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SUMMARY
EED (embryonic ectoderm development) is a core component of the Polycomb repressive complex 2 (PRC2) which catalyzes themethyl-

ation of histone H3 lysine 27 (H3K27) during the process of self-renewal, proliferation, and differentiation of embryonic stem cells. How-

ever, its function in the mammalian nervous system remains unexplored. Here, we report that loss of EED in the brain leads to postnatal

lethality, impaired neuronal differentiation, and malformation of the dentate gyrus. Overexpression of Sox11, a downstream target of

EED through interaction with H3K27me1, restores the neuronal differentiation capacity of EED-ablated neural stem/progenitor cells

(NSPCs). Interestingly, downregulation of Cdkn2a, another downstream target of EED which is regulated in an H3K27me3-dependent

manner, reverses the proliferation defect of EED-ablated NSPCs. Taken together, these findings established a critical role of EED in the

development of hippocampal dentate gyrus, which might shed new light on the molecular mechanism of intellectual disability in

patients with EED mutations.
INTRODUCTION

Polycomb group (PcG) proteins are highly conserved tran-

scriptional repressors that epigenetically modify chro-

matin and participate in the establishment ormaintenance

of cell fates (Hirabayashi et al., 2009). Mounting evidence

has shown that PcG proteins are involved in regulating

many dynamic processes such as cellular proliferation,

senescence, and differentiation of functional neural cell

types (Pereira et al., 2010; von Schimmelmann et al.,

2016). There are mainly two functionally distinct poly-

comb repressive complexes (PRCs), PRC1 and PRC2.

PRC2 typically contains the core components SUZ12, em-

bryonic ectoderm development (EED), and enhancer of

zeste homolog 2 (EZH2), to constitute the histone methyl-

transferase complex responsible for catalyzing histone H3

lysine 27 trimethylation (H3K27me3). PRC2 complexes

are essential for the maintenance of neural stem/progeni-

tor cells (NSPCs) and the generation of functional neural

cell types. For example, conditional deletion of the PRC2

component EZH2 in the early developing forebrain results

in a shortened period of neuronal production due to a

lack of precursor cell proliferation and premature NSPC

differentiation (Pereira et al., 2010). Although several com-

ponents of PRC2 have been investigated in brain develop-

ment or neurogenesis, very little is known about the role

and the mechanism of action of EED.

EED is required for EZH2 and SUZ12 stability, and it me-

diates the epigenetic repressive H3K27me3mark through a
Stem
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positive feedback loop by binding toH3K27me3 and subse-

quently activating the methyltransferase activity of EZH2

(Margueron et al., 2009). A very early report from EED-defi-

cient mice suggested that EED might be a key regulator of

neurogenesis (Schumacher et al., 1996). Clinical data

showed that EED mutations are related to Weaver syn-

drome, an autosomal dominant disease characterized by

learning disabilities, dysmorphic facial features, and gen-

eral overgrowth (Cooney et al., 2017). Mechanistically,

increasing evidence has demonstrated that learning and

memory disorders are usually linked to abnormal neuro-

genesis and dentate gyrus (DG) formation (Imagawa

et al., 2017; Zhang et al., 2014), which provides strong sup-

port for the idea that EEDmight be an important regulator

of intelligence-associated brain development. Therefore,

we hypothesized that mutations in EED may result in

abnormal hippocampal neurogenesis or DGmalformation.

To test our hypothesis, we used a conditional knockout

‘‘floxed’’ allele of Eed (Eedf/f) to investigate the role of EED

in hippocampal development. By crossing Eedf/f mice

with the transgenic mouse hGFAP-Cre (Zhuo et al., 2001),

EED was specifically deleted in NSPCs from embryonic

day 13.5 (E13.5).

Disruption of EED resulted in postnatal lethality,

impaired migration of granule cells, loss of the subgranular

zone (SGZ), and severely disrupted secondary radial glial

scaffold in the hippocampus. Mechanistically, overexpres-

sion of Sox11, a downstream target of EED, restored the

neuronal differentiation ability of EED-ablated NSPCs.
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Figure 1. EED Is Highly Expressed in the Developing Hippocampus and Deletion of EED Leads to Postnatal Lethality and Reduced
Brain Weight
(A and B) Expression levels of EED in mice hippocampus tissues during development from postnatal day 0 to 21. Eed mRNA level was
measured by qPCR (A) (n = 4 mice) and protein level was quantified by western blot with the antibodies indicated on the left in (B), b-actin
was used as loading controls. For P7, ***p = 0.0004; for P14, ****p < 0.0001; for P21, ***p = 0.0001.
(C and D) EED expression level in dissociated neural stem cells/progenitor cells (NSPCs) isolated from the DG of P0 mice in proliferation
conditions (day 0) or in differentiation conditions (days 3 and 5). Eed mRNA expression level was quantified using real-time qPCR in

(legend continued on next page)
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On the other hand, directly repressing Cdnk2a, another

downstream target of EED in NSPCs, reversed the prolifer-

ation defect of EED-deleted NSPCs. These results highlight

the critical role of EED in a series of essential events that

cumulatively orchestrate the developmental formation of

the DG, and thus provide molecular evidence supporting

that dysregulation of EED may contribute to the cause of

Weaver syndrome.
RESULTS

EED Is Highly Expressed in NSPCs and Conditional

EEDDeletion in the CNS Results in Postnatal Lethality

To explore the developmental dynamics of EED in the

mammalian brain, we examined its expression at both

mRNA and protein levels. Eed was expressed robustly at

postnatal day 0 (P0), and the expression level declined

but continued to occur afterward in the microdissected

cortex and hippocampus tissues for both mRNA (Figures

S1A and 1A) and protein levels (Figures S1B and 1B).

Real-time qPCR and western blot results suggest that

the expression level of Eed was higher in NSPCs than

that in differentiated progenies (Figures S1C, S1D, 1C,

and 1D), which indicates the possible involvement of

EED in maintaining neural stem cells (NSCs) at postnatal

periods.

To confirm the expression of EED in NSPCs, we analyzed

immunohistochemical EED expression in brain tissues of

1-month-old Nestin-GFP mice and found that EED was

indeed present in the GFP+ cells (Figure 1E). We then as-

sessed the EED expression pattern in the DG by co-immu-

nostaining EED with a variety of cell fate markers. EED

was broadly expressed in the DG, especially in nearly all

NeuN+ mature neuron cells, GFAP+ cells (which include
(C) (n = 3 at least) and protein level was quantified with western blot
loading controls. For D3, ***p = 0.0002; for D5, ***p = 0.0003.
(E) Immunofluorescence of 1-month-old Nestin-GFP mice, EED (red)
dentate gyrus.
(F) Schematic diagram for the generation of GFAP-Cre-mediated EED k
and depleted in the presence of Cre recombinase, resulting in null al
(G and H) Expression level of Eed in WT and EED cKO mice was shown b
tissues. ***p = 0.0004.
(I) Expression levels of the indicated PRC2 components (EED, EZH2, a
blot analysis of P14 DG protein lysates in EED cKO mice (n = 3). Histone
(J) Quantification of the western blot in (I). Histone H3 bands were
(K) EED cKO become runted by P21 compared with littermate control
(L) EED cKO mice had reduced body weight at P21 compared with th
****p < 0.0001.
(M) Dorsal view of WT and EED cKO by P21 brains.
(N) EED cKO mice had reduced brain weight at P21 compared with t
***p = 0.0003.
(O) Kaplan-Meier survival curve of WT and cKO mice over a 40-day pe
quiescent NSCs and astrocytes), and Olig2+ (a mark of

oligodendrocyte) cells (Figure S1E). These results suggest

that EED may function throughout the entire course of

neurogenesis.

To delete EED from NSPCs and their progeny, we created

Eedf/f;hGFAP-Cre+ (hereafter referred to as cKO) by crossing

Eedf/f with hGFAP-Cre transgene mice (Figure 1F), which

drives Cre-mediated recombination in the precursors of

the cerebellar granule cell layer, hippocampal DG, and

the subventricular zone (SVZ) (Han et al., 2008). In the

presence of Cre recombinase, exons 3–6 of Eed flanked by

loxP sites were deleted, resulting in a frameshift that leads

to minimal RNA and protein expression (Figures 1G and

1H). Immunoblot analysis confirmed the absence of EED

protein, as well as a significant reduction in EZH2,

SUZ12, and global H3K27me3 levels in EED cKO P14 hip-

pocampus (Figures 1I and 1J). EED cKO mice were born at

the expected Mendelian ratios, showed no overt develop-

mental or morphologic abnormalities between P0 and P7

(Figure S1F). However, by P14, EED cKO mice developed

progressive growth retardation and ataxia, as these animals

had significantly reduced body weight and brain weight

than wild-type (WT) mice (Figures 1K–1N). As EED cKO

mice usually died between P21 and P30 (Figure 1O), we

therefore analyzed these animals at P14–P21.
Lack of EED Leads to Developmental Malformation of

the Postnatal DG

As EED has been implicated as a critical regulator for the

maintenance of stem cells, including NSPCs (Satijn et al.,

2001; Shen et al., 2008; Xie et al., 2014), we first performed

histological studies in the DG and SVZ, where postnatal

NSPCs reside. We observed a thinner SVZ in EED cKO

mice at P21 compared with WT littermates (Figures S2A
with the EED antibody indicated at left in (D), GAPDH were used as

colocalized with the progenitor marker Nestin (green) within the

nockout mice. Exons 3–6 of the Eed allele are flanked by loxP sites
leles.
y real-time qPCR (G) (n = 3 mice) and western blot (H) using P14 DG

nd SUZ12) and H3K27me3 methylation were quantified by western
H3 is used as the loading control. A representative image is shown.
used for normalization. **p < 0.01.
s. Scale bar, 100 mm.
e control littermates (n = 4 mice per genotype at least). For P21,

he control littermate (n = 3 mice per genotype at least). For P21,

riod (n = 22 WT and 22 cKO). ***p < 0.001.
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and S2B). Similarly, histological analysis of mutantmice re-

vealed striking abnormalities in hippocampal formation

(Figures 2A, S2C, and S2D). These results suggest a common

requirement for EED in neurogenesis. Notably, the gross

structures of hippocampus were normal, as indicated by

immunostaining for the neuronal marker NeuN (Fig-

ure S2C). Under higher magnification, the pyramidal cell

layer of the hippocampal CA1 and CA3 regions also

showed apparently normal morphology and cellular orga-

nization in the EED cKO mice when compared with WT

mice (Figures S2E–S2H). However, severe abnormalities

were observed in the DG of EED cKO mice (Figures 2A

and S2C), suggesting that EED might be an important

modulator for hippocampal DG neurogenesis and forma-

tion. We therefore focused our efforts on the hippocampal

DGdevelopmentwhereNSPCs reside and differentiate into

a rudimentary population of neurons. To analyze the devel-

opmental stage at which these phenotypes first emerge,

coronal sections from P0 to P14 hippocampal DG were

examined. Cresyl violet (Nissl) staining of EED cKO brains

at P0 showed apparently normal morphology and cellular

organization in the DG (Figures 2D, 2I, and 2J). Impor-

tantly, clear hippocampal retardation became evident at

P7 (Figures 2D, 2G, and 2H), a critical stage for DG develop-

ment. Quantification of the length and thickness of the

blades of the DG revealed that both the upper and lower

blades of EED cKO DGs were shorter in comparison with

the WT control (Figures 2D, 2G, and 2H). By P14, we also

observed a significant decrease in the DG area of EED

cKO mice (Figures 2D–2F), suggesting a possible failure of

NSPC-driven neurogenesis in EED cKO mice. Taken

together, these experiments demonstrate that EED plays a

critical role in hippocampal DG development.

EED Deletion Leads to Dynamic Changes of DG Cell

Compartments

As the scaffolding of the DG forms at approximately the

first postnatal week, precursors migrate into the DG and
Figure 2. Lack of EED Leads to Developmental Malformation of th
(A) Top, H&E staining of cerebrum coronal sections from WT and EED cK
dentate gyrus of hippocampus is shown in the panels. Note the prese
(B and C) The measurement of the lengths (B) and the thickness (C)
blades of the EED cKO were significantly shorter than those of their W
****p < 0.0001.
(D) Cresyl violet staining of P14, P7, and P0 hippocampus sections. B
paraformaldehyde. Coronal sections of the cerebrum were subjected
granule cell zones defined by dotted lines are the DG. Left to right, a
(E–H) The measurement of the lengths (E and G) and the thickness (F
lower blades of the EED cKO were significantly shorter than those of
*p < 0.05, **p < 0.01, ***p < 0.001.
(I and J) Similar lengths (I) and thickness (J) of the blades of the de
ns, nonsignificant.
settle in the SGZ at the border between the granular layer

and the hilus. The SGZ thus provides a steady flow of

newborn cells at postnatal stages (Steiner et al., 2004). We

reason that the remarkably reduced size of DGs in EED

cKO mice may be accompanied by a dynamic change in

DG cell (DGC) compartments. To test this notion, we first

assessed the role of EED in postnatal NSPCs in the DG

and in the development of the radial glial scaffold by im-

munostaining GFAP to label both NSPCs and astrocytes.

We found that deletion of EED significantly reduced

GFAP+ cells compared with WT mice at P7 (Figures 3A

and 3B). Similarly, the relative number of GFAP+ cells was

also decreased in EED cKO DGs relative to WT at both

P14 and P21 (Figures 3C–3F). These data suggest that

the EED activity contributes to the organization of astro-

cytic fate.

Next, to determine whether neurons are affected

following EED ablation, we labeled mature neurons by im-

munostaining for NeuN. The number of postmitotic neu-

rons was transiently increased in P7 EED cKO DGs, but

then decreased dramatically at P14 and P21 in contrast to

WTDGs (Figure 3G). Then, to assess the role of EED in den-

tate granule neuron formation, we analyzed the expression

of dentate-specific Prox1 in WT and EED cKO mice. In WT

hippocampus, PROX1-expressing dentate granule neurons

were present within the DG at P7, P14, and P21, and these

cells were localizedwithin the blades of theDG (Figure 3H).

In the EED cKO mice, however, there were fewer PROX1-

expressing cells within the hippocampus per unit length

(Figures 3H and 3I). Consistent with previous reports

(Freund and Buzsaki, 1996), interneurons throughout the

hippocampus of young and mature animals were positive

for calbindin. Furthermore, the production of calbindin+

interneurons and their subsequent migration into the hip-

pocampus occurred abnormally from P7 onward until P21

in EED cKOmice (Figures 3J and 3K). Taken together, these

data suggest that although the morphogenesis of the DG

does eventually occur in EED cKO mice, fewer dentate
e Postnatal DG
O mice at P21. Scale bars, 500 mm. Bottom, higher magnification of
nce of abnormal DG in EED cKO mice. Scale bars, 100 mm.
of the dentate gyrus blades revealed that both the upper and lower
T littermate controls at P21 (n = 3 repeats at least). ***p < 0.001,

rains were isolated from mice after transcranial perfusion with 4%
to Cresyl violet staining. The horizontal check mark-shaped dense
nterior to posterior. Scale bars, 100 mm.
and H) of the dentate gyrus blades revealed that both the upper and
their WT littermate controls at P14 and P7 (n = 3 repeats at least).

ntate gyrus at P0 in WT and EED cKO mice (n = 3 repeats at least).
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granule neurons ultimately populate postnatal DG in these

animals.

We then asked whether EED ablation affects oligoden-

drocyte cells by performing Olig2 immunostaining on

EED cKO and WT mice. At P7, compared with WT mice,

there were >1.6-fold more Olig2+ cells in the DG of EED

cKO mice (Figures S3A and S3D). Our analysis of Olig2+

cells in P14 mice showed that there were also more

Olig2+ cells within the hippocampal SGZ of EED cKO

mice than those within WT mice (Figures S3B and S3D).

However, at P21, there was no difference in the number

of Olig2+ cells between EED cKO and WT mice (Figures

S3C and S3D). These findings suggest that loss of EED

biases postnatal NSPCs toward oligodendrogenesis at the

early postnatal stage.

EED Ablation Results in Aberrant Neuronal

Differentiation during Postnatal DG Development

To accurately monitor the neuronal differentiation ability,

mice were administered 5-bromo-2-deoxyuridine (BrdU) at

P10 and brains were harvested at P17 to detect the long-

term effect of EED deletion on hippocampus neurogenesis.

We found a marked reduction in the number of NeuN and

BrdU double-labeled cells in the EED cKO mice (Figures 4A

and 4B), indicating that loss of EED had a long-term effect

on neuronal differentiation. We next examined the differ-

entiation ability of NSPCs in vitro by plating the same

number of NSPCs from P0 EED cKO andWT DG in the dif-

ferentiation medium. We observed fewer neurons formed

(Tuj1+) from EED cKO NSPCs than those from WT NSPCs

(Figures 4C and 4D). Therefore, these results suggest that

the EED cKO DG has a striking defect in neuronal differen-

tiation ability both in vivo and in vitro.

In the postnatal and adult periods, immature DGCs are

continuously generated from proliferating progenitor cells

located in the SGZ. These cellsmigrate only a short distance

into the granule cell layer and then terminally differentiate

into new DGCs.We therefore asked whether the migration
Figure 3. Dynamic Changes of Cell Compartments in the DG follo
(A) Immunofluorescence for GFAP (red) in the DG from WT and EED c
(B) Quantification of GFAP+ cell numbers in (A) (n = 3 mice). Scale b
(C–F) Representative images of GFAP immunostaining in the DG from W
in GFAP+ cells was detected in EED cKO DG (D and F) (n = 3 mice). Sc
(G) Left, representative sections of the DG stained with the mature n
quantification of the NeuN+ cells in the DG following EED deletion at
***p = 0.0002; for P21, ***p = 0.0004.
(H) Representative images of the dentate granule cell marker PROX1 (g
(I) Quantification of Prox1-expressing cells revealed significantly fewe
P21 (n = 3 mice). Scale bars, 20 mm. For P7, ***p = 0.0002; for P14,
(J) Representative images of calbindin (red) staining in coronal sect
(K) Quantification of calbindin-expressing cells within the DG of WT a
For P7, *p = 0.0242; for P14, **p = 0.0031; for P21, **p = 0.0073.
of mitotic precursor cells to the DG is abnormal in mutant

mice. To test this idea, we firstly examined cells expressing

doublecortin (DCX), a microtubule-associated protein

required for neuronal migration and used as a marker of

immature neurons at P21. Quantitative analyses demon-

strated that EED cKO mice had much lower density of

DCX+ immature DGCs (Figures 4E and 4F). The number

of DCX+ cells was also sharply decreased at P14 in EED

cKO mice (Figures 4G and 4H), indicating that depletion

of EED led to fewer neuronal cells in DG.

EED Is Required for NSPCs Self-Renewal in the DG

To explore the potential role of EED in modulating NSPC

properties, we examined the number of NSPCs in the DG

and their progeny by using various lineage markers. In

the P7 brain sections, the number of dividing cells (Ki67+

cells) in the DG region was reduced significantly in EED

cKO mice (Figures 5A and 5B). We further examined the

rate of BrdU incorporation into P14 and P21 DGCs.

Compared with WTmice, EED cKOmice showed dramatic

reductions of BrdU incorporation and Ki67+ cells at both

ages (Figures 5C–5F), indicating that deletion of EED

impaired the proliferation of NSPCs in the DG.

To further confirm the role of EED in postnatal NSPC pro-

liferation and self-renewal, we compared isolated NSPCs

using a neurosphere assay. NSPCs from P0 DG of WT and

EED cKO mice gave rise to primary neurospheres starting

from day 4 of culture in the aerosphere medium. At

day 7, we measured the diameter of primary neurospheres

as an indicator of the size of NSPCs and the neurospheres

were then passaged every week. We found that EED cKO

NSPCs formed much fewer and smaller primary neuro-

spheres compared with those from WT mice (Figures 5G

and 5H), indicating that there were fewer self-renewing

NSPCs in the EED cKO DG. Furthermore, the neuro-

sphere-forming NSPCs isolated from EED cKO DG did not

further divide and displayed significantly lower viability

compared with WT NSPCs (Figures 5G and 5H), indicating
wing EED Deletion
KO mice at P7.
ars, 50 mm. *p = 0.0108.
T and EED cKO mice at P14 and P21 (C and E). An abnormal decrease
ale bars, 20 mm. For P14, *p = 0.0427; for P21, **p = 0.0036.
euron marker NeuN (red) at P7, P14, and P21 (n = 3 mice). Right,
P7, P14, and P21. Scale bars, 20 mm. For P7, *p = 0.0120; for P14,

reen) staining in the DG of WT and EED cKOmice at P7, P14, and P21.
r dentate granule cells within the DG of EED cKO mice at P7, P14, and
***p = 0.0006; for P21, ***p < 0.001.
ions of WT and EED cKO mice at P7, P14, and P21.
nd EED cKO mice at P7, P14, and P21 (n = 3 mice). Scale bar, 20 mm.
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Figure 4. Deletion of EED in DG NSPCs Inhibits Neurogenesis Both In Vivo and In Vitro
(A) Representative sections of the DG stained with the mature neuron marker NeuN (green) and the proliferation marker BrdU (red) fromWT
and EED cKO mice at P17. Mice at P10 were injected intraperitoneally with BrdU to detect newborn neurons in vivo and monitored for
7 days. Scale bars, 50 mm. The regions within the white boxes are shown at a higher magnification in adjacent panels. Scale bars, 20 mm.
Arrowheads indicate BrdU and NeuN double-positive cells.
(B) Quantitative analysis of the reduced number of new neurons (BrdU and NeuN double-labeled cells) observed in (A) (n = 3 mice).
***p = 0.0007.
(C) Immunostaining for neuronal marker Tuj1 (red) after 10 days of differentiation in cultured WT and EED cKO NSPCs.
(D) Quantification of Tuj1+ cells as a percentage of total cells after 10 days of differentiation in cultured WT and EED cKO NSPCs (n = 5
WT and 3 cKO), Scale bars, 20 mm. **p < 0.01.
(E) Representative doublecortin (DCX) (red) staining on coronal DG sections from WT and EED cKO mice at P21. Scale bars, 100 mm. The
regions of the hilus within white boxes in the upper panels are shown at a higher magnification in adjacent panels. Scale bars, 10 mm.
(F) Comparison of DCX intensity of WT and EED cKO mice at P21. All pictures were taken with the same exposure time to evaluate DCX
intensity using ImageJ (n = 3 mice). ***p = 0.0005.
(G) DG sections of WT and EED cKO mice at P14 were stained with DCX (green) antibody. Scale bars, 20 mm.
(H) Quantification of the number of DCX+ cells in the DG of WT and EED cKO mice at P14 (n = 3 mice). Data are expressed as the means ± SE,
and comparisons between WT and EED cKO mice were done by Student’s t test (n = 3 mice). Scale bars, 20 mm. ns, nonsignificant.
***p = 0.0002.
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a significant reduction in self-renewing division. Mean-

while, EED-depleted NSPCs isolated from the forebrain

formed smaller neurospheres than those from the WT,

while there was no difference in the viability of NSPCs (Fig-

ures 5I and 5J). To further investigate the proliferation

potential of NSPCs in vitro, we digested the primary neuro-

spheres and plated 10,000 cells for BrdU incorporation and

staining (after 6 h of labeling). We found that inactivation

of EED reduced the proliferation ability of NSPCs in vitro

(Figures 5K and 5L).

To determine whether elevated apoptosis is responsible

for the loss of NSCs in postnatal EED cKO brains, we

analyzed DG at P7 and observed apoptosis in these tissues,

which is indicated by positive cells for terminal deoxynu-

cleotidyl transferase dUTP nick-end labeling in the DG of

hippocampus (Figures S4A and S4B). To further test if

EED overexpression is sufficient to promote neurogenesis,

we infected NSPCs isolated from WT mice with lentivirus

expressing either GFP or human EED under the control of

a CMV promoter. After 48 h, EED overexpression increased

proliferation and differentiation in WT NSPCs (Figures

S4C–S4F), demonstrating that EED is sufficient to promote

NSPCs proliferation and differentiation. Together, these re-

sults suggest that EED is an important regulator of NSPC

proliferation, and loss of EED impaired the amplification

of NSPCs in DG.

EEDDirectly Targets theCdkn2aLocus and Is Required

for the Proliferation of DG NSPCs

The above-mentioned results suggest that EED is impor-

tant for promoting neurogenesis and DG formation.

Next, we aimed to unravel the molecular mechanisms

mediated by EED in DG. To do so, we conducted a

genome-wide analysis of mRNA levels (RNA sequencing
Figure 5. EED Ablation in DG NSPCs Impairs Their Proliferation B
(A) Immunostaining for Ki67 (red) in P7 DG of hippocampus from WT
(B) Quantification of the percentage of Ki67+ cells in the DG of WT a
(C and D) Representative images of BrdU (green) and Ki67 (red) stai
20 mm.
(E) Quantification of BrdU+ cells within the DG of WT and EED cKO mice
*p = 0.0371.
(F) Quantification of Ki67+ cells within the DG of WT and EED cKO mice
**p = 0.0020.
(G) Primary (first) and secondary (second) neurospheres from WT and E
shown. Scale bars, 100 mm.
(H) Quantification of size of primary and secondary neurospheres from
(I and J) Representative images (I) and quantification (J) of primary (fi
and EED cKO mice at P0 forebrain (n = 3 repeats at least). Scale bars, 1
*p = 0.0137.
(K and L) Proliferation analyses showed that EED deletion reduced th
from P0 DG and proliferation progenitor cells were labeled with BrdU
comparison showed that the number of BrdU+ progenitor cells in th
Scale bars, 20 mm. **p = 0.0015.
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[RNA-seq]) with two biological replicates from P14 DG.

Following total RNA collection, we performed next-gener-

ation sequencing to identify differentially expressed genes

(DEGs) between WT and EED cKO DG. EED deletion in

DG caused dramatic change of genome-wide gene expres-

sion (Figures 6A, S5A, and S5B). A total of 561 upregulated

and 486 downregulated genes were identified in EED cKO

mice compared with WT mice (Figure 6A). To identify the

biological functions perturbed by EED deletion, we sub-

jected the DEGs to gene ontology analysis of biological

processes. We found that genes downregulated on EED

ablation are involved in forebrain development, neuronal

differentiation, and cell growth, as well as other pathways

that are critical for neurogenesis or DG formation (Fig-

ure 6B). Similarly, upregulated genes in EED cKO samples

were enriched for processes related to regulation of cell

fate and nervous system development (Figure 6B). From

these analysis results, we speculate that EED regulates

multiple cellular pathways to achieve its functions to

maintain NSPCs at early stages and ensure proper

neuronal differentiation and DG formation at later stages.

To further identify candidate downregulated regulatory

factors, we applied two bioinformatics tools, category

net plot linkages of genes and biological concepts as a

network and volcano plot. Interestingly, Prox1 and

Sox11 are on the top of the list of genes that are correlated

most significantly with neuronal property determination

(Figures 6C and S5D). The Allen Brain Atlas shows that

the mRNAs of Prox1 and Sox11 genes are enriched in

the neurogenic regions of the mouse brain (date not

shown). Thus, Prox1 and Sox11 genes could be candidate

genes that are regulated by EED during neurogenesis.

Consistently, enrichment analysis of upregulated genes

after EED deletion also identified ‘‘p53 signaling
oth In Vivo and In Vitro
and EED cKO mice. Scale bars, 20 mm.

nd EED cKO at P7 mice (n = 3 mice). **p = 0.0084.
ning in the DG of hippocampus at P14 (C) and P21 (D). Scale bars,

at P14 and P21 (n = 3 mice for each). For P14, **p = 0.0027; for P21,

at P14 and P21 (n = 3 mice for each). For P14, **p = 0.0035; for P21,

ED cKO mice at P0 DG. Representative P0 phase contrast images are

three independent experiments are shown (n = 3). ***p = 0.0001.
rst), secondary (second), and tertiary (third) neurospheres from WT
00 mm. For first, ****p < 0.0001; for second, *p = 0.0394; for third,

e proliferation of primary NSCs/progenitor cells. Cells were isolated
(red) and then stained with BrdU antibody (K). (L) Quantitative

e EED deletion cells was smaller than in the control cells (n = 4).



Figure 6. RNA-Seq and Functional Classi-
fication Reveals Diverse Genes Misregu-
lated within the Dentate Gyrus of EED
cKO Mice
(A) Heatmaps of 1,047 candidate genes that
were differentially expressed with biological
functional groups s compared between
WT and EED cKO mice for P14 DG
tissues. Expression is plotted as DESeq2 vsd-
normalized RNA-seq counts with groups
averaged and scaled by rows.
(B) Genes generated from RNA-seq analysis
that were annotated using the functional
annotation tool of GOEAST, revealing key
biological processes that were down-
regulated (top) and upregulated (bottom)
in the DG tissue of EED cKO mice.
(C) The category netplot depicted the link-
ages of downregulated genes and three
biological concepts that are related to
neuron development as a network.
(D) Heatmaps of upregulated genes that are
related to cell proliferation. Expression is
plotted as DESeq2 vsd-normalized RNA-seq
counts with groups averaged and scaled
by rows.
(E) Real-time qPCR analysis of RNA-seq-
identified EED targets in the DG of WT and
EED cKO mice at P14 (performed in tripli-
cates). The level of GAPDH transcripts was
used for normalization (n = 3 mice at least).
Cdkn1a, p = 0.1664; Prm1, p = 2.631;
*p < 0.05, **p < 0.01, ***p < 0.001.
(F) RNA expression of indicated genes in
the DG of WT and EED cKO mice at P14
(performed in triplicates) were deter-
mined by qRT-PCR (n = 3 mice at least).
Tdg, p = 0.2075; Rcor2, p = 0.6679; Nxph3,
p = 0.5692; Nts, p = 0.3618; Atrx, p = 0.1784.
*p < 0.05, ***p < 0.001.
pathway,’’ which is related to cell proliferation (Fig-

ure S5C). Cdkn2a (also known as Ink4a/Arf) could be

one candidate gene which might be related to cell prolif-

eration (Figures 6D, S5C, and S5D). We then validated a

subset of downregulated (Sox11, Prox1) and upregulated

(Cdkn2a, Mab21l2, Ngfr, Dmrt3, and Peg10) genes related

to the phenotypes observed in our study via real-time

qPCR (Figures 6E and 6F). Our results confirmed that

there is a marked increase in the expression of cyclin-

dependent kinase inhibitors, including Cdkn2a and

Cdkn2b, and a reduction in neuronal differentiation-pro-

moting genes in EED cKO DG, such as Prox1 and Sox11.

Together, these analyses suggest that EED plays an essen-

tial role in regulating postnatal genes necessary for proper

DG development.
In multiple adult stem cell populations, proliferation is

regulated by PcG members via repression of CDKN2A,

which encodes the P16Ink4a and P19Arf cell cyclin-depen-

dent kinase inhibitors (Aoki et al., 2010; Ezhkova et al.,

2009; Hwang et al., 2014; Molofsky et al., 2003; Xie et al.,

2014). Our results showed that the Cdkn2a gene has the

highest elevated expression level among all the tested

genes after EED ablation (Figure 6E). In addition, using a

P19Arf-specific antibody, western blot analysis revealed an

increased P19Arf protein level in EED cKO neurospheres

cultured from the neonatal DG (Figures S6A and S6B), sug-

gesting thatCdkn2amight be a direct downstream target of

EED in DG NSPCs. EED, one of the PRC2 components,

plays an essential role in the epigenetic maintenance of

the H3K27me3 repressive chromatin mark. We then
Stem Cell Reports j Vol. 13 j 115–131 j July 9, 2019 125



Figure 7. EED Regulates Neuronal Differentiation through Targeting Sox11
(A) Representative western blots shown for SOX11, EED, and b-actin (loading control, left panel). Knockdown of EED in cultured P0
neurosphere cells resulted in reduced expression of SOX11, and overexpression of EED in cultured P0 neurosphere cells resulted in enhanced
expression of SOX11.
(B) Western blot analysis of the H3K27me1 methylation levels in cultured P0 neurosphere cells from WT and EED cKO mice. Histone H3 was
used as the loading control.
(C) Quantification of the western blot in (B). The intensity of the H3K27me1 bands was normalized to that of respective H3 bands. For
comparison, each dataset was normalized to the control (n = 3 mice). **p = 0.0034.
(D) Knockdown of EED in cultured mouse NSPCs western blots shown for H3K27me3, H3K27me1, and H3 (loading control).
(E) Quantification of protein expression levels in (D) normalized to H3 (n = 3 repeats at least). *p < 0.05.

(legend continued on next page)
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explored whether EED directly regulates Cdkn2a in NSPCs

by performingH3K27me3-specific chromatin immunopre-

cipitation (ChIP) in isolated P0 DG NSPCs from WT and

EED cKO littermates, and analyzing the interaction be-

tween H3K27me3 and the genomic region of Cdkn2a

gene through ChIP followed by qPCR.We found a stronger

enrichment ofH3K27me3 in the genomic region ofCdkn2a

in EED WT NSPCs relative to that in EED cKO NSPCs (Fig-

ure S6C). Importantly, EED-specific ChIP further verified

that EED is recruited to the Cdkn2a genomic locus (Fig-

ure S6C). These observations are consistent with a decrease

in the global H3K27me3 level in the EED cKO versus WT

mice (Figure 1I) and suggest that EED as part of the canon-

ical PRC2 complex facilitates repression of its target gene

Cdkn2a.

To further test whether Cdkn2a is a functional down-

stream target of EED and whether repression of Cdkn2a

can rescue the proliferation defect in EED-deleted fore-

brain NSPCs, we used two distinct small hairpin RNAs

(shRNAs) (CDKN2A-shRNA1 and CDKN2A-shRNA2) to

downregulate CDKN2A expression in DG NSPCs. Trans-

fection of NSPCs with these two shRNAs led to a robust

reduction of endogenous Cdkn2a expression at both

mRNA and protein levels (Figures S6D and S6E). We

then explored whether CDKN2A deficiency could reverse

the proliferation defect of EED ablation in NSPCs. NSPCs

were isolated and infected with lentivirus expressing GFP

alone or together with CDKN2A-shRNA for BrdU labeling.

Upon knockdown of CDKN2A and deletion of EED, we

did not observe a difference in the proportion of BrdU+

cells in EED cKO NSPCs compared with WT NSPCs (Fig-

ures S6F and S6G). Together, these data suggest that

Cdkn2a is critical for EED-mediated proliferation of DG

NSPCs.

We next tested whether downregulation of CDKN2A

could rescue the differentiation defect in EED-deleted

NSPCs from DG. We infected EED cKO DG NSPCs with

a lentivirus that expresses either CDKN2A-shRNA and

GFP or a control GFP vector 1 day before the initiation

of differentiation. CDKN2A-shRNA infected cells pro-

duced similar numbers of Tuj1+ cells compared with

the control group (Figures S6H and S6I). This result sug-

gests that Cdkn2a may not be an essential functional

downstream target of EED in regulating neuronal

differentiation.
(F) ChIP-qPCR analysis. ChIP was performed using anti-IgG, anti-H3K2
indicated. Each bars are represented as fold enrichment of immunop
cipitated with the IgG antibody (control). *p = 0.0474.
(G) Infection of P0 neural stem cells with control, SOX11-OE virus co-e
ability of P0 neural stem cells was assessed by Tuj1+ cells (red). DAPI
(H) Quantification of Tuj1+ GFP+ cells as a fraction of all GFP+ cells in E
those in EED cKO NSPCs that were infected with control virus (n = 3 r
EED Modulates Neuronal Differentiation by

Regulating Sox11 in DG

In support of our findings related to defects in DGC differ-

entiation in EED-ablated mice, we noticed that Sox11 and

Prox1, two important transcription factors involved in neu-

rogenesis, were significantly downregulated within the DG

of EED cKO mice (Figure 6F). We reason that EED might

directly promote neurogenesis via regulation of differenti-

ation-related transcription factors, such as Sox11 and

Prox1. To test this idea, we first expressed exogenous EED

by lentivirus infection and assayed the expression of

SOX11 protein by western blot. As expected, overexpres-

sion of EED can promote SOX11 protein level in cultured

NSPCs from the neonatal DG (Figure 7A). Importantly, im-

munostaining results showed that the expression of SOX11

is reduced in SGZ of EED cKO mice (Figure S7A). Further-

more, we selectively ablated EED in granular neurons using

Eedf/f;Nex-Cre+ (expresses Cre recombinase at E11.5) mice.

In Eedf/f;Nex-Cre+ (cKO) mice, SOX11 expression was

indeed reduced in the DG neurons of EEDmutants (Figures

S7B and S7C). We then performed ChIP assays to examine

whether loss of EED leads to changes of H3K27 methyl-

ation on the promoters of the Sox11 and Prox1 genes.

ChIP-qPCR analysis showed no changes of H3K27me3 on

the promoters of Sox11 and Prox1 genes in EED mutant

NSPCs (Figure S7D). Several reports have shown that his-

tone 3 lysine 27 mono-methylation (H3K27me1) accumu-

lates within transcribed genes and promotes transcription

(Cui et al., 2009; Ferrari et al., 2014; Steiner et al., 2011).

The downregulation of SOX11 and PROX1 in EED cKO

mice led us to hypothesize that H3K27me1might accumu-

late at Sox11 and Prox1 promoters and then activate Sox11

and Prox1 transcription. To directly test this notion, we first

measured the global H3K27me1 level in EED cKO NSPCs

from DG. As expected, western blot analysis showed a sig-

nificant reduction of H3K27me1 level in NSPCs isolated

from EED cKOmice (Figures 7B and 7C). In addition, infec-

tion of culturedmouse NSPCs with EED shRNA also caused

a significant reduction in H3K27me3 and H3K27me1 (Fig-

ures 7D and 7E). Consistent with the downregulation of

Sox11 gene expression, ChIP-qPCR analysis revealed that

there was no significant enrichment of H3K27me1 at the

Prox1 promoter (Figure S7E), but a decrease of H3K27me1

enrichment at the promoter or enhancer of Sox11 gene in

EED cKO NSPCs relative to that in WT NSPCs (Figures 7F
7me1 antibodies, and PCR analysis was performed with the primers
recipitated DNA from each sample relative to the DNA immunopre-

xpressing GFP under the CMV promoter (green). The differentiation
, blue.
ED cKO NSPCs that were infected with SOX11-OE virus compared with
epeats at least). Scale bars, 20 mm. **p < 0.01.
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and S7F). Together, these results suggest that EED might

activate Sox11 expression by mediating H3K27me1at the

Sox11 promoter or enhancer and maintaining an open

chromatin structure.

Finally, to test whether increased SOX11 levels in EED-

deleted NSPCs could rescue their neuronal differentiation

defect, we overexpressed SOX11 in cultured P0 NSPCs.

Real-time PCR and western blot analysis confirmed that

the expression of Sox11 was significantly higher in the

SOX11 overexpression group compared with the control

(Figures S7G and S7H). EED cKO NSPCs with SOX11-over-

expression producedmore Tuj1+ cells after 10 days of differ-

entiation compared with cells infected with the control

lentivirus (Figures 7G and 7H), indicating that overexpres-

sion of SOX11 could restore the neuronal differentiation

defect caused by EED deletion. Taken together, these results

suggest that Sox11 is a functional downstream target of EED

in modulating neuronal differentiation.
DISCUSSION

One of the fundamental questions in brain development is

howNSPCs give rise to various neuronal and glial cell types

in a defined order to achieve appropriate organization. The

DG is the primary input to the hippocampus and plays

important roles in learning, memory, and adult neurogen-

esis (Hevner, 2016). In this study, by generating a cKO

mouse model, we provide direct evidence showing that

the PcG protein EED is required for the proper formation

of DG neurogenesis. Molecularly, we have identified

Ink4a/Arf (Cdkn2a) and Sox11 as key downstream targets

of EED in the DG carrying out distinct and separate func-

tions in modulating proliferation and differentiation of

NSPCs. Although our results suggest that EED may play

different roles in the differentiation of different cell sub-

types, we cannot ascertain a cell-autonomous function of

EED for each cell type in the DG. Further studies are needed

to further clarify how EED regulates the generation and

maturation of various cell types within DG.
EED has a Crucial Role in Postnatal Reorganization of

Dentate Precursor and Granule Cells

Several lines of evidence have shown that PRC2 compo-

nents are highly expressed in both embryonic and adult

NSPCs. Thus, it is not surprising that PRC2 has multiple

functions during neurogenesis at distinct stages, such as

self-renewal of NSPCs, neuronal-glial fate specification,

and maturation (Guillemot, 2007). Our group recently

found that the EZH2-miR-203-BMI1 signaling axis is crit-

ical for regulating the proliferation of both embryonic

and adult NSPCs (Liu et al., 2017). Here, we extend our pre-

vious study by developing a cKOmouse model and investi-
128 Stem Cell Reports j Vol. 13 j 115–131 j July 9, 2019
gating the brain-specific role of EED, another PRC2 compo-

nent during prenatal and postnatal development. To this

end, we have for the first time provided functional andmo-

lecular evidence supporting an essential role of EED and

EED-mediated H3K27 methylation in the reorganization

of dentate precursors and DG development.

At birth, the hilus of the DG is filled with mixed precur-

sors and newborn neurons. During the first postnatal week,

this rather amorphous mass undergoes a conversion into a

highly radially organized structure. This reorganization is

apparently important for the continuous generation and

proper distribution of granule cells (Tian et al., 2012).

Our results suggest that EED-driven H3K27methylation

may have a significant involvement in this reorganization

process. Deletion of EED severely impaired the formation

of the SGZ. GFAP+ cells were significantly reduced and den-

tate progenitors and granule cells were aberrantly distrib-

uted in the EED cKO hippocampus. In EED cKO mice, the

volumes of both the upper and lower blades of DG were

reduced compared with the WT group. Molecularly, our

RNA-seq profiling data identified a number of genes

related to anterior/posterior pattern specification that

were differentially expressed in EED cKO DG, suggesting

an important role of EED in the anterior/posterior pattern

specification. Consistent with this notion, EED has been

previously demonstrated as a global regulator of anterior-

posterior patterning in mice (Faust et al., 1998; Schu-

macher et al., 1996). Furthermore, mice homozygous for

a null allele of Eed displayed a growth defect and failed to

gastrulate normally (Schumacher et al., 1996). Therefore,

our findings have not only confirmed a critical role of

EED for pattern organization but also provided molecular

insight into the mechanisms underlying this elegant

process.

EED Modulates Self-Renewal and Differentiation of

NSPCs in the DG

Earlier reports have demonstrated that EED-null mice

exhibit a growth defect and fail to gastrulate normally

(Schumacher et al., 1996). The lack of neural induction in

these animals suggests an essential role of EED in neuroec-

todermal development. In this study, our newly developed

brain-specific knockout mouse model has allowed, for the

first time, an assessment of the neurogenic function of

EED during prenatal and postnatal development. Brain-

specific depletion of EED dramatically decreased the prolif-

eration of NSPCs and impaired neuronal differentiation

and oligodendrocyte differentiation during DG develop-

ment. These neurogenic defects in DG represent the

most striking phenotype in these animals, thus directly

reflecting a major function of EED during hippocampal

neurogenesis. Furthermore, the essential role of EED in hip-

pocampal neurogenesis is expected to have a significant



impact on learning and memory, as mammalian informa-

tion storage relies on the generation and incorporation of

newborn neurons in the hippocampus (Deng et al.,

2010). Importantly, clinical evidence has demonstrated

that an EED mutation can cause Weaver syndrome, an

autosomal dominant disease characterized by learning dis-

abilities. Further behavioral tests on our EED cKOmice will

likely shed light on the cognitive functions of EED in regu-

lating hippocampus-dependent learning and memory.

Distinct and Separable Roles for EED in Regulating

Proliferation and Differentiation of NSPCs

In addition to tri-methylated state, H3K27 is also modified

in mono- and di-methylated states. PRC2 activity is not

only associated with H3K27me3 but also modulates all

forms of H3K27methylation in a spatially definedmanner,

contributing to different genomic functions in mouse em-

bryonic stem cells (Ferrari et al., 2014). Previous evidence

suggests that EED is responsible for catalyzing mono-, di-,

and tri-methylation of histone H3 at lysine 27

(H3K27me1/2/3) (Ferrari et al., 2014) and regulates devel-

opment by modulating gene transcription. In line with

the theory that PRC2-dependent H3K27me1 deposition

positively correlates with active transcription, we found

that ablation of EED in DG significantly reduced the

expression level of SOX11, an important regulator for adult

neurogenesis (Feng et al., 2013).

The transition from NSPCs proliferation to differentia-

tion depends on different gene expression states. We

have identified and characterized EED as a key mediator

of the transition from NSPCs proliferation to neural dif-

ferentiation. Our study clearly suggested that highly

expression of EED is required for proper NSPCs prolifera-

tion that depends on Cdkn2a. When EED is deleted, crit-

ical genes (i.e., Sox11) for neural differentiation are

repressed, indicating that EED appears to mainly act as

an activator for modulating the expression of genes

responsible for proliferation and differentiation. The pre-

cise mechanisms underlying EED-mediated gene activa-

tion remain largely unknown. Further studies will reveal

the upstream regulators of EED and how the gene-regula-

tory network perturbation shifts proliferation to differen-

tiation of NSPCs.

Taken together, our study established EED as an impor-

tant modulator of NSPCs in neurogenesis and DG forma-

tion in the mouse brain. Furthermore, we identified

distinct and separable roles of EED in the production of

new neurons from NSPCs. These results provide novel

mechanistic insights into the complex role that EED plays

in brain development. Emerging evidence suggests that

abnormal PRC2 expression may cause neurological dis-

eases. For example, mutations in EZH2 or EED are associ-

ated withWeaver syndrome (Cooney et al., 2017; Imagawa
et al., 2017), and account for intellectual disability in pa-

tients (Tatton-Brown et al., 2017). Given the essential role

of DG development in the pathogenesis of neurological

disorders, our data thus not only establish a critical role

of EED in mouse hippocampal neurogenesis and develop-

ment, but also shed new light on the molecular underpin-

nings of EED mutations that lead to intellectual disability

in human neurological disorders, including Weaver’s

syndrome.
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

the Institute of Zoology, Chinese Academy of Sciences, Beijing,

China (for details, see Supplemental Experimental Procedures).

Cell Culture
Primary NSPCs were isolated (Liu et al., 2017) as described in detail

in the Supplemental Experimental Procedures.

H&E and Immunostaining
Immunofluorescence was performed as described previously (Liu

et al., 2017). For more details, please see the Supplemental Experi-

mental Procedures.

Western Blot
Samples were prepared and analyzed as described in detail in the

Supplemental Experimental Procedures.
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