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SUMMARY

PRC2 creates the repressive mark histone H3 Lys27 trimethylation. Although PRC2 is involved in 

various biological processes, its role in glial development remains ambiguous. Here, we show that 

PRC2 is required for oligodendrocyte (OL) differentiation and myelination, but not for OL 

precursor formation. PRC2-deficient OL lineage cells differentiate into OL precursors, but they 

fail to trigger the molecular program for myelination, highlighting that PRC2 is essential for 

directing the differentiation timing of OL precursors. PRC2 null OL lineage cells aberrantly 
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induce Notch pathway genes and acquire astrocytic features. The repression of the Notch pathway 

restores the myelination program and inhibits abnormal astrocytic differentiation in the PRC2-

deficient OL lineage, indicating that Notch is a major target of PRC2. Altogether, our studies 

propose a specific action of PRC2 as a novel gatekeeper that determines the glial fate choice and 

the timing of OL lineage progression and myelination by impinging on the Notch pathway.

In Brief

Wang et al. show that the polycomb repressive complex PRC2 is required for the differentiation of 

oligodendrocyte precursors to myelinating oligodendrocytes. They further show that PRC2 

promotes oligodendrocyte differentiation and inhibits erroneous astrocytic fate by repressing the 

Notch pathway.

Graphical Abstract

INTRODUCTION

The central nervous system (CNS) is composed of enormously divergent types of neurons 

and glia, which emerge from neural progenitor cells in a stereotypic order during 

development. Epigenetic regulation, such as post-translational modification of nucleosomal 

histones, plays an important role in cell differentiation and cell fate determination (Chen and 

Dent, 2014). The polycomb repressive complex PRC2 is the histone methyltransferase 

complex that regulates chromatin conformation and gene expression via deposition of 
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trimethylation at the histone H3 lysine 27 residue (H3K27me3) (Margueron and Reinberg, 

2011). H3K27me3 is a highly dynamic histone mark associated with transcriptionally 

repressive chromatin. PRC2 consists of four core subunits: RBBP7/4, Suz12, Eed, and either 

the Ezh2 or the Ezh1 enzyme that catalyzes H3K27me3 (Margueron and Reinberg, 2011). In 

the developing cortex, Ezh2 plays a role in neural progenitor cells but is downregulated in 

neurons and astrocytes (Hirabayashi et al., 2009; Pereira et al., 2010). Although Ezh2 is 

considered a dominant enzyme in PRC2, Ezh1 also exhibits H3K27 methyltransferase 

activity and functions redundantly with Ezh2 in the hair follicle and mammary alveoli 

(Ezhkova et al., 2011; Yoo et al., 2015). PRC2 is known to regulate developmental genes in 

stem/progenitor cells (Margueron and Reinberg, 2011), but the in vivo actions of PRC2 in 

neuro-glial fate decisions and lineage progression have not been fully elucidated.

Oligodendrocytes (OLs) and astrocytes are the two main types of glia. OLs are responsible 

for myelination of axons in the CNS and critical for brain function and homeostasis. The 

stepwise differentiation of OLs is controlled temporally and spatially during development 

(Emery and Lu, 2015). In the developing spinal cord, most OLs are derived from a 

progenitor domain in the ventricular zone, named the progenitors for motor neuron (pMN) 

domain (Lu et al., 2000; Zhou et al., 2000). The progenitors in the pMN domain produce 

spinal motor neurons initially and then switch to generate OL precursor cells (OPCs), which 

migrate from the ventricular zone to the lateral area (Lu et al., 2002; Takebayashi et al., 

2002; Zhou and Anderson, 2002). OPCs proliferate and then differentiate into OLs that 

express myelin genes. Notably, OPCs can adopt an astrocytic fate under certain conditions 

(Kondo and Raff, 2000b; Nunes et al., 2003; Zhu et al., 2012), suggesting that OPCs possess 

the plasticity to adopt such a fate. Developmental signaling pathways Notch and Wnt play 

spatiotemporally specific roles in the commitment of glial progenitors and the progression of 

OL lineage during development (He and Lu, 2013). In addition, a series of epigenetic 

regulators and transcription factors have been identified to control the differentiation of the 

OL lineage cells (Emery and Lu, 2015). These studies suggest that an intricate regulatory 

network coupling extrinsic signaling pathways and intrinsic transcriptional regulators 

governs OL production.

Here, we tested the role of PRC2 in neuro-glial fate switches via cell-type and temporal-

specific inactivation of PRC2 in mice. We show that PRC2 is required for the developmental 

progression from OPCs to myelinating OLs, but not for OPC generation or for motor neuron 

differentiation. We further demonstrate the molecular mechanism underlying this specific 

action of PRC2. PRC2 deletion resulted in a loss of OLs and severe dysmyelination, 

concomitant with the induction of Notch and Wnt pathways and astrocytic genes. Our 

genome-wide analyses suggest that during OL differentiation, PRC2 is recruited to and 

represses Notch and Wnt signaling genes. Moreover, our data revealed that in the PRC2-

deficient OL lineage, aberrantly enhanced Notch and Wnt pathways contribute to OL 

differentiation deficits, whereas Notch signaling, but not Wnt signaling, is the main driver of 

ectopic astrocytic differentiation. Thus, PRC2-directed downregulation of the Notch 

pathway is critical for the timely activation of the molecular programs for myelin gene 

expression and the inhibition of erroneous astroglial fate switch. Altogether, our results 

uncover striking specificity in the requirement of PRC2 in glial cell fate choices and provide 
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critical insights into epigenetic regulatory mechanisms that determine the timing of stepwise 

differentiation of neural cell types.

RESULTS

Ezh2 Is Vital for the Timely Generation of OLs, but Not of OPCs

During spinal cord development, the progenitor cells in the pMN and p3 domains give rise to 

motor neurons and V3 interneurons, respectively (Lee and Pfaff, 2001). Once the neurogenic 

phase ends, the progenitor cells in the pMN and p3 domains produce OLs and astrocytes, 

respectively (Hochstim et al., 2008; Lee and Pfaff, 2001; Lu et al., 2002; Takebayashi et al., 

2002; Zhou and Anderson, 2002). To test whether PRC2 plays a role during dynamic neuro-

glial fate switches that produce neurons, OLs, and astrocytes, we examined the expression 

pattern of Ezh2, the predominant H3K27 methyltransferase enzyme in PRC2, in the 

developing chick spinal cord. Ezh2 is highly expressed in neural progenitors in the 

ventricular zone but is downregulated as progenitors migrate laterally and differentiate into 

neurons (Figure 1A). However, Ezh2 expression is maintained in OL lineage cells, including 

migratory OPCs and myelin basic protein (Mbp)+ OLs (Figure 1). Similarly, Ezh2 is highly 

expressed in Olig2-expressing OL lineage cells in the white matter of the developing mouse 

spinal cord (Figure S1), suggesting a possible role of Ezh2 in the OL lineage.

Next, we deleted Ezh2 from neural progenitors in the pMN and p3 domains using the Olig2-

Cre driver (Dessaud et al., 2007; Shen et al., 2008). In Ezh2f/f;Olig2-Cre conditional 

knockout (Ezh2-cKOΔOlig2) mice, the H3K27me3 mark drastically decreased in the pMN 

and p3 domains and motor neurons at embryonic day (E) 12.5 (Figure 2A). These data 

indicate that Ezh2 is a predominant H3K27 methyltransferase in the embryonic spinal cord 

and it was inactivated in pMN and p3 cells before or during motor neuron production in 

Ezh2-cKOΔOlig2 mice. However, despite the marked reduction of H3K27me3 marks in 

motor neurons, we did not detect a substantial change in the generation of Olig2+ pMN 

progenitors or motor neuron subtypes in Ezh2-cKOΔOlig2 mice (Figure S2).

The H3K27me3 mark remained absent from the OPCs and OLs in E18.5 Ezh2-cKOΔOlig2 

mice (Figure 2A), indicating that Ezh2 is a critical enzyme for generating the repressive 

H3K27me3 mark in the OL lineage in embryos. Next, we monitored the property of OPCs 

and OLs using the OPC marker platelet-derived growth factor receptor α (PDGFRα) and the 

OL markers Mbp and proteolipid protein (Plp) 1. PDGFRα+ OPCs exhibited no significant 

change in Ezh2-cKOΔOlig2 mice (Figures 2B and 2C), suggesting that the elimination of 

Ezh2 from pMN cells does not interfere with OPC fate specification. In contrast, Mbp+/

Plp1+ OLs were markedly reduced at E18.5 and remained decreased at postnatal day (P) 3 in 

Ezh2-cKOΔOlig2 mice (Figures 2B and 2C). By P10, however, OL generation was restored in 

Ezh2-cKOΔOlig2, comparable to control littermates (Figure 2B). These results indicate that 

the generation of OLs, not OPCs, is delayed in the absence of Ezh2.

The postponed OL generation in Ezh2-cKOΔOlig2 mice prompted us to ask whether Ezh2 in 

OPCs is required for the timely differentiation of OPCs or whether Ezh2 action is needed in 

neural progenitor cells before their differentiation to OPCs. To distinguish between these 

possibilities, we deleted Ezh2 using OL-lineage-specific Olig1-Cre that becomes active in 
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OPCs (Xin et al., 2005). As predicted, the H3K27me3 mark was abolished from OPCs and 

OLs, but not from neural progenitors and motor neurons, in Ezh2f/f;Olig1-Cre (Ezh2-
cKOΔOlig1) (Figure S3A). Despite the difference in the timing of Ezh2 inactivation, the 

phenotypes of Ezh2-cKOΔOlig1 and Ezh2-cKOΔOlig2 mice were remarkably similar. In Ezh2-
cKOΔOlig1 mice, OL differentiation was substantially compromised without a significant 

change in OPCs at E18.5 and P3, and then OLs were recovered by P10 (Figures S3B and 

S3C). These results indicate that the differentiation and maturation of OLs were delayed in 

both Ezh2-cKO−ΔOlig2 and Ezh2-cKOΔOlig1 mice and that these deficits were eventually 

remedied by P10. Altogether, our data establish that Ezh2, catalyzing the H3K27me3 mark, 

plays a crucial role in promoting the timely progression of OPCs to myelinating OLs in a 

specific developmental window, but it is dispensable for the generation of OPCs.

PRC2 Is Required for the Generation of OLs and Myelination

The clearly delayed but restored OL formation in Ezh2-cKOΔOlig1 and Ezh2-cKOΔOlig2 mice 

prompted us to ask whether other chromatin regulators counterbalance the loss of Ezh2 at a 

perinatal stage. H3K27me3 levels begun to rise in Olig2+ OL lineage cells at P3 in Ezh2-
cKOΔOlig2 mice, although overall H3K27me3 levels in Olig2+ cells of Ezh2-cKOΔOlig2 mice 

remained reduced compared with control mice (Figures 2A and 3B), suggesting that Ezh1, 

the only other H3K27 methyltransferase, may compensate for Ezh2 deficiency by P3 and 

contribute to the recovery of postnatal OL differentiation in Ezh2-deficient mice. Supporting 

this possibility, Ezh1 was upregulated in the OL lineage cells in the white matter at P3, 

whereas its expression was below detection level in the white matter of the spinal cord at 

E18.5 (Figure S4).

Our data raised the possibility that both PRC2-Ezh1 and PRC2-Ezh2 are involved in the 

formation of myelinating OLs. To inactivate both PRC2s, we deleted Eed, a common 

component of PRC2-Ezh1 and PRC2-Ezh2 (Margueron and Reinberg, 2011), using Olig2-
Cre. In Eedf/f;Olig2-Cre (Eed-cKOΔOlig2) mice, the H3K27me3 mark was eliminated from 

neural progenitors in pMN and p3 domains and markedly reduced in motor neurons at E12.5 

(Figure 3A). The H3K27me3 mark remained extremely low in the OL lineage even in P3 

Eed-cKOΔOlig2 mice (Figures 3A and 3B), unlike Ezh2-cKOΔOlig2 mice that show partially 

restored levels of H3K27me3 at P3 (Figures 2A and 3B), supporting the possibility that 

PRC2-Ezh1 triggers H3K27 methylation in Ezh2 null OL lineage cells at P3.

Eed-cKOΔOlig2 mice did not show changes in the generation of Olig2+ pMN progenitors, 

Hb9+ motor neurons, or motor neuron subtypes (Figure S5). PDGFRα+ OPCs were also 

produced and migrated normally in Eed-cKOΔOlig2 mice (Figure 3B; Figure S6A), 

suggesting that PRC2 is dispensable for the production and migration of OPCs. There were 

no significant changes in proliferation and cell death of OPCs (Figures S6B–S6D). However, 

Mbp+/Plp1+ OLs were markedly reduced at P3 and did not recover even at P10 in the spinal 

cord of Eed-cKOΔOlig2 mice (Figure 3B). Consistently, unlike the optic nerves of control 

mice that were opaque, the optic nerves of Eed-cKOΔOlig2 mice were transparent, indicating 

a lack of myelination (Figure S6E). Furthermore, electron microscopy (EM) analyses 

revealed a severe deficiency of axonal myelination in the spinal cord and optic nerve of Eed-
cKOΔOlig2 mice (Figure 3D). Eed-cKOΔOlig2 mice began to show typical dysmyelination 
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phenotypes, including ataxia, tremors, and seizures, at P10 and died between P13 and P17 

(Video S1). These data establish that PRC2 is required for the formation of OLs, but not for 

the generation of OPCs, and that PRC2-Ezh1 and PRC2-Ezh2 act redundantly to promote 

postnatal myelination within the CNS in mice.

PRC2 Is Essential to Trigger the Molecular Program for OL Differentiation and Myelination

To understand the mechanistic basis underlying dysmyelination phenotypes of Eed-
cKOΔOlig2 mice, we immunopanned O4+/GalC− OPCs from Eed-cKOΔOlig2 and control 

brains and induced their synchronous differentiation into OLs (Dugas and Emery, 2013). 

Under the proliferation condition, both Eed-deficient and control OPCs remained positive 

for Olig2, NG2, and Ki67 (Figures 4A and 4B), indicating that PRC2 is not needed for the 

proliferation of OPCs. Despite comparable proliferation, the number of Eed-deficient OPCs 

increased more slowly than the number of control OPCs. The live-dead assay revealed 

increased cell death in Eed-cKOΔOlig2 cells under the proliferation condition (Figure S7A), 

suggesting that PRC2 plays a role in the survival of OPCs in vitro. Upon initiation of OL 

differentiation by withdrawing PDGF, both control and Eed-cKOΔOlig2 cells expressed Cnp, 

a marker of immature OLs (iOLs), by 2 differentiation days in vitro (DD) (Figures 4C and 

4D). However, relative to control cells, Eed-cKOΔOlig2 cells exhibited a substantial reduction 

in Cnp and Mbp expression levels and extension and networks of cellular membrane sheets 

(Figures 4C and 4D), suggesting that Eed-deficient OPCs failed to differentiate into mature 

OLs or fully execute the myelination program. These data highlight a critical role of PRC2 

in triggering OL differentiation.

To determine the downstream target genes and signaling pathways of PRC2 that mediate OL 

development, we deduced PRC2-dependent transcriptome changes in acutely isolated OPCs 

and iOLs at 2 DD using RNA sequencing (RNA-seq) analyses. 96% and 88% of 

differentially expressed genes (absolute log2 fold change ≥ 1 and false discovery rate [FDR] 

≤ 0.05) were upregulated in Eed-deficient OPCs and iOLs, respectively, compared with 

control (Eedf/+;Olig2-Cre) OPCs and iOLs (Figures 4E and 4F; Tables S1 and S2), 

consistent with the notion that PRC2 primarily acts as a repressor (Margueron and Reinberg, 

2011). The expression of two OPC marker genes, PDGFRα and NG2 (Cspg4), showed no 

significant change in Eed-deficient OPCs and a mild increase in Eed-deficient iOLs, 

consistent with defects in transitions of OPCs to OL states in Eed-cKOΔOlig2 mice (Figure 

4G). The myelin genes, such as Mbp, Plp1, Mag, Mog, and Mobp, were markedly 

downregulated in Eed null iOLs (Figure 4G). Notably, Eed null iOLs failed to induce many 

transcription factor genes critical for OL development, such as Myrf, Zfp488, Tcf7l2, Nkx2–

2, and Sox10 (Figure 4G), suggesting that PRC2 is crucial to trigger the transcription 

program driving OL differentiation in OPCs upon arrival of differentiation signals.

Altogether, our data support the notion that PRC2 is required for prompting the molecular 

program for OL terminal differentiation and myelination in the OL lineage.

Astrocyte Gene Program Was Aberrantly Induced in the Eed-Deficient OL Lineage

Interestingly, RNA-seq analyses revealed that the astrocytic genes Gfap and Mfge8 

(Chaboub et al., 2016) were significantly upregulated in Eed-cKOΔOlig2 iOLs compared with 
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control iOLs (Figure 4G; Table S2). Furthermore, the astrocytic-fate-promoting transcription 

factor NFIA, which operates downstream of Notch (Deneen et al., 2006; Kang et al., 2012; 

Namihira et al., 2009), was substantially increased in Eed-deficient iOLs (Figure 4G), 

suggesting that the astrocyte differentiation program was aberrantly induced in PRC2-

deficient OL lineage cells.

Consistent with astroglial gene induction, Olig2+GFAP+ cells increased in Eed null iOLs, 

relative to control iOLs, under the differentiation condition (Figures 5A and 5B). Likewise, a 

significant increase of Olig2+GFAP+ cells was observed in P3 Eed-cKOΔOlig2 spinal cord 

(Figures 5C and 5D). Altogether, our data indicate that at least a subset of PRC2-deficient 

OL lineage cells trigger the astrocyte differentiation pathway.

PRC2 Suppresses Notch and Wnt Signaling Pathways

Developmental signaling cues play important roles in modulating the progression of OL fate 

specification and differentiation (He and Lu, 2013). Combined with the notion that PRC2 

predominantly acts as a transcriptional repressive complex (Margueron and Reinberg, 2011), 

our data raised the possibility that PRC2 inhibits developmental signals that suppress OL 

differentiation and/or promote astroglial differentiation in OL lineage cells. To determine 

which signaling pathways are augmented in Eed-deficient OL lineage cells, we performed 

Gene Ontology (GO) analyses on the upregulated genes in Eed-cKOΔOlig2 cells. The genes 

implicated in Notch, Wnt, and BMP signaling pathways were significantly upregulated in 

Eed-cKOΔOlig2 OPCs, and this trend was reinforced in Eed null iOLs (Figures 6A and 6B; 

Table S3), suggesting that Notch, Wnt, and BMP signals are enhanced in PRC-deficient OL 

lineage cells.

Enhanced Notch, Wnt, and BMP signaling pathways have been shown to prevent OL 

differentiation while being implicated in astrocytic differentiation (Fancy et al., 2009; 

Genoud et al., 2002; Gomes et al., 2003; He and Lu, 2013; Nakashima et al., 1999; Namihira 

et al., 2009; Samanta and Kessler, 2004; Wang et al., 1998; Ye et al., 2009). Thus, we tested 

whether these developmental signals are aberrantly activated in the PRC2-deficient OL 

lineage using immunostaining analyses with antibodies against active Notch1, active β-

catenin, and phosphorylated Smad1/5/8. We also assessed the activity of the Janus kinase 

(Jak)-Stat pathway, which induces astrocytic differentiation of neural progenitors (He et al., 

2005; Nakashima et al., 1999), using the antibody against phosphorylated Stat3. Notch and 

Wnt pathways were clearly augmented in Eed null iOLs, whereas neither the phosphorylated 

Smad1/5/8 nor the phosphorylated Stat3 signal was substantially elevated (Figures 6C and 

6D; Figure S7B). In addition, NFIA, downstream of Notch (Namihira et al., 2009), was 

upregulated in Eed null iOLs (Figures 6C and 6D). Our data indicate that PRC2 plays a role 

in suppressing Notch and Wnt signaling pathways in the OL lineage.

The RNA-seq analyses revealed Notch signal transduction genes, including Notch receptors, 

Notch ligands, and Notch downstream effectors, were upregulated in Eed-deficient OL 

lineage cells (Figure 6E). Likewise, Wnt signal transduction genes, such as Fzd and Rspo 

receptors, Lef1 transcription factor, Wnt ligands, and Wnt downstream effector genes Id1, 

Id2, and Id4, were induced in Eed null OL lineage cells (Figure 6E). To test whether PRC2 

controls the expression of Notch and Wnt pathway genes by directly binding to the genes, 
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we performed chromatin immunoprecipitation sequencing (ChIP-seq) analyses with 

antibodies against Suz12 and Eed, the two critical common components of Ezh2- and Ezh1-

containing PRC2s (Margueron and Reinberg, 2011), in P3 spinal cords. The genome-wide 

binding patterns of Suz12 and Eed were highly similar (Figure 6F; Figure S8), confirming 

that they act together as components of PRC2. Most upregulated genes in Eed null OPCs or 

iOLs were annotated to Suz12-bound ChIP-seq peaks, whereas most downregulated genes in 

Eed null OL lineage cells were not associated with Suz12-bound ChIP-seq peaks (Figures 

6G and 6H; Table S4). These data suggest that PRC2 represses many genes, which were de-

repressed in Eed null OPCs and OLs via direct binding of Suz12 and Eed, alone or together, 

and bound most Notch and Wnt pathway genes that were upregulated in Eed-deficient iOLs 

(Figure 6F; Figures S8A and S8B). To test PRC2 binding to these genes in the OL lineage, 

we performed ChIP with Suz12 antibody in OPCs and iOLs and found that Suz12 occupied 

the select Notch and Wnt genes in OL lineage cells (Figure 6I).

Next, to test whether PRC2-mediated repression of Notch and Wnt pathway genes involves 

the H3K27me3 decoration, we reanalyzed the published the H3K27me3 ChIP-seq dataset in 

rat OPCs (Liu et al., 2015) and found that most PRC2-target Notch and Wnt pathway genes 

are marked by H3K27me3 in the OL lineage (Figures S8A and S8C). Altogether, these data 

demonstrate that PRC2 suppresses Notch and Wnt signaling activities during differentiation 

of OPCs to OLs, at least partly, by directly binding and suppressing Notch and Wnt pathway 

genes.

The Notch-NFIA Axis Is Aberrantly Activated in Ezh2-and Eed-Deficient OL Lineage Cells

The Notch signaling pathway has been shown to promote the astrocytic fate by elevating 

NFIA expression (Namihira et al., 2009). The elevated levels of both Notch signaling and 

NFIA in PRC2 null OLs differentiated in vitro led us to hypothesize that the Notch-NFIA 

axis is de-repressed in OL-lineage-committed cells when PRC2 is eliminated, thus 

contributing to severe dysmyelination phenotypes of PRC2-deficient mice. To test this 

hypothesis, we investigated whether the NFIA expression is upregulated in the OL lineage 

cells in Ezh2-cKOΔOlig2 and Eed-cKOΔOlig2 mice and whether the deviant induction timing 

and level of NFIA predict the disparity of severity in OL phenotypes between these mouse 

models. In the developing spinal cord, ~30% of Olig2+ OL lineage cells express low-level 

NFIA at E18.5 and P3 (Figure 7A), consistent with reports that NFIA is vital for establishing 

glial progenitors and it is repressed as OPCs differentiate to OLs in the glial lineage (Deneen 

et al., 2006; Fancy et al., 2012). In Ezh2-cKOΔOlig2, both the fraction of NFIA-expressing 

Olig2+ OL lineage cells and the level of NFIA expression in these cells increased at E18.5 

relative to control mice but reduced to the control level by P3 (Figures 7A and 7C). These 

data indicate that in the absence of Ezh2, the NFIA gene was transiently upregulated in OL 

lineage cells but repressed by P3, when Ezh1 is induced in the OL lineage, preceding the 

recovery of myelination. In contrast, in Eed-cKOΔOlig2 mice, NFIA expression is 

continuously and substantially elevated at P3 (Figures 7B and 7C) before severe 

dysmyelination phenotypes emerge. Altogether, our data suggest that the Notch-NFIA axis 

is aberrantly activated in PRC-defective OL lineage cells in a manner highly correlated to 

the myelination defects. Our data further suggest that PRC2 plays a critical role for the 

timely repression of the Notch-NFIA axis in OPCs and continuous inhibition of this axis in 
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OL lineage cells postnatally. It is also notable that in Ezh2-deficient OL lineage cells, the 

restoration of NFIA suppression precedes a rescue of Mbp+ OL differentiation at P10, 

suggesting that the delay in Notch-NFIA suppression contributes to suspended production of 

OLs in Ezh2-cKOΔOlig2 mice.

To test whether the prolonged expression of NFIA prevents the differentiation of OPCs to 

myelinating OLs in PRC2 null mice, we monitored the effect of enforced NFIA expression 

on endogenous OL differentiation in the developing spinal cord using in ovo electroporation. 

Maintained expression of NFIA resulted in a striking reduction of Mbp+ OLs but did not 

decrease the number of PDGFRα+ OPCs (Figure S9A), suggesting that downregulation of 

the Notch-NFIA axis is a critical step to allow the transition of OPCs to OLs, but not the 

production of OPCs.

Olig2 is capable of triggering both OPC generation and OPC differentiation to OLs (Lu et 

al., 2002; Zhou and Anderson, 2002). Given the increased NFIA levels in Olig2+ OL lineage 

cells in PRC2 null mice, we tested whether NFIA impairs the ability of Olig2 to induce 

ectopic OPCs or OLs using in ovo electroporation. When co-expressed with NFIA, Olig2 

failed to induce Mbp+ OLs, but it was still capable of inducing PDGFRα+ OPCs (Figures 

S9B and S9C), indicating that the increased level of NFIA in Olig2+ OL lineage cells is 

capable of blocking terminal OL differentiation and myelination but does not inhibit OPC 

fate.

The Notch Is a Primary Repressive Target of PRC2 in Promoting OL Differentiation and 
Blocking the Astrocytic Fate

Our results led us to test whether the repression of aberrantly enhanced Notch or Wnt 

signaling can restore impaired OL differentiation in PRC2-deficient OPCs. To this end, we 

isolated Eed-deficient and control OPCs and subjected them to OL differentiation in the 

presence of the Notch inhibitor LY411575 alone, the Wnt inhibitor XAV939 alone, the 

combination of both inhibitors, or vehicle. We then monitored their differentiation status at 3 

DD. Interestingly, both Notch inhibition and Wnt inhibition significantly rescued Mbp 

expression and OL morphology in the Eed null OL lineage, and simultaneous suppression of 

Notch and Wnt further enhanced OL differentiation (Figures 7D and 7E), suggesting the 

increase of Notch and Wnt signaling upon a loss of PRC2 contributes to the halted OL 

differentiation of Eed null cells. Notch inhibitor, but not Wnt inhibitor, blocked aberrant 

induction of the GFAP+ astrocyte differentiation program (Figures 7D and 7F), suggesting 

that Notch is a main pathway driving erroneous astrocytic differentiation. These data 

establish that the Notch pathway is a primary repressive target of PRC2 in promoting OL 

differentiation and suppressing the astrocytic fate and that PRC2-directed repression of the 

Wnt pathway is vital for timely OL differentiation.

DISCUSSION

The myelination of CNS requires highly orchestrated stepwise processes by which neural 

progenitors differentiate into proliferating OPCs and subsequently into myelinating OLs. 

These dynamic processes accompany profound global changes in chromatin architecture and 

gene expression. Here we report a novel action of PRC2, the H3K27 methyltransferase 
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complex, as an epigenetic gatekeeper in the OL lineage and the underlying molecular 

mechanism. PRC2 controls the timing of OL production from OPCs, but not the timing of 

OPC generation from neural progenitors, although it is continuously expressed and 

generates H3K27me3 marking from the neural progenitor stage to the OL stage. The specific 

requirement for PRC2 at the onset of OL formation from OPCs suggests that PRC2 plays a 

specific action in each cell lineage, rather than acting as a general silencer of developmental 

genes. We found that PRC2 promotes the OL differentiation and myelination program by 

suppressing Notch and Wnt signaling pathways. Our study further revealed that PRC2 

prevents OPCs from erroneously adopting an astroglial fate by suppressing the Notch-NFIA 

axis, thus reinforcing the OL lineage commitment. Therefore, PRC2 serves as a critical 

component of the intricate regulatory network for OL fate decision and maturation, which 

couples intrinsic transcriptional regulators and extrinsic signaling pathways.

The eukaryotic chromatin structure provides a sophisticated layer of gene regulation. For the 

past two decades, histone modification has emerged as a primary mechanism to control 

chromatin structure and gene expression (Kouzarides, 2007). In particular, H3K27me3 

marks repressive and poised chromatin. H3K27me3 is absent from lower eukaryotic model 

organisms, such as Schizosaccharomyces cerevisiae and Schizosaccharomyces pombe, 

whereas it was found in various animals and plants (Lachner et al., 2004), suggesting that 

H3K27me3 may play a major role in the development of multicellular organisms. PRC2 

possesses H3K27 methyltransferase activity and mainly acts as a transcriptional repression 

complex that is important to maintain a cellular identity (Margueron and Reinberg, 2011). 

Past studies have revealed a range of actions of PRC2 in diverse cellular contexts, including 

cell-cycle control, genomic imprinting, stem cell plasticity, and cancer (Margueron and 

Reinberg, 2011). In embryonic stem cells, PRC2 is important to repress developmental 

genes and maintain cell pluripotency (Boyer et al., 2006; Lee et al., 2006; Pietersen and van 

Lohuizen, 2008). When neural progenitor cells are cultured in vitro, Ezh2 is highly 

expressed in progenitors but is downregulated in neurons and astrocytes (Sher et al., 2008). 

The downregulation of Ezh2 was necessary for the production of astrocytes in cultured 

neural progenitor cells (Sher et al., 2008), which is consistent with our finding that PRC2 

represses the astrocytic-fate-driving Notch-NFIA axis. In contrast to neurons and astrocytes, 

Ezh2 expression is maintained as neural progenitor cells differentiate into OPCs and OLs, 

both in vivo (Figure 1; Figure S1) and in cultured cells (Sher et al., 2008), but the in vivo 
role of PRC2 in the OL lineage remained ambiguous, partly because a report of strong 

myelination phenotypes in PRC2-deficient animal models has been lacking. By 

systematically analyzing multiple mouse lines that inactivate only PRC2-Ezh2 or both 

PRC2-Ezh2 and PRC2-Ezh1, we addressed this critical question. Our analyses of Ezh2-cKO 

mice with Olig1-Cre or Olig2-Cre revealed that OL differentiation was delayed but 

eventually remedied in Ezh2-cKO mice, allowing the mice to live into adulthood. In 

contrast, the inactivation of both PRC2-Ezh2 and PRC2-Ezh1 resulted in severe 

dysmyelination and death in mice. Our data indicate that Ezh2 is the main enzyme to deposit 

the H3K27me3 mark in the OL lineage during embryonic development, but both Ezh1 and 

Ezh2 are capable of maintaining the overall level of H3K27me3 in OPCs and OLs after 

birth. Our study also suggests that de novo synthesis of the H3K27me3 mark by PRC2 is 

crucial to set the schedule of differentiation for specific, but not all, cell types, supporting 
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the idea that H3K27me3 is subject to highly dynamic regulation during differentiation and 

development, rather than serving as a stable marker for the repressive chromatin domain. 

PRC2 activity is dispensable for the generation of OPCs emerging from neural progenitors 

in the ventricular zone, whereas it is required for differentiation and maturation of OLs. In 

light of this, it is noteworthy that H3K27me3 levels substantially increase as OPCs 

differentiate into myelinating OLs (He et al., 2017; Liu et al., 2015).

How does PRC2 promote the timely transition of OPCs to OLs and suppress astroglial fate? 

Our results indicate that the Notch and Wnt pathways are major repressive targets of PRC2 

during OPC differentiation to OLs. Notch signaling activation in neural progenitors instructs 

the commitment of glial fate and promotes OPC specification while inhibiting neuronal 

differentiation (Kim et al., 2008; Park et al., 2005). However, the continuous activation of 

Notch signaling or its effector Hes5 in OPCs interferes with OL differentiation (Kondo and 

Raff, 2000a; Liu et al., 2006; Wang et al., 1998). Consistent with the notion that NFIA acts 

downstream of Notch (Namihira et al., 2009), overall NFIA action resembles the Notch 

activation in OPCs, in which NFIA preserves the OPC state and represses premature OPC 

differentiation to OLs by suppressing myelin genes and antagonizing Sox10 activity (Fancy 

et al., 2012; Glasgow et al., 2014). We and others found that sustained expression of NFIA 

blocks OL differentiation and myelination in both development (Figure S9) and 

remyelination conditions (Fancy et al., 2012). High-level Notch activity or NFIA promotes 

migration and differentiation of astrocytes at the expense of OL fate (Kang et al., 2012; 

Namihira et al., 2009). Altogether, to enable the differentiation of OPCs to OLs while 

inhibiting unwanted upregulation of astrocytic genes, it is crucial to suppress the Notch-

NFIA axis. Several reports also show that the Wnt-β-catenin-Lef1 signaling cascade inhibits 

OPC differentiation and myelination (Fancy et al., 2009; Shimizu et al., 2005; Ye et al., 

2009). Our data suggest that PRC2 plays an essential role in repressing the Notch-NFIA and 

Wnt pathways to drive the transition of OPCs to the myelinating OL state and to prevent 

astroglial fate switch. Aberrant activation of Notch or Wnt signals was found in the 

hypomyelination diseases (Fancy et al., 2009; Lock et al., 2002; Petersen et al., 2017), 

suggesting the deleterious effects of elevated Notch and Wnt signals on myelination. Thus, 

boosting PRC2 activity to repress Notch-NFIA and Wnt may represent a novel therapeutic 

venue to facilitate remyelination in adults.

Our study suggests that PRC2 binds and represses a subset of Notch and Wnt signaling 

genes in OLs. This raises the question of how PRC2 is recruited to a specific set of target 

genes during OL differentiation. A recent study of OL-lineage-enriched long noncoding 

RNAs (lncRNAs) (He et al., 2017) points to the possibility that lncRNAs whose expression 

is induced during the OPC-to-OL transition play roles in targeting PRC2 to the OPC 

maintenance genes. As lncOL1, the OL-enriched lncRNA, interacts with Suz12 (He et al., 

2017), lncOL1 may mediate the recruitment of PRC2 to some Notch or Wnt genes. Notably, 

lncOL1-deficient mice displayed a delay in OL differentiation and myelination, but their 

myelination was fully recovered by adulthood (He et al., 2017). Given that the severity of 

the inactivation of PRC2 in the OL lineage is far greater than the removal of lncOL1, it is 

likely that PRC2 also employs lncRNA-independent mechanisms or multiple lncRNAs in 

directing OL differentiation and myelination programs.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact Soo-Kyung Lee (slee229@buffalo.edu). 

There are no restrictions on any data or materials presented in this paper.

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The accession number for the RNA-seq and ChIP-seq 

datasets reported in this paper is GEO: GSE130628.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines—Ezh2flox/flox, Eedflox/flox, Olig2-Cre, and Olig1-Cre mouse lines were 

described previously (Dessaud et al., 2007; Shen et al., 2008; Xin et al., 2005; Yu et al., 

2009). Animals were housed and analyzed according to the Institutional Animal Care and 

Use Committee (IA-CUC) guidelines. For timed mating, embryos were considered to be at 

0.5 day of gestation (E0.5) on the day when a vaginal plug was detected.

METHOD DETAILS

Immunohistochemistry and in situ hybridization (ISH)—The chicken and mouse 

tissues were collected at various stages, fixed in 4% paraformaldehyde, immersed in 30% 

sucrose, and embedded in OCT for cryosectioning and subsequent analyses. Assays were 

performed as described (Clovis et al., 2016). Briefly, for immunohistochemistry, 12 μm 

cryosectioned slices were incubated with the primary antibodies overnight at 4°C using 10% 

FBS blocking buffer (10% Fish gelatin, 0.3% Triton X-100 in PBS buffer). Then 

Fluorophore-conjugated species-specific secondary antibodies were used as recommended 

(Jackson ImmunoResearch laboratories). Zeiss Imager Z2 fluorescence microscope with 

Apotome and Nikon Eclipse Ti confocal microscope were used for imaging. Primary 

antibodies for immunostaining are listed in the Key Resources Table.

For in situ hybridization analysis, embryos were harvested as above, and cryosectioned at 18 

μm. As described, transverse sections were post-fixed, permeabilized with proteinase K 

treatment, acetylation treated and then hybridized overnight with digoxigenin-labeled 

riboprobes at 68°C. After washed with 0.2X SSC buffer at 65°C for 2 hours and then 

blocked with 4% BSA in TBS buffer (0.1M Tris, 0.15M NaCl, pH7.5), sections were 

incubated with anti-digoxigenin alkaline phosphatase-conjugated antibody (Roche) in 2% 

BSA TBS. Color reaction was developed with NCIP/NBT substrates (Roche). The plasmids 

to make Digoxigenin-labeled probes complementary to mouse or chick PDGFRα, MBP, 

PLP were kindly provided by Dr. Benjamin Deneen. Mouse Ezh2 fragment (1–867bp) and 

Ezh1 fragment (1–867bp) were cloned into pBluescript vector to generate ISH probes.

Electron microscopy—Tissue preparation and electron microscopy (EM) were 

performed as previously described with minor modification (Aicher et al., 2012; Yu et al., 

2013). Mice were anesthetized and then perfused briefly with 0.1 M phosphate buffer (PB, 
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pH 7.4), followed by 2% paraformaldehyde (PFA) and 2% glutaraldehyde in 0.1 M PB for 

10 min. Spinal cords and optic nerves were dissected and then post-fixed in fresh 2% PFA 

for 30 min at room temperature. Thoracic regions of spinal cords were sectioned on a 

vibrating microtome at 40 microns. Spinal cord sections and whole optic nerves were rinsed 

briefly in 0.1 M PB and then incubated in 1% osmium tetroxide in 0.1 M PB for 30 min. 

After osmication, tissues were rinsed again in 0.1 M PB and dehydrated at 5 minutes each 

through a graded series of ethanol. Tissues were placed in fresh propylene oxide (PO) twice 

for 10 min then incubated overnight in a 1:1 mixture of PO and EMBed 812 (Electron 

Microscopy Sciences, Hatfield, PA). Tissues were placed in fresh EMBed 812 resin for 2 

hours then spinal cord sections were flat embedded between two sheets of Aclar plastic and 

optic nerves were embedded in plastic molds. Embedded tissue was placed in a 60°C oven 

for 48 hours. Spinal cord sections were glued to plastic blocks formed in Beem capsules and 

trimmed to include the ventral spinal cord as the region of interest. Optic nerves were 

trimmed to provide crosssections of the tissue. Optic nerves and spinal cords were sectioned 

on an ultramicrotome (Leica UC6, Leica Microsystems Inc., Buffalo Grove, IL) at 200 nm 

for toluidine blue staining and at 60 nm for EM. Sections for EM were collected onto copper 

grids and counterstained with uranyl acetate and Reynolds lead citrate. Images were taken 

on an FEI Tecnai 12 electron microscope.

Oligodendrocyte precursor cell (OPC) isolation and in vitro differentiation—
Mouse OPCs were isolated as described (Dugas and Emery, 2013). Briefly, mouse brains at 

P6–7 were diced into about 1mm3 chunks and then enzymatically digested in the papain 

solution at 34°C for 90 min under 5% CO2/95% O2. The digested and triturated cell 

suspension was subsequently immunopanned by anti-Ran-2 (ATCC® TIB-119) and anti-

GalC (Millipore MAB342) antibodies in the panning buffer to remove astrocytes and 

oligodendrocytes, followed by positive selection with anti-O4 antibody (Millipore 

MAB345). The final O4+ OPC cells were harvested in TRIzol for RNA extraction or 

trypsinized for plating. For OPC culture, cells were seeded at a density of 10,000 cells in the 

24-well plates coated with Poly-D-Lysine (PDL, 10μg/ml) and cultured in DMEM-Sato base 

growth medium supplemented with neurotropin-3 (NT-3, 1ng/ml, PeproTech), Forskolin 

(4.2μg/ml, Sigma), CNTF (10ng/ml, PeproTech) and PDGF-AA (10 ng/ml, PeproTech). 

OPCs were harvested for immunostaining after 2 days of proliferation. For OPC 

differentiation, cells were seeded at a density of 50,000 cells in the 24-well plates coated 

with PDL in the differentiation medium ((DMEM-Sato base growth medium supplemented 

with NT-3, Forskolin, CNTF and triiodothyronine (T3, 40ng/ml, Sigma) instead of PDGF-

AA)). Acutely isolated OPCs started to differentiate upon addition of differentiation medium 

in the 24-well plates and cells were harvested for RNA-seq or immunostaining after two or 

three days of differentiation, as indicated in the figure or text. For the experiments with 

Notch and Wnt inhibitors, we isolated OPCs from four Eed-cKOΔOlig2 and three control 

mice, and cultured them in the differentiation medium, which contains DMSO vehicle 

(DMS/o), 0.2μM of Notch inhibitor LY411575, 0.5μM of Wnt inhibitor XAV939, or both 

inhibitors, for three days. Under this condition, neither Notch inhibitor nor Wnt inhibitor 

caused cell death during OPC differentiation.
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RNA-seq analysis—For OPC RNA-seq samples, OPCs were isolated from three Eed-
cKOΔOlig2 and two control (Eedf/f;Olig2-Cre) mice using the immunopanning method 

described above. Then, the five samples were subject to RNA extraction without an in vitro 
culture step. For OL RNA-seq samples, OPCs were isolated from two Eed-cKOΔOlig2 and 

two control (Eedf/f;Olig2-Cre) mice using the immunopanning method and differentiated to 

OLs in vitro for two days. Then, the four OL samples were subject to RNA extraction. The 

cells were harvested in TRIzol reagent (Thermofisher), and total RNA was extracted 

following the instruction manual. For RNA > 100ng, the libraries were prepared using RNA-

seq Stranded Library kit (Illumina TruSeq with PolyA selection). For RNA < 100ng, 

Clontech SMARTer RNA kit was used to construct RNA-seq Library.

Sequencing adapters that existed in the raw reads were trimmed by cutadapt ver 1.14 

(Martin, 2011). The trimming option was used for the common adaptor sequence of the 

Illumina TruSeq adapters. High quality reads were obtained through trimming and then 

mapped to the reference genome by STAR ver 2.6.0 (Dobin et al., 2013). The quality of 

alignment was checked by QualiMap ver 2.2.1 (García-Alcalde et al., 2012). To quantify the 

mapped reads on the reference genome into the gene counts, featureCounts (Liao et al., 

2014) in subread ver 1.6.2 with the strand-specific library option to reverse strand was used. 

Gene annotation were performed in the gtf format of the NCBI (https://

www.ncbi.nlm.nih.gov/) mm10 reference genome.

The Differentially Expressed Genes (DEG) between Eed-cKOΔOlig2 and control samples 

were analyzed using edgeR (Robinson et al., 2010) that are R package in bioconductor. 

Genes with zero and low expression value were filtered and then normalization process was 

performed considering the size of the library. The DEG analysis was designed to reduce the 

batch effect resulting from the difference of the experimental time, and then fitted a 

generalized linear model (GLM) to statistically tested. DEG was determined based on 

statistically significant differences between the two biological conditions (Eed-cKOΔOlig2 

and control).

To identify enriched biological themes over-represented in Eed-deficient OPC or OLs, we 

identified the upregulated genes with the cut-off of fold change ≥ 2 and FDR ≤ 0.05 and then 

analyzed Gene Ontology (GO) terms enriched in these DEG sets using DAVID ver 6.8 

(Huang et al., 2009). The gene set overlapping test between the analyzed DEGs and 

functional categorized genes including biological process, molecular function, cellular 

component of GO terms. GO analysis results were also obtained with statistically significant 

values.

Chromatin immunoprecipitation (ChIP) and ChIP-seq analysis—To define the 

genome-wide binding pattern of Suz12 and Eed, the spinal cord cells were isolated from 

postnatal day 3 (P3) mice. Then, OPCs were purified from P7 mice using the 

immunopanning method and cultured in vitro under proliferation condition, and harvested 

for OPC ChIP samples. OPCs were also differentiated to OLs using differentiation medium 

for two days and harvested for OL ChIP samples. These cells were washed with PBS buffer, 

fixed in 1% formaldehyde for 10 min at room temperature, and quenched by 125 mM 

glycine. Cells were washed with Buffer I (0.25% Triton X-100, 10 mM EDTA, 0.5 mM 
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EGTA, 10 mM HEPES, pH 7.5) and Buffer II (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 

10 mM Tris-HCl, pH 8.0) sequentially. Then, cells were lysed with lysis buffer (0.1% SDS, 

1 mM EDTA, 0.5 mM EGTA, 10 mM Tris-HCl, pH 8.0, protease inhibitor mixture) and 

were subjected to sonication for DNA shearing into 200–500 base pairs. Next, cell lysates 

were diluted 1:5 in ChIP buffer (0.1% Triton X-100, 0.1% SDS, 2 mM EDTA, 100 mM 

NaCl, 20 mM Tris-HCl, pH 8.0, protease inhibitor mixture) and, for immunoclearing, were 

incubated with IgG and protein A agarose beads for 2 hr at 4°C. Supernatant was collected 

after quick spin and incubated with IgG or antibodies against Suz12 or Eed together with 

protein A agarose beads to precipitate protein/chromatin complex overnight at 4°C. After 

pull-down of protein/ chromatin/antibody complex with protein A agarose beads, the beads 

were washed with TSE I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 

8.0, 150 mM NaCl), TSE II (same components as in TSE I except 500 mM NaCl), and 

Buffer III (0.25 M LiCl, 0.1% Nonidet P-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-

HCl, pH 8.0) sequentially for 5 min at each step. Then the beads were washed with Tris-

EDTA (TE) buffer two times. Protein/chromatin complexes were eluted in elution buffer 

(1% SDS, 1 mM EDTA, 0.1 M NaHCO3, 10 mM Tris-HCl, pH 8.0) and decrosslinked by 

incubating at 65°C overnight. Eluate was incubated at 42°C for 2 hours with Proteinase K. 

Next, DNA was purified with Phenol/chloroform and DNA pellet was precipitated by 

ethanol/0.3M Sodium Acetate and dissolved in water.

Two independent ChIP-seq samples and one ChIP-seq sample were prepared with Suz12 

antibody and Eed antibody, respectively. ChIP-seq DNA samples were prepared for high-

throughput sequencing according to the Illumina protocol and sequenced with the Illumina 

HiSeq 2500 Sequencer. Reads were aligned to the mm10 reference genome using bowtie2 

with default settings (Langmead and Salzberg, 2012). Subsequently, duplicated reads were 

removed from alignments using Picard (v.2.8.3–7) (Broad Institute, http://

broadinstitute.github.io/picard/). Peak calling was performed using MACS2 (v. 2.1.1) 

(Zhang et al., 2008) with the following parameters: ‘-q 0.05 -g mm’ setting a q-value 

threshold of 0.05 except for Suz12 replicate 2 to have a comparable number of peaks with 

replicate 1 by relaxing a q-value threshold to 0.1. Common peaks between two replicates 

were determined by presence of overlap of the position aligned to the genome reference with 

a tool of BEDOPS (v. 2.4.23) (Neph et al., 2012). Resulting peak sets were annotated to the 

genes according to close proximity of gene feature defined in 

TxDb.Mmusculus.UCSC.mm10.ensGene package in Bioconductor (v.3.0.0) in R (M, n.d.) 

using the following criteria: if a peak was enriched in a region between −2,000 bp and 

+2,000 bp from transcription start site, it was considered to be ‘promoter’; in case of peaks 

that were enriched within a region between the definition of gene start and gene end, it was 

considered to be ‘gene body’; in case of peaks that were enriched in an intergenic region, it 

was considered to be ‘intergenic’ and assigned two genes each of which is nearest in either 

direction.

ChIP experiments were performed in at least two independently isolated and prepared OPC 

and OL samples. The results were highly similar among the different sets of experiments. 

Primers for ChIP qPCR are listed in the Key Resources Table.
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For H3K27me3 ChIP-seq data, we reanalyzed the published H3K27me3 ChIP-seq dataset in 

rat OPCs (Liu et al., 2015). The reads were aligned to rat reference genome provided by 

UCSC (rn4) using bowtie2 (Langmead and Salzberg, 2012) and the aligned reads were 

further processed by filtering nonuniquely aligned reads and removing potential PCR 

duplicates using SAMtools (Li et al., 2009). Next, the peaks in the ChIP-seq data were 

called by MACS2 (Zhang et al., 2008) with q-value of 0.05. The peaks were then annotated 

to genes using HOMER (Heinz et al., 2010). The gene list was compared and combined with 

the published gene list from the same ChIP-seq dataset (Liu et al., 2015).

Chick in ovo electroporation—In ovo electroporation was performed as described (Lee 

et al., 2013). Briefly, chick eggs (McIntyre Farms, Portland, OR, USA) were incubated in a 

humidified chamber at 37°C and DNA constructs (HA-NFIA and Myc-Olig2) were injected 

into the lumen of chick embryonic spinal cords at HH stage 13. Electroporation was 

performed using a square wave electroporator (BTX) and then embryos were harvested at 4 

days or 8 days after electroporation for analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell count was obtained per section or area at indicated stages. At least three embryos and 

two sections per embryo were used for the quantification for each genotype. To quantify 

relative signal intensity, grayscale value for fluorescence intensity in images with 494×520 

pixels were analyzed using ImageJ. The background was subtracted in each image, and the 

mean grayscale value was divided by the target cell number in each image to identify 

average expression level in single cell. Error bars represent the standard error or the standard 

deviation of the mean, as indicated in each figure. The significance was determined using 

unpaired two-tailed Student’s t test or two-way ANOVA in Graphpad Prism. Significance 

was set at p < 0.05 (*, p < 0.05; **, p < 0.01; ***, p < 0.005).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PRC2 null oligodendrocyte (OL) lineage cells fail to differentiate to OL

• PRC2 null OL lineage cells aberrantly upregulate Notch and Wnt pathway 

genes

• The inhibition of Notch and Wnt restores OL differentiation in PRC2 null OL 

cells

• The Notch inhibition blocks aberrant astrocytic gene induction in PRC2 null 

OL cells
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Figure 1. Ezh2 Is Expressed in the OL Lineage in the Developing Spinal Cord
Immunohistochemical analyses with Ezh2 and Olig2 antibodies (A) or Ezh2 and Mbp 

antibodies (B) in the spinal cord of chick embryos at E9.5–E12.5. Only the ventro-lateral 

region of one side of the spinal cord is shown in (B). Scale bars, 50 μm (A), 50 μm (left 

panel in B), or 20 μm (magnified images in B).
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Figure 2. Ezh2 Is Needed for Generation of the H3K27me3 Repressive Mark in the OL Lineage 
and for OL Differentiation, but Not for OPC Production, in the Embryonic CNS
(A) Immunohistochemical analyses of the spinal cord of Ezh2-CkoΔOlig2 (Ezh2ΔOlig2) and 

their littermate control mice with Olig2 and H3K27me3 antibodies. H3K27me3 levels were 

markedly reduced in cells in pMN and motor neuron areas (dotted circles) in Ezh2ΔOlig2 

mice at E12.5. The H3K27me3 mark remained absent from OPCs and OLs at E18.5 and 

partially recovered at P3 in Ezh2ΔOlig2 mice. Only the ventro-lateral regions of one side of 

the spinal cord are shown. Scale bars, 50 μm.

(B) In situ hybridization analyses with antisense RNA probes for Mbp, Plp, and PDGFRα 
and immunohistochemical analyses with Mbp and Olig2 antibodies. In Ezh2ΔOlig2 mice, 

Mbp+ and Plp1+ OLs, but not PDGFRα+ OPCs, were drastically reduced in the spinal cord 

at E18.5 but restored to levels comparable to those of control mice at P10. Scale bars, 100 

μm.
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(C) Quantification of the number of cells expressing PDGFRα, Mbp, or Plp in an 18 μm 

section of the spinal cord of E18.5 mice. n = 3 mice/genotype, ≥2 slices/mouse. The error 

bars represent the standard deviation of the mean. ***p < 0.005; ns, nonsignificant; two-

tailed Student’s t test.
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Figure 3. PRC2 Is Required for OL Differentiation and Myelination
(A) Immunohistochemical analyses of the spinal cord of Eed-cKOΔOlig2 (Eed−ΔOlig2) and 

their littermate control mice with Olig2 and H3K27me3 antibodies. H3K27me3 levels 

drastically decreased in cells in pMN and MN areas (dotted circles) in E12.5 EedΔOlig2 mice. 

The H3K27me3 mark was also eliminated from OPCs and OLs in P3 EedΔOlig2 mice. Only 

the ventro-lateral regions of one side of the spinal cord are shown. Scale bars, 50 μm.

(B) Quantification of the percentage of H3K27me3+ cells among Olig2+ cells in the ventro-

lateral region of the mouse spinal cord at E18.5 or P3. n = 4 mice/genotype, ≥2 slices/
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mouse. The error bars represent the standard deviation of the mean. ***p < 0.005, two-way 

ANOVA test. At P3, the H3K27me3 mark in Olig2+ cells was substantially recovered in 

Ezh2-cKOΔOlig2 (Ezh2ΔOlig2) mice, whereas it remained low in EedΔOlig2 mice.

(C) In situ hybridization analyses with antisense RNA probes for Mbp, Plp, and PDGFRα 
and immunohistochemical analyses with Mbp and Olig2 antibodies. EedΔOlig2 mice 

exhibited a loss of Mbp+ and Plp1+ OLs, but not PDGFRα+ OPCs, in the spinal cord at P3 

and P10. Scale bars, 100 μm.

(D) Electron micrograph analysis of spinal cord and optic nerves at P13. Scale bars, 1 μm. 

EedΔOlig2 mice showed deficiency of axonal myelination.
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Figure 4. PRC2-Deficient OPCs Display Severe Defects in OL Differentiation
(A–D) Immunostaining analyses of cultures of OPCs isolated from Eed-cKOΔOlig2 

(EedΔOlig2) and control mice in proliferative (A and B) or differentiation (C and D) 

conditions. Scale bars, 50 μm in (A) and (C). (B) Quantification of the percentage of Ki67+ 

or NG2+ cells among Olig2+ cells in OPCs under the proliferative condition, as shown in 

(A). (D) Quantification of the fluorescence signal intensity for Cnp or Mbp staining under 

the differentiation condition, as shown in (C). (B and D) n = 3 for control and n = 4 for 

EedΔOlig2 mice, ≥2 slices/mouse. The error bars represent the standard deviation of the 

mean. ***p < 0.005; ns, nonsignificant; two-tailed Student’s t test.

(E and F) RNA-seq analyses revealed differentially expressed genes (DEGs) in Eed-deficient 

OPCs or OLs compared with control OPCs or OLs. The upregulated and downregulated 
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genes are shown in red and green, respectively. (E) The number of DEGs in either OPCs or 

OLs. (F) The percentage of up- or downregulated genes over the total DEGs in either OPCs 

or OLs.

(G) RNA-seq expression analyses of OPC, OL, and astrocytic gene expression in acutely 

isolated OPCs or OLs differentiated for 2 days (2 DD) from Eed-cKOΔOlig2 (EedΔOlig2) and 

control mice. The heatmap on the left shows expression levels of each gene in OPCs or OLs 

of EedΔOlig2 and control mice. The heatmap on the right shows fold changes of each gene 

expression level in EedΔOlig2 samples relative to control samples. In this heatmap, blue and 

red represent down- and upregulation, respectively, in EedΔOlig2 cells compared with control 

cells. In Eed null OL lineage cells, OL and myelination genes were markedly reduced, 

whereas astrocytic genes were aberrantly increased.
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Figure 5. Astrocyte Gene Program Was Aberrantly Induced in the Eed-Deficient OL Lineage
(A and B) Immunostaining analyses of cultures of OPCs from Eed-cKOΔOlig2 (EedΔOlig2) 

and control mice under the differentiation condition for 2 or 3 days. Scale bar, 50 μm. (B) 

Quantification of the percentage of GFAP/Olig2 double-positive cells among Olig2+ cells in 

3 DD samples. n = 3 mice/genotype, ≥3 slices/mouse. The error bars represent the standard 

deviation of the mean. ***p < 0.005, two-tailed Student’s t test.

(C and D) Immunohistochemical analyses of the spinal cord of EedΔOlig2 and control mice at 

P3. Scale bar, 50 μm. (D) Quantification of the number of GFAP/Olig2 double-positive cells 
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in the gray matter of the ventro-lateral region of one side of 18-μm-thick spinal cord 

sections. n = 3 mice/genotype, ≥3 slices/mouse. The error bars represent the standard 

deviation of the mean. ***p < 0.005, two-tailed Student’s t test.
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Figure 6. PRC2 Suppresses Notch and Wnt Pathway Genes
(A and B) GO analyses of genes upregulated in Eed-deficient OPCs (A) or OLs (B) from 

RNA-seq. GO terms of Wnt, Notch, and BMP signaling pathways are enriched in both 

datasets.

(C and D) Immunostaining analyses of iOLs from Eed-cKOΔOlig2 (EedΔOlig2) and control 

mice at 2 DD with antibodies against active Notch1 (AcNotch1), active β-catenin (Acβ-

catenin), and NFIA. AcNotch1, Acβ-catenin, and NFIA levels increased in Eed-deficient 

iOLs compared with control iOLs. Scale bar, 50 μm. (D) Quantification of the fluorescence 
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signal intensity for the samples shown in (C). n = 3 for control and n = 4 for EedΔOlig2 mice. 

The error bars represent the standard deviation of the mean. ***p < 0.005, two-tailed 

Student’s t test.

(E) RNA-seq expression analyses of Notch and Wnt signaling genes in acutely isolated 

OPCs or 2 DD OLs from EedΔOlig2 and control mice. The heatmap on the left shows 

expression levels of each gene in OPCs or OLs of EedΔOlig2 and control mice. The heatmap 

on the right shows fold changes of each gene expression level in EedΔOlig2 samples relative 

to control samples. In this heatmap, blue and red represent down- and upregulation, 

respectively, in EedΔOlig2 cells compared with control cells. In Eed null OL lineage cells, 

many Notch and Wnt pathway genes were significantly upregulated.

(F) Genome browser view of ChIP-seq peaks for Suz12 (red) and Eed (blue) on the 

representative target genes. Both Suz12 and Eed were recruited to the selected target genes.

(G and H) Integrative analyses of RNA-seq and ChIP-seq datasets. Most upregulated genes 

were annotated to Suz12-bound peaks, whereas most downregulated genes were not. (G) 

Percentage of upregulated genes in Eed null OPCs or OLs, which were either annotated (red, 

peak +) or not annotated (gray, peak −) to Suz12-bound ChIP-seq peaks. (H) Percentage of 

downregulated genes in Eed null OPCs or OLs, which were either annotated (red, peak +) or 

not annotated (gray, peak −) to Suz12-bound ChIP-seq peaks

(I) ChIP analyses with Suz12 antibody or immunoglobulin G (IgG) control in OPCs or 2 DD 

OLs, which were purified from wild-type mice and cultured in vitro. Suz12 bound to the 

Jag2, Dll4, Lef1, and Fzd2 genes in OPCs and OLs, but not to Untr6, a negative control 

gene. The error bars represent the standard deviation of the mean.
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Figure 7. The Notch Pathway Is a Major Repressive Target of PRC2 in Promoting OL 
Differentiation and Suppressing the Astrocytic Fate
(A–C) Immunohistochemical analyses of the spinal cord of Ezh2-cKOΔOlig2 (Ezh2ΔOlig2, 

A), Eed-cKOΔOlig2 (EedΔOlig2, B), and their littermate control mice with NFIA and Olig2 

antibodies. The percentage of NFIA/Olig2 double-positive cells among Olig2+ cells in 

Ezh2ΔOlig2, EedΔOlig2, and their littermate control mice at E18.5 or P3 was quantified in (C). 

The number of NFIA-expressing Olig2+ OPCs (arrows) in E18.5 Ezh2ΔOlig2 and P3 

EedΔOlig2 mice was substantially more than that in control mice, but it was similar between 

P3 Ezh2ΔOlig2 mice and their littermate control mice. Scale bars, 20 μm. n = 3 mice/

genotype, ≥2 slices/mouse. The error bars represent the standard deviation of the mean. *p < 

0.05; ***p < 0.005; ns, nonsignificant; two-way ANOVA test.

(D–F) Immunostaining analyses of cultures of OPCs that were purified from Eed-cKOΔOlig2 

(EedΔOlig2) or control mice and differentiated for 3 days in the presence of the Notch 

inhibitor LY411575 alone, the Wnt inhibitor XAV939 alone, the combination of both 

inhibitors, or vehicle. Scale bar, 50 μm. (E and F) Quantification of the immunostaining 
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results in (D). n = 3 for control and n = 4 for EedΔOlig2 mice. The error bars represent the 

standard deviation of the mean. *p < 0.05; ***p < 0.005; ns, nonsignificant; two-way 

ANOVA test. The Notch inhibitor and Wnt inhibitor significantly increased OL 

differentiation in the Eed null OL lineage, which was augmented by co-treatment of both 

inhibitors. In contrast, Notch inhibition suppressed the aberrantly increased GFPA+ cells in 

Eed-deficient OL lineage cells, but Wnt inhibition did not.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Olig2 R&D Systems Cat#AF2418; RRID: AB_2157554

Rabbit anti-Olig2 Millipore Cat#AB9610; RRID: AB_570666

Rabbit anti-Ezh2 Cell Signal Technology Cat# 12408; RRID: AB_2797901

Mouse anti-Ezh2 Cell Signal Technology Cat# 3147; RRID: AB_10694383

Rabbit anti- Histone H3K27me3 Millipore Cat# 07-449; RRID: AB_310624

Rat anti-MBP Millipore Cat# MAB386; RRID: AB_94975

Mouse anti-CNP Millipore Cat# MAB326R; RRID: AB_11210906

Rabbit anti-NG2 Millipore Cat# AB5320; RRID: AB_11213678

Rabbit anti-Ki67 Abcam Cat# ab15580; RRID: AB_443209

Rat anti-Brdu Abcam Cat# ab6326; RRID: AB_305426

Rabbit anti-Activated Notch1 Abcam Cat# ab8925; RRID: AB_306863

Rabbit anti-Non-phospho (Active) β-
Catenin

Cell Signal Technology Cat# 19807; RRID: AB_2650576

Rabbit anti-p-Smad1/5/8 Cell Signal Technology Cat# 13820; RRID: AB_2493181

Rabbit anti-p-stat3 Cell Signal Technology Cat# 9145; RRID: AB_2491009

Mouse anti-GFAP Millipore Cat# MAB360; RRID: AB_11212597

Rabbit anti-NFIA Dr. Benjamin Deneen Deneen et al., 2006

Mouse anti-EED Millipore Cat# 17-663; RRID: AB_10615638

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

Mouse anti-Ran-2 ATCC Cat# TIB-119; RRID: CVCL_G149

Mouse anti-GalC Millipore Cat# MAB342; RRID: AB_94857

Mouse anti-O4 Millipore Cat# MAB345; RRID: AB_11213138

Chemicals, Peptides, and Recombinant 
Proteins

LY411575 Selleck Chemicals S2714; CAS: 209984-57-6

XAV-939 Selleck Chemicals S1180; CAS: 284028-89-3

Deposited Data

RNA-seq & ChIP-seq data This paper GEO: GSE130628

Experimental Models: Organisms/
Strains

Mouse: Ezh2fl/fl: B6;129S1-
Ezh2tm2Sho/J

Dr. Stuart Orkin Shen et al., 2008

Mouse: EEDfl/fl: B6;129S1-
Eedtm1Sho/J

The Jackson Laboratory RRID: IMSR_JAX: 022727

Mouse: Olig2-Cre: B6.129-
Olig2tm1.1(cre)Wdr/J

Dr. Bennett G. Novitch Dessaud et al., 2007

Mouse: Olig1-Cre: B6;129S4-
Olig1tm1(cre)Rth/J

Dr. Q. Richard Lu Xin et al., 2005

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER

ChIP-qPCR mouse Untr6 This paper Forward: 5′- GCATGAACCACCATACCTAGAC 
Reverse: 5′- TCAGAGGGTGGACATTGGTATT

ChIP-qPCR mouse Jag2 This paper Forward: 5′- TCACCTTGGCCTGGTACTC Reverse: 5′- 
CTGCGCTGCCTTATTTTTAGG

ChIP-qPCR mouse Dll4 This paper Forward: 5′- GATCCAAATCCCCTGGTCCT Reverse: 
5′- AGGATAGGAGGGTAGCCCAG

ChIP-qPCR mouse Lef1 This paper Forward: 5′- TTCGCTCCCAAACTAAACCC Reverse: 
5′- GGAGGTTGGCTGTAGTAGGT

ChIP-qPCR mouse Fzd2 This paper Forward: 5′- TTCTGCCAGCCCATCTCC Reverse: 5′- 
CGCGTACATGGAGCACAG

Recombinant DNA

pBS-mouse Ezh2(1-867bp) This paper For ISH

pBS-mouse Ezh1(1-867bp) This paper For ISH

RCAS-myc-chick Olig2 Dr. Benjamin Deneen Deneen et al., 2006

RCAS-HA-mouse NFIA Dr. Benjamin Deneen Deneen et al., 2006

Software and Algorithms

ImageJ https://imagej.nih.gov/ij/ Java 1.8.0_112

GraphPad Prism https://www.graphpad.com/scientific-
software/prism/

Version 5.0f

STAR Dobin et al., 2013 Ver 2.6.0

QualiMap García-Alcalde et al., 2012 Ver 2.2.1

FeatureCounts Liao et al., 2014 Ver 1.6.2

EdgeR Robinson et al., 2010 N/A

DAVID Huang et al., 2009 Ver 6.8

Bowtie2 Langmead and Salzberg, 2012 N/A

Picard http://broadinstitute.github.io/picard/ V.2.8.3-7

MACS2 Zhang et al., 2008 V. 2.1.1

BEDOPS Neph et al., 2012 V. 2.4.23
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