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SUMMARY
Mutations in the embryonic ectoderm development (EED) cause Weaver syndrome, but whether and how EED affects embryonic brain

development remains elusive. Here, we generated amousemodel in which Eedwas deleted in the forebrain to investigate the role of EED.

We found that deletion of Eed decreased the number of upper-layer neurons but not deeper-layer neurons starting at E16.5. Transcrip-

tomic and genomic occupancy analyses revealed that the epigenetic states of a group of cortical neurogenesis-related genes were altered

in Eed knockout forebrains, followed by a decrease of H3K27me3 and an increase of H3K27ac marks within the promoter regions. The

switching of H3K27me3 to H3K27ac modification promoted the recruitment of RNA-Pol2, thereby enhancing its expression level.

The small molecule activator SAG or Ptch1 knockout for activating Hedgehog signaling can partially rescue aberrant cortical neurogen-

esis. Taken together, we proposed a novel EED-Gli3-Gli1 regulatory axis that is critical for embryonic brain development.
INTRODUCTION

The cerebral cortex is a heterogeneous structure where

neuronal circuits underlie higher-order brain functions,

including cognition, sensory perception, and sophisticated

motor control (MuhChyi et al., 2013; Telley et al., 2019).

The assembly of a functional neocortex relies on the timely

establishment of cell type-specific programs to induce neu-

ral stem/progenitor cells (NSPCs) to produce the appropriate

number of neurons and glial cells. Neurons are currently

thought to be derived from a population of highly special-

ized neural stem cells known as radial glial cells (RGs).

During cortical neurogenesis, RGs undergo symmetric cell

division for self-renewal as well as asymmetric cell division

to produce a progeny that is either a neuron or an inte-

rmediate progenitor cell (IPC). IPCs, residing in the subven-

tricular zone (SVZ), can produce more neurons through

neurogenic division. These newborn neurons pass through

the intermediate zone to arrive at an appropriate location

of the cortical plate to establish the assembly of the sophis-

ticated neural circuitry, which requires precisely timed pro-

grams for defining the position and connectivity.

In humans, mutations in the polycomb repressive com-

plex 2 (PRC2), which comprises enhancer of zeste homolog

1/2 (EZH1/2), embryonic ectoderm development (EED),

suppressor of zeste 12 protein homolog (SUZ12), can cause

developmental disorders and cancers. Pathogenic variants

inEEDhavebeen linked toWeaver syndrome, a rare disorder
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characterized by overgrowth, macrocephaly, and intellec-

tual disability (Cohen and Gibson, 2016; Cohen et al.,

2015; Smigiel et al., 2018). Mechanistically, PRC2 is a critical

chromatinmodifier in cell proliferation and differentiation,

maintenance of cell identity, and stem cell plasticity (Boyer

et al., 2006; Schmitges et al., 2011; Vizan et al., 2015). The

catalytic subunit EZH2 and themethyl group-binding factor

EED are indispensable components for the PRC2 complex to

catalyze histone H3 lysine 27 tri-methylation (H3K27me3)

(Montgomery et al., 2005; Shan et al., 2017). However, little

is known about the neuralmechanism of the PRC2 complex

involved in the regulation of cortical neurogenesis. It has

been reported that Ezh2 regulates the balance between

self-renewal and differentiation in the cerebral cortex

dependent on H3K27me3 (Pereira et al., 2010). However,

as the core component of PRC2, EED plays important roles

dependent on H3K27me1 or H3K27ac (Ai et al., 2017; Liu

et al., 2019a), which hints that EZH2 or EED may have

distinct regulation mechanisms. A previous study suggests

that PRC2 EED function is distinct from EZH2 function

and is required for homeostasis and cortical injury activa-

tion in the postnatal and adult SVZ (Sun et al., 2018). In

addition, our previous work has shown that the loss of

EED impairs postnatal neuronal differentiation and malfor-

mation of the dentate gyrus (Liu et al., 2019a). Although

these studies suggest an important role of EED in postnatal

neurogenesis, the function of EED in early cortical neuro-

genesis remains largely unknown.
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Here, by generating stage-specific conditional knockout

mice lacking Eed, we show that EED regulates the specific

gene expression programs to establish neocortical assembly.

The essential function of EED in cortical neurogenesis is

executed in twomanners to orchestrate NSPCs proliferation

and differentiation. On the one hand, EED limits neurogen-

esis and the production of appropriate neurons by repres-

sing differentiation-promoting genes. On the other hand,

EED maintains the proliferation and self-renewal of NSPCs

through the EED-Gli3-Gli1 regulatory axis. Together, our

findings suggest that EED regulates the epigenetic state of

specific genes in NSPCs to orchestrate cortical neurogenesis

and cortical development.
RESULTS

Forebrain deletion of Eed leads to abnormal cortical

architecture

By re-analyzing ENCODE RNA sequencing (RNA-seq) data

of murine forebrains, we found that Eed was highly ex-

pressed in the embryonic brain from E11.5 to E15.5 (Fig-

ure S1A) and its mRNA expression level was gradually

decreased during embryonic neocortex development (Fig-

ure S1B), suggesting that EED might play a pivotal role

during embryonic cortical development. To specifically

explore the role of EED, we generated the forebrain-spe-

cific Eed conditionally knockout mice (Eed cKO) by

crossing Eedfl/fl mice with Emx1-Cre line (Figure S1C).

RT-PCR and western blot analyses confirmed that EED

expression was significantly decreased (Figures 1A and

S1D), while a decreased H3K27me3 and an increased

H3K27ac were observed in P21 Eed cKO cortical tissues

(Figure 1B). Eed cKO mice were born at the expected Men-

delian ratios and were indistinguishable from their wild-

type (WT) littermates at birth. However, at the age of

3 weeks, Eed cKO mice became runted and brain weight

decreased (Figures S1E–S1I). The survival curve showed

that most Eed cKO mice died at P40 (Figure S1J). These re-

sults suggested that the deletion of Eed in the early embry-

onic forebrain leads to postnatal lethality and growth

retardation.
Figure 1. EED is required for proper development of embryonic n
(A) Representative images of western blot for EED, H3K27me3, and H
(B) Quantifications of EED and H3K27me3 protein expression levels i
(C) Representative images of immunostaining of TBR1 and CTIP2 in E
(D) Quantifications of the number of deeper-layer (V–VI) neurons in
(E) Representative images of immunostaining of SATB2 and BRN2 in
(F) Quantifications of the number of upper-layer (II–IV) neurons in E
(G) Representative images of upper-layer neuron marker CUX1 in P0 (
(H) Bar graph shows the quantitative results of Cux1+ cell numbers.
(I) Schematic diagram indicated deficits of Eed cKO in the developme
error of the mean; two-tailed unpaired t-test; n.s., non-significant, *
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During cortical development, the neocortex gradually

expands its size and assembles into a six-layer structure

from the inside to the outside (Tang et al., 2019). By

comparing brain size, we found that cortical sizes were

significantly decreased in Eed cKO compared with that of

the WT littermates at E16.5 and P0 (Figure S2A). Next, we

performed immunostaining of cortical layer-specific

markers to assess the cortical structure at the cellular level.

At E14.5, the numbers of TBR1+ and CTIP2+ deeper-layer

(layers V–VI) neurons were markedly increased in the Eed

cKO cortices (Figures 1C and 1D). Similarly, we also

observed a significant increase of TUJ1+ cells in the E14.5

Eed cKO cortices (Figures S2B and S2C). However, there

was no significant difference in the number of TBR1+ and

CTIP2+ neurons at E16.5 and P0 (Figures 1C and 1D).More-

over, immunostaining of CUX1, SATB2, and BRN2 (layers

II–IV) showed that the number of upper-layer neurons

was significantly decreased in the Eed cKO cortices at

E16.5 and P0 (Figures 1E–1H; Figures S2D and S2E). These

observations suggested that EED might play an essential

role in balancing the self-renewal and differentiation of

cortical NSPCs during embryonic cortical development

(Figure 1I).
Loss of EED decreases the pool of NSPCs

To determine whether the disorganization of the cortical

layers in Eed-deficient mice was due to the depletion of

the NSPCs, we performed immunostaining for PAX6 and

TBR2 in cortices (Guillemot et al., 2006). Our results

showed that there were no significant changes in the

pool of NSPCs in the Eed cKO cortices at E12.5

(Figures 2A, 2B and 2E). However, the population of

PAX6+ and TBR2+ cortical progenitor cells was both signif-

icantly decreased in E14.5 and E16.5 Eed cKO cortices

(Figures 2A, 2B and 2E). Interestingly, our results showed

that there was only a small population of ectopic PAX6+

cells, but not TBR2+ cells located at cortical plates in Eed

cKOmice (Figures 2A and 2B). Taken together, our findings

demonstrated that EED was required for the maintenance

of the NSPCs pool in the late stages of embryonic

neurogenesis.
eocortex
3K27ac in P21 WT and Eed cKO cortices.
n P21 cortices. EED, n = 4; H3K27me3 and H3k27ac, n = 3.
14.5, E16.5 and P0 WT and Eed cKO cortices. Scale bar, 50 mm.
E14.5, E16.5, and P0 cortices (n = 3 animals per group).
E16.5 WT and Eed cKO cortices. Scale bar, 50 mm.
16.5 WT and Eed cKO cortices (n = 3 per group).
WT, n = 3; Eed cKO, n = 3) WT and Eed cKO cortices.

nt of embryonic neocortex. Data are presented as means ± standard
p < 0.05, **p < 0.01.
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Loss of EED disrupts the balance between self-renewal

and differentiation of NSPCs

To further investigate the intrinsicmechanismbywhich Eed

loss of function decreased the pool of cortical NSPCs, we

analyzed the proportion of proliferative cells in the S-phase

in embryonic cortices after BrdU injection 2 h at different

stages of pregnancy. Our results demonstrated that the num-

ber of BrdU+ cells was significantly decreased in both E14.5

and E16.5 Eed cKO mice cortices (Figures 2D and 2F) and

P21 SVZ (Figure S3A), whereas the population of BrdU+ cells

was unchanged inE12.5Eed cKOmice (Figures 2Dand2F). In

contrast with E14.5 cortices, BrdU+ cells almost completely

disappeared in E16.5 Eed cKO mice ventricle zones (Fig-

ure2D).Next,weusedPH3toexamine thenumberofmitotic

cells in the M-phase (Pearson et al., 2020). Consistent with

the results of BrdU pulse labeling, the number of pH3+ cell

was markedly decreased in E14.5 and E16.5 Eed cKO cortices

(Figures 2C and 2F). Moreover, a neurosphere assay demon-

strated that Eed cKONSPCs formed fewer and smaller neuro-

spheres than those fromWTlittermates at E13.5 (Figure S3B).

To examine whether the smaller number of PAX6+ and

TBR2+ cells was caused by a decrease of cells exiting the cell

cycle, we injected BrdU at E14.5 to label cycling progenitors

and analyzed the fraction of BrdU+ cells 24 h later by co-

stainingwith Ki67. The fraction of cells exiting the cell cycle

(BrdU+/Ki67-fraction of BrdU+ cells) was significantly

decreased in the VZs of Eed cKO mice (Figures 2G and 2H).

We then cultured primary cortical NSPCs in a differentiated

medium to assess their ability of neural differentiation, and

we found that Eed depletion significantly increased the pro-

portion of TUJ1+/DAPI+ cells in the Eed cKO group, suggest-

ing that EED depletion promoted the differentiation of

cortical NSPCs (Figure S3D). Collectively, these results sug-

gested that the deletion of Eed in the developing forebrain

imbalanced self-renewal and differentiation of NSPCs and

decreased the number of NSPCs exiting the cell cycle in em-

bryonic Eed cKOmice.

Eed deletion triggers massive apoptosis and DNA

damage in NSPCs

To determine whether cell death occurred in the devel-

oping cortex after Eed deletion, we examined the number
Figure 2. EED regulates the proliferation and cell cycle exit of co
(A–D) Representative images of E12.5, E14.5, and E16.5 cortices staine
marker), pH3 (mitosis marker), and BrdU. White arrow heads indicated
50 mm.
(E, F) Quantitative analysis of the number of PAX6, TBR2, pH3, and Brd
per group).
(G) Representative images of E15.5 cortices stained for of Ki67 and B
cells. Dashed white lines indicated the border of VZ or SVZ. VZ, ventr
(H) Quantitative analysis of the number of BrdU+ or Ki67+ NSPCs in E
sented as means ± standard error of the mean; two-tailed unpaired t
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of cell apoptosis by immunostaining for cleaved-caspase3

and terminal deoxynucleotidyl transferase dUTP nick

end-labeling (TUNEL). At E12.5, E14.5, and E16.5, we

observed a larger number of apoptotic cells in Eed cKO

cortices, compared with that of their WT littermates

(Figures 3A and 3B). Of note, we found that almost all

apoptotic cells were located in the VZ and SVZ regions at

E12.5, E14.5, and E16.5 (Figures 3A and 3B). To determine

whether apoptotic cells were RG cells or basal progenitors,

we performed co-immunostaining for TUNEL, SOX2, and

TBR2 and found that a large number of TUNEL+ cells

were co-localized with SOX2+ cells, and a small amount

of TUNEL+ cells co-localized with TBR2+ NSPCs

(Figures S3E and S3F). During DNA replication, frequently

stalled replication forks or free radicals can cause DNA

breaks and DNA damage (Branzei and Foiani, 2010; Lee

et al., 2012). Immunostaining for phosphorylated histone

H2AX (gH2AX) displayed an increased accumulation of

DNA damage in the VZ/SVZs of Eed cKO mice at E14.5

and E16.5 (Figures 3C and 3D). Together, these results sug-

gested that Eed deletion leads to substantial apoptosis and

increased DNA damage in the developing cortices, which

might partially account for the decreased NSPC pool in em-

bryonic Eed cKO mice.
EED regulates a specific transcription program for

cortical neurogenesis

During cortical neurogenesis, cortical neurons at the E14.5

stage mainly originate from neural stem cells at the E12.5

stage (Agirman et al., 2017; Yoon et al., 2017). To further

dissect the regulatory mechanism of EED in early cortical

neurogenesis, we performed an RNA-seq analysis of fore-

brain tissues collected frombothWTand Eed cKO littermates

at E12.5. Deletion of Eed resulted in highly reproducible

changes in the transcriptome, and 674 genes (p < 0.05)

showed significant changes (Figure 4A). The clustering anal-

ysis and PCA showed a clear discrimination between the Eed

cKO and WT (Figures S4A–S4C), indicating that EED regu-

lateddistinct transcriptionprograms.Avolcanoplot showed

that 420 genes were down-regulated and 254 genes were up-

regulated in E12.5 Eed cKO forebrain (Figure 4A). A gene

ontology (GO) analysis showed that the down-regulated
rtical progenitor cells
d for PAX6 (neural stem/progenitor marker), TBR2 (basal progenitor
the abnormal location of PAX6+ cells. VZ, ventricle zone. Scale bar,

U in E12.5, E14.5, and E16.5 WT and Eed cKO cortices (n = 3–4 mice

rdU after BrdU treatment 24 h. Arrowheads indicated BrdU+/Ki67-

icle zone. Scar bar, 50 mm.
15.5 WT and Eed cKO cortices (n = 3 mice per group). Data are pre-
-test; n.s., non-significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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genes were significantly enriched for several cellular biolog-

ical processes, including cerebral cortex development, fore-

brain development, positive regulation of neural precursor

cell proliferation, and layer formation in cerebral cortex (Fig-

ure 4B). In contrast, theup-regulatedgeneswere enriched for

forebrain development, telencephalon development, nega-

tive regulation of neurogenesis, and G2/M transition of

mitotic cell cycle (Figure 4C). Notably, a Kyoto Encyclopedia

of Genes and Genomes (KEGG) analysis further indicated

that differentially expressed genes were significantly en-

riched for Hedgehog signaling pathway, cyclic AMP

(cAMP) signaling pathway, and hippo signaling pathway

(Figures 4D,4EandS4D),which regulatedevelopmental pro-

cesses including cortical development (Belgacemetal., 2016;

Cayuso et al., 2006; Komada et al., 2008, 2013; Lavado et al.,

2018).

Next, to explore whether EED directly regulates the dys-

regulated genes, we performed chromatin immunoprecipi-

tation followed by chromatin immunoprecipitation

sequencing (ChIP-seq) for EED and CUT&Tag-seq for

RNA-Pol2, H3K27me3, and H3K27ac in WT and Eed cKO

forebrains at E12.5, when the majority of NSPCs give rise

to E14.5 upper-layer neurons. We detected 34,518 EED

peaks (false discovery rate <0.01). To validate the specificity

of these binding sites, we compared the normalized EED-

binding levels (RPKM) on promoter regions (±1 Kb) be-

tween E12.5 WT and Eed cKO forebrains (Figure 5C). The

majority of EED-binding sites (75%) were located at the

promoter regions (0–3 Kb) (Figure 4F). Motif analysis of

EED-binding promoter sequences (±3 Kb) indicated that

EED shares several common motifs with neural develop-

ment related genes, includingWt1 (Ji et al., 2021), E2F3 (Ju-

lian et al., 2013), and Ascl2 (Liu et al., 2019b) (Figure 4G).

Meanwhile, a lot of homeobox family genes (such as

Hoxd12, Hoxa13, and Lhx3), known as PRC2 targets,

were also identified (Figure 4G) (Conway et al., 2015).

Furthermore, we used a BETA analysis (Wang et al., 2013),

an integrative analysis of RNA-seq data and ChIP-seq data,

to identify the potential direct targets of EED. In BETA anal-

ysis, both fold changes of gene expression in RNA-seq and

the number and proximity of EED-binding sites to the TSSs

were used to predict the most potential target genes of EED

(Figures 4H and 4I). Surprisingly, our results suggested that

EEDmight act as a repressor (p = 1.25e-7) as well as an acti-

vator (p = 4.46e-12) (Figure 4H). The top 60 up-regulated

potential targets and 115 down-regulated potential targets
Figure 3. Eed deletion triggers massive cell apoptosis and DNA d
(A) Representative images of E12.5, E14.5, and E16.5 WT and Eed cKO
(B) Quantification of TUNEL+ apoptotic cells in WT and Eed cKO corti
(C) Representative images of E12.5, E14.5, and E16.5 WT and Eed cKO
(D) Quantification of gH2AX + cell numbers in Eed WT and cKO cortice
presented as means ± standard error of the mean; two-tailed unpaire
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of EED (Figure 4I) were significantly enriched for forebrain

development, and positive regulation of neuron differenti-

ation (Figures 4J and S4E). Several neural differentiation-

associated genes, such as Neurod2, Neuog1, and Fezf2,

were displayed in the IGV genome browser, suggesting

that these genes were targeted by EED (Figure S4G). Impor-

tantly, a KEGG analysis of 175 predicted targets showed

that the Hedgehog signaling genes were significantly

altered after Eed deletion (Figure S4F). Collectively, our re-

sults suggest that EED regulates a specific transcription pro-

gram for cortical neurogenesis and forebrain development.

The absence of EED alters the epigenetic modification

state on the Gli3 promoter

Our western blot results showed that H3K27me3 and

H3K27ac modification levels were significantly changed in

Eed cKO forebrains (Figure 1B). To explore the underlying

mechanism of gene expression subjected to epigenetic

changes, we assessed the H3K27me3, H3K27ac, and RNA-

Pol2 binding levels on EED-binding sites in E12.5 WT fore-

brains. Meta-analysis showed high H3K27me3 abundance

at EED binding sites (±5 Kb) (Figures 5A and 5B). However,

relatively lower binding levels of H3K27ac and RNA-Pol2

were observed on the EED-binding sites (±5 Kb) (Figures 5A

and 5B). At the whole genome level, a significant decrease

in EED- and H3K27me3-binding levels at transcription start

sites (TSSs) (±3 Kb) was detected in E12.5 Eed cKO forebrains

(Figures5C–5E).However, thebinding levelsofH3K27acand

RNA-Pol2 significantly increased within TSSs (±3 Kb)

(Figures 5D and 5E). To further explore the relationship be-

tween an EED-regulated epigenetic state and EED-regulated

gene expression patterns, we combined differential expres-

sion genes of RNA-seq and the annotated differential bind-

ing genes of ChIP-seq and CUT&tag in the E12.5 forebrain.

Venn diagram showed that there were 56 common genes

among the EED_loss gene set, H3K27me3_gain gene set,

H3K27ac_gain gene set, and RNA up-regulated gene set. A

GO enrichment analysis (p < 0.00001) of these common

genes suggested their functions inneural development, neu-

rogenesis, and neuron differentiation (Figures 5F and 5G). A

KEGG analysis identified 5 of 56 common genes (Gli3, Gli2,

Gas1,Ccnd2, andCdon) belonging to theHedgehog signaling

pathway (Figure 5H).Overlap analysis of these 56 geneswith

EED potential up-regulated targets and murine factors

(download from TRRUST database, https://www.grnpedia.

org/trrust/) found that GLI3 was the only factor that was
amage
cortices stained for cleaved-caspase3 and TUNEL. Scale bars, 50 mm.
ces at the indicated timepoints (n = 3–4 animals per group).
cortices stained for gH2AX. Scale bar, 50 mm.

s at the indicated timepoints (n = 3–4 animals per group). Data are
d t-test; *p < 0.05, **p < 0.01.

https://www.grnpedia.org/trrust/
https://www.grnpedia.org/trrust/
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the most likely potential downstream target of EED (Fig-

ure 5I). Indeed, IGV visualization of the Gli3 loci showed a

significant decrease in EED- and H3K27me3-binding levels

and a significant increase in H3K27ac- and RNA-pol2-bind-

ing levels within Gli3 TSS (Figures 5J and S5A). Together,

these findings suggested that EED regulated the epigenetic

state ofGli3, and thatGli3maybe the keydownstream target

of EED in regulating cortical neurogenesis.

GLI3 acts as a key repressor of Hedgehog signaling in

the developing forebrain

To compare the dynamic expression of Gli3 during cortical

development, in situhybridization data ofGLI3were down-

loaded from the ALLEN BRAIN ATLAS. As expected, Gli3

mRNA was highly expressed in the ventricle zones of the

developing forebrain (Figure S5E). To validate the Gli3

expression levels in the developing forebrain, we re-

analyzed publicly available murine forebrain RNA-seq

data and found that the expression level of Gli3 mRNA

was gradually decreased during development (Figure S5F).

Notably, our RT-PCR analysis verified a significant increase

in Gli3 expression as well as a significant decrease in Gli1

expression in E12.5 Eed cKO cortices (Figure S5B). Consis-

tently, western blot analyses showed that both GLI3 full-

length (Gli3FL, 190 KDa) and GLI3 repressor (Gli3R, 89

KDa) fragments were significantly increased in E15.5 Eed

cKO cortices (Figure 6A). Meanwhile, markedly decreased

GLI1 protein was detected in E15.5 Eed cKO cortex tissues

compared with that of WT littermates (Figure 6B). Interest-

ingly, we observed simultaneously decreased GLI1 and

increased GLI3 expression (Figures 6A, 6B and S5B). A pre-

vious study reported that an increased Gli3 expression can

repress the Hedgehog signaling pathway in acute myeloid

leukemia (Chaudhry et al., 2017). To determine whether

the reduced Gli1 was attributable to an increased Gli3 in

the Eed cKO forebrain, we applied a small interfering RNA

(siRNA) and an overexpression plasmid to manipulate

Gli3 expression in NE-4C cells, a neural stem cell-like cell

line derived from embryonic neuroepithelial cells (Aprea
Figure 4. Transcriptome sequencing and genome occupancy analy
(A) Volcano plot shows 420 down-regulated genes (green) and 254 up-
cKO, n = 3.
(B, C) Bar charts depicting the top GO terms (p-adjust < 0.05) of down-
(D) The KEGG pathway analysis of differential expression genes in E1
(E) Heatmaps show dysregulated genes were enriched in the cAMP si
(F) Pie chart illustrating the distribution of EED binding sites in the
(G) Sequence logos corresponding to top enriched motifs within EED
(H) Statistical integration analysis of dysregulated genes in E12.5 Ee
(blue line) and an activator (red line), using a reference set of non-d
The p values for each function were indicated in the chart.
(I) Top predicted al targets of EED in E12.5 forebrains.
(J) Bar plots showing the top GO terms (p-adjust < 0.05) of top 200
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et al., 2013; Li and Jiao, 2017). Knockdown of GLI3 led to

a significant decrease of Gli3F and Gli3R and a significant

increase of GLI1 protein expression (Figure 6C). Consis-

tently, overexpression of GLI3 significantly increased

Gli3F andGli3R, whereas GLI1 expressionwas significantly

decreased (Figure 6D). Thus, our observations demonstrate

a regulatory relationship between GLI3 and Gli1 in NSPCs,

suggesting that GLI3 was a crucial repressor of Hedgehog

signaling in the developing cortex.

Gli3 regulates proliferation of cortical progenitors via

repressing Hedgehog signaling

To analyze the expression levels of Gli3 and Gli1 in the

developing cortex, we re-analyzed publicly available

E14.5 RNA-seq data in proliferative progenitors, differenti-

ating progenitors, and neurons (Aprea et al., 2013). We

found that both Gli3 and Gli1 were highly expressed in

neural progenitor cells, but not in neurons (Figures S5C

and S5D). Our immunofluorescence staining showed that

GLI1 was highly expressed in early cortical progenitor cells

(Figure 6G). Given that EED suppresses Hedgehog

signaling, we next asked whether the re-activation of

Hedgehog signaling could rescue the phenotypes caused

by Eed deletion. To test this idea, we used a specific Smo

activator SAG (Bragina et al., 2010; Wu et al., 2017) to acti-

vate Hedgehog signaling activity in E13.5-derived NSPCs.

BrdU incorporation showed that activation of Hedgehog

signaling pathway in vitro could rescue the proliferation de-

fects of Eed cKO cortical progenitors (Figures 6H and 6I),

suggesting that the Hedgehog signaling played an essential

role in EED-deficient cortical neurogenesis. Given that

GLI3 is a repressor of Hedgehog signaling (Figures 6C and

6D), we hypothesized that decreased GLI3 expression

could eliminate the defects of cortical progenitor cells

caused by Eed depletion. To test this hypothesis, we used

Gli3-specific siRNAs to inactivate Gli3 in E13.5-derived

NSPCs. Notably, repression of Gli3 expression by siRNAs

could rescue the proliferation defects in E13.5 Eed cKO

NSPCs in vitro (Figures 6E and 6F). Collectively, our findings
sis in E12.5 WT and Eed cKO forebrain
regulated genes (orange) in E12.5 Eed cKO forebrains. WT, n = 2; Eed

regulated genes and up-regulated genes in E12.5 Eed cKO forebrains.
2.5 Eed cKO forebrains.
gnaling, Hippo signaling, and Hedgehog signaling pathways.
genome at E12.5.
-binding sites identified by de novo motif analysis.
d cKO forebrains predicted a dual function of EED as an al repressor
ifferentially expressed genes (dashed black line) for normalization.

up-regulated and 200 down-regulated targets of EED.
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demonstrated that EED activated the Hedgehog signaling

pathway by repressing Gli3 during cortical neurogenesis.

Activation of Hedgehog signaling partially rescues

aberrant cortical neurogenesis caused by Eed deletion

To verify that EED regulates cortical neurogenesis via the

EED-Gli3-Gli1 regulatory axis in vivo, we performed intra-

peritoneal injection of SAG in pregnant mice from E9.5

to E15.5 and analyzed mouse embryonic brains at E16.5

(Figure 7C). First, to determine whether the treatment of

SAG could activate Hedgehog signaling in vivo, we assessed

GLI1 protein expression after treatment of 5 mg/kg SAG

from E13.5 to E15.5 (Figure 7C). A western blot analysis

demonstrated that treatment of SAG could rescue the

Gli1 protein level (Figure 7B). Next, we evaluated the

changes in cortical size after administration of SAG.

Compared with the control group, treatment of SAG could

rescue the defects of projected cortical area caused by EED

disruption (Figure 7D). Furthermore, we examined the

cortical lamination structure by immunostaining for up-

per-layer marker SATB2 and deeper-layer marker TBR1

and CTIP2, respectively. Treatment of SAG could partially

rescue the defects of decreased upper-layer neurons (Fig-

ure 7E), but not of the deeper-layer neuron population

(Figures S6A and S6B). In addition, we performed immuno-

staining for PAX6 and TBR2 to examine the population of

cortical progenitor pool (RG cells and IPs). We did not

observe any significant change in the Pax6+ cell popula-

tion in SAG-treated group (Figures S6E and S6F), whereas

the defect of a decreased TBR2+ cell number in E16.5 Eed

cKO cortex was partially rescued by treatment of SAG

(Figures S6G and S6H). Of note, the treatment of SAG could

partially rescue apoptosis in EED deletion cortices

(Figures S6C and S6D). This is consistent with a previous

report showing that SMO knockout, increased apoptosis

of cortical progenitor cells (Komada et al., 2008). Finally,

we assessed cortical progenitor cell proliferation and found

that treatment of SAG could partially rescue the defects of
Figure 5. Loss of EED alters the epigenetic state on the Gli3 prom
(A) Heatmaps display enrichments for EED, H3K27me3, H3K27ac, a
forebrain. WT, n = 1; Eed cKO, n = 1.
(B) Plots of average enrichment profiles within ±5 Kb promoter regions
RNA-Pol2.
(C) Bar chart indicates normalized EED-binding levels within the gen
(D) Heatmaps shows enrichment for EED, H3K27me3, H3K27ac, and R
genes.
(E) Plots of average enrichment profiles within ±3 Kb promoter regio
(F) Venn diagram of a combined comparison between differentially e
(G) Network diagram indicates enriched GO terms (p < 0.0001) in a co
H3K27me3 binding, increased H3K27ac binding, and RNA-seq up-reg
(H) The network diagram exhibits Hedgehog pathway genes, which a
(I) Venn diagram of a combined comparison between gene set ‘‘A’’ (g
(J) Genome browser views of ChIP-Seq and CUT&Tag-seq data at the G
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cortical progenitor cell proliferation in Eed cKO cortex (Fig-

ure 7G). Together, these results demonstrated that pharma-

cological re-activation of Hedgehog signaling partially

rescued the EED deficiency-induced neural phenotypes

during cortical neurogenesis.

To further determine the function of the Hedgehog

signaling in the cortical development, we performed ge-

netic activation. We obtained Ptch1 and Eed double condi-

tional knockout (Eed/Ptch1 dcKO)mice by Ptch1f/f and Eedf/f

mice, which were crossed with Emx1-Cre mice. We first

examined the cortical size by quantification of the pro-

jected cortical area in WT, Eed cKO, Ptch1 cKO, and Eed/

Ptch1 dcKO mice. Our results showed that the decreased

sizes of the projected cortical area in E16.5 Eed cKO mice

could be rescued by inactivation of Ptch1 (Figure 7F).

Next, to determine whether the defects in the cortical pro-

genitor cell pool caused by Eed deletion could be rescued or

not, we performed immunostaining for PAX6 and TUJ1.

Although PAX6+ cells in Ptch1 cKO and Eed/Ptch1 dcKO

cortices displayed diffuse distribution, the numbers of

PAX6+ and TUJ1 cells were significantly increased in

Ptch1 cKO or Eed/Ptch1 dcKO cortices. Compared with

Ptch1 cKO mice, Eed/Ptch1 dcKO mice displayed a slightly

reduced number of PAX6+ and TUJ1+ cells (Figure 7H), sug-

gesting that the re-activation of Hedgehog signaling could

partially rescue the defects of cortical neurogenesis. Taken

together, our results provided multiple lines of in vitro

and in vivo evidence demonstrating that EED orchestrated

cortical neurogenesis through Gli3-mediated suppression

of the Hedgehog signaling in the developing forebrain.
DISCUSSION

Here, we reveal the EED-Gli3-Gli1 regulatory axis in

maintaining the NSPCs pool for cortical neurogenesis.

Mechanistically, EED modifies the epigenetic switch of

H3K27me3/H3K27ac marks at the TSS of key genes during
oter
nd RNA-Pol2 within EED-binding promoters (±5 Kb) in E12.5 WT

of annotated EED-binding genes for EED, H3K27me3, H3K27ac, and

ome promoter regions in E12.5 WT and Eed cKO forebrains.
NA-Pol2 within ±3 Kb promoter regions of all GENCODE annotated

ns of all GENCODE annotated genes.
xpressed genes and differentially binding genes.
mbined gene set (56 genes, with decreased EED binding, decreased
ulated).
re enriched by KEGG from the same gene set in (G).
enerated in {), top 200 potential targets, and 828 mouse factors.
li3 loci in the Integrative Genomics Viewer (IGV). Scale bars, 25 Kb.



Figure 6. Knocking down of GLI3R promotes the proliferation of NSPCs in vitro
(A) Representative images and quantification of western blot for GLI3-FL (full-length) and GLI3-R (repressor) in E15.5 Eed cKO and WT
forebrains. n = 3 mice per group.
(B) Representative images and quantification of western blot for GLI1 in E15.5 Eed cKO and WT forebrains. n = 3 mice per group.
(C) western blot analysis shows a significant reduction of GLI3R and a significant increase of GLI3 in NE4C cells after treated with 20 nM
Gli3 small interfering RNA (siRNA) for 48 h (n = 3 independent experiments).

(legend continued on next page)
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cortical neurogenesis. Ablation of Eed in the embryonic

forebrain altered the H3K27me3/H3K27ac ratio on differ-

entiation-promoting genes, leading to enhancement of

the recruitment of RNA-Pol2 and up-regulation of gene

expression. As a result, this causes an acceleration of the

neuronal differentiation programs and depletion of

NSPCs pool. On the other hand, loss of EED blocked the

self-renewal of NSPCs and attenuated the production of

embryonic neural/stem progenitor cell pool (Figure S7).

Loss of EED increased the neuronal population at E14.5,

but specifically decreased the upper-layer neuron popula-

tion at a late stage of cortical neurogenesis. We believe

that the accelerated depletion of NSPCs pool is mainly

responsible for the decrease in neurons at the middle

and late stages of neurogenesis. In the early stage of

cortical neurogenesis, only a small number of NSPCs

differentiate into neurons, and cell pool is sufficient at

this time. However, as neurogenesis reaches its peak, the

deficits in NSPCs pool caused by EED deletion become

apparent (Figures S7D and S7E). Therefore, we propose

EED as an essential ‘‘speed bump’’ during neurogenesis

by maintaining the appropriate speed of neurogenesis

(Figure S7E).

Recent clinical studies indicate thatmultiple forms of EED

mutations in humans can causeWeaver syndrome, a neural

developmental disorder (Cohen and Gibson, 2016; Cohen

et al., 2015; Smigiel et al., 2018; Spellicy et al., 2019). Clini-

cally, isolated ventriculomegaly is a common symptom in

Weaver syndrome (Al-Salem et al., 2013; Tatton-Brown

et al., 2013). In our study, we observed a significantly

decreased cortical size in postnatal Eed cKO mice, which is

inconsistent with megalencephaly seen in patients with

missensemutations (Gibson et al., 2012). Our genome occu-

pancy analysis showed that EED shared several common

motifs with many factors that regulate neurodevelopment,

suggesting that Eed truncating mutations may lead to

distinct phenotypes as compared with missense mutations.

Therefore, we speculate that distinct mutation patternsmay

account for the different phenotypes between mice and hu-

mans. Previous studies suggest that EED is essential for post-

natal neural stem cell proliferation (Liu et al., 2019a; Sun

et al., 2018). Compared with Ezh2 mutant mice (Pereira
(D) Western blot analysis of GLI3R protein level and GLI1 protein level
48 h (n = 3 independent experiments).
(E) Representative images of BrdU staining of NSPCs (isolated from E1
in a proliferation medium and cultured for 48 h. After treatment, 20
(F) Quantitative results of (E).
(G) Representative images of E13.5 WT brain sections stained for GLI
(H) Representative images of NESTIN and BrdU immunostaining of prim
Gli3 siRNA for 48 h in proliferation medium.
(I) Quantitative results of (H). Data are presented as means ± standard
*p < 0.05, **p < 0.01, ***p < 0.001.
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et al., 2010), we observed defects in both the proliferation

and differentiation of NSPCs, as well as unique phenotypes

in early stage of Eed-mutant mice. Our findings suggest that

EED may have PRC2-independent regulatory mechanisms

during cortical development.

In the developing human cortex, SHH is widely ex-

pressed in neural progenitors andneurons in the dorsal cor-

tex (Memi et al., 2018). Similarly, we found that SHH is also

highly expressed in neural progenitor cells on the apical

surface of the ventricle and neurons (Figures S5G–S5I). Pre-

vious studies have shown that the Hedgehog signaling is

crucial for neural development and cortical neurogenesis

(Komada et al., 2008, 2013; Wang et al., 2016a). Fore-

brain-specific conditional knockout of SMO and SHH lead

to serious defects, including a smaller size of dorsal telen-

cephalon, suppressed proliferation of cortical progenitor

cells, and increased apoptosis of cortical progenitor cells.

Moreover, dysfunction of Hedgehog signaling causes holo-

prosencephaly, a defect in the separation of the brain hemi-

spheres that is often derived from abnormal patterning

(Derwinska et al., 2009; Stashinko et al., 2004; Wang

et al., 2016b). In the current study, our findings in Eed-ab-

lated mice are consistent with the phenotypes observed

in Smo and Shhmutants, twomajormembers of the Hedge-

hog signaling pathway (Komada et al., 2008). Importantly,

SAG, a small molecule activator targeting SMO, could

partially rescue the cortical development defects caused

by Eed deletion. Therefore, it strongly supports the notion

that EED regulates cortical development through the EED-

Gli3-Gli1 regulatory axis.

NSPCs are subjected to strictly spatiotemporal regulation

of both intrinsic and extrinsic factors (Li et al., 2019; Pari-

daen and Huttner, 2014). In our study, we found that the

deletion of Eed altered the expression of Hippo signaling

and cAMP signaling pathway genes. However, we cannot

exclude the possibility that other pathways may regulate

cortical neurogenesis to a certain extent. Indeed, by using

multiple different strategies, re-activation of the Hedgehog

pathway cannot fully rescue the cortical development de-

fects caused by Eed loss of function. Whether and how

other pathways regulate cortical neurogenesis warrants

further investigations.
in NE4C cells transduced with 3 mg Gli3-overexpression plasmid for

3.5 forebrains), which were treated with PBS, 1 nM SAG or 2 nM SAG
mM BrdU was added for 6 h to examine the proliferation of NSPCs.

1 and SOX2. Scale bars, 50 mm.
ary cultured E13.5 NSPCs transfected with negative control siRNA or

error of the mean; two-tailed unpaired t-test, n.s., non-significant,
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EED has been considered indispensable for the

H3K27me3 mark (Boyer et al., 2006; Margueron and Rein-

berg, 2011). Traditionally, EED is thought to act as a tran-

scriptional repressor by establishing the repressive mark

H3K27me3 (Margueron et al., 2009). In our study, we

found that Eed deletion can significantly decrease

H3K27me3, but increase H3K27ac marks. Additionally,

transcriptome analysis shows that there are a number of

down-regulated genes upon Eed ablation. We speculate

that there are other mechanisms by which EED regulates

transcriptional programs in the developing cortex. More-

over, we found that EED-bound genes were not necessarily

enriched for H3K27me3 in the WT mouse forebrain

(E12.5), suggesting that EED may regulate gene expression

independent of the enzymatic activity of the PRC2 com-

plex. Of note, EED shares several common motifs with

many transcription factors related to neurodevelopment,

which further indicates that EED may be a versatile

regulator. The contribution of accurate EED regulated

mechanisms during cortical neurogenesis needs further

experimental investigations.

Taken together, our results identify a novel EED-Gli3-Gli1

regulatory axis in the developing cortex, which may pro-

vide a better understanding of the pathogenesis of neuro-

developmental disorders. Given the emerging evidence

linking PRC2/EED to neurological diseases, our study not

only sheds novel mechanistic insight into the genetic basis

of EED in neural development disorders, but also facilitates

further investigation of potential intervention strategies

for neurodevelopmental defects.
EXPERIMENTAL PROCEDURES

Detailed descriptions of experimental procedures can be found in

the Supplemental information.

Animals
All mice used in the current study have a C57BL6 background. All

mouse experiments were approved by the Animal Committee of
Figure 7. Activation of Hedgehog signaling pathway partially res
(A) Schematic diagram of the treatment of 5 mg/kg SAG from E13.5
(B) After the treatment of SAG from E13.5 to E14.5, quantification of w
mice per group.
(C) Schematic diagram of treatment of 5 mg/kg SAG from E9.5 to E15
(D) Representative images and quantification of the projected cortic
(E) Represent images and quantification of the number of SATB2+ cel
(F) Representative images and quantification of the projected cortic
(dcKO) mouse brains. Scale bar, 50 mm; n = 3 mice per group.
(G) Represent images and quantification of the number of BrdU+ cells i
treatment and to BrdU pulse-chase labeling. Scale bars, 50 mm.
(H) Representative images and quantification of the number of TUJ1+ c
Cortices were stained for Pax6 (green), Tuj1 (red) and DAPI (blue). Sca
standard error of the mean; two-tailed unpaired t-test, n.s., non-sign
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the Institute of Zoology, Chinese Academy of Sciences, Beijing,

China. The genotyping primer for mutant mice in Supplemental

Experimental Procedures.
Proliferation, differentiation, and self-renewal

analysis of cultured NSPCs
Isolation and culture of the primary NSPCs, proliferation, differen-

tiation and self-renewal of NSPCs assays were performed as

previously described (Liu et al., 2017, 2019a) in detail in the Sup-

plemental Experimental Procedures.
Immunostaining
Immunofluorescence was performed as described previously (Liu

et al., 2017, 2019a). Briefly, the embryonic brains were cut into

15-mm-thick sections and mounted on Superfrost Plus microscope

slides. Sections were incubated with primary antibodies in the 2%

BSA and 0.5%Triton X-100 at 4�C overnight. Secondary antibodies

were incubated in the 2% BSA and 0.5%Triton X-100 at room

temperature for 2 h. High magnification fluorescent images were

acquired using a Zeiss LSM 780 or LSM 880 confocal microscope.

For more details, please see the Supplemental Experimental

Procedures.
Western blot and RT-PCR
Samples were prepared and analyzed as described in detail in the

Supplemental Experimental Procedures.
Data availability
RNA-seq, ChIP-seq, and CUT&tag data associated with this manu-

script can be found at the GEO repository under the accession

number GSE169653.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.07.004.
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