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SUMMARY
Human brain development involves an orchestrated, massive neural progenitor expansion while a multi-
cellular tissue architecture is established. Continuously expanding organoids can be grown directly from
multiple somatic tissues, yet to date, brain organoids can solely be established from pluripotent stem cells.
Here, we show that healthy human fetal brain in vitro self-organizes into organoids (FeBOs), phenocopying
aspects of in vivo cellular heterogeneity and complex organization. FeBOs can be expanded over long
time periods. FeBO growth requires maintenance of tissue integrity, which ensures production of a tissue-
like extracellular matrix (ECM) niche, ultimately endowing FeBO expansion. FeBO lines derived from different
areas of the central nervous system (CNS), including dorsal and ventral forebrain, preserve their regional
identity and allow to probe aspects of positional identity. Using CRISPR-Cas9, we showcase the generation
of syngeneic mutant FeBO lines for the study of brain cancer. Taken together, FeBOs constitute a comple-
mentary CNS organoid platform.
INTRODUCTION

Human organoids are stem cell-derived three-dimensional (3D)

structures that mimic features of the pertinent tissue, including

molecular specification, cellular composition and architecture,

and functionality.1,2 As such, organoids allow in vitro study of

physiological and pathological aspects of human tissue

biology. Two sources of stem cells can be used to derive orga-

noids: pluripotent stem cells (PSCs) and tissue stem cells

(TSCs). The common approach to the derivation of any PSC-

derived organoid model is the sequential exposure to a series

of signaling cues. These are meant to direct developmental

patterning and the differentiation trajectory, starting from early
712 Cell 187, 712–732, February 1, 2024 ª 2023 The Author(s). Publi
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embryonic development, to germ layer specification, and ulti-

mately to approximate organogenesis of the organ of interest.3

Based on a different rationale, TSC-organoids can be derived

from adult tissues by exploiting the capacity of most organs

to expand or replace lost cells, either in homeostasis (e.g.,

the intestine4) or as repair mechanism (e.g., the liver5,6). Under-

standing the specific niche and tissue requirements is impera-

tive to recreate an in vitro environment that allows continuous

somatic (stem) cell expansion while retaining the capacity to

generate differentiated progeny. TSC-organoids can also be

derived from certain fetal tissues.7–9 These expanding fetal

tissue-derived organoid lines provide a fixed reflection of

the developmental state of the tissue of origin and, unlike
shed by Elsevier Inc.
commons.org/licenses/by/4.0/).
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PSC-organoids, do not spontaneously progress until specif-

ically switched to media promoting maturation.

PSC- and TSC-derived organoids represent complementary

systems. Yet, establishment of both models has not been

achieved for all organs. Organoids generated from PSCs can

inform on developmental trajectories and associated disorders.

TSC-organoids offer the possibility to study cell behavior and

characteristics in health and disease directly in a native, speci-

fied human tissue and can as such inform on cell-intrinsic prop-

erties and physiology as well as on the external (niche) influ-

ences. TSC-organoids can be established as robust, long-term

expanding lines, while PSC-organoids typically progress toward

a certain endpoint of the developmental trajectory.10

The study of mammalian brain development and biology has

greatly benefited from in vivomodels, primarily rodents. Despite

many principles of development being conserved, as compared

with the rodent brain (e.g., mouse and rat), the human brain and

its development present distinct characteristics.11–14 These

include surface folding, an enlarged forebrain, a more complex

layered organization, temporally extended developmental pro-

cesses (e.g., the progenitor expansion phase), and increased

cellular diversity. This is highlighted for instance by the human-

specific enrichment of a specific type of radial glia, the outer

radial glia. Moreover, phylogenetic studies revealed human-spe-

cific gene regulatory mechanisms and pathways governing brain

development.11–14

The advent of in vitro human cell-based brain models has

facilitated studies on its development, evolution, and infective

and neurodevelopmental diseases. Early pioneering studies

led to cell cultures from rodent and human brain15 and have

since been further developed in the form of two-dimensional

(2D) cultures,16,17 3D aggregates (neurospheres),18 as well as

short-lived organotypic slice cultures.19 PSC-derived brain orga-
Figure 1. Generation of human fetal brain organoids through tissue se

(A) Timeline and main steps for the establishment of tissue-derived human fetal

(B) Quantification of FeBO line establishment efficiency rates. The indicated n re

(C) Representative brightfield images showing single FeBOs growing after passa

(D) Organoid area expansion of FeBOs (dots) within a passage.

(E) Quantification of the FeBO size change ratio within a passage (mean ± SD).

(F) Quantification of the organoid shape (circularity) of FeBOs (dots).

(G) Estimated total biomass produced by the expansion of a FeBO line during 26

(H) Representative immunofluorescence images for the indicatedmarkers depictin

reproducibility across different lines (bottom). Scale bars, 500 mm (left), 50 mm (ri

(I) Quantification of the cell type distribution within FeBOs. The organoids were su

and Ki-67+) or fluorescence intensity (TUJ1) in each bin was quantified (mean ±

(J) Representative immunofluorescence images for the indicatedmarkers depictin

reproducibility across different lines (bottom). Scale bars, 500 mm (left), 100 mm (

(K) Representative immunofluorescence images for the indicated markers depicti

(L) Quantification of the marker composition of expanding FeBO lines, highlightin

neuronal cells (DCX and TUJ1), and astrocytes (GFAP) across 3 different donors

(M) Schematic of viral labeling experiment (top). Representative immunofluoresc

days post infection (p.i.) (bottom). Scale bars, 50 mm.

(N) Quantification of the percentage of SOX2+/mCherry+ (infected) cells across n

infected cells in the organoid at different days p.i. (right). Organoids were subdivi

each bin.

(O) Mean expression of specific marker genes in FeBOs derived from bulk RNA s

neuroectoderm (NE), radial glia (RG), intermediate progenitors (IPs), dividing cells

13 from different donors and varied culture ages.

See also Figures S1–S3.
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noids/spheroids20–22 present the advantage of a 3D architecture

while being long-living, relatively scalable experimental models

that enable to follow development in a dish and represent a

growing field.

The human developing brain displays an evolutionarily unique

expansion capacity23 while simultaneously establishing cellular

differentiation and diversity as well as a complex tissue architec-

ture.24 Yet, translation of these remarkable endogenous brain

features into long-term expanding, 3D in vitro cultures has not

been accomplished. Establishment of such models would allow

the study of native tissue-intrinsic properties as well as of endog-

enous characteristics of cellular specification. Here, we attempt

to generate long-term expanding CNS organoids from human

fetal tissue.

RESULTS

Organoids derived fromhealthy human fetal brain tissue
We set out to determine whether the developing human brain

can be captured into an expanding and self-organizing state

in vitro. We focused on the early-mid neurogenesis period25

and thus used healthy human fetal brain tissues from gestational

week (GW) 12 to 15 (Figure S1A). Dissociated human neural stem

cells (NSCs) can grow in culture as a monolayer26 or as relatively

small and unorganized 3D cell aggregates, neurospheres18,27

(Figure S1B).We askedwhether a different culture strategy could

generate long-term expanding organoid cultures with tissue-like

cellular and architectural complexity. To this end, we cut the tis-

sue into small pieces (ca. 1–2-mm diameter) spanning the

germinal and neuronal layers to preserve the original tissue ar-

chitecture and cell-cell contacts (Figure 1A). These tissue frag-

ments indeed contained various (proliferative) progenitors as

well as neuronal cells (Figure S1C). We placed these pieces in
lf-organization

brain organoid (FeBO) lines. Scale bars, 1 mm.

fers to the number of tissue fragments tested.

ging. Scale bars, 1 mm.

6 days.

g cellular composition and organization in 3-month-expanded FeBOs (top) and

ght), and 100 mm (bottom).

bdivided in multiple bins (from edge to center), and the number of cells (SOX2+

SD of multiple FeBO lines per donor).

g cellular composition and organization in 3-month-expanded FeBOs (top) and

right), and 150 mm (bottom).

ng the presence of some astrocytes in expanding FeBOs. Scale bars, 100 mm.

g neural stem cells (SOX2), outer radial glia (HOPX), proliferating cells (Ki-67),

(mean ± SD, each dot represents a FeBO).

ence images for SOX2 in H2B::mCherry lentivirus-infected FeBOs at different

= 3 FeBOs at different days p.i. (left) and the distribution of the percentage of
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(D), migrating neurons (MNs), and neurons (N). Each dot represents a FeBO, n =
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a serum-free and extracellular matrix-free medium (including

EGF, FGF-2, and FGF-10) and placed the cultures on an orbital

shaker. Over the first 4 to 8 days, we noticed the formation of

multiple 3D structures, which developed defined borders (Fig-

ure 1A). These sometimes exhibited some surface folding,

presumably due to the stem cell expansion and space con-

straints. These structures grew over time while maintaining a tis-

sue-like appearance (Figure 1A). We termed these fetal brain or-

ganoids (FeBOs). Individual fetal brain tissue fragments were

cultured separately, each generating an individual FeBO line.

Take rates of individual fragments were high (>95% success

rate) (Figures 1B and S1D).

FeBOs could be reliably passaged by cutting of a whole orga-

noid, and each of these single FeBO pieces consistently

reformed entire organoids, yielding stably expanding FeBO lines

within 20–30 days of culture (Figures 1C and S1E). We next as-

sessed their expansion kinetics. On average, organoids doubled

their size after each split (every 2 weeks) (Figures 1C–1E). The

optimal size to passage FeBOs was empirically determined

(�2.5–3.0 mm in diameter). Across multiple organoids (n > 80)

derived from different lines and different donors, the growth ki-

netics were reproducible, as were FeBO morphology and their

size, which depended on the initial piece size (Figures 1C–1F,

S1E, and S1F). From all 7 donors, FeBOs could be expanded

long-term (Figures 1G, S1G, and S1H). The estimated biomass

that could be produced after 8 months from only �0.1 cm3 of

initially established organoids was �1,500 cm3, representing

an increase in tissue volume of 15,000-fold (Figure 1G). After

this long culture period, FeBOs typically slow down their growth

but can be viably maintained (Figure S1G).

We assessed the cellular composition of FeBOs using a panel

of common neurodevelopmental markers25 (Figures 1H–1L, S2,

S3A, and S3B). Abundant neural stem/progenitor cells (SOX2+),

often Ki-67+, were located at the periphery of the FeBOs, de-

limited by intact adherent junctions (ZO-1+) (Figures 1H–1J, S2,

and S3B). Neuronal cells (TUJ1+, DCX+, and NeuN+ cells) were

located toward the FeBO center (Figures 1H–1J and S2). This or-

ganization was consistent across FeBO lines from different do-

nors (Figures 1I and S2) and over time before-after splitting (Fig-

ure S3A). Some GFAP+ and S100b+ astrocytes were observed,

interspersed between DCX+ cells (Figure 1K). Importantly, we

noted a thick layer of HOPX+ cells. Those cells were positive

for SOX2, PAX6, and often also for Ki-67, and were located

above the positive SOX2+/PAX6+ (HOPX�) dense layer

(Figures 1H, 1J, S2A, and S3B), all hallmarks of the outer radial

glial cells (oRGs),28–30 a cell type enriched in primates. Quantifi-

cation of cellular composition revealed reproducible abundance

of the different cell populations (Figure 1L), highlighting robust

cellular heterogeneity within FeBOs. Intriguingly, preserving

tissue integrity was previously linked to maintenance of cellular

heterogeneity in tumor-derived brain organoids.31 Typical cell

biological and morphological features of neural tissue within

FeBOswere also detected by transmission electronmicroscopy,

including neurites and axons with microtubules (Figure S3C). We

then used lentiviral infection of intact FeBOs to assess cell line-

age dynamics. Over half of the infected cells were SOX2+ and

mostly located near the surface of the organoid 1 day post infec-

tion. Over time, labeled cells increased in abundance and were
located also in the inner neuron-rich (SOX2�) part of the organoid
and colocalized with TUJ1 (Figures 1M, 1N, and S3D), support-

ing ongoing neurogenesis.

Finally, transcriptomic characterization of whole FeBOs re-

vealed the absence of marker expression for pluripotency

(KLF4 andNANOG), mesoderm (LUM andBrachyury), endoderm

(GATA4 and SOX17), and ectoderm (E-CAD) (Figure 1O).

Instead, markers for developing brain cell populations were

robustly expressed. These included markers for RG cells

(SOX2, HES1, and GLI3), intermediate neurogenic progenitors

(BTG2 and HES6), newborn migrating neurons (NRP1, UNC5D,

andDCX), and neurons (SOX5,MEF2C, andMAP2). Proliferation

markers (MKI67 and CENPF) were also highly expressed.

Together, this highlighted their exclusive neuroectodermal iden-

tity (N-CAD+) (Figure 1O). The transcriptomic analyses further-

more underscored organoid-to-organoid similarity (Figure

S3E). Altogether, FeBO lines possess an active stem/progenitor

cell pool, accounting for their long-term expansion upon

repeated splitting while at the same time capturing broad cellular

heterogeneity and organization by the generation of neuronal

cells, providing a ‘‘snapshot’’ of the tissue of origin.

FeBOs capture regional brain identities of the tissue of
origin
We questioned whether we could culture region-specific FeBOs

and whether regional identity is an intrinsic tissue property that

can be captured in vitro. We separately processed individual

fragments derived from anatomically different human brain re-

gions (Figure 2A) and used a qPCR marker panel on the original

tissue fragments to assign identities (Figure S4A). Most frag-

ments were of telencephalic origin (FOXG1+), in concordance

with the abundance of this region at the gestational ages

of the donor tissues. These fragments enriched for either

dorsal (EMX1+ and PAX6+)32 or ventral (DLX2+, GSX2+, and

NKX2-1+)33 forebrain markers (Figure S4B). The assigned iden-

tity was further confirmed on whole transcriptome level, followed

by VoxHunt analysis (Figures S4C and S4D). From these frag-

ments, we could establish separate FeBO lines, termed dorsal

and ventral FeBOs, with comparable efficiency, and presenting

expression of dorsal and ventral forebrain markers, respectively

(Figures 2B–2E).

We characterized the region-specific identities of these

regional FeBOs by immunofluorescence (Figures 2E–2G and

S2B). Dorsal-specific PAX6+/SOX2+ stem cells were located in

the Ki-67-rich outer layer, while MAP2+ neurons were located

mostly in the inner part of dorsal FeBOs (Figures 2E, 2F, S2B,

and S5A). EMX2+ dorsal progenitors were likewise located on

the periphery, forming a distinct layer below the DCX+ neurons

(Figures 2F and S2B). Some TBR2+ intermediate progenitors

were also identified in younger cultures (Figures 2F and S2B).

Similar distribution and abundance of the different classes of

cell types was observed across dorsal FeBOs from multiple do-

nors (Figures 2F, 2H, and S2B). Ventral FeBOs were character-

ized by a PAX6� outer layer of SOX2+ and NKX2-1+ ventral fore-

brain progenitor cells (Figures 2E, 2G, and S2B). In addition,

OLIG2+ progenitor cells34 were intermingled with DLX2+ cells

(representing early interneurons35,36) (Figures 2G, S2B, and

S5A). GABAergic interneuron markers GAD65 and GAD6736
Cell 187, 712–732, February 1, 2024 715
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were also present (Figures 2G, S2B, and S5B). Quantifications of

cell type percentages showed reproducible cellular composition

across multiple ventral FeBO lines (Figures 2H and S5A–S5C).

We next performed bulk RNA sequencing analysis of regional

forebrain FeBOs (Figures 2I and 2J). The expression profiles of

both FeBO types indicated a clear developing brain profile (Fig-

ure S4E). Dorsal vs. ventral forebrain FeBOs clustered separately

based on their regional origin (Figures 2I and 2J; Table S1). We

noted enrichment of well-known markers and patterning genes

such as PAX6, EMX2, EMX1, and VGLUT1 in dorsal FeBOs,

and vice versa GSX2, CALB1, VGAT, SCGN, and DLX genes in

ventral FeBOs (Figures 2J and S4F).

We next probed the stability of expanding FeBOs during long-

term culture. Different cell populations (SOX2+, PAX6+, TUJ1+,

Ki-67+, DLX2+, NKX2-1+, and GAD67+) remained largely stable

over time over repeated splitting events (>6 months expansion)

in regional FeBO lines (Figures S5A–S5C). This was further

corroborated by inferring the relative proportion of the main

cell classes within multiple FeBOs by whole transcriptome de-

convolution (Figure 2K) and by correlation of whole transcrip-

tomes across ‘‘early-mid-late passage’’ FeBOs (Figure S5D).

RNA expression of some neuronal markers increased in long-

term expanding FeBOs (Figures S4G–S4J). These included

genes connected with neuronal functions and brain develop-

ment, e.g., the presynaptic and postsynaptic proteins (SYN1,

PSD-93, and PSD-95), neurexins and neuroligins, the NMDA

receptors (GRIN2A and GRIA1), as well as astrocytic (S100b)

and oligodendrocytic (PDGFRA) genes, suggesting that some

degree of gradual maturation spontaneously occurred. GFAP+

astrocytes, intermingled with neurons, also appeared morpho-

logically more complex in 8-month-expanded dorsal FeBOs

(Figure S5E).

To further probe the derivation of FeBOs from an anatomically

distant brain region, we generated organoids from human fetal

spinal cord tissue (GW8), which displayed regionalized expres-

sion of specific progenitor and motor neuron markers

(Figures S6A–S6D).

Along the rostro-caudal axis, the human cortex is subdivided

into distinct specialized areas, with the prefrontal cortex (PFC)
Figure 2. Derivation of regional FeBOs from different brain regions

(A) Strategy to derive regional FeBOs.

(B) Representative brightfield images of regional forebrain FeBOs. Scale bars, 1

(C) Quantification of FeBO line establishment efficiency rates from dorsal and ve

(D) Differences in mRNA expression of specific regional markers across dorsal (D

(E) Representative immunofluorescence images for PAX6 (dorsal forebrain marke

(F) Representative immunofluorescence images of dorsal forebrain FeBOs for

expanded). Scale bars, 500 mm (whole organoids), 200 mm (lines), and 100 mm (T

(G) Representative immunofluorescence images of ventral forebrain FeBOs for

expanded). Scale bars, 500 mm (whole organoids) and 200 mm (lines).

(H) Quantification of the marker composition of expanding dorsal and ventral for

a FeBO).

(I) PCA on whole transcriptomes of expanding FeBOs derived from dorsal (green

(J) Heatmap showing the expression of differentially expressed genes (|log2FC| >

FeBO lines from different donors and varied culture ages (2–8 months).

(K) Estimated cell class abundance in regional FeBOs of varied culture ages throug

a FeBO.

(L) Heatmap showing the expression of gene markers of the different subareas of

enriched expression of each marker across the different cortical areas as report

See also Figures S2 and S4–S6.
and primary visual (V1) cortex spanning the two poles. We

retrospectively evaluated the expression signatures of markers

associated with cortical area patterning37,38 in different cortex-

derived FeBO lines (each derived from a unique cortex frag-

ment). Certain lines showed enrichment of V1 markers (PENK,

NPY, and LHX2), while other lines enriched for either PFC

(CLMP, VSTM2L, and CPNE8), or temporal/parietal markers

(WNT7B, LIX1, and NR2F1) (Figure 2L; Table S2). Altogether, as-

pects of endogenous in vivo tissue ‘‘imprinting’’ are reflected

in vitro in regional FeBO cultures.

Modulation of expansion vs. maturation by culture
conditions
We wondered whether we could further enhance maturation of

the FeBOs, inspired by other TSC-derived organoid models.39

We thus altered the FeBO environment, mainly by withdrawal

of growth factors and addition of 0.5% basement membrane

extract (Figure 3A). In this maturation medium, FeBOs slowed

down their expansion. Transcriptomic comparison of FeBOs

maintained for 10 days in maturation medium revealed broad

changes in gene expression (Figures 2I and 3B), likely also re-

flecting changes in cell class ratios (Figure 3C). Various progen-

itor and proliferation markers were reduced, while most markers

for early and late neuronal specification were generally upregu-

lated across both FeBO types (Figure 3B; Table S1). Notably,

multiple genes associated with mature neuronal functions, e.g.,

synaptic components and neurotransmitter receptors and

secretion, increased during maturation (Figure S7A). Character-

ization by immunofluorescence confirmed a decrease in the

number of SOX2+ stem cells (Figures 3D and S7B). Matured dor-

sal FeBOs displayed increased expression of the pan-neuronal

marker TUJ1 as well as DCX (Figures 3D and S7B). The layer-

specific markers CTIP2, SATB2, BRN2, TBR1, CUX1, RORb,

and SOX5 were detected and appeared organized (Figures 3D,

3E, and S7C). Matured dorsal FeBOs further displayed abundant

MAP2+ neuronal processes (Figure 3F). We observed increased

numbers of DLX2+ and GAD65+ interneurons in matured ventral

FeBOs, while expression of NKX2-1 and OLIG2 was reduced

(Figures 3G, S7B, and S7D). In some organoids, the interneurons
mm.

ntral forebrain.

) and ventral (V) forebrain-derived FeBOs (dots) from varied culture ages.

r) and DLX2 (ventral forebrain marker) in regional FeBOs. Scale bars, 100 mm.

the indicated markers and reproducibility across different lines (2–3 months

BR2).

the indicated markers and reproducibility across different lines (2–3 months

ebrain FeBO lines across 3 different donors (mean ± SD, each dot represents

) or ventral (orange) forebrain as well as matured FeBOs (gray).

0.5, p < 0.05) between dorsal and ventral forebrain FeBOs. Columns represent

h deconvolution of bulk RNA sequencing transcriptomes. Each dot represents

the human cortex in different cortex-derived FeBOs (columns). Boxes indicate

ed in human fetal brain tissue.
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had more variable locations and were organized in bundles,

reminiscent of the migratory interneuron streams observed

in vivo40 (Figures S7D and S7E). GFAP+ astrocytes also

increased upon maturation (Figures 3C and 3H).

We investigated whether acquisition of mature traits was

also apparent regarding morphological and cell structural

features. We established conditions to sparsely label individual

cells by whole-organoid electroporation of a transposable GFP

construct. This revealed many cells with typical neuronal

morphology, displaying arborization (Figure 3I). Transmission

electronmicroscopy analysis confirmed the presence of multiple

neuronal processes with aligned neurotubules, neurofilaments,

and interspersed elongated mitochondria (Figures S8A and

S8B). We observed neuronal terminals containing neurotrans-

mitter synaptic vesicles, suggestive of synapse formation

(Figures 3J and S8C). We also detected structures that could

possibly be interpreted as initial stages of myelination around

axons (Figures 3J, S8D, and S8E). Of note, we also observed

increasedmRNA expression of mature oligodendrocyte markers

(MBP, PLP1, SOX10, and PCDH15). Lastly, we live-imaged

FeBOs matured for 7 days in the presence of a fluorescent

calcium probe. Many cells exhibited spontaneous and regular

calcium spikes, both in matured FeBOs derived from early and

late passage lines (Figures 3K, 3L, and S7F; Video S1).

FeBO profiles resemble human fetal brain tissue at
single-cell level
To address the cellular heterogeneity of the FeBOs in more

detail, we performed single-cell sequencing of cells derived

from FeBOs in expansion medium and after a short pulse of

maturation from both dorsal and ventral forebrain origin

(6 months in culture). Clustering analysis of ventral FeBOs iden-

tified 13 clusters, all of neural identity (V0–V12), corresponding to

8 main populations (Figures 4A, 4B, and S9A–S9D). Cell type

assignment was based on previously reported markers and sig-

natures for developing human forebrain subpopulations

(Table S2; Figure S9E). We noticed substantial radial glia

diversity. Subpallial RG cells expressed typical NSC markers

(SOX2, ID4, HES1, and VIM) and specific markers of ganglionic
Figure 3. Cellular and molecular maturation of FeBOs

(A) Strategy to further mature FeBOs at any given time in culture, with the main c

(B) Heatmaps showing the differentially expressed genes between FeBOs in mat

varied culture ages.

(C) Estimated cell class abundance in expanding and matured FeBOs through d

(D) Representative immunofluorescence images for the indicated markers in 10

Scale bars, 100 mm.

(E) Quantification of the neuronal marker composition in matured dorsal forebrai

(F) Representative immunofluorescence images for MAP2 in 10-day-matured do

(G) Representative immunofluorescence images for the indicated markers in 10

Scale bars: 500 mm (left) and 200 mm (right).

(H) Representative immunofluorescence images for GFAP in expanding and mat

(I) Schematic of sparse single-cell labeling in FeBOs (top). Representative im

bars, 20 mm.

(J) TEM images showing matured features in FeBOs including synaptic vesicles

(K) Live imaging of spontaneous electric activity in matured FeBO slices. Asteris

(L) Examples of calcium recording in different cells visualized as changes in fluore

(black) and late (6 months) passage (purple).

See also Figures S7 and S8.
eminence (GE) precursors (NTRK2, TTYH1, and SOX6).41,42

Some expressed higher levels of RG/astrocytic genes (AQP4,

AGT, and GFAP), likely representing states of radial glia primed

for (V6) or transitioning to (V2) astrocyte differentiation. V10 cells

expressedNR2F1 andNR2F2, important for radial glia to acquire

gliogenic competence.43 We also detected glycolytic radial glia

(BNIP3 and PGK1), also observed in PSC-brain organoid

models44,45 and linked to signatures found in fetal tissue,45,46

as well as cells expressing truncated RG (tRG) markers (CRYAB)

(V1 and V5). Higher expression of neurogenic ventricular

RG markers (NESTIN, HES5, and FABP7) and oRG markers

(HOPX, PTPRZ1, and TNC) were detected in V0 and V3. Accord-

ingly, some neuronal markers (GAP43) were expressed. Markers

of ventral neuronal precursors/intermediate progenitors (PTTG1,

ASCL1, and KPNA2) and proliferation (MKI67, PCNA, and

TOP2A) were expressed in V4 and V9. V7 contained newborn

neurons, characterized by ventral forebrain-restricted progenitor

markers (GSX2), markers of neuronal commitment (SOX4,

SOX11, and PROX1), and specification of interneurons (DLX5

and ASCL1).42 GABAergic interneuron markers (VGAT, DLX6,

CALB2, and GAD2) were expressed in mature neuronal clusters

V8 and V12. In general, we noted for both FeBO types that cells

retrieved from single-cell sequencing underestimated neuronal

cell population proportions as compared with immunofluores-

cence observations, presumably owing to the difficulty in viably

retrieving single neurons as well as their inside localization within

FeBOs. Oligodendrocyte precursors (OPC) markers (OLIG1 and

OLIG2) and the more mature marker SOX10 were expressed in

V11 (Figures 4A, 4B, and S9A–S9D). Endothelial cells, microglia,

or other immune cells were not detected.

We defined at higher resolution the heterogeneity of the

neurogenic and neuronal populations by subclustering analysis

(Figures 4C, S10A, and S10B). We identified different classes

of ASCL1+ interneuron precursors that were POU3F2high,

MEIS2high, or ZEB2high (Figures 4C, S10A, and S10B), reflecting

the precursor cellular diversity of human fetal GE tissue.42 These

cells also enriched forNRP1 andCXCR4, expressed inmigratory

streaks of progenitor cells.47 We noted a transition in expression

of SLC12A2 (NKCC1) and SLC12A5/6 (KCC2/3) from the
hanges indicated.

uration and expansion medium (p < 0.05). Columns represent FeBO lines from

econvolution of bulk RNA sequencing transcriptomes (mean ± SD).

-day-matured dorsal forebrain FeBOs (matured after 2–3 months expansion).

n FeBOs (mean ± SD, each dot represents a FeBO).

rsal forebrain FeBOs. Scale bars, 500 mm.

-day-matured ventral forebrain FeBOs (matured after 2–3 months expansion).

ured dorsal forebrain FeBOs. Scale bars, 50 mm.

ages of GFP+ labeled neuronal cells color-coded by depth (bottom). Scale

(SVs) (top) and putative indications of early stages of myelination (bottom).

ks point at cells displaying spontaneous calcium spikes. Scale bars, 20 mm.

scence intensity over time in matured FeBO slices of early (2 months) passage
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neurogenic precursors to the more mature neurons.48 The

CALB2+ neurons showed a degree of diversity, with some en-

riched for MEIS2 and ERBB4, and others TAC3+, NPY+, ST18+,

or TH+ (Figures 4C and S10B).

We next assessed FeBO-to-tissue similarity. Tissue age

resemblance of ventral forebrain FeBOs using pseudobulk com-

parisons to GW14-25 fetal GE tissues37 revealed good correla-

tion with GW14-18 tissues (Figure 4D). We then performed orga-

noid-tissue cluster correlation comparisons with the GW14

tissue dataset. We noted distinct groups of specific cell classes,

composed of intermingled organoid and tissue clusters, corre-

lating with each other (Figures 4E, S9F, and S9G). Specific

FeBO clusters were enriched for corresponding cell type gene

signatures found in tissue37 (Figure 4F). Finally, integration and

UMAP visualization of the tissue and the expanding andmatured

FeBO datasets showed that similar cell types were present in the

different datasets (Figure 4G). This was further confirmed by

comparisons to an additional human fetal GE tissue dataset42

(Figure S9H).

We next evaluated the single-cell sequencing profiles of the

dorsal FeBOs (Figures 4H, 4I, and S11A–S11E). Also in these or-

ganoids, we captured radial glia diversity, as described in tis-

sue.49 D0 cells expressed typical RG markers (SOX2, HES1,

and SOX9), including ventricular RG (FBXO32) and dorsal

telencephalic neurogenic progenitor markers (PAX6 and

HES5). RGs enriched for markers of tRG (e.g., CRYAB) were de-

tected in D3. D1 represented glycolytic radial glia (BNIP3 and

PGK1). D13 and D9 encompassed the oRG population (HOPX,

PTPRZ1, FAM107A, andPTN). Neurogenic intermediate progen-

itors were identified (INSM1, TMEM158, and HES5/6). Some of

these (D11 and D12) expressed cycling genes (MKI67 and

PCNA), while D4 and D5 started expressing markers of

differentiation/commitment and migration of cortical neurons

(RND2, POU3F2, NFIA, and SOX4). The remaining clusters ex-

pressed newborn and mature neuron markers (CTIP2, NFIX,

STMN2, SOX11, and BACH2), which we further subclustered

(Figures 4J, S10C, and S10D). Most cells expressed some

newborn cortical excitatory neuron markers (PRDX1, ENC1,

and CSRP2) but lacked expression of NEUROD genes. Deep-

layer neuron-like subclusters expressed layers 5–6 markers,
Figure 4. Cellular similarity between FeBOs and human fetal brain tiss

(A) Single-cell profiling of cells derived from expanding and 5-day-matured ventr

(B) Dot plot showing the expression of selected cell type markers in the different

(C) Subclustering analysis on neurogenic and neuronal populations identified in v

(D) Primary tissue age resemblance of ventral forebrain FeBOs based on pseu

(Bhaduri et al.37). Medial ganglionic eminence (MGE), lateral ganglionic eminenc

(E) Correlation plot comparing organoid-tissue clusters with assigned cell classe

(F) Gene score analysis in ventral forebrain FeBO clusters of primary GE tissue sign

a gene score for a specific marker.

(G) UMAP plots depicting the integration of the expanding and matured ventral f

(H) Single-cell profiling of cells derived from expanding and 5-day-matured dors

(I) Dot plot showing the expression of selected cell type marker genes in the diff

(J) Subclustering analysis on neurogenic and neuronal populations identified in d

(K) UMAP plots depicting the similarity of expanding and matured dorsal forebra

(L) Correlation plot comparing early passage-late passage clusters (as per H) wi

(M) Correlation plot comparing organoid-tissue clusters with assigned cell identiti

(N) UMAP plots depicting the integration of the expanding and matured dorsal fo

See also Figures S9–S11.
including CTIP2, SOX5, NFIA, NFIB, and CELF1. Upper-layer

neuron-like cells displayed higher expression among others of

SATB2, RORB, MEF2C, POU3F2, CUX1, CUX2, and RAC3,

markers of cells isolated mostly from layers 2–445,49–51

(Figures 4J, S10C, and S10D; Table S2).

To assess cellular diversity over time in culture, we compared

early passage FeBOs (2 months) to 6-month-old (late passage)

FeBOs. Cells integrated well in the same UMAP space, and

correlation analysis showed good correlation of most corre-

sponding cell clusters (Figures 4K and 4L).We then assessed tis-

sue similarity of the dorsal FeBO datasets. Cortical tissue

(GW10–14)37 clusters and dorsal FeBO clusters with the same

assigned cell identity were intermingled in correlation analysis

(Figures 4M, S11F, and S11G). UMAP integration of the FeBO

datasets with two independent tissue datasets37,52 revealed rep-

resentation of cells coming from both tissue and organoid origins

across clusters, corroborating cellular diversity in both expand-

ing and matured dorsal FeBOs (Figures 4N and S11H). Alto-

gether, these characterizations highlighted that FeBO cells

present cellular heterogeneity and compare well with primary

cell types.

A tissue-like ECM niche in expanding FeBOs
Growing evidence suggests a crucial role of extracellular ma-

trix (ECM) and ECM-cell interactions in regulating the human-

specific expansion of the developing brain.53–55 Supplying

exogenous decellularized human brain ECM instead of non-

neural matrices (Matrigel) enhanced cell expansion in PSC-

brain organoids.56 Furthermore, mutations in ECM genes

have been linked to developmental defects.57 We hypothe-

sized that FeBOs constitute a self-sustained expanding

structure through maintenance of a favorable ECM tissue-like

microenvironment.

Comparative whole transcriptome analysis of classes of ECM

genes and cell-to-ECM-interaction genes revealed a high

resemblance between the profiles of expanding FeBOs and

developing human brain tissue (Figures 5A and S12A). ECM

components were expressed by different FeBO cell types, with

a predominance of RG and oRG, similar to fetal brain tissue

(Figures S12B and S12C). Further comparison with published
ue

al forebrain FeBOs (6 months expanded).

clusters in ventral forebrain FeBOs.

entral forebrain FeBOs.

dobulk comparisons with primary GE tissues from different gestational ages

e (LGE), and caudal ganglionic eminence (CGE).

s between ventral forebrain FeBOs and primary GE tissue (Bhaduri et al.37).

atures of radial glial cells, cycling cells, and neuronal cells. Each dot represents

orebrain FeBO datasets with primary GE tissue.

al forebrain FeBOs (early and late passage integrated).

erent clusters in dorsal forebrain FeBOs.

orsal forebrain FeBOs.

in FeBOs at early passage (2 months) and late passage (6 months).

th assigned cell identities of dorsal forebrain FeBOs.

es between dorsal forebrain FeBOs and primary cortex tissue (Bhaduri et al.37).

rebrain FeBO datasets with primary cortex tissue.
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proteomic data58 as well as our proteomic data of human fetal

brain, revealed good transcriptomic-proteomic expression sim-

ilarity of key ECM brain components (e.g., proteoglycans, glypi-

cans, and syndecans) (Figure 5B). We addressed functional

ECM secretion through secretome mass spectrometry analysis

of FeBO supernatants (Figures 5C and S12D). Various secreted

ECM components were detected (Figures 5D and S12E),

including components specifically enriched in human fetal

brain58 (Figure S12F).

To understand whether the intrinsic capacity of the FeBOs to

secrete a tissue-like ‘‘matrisome’’ is linked to the maintenance

of cell-to-cell organization and integrity, we compared the secre-

tome of intact FeBOs (established organoids as well as those re-

forming shortly after splitting) with the secretome of neuro-

spheres, derived from FeBOs after a single-cell dissociation

step (Figure 5E). FeBOs and FeBO-derived neurospheres dis-

played distinct ECM secretomes as assessed by principal-

component analysis (PCA) clustering (Figure S12G), and brain-

relevant ECM components were more abundant in FeBO

secretomes (Figures 5F and S12H; Table S3). These observa-

tions suggested that the continued maintenance of tissue integ-

rity promotes generation of an ECMniche, which in turnmay pro-

mote sustained expansion of FeBOs in a tissue-like structure

(Figure 5E). Of note, matrisome secretion increased in FeBOs

shortly after splitting, suggesting the importance of ECM during

FeBO regrowth/formation (Figures 5F and S12H).

To further investigate if the FeBOs resembled a proper tissue-

like ECM niche, we performed side-by-side comparative

proteomic analyses with human fetal brain tissue. Moreover, to

understand how the developing human brain tissue ECM niche

compared not only with FeBOs but also with PSC-derived 3D

brain models, we also included proteomic analysis of unguided

PSC-cerebral organoids (supplemented with Matrigel)59 and
Figure 5. Tissue integrity promotes the generation of a tissue-like ECM

(A) Pie charts depicting the relative mRNA expression of ECM-related component

different culture ages) and human fetal brain tissue, based on bulk RNA sequenc

(B) Heatmaps showing the relative mRNA expression of ECM components with

abundance in human fetal brain based on proteomic analysis from this study an

(C) Experimental set-up to analyze secreted ECM components by FeBOs.

(D) Ranked normalized abundance of detected matrisome proteins in the FeBO

(E) Experimental conditions to evaluate how tissue integrity influences ECM pro

(bottom).

(F) Heatmap comparing the normalized abundance of secreted ECMcomponents

cell-derived neurospheres. n = 3 replicates per condition.

(G) Experimental conditions analyzing the proteomes of human fetal brain tissue, F

spheroids) and matrix-containing (unguided PSC-cerebral organoids) protocol.

(H) PCA on ECM proteomes of human fetal brain tissue, FeBOs, PSC-cortical sp

(I) Correlation plot comparing ECM proteomes across the different samples.

(J) Heatmaps depicting the relative protein abundance of ECM components in e

(K) Quantification of the FeBO growth ratio based on organoid area measurement

Each dot represents a FeBO. **p < 0.01; Student’s t test.

(L) Representative immunofluorescence images for Ki-67 showing increased pro

(M) Quantification of the percentage of Ki-67+ cells over DAPI+ (top) and the thic

FeBOs. ***p < 0.001; Student’s t test.

(N) Representative immunofluorescence images for SOX2 and TUJ1 showing

bars, 150 mm.

(O) Quantification of cell type distribution within control and 4-methylumbelliferon

center), and the number of cells (SOX2) or fluorescence intensity (TUJ1) in each

See also Figures S12 and S13.
PSC-cortical spheroids (generated without the addition of exog-

enous matrices)60 (Figures 5G, S13A, and S13B).

PCA and correlation analyses showed that the ECM-related

proteome of different FeBO lines and human fetal brain tissues

displayed similarity and clustered together. PSC-cortical spher-

oids and particularly unguided PSC-cerebral organoids were

more distinct from the FeBO-tissue cluster (Figures 5H and 5I).

Also at whole proteome level, FeBOs clustered closely together

with fetal brain tissue (Figure S12I). Finally, we inspected the pro-

teomic expression of relevant matrisome components. Expres-

sion patterns were similar across FeBOs and tissue, whereas

the PSC-brain models considered here demonstrated a more

diverse ECM composition (Figure 5J; Table S3). These differ-

ences may find their origin in the observation that the ECM niche

of the developing brain is tightly linked to human progenitor

expansion.55

We probed whether FeBOs could be used to study the effect

of experimental ECM perturbations. We performed a proof-of-

concept screen using small molecules or enzymes interfering

at various levels with ECM-related signaling (Figure 5K). We

noted rapid growth effects upon ECM perturbations. FeBOs

exposed to chondroitinase ABC (degrading CSPGs) displayed

increased growth (Figure 5K). Histological analysis confirmed

an increase in Ki-67+ cells in the proliferative layer and an

increased SOX2+ layer thickness (Figures 5L, 5M, and S12J).

Interestingly, treatment with chondroitinase ABC in rats upon

spinal cord injury promotes CNS plasticity and regeneration.61

FeBOs exposed to 4-methylumbelliferone (inhibiting hyaluronan

synthesis) markedly reduced their growth (Figure 5K). Strikingly,

these FeBOs displayed inverted polarity and layered organiza-

tion with TUJ1+ neurons presenting on the outside, suggesting

a role of hyaluronan in controlling neuronal migration and estab-

lishment of tissue polarity (Figures 5N and 5O). Taken together,
niche in FeBOs

s in expanding FeBOs (average across n = 25 FeBOs from different donors and

ing.

in FeBOs and within human fetal brain and comparison with relative protein

d from Kim et al.58

secretome (secreted products).

duction (top). Suggested model how tissue integrity ensures FeBO expansion

between FeBOs (steady-state and upon splitting) and dissociated FeBO single-

eBOs, and PSC-derived 3D brainmodels, including amatrix-free (PSC-cortical

heroids, and unguided PSC-cerebral organoids. n = 3 replicates per condition.

ach experimental condition.

s upon challenge with different ECM perturbation molecules relative to control.

liferation in chondroitinase ABC-exposed FeBOs. Scale bars, 150 mm.

kness of the SOX2 layer (bottom) in control and chondroitinase ABC-exposed

changed cell distribution in 4-methylumbelliferone-exposed FeBOs. Scale

e-exposed FeBOs. Organoids were subdivided in multiple bins (from edge to

bin was quantified.
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FeBOs maintain a developing tissue-like ECM niche, enabling

functional ECM studies in human brain development.

Morphogen responses of endogenously specified
human fetal brain identities assessed in FeBOs
During brain development, complex morphogen gradients are

known to establish cellular and regional identity.62,63 Whether

the samemorphogens affect themaintenance of positional iden-

tity is less established. Similarly, it remains unclear if established

positional identities are hardwired or plastic, especially in human

development. We probed if FeBOs could be useful to study the

consequences of morphogen exposure on their endogenously

specified identity. We utilized a combination of BMP and Wnt

stimulation, dorsalizing signaling molecules in the neural tube

and later on produced by the cortical hem to induce dorsomedial

fate,62,64,65 and assessed responses of both dorsal and ventral

forebrain FeBOs (Figure 6A). We also studied the effect of the

same molecules on unguided and cortex-patterned PSC-

derived brain organoids, which are instead exogenously speci-

fied starting from the PSC state (Figures 6A, S13A, and S13B).

After 7 days of BMP+Wnt exposure, expanding dorsal FeBO

lines robustly induced dorsal forebrain-specific genes (PAX6,

EOMES, andNEUROG2) as comparedwith control FeBOs, while

expression of the pan-NSC marker SOX2 remained unchanged

(Figure 6B). Remarkably, BMP+Wnt-exposed ventral FeBO lines

did not show expression changes in any of these markers (Fig-

ure 6B). Neither the unguided PSC-cerebral organoids nor the

PSC-cortical spheroids induced these dorsal markers upon

BMP+Wnt stimulation (Figures 6C and 6D). We next analyzed

the models’ broad transcriptomic responses by bulk RNA

sequencing. Visualization of theexpression trendsof thedifferen-

tially expressed genes across all models highlighted their largely

unique responses (Figures 6E, S13C, and S13D; Table S1).

Ventral forebrain FeBOs and PSC-cortical spheroids responded

with smaller (but unique) gene sets, while dorsal forebrain FeBOs

and unguided PSC-cerebral organoids each displayed large, up-

regulated gene sets,mostly not overlapping (Figure 6E).GO-term

enrichment analysis on upregulated gene sets revealed enrich-

ment for cerebral cortex regionalization and forebrain neuron
Figure 6. FeBOs display physiologically relevant morphogen sensitivit

(A) Experimental setup to evaluate morphogen responses of dorsal and ventral for

upon exposure to BMP+Wnt (BMP4 + CHIR-99021).

(B) Representative brightfield image of a FeBO (left) and mRNA expression analy

upon BMP+Wnt exposure relative to mock (control) in 3-month-expanded dorsa

bars, 1 mm.

(C) Representative brightfield image of an unguided PSC-cerebral organoid (left) a

BMP+Wnt exposure relative to mock (control). Each bar represents an individua

(D) Representative brightfield image of a PSC-cortical spheroid (left) and mRNA e

exposure relative to mock (control). Each bar represents an individual spheroid.

(E) Heatmap displaying expression trends across all models upon BMP+Wnt exp

experimental model vs. its respective control. n.s., not significant.

(F) GO-term enrichment analysis on the upregulated genes identified in dorsal f

BMP+Wnt exposure.

(G) Volcano plots of the differentially expressed genes identified in each experime

genes. The number of upregulated (green) and downregulated (red) genes are in

(H) Heatmap displaying the log2FC trends of selected markers of different brain

significant; n.d., not detected.

See also Figure S13.
fate commitment in dorsal forebrain FeBOs, possibly in alignment

with the reported physiological role of BMP andWnt in the telen-

cephalon62–65 (Figures 6F and S13E). All models responded to

Wnt and BMP signaling activation by upregulating bona

fide Wnt and BMP target genes (e.g., AXIN2, DKK1, LEF1

and ID2, MSX1, respectively). Upon inspection of expression

of regional and cell type-specific genes, we observed upregula-

tion of typical cortical genes in the dorsal forebrain FeBOs,

including markers for dorsal intermediate progenitors (EOMES,

NHLH1, and NEUROG2), neurogenic genes in NSCs (ID4,

HES5), markers for early- and late-born glutamatergic cortical

neurons (SLC17A6, TBR1, andNEUROD6), and different cortical

neuronal subtypes/layer-specific genes, such as deep-layer

(FEZF2, CTIP2, SOX5, NFIA, NFIB, CELF1, and TLE4) and

upper-layer markers (POU3F2, CDH6, CUX1/2, BHLHE22, and

PLXNA4)45,50,66,67 (Figures 6G and 6H; Tables S1 and S2).

Expression of dorsomedial markers (LEF1, EMX1/2, GLI3,

PAX6, andDMRTA2) increased,while somemarkers of the lateral

cortex (anti-hem) and ventral forebrain—themost distant regions

from the BMP-Wnt gradient in vivo—appeared downregulated

(SFRP2, NRP2, LMO4, SOX10, and OLIG2) (Figures 6G and

6H). These data suggested a strengthening of cortical fate and

cellular diversity in dorsal forebrain FeBOs, including the induc-

tion of lowly expressed dorsal markers, implying that BMP+Wnt

signaling might be needed for the maintenance of full cortical

identity as optimized culture condition. Interestingly, ventral fore-

brain FeBOs did not respond in a similar manner, suggesting that

these signals per se are not able to determine a ventral-to-dorsal

forebrain fate change (Figures 6G, 6H, andS13F), highlighting as-

pects of plasticity of established ventral forebrain identity.

BMP+Wnt exposure did not induce changes in most of the

regional genes in PSC-cortical spheroids in the experimental

layout considered (Figures 6G and 6H). Unguided PSC-cerebral

organoids presented a different response in regional fate,

with upregulation of some mid- and hindbrain markers (e.g.,

EN1, PITX2, andHOXA genes), possibly reflecting the caudaliza-

tion effect of BMP andWnt during early stages of neural develop-

ment.68–70 Concomitantly, we noted a more varied expression

trend of dorsal forebrain markers (Figures 6G and 6H).
y

ebrain FeBOs, unguided PSC-cerebral organoids, and PSC-cortical spheroids

sis (qPCR) of NEUROG2, PAX6, EOMES, and general stem cell marker SOX2

l and ventral forebrain FeBOs. Each bar represents an individual FeBO. Scale

nd mRNA expression analysis (qPCR) of NEUROG2, PAX6, and EOMES upon

l organoid. Scale bars, 500 mm.

xpression analysis (qPCR) of NEUROG2, PAX6, and EOMES upon BMP+Wnt

Scale bars, 500 mm.

osure of all upregulated genes (|log2FC| > 0.5, p-adj. < 0.05) identified in each

orebrain FeBOs (top) and in unguided PSC-cerebral organoids (bottom) upon

ntal model upon BMP+Wnt exposure. Blue dots indicate statistically significant

dicated.

regions across all experimental models upon BMP+Wnt exposure. n.s., not
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Our data uncover divergent morphogen responses between

PSC-brain models and tissue-derived FeBOs. These differences

may find their origin in the native vs. exogenously guided brain

region identity, and a different level of cellular plasticity. Effect

of morphogens during brain development are different depend-

ing on the developmental window.63,71 In this context, the FeBOs

represent a complementary in vitro model to study the effect of

signaling molecules on maintenance and plasticity of native,

in vivo established regional identities.

Scalable CRISPR-engineered mutant FeBO lines for
brain tumor modeling
We investigated whether FeBOs allow disease modeling

by CRISPR editing,72 first focusing on a developmental gene.

RAB3GAP2 mutations are associated with Warburg Micro or

Martsolf syndromes, characterized by microcephaly,73,74 and its

expression decreases along the developmental trajectory

(FiguresS14AandS14B).ByCRISPR-engineering FeBOs through

whole-organoid electroporation (Figure S14C), we introduced

RAB3GAP2mutations in cells co-transfected with a transposable

GFP. Transfected cells weremainly located in the stem/progenitor

outside region (Figures S14D and S14E). This allowed following

their fateand thatof their daughter cells upongenemanipulation.75

A conspicuous decrease of SOX2+ and PAX6+ stem cells and a

concomitant proportional increase of the neuronal TUJ1+ and

MAP2+ populations were observedwithin the targetedGFP+ pop-

ulation (Figures S14F–S14I). These observations suggested that

lossofRAB3GAP2 leads toanunbalanced fateofprogenitormain-

tenance vs. neuronal differentiation (Figure S14J).

We reasoned that FeBOs would allow to visualize the effect

of mutating cancer genes in sporadic cells within an otherwise

healthy developing brain (Figure 7A). We first introduced

knockoutmutations in TP53. A small number of cells were initially

targeted (GFP+) (Figure 7B). During subsequent expansion and

repeated splitting (ca. 2–3 months), a sharp increase of GFP+

cells in TP53-targeted organoids was seen, which was not

observed in control conditions (Figure 7B), revealing a clear

growth advantage of TP53-mutant cells. These mutant organo-

ids contained increased proliferative GFP+/SOX2+ cells, which

appeared to grow in a nodule-like fashion (Figure 7C). GFP+
Figure 7. FeBOs enable robust tumor modeling
(A) Principle of tumor modeling in FeBOs using genetic engineering and example

(B) Representative brightfield and GFP fluorescence overlay image of sparsely t

TP53 knockout, TP53�/�; GFP+ cells rapidly and exclusively enrich over time. Sc

(C) Representative immunofluorescence images for the indicatedmarkers in contr

months p.e. (TP53�/� FeBO). Scale bars, 500 mm.

(D) Representative brightfield and GFP fluorescence overlay images of an invasion

bars, 1 mm.

(E) Representative brightfield and GFP fluorescence overlay images of individua

(F) Quantification of the percentage of mutant area over whole organoid area of

(H) Quantification of the mutant area size variability across individual TPN-target

(H) Representative GFP fluorescence images of individual isogenic organoids fro

(I) Quantification of the percentage of mutant area over whole organoid area of T

(J) Quantification of the organoid-to-organoid size variability of TPN FeBOs (dots

(K) FeBOmutation-drug assays. Representative GFP fluorescence images of TPN

Underneath, ATP-based viability curves of wild-type (WT), single mutant TP53�/�,
exposure (mean ± SD).

See also Figures S14 and S15.
(TP53�/�) cells repressed expression of the downstream target

TP21 (Figure S15A) and remained proliferative also uponmatura-

tion (Figures S15B and S15C), suggesting impaired differentia-

tion (Figure S15D). Over time, mutant FeBOs became fully

GFP+, and clonal TP53 frameshift mutations were confirmed

(Figures S15E and S15F). To further probe their tumorigenic

behavior, we established co-cultures between mutant FeBOs

(GFP+) and wild-type FeBOs (GFP�) derived from the same

donor. Hybrid organoids were quickly formed, and GFP+ cells

markedly invaded the wild-type FeBO (Figure 7D), illustrating

their potential to study mutant brain cell invasiveness.

Tumor modeling has been reported in PSC-brain organo-

ids,76 but their application for extensive drug screening is com-

plex due to organoid-to-organoid variation in terms of the

extent and size of the grown GFP+ area and the lack of

passaging capacity (Figures 7E–7G and S15G–S15I). Single

CRISPR-mutated FeBOs can each generate multiple, identical

mutant organoids (i.e., clonal lines) amenable for multiple

downstream analyses in a scalable and reproducible manner

(Figures 7A and S15G). We generated a triple knockout of

TP53, PTEN, and NF1 (TPN), a classical combination for glio-

blastoma modeling.77 After ca. 3 months, TPN (GFP+) FeBO

lines were derived, and isogenic, clonal TPN FeBOs could be

split into a large number of organoids of similar size, which

were solely composed of mutant cells (Figures 7H–7J). To

show the applicability of such mutant FeBO lines, we per-

formed mutation-drug sensitivity assays, based on methods

compatible with higher throughput (i.e., ATP-based viability as-

says). Dose-response curves for afatinib and everolimus

were reliably generated with minimal inter-organoid variation

(Figure S15J). We then exposed both TPN FeBOs, single

TP53�/� FeBOs, and wild-type FeBOs to Nutlin-3a. TP53-

mutant cells should be resistant to Nutlin-3a.78 Indeed, TPN

FeBOs as well as single TP53�/� FeBOs were resistant to Nut-

lin-3a, while wild-type organoids displayed reduced viability

already at the lowest dose tested (Figures 7K and S15J).

We also evaluated responses to the MEK inhibitor trametinib,79

to which NF1-mutant cells should be sensitive. While wild-

type FeBOs and single TP53�/� FeBOs displayed near-com-

plete resistance, TPN FeBOs displayed marked sensitivity
s of downstream analyses.

ransfected (GFP+) cells 24 h post electroporation (p.e.) in whole FeBOs. Upon

ale bars, 1 mm.

ol FeBOs and FeBOs in which TP53�/�; GFP+ cells have rapidly enriched at two

assay of a TP53�/�mutant (MT, GFP+) FeBO on a wild-type (WT) FeBO. Scale

l TPN-targeted PSC-brain organoids. Scale bars, 500 mm.

individual TPN-targeted PSC-brain organoids (dots).

ed PSC-brain organoids (dots).

m a TPN FeBO line. Scale bars, 500 mm.

PN FeBOs (dots).

).

FeBOs in response to increasing doses of Nutlin-3a (top) or trametinib (bottom).

and triple mutant TPN FeBOs after 7 days Nutlin-3a (top) or trametinib (bottom)
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(Figures 7K and S15J). Altogether, FeBOs constitute a versatile

platform for brain cancer modeling.

DISCUSSION

Experimental platforms of human brain have flourished in recent

years, most notably due to the emerging PSC-brain organoid

models.80 The continued advancement of different protocols and

exhaustive characterizations through various single-cell technolo-

gies have emphasized their promise and reliability.45,81–84 Among

others, PSC-brainorganoidshaveunraveled intricatedetails of hu-

man brain development, including evolutionary44,85–87 and dis-

ease-related aspects88–90.

Approximation of the complexity of in vivo biology inherently

benefits from the continued establishment of novel models.

Here, we demonstrate that small fragments of human fetal brain

tissue can be expanded over long periods of time under defined

culture conditions as organoids (FeBOs), with reliable molecular

profiles and cellular heterogeneity. We thus find that the human

developing brain is capable of robustly self-organizing in vitro

over multiple passages into a 3D, layered structure. In these

FeBOs, progenitor cells localize to the organoid periphery, while

neurogenesis occurs toward the center, creating a self-sustain-

ing organoid system. Importantly, FeBOs are of exclusive neuro-

ectoderm composition. Notably, a key finding of our study is that

the preservation of tissue integrity and thus of native cell-cell in-

teractions appear instrumental to produce a proper tissue-like

ECM niche, which we hypothesize might be important to main-

tain long-term expansion. This argues that intact germinal zones

of the human brain are self-proficient in the creation of the proper

local environment, which in turn regulates tissue growth. In line,

functional perturbation of the ECM niche directly influenced

FeBO growth and cellular organization.

Through histological and transcriptomic characterizations as

well as direct comparisons with primary tissue, we show that

FeBOs recapitulate aspects of human fetal brain across multiple

lines and donors, including cellular diversity (including abundant

oRGs) and transcriptional identities. Differently than PSC-

derived brain models, FeBOs do not naturally progress to later

stages in development and appear to represent expanding ‘‘av-

atars’’ of the tissue fromwhich they derive. This enables the gen-

eration of expanding FeBO lines (i.e., one FeBO generates mul-

tiple FeBOs upon passaging, all derived from the same donor

and same initial fragment), facilitating reproducibility for down-

stream applications. When placed in maturation medium,

FeBOs slow down their growth, while features occurring later

in development, such as gliogenesis, become more prominent.

FeBOs can be derived from distinct parts of the CNS while

broadly capturing the original regional identity over prolonged

periods of time. The distinct behavior of FeBOs derived fromdor-

sal vs. ventral forebrain upon exposure to dorsalizing signaling

agents suggests that they may also capture distinct regional

responses. This hints at the application of FeBOs as an experi-

mental platform to address cell-autonomous and morphogen-

dependent mechanisms of cell and positional identity specifica-

tion in a naturally specified human in vitro system.

We further demonstrate the use of the FeBO culture system to

address disease-related questions. In particular, expandable
728 Cell 187, 712–732, February 1, 2024
CRISPR-mutated FeBO lines with defined genetic make-ups

can be generated as bottom-up cancer models. Such mutant

FeBO lines represent scalable and reproducible systems

amenable to a plethora of functional screenings, including muta-

tion-drug sensitivity assays.

The advances on in vitro experimental human brain models

require proactive assessment of the ethical and societal chal-

lenges, ranging from consent to the emerging questions of the

possible consciousness and pain-sensing of such models. We

established FeBOs from abortion material from anonymous indi-

viduals that donated voluntarily and without any compensation.

FeBOs were generated from tissue ages up to GW15, spanning

the beginning of the second trimester. It is highly unlikely that

FeBOs would possess consciousness or alike perceptive prop-

erties, given the lack of sensory inputs, outbound connections,

and complex brain region interactions.91 Similar to active discus-

sions on other human brain models,92 the use of dedicated

research ethics frameworks and active discussions with donors

and the scientific community should be ensured to continue

ethical forms of further experimentation using FeBOs, including

organoid xenotransplantation, similar to PSC-brain organoid

grafts in rodent brains.93–95

Limitations of the study
The FeBO platform opens up an independent avenue to study the

human fetal brain inhealthanddiseasebut is inherentlydependent

on fetal tissue access. There are various aspects that will require

future optimizations, and follow-up directions can be envisioned.

Among others, these may regard aspects of characterization and

improvement of neuronal specification and electrophysiological

properties, thedevelopment ofmoregradual andprolongedmatu-

rationprotocols specificper regional FeBO, and theappearanceof

a more tightly organized layer cytoarchitecture. Intriguingly, we

noted a strong and specific regional response of dorsal forebrain

FeBOs to supplementation of dorsalizing agents (BMP and Wnt).

This is an aspect that should be further explored, also with regard

to other regional FeBOs. In fact, it would be of interest to further

investigate if FeBOs can be derived from brain regions other

than the forebrain and if there are diverse requirements for specific

signaling molecules to maintain/strengthen regional identities

in vitro. Although this would necessitate testing of different culture

conditions, it would provide novel insights into the plasticity of po-

sitional identity and simultaneously constitute optimized culture

conditions. In parallel, it would beof interest to investigatewhether

FeBOscanbederived fromabroader developmentalwindow than

tested here (GW12–15), whether these showdifferences in expan-

sioncapacity andcell types, andwhether theycan reflect temporal

patterning of neurogenesis, e.g., through lineage tracing analysis.

Lastly, derivation of FeBOs from diseased tissues would be of

particular interest for brain defects that are associated with peri-

natal lethality.
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anti-MAP2 Covance PCK-554P (RRID:AB_291541)

anti-N-CAD Santa Cruz sc-59987 (RRID:AB_781744)

anti-NKX2-1 Abcam ab76013 (RRID:AB_1310784)

anti-NKX2-2 Santa Cruz sc-15015 (RRID:AB_650277)

anti-OLIG2 Sigma-Aldrich AB9610 (RRID:AB_570666)

anti-PAX6 Covance PRB-278P (RRID:AB_291612)

anti-RORB Atlas Antibodies HPA008393 (RRID:AB_1079830)

anti-S100B Abcam ab41548 (RRID:AB_956280)

anti-SATB2 Abcam ab51502 (RRID:AB_882455)

anti-SOX2 Millipore AB5603 (RRID:AB_2286686)

anti-SOX2 Thermo Fisher Scientific 14-9811-82 (RRID:AB_11219471)

anti-SOX5 Abcam ab94396 (RRID:AB_10859923)

anti-TBR1 Abcam ab31940 (RRID:AB_2200219)

anti-TBR2 Abcam ab23345 (RRID:AB_778267)

anti-TUJ1 BioLegend 801202 (RRID:AB_2728521)

Alexa Fluor 488 goat anti-chicken Thermo Fisher Scientific A-11039 (RRID:AB_2534096)

Alexa Fluor 488 donkey anti-goat Thermo Fisher Scientific A-11055 (RRID:AB_2534102)

Alexa Fluor 488 goat anti-guinea pig Thermo Fisher Scientific A-11073 (RRID:AB_2534117)

Alexa Fluor 488 donkey anti-rabbit Thermo Fisher Scientific A-21206 (RRID:AB_2535792)

Alexa Fluor 568 donkey anti-mouse Thermo Fisher Scientific A-10037 (RRID:AB_2534013)

Alexa Fluor 568 donkey anti-goat Thermo Fisher Scientific A-11057 (RRID:AB_2534104)

Alexa Fluor 568 goat anti-guinea pig Thermo Fisher Scientific A-11075 (RRID:AB_2534119)

Alexa Fluor 647 donkey anti-rabbit Thermo Fisher Scientific A-31573 (RRID:AB_2536183)

Alexa Fluor 647 goat anti-rat Thermo Fisher Scientific A-21247 (RRID:AB_141778)

Biological Samples

Human fetal central nervous system tissues

(GW8, GW12-GW15)

Leiden University Medical Center and

Human Developmental Biology Resource

N/A

Chemicals, peptides, and recombinant proteins

Advanced DMEM/F12 Thermo Fisher Scientific 12634010

Penicillin-Streptomycin Thermo Fisher Scientific 15140122

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GlutaMAX Thermo Fisher Scientific 35050061

HEPES Thermo Fisher Scientific 15630080

Neurobasal medium Thermo Fisher Scientific 21103049

B-27 supplement, minus vitamin A Thermo Fisher Scientific 12587010

B-27 supplement Thermo Fisher Scientific 17504044

N-2 supplement Thermo Fisher Scientific 17502048

MEM non-essential amino acid solution Thermo Fisher Scientific 11140050

Human EGF Peprotech AF-100-15

Human FGF-2 Peprotech 100-18B

Human FGF-10 Peprotech 100-26

Human BMP-4 Peprotech 120-05ET

CHIR-99021 Sigma-Aldrich SML1046

Primocin Invivogen ant-pm-2

Cultrex Basement Membrane Extract (BME),

Growth Factor Reduced, Type 2

R and D systems 3533-010-02

Corning Matrigel hESC-Qualified Matrix Corning 354277

mTeSR Plus Medium STEMCELL Technologies 100-0276

Y-27632 dihydrochloride AbMole M1817

DMEM/F12 Thermo Fisher Scientific 11330032

KnockOut Serum Replacement Thermo Fisher Scientific 10828028

2-mercaptoethanol Thermo Fisher Scientific 21985023

Dorsomorphin STEMCELL Technologies 72102

SB-431542 STEMCELL Technologies 72232

Neurobasal-A medium Thermo Fisher Scientific 10888-022

Human BDNF Peprotech 450-02

Human NT-3 Peprotech 450-03

Corning Matrigel Basement Membrane Matrix Corning 354234

Gentle Cell Dissociation Reagent STEMCELL Technologies 100-0485

Anti-Adherence Rinsing Solution STEMCELL Technologies 07010

Opti-MEM, no Phenol Red Thermo Fisher Scientific 11058021

DNAse I Roche 10104159001

TRIzol Reagent Thermo Fisher Scientific 15596026

DAPI Thermo Fisher Scientific 62248

4-Methylumbelliferone Sigma-Aldrich M1381

BTT-3033 Tocris 4724

Chondroitinase ABC from Proteus vulgaris Sigma-Aldrich C3667

Nutlin-3a MedChemExpress HY-50696

Afatinib Selleckchem S1011

Everolimus Selleckchem S1120

Trametinib Selleckchem S2673

Critical commercial ssays

Fluo-4 Calcium Imaging Kit Thermo Fisher Scientific F10489

CellTiter-Glo 3D Cell Viability Assay Promega G9681

STEMdiff Cerebral Organoid Kit STEMCELL Technologies 08570

Neural Tissue Dissociation Kit (P) Miltenyi 130-092-628

Dead Cell Removal Kit Miltenyi 130-090-101

SuperScript IV First-Strand Synthesis System Thermo Fisher Scientific 8091050

iQ SYBR Green Supermix Bio-Rad 1708886

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Read-level bulk and single-cell RNA sequencing

data generated in this study

This study GEO: GSE248481

Raw bulk and single-cell RNA sequencing data

generated in this study

This study EGA: EGAC00001001864

Proteomics data generated in this study This study PRIDE: PXD047075

Previously published single-cell RNA sequencing

data on human fetal brain

Bhaduri et al.37 NeMO Archive (RRID: SCR_002001) and

at https://data.nemoarchive.org/biccn/

grant/u01_devhu/kriegstein/transcriptome/

scell/10x_v2/human/processed/counts/

Previously published single-cell RNA sequencing

data on human fetal brain

Yu et al.42 GEO: GSE165388

Previously published single-cell RNA sequencing

data on human fetal brain

Fan et al.52 GEO: GSE120046

Experimental models: Cell lines

Human H1 hESC line WiCell WA01

Oligonucleotides

qPCR primers, sgRNA cloning primers, and

genotyping primers

See Table S4 N/A

Software and algorithms

RStudio 2022.02.2 RStudio, PBC https://www.rstudio.com/

DESeq2 1.36.0 Love et al.96 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

CIBERSORTx Newman et al.97 https://cibersortx.stanford.edu/

VoxHunt Fleck et al.98 https://github.com/quadbio/VoxHunt

Cell Ranger 5.0.1 10X genomics https://www.10xgenomics.com/support/

software/cell-ranger

Seurat 4.0 Hao et al.99 https://satijalab.org/seurat/

Maxquant 1.6.10.0 Max Planck Institute of Biochemistry https://www.maxquant.org/

Perseus 1.6.10.0 Max Planck Institute of Biochemistry https://maxquant.net/perseus/

Uniprot human database (Organism Species 9606) Uniprot https://www.uniprot.org/

Las X 3.5.7 Leica N/A

Fiji 2.14.0 ImageJ https://imagej.net/

Prism 9.4.1 GraphPad https://www.graphpad.com/

Adobe Illustrator 28.0 and Photoshop 25.1.0 Adobe Inc. https://www.adobe.com/

ll
OPEN ACCESSArticle
RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents and resources should be directed to and will be fulfilled by the lead contact, Benedetta

Artegiani (b.a.artegiani@prinsesmaximacentrum.nl).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Read-level bulk and single-cell RNA sequencing data of this study have been deposited in GEO (GSE248481) and are publicly avail-

able as of the date of publication. Due to donor privacy concerns, associated raw sequencing data can be made available for repli-

cation purposes by the Data Access Committee of the Princess Máxima Center (EGAC00001001864). The mass spectrometry pro-

teomics data of this study have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (PXD047075)

and are publicly available as of the date of publication. Single-cell RNA sequencing data from previous publications that were used in

this study can be found in GEO (GSE165388 and GSE120046), and in the NeMO Archive (RRID: SCR_002001) and at https://data.
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nemoarchive.org/biccn/grant/u01_devhu/kriegstein/transcriptome/scell/10x_v2/human/processed/counts/. This paper does not

report original code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact

upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human tissue
Human fetal central nervous system (brain and spinal cord) tissues were obtained from elective abortions from Leiden University

Medical Center or the Human Developmental Biology Resource, under informed consent and ethical approval. Ethical approval

for the use of human fetal tissue was provided by the Commission of Medical Ethics of Leiden University Medical Center (Leiden,

NL), Human Developmental Biology Resource (HDBR, Cambridge and Newcastle, UK), and the Biobank and Data Access Commit-

tee of Princess Máxima Center (Utrecht, NL). In total, n = 8 tissues were used in this study. Tissues were from both sexes (3 male,

2 female, and 3 not determined) and ranged in developmental stage from GW12 to GW15 (brain) and GW8 (spinal cord).

Human embryonic stem cells
The hESC H1 line (WA01, male) wasmaintained on hESCQualifiedMatrigel-coated plates in mTeSR Plusmedium in a 37�C, 5%CO2

incubator. The hESCsweremaintained below passage 50. The hESCswere used in accordance with the local ethical regulations and

the hESC line was authenticated through STR profiling.

METHOD DETAILS

Tissue isolation, dissection, and processing for organoid culture
Human fetal tissues were derived from healthy abortion material from anonymous donors, under informed consent and ethical

approval (Commission of Medical Ethics, Leiden University Medical Center, Leiden) or human embryonic and fetal material was pro-

vided by the Joint MRC /Wellcome Trust (Grant #MR/006237/1) Human Developmental Biology Resource (HDBR) (http://www.hdbr.

org), under informed consent and ethical approval (HDBR, UK and Biobank and Data Access Committee (BDAC), Princess Máxima

Center, Utrecht, NL). Fully anonymous subjects donated the tissue voluntarily and upon informed consent andwere informed that the

material would be used for research purposes only. Tissue donation did not entitle for any financial, medical or personal benefit. Do-

nors/tissue providers were informed that the research included the understanding of how organs normally develop and relative dis-

eases in which normal development is affected, including the possibility to grow cells derived from the donatedmaterial. Material and

organoids were treated accordingly to standard laboratory practice, including, but not limited, to their disposal. Tissues from eight

different donors were used in this study, ranging between GW12-15 for brain tissues, and GW8 for spinal cord. Recognizable tissue

pieces were collected and washed in 0.9% (wt/vol) NaCl and kept on ice. Within 24 hrs, the tissue was extensively washed with cold

Advanced DMEM/F12 containing 10 U/ml Penicillin-Streptomycin. Evident necrotic areas were removed using micro-dissecting

scissors. Single pieces were isolated and individually transferred into a well of a 12-well plate. Each piece was further processed

and cut into smaller pieces (approximately 1mmdiameter), while avoiding extensivemincing of the tissue. A few of these small pieces

were collected for RNA isolation and subsequent qPCR analysis using a panel of marker genes to assign tissue identity (dorsal and

ventral forebrain identity). Some pieces were collected for fixation in 4% formaldehyde to use for further immunofluorescence anal-

ysis. The rest of these pieces were used for establishment of the organoid lines.

FeBO establishment and long-term culturing
Tissue pieces obtained from the dissection procedure were seeded in 12-well plates (about 10-15 pieces/well). The optimized culture

medium contained a base medium of a 1:1 mixture of Advanced DMEM/F12 supplemented with 10 U/ml Penicillin-Streptomycin,

1X GlutaMax, and 1X HEPES (Advanced DMEM +++) and Neurobasal medium plus 10 U/ml Penicillin-Streptomycin. To this base

medium, 1X B27 Supplement minus vitamin A, 1X N2 Supplement, 1X MEM non-essential amino acid solution, 50 ng/ml hFGF-

10, 40 ng/ml hFGF-2, 50 ng/ml hEGF, and 100 mg/ml Primocin were added to constitute the expansion medium. The organoids

were cultured at 37�C and 5% CO2 under constant rotation (60 rpm) using an orbital shaker. Ca. 5 days after seeding the pieces

of tissue, formation of organoid-like structures with defined borders was observed. These structures were transferred to a new

well of a 12-well plate using a blunt-cut P1000 pipette tip and were allowed to further grow until they reached a size of approximately

2-3 mm in diameter. These initial organoids were split by cutting them into smaller pieces using micro-dissecting scissors, washed

with Advanced DMEM+++ (from now on referred to as wash buffer) and 2-3 pieces were transferred into a newwell of a 12-well plate,

and typically within 3-5 days new organoids were formed again. Over time, the organoids acquired a more regular, round

morphology, sometimes with folded edges. Regular splitting of the organoids was performed approximately every 2-3 weeks for

ca. the first 6 months, and thereafter every 3-4 weeks. The expansion medium was refreshed every 3-4 days. For further maturation,

single organoids at any given point during the culturing period were transferred to a well of a 24-well plate and the expansionmedium

was completely removed by rinsing once with wash buffer. Maturation medium was prepared by using the base medium supple-

mented with 1X N2 supplement, 1X MEM non-essential amino acid solution, 100 mg/ml Primocin, 1X B27 Supplement (containing

vitamin A), 100 mg/ml Primocin, and 0.5% basement membrane extract (BME). We initially also tested addition of 20 ng/ml hBDNF,
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20 ng/ml hGDNF, but omitted these factors in later experiments. Maturation medium was changed every second day and kept from

3 to 10 days depending on the downstream application. Cultures were monthly tested for mycoplasma and tested negative without

exception.

FeBOs growth assessment
The growth of the organoids wasmeasured by two independent means: increase of surface area of single organoids in between pas-

sages; and for overall tissue expansion by considering the increase of volume/passage and the split ratio. After splitting, composite

pictures of multiple organoids were taken at regular intervals using a Leica DMi8microscope. The images were analyzed and surface

areas were calculated using Fiji (2.14.0, ImageJ) software, and volumes were calculated by measuring the diameter and using the

formula 4pr1r2r3/3. The average increased volume across multiple organoids in between a split was then multiplied per the split ratio

over time to estimate the produced biomass.

Organoid and brain tissue processing for immunofluorescence
For immunofluorescence analysis, organoids or human fetal brain tissue were processed in the same way. They were fixed by incu-

bation with 4% formaldehyde over night at 4�C. Samples were then washed 2-3 times with 1X PBS and kept at 4�C before further

processing. Samples were embedded in 3% low melting agarose and sliced using a Vibratome to obtain 40 mm sections. Those

were preserved in 1X PBS at 4�C or in freezing medium (50% 2X PBS, 25% Ethylene Glycol and 25% Glycerol) at -20�C for long-

term storage. Staining was performed on floating sections by an initial permeabilization and blocking incubation step of 2 hrs at

room temperature in blocking buffer (1X PBS, 5% BSA, 0.02% Triton X-100), and a 48 hrs primary antibody incubation at 4�C
with the appropriate primary antibody at the indicated dilutions (Table S4) in incubation buffer (1X PBS, 2% BSA). Sections were

washed 3 times with 1X PBS and incubated for 24 hrs at 4�C with appropriate secondary antibodies (Table S4) diluted 1:1000 in in-

cubation buffer. Sections were then incubated with DAPI (1 mg/ml) diluted in 1X PBS for 20 min at room temperature to counterstain

the nuclei. Sections were washed 3 times with 1X PBS and transferred to a 24-well glass-bottom SensoPlate using a thin brush and

mounted using Immu-Mount mounting medium and a glass coverslip for further imaging.

Lentiviral infection of FeBOs
Lentiviruses were previously produced,100 using the pLV-H2B-mCherry-ires-Puro construct. FeBOs were infected with lentiviruses

for 12 hrs in a 24-well plate. After incubation, virus-containing medium was removed and organoids were washed 3 times with wash

buffer and then cultured in expansion medium. Infected FeBOs were collected at different time points post infection and processed

for immunofluorescence staining as described above.

ECM perturbations in FeBOs
Passaged FeBOs were individually cultured and upon organoid reformation, the FeBOs were exposed to different ECM perturbing

molecules in expansion medium: BTT-3033 (1 mM), chondroitinase ABC from Proteus vulgaris (50 mU/ml), or 4-methylumbelliferone

(200 mM) for 7 days with regular medium changes. Brightfield images were acquired before, during, and after treatment to assess

organoid sizes and growth. Organoids were collected and processed for immunofluorescence staining as described above.

Morphogen treatment on FeBOs and PSC-derived 3D brain models
The effect of BMP andWnt was tested on both dorsal and ventral forebrain FeBOs, as well as on PSC-derived cortical spheroids and

PSC-derived unguided cerebral organoids (see below). For FeBOs, hBMP4 (40 ng/ml) and CHIR-99021 (3 mM), referred to as

BMP+Wnt, were added to the expansion medium of individually-cultured FeBOs for 7 days. Then, dorsal and ventral forebrain

FeBOs (control and BMP+Wnt-treated) were collected for RNA analysis. For both PSC-brain models, we added BMP+Wnt at a

similar point of their developmental trajectory, i.e. after the neural induction phase and during the expansion phase. For PSC-derived

cortical spheroids, BMP+Wnt were added and kept from day 17 onwards. On day 24, each spheroid was collected for RNA analysis.

For PSC-derived unguided cerebral organoids, BMP+Wnt were added and kept from day 7 onwards. On day 15, each organoid was

collected for RNA analysis as described below.

Sparse cell labeling of FeBOs
To visualize cell morphology, electroporation with the piggyBac transposase plasmid and the donor PBCAG-EGFP plasmid (Addg-

ene #40973) or PBCAG-mRFP plasmid (Addgene #40996) was performed to label sparse cells within FeBOs (see below). One week

after electroporation, organoids were transferred to maturation medium. Live whole organoids (10 days after switching to maturation

medium), were imaged at a confocal microscope as described below.

Measurement of calcium flux by live imaging
Live FeBOs (early or late passage) cultured in 5 days of maturation medium were embedded in 3% lowmelting temperature agarose

and sliced to 100 mm-thick sections using a Vibratome. These samples were then processed using the Fluo-4 Calcium Imaging Kit,

according to the manufacturer’s instructions with a few modifications. Briefly, slices were incubated for 15 min at 37�C followed by

15 min at room temperature with the calcium probe in complete medium diluted 1:2 with 1X PBS and supplemented with 20 mM
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glucose. Slices were then washed once and maintained in medium supplemented with Neuro Backdrop Background Suppressor

solution (dilution 1:10) and immediately imaged on a confocal Sp8 microscope (Leica). For any defined position, images were ac-

quired every 0.8 or 2 seconds for a total of 5 min in the 488 channel. Images over time were sequentially assembled to create movies

with ImageJ software. To record calcium spikes, single cells were carefully outlined in a region of interest (ROI), and intensity of fluo-

rescencewasmeasured over the entire time series. TheDF1/F0 trace for each ROI was calculated by dividing the fluorescence by the

initial baseline fluorescence for each time point, and traces were visualized in GraphPad Prism (9.4.1).

CRISPR-editing, brain tumor modelling, and drug screening in FeBOs
Plasmids carrying a specific sgRNA were generated by cloning the sgRNA sequences for the different targets in the pSPgRNA

plasmid (Addgene #47108), as described previously.101 Previously used sgRNAs targeting TP53, PTEN, or NF1100 were used while

for targeting of RAB3GAP2 sgRNAs were designed using an online web-tool (www.atum.bio/eCommerce/cas9/input). The sgRNA

cloning primers are provided in Table S4. A plasmid encoding both SpCas9 as well as mCherry for visualization of transfected cells

(Addgene #66940) was co-transfected together with the sgRNA plasmid(s). To be able to permanently fluorescently label the trans-

fected cells, we used a two-plasmid transposon system (piggyBac transposase plasmid and a donor plasmid with terminal repeats

bearing a cassette with PBCAG-EGFP (Addgene #40973)) and co-transfected those with the sgRNA and the SpCas9-mCherry plas-

mids. Electroporation was performed as follows: FeBOs were cut into pieces of approximately 1 mm of diameter and were washed

oncewith Opti-MEMwithout Phenol Red. The pieceswere incubated for 5-10min in 200 ml of Opti-MEMcontaining 100 mg of the DNA

mixture (9 mg piggyBac plasmid, 26 mg transposable CAG-EGFP plasmid, 10 mg per sgRNA plasmid, 35 mg mCherry-Cas9 plasmid).

Two to three organoid pieces were transferred in a 2 mm gap cuvette and electroporated with a NEPA21 electroporator using the

following parameters: Poring pulse: Voltage = 175V, Pulse Length = 7.5, Pulse Interval = 50 msec, Number of Pulses = 2; Transfer

pulse: Voltage = 20V, Pulse Length = 50 msec, Pulse Interval = 50 msec, Number of Pulses = 5. Immediately after electroporation,

1ml of expansionmediumwas added to the cuvette to recover the organoid pieces for 15min, after which they were transferred back

into a well of a 12-well plate (1 piece/well), washed once with wash buffer and were let to reform into organoids in expansionmedium.

Genetically-engineered FeBOs were cultured as described for wild-type organoids with regular splitting. For TP53-mutant FeBOs or

TP53; NF1; PTEN (TPN)-mutant FeBOs, when the transfected (mutated) population overgrew the non-transfected population (over

repeated splitting events), as assessed by the increase in GFP+ fluorescence, part of the transfected organoids was cut and pro-

cessed for DNA isolation using a lysis buffer (0.1M Tris-HCl (pH 8.5–9.0), 0.2 M NaCl, 5 mM EDTA and 0.2% SDS in sterile dH2O).

Genomic DNA was then isolated by isopropanol precipitation. The DNA was genotyped for the respective mutation(s) by Sanger

sequencing (Table S4). If necessary, genotypes were deconvoluted using the ICE v2 CRISPR tool. Defined mutant FeBOs were

further passaged and grown in expansion medium as syngeneic lines. When appropriate, the mutant organoids were transferred

tomaturationmedium. To perform drug screening in wild-type, TP53-mutant or TPN-mutant FeBOs, organoids were cut into similarly

sized, small organoid fragments (smaller than what is routinely done for passaging FeBO lines) and individually placed in a well of a

24-well plate. Then, after organoid reformation (ca. 4 days later), the FeBOs were exposed to increasing concentrations of the

different drugs used added to expansion medium: Nutlin-3a (0-20 mM), afatinib (0-50 mM), everolimus (0-50 mM), trametinib

(0-50 mM). At the start of the drug treatment and after 5 days of drug exposure, GFP fluorescence images were acquired to monitor

drug effects. Then, ATP-based assays (CellTiter-Glo 3D Cell Viability Assay) were performed to assess organoid viability and the

percentage of viability over control (vehicle)-treated FeBOs was calculated across multiple organoids per condition.

Generation of PSC-derived 3D brain models
Human embryonic stem cells (hESCs) were used in accordancewith the local and institutional ethical regulations. Feeder-free human

H1 hESCs were cultured on 6-well plates coated with hESC Qualified Matrigel at 37�C and 5% CO2 in mTeSR Plus Medium. Culture

medium was changed every other day and cells were passaged using Gentle Cell Dissociation Reagent every week, following the

manufacturer’s protocol. Prior to passaging, cells were checked for regions of differentiation, and, if present, these were carefully

scraped off with a pipette tip. The hESCs used throughout the study were maintained below passage 50. PSC-cortical spheroids

were generated as previously described,60,102,103 with minor modifications.104 Briefly, confluent hESCs were first detached fromMa-

trigel-coated plates using Gentle Dissociation Reagent and mechanically dissociated into single cells. To generate PSC-cortical

spheroids, 9000 cells resuspended in 100 ml of mTeSR medium containing 10 mM Y-27632 were plated in each well of a 96-well ul-

tra-low-attachment U-bottom plate. Medium was replaced on day 2 to the neural induction medium containing 1:1 DMEM/F12, 20%

knockout serum replacement, 1X non-essential amino acids, 1X GlutaMax, 1X 2-mercaptoethanol, and supplemented with 5 mM

Dorsomorphin and 10 mMSB-431542. Medium was fully refreshed on day 4 and 5. On day 6, medium was changed to the expansion

medium containing Neurobasal-Amedium, 1X Penicillin and Streptomycin, 1X B27 supplement without vitamin A, 1XGlutaMax, sup-

plemented with 20 ng/ml hEGF and 20 ng/ml hFGF-2. On day 7, organoids weremoved to a 24-well plate previously treated with Anti-

Adherence Rinsing Solution with one organoid per well. Expansion medium was refreshed every other day, till day 24. On day 25,

medium was changed to maturation medium containing Neurobasal-A medium, 1X Penicillin and Streptomycin, 1X B27 supplement

(containing vitamin A), 1X GlutaMax and supplemented with 20 ng/ml hBDNF and 20 ng/ml hNT-3. At this stage, medium was re-

freshed every other day. PSC-unguided cerebral organoids were generated using the STEMdiff Cerebral Organoid Kit59 with minor

modifications.104 Briefly, confluent hESCs weremechanically dissociated into single cells after detaching them fromMatrigel-coated

plates usingGentle Cell Dissociation Reagent. Then, 9000 cells were plated per well in a 96-well ultra-low-attachment U-bottomplate
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in EB Seeding Medium, containing 10 mM Y-27632. On days 2 and 4, 100 ml of EB Formation Medium were added to each well. On

day 5, medium was fully changed to the Induction Medium. On day 7, each organoid was embedded in a 14 ml droplet of Matrigel,

using an Organoid Embedding Sheet. Matrigel droplets containing organoids were left to polymerize at 37�C for 30 minutes. Around

12 to 16 embedded organoids were placed in a well of a 6-well plate, pre-treated with Anti-Adherence Rinsing Solution, in Expansion

Medium. After 3 days of culture, on day 10,mediumwas changed toMaturationMedium, and plates were placed on orbital shaker. At

this stage, medium changes were performed every 3 to 4 days, according to the STEMdiff Cerebral Organoid Kit protocol. Cultures

were monthly tested for mycoplasma and tested negative without exception.

Brain tumor modelling and drug screening in PSC-derived brain organoids
On day 7 of PSC-cerebral organoid formation, prior to Matrigel embedding, the organoids were electroporated with the same plas-

mids described above for FeBOs to introduce concomitant TP53, NF1, and PTEN mutations, as well as to visualize transfected cells

by integration of PBCAG-EGFP by piggyBac. Electroporation was performed as follows. Organoids were washed once with Opti-

MEM without Phenol Red (Thermo Fisher) and incubated for 5-10 min in 200 ml of Opti-MEM containing 22 mg of the DNA mixture

(2 mg piggyBac plasmid, 5 mg transposable PBCAG-EGFP plasmid, 3 mg for each sgRNA plasmid, 6 mg mCherry-Cas9 plasmid).

The organoids were transferred into a 2 mm gap cuvette and electroporated with a NEPA21 electroporator using the following pa-

rameters: Poring pulse: Voltage = 75V, Pulse Length = 5, Pulse Interval = 50 msec, Number of Pulses = 2; Transfer pulse: Voltage =

20V, Pulse Length = 50msec, Pulse Interval = 50msec, Number of Pulses = 5. Immediately after electroporation, 1ml of mediumwas

added to the cuvette to recover the organoids for 15 min, after which they were transferred back into a well of a 6-well plate (10 or-

ganoids/well), washed once with wash buffer and let to recover. Organoids were thereafter cultured according to the standard pro-

tocol as described above, except that organoid embedding was performed on day 10. Organoids displaying GFP+ transfected cells

(ca. 80% of the electroporated population) were kept for further analysis. GFP fluorescence and brightfield images were temporally

acquired and GFP fluorescence area occupancy within each organoid as well the GFP+ area sizes were calculated at various time

points post electroporation. To probe the response of selected organoids with defined GFP areas, we exposed individual organoids

to 10 mMNutlin-3a and monitored their response over a 30-day time window. GFP fluorescence and brightfield images were tempo-

rally acquired to calculate changes in the GFP fluorescence in response to Nutlin-3a.

Confocal imaging, analysis, and quantification
Stained organoids and brain tissue slices were imagedwith a 20X objective on a Sp8 confocal microscope (Las X software, Leica). Lif

files of the merged images were processed and analyzed for measurement of mean fluorescence intensity and manual counting of

positive cells for any given markers, using Fiji (2.14.0, ImageJ) software and Photoshop CS4 (Adobe). For quantification of cell

distribution, regions of interest (ROIs) were defined to divide the organoids in bins, and number of positive cells, mean fluorescence

intensity, and area for any given ROI was determined. Similarly, for quantification of cell abundance, positive cells for each marker

weremanually counted and normalized over DAPI+ cells. Quantifications were performed acrossmultiple regions andmultiple FeBOs

using at least n = 2 different FeBO lines. Quantification was performed by two independent investigators.

Transmission electron microscopy
FeBOs in expansion and maturation medium were fixed with 1.5% glutaraldehyde in 0.1M cacodylate buffer for 24 hrs at 4�C. Then,
organoids were washed with 0.1M cacodylate buffer and postfixed with 1% osmium tetroxide in the same buffer containing 1.5%

potassium ferricyanide for 1 hr at 4�C in the dark. The samples were dehydrated in ethanol, infiltrated with Epon resin for 2 days,

embedded in the same resin and polymerized for 48 hrs at 60�C. Ultrathin sections of 50 nm were obtained using a Leica Ultracut

UCT ultramicrotome and mounted on Formvar-coated copper grids. They were stained with 2% uranyl acetate in water and

lead citrate. The sections were observed in a Tecnai T12 electron microscope equipped with an Eagle 4kx4k CCD camera and large

electron microscopy overviews were collected using the principles and software described previously.105

RNA extraction and qPCR analysis
For preparation of RNA from FeBOs and PSC-derived brain organoids/spheroids (all entire organoids) as well as human fetal brain

tissues (pieces of tissue) were first washed once with 1X PBS, cut using micro-dissecting scissors, and then collected in 1 ml TRIzol

Reagent. The samples were fully lysed bymechanical shearing (repetitive pipetting) and then snap-frozen in liquid nitrogen. RNAwas

extracted using isopropanol precipitation using the manufacturer’s protocol and resuspended in sterile water. Extracted RNA was

stored at -80�C. For qPCR analysis, RNA concentration and purity were determined using a NanoDrop spectrophotometer. As initial

input, 250 ng of RNA was used for cDNA production using the SuperScript IV kit. The cDNA reaction was diluted 1:10, and 2 ml of the

diluted cDNA was used for each qPCR reaction. qPCR reactions were performed using the iQ SYBR Green Supermix and the qPCR

primers listed in Table S4. For each experiment and each organoid, technical triplicates were performed across multiple organoids

and/or lines.

Bulk RNA sequencing, analysis, and deconvolution
For bulk RNA sequencing of FeBOs, RNA was extracted and processed as described above from organoids derived from dorsal and

ventral forebrain, either in expansionmedium or after 10 days inmaturationmedium, and fromdifferent donors and at different culture
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ages, as indicated in the text. Details on bulk RNA sequencing samples from morphogen experiments are described above. RNA

integrity was measured using the Agilent RNA 6000 Nano kit with the Agilent 2100 Bioanalyzer and RNA concentrations were deter-

mined using theQubit RNAHSAssay Kit. RIN values of RNA samples were typically 9.5-10 and only samples with RIN >8.5were used

for library preparation. RNA libraries were prepared using TruSeq Stranded mRNA polyA kit and paired-end (2x50 bp) sequenced on

an Illumina Nextseq 2000. Library preparation and sequencing was performed by USEQ (Utrecht Sequencing Facility). Reads were

mapped to the human GRCh37 genome assembly. From the dataset, we first filtered out lowly expressed genes (<20 transcript

counts across all samples). Normalization and differential gene expression analyses were performed using the DESeq2 package96

(1.36.0) in RStudio environment. Considered log2 fold changes and significance (p-values) are indicated in the figure legends. Gene

Ontology analyses were performed using either EnrichR or Panther. Normalized transcript counts were used for analysis and data

visualization. Data visualization was performed either using ggplot2 in RStudio environment or GraphPad Prism (9.4.1). PCA, corre-

lation plots, hierarchical clustering, and heatmaps were calculated and plotted using the factoextra, corrplot, dendextend, and Com-

plexHeatmap packages, respectively. CIBERSORTx97 was used for estimation of cell class abundance from bulk RNA sequencing.

Gene expression profiles for the different clusters assigned to themain cell classes (stem cells/progenitors, cycling progenitors, neu-

rons, astrocytes) obtained from the FeBO single-cell sequencing dataset (see below) were extracted as pseudobulk, by aggregating

reads coming from cells belonging to the same cell type (as defined by clusters), after creating a SingleCellExperiment object and

then using the ‘‘aggregate.Matrix’’ function from the Matrix.utils package. A gene list was obtained by combining the top expressed

genes per the different cell classes and this was used as input signature file to probe each bulk RNA sequencing sample for decon-

volution using CIBERSORTx. VoxHunt98 analysis was performed to further confirm the qPCR assignment of regional identity on

whole transcriptomes of human fetal brain tissue pieces by mapping to the mouse embryo brain E13.5.

Single-cell RNA sequencing and bioinformatic analysis
Cells from dorsal and ventral forebrain FeBOs (6 months in culture, derived from GW14 tissue) both in expansion medium and after

5 days in maturation medium were used for single-cell sequencing. To evaluate FeBO single-cell profile stability in culture, we addi-

tionally collected cells from dorsal forebrain FeBOs 2 months in culture (derived from GW15 tissue) both in expansion medium and

after 5 days in maturation medium. The collected organoids were cut into smaller pieces and washed 2-3 times with wash buffer to

remove possible cellular debris. The organoid pieces were then collected in a tube and washed 2 times with HBSS without calcium

and magnesium. Multiple organoids of the same condition were pulled together and were dissociated using the Neural Dissociation

kit (P), according to the manufacturer’s instruction. The second enzymatic step was supplemented with 10 ml of 100 U/ml of DNAse I

and was incubated for approximately 40 min with regular gentle pipetting using a blunt-cut P1000 pipette tip. The dissociated cells

were washed twice with HBSS with calcium and magnesium and then twice with HBSS without calcium and magnesium. Centrifu-

gation stepswere performed at low speed (100 g) in a swinging bucket for 5min. Viability was calculated and only samples with >90%

viable cells for the expansion condition and >80% for the maturation condition were used. For preparation of dissociated cells in

maturation condition, given the lower general viability, the Dead Cell Removal kit was used with MS columns after dissociation ac-

cording to the manufacturer’s instructions. Live cells were manually counted using Trypan blue and resuspended in 1X PBS contain-

ing 0.04% BSA at an optimal concentration of 700-1200 cells/ml. Library preparation and sequencing was performed by the Single

Cell Genomics facility of the Princess Máxima Center. Approximately 16,000 cells per sample were loaded onto a Chromium Single

Cell B or G chip and used for library preparation using the ChromiumNext GEMAutomated Single Cell 3’ Library and Gel Bead Kit v3/

v3.1 (10XGenomics) according to themanufacturer’s instructions. Each library was sequenced using theNovaSeq 6000 SP v1.5 (200

cycles) flowcell, using the following number of cycles, Read 1: 28, i7: 10, i5: 10 and Read 2: 91. Mapping and UMI counting were

performed using Cell Ranger software (5.0.1). In general, >98% of barcodes and UMI were valid, >92% of reads could be mapped

to the genome, and >50% to the transcriptome. Bioinformatic analyses were performed using Seurat 4.0 in RStudio environment.99

The respective expansion and maturation libraries were combined using the merge function, and cells with <200 detected

genes, >6000 genes, or >20% mitochondrial content were removed. Additionally, low quality cells were removed, resulting in

28,939 cells for the full ventral FeBO dataset (expansion + maturation), and 53,732 cells for the full dorsal FeBO dataset (expansion +

maturation from both early and late passage integrated, see below). Preprocessing of the data was performed according to the sug-

gested analysis pipeline from Seurat developers. Briefly, gene expression normalization was performed by employing a global-

scaling normalization method ‘‘LogNormalize’’ with the default scale factor of 10,000. The ‘‘FindVariableFeatures’’ function was

used to find the top 2000 most variables genes in the dataset, using the standard selection method ‘‘vst’’ and prior to calculation

of principal component analysis the dataset was scaled by applying linear transformation so that the average expression for each

gene across cells was 0 and the variance across cells was 1. Dimensionality of the dataset was determined by using the function

‘‘ElbowPlot’’ and clusters were determined with the functions ‘‘FindNeighbors’’ and ‘‘FindClusters’’. For dorsal FeBOs, the early

and late passage libraries were integrated using the ‘‘FindIntegrationAnchors’’ and ‘‘IntegrateData’’ functions.106 Global cell type sig-

natures were defined based on multiple marker genes previously described in the literature (Table S2). The dataset was probed for

these signatures using the ‘‘AddModuleScore’’ function. Based on this collective information, defined clusters were assigned to spe-

cific identities. For subclustering analyses, cells with a defined identity (neurons and neurogenic progenitors) were selected and sub-

jected to a further clustering step. For definition of cell identity in the clustering and subclustering analyses, a large panel of known

markers based on literature annotation were used (Table S2). Cluster comparison between early and late passage dorsal forebrain
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FeBOs was performed in an identical manner as described below for the organoid-tissue cluster correlation. Data visualization was

performed with Seurat plotting functions in RStudio environment, using UMAP, Violin Plots, and Dot Plots.

Single-cell RNA sequencing comparison with primary human fetal brain tissue
To compare the single-cell transcriptomes of FeBOs with primary human fetal tissue, we used published datasets from Bhaduri

et al.,37 Yu et al.,42 and Fan et al.52 For the organoid clusters to fetal tissue clusters correlation, single-cell sequencing datasets of

GE GW14 and cortex GW10-14 (both from Bhaduri et al.37) were first normalized, filtered and clustered using Seurat, as described

above. Then, for each gene and each cluster, a specificity score was calculated as previously reported.107 Briefly, the score was

based on the expression level of each gene per cluster, as the log2FC multiplied by its enrichment ratio (i.e. the percentage of cells

expressing the gene in the respective cluster divided by the percentage of cells in all other clusters expressing the marker). A matrix

with these values was created for all genes and for all clusters and the different matrices from the different datasets were merged.

Clusters D3 and V0 for dorsal and ventral forebrain FeBOs, respectively, were excluded in this analysis due to their low specificity (V0)

or DDIT4+ stressed state (D3). Using the corrplot package, correlation analysis was performed by calculating Pearson’s correlation

coefficients among clusters. For tissue-FeBOs dataset integration, for both dorsal and ventral forebrain FeBOs, two independent sin-

gle-cell sequencing datasets on primary tissues were used (GE GW14 from Bhaduri et al.37 and GE GW12 from Yu et al.42; cortex

GW10-14 from Bhaduri et al.37 and cortex GW11-12 from Fan et al.52). To integrate the single-cell sequencing profiles of FeBOs

with the respective single-cell sequencing profiles of human fetal tissue, the datasets were first merged using the merge function

and each object was independently normalized and variable features were identified using the ‘‘FindVariableFeatures’’ function.

Then, features were selected that were repeatedly variable across the datasets. Cross-dataset pairs of cells were identified using

the ‘‘FindIntegrationAnchors’’ function and integration of the datasets was performed using the function ‘‘IntegrateData’’. Cluster

identification and UMAP visualization was performed as described above. For ventral forebrain FeBOs, tissue signatures for ‘‘radial

glial’’, ‘‘proliferation’’, and ‘‘neuronal’’, were defined based on marker genes for the respective clusters using the GE GW14 tissue

dataset. Gene (specificity) scores for these tissue signature markers were calculated and plotted for each cluster (excluding V0,

asmentioned above), as described above. To compare ventral forebrain FeBO profiles with human fetal GE tissue profiles of different

developmental stages (GW14-GW25),37 pseudobulk comparisons were performed, after individually generating pseudobulk counts

from the ventral forebrain FeBOs as well as for each fetal GE tissue dataset. Raw counts and metadata information were first ex-

tracted from the Seurat object (upon filtering) and stored using the SingleCellExperiment package. All cells belonging to each dataset

were assigned to the same identity (per dataset) and then the raw counts were aggregated for each grouped identity using the ‘‘ag-

gregate.Matrix’’ function. Correlation between the pseudobulks derived from ventral forebrain FeBOs and fetal GE tissues was calcu-

lated by Pearson’s correlation using the corrplot package based on the top 50 differentially expressed genes per cluster, as identified

using the ‘‘FindMarkers’’ function with a significance p value cut-off of 0.05.

Secretome and proteome analysis by LC-MS/MS
For secretome analysis, intact FeBOs, FeBOs shortly after splitting (4 days), and FeBO-derived neurospheres formed upon single-

cell dissociation of a FeBO were refreshed with new medium. The conditioned media containing the secreted products were

collected after 24 hrs. As blank, we used culture medium. The conditioned media were centrifuged twice for 10 min at 20,000 g

to remove any possible cell debris, supernatant was collected, snap frozen and stored at -80�C until analysis. The conditioned media

were denatured with 2M urea, pH adjusted to 8.0, reduced in 10 mM dithiothreitol at 20�C for 1 h, and then alkylated in 20 mM io-

doacetamide at 20�C for 0.5 h in the dark. Secreted proteins were digested sequentially with Lys C (1:50) and Trypsin (1:50) for 4 hrs

and 16 hrs, respectively. Digested peptides were acidified to 2% formic acid, and diluted to 1 ml for peptide cleanup by c18 1cc Vac

cartridges (Waters). Desalted peptides were dried by vacuum centrifugation, and stored at -80�C for further use. Peptides were re-

constituted with 2% formic acid and analyzed in triplicates on an Orbitrap Exploris 480 mass spectrometer coupled to an UltiMate

3000 UHPLC system, that consisted of a m-precolumn (C18 PepMap100, 5 mm, 100 Å, 5 mm 3 300 mm), and an analytical column

(120 EC-C18, 2.7 mm, 50 cm3 75 mm; Agilent Poroshell). Solvent A was made of 0.1% formic acid in water and solvent B was 0.1%

formic acid in 80% acetonitrile, 20% water. Peptides were resolved on a 175 min gradient from 10 to 40% Solvent B. Mass spec-

trometry data were acquired in data-dependent acquisition mode. MS1 scans were acquired between m/z 375-1600 at a resolution

of 60,000, upon signal accumulation to AGC target of 1e6.Multiply charged precursors starting fromm/z 120were selected for further

fragmentation. Higher energy collision dissociation (HCD) was performed with 28% normalized collision energy (NCE), at a resolution

of 30,000, upon signal accumulation to AGC target of 1e5. An isolation window of 1.4 m/z and dynamic exclusion of 24s were used.

MS raw files were searched with MaxQuant (1.6.10.0) against the human UniProt database (version April 22, 2021) using the inte-

grated Andromeda search engines. Protein N-terminal acetylation and methionine oxidation were added to variable modification,

whereas cysteine carbamidomethylation was added to fixed modification. Trypsin/P was set as the enzyme for digestion and up

to 2 missed cleavages were allowed. Label-free quantification (LFQ) was enabled. FDR of 1% was set at both PSM and protein level

by using a reverse decoy database strategy. LFQ algorithm and the match-between-run feature were enabled for protein identifica-

tion against an in-house ECM protein library. A 1% false discovery rate (FDR) was applied for both peptide and protein identification.

For proteome analysis, expanding dorsal forebrain FeBOs (ca. 3 months cultured; P1, P2, P8), primary human fetal brain tissues (P3,

P4), unguided PSC-cerebral organoids (day 40, two batches; P5, P6), and PSC-cortical spheroids (day 40; P7) were washed twice

with 1X PBS, after which all liquid was removed. The samples were cut into smaller fragments and snap-frozen at -80�C until further
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use. Total protein digests were analyzed in the samemass spectrometer with the same settings and LC-gradient as described above.

PCA, correlation plots, and heatmaps were generated using the factoextra, corrplot, and ComplexHeatmap packages in RStudio

environment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in the figure legends and STARMethods and include information on sample sizes and

the statistical tests used.
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Figure S1. Donor tissue characteristics and features of FeBO line establishment, related to Figure 1

(A) Overview of the donor characteristics of the different human fetal tissues used in this study to derive forebrain FeBOs.

(B) Representative brightfield images of dissociated single cells from human fetal brain tissue (left). Representative brightfield images of 3D cell aggregates

(neurospheres) forming over time from the dissociated single cells (middle). Representative brightfield images of differentiated neurospheres, showing plate

attachment and direct neuronal differentiation in differentiation medium (right). Scale bars from left to right, 50 mm, 100 mm, 50 mm, 70 mm.

(C) Representative immunofluorescence images of human fetal brain tissue from which FeBOs were derived for the indicated markers. Scale bars, 100 mm (top),

50 mm (bottom).

(D) Representative images of single individual fragments isolated from human fetal brain tissue before (left) and after (right) further processing (cutting) the

fragments, which are subsequently used to establish FeBOs.

(E) Representative images of multiple grouped FeBOs from an established organoid line before and after splitting. To the right, a representative brightfield image

at higher magnification of an established single FeBO. Scale bars, 1 cm (left and middle), 500 mm (right).

(F) Representative brightfield images of FeBOs derived from different donors. Organoid shapes (circularity) are indicated. Scale bars, 1 mm.

(G) Estimated total biomass produced by the expansion of a FeBO line during 266 days, based on the splitting ratios over time, with the y axis plotted on

log10 scale.

(H) Overview of the number of months in culture of different FeBO lines since line derivation. Red cross indicates the moment of termination of the FeBO line.
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Figure S2. FeBO reproducibility across different lines and donors, related to Figures 1 and 2

(A) Representative immunofluorescence images for the indicated markers depicting cellular composition and organization in different FeBO lines derived from

different donors (2–3 months expanded). Scale bars, 100 mm.

(B) Representative immunofluorescence images for the indicated dorsal- and ventral-enriched forebrain markers depicting reproducibility across different 2–

3-month-expanded dorsal forebrain FeBO lines (left) and ventral forebrain FeBO lines (right). Scale bars, 100 mm.
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Figure S3. Characterization of FeBOs through immunofluorescence, tracing by viral labeling, and transmission electronmicroscopy, related

to Figure 1

(A) Representative immunofluorescence images for the indicatedmarkers of two different FeBO lines 1week and 2weeks post splitting (p.s.). Scale bars, 100 mm.

(B) Representative immunofluorescence images for the indicated markers in FeBOs.White lines in the staining for HOPX and PAX6 indicate the presence of a VZ-

and SVZ-like layer in the FeBOs. Open arrowheads point at examples of cells expressing both HOPX and PAX6, and closed arrowheads point at colocalization of

HOPX and Ki-67. Scale bars, 200 mm (top left), 50 mm (top right), 200 mm (bottom left), 50 mm (bottom right).

(C) Representative transmission electron microscopy images of FeBOs visualizing typical brain features, including stacked endoplasmic reticuli, multiple pro-

cesses in abundant neuropil areas within cell somata, stacked cisternae of the Golgi apparatus, presence of synaptic vesicles (black arrowheads) and axons with

neurofilaments and neurotubules. g, Golgi apparatus; m, mitochondria; N, nucleus; rER, ribosomal endoplasmic reticulum; nf, neurofilament; nt, neurite.

(D) Top: representative image of a FeBO infected with H2B::mCherry lentiviruses at 1 day post infection (p.i.). Middle and bottom: representative immunoflu-

orescence images of a FeBO infected with H2B::mCherry lentiviruses stained for the neuronal marker TUJ1 at 10 days p.i., demonstrating the presence of

mCherry+; TUJ1+ cells. Scale bars, 500 mm (top), 50 mm (middle), 25 mm (bottom).

(E) Whole transcriptome stability comparisons of individual organoids across different FeBO lines.
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Figure S4. Assignment of brain tissue region identity and transcriptomic characterization of regional FeBOs, related to Figure 2

(A) Schematic representing the expression of typical markers in the different regions of the developing human fetal brain (left). T, telencephalon; D, diencephalon;

M, midbrain; H, hindbrain. Markers used to define dorsal vs. ventral forebrain donor tissue fragment identities are depicted on the bottom.

(B) Representative example of qPCR analysis of the expression of a panel of markers in different pieces of human fetal brain (numbered 1–5) used for FeBO line

establishment. Tissue sample 5 does not have an assigned tissue identity due to the lack of a typical expression profile andwas not used for FeBO line generation.

(C) Unsupervised hierarchical clustering of whole transcriptomes of different human fetal brain tissue fragments.

(D) VoxHunt analysis based on E13.5 mouse brain similarity on bulk RNA sequencing data of dorsal-assigned and ventral-assigned human fetal brain pieces

(pallial identity: dorsal-assigned; subpallial identity: ventral-assigned).

(E) Selected GO-terms on significantly upregulated genes in dorsal (left) and ventral (right) forebrain-derived FeBOs when comparing dorsal vs. ventral forebrain-

derived FeBOs.

(F) Volcano plot showing differentially expressed genes between dorsal and ventral forebrain-derived FeBOs (|log2FC| > 0.5 and p < 0.05). Significant upregulated

genes are depicted in green (ventral) and purple (dorsal).

(G) Heatmap depicting the whole transcriptome of dorsal forebrain FeBOs from different donors across different time points in culture. The highlighted cluster

comprises genes with gradual changes in expression during long-term culture. Selected terms on genes selected from this cluster from the human gene atlas

are shown.

(H) Expression of selected genes from the highlighted cluster in gray (G) in dorsal forebrain FeBOs during long-term expansion. Each dot represents an inde-

pendent FeBO.

(I) Heatmap as in (G) depicting the transcriptome of ventral forebrain FeBOs from different donors over culture time.

(J) Expression of selected genes from the highlighted cluster in gray (I) in ventral forebrain FeBOs during long-term expansion. Each dot represents an inde-

pendent FeBO.
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Figure S5. Stability of regional FeBO identity over prolonged culturing, related to Figure 2

(A) Representative immunofluorescence images for DLX2 and PAX6 in 2- and 6-month-expanded dorsal (left) and ventral (right) forebrain FeBOs. Quantifications

of the cells positive for the indicated marker per organoid area are presented. Scale bars, 100 mm.

(legend continued on next page)
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(B) Representative immunofluorescence images for the indicated markers in 2- and 6-to-8-month-expanded ventral forebrain FeBOs. Quantification of the cells

positive for the indicated marker (NKX2-1+) per organoid area or mean fluorescence intensity (GAD67 and GAD65) is presented. Scale bars, 100 mm.

(C) Representative immunofluorescence images for the indicated markers in 2- and 6-month-expanded FeBOs. Quantifications of the cells positive for the

indicated marker per organoid area are presented. Scale bars, 200 mm (left), 100 mm (right).

(D) Representative immunofluorescence images for the astrocytic marker GFAP and neuronal marker MAP2 in 8-month-expanded dorsal forebrain FeBOs. Scale

bars, 100 mm.

(E) Whole transcriptome stability comparisons of dorsal forebrain and ventral forebrain FeBOs of different culture ages.

In (A)–(C), each dot represents quantification in an independent FeBO.
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Figure S6. Generation of FeBOs from human fetal spinal cord, related to Figure 2

(A) Brightfield image of human fetal spinal cord tissue (GW8), showing an intact part on the right and coronal sections around it, used for the generation of FeBOs

(left). Representative image of a spinal cord FeBO (right). The entire spinal cordwas used for culturing, without attempting to distinguish betweenmore ventral and

dorsal domains or more anterior and posterior regions. Scale bars, 0.5 mm.

(B) Relative mRNA expression (qPCR) of the indicated dorsal and ventral markers as well as motor neuronmarkers in spinal cord FeBOs, suggesting their ventral-

like identity.

(C) Representative immunofluorescence images for the indicated markers in spinal cord FeBOs. Scale bars, 250 mm (left), 150 mm (right).

(D) Strategy to sparsely label cells in spinal cord FeBOs (top). Representative immunofluorescence images showing the morphology of RFP+; HB9+ neurons.

Scale bars, 100 mm (top), 500 mm (bottom).
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Figure S7. Further FeBOmaturation as assessed by transcriptomic characterization, immunofluorescence, and functional analysis, related

to Figure 3

(A) Top: analysis of cumulative mRNA transcript counts belonging to specific neuronal features (derived from the indicated GO-annotation) in expanding and

matured FeBOs as well as in human fetal brain tissue. Bottom: violin plots showing the expression of selected genes involved in specific neuronal features. Each

dot represents normalized transcript counts from bulk RNA sequencing of an independent FeBO.

(B) Quantification of marker expression in FeBOs in maturation and/or expansion medium based on immunofluorescence analysis. Each dot represents an

independent FeBO.

(C) Representative immunofluorescence images for different neuronal markers in matured dorsal FeBOs across different lines (matured after 2–3 months

expansion). Scale bars, 100 mm.

(D) Representative immunofluorescence images for the indicated markers in matured ventral FeBOs (matured after 2–3 months expansion). Scale bars, 200 mm.

(E) Representative immunofluorescence images for the indicated markers in matured ventral FeBOs. Note the bundle-like structure in which GAD65+ cells are

sometimes organized (matured after 4 months expansion). Scale bars, 500 mm.

(F) Experimental strategy to measure electric activity in neurons by live imaging of matured FeBO slices (left). Representative example of a time course calcium

imaging experiment (right). Asterisks point at electrically active neurons. Scale bars, 20 mm.
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Figure S8. Transmission electron microscopy analysis on matured FeBOs, related to Figure 3

(A) Examples of neuronal subcellular structures, such as stacked Golgi cisternae and elongated mitochondria, in matured FeBOs. m, mitochondria; g, Golgi

apparatus; rER, ribosomal endoplasmic reticulum.

(legend continued on next page)
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(B) Examples of longitudinal sections of axons presenting with aligned neurofilaments (nf) and neurotubules (nt) throughout the axon length (B–B’’); note the

interspersed mitochondria (B’’’) a cross-section view of multiple axons is presented; note the evident sections of multiple neurofilaments (nf) and neuro-

tubules (nt).

(C) Examples of synaptic neurotransmitter vesicle (SV) structures and multiple cell contacts (C-C0 ). Note that a zoom-in of (C’) is also shown in Figure 3J.

(D) Examples of putative indications of early stages of oligodendrocytic myelin sheath-like structures wrapped around axons. High magnifications of marked

areas are presented in i and ii.

(E) Further examples of putative indications of different degrees of myelination by oligodendrocytes (E–E’’’). Note that a zoom-in of (E) is also shown in Figure 3J.
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Figure S9. Single-cell sequencing analysis of ventral forebrain FeBOs, related to Figure 4

(A) UMAP of cells derived from the merged expanded and matured ventral forebrain FeBO datasets, assigned into the main cell classes.

(B) UMAP plots showcasing the expression of specific marker genes.

(C) Violin plots for multiple genes showing specific expression in the different main cell clusters, as defined in (A).

(D) Extended dot plot depicting expression of markers defining the different cell types and cluster identity, using the cluster annotation as in Figure 4A.

(E) Cell type-specific signature analysis. Each signature is based on a specific set of genes defined from previous studies (see Table S2).

(F) Dot plot depicting expression of markers defining the different cell types and cluster identities in primary GE tissue. Data were reanalyzed from Bhaduri et al.37

(G) Correlation plot comparing tissue (x axis) and organoid (y axis) clusters with assigned cell identities between ventral forebrain FeBOs and primary GE tissue.

Note that the clusters only detected in tissue (vasculature and microglia) are not included, related to Figure 4E.

(H) UMAP representation showing the integration of the expanding and matured ventral forebrain FeBO datasets with the primary GE tissue (GW12) dataset from

Yu et al.42
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Figure S10. Identification of neurogenic and neuronal populations in ventral and dorsal forebrain FeBOs, related to Figure 4
(A) Violin plots demonstrating heterogeneity in the expression patterns of ZEB2, POU3F2, and MEIS2 across the different neurogenic populations in ventral

forebrain FeBOs.

(legend continued on next page)
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(B) UMAP plot showing subclustering analysis on neurogenic and neuronal populations identified in dorsal forebrain FeBOs (also shown in Figure 4C) (left). UMAP

plots showcasing the expression of specific neurogenic and neuronal markers for different classes of ventral forebrain neurons (right).

(C) UMAP plot showing subclustering analysis on neurogenic and neuronal populations identified in dorsal forebrain FeBOs (also shown in Figure 4J) (left). UMAP

plots showcasing the expression of specific neurogenic and neuronal markers for the different classes of cortical neurons (right). On the bottom, cell type

signature analysis for newborn glutamatergic neurons and various upper-layer (equivalent to cortical projection neurons-CPN) and deep-layer (equivalent to

corticofugal projection neurons-CFuPN) neurons.

(D) Dot plot depicting expression of markers defining the different neurogenic and neuronal populations in dorsal forebrain FeBOs, including maturing upper-

layer-like and deep-layer-like neurons co-expressingmarkers of newborn glutamatergic neurons (e.g., ENC1,CSRP2,BACH2, and PRDX1) and either markers of

upper L2/3 and L4 neurons (e.g., SATB2,MEF2C, POU3F2,CUX1, and RORB) or deep-layer L5/L6 neurons (e.g., CTIP2,NFIA,NFIB, and CELF1) and their more

mature subclasses (see C).
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(legend on next page)
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Figure S11. Single-cell sequencing analysis of dorsal forebrain FeBOs, related to Figure 4

(A) UMAP of cells derived from the integrated early passage and late passage expanded and matured dorsal forebrain FeBOs datasets, clustered into the main

cell classes.

(B) UMAP plots colored by the expression of specific marker genes.

(C) Violin plots for multiple genes showing specific expression in the different main cell clusters, as defined in (A).

(D) Extended dot plot depicting expression of markers defining the different cell types and cluster identity, using the cluster annotation as in Figure 4H.

(E) Cell type-specific signature analysis. Each signature is based on a specific set of genes defined from previous studies (see Table S2).

(F) Dot plot depicting expression of markers defining the different cell types and cluster identities in primary cortex tissue. Data were reanalyzed from Bhaduri

et al.37

(G) Correlation plot comparing tissue (x axis) and organoid (y axis) clusters with assigned cell identities between dorsal forebrain FeBOs and primary cortex tissue.

Note that the clusters exclusively detected in tissue (pericytes, microglia) are not included, related to Figure 4M.

(H) UMAP representation showing the integration of the expanded andmatured dorsal forebrain FeBO datasets with the primary cortex tissue (GW11-12) dataset

from Fan et al.52
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(legend on next page)
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Figure S12. FeBOs present a physiological tissue-like ECM niche, related to Figure 5

(A) Pie charts showing and comparing the relative mRNA expression of ECM components in individual FeBOs.

(B) UMAP plot of expanded and matured dorsal forebrain FeBO datasets integrated with the dataset on primary cortex tissue (GW10-14), with the main cell

classes annotated, as similarly shown in Figure 4N.

(C) UMAP plots colored by the expression of specific ECM genes in the different cellular populations.

(D) Experimental setup for secretome analysis.

(E) GO-term analysis on FeBO secretomes.

(F) PCA plot showing human fetal and adult tissues clustering based on proteomic expression of matrisome components (left). Heatmap of selected brain-

enriched ECM components (right). Data derived from Kim et al.58

(G) PCA on ECM secretomes of the different experimental conditions (n = 3 replicates per condition).

(H) Extended heatmap showing the secretion of ECM components between FeBOs (in steady-state and upon splitting) with dissociated FeBO single-cell-derived

neurospheres. All selected components that were searched in the different secretomes are visualized (n = 3 replicates per condition). Red box highlights the same

proteins shown in Figure 5F.

(I) Correlation plot analysis on whole proteomes across the different conditions: FeBOs (3 lines), human fetal brain tissue (2 donors), PSC-cortical spheroids, and

unguided PSC-cerebral organoids (2 different batches) (n = 3 replicates per condition).

(J) Representative immunofluorescence images for SOX2 in control and chondroitinase ABC-exposed FeBOs from 2 different lines. Scale bars, 100 mm.
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Figure S13. Transcriptomic responses upon BMP and Wnt exposure of FeBOs and PSC-brain models, related to Figure 6

(A) Representative immunofluorescence images of the indicated markers in unguided PSC-cerebral organoids at day 12 and day 24. Scale bars, 250 mm.

(B) Representative immunofluorescence images of the indicatedmarkers in PSC-cortical spheroids at day 16 and day 30. Scale bars, 250 mm (left), 125 mm (right).

(C) Venn diagrams comparing the differentially expressed genes identified in each model upon BMP+Wnt exposure.

(D) Heatmap displaying the gene expression trends across all models upon BMP+Wnt exposure of all downregulated genes identified (|log2FC| > 0.05, p < 0.05) in

each experimental condition vs. its own control upon BMP+Wnt exposure. n.s., not significant.

(E) GO-term enrichment analysis on the upregulated genes upon BMP+Wnt exposure identified in ventral forebrain FeBOs (top) and PSC-cortical spheroids

(bottom).

(F) Dot plot comparing the differentially expressed genes based on p value between dorsal forebrain and ventral forebrain FeBOs. Red lines highlight the cutoff for

significance.
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Figure S14. Interrogation of the microcephaly related gene RAB3GAP2 in FeBOs, related to Figure 7

(A) RAB3GAP2 mRNA expression in expanding and matured FeBOs.

(B) Expression profile of RAB3GAP2 in the different cell types in FeBOs along the cellular differentiation trajectory, as determined from pseudobulk data

computed from the FeBO single-cell RNA sequencing data.

(C) Experimental setup to evaluate the role of RAB3GAP2 in FeBOs.

(D) Representative images of a whole FeBO and a FeBO section 2 days after electroporation with a piggyBac-transposable GFP construct and RAB3GAP2

sgRNA+Cas9. Scale bars, 750 mm (left), 500 mm (right).

(legend continued on next page)
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(E) Representative image of a FeBO section 10 days after electroporation with a piggyBac-transposable GFP construct. Scale bars, 500 mm.

(F) Representative immunofluorescence images for SOX2 and GFP in control and RAB3GAP2-targeted FeBOs. Arrowheads indicate overlapping GFP and SOX2

signal. Scale bars, 100 mm.

(G) Quantification of colocalization of specific cell type markers in the GFP+ population in control and RAB3GAP2-targeted FeBOs. Each dot represents an

independent FeBO. *p < 0.05; **p < 0.01, Student’s t test.

(H) Representative immunofluorescence images for the indicated markers in RAB3GAP2-targeted FeBOs at lower and higher magnification. Scale bars, 50 mm.

(I) Relative abundancy of stem cells and neurons in the GFP+ population in control and RAB3GAP2-targeted FeBOs.

(J) Schematic of a suggested role of RAB3GAP2 in neuronal differentiation during human fetal brain development.
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(legend on next page)

ll
OPEN ACCESSArticle



Figure S15. CRISPR-engineered FeBOs and drug screening in FeBO- and PSC-derived brain tumor models, related to Figure 7

(A) Representative immunofluorescence image for p21 (p53 target gene) in TP53-targeted (GFP+) FeBOs. Scale bars, 50 mm.

(B) Representative immunofluorescence image for Ki-67 in matured TP53-targeted (GFP+) FeBOs. Scale bars, 100 mm.

(C) Quantification of Ki-67+ cells relative to the total amount of cells in maturation comparing control and TP53-targeted FeBOs (left) and specifically within the

GFP+ population (right) in TP53-targeted FeBOs.

(D) Schematic of a suggested role of TP53 in human fetal brain development.

(E) Representative GFP fluorescence image, demonstrating the generation of a fully mutant (GFP+) TP53�/� FeBO line (ca. 3–4 months after electroporation).

Scale bars, 300 mm.

(F) Schematic of the sgRNA used to introduce TP53 mutations and an example of a genotype of a clonal TP53�/� FeBO line.

(G) Schematic overview of brain tumor modeling in FeBOs (i) and PSC-derived brain organoids (ii).

(H) Quantification of the GFP fluorescence intensity of individual control or TPN-targeted PSC-brain organoids at day 50 and at an early time point.

(I) Brightfield and GFP fluorescence overlay images of individual TPN-targeted PSC-brain organoids (50 days p.e.), treated with Nutlin-3a over time (top).

Quantification of the GFP fluorescence over time (as percentage increase/decrease as compared with the start of Nutlin-3a treatment) within each organoid

(bottom). Scale bars, 0.5 mm.

(J) Representative GFP fluorescence images of isogenic mutant organoids from an established TPN FeBO line in response to increasing doses of afatinib,

everolimus, trametinib, and Nutlin-3a. The images of trametinib and Nutlin-3a are also shown in Figure 7K. Scale bars, 0.5 mm.
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