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SUMMARY

Epigenetic mechanisms regulate gene expression programs during neurogenesis, but the extent of epige-

netic remodeling during human cortical development remains unknown. Here, we characterize the epigenetic

landscape of the human developing neocortex by leveraging Epi-CyTOF, a mass-cytometry-based approach

for the simultaneous single-cell analysis of more than 30 epigenetic marks. We identify Polycomb repressive

complex 2 (PRC2)-mediated H3K27me3 as the modification with the strongest cell-type-specific enrichment.

Inhibition of PRC2 in human cortical organoids resulted in a shift of neural progenitor cell (NPC) proliferation

toward differentiation. Cell-type-specific profiling of H3K27me3 identified neuronal differentiation and extra-

cellular matrix (ECM) genes in the human neocortex. PRC2 inhibition resulted in increased production of the

ECM proteins Syndecan 1 and laminin alpha 1. Overall, this study comprehensively characterizes the epige-

netic state of specific neural cell types and highlights a novel role for H3K27me3 in regulating the ECM

composition in the human developing neocortex.

INTRODUCTION

The neocortex, responsible for higher cognitive abilities in hu-

mans, develops from a pool of neural progenitor cells (NPCs)

that give rise to diverse cell types. Cortical development involves

a tight balance of NPC self-renewal and differentiation, ensuring

appropriate cellular output and brain size.1–4

The proliferative capacity of distinct NPC types differs

greatly. Radial glia (RG) have the ability to self-renew, thereby

replenishing the progenitor pool, and to give rise to intermedi-

ate progenitor cells (IPs) that are more neurogenic.5–7 Underly-

ing these cell fate transitions are precise temporal and spatial

gene expression patterns that are tightly controlled by epige-

netic regulation,8–11 including posttranslational histone modifi-

cations that occur in a huge diversity and fulfill important

functions.12,13

Proteins of the Trithorax and Polycomb systems were shown

to play major roles in NPC differentiation.14,15 These groups of

epigenetic writers constitute an evolutionarily conserved sys-

tem, displaying antagonistic functions to maintain active and

repressed chromatin states.16,17 Polycomb group proteins

have been implicated in the regulation of developmental timing

and transcriptional programs in the mouse developing

cortex.18–21

Less is known about the regulation of human neocortex

development, yet, many epigenetic factors have been linked to

developmental disorders associated with brain phenotypes

and intellectual disability.22,23 Only recently, the first studies in
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Figure 1. Epi-CyTOF resolves cell-type-specific epigenetic profiles in the human developing neocortex

(A) Experimental workflow of Epi-CyTOF.

(B) Epi-CyTOF antibody panel.

(C) Immunofluorescence staining for SOX2, TBR2, and CTIP2 of human fetal tissue (GW12–GW14).

(legend continued on next page)
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advanced human models were performed. Polycomb-mediated

regulation was shown to control the exit from pluripotency in

early human brain organoids.24 Moreover, in concert with two

other epigenetic modifiers, Polycomb proteins were shown to

contribute to an epigenetic barrier in NPCs that mediates the

protracted maturation of human neurons.25

Currently, we lack a clear understanding of the complexity of

epigenetic remodeling during human cortical neurogenesis.

Such knowledge may enable future research on diagnostic and

therapeutic approaches for human disorders involving epige-

netic changes. Powerful single-cell technologies are available

for the analysis of gene expression, open chromatin, DNA

methylation, and 3D chromatin structure, even in combination,26

whereas single-cell analysis of histone modifications is just

emerging but typically limited to few modifications.24,27,28

Here, we apply an innovative, highly multiplexed approach,

Epi-CyTOF,29,30 to study a large number of epigenetic modifica-

tions at single-cell level in the human developing neocortex. We

then focus on H3K27me3, the modification that displays the

most substantial differences between neural cell types. Based

on pharmacological inhibition of Polycomb repressive complex

2 (PRC2) and cell-type-specific profiling of H3K27me3 across

the genome, we propose a mechanism by which Polycomb

group proteins regulate cell fate in human cortical development.

RESULTS

Epi-CyTOF resolves epigenetic marks at single-cell

resolution in the human developing neocortex

Epigenetic regulation of gene expression involves different layers,

including a large number of histone modifications. To identify the

histone marks that display global changes across neural cell types

of the human developing neocortex, and that may therefore be

important for neural cell fate, we adopted a cytometry by time-

of-flight-based method for epigenetic analysis, termed Epi-

CyTOF29,30 (Figure 1A). We have designed a custom panel of

metal isotope-conjugated antibodies targeting 10 cell-type

markers, to resolve the cellular heterogeneity of the developing

neocortex, and 31 histone modifications and epigenetic enzymes

(Figure 1B; Table S1). The specificity of most antibodies was pre-

viously validated by pharmacological inhibition and knockdown or

overexpression of the responsible epigenetic modifiers29,30

(Table S1). The antibody panel was used to stain cell suspensions

of human fetal tissue (gestation week [GW] 12–14) and human

cortical organoids31 from two independent induced pluripotent

stem cell (iPSC) lines (week [W] 8). Each tissue type included

four replicates, all of which were combined by palladium-based

barcoding to reduce batch effects. Clustering of viable cell popu-

lations from human fetal tissue, based on the cell-type markers

SOX2, PAX6, TBR2, and CTIP2, separated three main cell popu-

lations, specifically RG, IPs, and neurons (Figures 1C and 1D),

which were highly consistent across replicates (Figures S1A–

S1C). The cell populations were further validated by expression

of KI67 in RG and IP, expression of GFAP in RG, and expression

of HuCD in neurons (Figures 1E and 1F). Human brain organoids

have become an essential tool for functional studies of human

neurogenesis.22,32,33 To assess whether epigenetic marks across

our broad panel were conserved in these in vitro models, we

performed Epi-CyTOF analysis on human cortical organoids

(Figure 1G). This revealed that cell-type clustering and staining

of cell-type markers (Figures 1H–1K and S1A–S1C) were highly

similar to human fetal tissue.

Next, we analyzed Epi-CyTOF data of histone modifications

in human fetal tissue and cortical organoids, providing single-

cell epigenetic information as exemplified for H4K20me3,

H3K79me3, and EZH2 (Figures 1L–1Q and S1D). We then

determined the mean metal tag intensities for all 31 epigenetic

readouts for RG, IPs, and neurons for each individual replicate

(Figures S2A–S2C; Table S2), highlighting the power of the meth-

odology to determine changes in global levels of a large number

of epigenetic modifications across 12 samples at once. This re-

vealed that many modifications display differential enrichment

across different neural cell types.

Taken together, Epi-CyTOF not only is able to resolve the

cellular heterogeneity of the human developing neocortex but

also provides single-cell epigenetic information for a large num-

ber of posttranslational histone modifications.

H3K27me3 is highly enriched in cortical neurons

compared with NPCs

To identify the histone modifications that most strongly change

from RG to neurons, we plotted the fold change of metal tag inten-

sities for all epigenetic markers analyzed by Epi-CyTOF

(Figures 2A and S2D–S2H). In human fetal tissue, 13 of the 31

markers had a significantly higher staining intensity in neurons

compared with RG, including both active and repressive histone

modifications (Figures 1O–1Q, 2C, 2D, and S3). Except for active

H3K4me2/3, the remaining modifications did not show significant

cell-type-specific enrichment (Figure S3). The enrichment of many

histone modifications in neurons is in line with the view that epige-

netic marks accumulate with the progression of cell fate commit-

ment during lineage specification,34 and our data suggest that this

involves both active and repressive histone modifications in the

human developing neocortex.

The histone modification that showed one of the strongest

changes from RG to neurons in human fetal tissue was

(D and E) UMAP analysis of cell-type clustering (D) and color-continuous scatter plots of the cell proliferation marker KI67 (E) for human fetal tissue. Scale

represents metal isotope tag intensity.

(F) Heatmap of log2 fold changes (FCs) of median metal tag intensities for cell-type markers in fetal tissue (4 tissue samples from 2 individuals).

(G) Immunofluorescence for SOX2, TBR2, and CTIP2 (top) and KI67 (bottom) of cortical organoids (W8).

(H–K) UMAP of cell-type clusters (H and I) and KI67 intensity (J and K) for cortical organoids (W8) generated from iPSC lines 1 and 2 (4 replicates per cell line from

independent organoid batches).

(L–N) UMAP color-continuous scatter plots in human fetal tissue.

(O–Q) Median metal tag intensities of markers in (L)–(N).

Scale bars, (A) 1 mm, (C and G) 100 μm. Bar graphs represent mean values. Error bars represent SD of 4 tissue samples from 2 individuals. One-way ANOVA with

Tukey’s post hoc test; ****p < 0.0001, ***p < 0.001, and *p < 0.05. N, neuron.
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Figure 2. Epi-CyTOF reveals a strong enrichment of H3K27me3 in human cortical neurons compared with NPCs

(A) Line plot displaying epigenetic marks with increasing abundance from RG to N. Values represent fold change of Epi-CyTOF median metal tag intensities in

human fetal tissue.

(B) Heatmap of Log2 fold changes of median metal tag intensities for epigenetic marks.

(legend continued on next page)
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H3K27me3 (Figures 2A–2C). This modification also exhibited a

strong change from RG to neurons in cortical organoids from

both iPSC lines (Figures S2D and S2E). H3K27me3 is a repres-

sive modification mediated by PRC2 and counteracted by active

H3K4me3.16,17 Additional Polycomb-associated modifications,

specifically H3K27me2 and H2AK119ub1, also displayed differ-

ential enrichment in neurons compared with RG (Figures 2A, 2B,

and S3). In contrast, H3K4me2/3 was detected in all cell types,

with a slight decrease from RG to IPs, accompanied by a minor

increase in neurons (Figure 2D). The patterns of H3K27me3 and

H3K4me2/3 staining intensity across the three major cell-type

clusters were highly similar in human fetal tissue and cortical or-

ganoids (Figures 2E–2J).

To independently verify these findings, we performed immu-

nohistochemistry for H3K27me3 on human fetal tissue, using a

different primary antibody (Figure 2K). Quantification of the stain-

ing intensity confirmed the lower levels of H3K27me3 in the ven-

tricular (VZ) and subventricular (SVZ) zone, containing RG and

IPs, respectively, and the strong enrichment of H3K27me3 in

the cortical plate (CP), where neurons reside (Figure 2L). Like-

wise, immunohistochemistry for H3K4me2/3 of human tissue

and cortical organoids confirmed the Epi-CyTOF staining

pattern, with slightly lower levels in IPs compared with RG and

neurons (Figures 2M, 2N, S4A, and S4B), indicating that Epi-

CyTOF is able to detect small differences in histone modifica-

tions between cell types. Overall, these findings suggest that

analysis of histone modifications by Epi-CyTOF was highly

robust across multiple replicates in complex tissue samples.

To further investigate the differential enrichment pattern of

H3K27me3 in the human developing neocortex, we asked

whether PRC2 components were also differentially expressed.

Both gene expression analysis of published transcriptome data-

sets35 and immunohistochemistry for EZH2 and SUZ12 indi-

cated that PRC2 core components were uniformly expressed

across the cortical wall of the human fetal neocortex

(Figures S4C–S4E), in line with Epi-CyTOF data (Figures 1N

and 1Q). A time course of human cortical organoid development

showed that PRC2 expression is largely uniform from W2 to W10

(Figures S4F and S4G). Interestingly, however, while H3K27me3

is initially homogenously distributed in human cortical organoids

(W2–W4), H3K27me3 is strongly enriched in neurons compared

with progenitors from W6 onward, mirroring the pattern in human

fetal tissue (Figures 2K and 2L), despite uniform distribution of

PRC2 (Figures S4C–S4H). The mechanism underlying neuron-

specific enrichment of H3K27me3 remains to be resolved. Of

the accessory subunits, only PHF19, whose deletion was shown

to result in increased H3K27me3 in prostate cancer,36 showed a

relevant expression pattern with higher levels in RG compared

with neurons. Alternatively, the differential cellular metabolism

of NPCs and neurons may affect the availability of metabolites

for epigenetic reactions, contributing to global differences in his-

tone modification during cortical development.37

In summary, Epi-CyTOF identified PRC2-mediated H3K27me3

as the most differentially distributed histone modification between

RG and neurons.

Genome-wide H3K27me3 profiles distinguish neural

cell populations

We next aimed to elucidate the distribution of H3K27me3 and

H3K4me2/3 throughout the genome. Therefore, we isolated

nuclei from human fetal tissue (GW12–GW14), sorted major

cell populations using fluorescence-activated nuclei sorting

(FANS), and performed cleavage under targets and tagmenta-

tion (CUT&Tag)38 (Figure 3A). RG, IPs, and neurons were isolated

based on expression of the cell-type markers PAX6, TBR2, and

CTIP2, respectively (Figures S5A and S5B). Cell identity of the

sorted populations was validated by expression of additional

marker genes (Figure S5C). To prevent potential unspecific

signal from the sorting antibodies in CUT&Tag, we applied a

blocking step using Fab fragments.39 Successful blocking was

confirmed by the lack of regions significantly enriched for

H3K27me3 in an unstained versus stained cell population

(Figure S5D).

Applying this cell-type-specific CUT&Tag strategy, we found a

small set of regions strongly enriched for H3K27me3 in RG and

IPs, whereas H3K27me3 was enriched at low levels at additional

regions in neurons (Figure 3B). In contrast, the distribution

pattern of H3K4me2/3 was more similar between cell types

(Figure 3C). This was also reflected in the principal-component

analysis (PCA), in which H3K27me3 of RG and IPs was clearly

separated from the neurons, whereas all three cell types clus-

tered together for H3K4me2/3 (Figure 3D). Z scores of the top

20,000 regions for H3K27me3 and H3K4me2/3 further confirmed

this observation (Figure 3E).

To identify differentially enriched regions for H3K27me3 and

H3K4me2/3 in individual cell types, we used DESeq2 (p adjust

≤ 0.05; log2FC ≥ 1). Since we did not detect any regions specif-

ically enriched for H3K27me3 in IPs, we pooled RG and IPs,

referred to as ‘‘NPCs.’’ In total, 3,918 neuron- and 2,301 NPC-

specific regions were detected for H3K27me3 (Figure 3F;

Table S3). Compared with the NPC-specific regions, neuron-

specific regions displayed, on average, lower enrichment of

H3K27me3. In contrast, only 36 neuron- and 267 NPC-specific

regions were detected for H3K4me2/3 (Figure 3G), despite the

overall higher number of binding sites marked by H3K4me2/3

compared with H3K27me3 (Figures S5E and S5F). Cell-type-

specific distribution of H3K27me3 was, for example, found at

the transcription factor genes HES1 and TBR1 (Figures 3H–3K).

(C and D) Median metal tag intensities for H3K27me3 (C) and H3K4me2/3 (D) in human fetal tissue.

(E–J) Uniform manifold approximation and projection (UMAP) color-continuous scatter plots.

(K) Immunofluorescence of H3K27me3 of human fetal tissue (GW12–GW14), including higher exposure insets of each zone (right).

(L) Quantification of H3K27me3 intensity in human fetal tissue (relative to the VZ).

(M) Immunofluorescence for SOX2, TBR2, and CTIP2 (top) and H3K4me2/3 (bottom) of cortical organoids from iPSC line 1.

(N) Quantification of H3K4me2/3 (relative to RG).

Scale bars, 100 μm. Bar graphs represent mean values. Error bars represent SD; (C) and (D), of 4 replicates; (L), of 3 tissue samples from independent individuals;

(N), of 10 organoids from 2 batches. (C), (D), (L), (N), one-way ANOVA with Tukey’s post hoc test; ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05. N, neuron.
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Figure 3. H3K27me3 profiles distinguish NPCs and neurons in the human developing neocortex

(A) Experimental scheme for cell-type-specific CUT&Tag from human fetal tissue (two tissue samples from independent individuals).

(B and C) Heatmaps of the enrichment of H3K27me3 (B) and H3K4me2/3 (C) in a set of consensus peaks (mean of 2 samples).

(D) PCA analysis (each dot represents the average of 2 samples).

(E) Heatmaps for H3K27me3 and H3K4me2/3 peaks. Plotted are Z scores for the top 20K regions, sorted by standard deviation.

(F and G) MA plot illustrating differential enrichment of H3K27me3 (F) and H3K4me2/3 (G) between neurons and NPCs (combining RG and IP). Regions

significantly enriched in one cell population are marked in red (p adjust. < 0.05; logFC > 1).

(H) Tracks of H3K27me3 and H3K4me2/3 at the HES1 genomic locus.

(I) Corresponding HES1 mRNA levels in human fetal cortex (data from Florio et al.35).

(J) Tracks of H3K27me3 and H3K4me2/3 at the neuronal gene locus TBR1.

(K) TBR1 mRNA levels.
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Overall, these results are in line with the global levels of

H3K27me3 and H3K4me2/3 characterized by Epi-CyTOF.

Using cell-type-specific epigenomics, we found the repressive

H3K27me3 mark to become progressively enriched throughout

the neuronal differentiation trajectory, while we did not observe

comparable changes for the active H3K4me2/3 mark.

Inhibition of PRC2 induces a shift in NPC proliferation

toward differentiation in human cortical organoids

Both, the global enrichment of H3K27me3 in neurons and the

cell-type-specific genome-wide distribution of H3K27me3, sug-

gest a role of PRC2 in regulating cell fate transitions in the human

developing neocortex. Prior to this study, the role of PRC2 in

regulating neuronal maturation has been described in detail.40

Thus, we focused on functionally investigating the role of PRC2

in NPCs throughout human corticogenesis. We applied pharma-

cological inhibition of EED,41 a core subunit of PRC2, to cortical

organoids from W3 to W8 of culture (Figure 4A), using 5 μM

EED226 (EEDi). This concentration resulted in an almost com-

plete depletion of H3K27me3 after 5 weeks of treatment, without

compromising organoid structure (Figures 4B, 4C, and S6A),

whereas a higher inhibitor concentration of 10 μM induced cell

death in test experiments after 1 week of organoid culture

(Figure S6B). Of note, H3K27me3 was also abolished in neurons

(Figure 4B), which have a very high enrichment of this modifica-

tion and represent post-mitotic cells, which do not dilute histone

methylation during DNA replication.

To assess the effects of H3K27me3 depletion on cortical orga-

noid development, we first analyzed the mitotic marker phos-

pho-histone 3 (PH3). We found a significant decrease in ventric-

ular and total mitosis compared with the DMSO control

(Figures 4D and 4E). Moreover, examination of the cell prolifera-

tion marker KI67 revealed a reduction in the percentage of KI67-

positive cells out of total cells and in the SVZ/CP (Figures S6C

and S6D), where IPs reside. This was mirrored by an increase

in the percentage of PAX6/TBR2 double-positive cells among

KI67-positive cells in the VZ, at the cost of PAX6 single-positive

cells (Figures S6C and S6E). Loss of H3K27me3 also resulted in a

significant reduction of SOX2 single-positive RG in the VZ

(Figures 4F and 4G). Moreover, consistent with previous results

of EZH2 inhibition in human forebrain organoids,25 we observed

a significant increase in CTIP2-positive neurons after 5 weeks of

treating cortical organoids with EEDi. These differences in cell-

type proportions were not yet observable after 2 weeks of

EEDi treatment (Figures S6F and S6G), suggesting that PRC2 in-

hibition and subsequent loss of H3K27me3 require longer time

spans to manifest in cellular phenotypes.

So far, our observations suggest that loss of H3K27me3 in-

duces a shift of NPC proliferation toward differentiation in human

cortical organoids. Such a shift would eventually be expected to

result in lower neuronal output due to a reduction of the NPC

pool. Indeed, total organoid size was significantly reduced by

EEDi treatment (Figures 4H and 4I), accompanied by a decrease

in the VZ thickness in ventricle-like regions (Figures S6H and

S6I). Staining for cleaved caspase-3 (CC3) confirmed that this

change in size was not caused by increased apoptosis in the in-

hibitor-treated organoids (Figures S6J and S6K). Taken together,

these data reveal a role for PRC2 in maintaining human NPCs

in a proliferative state throughout cortical development, thus

ensuring appropriate neuronal output and cortical organoid

size (Figure 4J).

Inhibition of PRC2 induces changes in H3K27

methylation and acetylation

To explore whether inhibition of PRC2 affects other histone mod-

ifications, in addition to H3K27me3, we used our large-scale Epi-

CyTOF approach on inhibitor-treated human cortical organoids

(Figure 5A). Clustering of cell populations based on SOX2/PAX6,

TBR2, and CTIP2 staining identified similar cell populations in

DMSO and EEDi conditions, with strong KI67 expression in

the NPC populations (Figures 5B and 5C). Epi-CyTOF confirmed

the near-complete loss of H3K27me3 after EEDi treatment

(Figures 5D and 5E; Table S4). Likewise, H3K27me2 was lost,

whereas H3K27me1 was increased in neurons (Figures 5F and

5G). In agreement with previous reports,42,43 the loss of

H3K27me2/3 was accompanied by a gain of H3K27ac in all three

neural cell populations. In contrast, PRC1-mediated H2AK119ub1

remained unchanged after PRC2 inhibition, which is in agreement

with PRC1-independent targeting of PRC2 to chromatin.17 None

of the other histone modifications displayed global changes in

their levels, including H3K4me2/3. This analysis demonstrates

the power of the Epi-CyTOF technology to detect epigenetic

changes across a large panel of histone modifications in specific

cell populations isolated from complex tissues, such as human

cortical organoids.

H3K27me3 is enriched on neuronal differentiation and

ECM genes

Identification of PRC2 as a regulator of human NPC cell fate

decisions led us to ask which genes were modified by

H3K27me3 and how these targets might mediate the pheno-

types observed upon PRC2 inhibition. Analysis of cell-type-

specific PRC2 targets in the human fetal neocortex

(Figure 6A) revealed a higher number of H3K27me3-binding

sites in neurons compared with RG and IPs (Figure 6B). This

was reflected in a higher number of significantly enriched

neuron-specific target regions (Figure 6C). Plotting of the

average coverage revealed that neuron-specific target re-

gions, while more abundant, displayed lower enrichment of

H3K27me3 compared with NPC-specific targets (Figures 6D

and 6E). NPC-specific target regions showed a strong deple-

tion of H3K27me3 upon differentiation. In contrast, neuron-

specific targets acquired comparably lower levels of the

repressive mark.

To examine the function of the cell-type-specific PRC2 targets,

we annotated each region to its nearest neighboring gene and

performed pathway analysis.44 As expected, in NPCs, PRC2

was found to regulate genes associated with neuronal differentia-

tion processes (Figure 6F). In addition, pathway analysis pointed

toward secreted signaling molecules, including netrins and their

receptors (Table S3). Moreover, in neurons, PRC2 target genes

were linked to ECM organization and ECM interactions

(Figure 6G). These findings are especially interesting considering

previous results from mice, where cortex-specific knockout of

Eed led to changes in the neurogenic differentiation of NPCs

only upon tissue-wide knockout, but not upon deletion of Eed in
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individual cells in an otherwise wild-type tissue.21 These results

suggest a non-cell-autonomous mechanism for the regulation of

NPC fate decisions by PRC2.

Among the genes marked by H3K27me3 in a cell-type-spe-

cific manner and encoding signaling molecules or ECM compo-

nents was Unc-5 netrin receptor A (UNC5A) (Figures 6H and 6I).

This NPC-specific target gene was marked by H3K27me3 in RG

and IPs and became activated in neurons. Netrin signaling has

been described to direct cell migration and axon migration in

the developing brain,45 thus regulating tissue morphology and

Figure 4. Inhibition of PRC2 results in a shift of NPC proliferation to differentiation

(A) Experimental scheme for inhibition of PRC2.

(B) Immunofluorescence of H3K27me3.

(C) Quantification of H3K27me3 staining intensity in nuclei (segmented using DAPI) of VZ, SVZ/CP, and CTIP2-positive neurons.

(D) DAPI staining and immunofluorescence of the apical surface marker ZO-1 and mitotic marker PH3.

(E) Quantification of PH3+ cells per apical surface length (determined by ZO-1 signal) in ventricular (up to three nuclei away from the apical surface), abventricular,

and total area.

(F) Immunofluorescence of SOX2, TBR2, and CTIP2.

(G) Quantification of SOX2, TBR2, and CTIP2 as percentage of total cells.

(H) Brightfield images of cortical organoids treated with EEDi (W8).

(I) Quantification of total organoid size.

(J) Summary scheme of phenotypes.

Scale bars, (B, D, F) 100 μm, (H) 1 mm. Bar graphs represent mean values. Error bars represent SD; (C), of 17–19 ventricles from at least 10 organoids; (D), of 18–20

ventricles from at least 10 organoids; (G), of 12 ventricles from at least 8 organoids; (I), of 56–63 organoids from 2 organoid batches (indicated by different colors).

****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05; Kruskal-Wallis test with Dunn’s post hoc test (C and E), two-way (G) or one-way (I) ANOVA with Tukey’s post

hoc test.
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Figure 5. Epi-CyTOF resolves global epigenetic changes after PRC2 inhibition in cortical organoids

(A) Experimental workflow.

(B) UMAP analysis of cell-type clustering for DMSO- and EEDi-treated cortical organoids.

(C) Heatmap of log2 fold changes (FCs) of median metal tag intensities (2 replicates from independent batches).

(legend continued on next page)
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structure. Among the neuron-specific PRC2 target genes, we

identified different syndecans, which are cell surface proteogly-

cans that regulate neural stem cell proliferation.46,47 Specifically,

Syndecan 2 (SDC2) was expressed in RG but was downregu-

lated and enriched in H3K27me3 in neurons (Figures 6J and 6K).

Taken together, rather than only targeting neuronal differenti-

ation genes, PRC2 might have a secondary mechanism of action

by regulating ECM components. This may contribute to the

localized enrichment of pro-proliferative ECM factors in the

germinal zones, thus potentially maintaining NPC proliferative

capacity through a non-cell-autonomous process.

PRC2 inhibition results in changes in ECM gene

regulation and expression in cortical organoids

To evaluate the effect of PRC2 inhibition on histone methylation

at target genes, we performed cell-type-specific CUT&Tag

for H3K27me3 and H3K4me2/3 of EEDi-treated organoids

(Figure 7A). This confirmed our results obtained by immunohisto-

chemistry analysis (Figures 4B and 4C) and Epi-CyTOF

(Figures 5D and 5E), revealing an essentially complete loss of

H3K27me3 at previously enriched regions (Figure 7B). As a

result, RG, IPs and neurons were found clustered together in

PCA analysis of H3K27me3 after EEDi treatment of organoids,

whereas for DMSO control samples, RG and IPs were closer

together, but separate from neurons (Figure 7C), as also

observed for human fetal tissue (Figure 3D). Overall, we saw a

very strong depletion of H3K27me3 in the EEDi versus DMSO

control condition (Figure 7D), with 28,241 regions showing a sig-

nificant loss of H3K27me3 (Figure 7E). Notably, loss of

H3K27me3 had no significant effect on H3K4me2/3 profiles

(Figures S7A–S7C).

Next, we associated the regions that were sensitive to

H3K27me3 loss with their predicted target genes. Despite the

majority of H3K27me3 being lost, the most strongly enriched

pathways were related to neuronal systems and ECM organiza-

tion (Figure 7F). Interestingly, typical terms associated with Poly-

comb regulation, such as genes related to the development of

other organs (heart, digestive tract, and skeletal system),18,24

were not enriched. Among the terms associated with the extra-

cellular environment, collagen formation, integrin cell surface in-

teractions, ECM degradation, and Netrin-1 signaling are note-

worthy. All these terms point to a role of PRC2 target genes in

remodeling the extracellular niche during human cortical

development.

To investigate the effects of H3K27me3 depletion on gene

expression, we performed RNA sequencing (RNA-seq) for

FANS-isolated RG, IPs, and neurons from the DMSO and EEDi

conditions after 5 weeks of treatment in W8 human cortical orga-

noids. Overall, the effects on gene expression were small, and

after EEDi treatment, the RG, IP, and neuron cell populations

clustered with the DMSO control samples (Figure S7D). In line

with the repressive function of PRC2, we mostly detected upre-

gulated genes in all cell types (Figure S7E; Table S5). A total of 18

genes were significantly upregulated across all cell types, and

upregulated genes were associated with synapse function

(Figure S7F). We reasoned that at W8, after 5 weeks of treatment,

gene expression may have reached an equilibrium through

compensatory mechanisms, and therefore also examined gene

expression by RNA-seq of whole organoids after 2 weeks of

EEDi treatment. This revealed more differentially expressed

genes, specifically 131 upregulated and 3 downregulated genes

in EEDi compared with the control condition (Figures S7G

and S7H; Table S6). Pathway analysis indicated that most

upregulated genes were associated with synapse function

(Figure S7I). In addition, we identified the Gene Ontology terms

‘‘collagen-containing ECM’’ (Figure S7I) and ‘‘ECM structural

constituent’’ (p adjust. 2.47e− 02). Finally, we performed

pathway analysis on previously published RNA-seq data21 of

mouse Eed conditional knockout at E16, among which we found

several ECM-related terms for upregulated genes (Figures S7J–

S7M; Table S7), suggesting that the mechanism of PRC2-medi-

ated regulation of the extracellular niche is conserved between

mouse and human.

In summary, overall, the effects on gene expression were

relatively small, in line with early embryonic development being

the most critical period of PRC2 function.24,48–51 After PRC2 in-

hibition during cortical development, we observed a shift of NPC

fate from proliferation to differentiation, which is highly depen-

dent on the extracellular niche of the human developing

neocortex.52,53 In line with this, we observed PRC2-mediated

H3K27me3 at many ECM genes and found ECM-related

pathways enriched among upregulated genes after PRC2

inhibition.

PRC2 inhibition results in aberrant ECM production in

cortical organoids

We therefore examined differences in ECM-related factors at

the protein level. The heparan sulfate proteoglycan Syndecan

1, which displayed a high enrichment of H3K27me3 in neurons

(Figure 8A), was significantly enriched in both the VZ and SVZ/

CP of EEDi-treated organoids compared with the DMSO control

(Figures 8B and 8C). Moreover, the LAMA1 gene was marked

by H3K27me3 in neurons, which was lost upon EEDi treatment

(Figure 8D). This gene codes for the laminin alpha 1 (LAMA1)

chain of laminins, a family of ECM glycoproteins that regulate

NPC proliferation and differentiation in mouse and human.53 In

EEDi-treated cortical organoids, LAMA1 protein levels were

also increased in the SVZ/CP (Figures 8E and 8F), further sup-

porting the role of PRC2 in regulating the ECM composition in

human cortical development.

To directly test whether adding ECM components affects hu-

man corticogenesis, we treated human cortical organoids with

ECM proteins. Treatment of human cortical organoids with sin-

gle ECM components, specifically Syndecan 1 or Syndecan 2,

did not result in changes in the number of mitotic cells

(Figures S8A–S8C). Since prolonged treatment with ECM

(D) Color-continuous scatter plots of H3K27me3. Scale represents metal isotope tag intensity.

(E) Median metal tag intensities of H3K27me3.

(F) Color-continuous scatter plots.

(G) Median metal tag intensities.
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Figure 6. H3K27me3 is enriched on neuronal differentiation and ECM genes

(A) Experimental scheme for cell-type-specific CUT&Tag.

(B) Venn diagram showing the overlap of H3K27me3-binding sites in RG, IP, and N.

(legend continued on next page)
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proteins may be buffered by ECM-degrading enzymes, we next

turned to mouse hemisphere rotation cultures, which we had

previously successfully used to assess the function of secreted

factors on NPC proliferation after only 1 day of culture.52 Also in

the mouse, the addition of Syndecan 1 or Syndecan 2 did not

alter the number of mitotic cells (Figures S8D–S8F). However,

(C) Volcano plot displaying regions of differential H3K27me3 enrichment between N and NPC (combining RG and IP). Significantly enriched regions are in red (p

adjust. < 0.05; log2FC > 1).

(D and E) Profiles (D) and heatmaps (E) of the H3K27me3 enrichment of PRC2 target regions (average of 2 samples).

(F and G) Reactome pathway enrichment for PRC2 target genes.

(H) Tracks of H3K27me3 and H3K4me2/3 at the UNC5A genomic locus.

(I) Corresponding UNC5A mRNA in human fetal cortex (data from Florio et al.35).

(J) Tracks of H3K27me3 and H3K4me2/3 at the SDC2 genomic locus.

(K) SDC2 mRNA levels.

A B

C

D

E

F

Figure 7. PRC2 inhibition results in changes in ECM gene regulation and expression in cortical organoids

(A) Experimental scheme for CUT&Tag analysis following inhibition of PRC2.

(B) Profiles and heatmaps of the enrichment of H3K27me3 in cortical organoids treated with EEDi or DMSO in a set of consensus peaks (mean of two independent

organoid batches).

(C) PCA analysis for cell-type-specific H3K27me3. Each dot presents a cell type from an independent organoid batch.

(D) MA plot illustrating differential enrichment of H3K27me3 between EEDi and DMSO control condition.

(E) Volcano plot displaying regions of differential H3K27me3 enrichment between EEDi and DMSO control condition (red; p adjust. < 0.05; log2FC > 1).

(F) Reactome pathway enrichment for DMSO-enriched PRC2 target genes.
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both the analysis of PRC2 target genes and gene expression

changes indicated that many different ECM components were

regulated by PRC2 (Figure 8G), suggesting that the addition of

one individual ECM component likely is not sufficient to recapit-

ulate the changes in NPC proliferation and differentiation

observed after EEDi treatment. Integrin receptors represent

important receptors for ECM components.53 ECM-mediated

changes in NPC proliferation were previously shown to be medi-

ated by integrin signaling.54,55 Therefore, we next treated

mouse hemisphere rotation cultures with an integrin β1 blocking

antibody, which, as previously described,56 resulted in an in-

crease in the number of abventricular PH3-positive cells after

24 h (Figures S8G and S8H). Interestingly, this increase in ab-

ventricular mitotic cells depended on PRC2 function and was

not observed after EEDi inhibition, strengthening the link be-

tween PRC2 function and ECM signaling.

Taken together, analysis of Syndecan 1 and LAMA1 protein

levels further supported the conclusion that PRC2 contributes

to shaping the ECM composition. Our findings, thus, reveal a po-

tential mechanism for non-cell-autonomous functions of PRC2 in

cortical development, by regulating genes involved in the secre-

tion of signaling molecules and the composition of the ECM in

A B C

D E F

G

H

Figure 8. PRC2 inhibition results in aberrant ECM production in human cortical organoids

(A) Tracks of H3K27me3 at the SDC1 genomic locus.

(B) Immunofluorescence for SDC1 in cortical organoids from DMSO and EEDi treatment conditions.

(C) Quantification of SDC1 staining intensity.

(D) Tracks of H3K27me3 at the LAMA1 genomic locus.

(E) Immunofluorescence for LAMA1.

(F) Quantification of LAMA1 staining intensity.

(G) Example ECM genes that are marked by H3K27me3 in the human developing neocortex and upregulated in mouse21 and/or human cortical development

following PRC2 deletion or inhibition, respectively.

(H) Model of the role of PRC2 function in human cortical development.

Scale bars, 100 μm. Bar graphs represent mean values. Error bars represent SD of 6–7 ventricles from at least 3 organoids. *p < 0.05; two-tailed unpaired t test.
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the extracellular niche of the developing neocortex, in which RG,

IPs, and neurons reside (Figure 8H).

DISCUSSION

Our study employed a highly multiplexed approach to explore a

large number of histone modifications at single-cell level in the

human developing neocortex, providing unprecedented insights

into global changes of epigenetic states during human neuro-

genesis. Functional experiments revealed that PRC2 regulates

the transition of human NPCs from proliferation to differentiation,

which is a key determinant of cortical size.2 Epigenome analysis

identified ECM components as major targets of PRC2-mediated

H3K27me3 in the human developing neocortex, raising the

intriguing possibility that PRC2 non-cell autonomously regulates

cell fate by modulating the composition of the extracellular stem

cell niche in the developing brain.

Epi-CyTOF represents a large-scale method to detect

cell-type-specific epigenetic changes

Despite recent advances in single-cell epigenomics, studying

the many layers of histone posttranslational modifications has

remained challenging in complex tissues, limiting our under-

standing of the epigenetic regulation of neural cell fate decisions,

especially in human. Typically, global histone modification levels

are assessed by western blotting,48,57,58 despite the low

throughput of the method and limited applicability to tissues

that are composed of multiple cell types. CyTOF is a powerful

method that takes advantage of metal-conjugated antibodies

to quantify proteins within single cells. While well established in

immunology, hematology, and oncology,59,60 CyTOF was only

recently applied to study chromatin modifications.29,30 To adopt

this powerful method for epigenetic studies of human brain

development, we have established a custom Epi-CyTOF anti-

body panel consisting of >30 epigenetic readouts and 10 neural

cell-type markers for the identification of major neural cell popu-

lations in the human developing neocortex.

In the future, Epi-CyTOF can be applied to identify global

epigenetic changes in human neurodevelopmental disorders

caused by mutations in epigenetic factors.22,23 Here, we present

proof-of-principle Epi-CyTOF data from EEDi inhibitor-treated

cortical organoids. Knowledge of the complexity and interplay

of epigenetic alterations has the potential to inform strategies

to reverse epigenetic changes. The epigenome is crucial for

higher cognitive functions, including memory and learning,

and was reported to be dysregulated in neurodegenerative

diseases and in aging.61,62 Since epigenetic modifications are

reversible, they represent promising targets for therapeutic

intervention.

Preservation of epigenetic states in human organoid

models of the developing brain

Transcriptome studies suggest that organoids preserve gene

regulatory networks and developmental processes, even though

metabolic differences were detected.63–66 Less is known about

the preservation of epigenomic features. Genome-wide analysis

of DNA methylation suggested that most epigenomic features

were recapitulated in vitro, even though DNA demethylation

occurred in pericentric repeat regions.67 Additionally, emerging

evidence suggests that chromatin modifications are maintained

in forebrain organoids.68,69 Here, we showed that cell-type-spe-

cific patterns of a large number of histone posttranslational mod-

ifications were highly similar in human fetal tissue and human

cortical organoids. Moreover, genome-wide distribution of

H3K4me2/3 and H3K27me3, two modifications that are centrally

involved in cell fate determination,16,17 was recapitulated in vitro.

This represents an important basis for the future application of

brain organoid models in the investigation of epigenetic regula-

tion in neurodevelopmental disorders.22,23 Specifically, muta-

tions in the epigenetic factors regulating H3K4me2/3 and

H3K27me3 levels are known to cause Kabuki and Weaver syn-

drome, two developmental disorders characterized by changes

in brain size and intellectual disability.22,23

PRC2 regulates genes that shape the extracellular

environment of the human developing neocortex

Recently, brain organoid models revealed a role of PRC2 in regu-

lating the exit from pluripotency24 and the timing of neuronal

maturation,25 which represents a highly protracted process in

humans.40,70 In addition, we show here that PRC2 also regulates

the timing during early human cortical development, specifically

by controlling the neural cell fate progression from RG to IPs to

neurons.

We identified ECM components and signaling molecules as

PRC2 targets, both of which shape the stem cell niche in the hu-

man developing neocortex.53,71 We and others have previously

proposed that human RG maintain the SVZ as a proliferative

niche by locally producing ECM and growth factors to activate

self-renewal pathways.35,52,72–74 Mutations in ECM genes cause

neurodevelopmental disorders,53 and recent evidence suggests

that human LIS1 organoid disease models display altered ECM

composition with changes in tissue viscoelastic properties.75

Here, we found that epigenetic mechanisms contribute to the

regulation of ECM genes. Even small changes in the composition

of the extracellular environment may alter the propensity of

NPCs for proliferation, as suggested by evolutionary studies.52

This provides a mechanistic explanation of previous findings

that revealed a role of PRC2 at the global tissue-wide level in

the mouse developing brain, rather than a cell-autonomous

requirement in neurogenic RG.21

Overall, our findings suggest that in addition to the cell-auton-

omous regulation of neurogenic genes, epigenetic regulation of

ECM genes may contribute to the determination of neural cell

fate in the human developing neocortex by shaping the compo-

sition of the stem cell niche.

Limitations of the study

The Epi-CyTOF approach involves a panel of antibodies directed

toward different epigenetic marks. Even though most antibodies

against histone posttranslational modifications are well character-

ized, cross-reactivities to other modifications have been reported.

Independent validation using alternative antibodies or specific in-

hibitors of epigenetic enzymes76 is recommended for key find-

ings. The cell-type marker panel may be modified to include other

cell types that are present in the developing brain, such as endo-

thelial cells, oligodendrocytes, and microglia. The suspension
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mass cytometry technique applied here allows for the resolution of

neural cell types, while spatial information regarding the location

of the cells within the tissue is lost. This limitation may be over-

come in the future by applying imaging-mass cytometry (IMC)-

based analysis.77 Organoids have become an important tool for

studies of human brain development, despite known limitations,

such as the reduced expansion of the outer SVZ and limited devel-

opment of neuronal layers. Therefore, we have included primary

fetal tissue in this study, which serves as an important reference

for the epigenetic state in vivo.
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L., Corbeil, D., Riehn, A., Distler, W., Nitsch, R., and Huttner, W.B. (2010).

OSVZ progenitors of human and ferret neocortex are epithelial-like and

expand by integrin signaling. Nat. Neurosci. 13, 690–699. https://doi.

org/10.1038/nn.2553.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Sox2 R&D Systems Cat # AF2018; RRID: AB_355110

Rat anti-Ki67 Invitrogen Cat # 14-5698-82; RRID: AB_10854564

Rat anti-PH3 Abcam Cat # ab10543; RRID: AB_2295065

Rat anti-Ctip2 (Clone: 25B6) Abcam Cat # ab18465; RRID: AB_2064130

Rabbit anti-Tbr2 Abcam Cat # ab23345; RRID: AB_778267

Rabbit anti-H3K27me3 Cell Signaling Cat # 9733; RRID: AB_2616029

Rabbit anti-H3K4me2/3 Cell Signaling Cat # 9751; RRID: AB_2616028

Rabbit anti-Ezh2 (Clone: D2C9) Cell Signaling Cat # 5246; RRID: AB_10694683

Rabbit anti-Suz12 Cell Signaling Cat # 3737; RRID: AB_2196850

Mouse anti-Zo1, Alexa Fluor™ 647 conjugated Invitrogen Cat # MA3-39100-A647; RRID: AB_2663167

Rat anti-Tbr2, PE conjugated Invitrogen/EBiosciences Cat # 12-4875-82; RRID: AB_1603275

Rabbit anti-Pax6 BioLegend Cat # 901301; RRID: AB_2565003

Rabbit anti-CC3 Cell Signaling Cat # 9661S; RRID: AB_2341188

Rabbit anti-CD138 (Syndecan 1) Invitrogen Cat # 36-2900; RRID: AB_2533248

Rat anti-CD29 (active Integrin β1) BD Biosciences Cat # 550531; RRID: AB_393729

Mouse anti-Integrin β1 (Clone: P5D2) Abcam Cat # ab24693; RRID: AB_448230

Rabbit anti-Laminin (LAMA1) Sigma Aldrich Cat # L9393; RRID: AB_477163

Rabbit anti-UTX (KDM6A) Cell Signaling Cat # 33510S; RRID: AB_2721244

Donkey anti-Goat IgG, Alexa Fluor 555 conjugated Invitrogen Cat # A-21432; RRID: AB_2535853

Donkey anti-Goat IgG, Alexa Fluor 488 conjugated Invitrogen Cat # A11055; RRID: AB_2534102

Donkey anti-Rat IgG, Alexa Fluor 647 conjugated Invitrogen Cat # A78947; RRID: AB_2910635

Donkey anti-Rat IgG, Alexa Fluor 555 conjugated Invitrogen Cat # A48270; RRID: AB_2896336

Donkey anti-Rat IgG, Alexa Fluor 488 conjugated Invitrogen Cat # A21208; RRID: AB_2535794

Donkey anti-Rabbit IgG, Alexa Fluor 555 conjugated Invitrogen Cat # A31572; RRID: AB_162543

Donkey anti-Rabbit IgG, Alexa Fluor 488 conjugated Invitrogen Cat # A21206; RRID: AB_2535792

Mouse anti-Human Pax6, Alexa Fluor 647 conjugated BD Pharmingen Cat # 562249; RRID: AB_11152956

Mouse anti-Tbr2, PE conjugated BD Pharmingen Cat # 566749; RRID: AB_2869847

Rat anti-Ctip2, FITC conjugated Abcam Cat # ab123449; RRID: AB_10973033

Goat F(ab) anti-Mouse IgG H&L Abcam Cat # ab6668; RRID: AB_955960

Goat F(ab) anti-Rat IgG H&L Abcam Cat # ab7172; RRID: AB_955962

Guinea Pig anti-Rabbit IgG Antibodies-Online Cat # ABIN101961; RRID: AB_10775589

Mouse anti-H3K36me2 (Clone: MABI 0332) Active Motif Cat # 61019; RRID: AB_2650523

Rabbit anti-H3ac (pan-acetyl) Active Motif Cat # 39139; RRID: AB_2687871

Rabbit anti-H3.3 (Clone: EPR17899) Abcam Cat # ab208690

Mouse anti-H3K9me1 (Clone: 7E7.H12) BioLegend Cat # 824201; RRID: AB_2564878

Rabbit anti-H3 (Clone: D1H2) IonPath Cat # 711501

Mouse anti-H4K5ac (Clone: MABI 0405) Active Motif Cat # 61523; RRID: AB_2793668

Rabbit anti-H3K36me3 (Clone: D5A7) Cell Signaling Cat # 4909S; RRID: AB_1950414

Rabbit anti-H3K64ac (Clone: EPR20713) Abcam Cat # ab251549

Mouse anti-GFAP-143Nd (Clone: G-A-5) Standard BioTools Cat # 3143022B; RRID: AB_2938640

Rabbit anti-H4K16ac (Clone: E2B8W) Cell Signaling Cat # 13534; RRID: AB_2687581

Rabbit anti-H2A.Z (Clone: EPR6171) Abcam Cat # ab150402; RRID: AB_2891240

Mouse anti-H4K20me3 (Clone: 6F8-D9) BioLegend Cat # 827701; RRID: AB_2564914
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Mouse anti-human SOX2-150Nd (Clone: O30-678) Standard BioTools Cat # 3150019B; RRID: AB_3086680

Mouse anti-H3K27me1 (Clone: MABI 0321) Active Motif Cat # 61015; RRID: AB_2715573

Mouse anti-H4K20me1 (Clone: 5E10-D8) Active Motif Cat # 39727; RRID: AB_2615074

Rabbit anti-H2AK119ub1(Clone: D27C4) Cell Signaling Cat # 8240S; RRID: AB_10891618

Rabbit anti-H3K4me1 (Clone: D1A9) Cell Signaling Cat # 5326S; RRID: AB_10695148

Rabbit anti-HOPX Novus Biologicals Cat # NBP2-82093; RRID: AB_3423623

Mouse anti-H3K9me2 (Clone: 5E5-G5) BioLegend Cat # 815504; RRID: AB_2820126

Mouse anti-SATB1 + SATB2 (Clone: SATBA4B10) Abcam Cat # ab51502; RRID: AB_882455

Mouse anti-H3K27me3 (Clone: MABI 0323) Active Motif Cat # 61017; RRID: AB_2614987

Rabbit anti-H3K27ac (Clone: D5E4) Cell Signaling Cat # 8173S; RRID: AB_10949503

Mouse anti-H4K20me2 (Clone: MABI 0422) Active Motif Cat # 61533; RRID: AB_2650525

Mouse anti-Ki67-162Dy (Clone: B56) Standard BioTools Cat # 3162012B; RRID: AB_2888928

Rabbit anti-H3R2me2a Epigentek Cat # A-3714-100; RRID: AB_2313773

Rat anti-H3K9ac (Clone: 2G1F9) Active Motif Cat # 61663; RRID: AB_2793725

Rabbit anti-p300 (Clone: EPR23753-55) Abcam Cat # ab283721

Rabbit anti-HuD + HuC (Clone: EPR19098) Abcam Cat # ab232416

Rabbit anti-H3K79me3 (Clone: EPR17468(2)) Abcam Cat # ab251493

Mouse anti-S110B (Clone: 15F4NB) Novus Biologicals Cat # NBP2-45225; RRID: AB_3309383

Rabbit anti-H3K9me3 (Clone: D4W1U) Cell Signaling Cat # 13969; RRID: AB_2798355

Mouse anti-H3S10ph (Clone: MABI 0312) Active Motif Cat # 39636; RRID: AB_2793285

Rabbit anti-TBR2 (Clone: EPR21950-241) Abcam Cat # ab261913; RRID: AB_2943175

Mouse anti-H3K4me2 (Clone: MABI 0303) Active Motif Cat # 39679; RRID: AB_2793302

Mouse anti-H2A.X (Clone: JBW301) Merck Millipore Cat # 05-636; RRID: AB_309864

Mouse anti-Pax6 (Clone: PAX6/498) Novus Biologicals Cat # NBP2-34705; RRID: AB_3291566

Mouse anti-H3K27me2 (Clone: MABI 0324) Active Motif Cat # 61435; RRID: AB_2793635

Mouse anti-H4 (Clone: mAbcam 31830) Abcam Cat # ab238663

Biological samples

GW12-14 human fetal brain tissue This study N/A

Mouse: C57BL/6J Charles River Laboratories RRID: IMSR; JAX:000664

Chemicals, peptides, and recombinant proteins

Matrigel hESC-Qualified Matrix, LDEV-free Corning Cat # 354277

Matrigel Growth Factor Reduced (GFR)

Basement Membrane Matrix, LDEV-free

Corning Cat # 354230

EED226 MedChemExpress Cat # HY-101117

Dimethyl Sulfoxide (DMSO) Sigma Aldrich Cat. # D2650-100ML

Recombinant Human Syndecan-1 Protein, CF R&D Systems Cat # 2780-SD

Recombinant Human Syndecan-2/

CD362 Protein, CF

R&D Systems Cat # 2965-SD

Benzonase Sigma Aldrich Cat # E1014-25KU

mTeSR1 Complete Kit Stem Cell Technologies Cat # 85850

TrypLE™ Express Enzyme (1X),

no phenol red

Gibco Cat # 12604021

ReLeSR™ Stem Cell Technologies Cat # 05873

Collagenase type IV Gibco Cat # 17104019

Tris-HCl (pH7.4) Sigma Aldrich Cat # T2194

Sodium chloride Invitrogen Cat # AM9759

Magnesium chloride Invitrogen Cat # AM9530G

Tween-20 Roche Cat # 11332465001

Nonidet P40 Substitute Sigma Aldrich Cat # 492018
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Digitonin, High Purity Merck Cat # 300410-1GM

UltraPure™ BSA (50 mg/mL) Invitrogen Cat # AM2618

cOmplete™, Mini, EDTA-free

Protease Inhibitor Cocktail

Roche Cat # 11836170001

RNasin Ribonuclease Inhibitor Promega Cat # N261B

BioMag Plus Concanavalin A Polysciences Inc. Cat # 86057-3

AMPure XP Reagent Beckman Coulter Cat # A63880

Superscript III Reverse Transcriptase Invitrogen Cat # 18080044

LightCycler 480 SYBR Green I Master Roche Cat # 4887352001

BSA (lyophilized powder) Sigma Aldrich Cat # A3858-50g

Spermidine Sigma Aldrich Cat # S0266

Calcium chloride Fisher Scientific Cat # BP510

Potassium chloride Sigma Aldrich Cat # P3911

Manganese chloride Sigma Aldrich Cat # 203734

Ethylenediaminetetraacetic acid (EDTA) Sigma Aldrich Cat # 03690-100ML

pA-Tn5 Transposase - loaded Diagenode Cat # C01070001

TAPS Sigma Aldrich Cat # T5130

Triton X-100 Sigma Aldrich Cat # T9284-500ML

NEBNext High-Fidelity 2X PCR Master Mix New England Biolabs Cat # M0541S

Superscript II Reverse Transcriptase Invitrogen Cat # 18064022

KAPA HiFi HotStart ReadyMix Roche Cat # 07958927001

DMEM/F12, HEPES Gibco Cat # 31330095

Neurobasal medium Gibco Cat # 21103049

B-27™ Supplement (50x), serum-free Gibco Cat # 17504044

N-2 Supplement (100X) Gibco Cat # 17502048

MEM Non-Essential Amino Acids Solution (100X) Gibco Cat # 11140050

GlutaMAX™ Supplement Gibco Cat # 35050038

Amphotericin B (Fungizone) Gibco Cat # 11520496

KnockOut™ Serum Replacement Gibco Cat # 10828010

Dorsomorphine Stem Cell Technologies Cat # 72102

A83-01 Stem Cell Technologies Cat # 72022

CHIR-99021 Stem Cell Technologies Cat # 72052

SB-431542 Stem Cell Technologies Cat # 72232

Insulin Solution, Human recombinant Sigma Aldrich Cat # I9278

Recombinant Human/Murine/Rat BDNF PeproTech Cat # 450-02

Recombinant Human GDNF PeproTech Cat # 450-10

Ascorbic acid Sigma Aldrich Cat # 1043003

Dibutyryl-cAMP Stem Cell Technologies Cat # 73882

L-Glutamine (200 mM stock) Gibco Cat # 25030024

HEPES-NaOH (1M stock) in-house media kitchen N/A

Rat serum Charles River Laboratories Crl:CD(SD)

UltraPure™ low melting point agarose Invitrogen Cat # 16520100

Antibody Stabilizer TRIS CANDOR Bioscience Cat # 130050

Cell-ID™ Cisplatin Standard BioTools Cat # 201064

Maxpar® X8 Multimetal Labeling Kit—40 Rxn Standard BioTools Cat # 201300

Maxpar MCP9 Antibody Labeling Kit, 111Cd—4 Standard BioTools Cat # 201111A

Maxpar MCP9 Antibody Labeling Kit, 112Cd—4 Standard BioTools Cat # 201112A

Maxpar MCP9 Antibody Labeling Kit, 114Cd—4 Standard BioTools Cat # 201114A

Maxpar MCP9 Antibody Labeling Kit, 116Cd—4 Standard BioTools Cat # 201116A

(Continued on next page)
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Continued
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Maxpar Cell Staining Buffer Standard BioTools Cat # 201068

DPBS Corning Cat # 21-031-CV

16 % Formaldehyde (w/v), methanol-free Thermo Scientific Cat # 28906

Fetal Bovine Serum (FBS) Sigma Aldrich Cat # F7524

Maxpar Nuclear Antigen Staining Buffer Set Standard BioTools Cat # 201063

Maxpar Fix I Buffer Standard BioTools Cat # 201065

Maxpar 10X Barcode Perm Buffer Standard BioTools Cat # 201057

Cell-ID™ Intercalator-Iridium Standard BioTools Cat # 201192A

Maxpar Water Standard BioTools Cat # 201069

Maxpar Cell Acquisition Solution Plus for CyTOF XT Standard BioTools Cat # 201244

EQ™ Six Element Calibration Beads Standard BioTools Cat # 201245

Critical commercial assays

MACS Neural Tissue Dissociation Kit P Miltenyi Biotec Inc. Cat # 130-092-628

RNeasy Mini Kit QIAGEN Cat # 74104

Neural Tissue Dissociation Kit (P) Miltenyi Biotec Inc. Cat # 130-092-628

Cell-ID 20-Plex Pd Barcoding Kit Standard BioTools Cat # 201060

Deposited data

RNA-seq Florio et al.35 NCBI GEO: GSE65000

CUT&Tag Human tissue GW12-14 This paper Zenodo: https://doi.org/10.5281/

zenodo.13897222

CUT&Tag PRC2 inhibitor treated organoids W8 This paper Zenodo: https://doi.org/10.5281/

zenodo.13897222

Bulk RNA-seq PRC2 inhibitor treated organoids W8 This paper Zenodo: https://doi.org/10.5281/

zenodo.13897222

Epi-CyTOF This paper FlowRepository: FR-FCM-Z8DC

Experimental models: Cell lines

Human: CRTDi004-A iPSC Völkner et al.78 CRTDi004-A; RRID: CVCL_YR23

Human: HPSI0114i-kolf_2 iPSC Welcome Trust

Sanger Institute, HipSci

WTSIi018-B; RRID: CVCL_AE29

Oligonucleotides

Primers, see Table S7 This paper N/A

Software and algorithms

Fiji/ImageJ Fiji/ImageJ https://imagej.nih.gov/ij/

Prism (8.4.3) GraphPad software N/A

Affinity Photo + Designer (1.10.5.1342) Serif Ltd. N/A

FACSDiva (8.0.2) BD Biosciences N/A

FACSChorus BD Biosciences N/A

CyTOF Software (v9.0.2) Standard BioTools N/A

OMIQ Dotmatics N/A

FastQC (v0.11.9) Babraham Bioinformatics https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

nf-core/cutandrun (v3.2.2) Cheshire et al.79 N/A

Diffbind (v3.12.0) Stark et al.80 N/A

DESeq2 (v1.42.1) Love et al.81 N/A

deeptools (v3.5.1) Yu et al.82 N/A

ChIPseeker (v1.38.0) Yu et al.82 and Bioconductor

Core Team and Bioconductor

Package Maintainer83

N/A

ReactomePA (v1.46.0) Yu et al.44 and Moore et al.45 N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human fetal tissue

Human fetal brain tissue was obtained from the Department of Gynecology and Obstetrics, University Clinic Carl Gustav Carus of the

Technische Universität Dresden, following elective pregnancy termination and informed written maternal consents, and with

approval of the local University Hospital Ethical Review Committee (IRB00001473; IORG0001076; ethical approval number EK

355092018), in accordance with the Declaration of Helsinki. The age of fetuses ranged from gestation week (GW) 12 to 14, as as-

sessed by ultrasound measurements of crown-rump length and other standard criteria of developmental stage determination. These

developmental time points correspond to an early/mid-neurogenic stage, when the outer SVZ expands, and the production of upper-

layer neurons starts. Due to the protection of data privacy, the sex of the human fetuses, from which the human neocortex tissue was

obtained, cannot be reported. The sex of the human fetuses is not likely to be of relevance to the results obtained in the present study.

The fetal human neocortex tissue samples used in this study reported no health disorders. Fetal human brain tissue was dissected in

Tyrode’s solution and used immediately for fixation, processed for CyTOF or snap-frozen for CUT&Tag.

Human induced pluripotent stem cell lines

All experiments involving hiPSCs were performed in accordance with the ethical standards of the institutional and/or national

research committee, as well as with the 1964 Helsinki Declaration, and approved by the University Hospital Ethical Review Commit-

tee (IRB00001473; IORG0001076; ethical approval number SR-EK-456092021). Human cortical organoids were generated using the

previously generated male human iPSC lines CRTDi004-A78 and HPSI0114i-kolf_2 (Welcome Trust Sanger Institute, HipSci), derived

from healthy donors. The human iPSC lines were maintained on Matrigel-coated (Corning, 354277) culture dishes in mTeSR1 (Stem

Cell Technologies, 85850) and passaged using TrypLE Express enzyme (Gibco, 12604021) (CRTDi004-A) or ReLeSR (HPSI0114i-

kolf_2) (Stem Cell Technologies, 05873).89

Mice

All experimental procedures were conducted in agreement with the German Animal Welfare Legislation after approval by the Land-

esdirektion Sachsen (licenses 25-5131/603/9). Animals were kept on a 12-h/12-h light/dark cycle with food and water ad libitum. All

mice were wildtype mice from the inbred C57BL/6J strain. Embryonic day (E) 0.5 was set as noon on the day on which the vaginal plug

was observed. All experiments were performed in the dorsolateral telencephalon of mouse embryos. The sex of embryos was not

determined, as it is not likely to be relevant to the results obtained in the present study.

METHOD DETAILS

Cortical organoid culture

Human cortical organoids were generated following the sliced neocortical organoid (SNO) protocol, previously described in

detail.31,52,89 Briefly, hiPSC colonies (ca. 1.5 mm in diameter) were detached using collagenase (Gibco, 17104019) and transferred

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TxDb.Hsapiens.UCSC.hg38.knownGene (v3.18.0) Bioconductor Core Team and

Bioconductor Package

Maintainer83

N/A

Tximport (v1.30.0) Soneson et al.84 N/A

edgeR (4.0.16) Robinson et al.85 N/A

EnsDb.Hsapiens.v86 (v2.99.0) Rainer et al.86 N/A

Ggplot2 (v3.1.3.1) Wickham et al.87 N/A

Kallisto (v0.46.1) Bray et al.88 N/A

Other

Costar® 6-well Clear Flat Bottom Ultra-Low

Attachment Multiple Well Plates

Corning Cat # 3471

DNA LoBind microcentrifuge tubes, 1.5 mL Eppendorf Cat # 0030108051

Fisherbrand™ RNase-Free Disposable Pellet Pestles Fisher Scientific Cat # 12-141-368

Filcon Sterile 70μm Cup Strainer BD Biosciences Cat # 340633

Ultrafree-MC, VV 0,1 μm Centrifgual Filters Merck Cat # UFC30VV00

Falcon® 5 mL Round Bottom Polystyrene

Test Tube, with Cell Strainer Snap Cap

Corning Cat # 352235
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to ultra-low attachment six-well plates (Corning, 3471), containing forebrain medium 1, to form embryoid bodies (EBs). EBs were

embedded in Matrigel (Corning, 354230) with 20-25 EBs per Matrigel cookie on day 7. The following week (days 7-14), EBs were

maintained in forebrain medium 2, with media changes every other day. On day 14, the organoids were released from the Matrigel.

Culture is continued in six-well ultra-low attachment plates in forebrain medium 3 on an orbital shaker at 100 rpm. From day 35, fore-

brain medium 3 is supplemented with 1% v/v Matrigel. On day 45, organoids were cut on a vibratome into 500-μm-thick slices, to

increase supply of oxygen and nutrients throughout the organoids. Therefore, organoids were embedded in 3% low melting point

agarose. Slicing of organoids was repeated at 10 weeks. From day 72, organoids were maintained in forebrain medium 4.

For PRC2 inhibitor treatment, 10 mM EED226 stock solution (MedChemExpress, HY-101117)41 was added to the culture medium

to a final concentration of 0.25 μM, 0.5 μM or 5 μM. For the control condition, an equal volume of DMSO (Sigma Aldrich, D2650-

100ML) was added, corresponding to 0.05% DMSO. EEDi treatment was only compared to the DMSO condition for all analyses,

as we noted that DMSO had some effects on H3K27me3 levels (but not on PH3, proportion of cell types or organoid size). Medium

supplemented with EED226 or DMSO was prepared fresh for each media change. Treatment was started on day 21 of organoid

culture and continued until day 56.

For treatment with ECM proteins, organoid medium was supplied with a final concentration of 500 ng/ml Syndecan 1 (R&D

Systems, 2780-SD) or Syndecan 2 (R&D Systems, 2965-SD), and an equal volume of PBS was added for the control condition, cor-

responding to 0.1% PBS. Organoid medium with ECM proteins was prepared fresh for each media change. Treatment was started on

day 21 of organoid culture and continued until day 35.

Mouse hemisphere rotation culture

Mouse brain hemisphere rotation culture (HERO) was performed as previously described.52 E14.5 brains were dissected in cold PBS.

Before separating the hemispheres, the meninges was removed. Hemispheres were then transferred into a rotating flask with 1.5 mL

of Neurobasal medium supplemented with 10% rat serum, 20 μM glutamine, 1X penicillin/streptomycin, 1X N-2 and 1X B-27 sup-

plement and 0.1 M HEPES-NaOH, pH 7.2. HERO culture was performed for 24 h in a Whole Embryo Culture System (Nakayama,

10-0310) in a humidified atmosphere of 40% O2, 5% CO2 and 55% N2 at 37◦C. For treatment of the hemispheres, 500 μg/ml Syn-

decan 1 and Syndecan 2 stock solution was added to the culture medium to a final concentration of 500 ng/ml or 5 μg/ml. For the

control condition, an equal volume of PBS was added, corresponding to 5% PBS. Additionally, for PRC2 inhibitor treatment, 10 mM

EED226 stock solution was added to the culture medium to a final concentration of 5 μM. For the control condition, an equal volume of

DMSO was added, corresponding to 0.05% DMSO. Integrin blocking was carried out using an antibody against Integrin β1 (Abcam,

ab24693) at a 1:100 dilution.

Metal isotope conjugation of antibodies

The antibodies used for the Epi-CyTOF staining were either purchased conjugated with a defined metal isotope or purified within a

BSA-free buffer (Table S1). Among those antibodies many were previously validated.29,30 The conjugation of 100 μg purified antibody

with a defined heavy metal tag was done with the MaxPar Antibody Conjugation Kit (Standard BioTools) according to the manufac-

turer’s recommendations. The protein concentration of the labelled antibodies was measured with a spectrophotometer (Nanodrop

2000c, Thermo Scientific) and adjusted to 0.5 mg/ml with an antibody stabilizer solution (Candor Bioscience, 130050).

Tissue dissociation for Epi-CyTOF

To prepare the single cell suspensions for the Epi-CyTOF staining, 8-10 cortical organoids (W8) or rice grain sized pieces of human

fetal tissue were dissociated using the MACS Neural Tissue Dissociation Kit P (Miltenyi Biotec Inc., 130-092-628) with an incubation

time of 6 min for organoids and 15 min for fetal tissue for enzyme mix 1. Subsequently, the cell pellets were resuspended in 500 μl cold

DPBS (Corning, 21-031-CV) and incubated for 10 min with 1 μl Benzonase (1:500, Sigma, E1014-25KU) to prevent cell clumping and

0.625 μl cisplatin (1:800, Cell-ID™, 195Pt, Standard BioTools, 201064) for cell viability staining. From this step onwards, all centrifu-

gation steps were carried out at room temperature (RT). Subsequently, the samples were centrifuged for 7 min at 300 x g and washed

with 2 ml Maxpar cell staining buffer (CSB; Standard BioTools, 201068) followed by fixation with 1.6% paraformaldehyde (PFA, meth-

anol-free, diluted in DPBS; Thermo Scientific, 28906) for 10 min at RT on a rotator. The samples were centrifuged at 900 x g for 10 min

and washed twice with 2 ml CSB. Finally, the cell pellets were resuspended in freezing medium (20% fetal bovine serum (FBS, Sigma,

F7524), 10 % dimethyl sulfoxide (DMSO, Sigma, D8418-100ML) in DMEM) and aliquoted (1-2 Mio. cells/ml) before storage store

at -70◦C.

Palladium-based barcoding and cell staining for Epi-CyTOF

For barcoding and staining, the frozen samples were immediately thawed in a water bath at 37◦C and washed with 2 ml CSB. All

centrifugation steps are performed at RT. After centrifugation at 900 x g for 10 min, the pellets were resuspended in Maxpar Nuclear

Antigen Staining buffer working solution (Mixed 1 part concentrated, 3 parts diluted, Standard BioTools, 201063) and incubated for

30 min at RT for permeabilization. Afterwards, the cells were washed twice by 2 ml Maxpar Nuclear Antigen Staining Perm (NP) buffer

(Standard BioTools, 201063), with centrifugations at 900 x g for 10 min. Next, the cell pellets were resuspended in 1X Fix I Buffer

(Standard BioTools, 201065) diluted in PBS and incubated for 10 min at RT, followed by a centrifugation at 900 x g for 10 min.

The cells were washed twice with 1 ml 1X Barcode Perm Buffer (Standard BioTools, 201057). After centrifugation at 900 x g for
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10 min, each sample was resuspended in 200 μl 1X Barcode Perm Buffer. For multiplexing by barcoding, 2.5 μl Palladium barcodes

(Cell-ID™ 20-Plex Pd Barcoding Kit, Standard BioTools, 201060) were mixed with 25 μl Barcode Perm buffer, added to each sample

separately, and incubated for 30 min at RT. Afterwards, the samples were washed with 2 ml Maxpar CSB and centrifugated at 900 x g

for 10 min. The cell pellets were resuspended in 100 μl CSB and pooled in one tube. Up to three million cells were blocked in 50 μl 1%

BSA diluted in NP buffer for 10 min at RT before adding 50 μl pre-mixed and filtered (Merck, UFC30VV00) antibody master mixture in

NP. After 1 h of staining at RT, the cells were washed with 2 ml CSB, pelleted at 900 x g for 10 min and resuspended in 1 ml Cell-ID™
Intercalator-Iridium (Standard BioTools, 201192A, 1:1000 in Maxpar Fix Perm Buffer). Additional 125 μl 16% PFA (methanol-free,

28906, Thermo Scientific) were added, and the samples were fixed for 30 min at RT. Finally, the cells were washed with 2 ml

CSB, pelleted at 900 x g for 10 min and resuspended in 1 ml freezing medium (20% FBS and 10 % DMSO in DMEM) to preserve

samples at -70◦C until measurement.

CyTOF measurement

The stained and frozen multiplexed sample pools were washed with 2 ml Maxpar cell staining buffer (CSB, Standard BioTools,

201068) and centrifugated at 900 x g for 10 min. The cell pellet was washed with 2 ml Maxpar water (Standard BioTools, 201069),

filtered through a 35 μm cell strainer (Falcon, 352235) and counted with the MACSQuant Analyzer (Miltenyi Biotec). For cell

acquisition, the cell concentration was adjusted to 6 x 105 cells per ml with Maxpar cell acquisition solution plus (CASplus, Standard

BioTools, 201244). An instrument calibration and tuning were performed using EQ six element calibration beads (Standard BioTools,

201245) before sample analysis. The calibration beads contain a defined concentration of the metal isotopes 89Y, 115In, 140Ce, 159Tb,
175Lu and 209Bi, and were added 10% v/v as internal standard to each sample solution for detector voltage optimization during

measurements. The samples were acquired with the suspension mass cytometer CyTOF2 and CyTOF XT (Standard BioTools)

with a constant flow rate of 30 μl and approximately 200 events per second. The recorded raw and linear mode data (LMD) files

contain time-of-flight (TOF, m/z) spectra and digitalized ion signals for every 13 μs push from all available mass channels. For sin-

gle-cell event detection, the CyTOF software (v9.0.2) was used to convolute and smoothen the total current and pulse intensity to

generate an event length parameter. The created FCS 3.1 contains randomized and normalized data for downstream analysis.

The debarcoder function within the CyTOF software was used to generate separate FCS files per sample from the multiplexed

pool file based on the individual 6-choose-3 Pd scheme that was used for barcode staining. The intensities of the six Pd isotopes

were utilized to define optimal parameter settings for a minimal barcode separation (BcS) and a maximal mahalanobis distance

(MD) to distinguish desired events.

Epi-CyTOF data analysis

Data clean-up and analysis was performed on the cloud-based software OMIQ (Dotmatics). FCS files were scaled after hyperbolic

arcsine (arcsinh) transformation with a cofactor of 5. Manual gating was used for data cleanup to remove ion clouds, aggregates, and

debris based on the event length and the gaussian parameter center, width, offset, and residual. EQ bead signals were removed by

140-cerium isotope (140Ce) low gating. Cellular events were identified based on the 191/193-iridium (191Ir and 193Ir) signal that was

also used in combination with event length parameter to remove doublets. Finally, dead cells were excluded by the positive

196-cisplatin (196Pt) signal to subsample the viable cell population for downstream analysis. Three main neural cell type populations

were defined according to the expression of SOX2, PAX6, TBR2, and CTIP2. A standardised gating hierarchy led to three defined cell

clusters. First, all TBR2+ events were selected (IPs). Moreover, TBR2- events were further divided into the SOX2+PAX6+/CTIP2- (RG)

or CTIP2+/SOX2-PAX6- (neurons) populations. Uniform Manifold Approximation and Projection (UMAP) was used as the dimension-

ality reduction algorithm to illustrate the global structure of the 12 samples based on the expression of the 10 cell type-specific

markers (neighbors= 15, minimum distance= 0,4, metric: Euclidean, epochs= 200, random seed= 815, embedding initialization:

spectral). The expression level of the epigenetic markers was illustrated specifically within the clustered data as color-continuous

scatter plots. Averages of median metal tag intensities of 4 replicates were calculated and normalized to the highest value across

cell populations for each marker separately. These values were transformed into log2(FC) and illustrated in heat maps (Graph

Pad/Prism software, version 9).

Immunofluorescence staining

For immunofluorescence (IF) staining, cortical organoids were removed from culture medium, transferred into 4% PFA in 120 mM

phosphate buffer pH 7.4 and fixed for 30 min at RT. Human fetal tissue and mouse hemispheres were kept in 4% PFA solution

for 24 h at 4◦C. After removing the PFA solution, the tissue was washed twice for 5 min with PBS. Human fetal tissue was subse-

quently transferred to 15% Sucrose in PBS, incubated at 4◦C overnight and then transferred to 30% Sucrose in PBS before storage

at 4◦C. Cortical organoids and mouse hemispheres were directly stored in 30% Sucrose in PBS after fixation and washing. Sucrose-

infiltrated tissue was washed in a 1:1 mixture of 30% Sucrose in PBS and OCT before embedding in the same mixture was performed

in cryomolds on dry ice.

Subsequently, 20 μm cryosections were prepared and stored at -20◦C until staining. IF staining was performed as previously

described.35 Slides containing cryosections were dried for 5 min at RT and briefly washed with PBS before antigen retrieval was per-

formed in 10 mM citrate buffer pH 6.0 for 1 h at 70◦C. Following a 5 min PBS wash, the slides were covered with blocking buffer (10%

horse serum and 0.1% Triton X-100 in PBS) for 30 min at RT. Afterwards the sections were incubated with the primary antibodies
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diluted in blocking buffer overnight at 4◦C. The following antibodies were used for staining: Rat anti-Ctip2 (1:250, Abcam ab18465);

Rat anti-Ki67 (1:500, Invitrogen 14-5698-82); Goat anti-Sox2 (1:200, R&D Systems AF2018); Rat anti-PH3 (1:500, Abcam ab10543);

Rabbit anti-TBR2 (1:250, Abcam ab23345); Rabbit anti-Histone H3K27me3 (1:1600, Cell Signaling 9733); Rabbit anti-Histone

H3K4me2/3 (1:500, Cell Signaling 9751); Rabbit anti-Ezh2 (1:200, Cell Signaling 5246); Rabbit anti-Suz12 (1:800, Cell Signaling 3737);

Mouse anti-Zo1 (1:750, Invitrogen MA3-39100-A64741); Rat anti-Tbr2 (1:33, Invitrogen 12-4875-8241); Rabbit anti-Pax6 (1:300,

BioLegend 901301), Rabbit anti-CC3 (1:400, Cell Signaling 9661S); Rabbit anti-CD138 (Syndecan 1, 1:100, Invitrogen 36-2900);

Rat anti-CD29 (active Integrin β1, 1:200, BD Biosciences 550531); Rabbit anti-Laminin (LAMA1, 1:200, Sigma Aldrich L9393), and

Rabbit anti-UTX (KDM6A, 1:200, Cell Signaling 33510S). The next day, the slides were washed three times for 5 min with PBS, before

addition of the secondary antibodies (1:1000) and DAPI (1:1000) diluted in blocking buffer and incubation for 1-2 h at RT. Finally, the

slides were washed three times for 5 min with PBS and mounted with Mowiol before long term storage at 4◦C.

Images were acquired using a Zeiss ApoTome2 fluorescence microscope with a 20x objective and 1.5-μm thick optical sections.

Images are depicted as maximum intensity projections of 10–15 optical sections. Stitching of acquired tile scans was performed us-

ing the ZEN software.

Image analysis

All samples were blinded before the acquisition of the data. Quantification was performed using Fiji,90 processed using Excel (Micro-

soft), and plotted using Prism (Graphpad Software). Image quantifications were performed either manually or using the Fiji plugin

StarDist.91 Briefly, images were analyzed as maximum intensity projections and first cropped to separate the different cortical layers

(VZ, SVZ, IZ, CP for fetal human tissue and VZ, SVZ/CP for cortical organoids). Subsequently, all channels were split to use the

StarDist 2D plugin in the versatile (fluorescent nuclei) model. If necessary, segmentation was corrected manually. Manual quantifi-

cations were performed using the cell counter tool or fluorescence intensity measures in Fiji. For cortical organoids, only ventricles

facing the outside of the organoid were analyzed, as ventricles in the organoids’ center might suffer from reduced oxygen and nutrient

supply.31 The borders of microscopy images are indicated by yellow dotted lines, and supplemented with black boxes to display

rectangles of equal size for subpanels.

Isolation of neural cell populations for CUT&Tag and RNA-seq

Whole organoids or rice grain sized pieces of human fetal tissue were transferred to cryovials. After liquids were entirely removed, the

vials were snap frozen on dry ice and stored at -70◦C until further processing. The nuclei isolation procedure was modified from a

previously described.92 Using forceps, the frozen tissue was transferred to a microcentrifuge tube and 500 μl Lysis Buffer (10 mM

Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 1% BSA, 0.01% Tween-20, 0.01% NP40 Substitute, 0.001% Digitonin in H2O) were

added before homogenizing with a pellet pestle (Fisher Scientific, 12-141-368) 15 times. The homogenized samples were incubated

on ice for 2 min and mixed 10 times with a wide bore pipet tip followed by 2 more minutes of incubation on ice. With a regular tip, 500 μl

chilled wash buffer (10 mM Tris-HCl pH7.4, 10 mM NaCl, 3 mM MgCl2, 1% BSA, 0.1% Tween-20 in H2O) were added to each tube

and mixed 5 times. The cell suspension was passed through a 70 μm cell strainer (BD Bioscience, 340633) into a LoBind tube fol-

lowed by additional 300 μl wash buffer. The samples were centrifuged at 500 x g for 5 min at 4◦C. The supernatant was removed,

and pellets were resuspended in 1 ml of nuclei suspension buffer (NSB; 1% BSA, 1X Protease inhibitor EDTA free, 0.1X RNase in-

hibitor in PBS). The centrifugation and resuspension steps were repeated once before starting the suspension staining.

For staining, the Alexa Fluor 647 Mouse Anti-Human PAX-6 (BD Pharmingen, 562249, 1:40), PE Mouse Anti-EOMES (BD Pharmin-

gen, 566749, 1:200) and FITC Rat Anti-CTIP2 (Abcam, ab123449, 1:500) antibodies were diluted in the nuclei suspension and incu-

bated on a rotator for 1 h at 4◦C in the dark. The stained nuclei suspension was centrifuged for 5 min at 500 x g at 4◦C. Following

centrifugation, the supernatant was removed, and the pellet was resuspended in 1 ml NSB. This wash step was repeated once before

resuspending in 2 ml NSB, flowing the sample through a 40 μm cell strainer and performing FANS using a BD FACSDiscover S8 Cell

Sorter.

IPs were isolated as all TBR2+ nuclei. Out of the TBR2- population, CTIP2+/PAX6- nuclei were sorted as neurons, while RG were

isolated as PAX6+/CTIP2-. For bulk RNA-seq, 10,000 nuclei were sorted per cell type, while 50,000 nuclei per cell type were used for

CUT&Tag.

Gene expression analysis by RT-qPCR

Gene expression analysis was performed as previously described.18,52 For RT-qPCR, RNA was isolated from 10,000 nuclei (after

FANS) using the RNeasy Mini kit (Qiagen, 74104). cDNA was synthesized using random hexamers and Superscript III Reverse Tran-

scriptase (Invitrogen, 18080044) and qPCR was performed with LightCycler 480 SYBR Green I Master Mix (Roche, 4887352001) on a

LightCycler 480 (Roche). For each sample, three technical replicates were run. Gene expression data was normalized based on the

housekeeping gene GAPDH. Primers are listed in Table S8.

CUT&Tag library preparation

CUT&Tag was performed based on the protocol published previously.38 The CUT&Tag direct protocol version used was described in

detail: https://doi.org/10.17504/protocols.io.bqwvmxe6. Briefly, 50,000 nuclei per cell type (RG, IP and neurons) were sorted into

antibody buffer. Prior to starting the CUT&Tag protocol, the nuclei were centrifuged at 500 x g for 5 min at 4◦C, supernatant was
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removed and the nuclei were resuspended in 50 μl wash buffer and transferred into PCR tubes. Nuclei were subsequently bound to

ConA beads (Polysciences Inc., 86057-3) by adding 3.5 μl ConA beads resuspended in binding buffer to each sample and incubating

for 10 min on a rotator at RT.

All following wash steps were performed on a magnetic rack. For blocking of the staining antibodies used for FANS, the superna-

tant was removed, and the bead-bound nuclei were resuspended in antibody buffer containing 1:1000 Goat F(ab) Anti-Mouse IgG

H&L (Abcam, ab6668, RRID: AB_955960) and Goat F(ab) Anti-Rat IgG H&L (Abcam, ab7172, RRID: AB_955962). Blocking was

performed for 15 min at RT, followed by two wash steps with 100 μl antibody buffer. The bead-bound nuclei were subsequently re-

suspended in 25 μl antibody buffer containing either 1:50 Rabbit Anti-H3K27me3 (Cell Signaling, 9733) or 1:50 Rabbit Anti-Histone

H3K4me2/3 (Cell Signaling, 9751). The primary antibody staining was performed for 1 h on a rotator at RT followed by rotation at 4◦C

overnight. After removing the primary antibody, the beads were suspended in 25 μl wash buffer containing 1:100 Guinea Pig Anti-

Rabbit IgG (Antibodies-Online, ABIN101961). The secondary antibody was incubated for 45 min on a rotator at RT followed by three

washes with 200 μl wash buffer. Pre-loaded pA-Tn5 (Diagenode, C01070001) was diluted 1:250 in 300 buffer and 25 μl were added

per sample. After 1 h of incubation on a rotator at RT, samples were washed three times with 200 μl 300-buffer. For tagmentation, the

beads were resuspended in 50 μl tagmentation buffer and incubated at 37◦C for 1 h. Finally, the bead-bound nuclei were washed with

50 μl TAPS wash buffer, and resuspended in 5 μl 0.1% SDS. To release the DNA the samples were incubated at 58◦C for 1 h.

Amplification was performed by addition of 15 μl Triton neutralization solution, 4 μl primer mix (containing 10 μM i5 and i7 uniquely

barcoded primers, primers are listed in Table S8) and 25 μl NEBNext High-Fidelity 2X PCR Master Mix (New England Biolabs,

M0541S). The following PCR program was run: 5 min 58◦C, 5 min 72◦C, 30 s 98◦C, 13 times [10 s 98◦C, 10 s 60◦C], 1 min 72◦C,

hold 8◦C. PCR products were subsequently cleaned up using AMPure XP beads (Beckman Coulter, A63880) at a ratio of 1.3.

Sequencing was performed after quantification using a Fragment Analyzer (Agilent) on an Illumina Novaseq 6000 with an average

sequencing depth of 20 million fragments.

CUT&Tag data analysis

CUT&Tag bioinformatics analysis was done using the Nf-core cutandrun pipeline (v3.2.2),79,93 with ‘‘–genome hg38 –macs-gsize

2805665311 –mito_name ‘chrM’ –normalization_binsize 1 –use_control ‘false’ –dedup_target_reads –peakcaller SEACR –seacr_

peak_threshold 0.01’’ and default settings otherwise. The blacklist provided was derived from.94 The pipeline automatically runs

all required steps on a library-level, including (but not limited to) raw read quality control, adapter trimming, alignment, filtering,

generation of coverage tracks, peak calling and peak quality control. Finally, a consensus peak set is created across all libraries

(‘‘–consensus_peak_mode all’’) or libraries from the same cell type (‘‘–consensus_peak_mode group’’). H3K27me3 and

H3K4me2/3 CUT&Tag data was processed separately. All datasets acquired from human fetal tissue were CPM normalized (‘‘–nor-

malisation_mode CPM’’). Data acquired from inhibitor and DMSO treated cortical organoids was used unnormalized (‘‘–normalisa-

tion_mode None’’), as CPM normalization was not appropriate for portraying the strong differences expected between the two an-

alysed conditions. For direct comparison of the two histone marks, consensus peak sets generated within the Nf-core pipeline

were used.

The Nf-core pipeline output for each histone modification was further processed with the R package Diffbind (v 3.12.0)80 for visu-

alization and differential analysis. Raw reads and called peaks were imported and counts were generated within previously deter-

mined consensus peak regions without centering the summits. Generated counts for human fetal tissue data were normalized by

library size while counts for the cortical organoid data were used unnormalized due to the expected differences in library size. Re-

gions of differential enrichment were determined with DESeq2 (v1.42.1)81 (p-adjust < 0.05; logFC > 1). Heatmaps and profile plots

displaying histone mark enrichment were generated using deeptools (v3.5.1).95 Regions identified to be enriched for a histone modi-

fication were annotated to genomic features and the nearest neighbouring gene using the R packages ChIPseeker (v1.38.0)82 and

TxDb.Hsapiens.UCSC.hg38.knownGene (v3.18.0).83 Pathway analysis for those identified genes was performed using

ReactomePA (v1.46.0) analysis.44

RNA-seq library preparation

Transcriptome libraries were prepared using the SmartSeq-2 protocol,96 as previously described.52 Isolated total RNA from an equiv-

alent of 10,000 nuclei was denatured for 3 min at 72◦C in 4 μl hypotonic buffer (0.2% Triton X-100) in the presence of 2.5 mM dNTP,

100 nM dT-primer and 4 U RNase Inhibitor (Promega, N2611). Reverse transcription was performed at 42◦C for 90 min after filling up

to 10 μl with RT buffer mix for a final concentration of 1X Superscript II buffer (Invitrogen, 18064022), 1 M betaine, 5 mM DTT, 6 mM

MgCl2, 1 μM TSO-primer (Table S8), 9 U RNase inhibitor, and 90 U Superscript II. The reverse transcriptase was inactivated at 70◦C

for 15 min. For subsequent PCR amplification of the cDNA the optimal PCR cycle number was determined with an aliquot of 1 μl un-

purified cDNA in a 10 μl qPCR containing 1X KAPA HiFi Hotstart Readymix (Roche, 07958927001), 1X SYBR Green, and 0.2 μM UP-

primer (Table S8). The residual 9 μl cDNA were subsequently amplified using KAPA HiFi HotStart Readymix (Roche, 07958927001) at

a 1X concentration together with 250 nM UP-primer under the following cycling conditions: initial denaturation at 98◦C for 3 min, 12

cycles [98◦C 20 s, 67◦C 15 s, 72◦C 6 min] and final elongation at 72◦C for 5 min. Amplified cDNA was purified using 1X volume of

Sera-Mag SpeedBeads (GE Healthcare) resuspended in a buffer consisting of 10 mM Tris, 20 mM EDTA, 18.5% (w/v) PEG 8000,

and 2 M sodium chloride solution. The cDNA quality and concentration were determined using a Fragment Analyzer (Agilent).
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For library preparation, 2 μl amplified cDNA was tagmented in 1X Tagmentation Buffer using 0.8 μl bead-linked transposome

(Illumina DNA Prep, (M) Tagmentation, Illumina) at 55◦C for 15 min in a total volume of 4 μl. The reaction was stopped by adding

1 μl of 0.1% SDS (37◦C, 15 min). Magnetic beads were bound to a magnet, the supernatant was removed, beads were resuspended

in 14 μl indexing PCR Mix containing 1X KAPA Hifi HotStart ReadyMix (Roche) and 700 nM unique dual indexing primers (i5 and i7),

and subjected to a PCR (72◦C 3 min, 98◦C 30 s, 12 cycles [98◦C 10 s, 63◦C 20 s, 72◦C 1 min], and 72◦C 5 min). Libraries were purified

with 0.9X volume Sera-Mag SpeedBeads, followed by a double size selection with 0.6X and 0.9X volume of beads. Sequencing was

performed after quantification using a Fragment Analyzer on an Illumina Novaseq 6000.

For transcriptomic analysis of whole W5 cortical organoids, mRNA was isolated from on average 100 ng total RNA by poly-dT

enrichment using the Watchmaker mRNA Capture Kit according to the manufacturer’s instructions. Samples were then directly sub-

jected to the workflow for strand-specific RNA-Seq library preparation (Watchmaker RNA Library Prep Kit). For ligation xGenTM

Stubby Adapters from IDT were used. After ligation, adapters were depleted by an XP bead purification (Beckman Coulter) adding

the beads solution in a ratio of 0.7:1 to the samples. Unique dual indexing was done during the following PCR enrichment (13 cycles)

using uniquely barcoded primer mixes (i5 and i7). After one more XP bead purification (1:1), libraries were quantified using the Frag-

ment Analyzer NGS-Kit 1-6000bp (Agilent). Libraries were sequenced on an Illumina NovaSeq 6000 S4 Flowcell in 100 bp paired-end

mode to a depth of 50 million fragments per library.

RNA-seq data analysis

RNA-seq data analysis was performed as previously described.52,97 Quality control of the sequencing data was performed with

FastQC (v0.11.9). Kallisto (v0.64.1)88 was used to align reads to human GRChg38. For further processing, the 10-15 million mapped

reads were imported into R using Tximport (v1.30.0)84 and EnsDb.Hsapiens.v86 (v2.99.0).86 Raw fragment normalization based on

library size and testing for differential expression between cell types and conditions was performed with edgeR package (v4.0.16)85

with a false discovery rate (FDR) of 5% and a Log2 fold change threshold of 0.5. Volcano plots and heatmaps were generated with the

R-packages Ggplot2 (v3.1.3.1).87 Differentially expressed genes were analysed by gene ontology (https://geneontology.org/)98,99

analysis.

Statistical analysis

Sample sizes are reported in each figure legend. Sample sizes were estimated based on previous literature.18,52,100 All statistical

analysis was performed using Prism (GraphPad Software). Normal distribution of datasets was tested by Shapiro-Wilk or

Kolmogorov-Smirnov test. The tests used are indicated in the figure legend for each quantification. Significant changes are indicated

by stars for each graph and described in the figure legends.
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