -17.7935  -3.63594  0.000865  ***
WT:HD.1-mut:HD.1 ~ -9.0855  -158692  -2.3018  0.003715  **
, WT-mut 152435 212193 -9.26773  8.64E-07  ***
l(:(l)gtlj]i?gj?n? number of aXons - yir bty mutPatz  -13.1394  -261532  -012567 00463  *
WT:HD.1-mut:HD.1 ~ -15.4418  -299166  -0.96705  0.028853  *
, WT-mut 1.882407 0227716 3.537097 0.025825  *
Eljgég: i;‘gt’;)omgm“’th Peed Vi T.patz-mutPatz 0984848  -2.57987 454957 0969314  ns
WT:HD.1-mut:HD.1 ~ 1.041021  -2.79772  4.879763 0.971695 ns
Fig.S11B: Axon outgrowth WT-mut 101212 -131642 3.340655 0392125 ns
speed
(330 tracts) WE:PatZ-mutPat2 1464 436372 3134044 0920523  ns
, _ WT-mut 107344 938344  7.236555 0796498  ns
E;%thlrg:ctl\:)ean tractthickness b to-mutPatz  -0.51505  -17.7813 1675119 0999999  ns
WT:HD.1-mut:HD.1 ~ -8.72619  -34.4882  17.03577 0915146 ns

Table S4. Results of statistical analyses. Analysis of variance (ANOVA); 0 <p < 0.001, ***; 0.001 <p <0.01, **; 0.0l <p <
0.05, *; p > 0.05, ns. Whenever possible, the influence on the quantitative variable was calculated from the interaction between
ARID1B genotype (WT-mut) and genetic background (Pat.1, Pat.2, and HD.1), to obtain isogenic comparisons (WT:Pat2-mut:Pat2
and WT:HD.1-mut:HD.1). When there were not enough observations per each genetic background, only the ARIDIB genotype
was considered (WT-mut). WT, ARIDIB"*; mut, ARID1B*".
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