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Abstract

The generation of neocortical neurons from neural progenitor cells
(NPCs) is primarily controlled by transcription factors binding to
DNA in the context of chromatin. To understand the complex layer
of regulation that orchestrates different NPC types from the same
DNA sequence, epigenome maps with cell type resolution are
required. Here, we present genomewide histone methylation maps
for distinct neural cell populations in the developing mouse
neocortex. Using different chromatin features, we identify poten-
tial novel regulators of cortical NPCs. Moreover, we identify exten-
sive H3K27me3 changes between NPC subtypes coinciding with
major developmental and cell biological transitions. Interestingly,
we detect dynamic H3K27me3 changes on promoters of several
crucial transcription factors, including the basal progenitor regula-
tor Eomes. We use catalytically inactive Cas9 fused with the
histone methyltransferase Ezh2 to edit H3K27me3 at the Eomes
locus in vivo, which results in reduced Tbr2 expression and lower
basal progenitor abundance, underscoring the relevance of
dynamic H3K27me3 changes during neocortex development. Taken
together, we provide a rich resource of neocortical histone methy-
lation data and outline an approach to investigate its contribution
to the regulation of selected genes during neocortical develop-
ment.
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Introduction

The neocortex is the evolutionary youngest part of the mammalian

brain and is considered to be the seat of higher cognitive functions

in humans. Neocortical neurons result from balanced proliferative

and differentiative divisions of diverse types of neural stem and

progenitor cells—a process termed neurogenesis. Differences in

proliferative capacity, abundance of NPC subtypes and their lineage

relationships are thought to underlie interspecies differences in

neuron number and neocortex size (Lui et al, 2011; Borrell & Reillo,

2012; Florio & Huttner, 2014; Silver, 2016).

During early development, the neural tube is formed by neuroep-

ithelial cells (NECs), which undergo symmetric, proliferative divi-

sions generating two daughter stem cells (Götz & Huttner, 2005;

Taverna et al, 2014). With the switch to neurogenesis, NECs are

replaced by apical radial glia (aRG), which are characterized by

their ability to self-renew and to generate neurons, either directly or

indirectly through basal progenitors (BPs). The aRG cell bodies

reside in the ventricular zone (VZ), whereas long basal processes

contact the basal lamina (Götz & Huttner, 2005; Lui et al, 2011;

Taverna et al, 2014). BPs have delaminated from the ventricular

surface and their cell bodies reside in the subventricular zone (SVZ;

Lui et al, 2011; Florio & Huttner, 2014). Two types of BPs, which

both produce neurons, can be distinguished: basal intermediate

progenitors (bIP) and basal radial glia (bRG). Whereas bIPs lack

apical–basal polarity, bRGs have long basal processes contacting the

basal lamina. Finally, newborn neurons migrate along the radial

fibers to settle within the cortical plate (Götz & Huttner, 2005; Lui

et al, 2011; Taverna et al, 2014).

Recent genomewide transcriptome studies in different mamma-

lian species [reviewed in Silver (2016) and Florio et al (2016)] have

uncovered gene expression signatures that specify neural cell type

identities and underlie differential cortical progenitor behavior.

Epigenetic information, in concert with transcription factors (TFs),

enables the same primary DNA sequence to confer different identi-

ties to different cell types. Epigenetic systems, including modifi-

cations of DNA and histones, histone variants, and non-coding

RNAs, play essential roles as facilitators of cell fate transitions

during development. Transcriptome analyses suggested that non-

coding RNAs control corticogenesis by tuning the expression of

genes involved in proliferation and cell fate determination (Aprea

et al, 2013; Arcila et al, 2014).

Histone modifications constitute a major epigenetic regulatory

system. However, with regard to the development of the neocortex,
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histone modifications have so far only been annotated on bulk brain

tissues and genomewide cell type-specific histone methylation maps

of the neocortex are lacking. Such data are required to reveal the

complex layer of regulation that orchestrates diversity of NPC types

from the same underlying genomic information.

Tri-methylation of histone 3 at lysine 4 (H3K4me3) and lysine 27

(H3K27me3) have been intensely studied and shown to exert major

functional roles. H3K27me3 is a hallmark of Polycomb group (PcG)-

associated transcriptional gene silencing (Comet et al, 2016). During

neocortical development, PcG complexes were shown to contribute

to the regulation of the balance between self-renewal and differenti-

ation of NPCs (Pereira et al, 2010; Egan et al, 2013) and to neuronal

subtype specification (Morimoto-Suzki et al, 2014). Moreover, PcGs

control the transition from neurogenesis to gliogenesis (Hirabayashi

et al, 2009; Pereira et al, 2010; Sparmann et al, 2013). From these

studies, a few Polycomb-regulated genes contributing to the

observed phenotypes have emerged, including the neuronal TF

Fezf2 (Morimoto-Suzki et al, 2014) and the glial marker Gfap

(Sparmann et al, 2013).

In contrast to H3K27me3, H3K4me3 has been linked to active

transcription (Schubeler et al, 2004) and marks the majority of genes

in embryonic stem cells (ESCs; Bernstein et al, 2006; Mikkelsen

et al, 2007; Mohn et al, 2008). In addition to H3K4me3, many genes

encoding developmental regulators also carry H3K27me3 in ESCs,

resulting in a “bivalent” state, which has been hypothesized to keep

future lineage choices open (Bernstein et al, 2006; Voigt et al, 2013).

It remains unclear, however, how dynamic H3K4me3 and

H3K27me3 changes are in the context of the rapid cellular transitions

during neocortex development, and whether and how bivalency is

used by diverse NPC populations during cortical lineage progression.

To date, the contribution of histone methylation to neurogenesis

has been mainly investigated by genetic studies of histone-

modifying enzymes, typically affecting methylation at hundreds to

thousands of downstream target genes. However, with technological

advances in epigenome editing tools, the investigation of histone

methylation at any genomic site of interest is within reach. Several

proof-of-principle studies in tissue culture cells have shown that

editing of histone and DNA methylation is possible and results in

targeted transcriptional activation or repression, depending on the

chosen effector protein (reviewed in Thakore et al 2016). Two

recent seminal studies have achieved targeted DNA methylation

editing in the developing mouse neocortex (Liu et al, 2016; Morita

et al, 2016), opening avenues to manipulate epigenetic modifi-

cations in vivo.

Here, we have set out to resolve histone methylation dynamics

in vivo in different neocortical cell populations. We describe genome-

wide H3K4me3 and H3K27me3 with cell type resolution in the devel-

oping mouse neocortex. Moreover, we establish H3K27me3 editing

in the developing brain and apply it to investigate the functional rele-

vance of H3K27me3 dynamics at a key regulator of cortical NPCs.

Results

Profiling histone methylation in the developing mouse neocortex

To characterize histone methylation dynamics in the developing

mouse neocortex, we isolated various neural cell populations

exploiting a combination of morphological features and molecular

markers together with fluorescent activated cell sorting (FACS;

Florio et al, 2015). NECs were purified from the dorsolateral telen-

cephalon of embryonic day (E) 9.5 mouse embryos based on posi-

tivity for the apical plasma membrane marker Prom1 and negativity

for Tis21-GFP, specifically marking progenitors undergoing differen-

tiative divisions (Haubensak et al, 2004; Fig 1A). At mid-neurogen-

esis (E14.5), we isolated aRG contacting both the ventricular surface

and the basal lamina by Prom1 staining and basal application of the

fluorescent membrane dye DiI (Florio et al, 2015). aRG were further

distinguished by the absence and presence of Tis21-GFP expression

into proliferative aRG (aRG-P) and aRG committed to the neurogenic

lineage (aRG-N) constituting nascent BPs. Moreover, we included

bRG as representative of BPs. Even though bRG are less abundant

than bIPs in mouse, their basal processes facilitated isolation by

basal application of DiI. Moreover, bRG and bIPs are largely similar

in their gene expression in mouse (Florio et al, 2015). bRG were

distinguished from neurons using the transgenic Tubb3-GFP mouse

line, in which GFP is expressed specifically by neurons (Attardo

et al, 2008).

In all, we have isolated five neural cell populations (Fig 1A). To

confirm the identity of isolated populations, we performed RT–qPCR

of known cell type markers (Appendix Fig S1) and, in addition,

generated RNA-seq data for NECs, which we compared to previ-

ously reported data from E14.5 cell populations (Florio et al, 2015).

Next, we performed ChIP-sequencing (ChIP-seq) for H3K4me3

and H3K27me3, adapting a protocol for small cell numbers (see

Materials and Methods) using two biological replicates of batches of

50,000 sorted cells. For each of the neural cell populations, we

confirmed that H3K4me3 was enriched at highly expressed genes

with the known bimodal peak shape around the TSS, whereas

H3K27me3 was enriched across silent or lowly expressed genes

(Appendix Fig S2). For constitutively expressed housekeeping (Hprt)

or constitutively repressed alternative lineage (Cdx2, Gata2) genes,

our ChIP-seq data recapitulated ENCODE results generated by

conventional ChIP-seq on whole E14.5 brain (Fig 1B and C). More-

over, our data set enabled us to resolve cell type-specific histone

methylation patterns. Neural stem cell (NSC) genes like Sox2 and

Hes1 display high levels of H3K4me3 in NECs and aRG, in which

they are highly expressed, while H3K4me3 levels decline and

H3K27me3 levels increase with ceasing expression (Fig 1B and C).

The NPC TFs Btg2, Neurog2, and Eomes show dynamic H3K4me3,

and in particular, Eomes displays highly dynamic H3K27me3 levels.

These NPC genes show highest expression in aRG-N (Florio et al

2015; Fig 1C), in which H3K27me3 is absent from their promoters.

Finally, the promoters of neuronal markers, like Tubb3 and Satb2,

gradually acquire H3K4me3.

The ChIP-seq data were highly reproducible between biological

replicates (Appendix Fig S3) and were validated by two independent

ChIP-qPCR experiments for selected genes (Appendix Fig S4). Taken

together, we have generated high-quality H3K4me3 and H3K27me3

ChIP-seq maps with cell type resolution of the developing mouse

neocortex.

Bivalent genes in neural lineage progression

We then identified genes with significant histone methylation peaks

at their TSS using the MACS2 program (Fig 2A; Datasets EV1–EV3).
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Figure 1. Histone methylation patterns in defined cortical progenitor cell types and neurons.

A Schematic overview of the transgenic mouse lines and markers used to isolate distinct neural progenitor cell types and neurons from the developing mouse neocortex
(Florio et al, 2015): NECs at E9.5; aRG-P, aRG-N, bRG, and neurons (N) at E14.5 (collectively referred to as defined neural cell populations). Dashed red lines in the
brain cartoons indicate dissected area.

B H3K4me3 (green) and H3K27me3 (red) ChIP-seq signals around selected TSS (� 2 kb) in the defined neural cell populations. Genes were selected to represent the
distinct cell states indicated on top. For comparison, E14.5 whole-brain (Brain) ChIP-seq profiles from ENCODE/LICR are shown.

C mRNA expression of genes shown in (B), analyzed by RNA-seq. RNA-seq data for RG and neurons are from Florio et al (2015), and those for NEC were determined
here. Error bars represent SD of four or five biological replicates.
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We first asked which genes are marked by H3K27me3 in the neural

lineage. Gene ontology (GO) analyses revealed that genes marked

by H3K27me3 in all the defined neural cell types are enriched for

genes critical for the development of other organs, including the

digestive tract, reproductive organs, and skeletal system, which are

silenced in the brain (Appendix Fig S5A). In addition, several genes

expressed in the oligodendrocytic lineage are also marked by

H3K27me3, whereas genes characteristic for astrocytes do not carry

H3K27me3 (Appendix Fig S6, see our data and ENCODE data). This

is in agreement with previous reports indicating that astrocyte-

specific genes are regulated by DNA methylation in NPCs (Fan et al,

2005; Hatada et al, 2008).

In each of our defined neural cell populations, we found that

more than half of the genes with H3K27me3 also carried H3K4me3

(Appendix Fig S5B and C), that is, were “bivalent” (Bernstein et al,

2006; Mikkelsen et al, 2007). Bivalent domains are thought to be

less abundant in differentiated cells (Mikkelsen et al, 2007; Burney

et al, 2013). In line with this, we found that ~80% of H3K27me3-

positive genes were bivalent in NECs before the onset of neurogene-

sis, whereas with developmental progression numbers dropped to

< 60% in RG. Notably, numbers did not drop further in neurons,

indicating that these post-mitotic cells maintain a substantial

number of bivalent domains.

In ESCs, many bivalent genes encode TFs of developmental

importance (Bernstein et al, 2006). The resolution of genes that

are bivalent in ESCs to an H3K4me3-positive state in ESC-derived

differentiated cells has been exploited to discover novel regulators

in cell lineages of interest (Lien et al, 2011). We therefore

assessed the histone methylation dynamics of previously identified

ESC-bivalent genes (Mikkelsen et al, 2007; Mohn et al, 2008)

during neocortical development. While a large fraction of ESC-

bivalent genes remains bivalent in NECs at E9.5, many ESC-

bivalent genes are resolved during lineage progression to neurons

at E14.5 (Fig 2B). Genes that are resolved to H3K27me3 are

involved in the development of other organs (Fig 2C), whereas

genes that are resolved to H3K4me3 are related to “nervous

system development”, “cell adhesion”, and “cell surface signal-

ing”. Among the genes that are resolved to an H3K4me3-positive

state in the neural lineage are many known key regulators of

neurogenesis, including the TFs Sox9, Fezf2, Foxg1, and Neurog2,

as well as many as yet uncharacterized genes (Dataset EV4) that

may represent novel regulators of cortical development awaiting

future exploration.

Notably, ESC-bivalent genes that remained bivalent in neurons

at mid-neurogenesis were enriched for genes involved in neuron

differentiation, specifically “action potential”, “ion transport”,

“memory”, and “locomotor behavior” (Fig 2D; Burney et al,

2013). We therefore hypothesized that these genes may be poised

for activation during later stages of neuronal maturation. To inves-

tigate this possibility, we examined recently published transcrip-

tomes of various pyramidal neuron subtypes across cortical

development (Molyneaux et al, 2015). This analysis revealed low

average expression (< 1 FPKM) of the described neuron-bivalent

genes at E15, which, however, significantly increased in postnatal

neurons of different subtypes (Fig 2E; Appendix Fig S5D and E).

Among the genes that were bivalent in neurons at E14.5 and

increased expression postnatally were several calcium channel

subunits (Cacna1g, Cacna2d3, and Cacng2), the glutamate receptor

channel subunit NMDA1 (Grin1), the neuromodulator neuro-

peptide Y (Npy), and the extracellular matrix glycoprotein reelin

(Reln).

Taken together, genes marked by bivalent histone marks in

neurons are expressed at subthreshold levels during development,

but show increased expression with postnatal neuronal matura-

tion. This suggests that bivalent marking in post-mitotic neurons

helps to maintain genes responsive to developmental cues, as has

been previously proposed for various stem cell types (Voigt et al,

2013).

Genes with broad H3K4me3 domains are enriched for neural cell
type regulators

In addition to bivalent domains, another feature of chromatin has

recently been used to identify novel cell type regulators—that is,

H3K4me3 domain breadth (Benayoun et al, 2014). In various cell

types, the genes with the 5% broadest H3K4me3 domains were

characteristic for the identity and function of that specific cell type.

We applied the same approach to the defined neural cell popula-

tions and identified many TFs, epigenetic regulators, and non-

coding RNAs as well as many uncharacterized genes (Fig 3A–C;

Dataset EV5). Of the genes with broad H3K4me3 domains, 166 were

common to all five cell types, including the TFs Myc, Foxp1, and

Foxp4 and the non-coding RNAs Malat1 and Mir99b. Genes with

these shared broad domains showed enrichment for general GO

terms like “regulation of transcription” and “RNA splicing”

(Fig 3D).

In addition to shared broad H3K4me3 domains, NECs were

distinguished by 206 NEC-specific broad H3K4me3 domains. The

related genes showed enrichment for the GO term categories

“segment specification”, “embryo development”, and “nervous

system development” (Fig 3D). Notably, most genes with NEC-

specific broad H3K4me3 domains were linked by co-expression rela-

tionships, suggesting that they may be functionally related

(Appendix Fig S7A). The four neural cell populations isolated at

E14.5 were highly similar and yielded only a few genes with cell

type-specific broad H3K4me3 domains (Fig 3A), among which were

Neurod1 (Pataskar et al, 2016) and Mir99a for aRG-N and Myt1l and

Tubb3 for neurons.

Next, we compared the genes with broad H3K4me3 domains

in the defined neural cell populations with previously identified

genes implicated in various distinct cell lineages (Fig 3E; Dataset

EV6). In NECs, the set of the 5% broadest H3K4me3 domains

showed the strongest enrichment for the gene lists “NPC regula-

tors” and “neuron differentiation”. In line with their role as earli-

est and least committed stem cells in the neural lineage, NECs

also showed enrichment of other embryonic and stem cell gene

lists including “ESC regulators”, “embryo”, and “heart and vascu-

lature”. With neural lineage progression, the genes with the

broadest H3K4me3 domains became specifically enriched for

“neuron differentiation” genes. For each of the five defined neural

cell populations, the 5% broadest H3K4me3 domains showed the

greatest enrichment for these gene sets, underscoring the validity

of the approach.

Genes marked by the broadest H3K4me3 domains were shown to

exhibit enhanced transcriptional consistency rather than increased

transcriptional levels (Benayoun et al, 2014). Indeed, the genes with
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the top 5% broadest H3K4me3 domains showed significantly

reduced variance in gene expression compared to the remaining

genes in all five neural cell populations (Fig 3F).

Taken together, we have used H3K4me3 domain breadth as a

tool to discover potential cortical regulators (Dataset EV5). Some

of the identified genes are well-known players in brain
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Figure 2. Genes that are bivalent in embryonic neurons are primed for expression during postnatal neuronal maturation.

A Venn diagrams showing the numbers of genes with significant H3K4me3 peaks, H3K27me3 peaks, or both, for each of the defined neural cell populations.
B The genes that were previously identified to be bivalent in mouse ESC (Mikkelsen et al, 2007; Mohn et al, 2008; n = 2,491, yellow) were analyzed for the percentage

of H3K4me3 (green), H3K27me3 (red), bivalent (yellow), or no modifications (gray), in the defined neural cell populations, that is, during neural lineage progression.
C GO term enrichment analysis of those ESC-bivalent genes that are resolved to either H3K27me3 (top) or H3K4me3 (bottom) in NECs (left) or up to neurons (right), as

shown in (B). The five GO term clusters with the lowest P-value are shown (category: biological process). The number of genes present in the tested list over the
number of genes in the reference gene set is indicated within the bars. The P-value is given next to each bar. Example genes present in the four groups are given
below each graph.

D GO term enrichment analysis of ESC-bivalent genes that remain bivalent in E14.5 neurons.
E The genes marked by H3K27me3 (red), bivalent genes (yellow), and the genes marked by H3K4me3 (green) in E14.5 neurons (see B) were analyzed for their mRNA

expression shown as box plots (expressed in FPKM) during subsequent neuronal differentiation in specific neuron subpopulations at E15 and postnatal day 1 (P1),
using the data of Molyneaux et al (2015); CPN, callosal projection neurons; ScPN, subcerebral projection neurons; CThPN, corticothalamic projection neurons. Boxes
represent first quartile (bottom), median, and third (top) quartile; whiskers refer to 10th and 90th percentiles. Log scale was used to facilitate viewing of FPKM values
in the lower range. Significance was calculated using a Kruskal–Wallis test; **P < 0.01; ***P < 0.0001.
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development, including seven out of the eleven known

induced neural stem cell reprogramming factors (Appendix Fig

S7B and C; Dataset EV6), whereas many of the other identified

genes await future investigation regarding their role in

neurogenesis.

Histone methylation changes during neurogenesis

To compare the distribution of histone methylation across the

entire genome among the defined neural cell populations, we

performed principal component analysis (PCA). Regarding
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H3K4me3, the five cell populations were positioned along PC1

according to the known progression of the neural lineage (Fig 4A

and Appendix Fig S8A). In contrast, PCA for H3K27me3 revealed

three different groups: NECs were separate from aRG-P and aRG-

N, which clustered together, and those three populations were

separate from bRG and neurons, which were also close together

(Fig 4B and Appendix Fig S8B). This suggests that there are two

transitions with respect to the genomic distribution of H3K27me3

during neocortical lineage progression: the first between NECs at

E9.5 and aRG at E14.5, and the second between apical and basal

RG. Notably, comparison of transcriptome data identified most dif-

ferentially expressed genes for the same two transitions

(Appendix Fig S9A–D).

Next, we asked whether transitions in H3K27me3 correlated

with gene expression differences. For the first major transition in

H3K27me3 from E9.5 NECs to E14.5 aRG-P (Fig 4C and D), genes

losing H3K27me3 were expressed at higher levels in all the four

cell populations at E14.5 compared to E9.5 NECs, whereas gain of

H3K27me3 did not result in immediate overall gene expression dif-

ferences (Fig 4E). Likewise, for the second transition in H3K27me3

from apical (aRG-N) to basal (bRG) progenitors (Fig 4F and G),

genes losing H3K27me3 were expressed at higher levels in bRG

and neurons as compared to aRG-N, whereas gain of H3K27me3

did not significantly reduce gene expression (Fig 4H). In contrast,

changes in H3K27me3 among other cell populations were not

predictive of global gene expression differences (Appendix Fig S9E

and F).

Taken together, differences in the genomic distribution of

H3K27me3 highlight two major transitions in neocortical develop-

ment. The first transition characterizes the developmental progres-

sion from the earliest neural progenitors before the onset of

neurogenesis to more committed aRG at mid-neurogenesis. The

second transition occurs between apical and basal RG, which in

mouse is characterized by the loss of ventricular contact and

reduced proliferative capacity. These transitions in H3K27me3

distribution are accompanied by global gene expression changes

and may thus facilitate cell type transitions.

Dynamic H3K27me3 in closely related neural cell populations

Next, we were interested to find out whether H3K27me3 also under-

goes transient changes, in addition to the unidirectional loss and

gain described above. In particular, we aimed at identifying genes

that show a transient decrease in H3K27me3 in the closely related

neural cell populations at E14.5, potentially involved in subpopula-

tion-specific induction of gene expression. We first filtered for genes

with a significant H3K27me3 peak in aRG-P and neurons (based on

Dataset EV1) to identify genes that could potentially undergo a tran-

sient decrease in H3K27me3. To then quantitatively compare

H3K27me3 levels among the E14.5 populations, we calculated an

enrichment score for each gene (Pataskar et al, 2016). Secondly,

using this enrichment score, we filtered for genes with an enrich-

ment > 0.5 in aRG-P and neurons to select genes with high levels of

H3K27me3. Lastly, we filtered for genes which showed a more than

1.5-fold decrease in H3K27me3 enrichment from proliferative to

neurogenic aRG. We found 50 such genes undergoing transient loss

of H3K27me3 in the E14.5 neural cell populations (Fig 5A and B).

For six of these 50 genes, transient decrease in H3K27me3 levels

correlated with significantly increased mRNA expression levels

(Fig 5C). Among the genes with transient decrease in H3K27me3

and concomitant increase in gene expression were several TFs with

known functions in neocortex development like Eomes, Pou3f2,

Sox6, Dmrta2, and Neurog1. Moreover, GO term enrichment analy-

sis also indicated that genes with dynamic H3K27me3 showed

enrichment for the categories “cell proliferation forebrain”, “cell fate

commitment”, and “transcription” (Fig 5D), suggesting that histone

methylation dynamics may contribute to the regulation of key devel-

opmental regulators of neocortex development.

To further test this possibility, we selected one of the genes for

more detailed analysis of gene expression and histone methylation

dynamics. We chose Eomes (Fig 6A), which expresses the key BP

regulator Tbr2 and is implicated in the transition of aRG into BPs

(Arnold et al, 2008; Sessa et al, 2008). Eomes mRNA is highly

expressed in aRG-N (both at E12.5 and E14.5), remains expressed at

intermediate levels in bIP, and is downregulated in neurons (Figs 1C

and 6B; Florio et al, 2015). To confirm the ChIP-seq data for Eomes,

we performed two independent ChIP-qPCR experiments (using

50,000 cells each) and also added additional cell populations includ-

ing E12.5 aRG-P and aRG-N as well as E14.5 bIP (Fig 6C and D),

which is the main cell type expressing Tbr2 protein in mouse. The

Eomes locus is initially marked by H3K27me3 in NECs. H3K27me3

levels decline from aRG-P to aRG-N with a concomitant increase in

H3K4me3 levels (both at E12.5 and E14.5). In accordance with inter-

mediate Eomes mRNA expression in bIP (Fig 6B; Florio et al, 2015),

H3K4me3 levels are lower and H3K27me3 higher in bIP than in

aRG-N. Eventually, high H3K27me3 levels are re-established and

◀ Figure 3. Genes with broad H3K4me3 domains at their TSS are enriched for neural cell type regulators.

A Breadth distributions of H3K4me3 ChIP-seq peaks at TSS (� 2 kb) in the defined neural cell populations. The 5% broadest H3K4me3 peaks are highlighted in dark
green for each cell type, with the number of such genes shown in the bottom right corner of each graph. The numbers of genes that are specific to one cell type and
a number of example genes are shown in the top right corner. The numbers of genes that are found in all of the defined neural cell populations or in the four E14.5
neural cell populations and a number of example genes are shown in the gray bars below the graphs.

B Example ChIP-seq tracks for genes with broad H3K4me3 peaks. Black lines above each track indicate significant peaks (called with MACS2). Arrows indicate TSS. Note
that for the ChIP-seq data for Tubb3, a larger region around the TSS is shown than in Fig 1B.

C mRNA expression for genes shown in (B), analyzed by RNA-seq. Error bars represent SD of four or five biological replicates.
D GO term enrichment analysis of genes marked by broad H3K4me3 peaks in NECs (top), all radial glia (RG) plus neurons (N, middle), or all cell types (bottom). The five

GO term clusters with the lowest P-value are shown (category: biological process).
E For each neural cell type shown, previously identified genes implicated in different biological categories (see Dataset EV6) were plotted against H3K4me3 peak

breadth, binned into 5% quantiles. Significance of enrichment is presented as �log10(P-value) and was calculated using Fisher’s exact test.
F Transcriptional variability of genes with the top 5% broadest H3K4me3 domains compared to remaining genes (0–95% H3K4me3 domains), based on RNA-seq data.

Significance was calculated with a Wilcoxon rank sum test with continuity correction and is < 2.2e-16 for all cell types. Boxes represent first quartile (Q1, bottom),
median, and third quartile (Q3, top); whiskers refer to 1.5 × IQR (interquartile range); dots represent outliers.
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D mRNA expression for genes shown in (C), analyzed by RNA-seq.
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H3K4me3 levels become reduced in neurons. Collectively, Eomes

mRNA is only expressed in those neural cell populations in which

H3K4me3 levels predominate over H3K27me3.

Editing of H3K27me3 in the developing neocortex

To investigate whether H3K27me3 changes at the Eomes locus are

instrumental to the regulation of gene expression and lineage

progression in the developing neocortex, we established a CRISPR/

Cas9-based system (Thakore et al, 2016) that allows targeted editing

of H3K27me3 in vivo. To edit histone methylation at the Eomes

locus, we first designed and tested several guide RNAs (gRNAs;

Appendix Fig S10A–C; Dataset EV7) targeting the two CpG islands

located close to the Eomes TSS (Fig 7A). We selected CpG islands

for targeted editing because PcG complexes (mediating H3K27me3)

are known to primarily localize to CpG islands, and induced de novo

binding of PcG complexes has been shown to be restricted to CpG

islands of untranscribed genes (Mendenhall et al, 2010; Riising

et al, 2014). For in vivo epigenome editing, we started with a

construct that encodes a gRNA, Cas9, and a fluorescent reporter and

that we had previously applied successfully for gene disruption in

the embryonic mouse neocortex (Kalebic et al, 2016). With this

construct as template, we introduced two mutations into Cas9 to

render it nuclease-deficient (dCas9; Qi et al, 2013) and fused it via

its C-terminus to the H3K27me3 histone methyltransferase Ezh2,

using a previously described linker (Kearns et al, 2015). Several

variant constructs for in vivo epigenome editing were

generated, each encoding a specific gRNA and dCas9-Ezh2-T2A-

PaprikaRFP (Fig 7B). A gRNA targeting LacZ (gLacZ) was used as

control (Kalebic et al, 2016). For targeting of the Eomes locus,

two constructs, each expressing one gRNA targeting one of the

CpG islands (gRNA2 or gRNA4), were combined (referred to as

gEomes).

To achieve in vivo epigenome editing and thereby counteract

the dynamic reduction in H3K27me3 in aRG-N and bIP, the

constructs were delivered into aRG by in utero electroporation

(IUE) at E13.5 and the effects analyzed at E15.5 in the progeny of

electroporated aRG (Fig 7B). Upon IUE of gEomes, the proportion

of Tbr2-positive cells among the targeted cells (revealed by Papri-

kaRFP) was significantly reduced in the VZ and SVZ, as compared

to the gLacZ control (Fig 7C and D; Appendix Fig S10D and E). To

exclude that the reduction in Tbr2 expression was due to steric

hindrance caused by dCas9-Ezh2 binding near the Eomes promoter

rather than actual epigenome editing, we also electroporated a

construct with two point mutations in the Ezh2 SET domain

(dCas9-Ezh2*), which render its histone methyltransferase domain

inactive (Muller et al, 2002). IUE of dCas9-Ezh2* did not result in

a reduction in the proportion of Tbr2-positive cells (Fig 7C and D;

Appendix Fig S10D and E), suggesting that our system induces

gene repression through deposition of repressive H3K27me3

marks.

Deletion of Eomes in the developing mouse neocortex has previ-

ously been shown to reduce the abundance of BPs (Arnold et al,

2008; Sessa et al, 2008). To assess whether BPs were also affected
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B Example ChIP-seq tracks for genes with dynamic changes in H3K27me3 in E14.5 neural cell populations. Arrows indicate TSS.
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upon manipulation of epigenetic regulation of the Eomes locus, we

analyzed basal mitoses using the mitotic marker phospho-histone 3

(PH3). Indeed, 48 h after gEomes dCas9-Ezh2 IUE, basal mitoses

among the targeted cells were significantly reduced compared to

gLacZ control, whereas apical mitoses were unaffected (Fig 7E and

F). Thus, forced persistence of repressive histone methylation

targeted to a major BP-regulating locus recapitulated phenotypic

outcomes previously observed upon genetic disruption of the same

locus (Arnold et al, 2008; Sessa et al, 2008; Kalebic et al, 2016).

Together with the highly dynamic histone methylation pattern

observed at the Eomes locus (Fig 6), these data suggest that epige-

netic modifications contribute to the regulation of this key lineage

regulator in the developing neocortex.

To corroborate that H3K27me3 levels were indeed altered upon

IUE of dCas9-Ezh2, we performed ChIP-qPCR in electroporated

(PaprikaRFP+) neurogenic (Tis21-GFP+) NPCs purified by FACS

(25,000 cells per condition). H3K27me3 levels were found to be

significantly increased around the Eomes TSS (Fig 7A) upon gEomes

dCas9-Ezh2 IUE compared to gLacZ dCas9-Ezh2 control, but not

upon gEomes dCas9-Ezh2* IUE (Fig 7G). H3K27me3 levels were not

increased at the non-targeted Actb TSS. Thus, the CRISPR/Cas9-

based in vivo epigenome editing system established here achieves

targeted deposition of H3K27me3 in NSCs of the embryonic neocor-

tex, opening up avenues to unravel the role of histone methylation

at selected loci in the developing brain.

Discussion

The present epigenome data provide insights into the dynamics of

histone methylation in the developing mouse neocortex and consti-

tute a resource for future epigenetics studies. Studies of cortical

NPCs have long been hampered by the lack of specific markers for

the isolation of NPC subpopulations. The recent development of a

cell polarity-based approach (Florio et al, 2015) and technological

advances in ChIP-seq methods from small samples have allowed us

to resolve histone methylation differences between various cortical

NPC subtypes.

We have used two chromatin features, namely activated ESC-

bivalent domains (Lien et al, 2011) and broad H3K4me3 domains

(Benayoun et al, 2014) to identify potential novel regulators of

cortical NPCs available for future exploration. It is interesting to

note that several chromatin factors (including the PcG proteins

Eed and Pcgf2/Bmi1 (Zencak et al, 2005), the H3K4 histone

methyltransferase Kmt2d/Mll2, the chromatin remodelers Chd1

and Chd3, the high mobility group protein Hmga1 (Kishi et al,

2012), and the heterochromatin protein Cbx5/Hp1), are among

the genes with the broadest H3K4me3 domains, denoting them as

central players in neocortical NPC regulation. The importance of

the regulation of the epigenome by enzymes modifying

H3K27me3 (like EZH2) and H3K4me3 (like MLL2, UTX, and

SETD1A) is also highlighted by mutations in the related genes in
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Figure 6. Histone methylation at the mouse Eomes locus undergoes dynamic changes during neocortex development.

A H3K4me3 (green) and H3K27me3 (red) ChIP-seq tracks at the mouse Eomes locus in the defined neural cell populations. Note that a larger region showing the
entire Eomes locus is shown, compared to the TSS in Fig 1B.

B Time course of Eomes mRNA expression in the defined neural cell populations at E9.5, E12.5, and E14.5, as determined by RT–qPCR.
C, D Time course of the level of H3K4me3 (C) and H3K27me3 (D) at the Eomes locus as determined by ChIP-qPCR in the defined neural cell populations at E9.5, E12.5,

and E14.5. The amount of DNA obtained after ChIP-qPCR using control IgG was < 0.5% of the input DNA for all cell populations. The location of the primers used
for ChIP-qPCR is indicated in (A).

Data information: Error bars represent SD of three qPCR amplifications. Similar results were obtained in at least three (B) or two (C, D) independent experiments.
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human patients with neurodevelopmental disorders (Mastrototaro

et al, 2017).

Bivalent domains have received much attention as they mark

lineage regulators in pluripotent ESCs (Voigt et al, 2013). Subse-

quent studies have shown that they are also present during develop-

ment (Vastenhouw et al, 2010) and, at much lower prevalence, in

differentiated cells and adult stem cells (Mikkelsen et al, 2007; Voigt

et al, 2013). As ChIP-seq is currently performed on cell populations

rather than single cells, the existence of true bivalent domains at

single alleles has been questioned. Using different strategies, the

presence of bivalent domains has recently been confirmed at indi-

vidual alleles of key regulatory genes in different cell types (Kinkley

et al, 2016; Lorzadeh et al, 2016; Weiner et al, 2016). Although we

cannot rule out the presence of H3K4me3 and H3K27me3 in dif-

ferent cells of the population, we have isolated different NPC

subpopulations to minimize cellular heterogeneity. We find that a

substantial number of genes is marked by bivalent modifications in

cortical NPCs and, more strikingly, also in neurons of the develop-

ing neocortex. Analysis of neuronal transcriptomes revealed that

many of the genes that are bivalent in embryonic neurons are

expressed later during postnatal neuron maturation. Thus, our data

suggest that the concept of bivalent gene poising in stem and

progenitor cells extends to post-mitotic neurons in the developing

neocortex.

During neocortical development, we observed major H3K27me3

re-arrangements marking two important transitions among NPC

types: Firstly, from NECs to aRG, and secondly, from apical to basal

RG. NECs and aRG share several cell biological properties: Both

exhibit apical–basal polarity and are highly proliferative and their

nuclei undergo interkinetic nuclear migration. However, with the

transition from NECs to aRG, specific subcellular features change,

glial hallmarks appear and progenitor fate becomes more restricted

(Götz & Huttner, 2005; Taverna et al, 2014). With the switch to

neurogenesis, several tight junction-associated genes (e.g., several

Claudins) acquire a more repressive chromatin configuration,

whereas the genes encoding the glial-specific glutamate transporter

(Slc1a3/Glast) and the brain lipid-binding protein (Fabp7/Blbp)

convert to an active chromatin state. Moreover, bRG in mouse were

previously shown to be more closely related to neurons than to aRG

based on their gene expression profile (Florio et al, 2015), and here,

we find that this is mirrored in their genomewide H3K27me3

pattern.

In addition to unidirectional loss and gain of H3K27me3, a

number of genes, many of which are neural TFs, transiently

decrease H3K27me3 levels among closely related neural cell popula-

tions. As these changes likely occur within one cell cycle, it is

conceivable that the H3K27me3 mark is actively removed, rather

than progressively lost with DNA replication. Notably, the

H3K27me3-specific histone demethylase Jmjd3 has been implicated

in the activation of neuronal gene expression (Jepsen et al, 2007;

Park et al, 2014).

Previously, it has been shown that ablation of PcG proteins

during neurogenesis induces a shift of NPC fate from self-renewal

toward differentiation (Pereira et al, 2010), indicating that PcG

proteins and associated marks are involved in directing cell fate

decision in the neocortex. Since deletion of PcG proteins affects

thousands of downstream target genes, the underlying mechanism

has been difficult to elucidate. The dynamic histone methylation

profiles at Neurog2 (Hirabayashi et al, 2009) and Eomes, and their

role as important triggers of the neuron differentiation program

render them excellent candidate genes that may contribute to the

observed phenotype. Further support for this hypothesis comes

from our epigenome editing experiment, which underscores that

dynamic changes in H3K27me3 at the Eomes locus are required for

normal neocortex development, and if overruled by forced persis-

tence of H3K27me3 result in phenotypic outcomes observed upon

genetic disruption of the locus.

To enable future functional studies of H3K27me3 at individual

genes, we have established CRISPR/dCas9-based epigenome editing

in the developing neocortex, using Eomes as a model gene. Remark-

ably, editing of H3K27me3 at this single locus was found to be suffi-

cient to reduce Tbr2 expression and basal progenitor abundance. On

a more general note, the methodology for in vivo histone methyla-

tion editing established here can be applied to any genomic locus of

interest and can be adapted to other histone marks, opening

avenues for functional studies of epigenetics in the developing brain

and other organs that are amenable to the delivery of DNA

constructs. Importantly, in vivo epigenome editing uniquely allows

◀ Figure 7. Epigenome editing of Eomes in the developing mouse neocortex.

A Schematic overview of the CRISPR/Cas9-based deposition of H3K27me3 at the Eomes locus. The localization of gRNAs (light blue) and ChIP-qPCR primers (brown) is
indicated.

B Schematic overview (adapted from Kalebic et al, 2016) of the IUE experiments using dCas9-Ezh2.
C Mouse E13.5 dorsolateral telencephalon was in utero electroporated with a plasmid encoding PaprikaRFP and either gLacZ dCas9-Ezh2 (control, top row), gEomes

dCas9-Ezh2 (middle row), or gEomes dCas9-Ezh2* mutant (bottom row), followed by analysis at E15.5 of PaprikaRFP fluorescence (magenta) and Tbr2
immunofluorescence (green) combined with DAPI staining (white). Images represent single optical sections. White boxes indicate areas shown at higher
magnification in the insets. Dotted ellipses indicate examples of nuclei of PaprikaRFP-positive cells. Note the presence of Tbr2 immunoreactivity in the gLacZ dCas9-
Ezh2 control and gEomes dCas9-Ezh2* mutant condition and its reduction upon gEomes dCas9-Ezh2 IUE. Scale bars, 50 lm and 10 lm (insets).

D Quantification of the percentage of dCas9-positive cells that are Tbr2-positive 48 h after gLacZ dCas9-Ezh2 (white, n = 7 IUE experiments), gEomes dCas9-Ezh2 (black,
n = 5), or gEomes dCas9-Ezh2* mutant (gray, n = 4) IUE. The average of all control samples was set to 100%. Data represent mean � SD. **P < 0.005 (Mann–
Whitney U-test); ns, not significant.

E Analysis of PaprikaRFP fluorescence (magenta) and PH3 immunofluorescence (green) combined with DAPI staining (white) following IUE. Dotted ellipses indicate
examples of apical, and arrows of basal, mitotic targeted cells. Images represent single optical sections. Scale bars, 20 lm.

F Quantification of apical and basal dCas9-positive mitoses 48 h after gLacZ (white) and gEomes (black) dCas9-Ezh2 IUE. Data represent mean � SD (n = 9 IUE
experiments). *P < 0.05 (Student’s t-test); ns, not significant.

G ChIP-qPCR analysis of H3K27me3 levels around the TSS of Eomes and an unrelated gene (Actb) after IUE. Electroporated (PaprikaRFP+) neurogenic (Tis21-GFP+) NPCs
were isolated by FACS. Error bars represent SD of biological replicates (n = 4 IUE experiments). Fold changes are relative to respective control. Significance was
calculated using a one-sample t-test on log-transformed fold change values (see Appendix Fig S10F). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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us to investigate the role of regulatory regions in their native

genomic context, and to move from epigenome profiling to under-

standing epigenome function (Stricker et al, 2017).

Materials and Methods

Mice

All experimental procedures were designed and conducted in agree-

ment with the German Animal Welfare Legislation after approval by

the Landesdirektion Sachsen. Animals used for this study were kept

specific pathogen-free at the Biomedical Services Facility (BMS) of

the MPI-CBG. All mice used, wild type, Tis21::GFP knock-in

(Haubensak et al, 2004), and Tubb3-GFP transgenic (Attardo et al,

2008), were congenic and C57BL/6JOlaHsd. Embryonic day (E) 0.5

was set as noon on the day on which the vaginal plug was observed.

Isolation of defined neural cell populations

Isolation of aRG-P, aRG-N, bRG, bIP, and neurons has been previ-

ously described in detail (Florio et al, 2015). Briefly, the cerebral

hemispheres of E14.5 mouse brains were dissected in cold Tyrode

solution and the meninges removed. Each hemisphere was trans-

ferred to pre-warmed (37°C) Tyrode solution and the basal surface

of the dorsolateral cortex labeled with DiI (2 mM in DMSO, Molec-

ular Probes). Hemispheres were cultured for 2 h in DMEM/F12

medium supplemented with N2 and B27 (Life Technologies) in a

whole-embryo culture incubator (HERO culture system; Schenk

et al, 2009) at 37°C in an atmosphere of 60% O2, 5% CO2, 35%

N2, with continuous slow rotation at 8 rpm. Following DiI label-

ing, the dorsolateral neocortex was dissected and a single cell

suspension was produced using the MACS Neural Tissue Dissocia-

tion kit containing papain (Miltenyi Biotec). Cell surface staining

of Prom1 was performed with rat anti-13A4-APC (1:300, eBio-

science, #17-1331-81) in Tyrode solution for 30 min on ice. Rat

IgG1-APC (1:300, eBioscience, #17-4301-81) was used as isotype

control. Cells were collected by centrifugation at 300 × g, resus-

pended in Tyrode solution, and immediately processed by FACS as

described (Florio et al, 2015) on a 4-laser FACS Aria III sorter

(Becton Dickinson) and analyzed using the FACS Diva software

(Becton Dickinson, v8.0).

NECs were isolated from E9.5 Tis21::GFP embryos. The dorsolat-

eral telencephalon was dissected, a single cell suspension produced

and Prom1 staining performed as described for E14.5. Tis21-GFP-

negative, Prom1-positive cells were isolated by FACS. At E12.5,

aRG-P and aRG-N were isolated from Tis21::GFP embryos as

described for E14.5, but omitting the DiI labeling procedure.

ChIP-sequencing

For ChIP-seq, up to 50,000 cells were sorted into microcentrifuge

tubes, filled up to 500 ll with PBS, and fixed in 1% formaldehyde

(Sigma) for 10 min while shaking with 700 rpm at room tempera-

ture (RT). The reaction was stopped by addition of 50 ll 2 M

glycine and incubated for 5 min at RT. To facilitate pelleting of cells,

60 ll fetal bovine serum (FBS) was added (Adli & Bernstein, 2011),

and cells were centrifuged at 1,600 × g for 5 min at 4 °C. Cells were

washed twice with PBS containing 10% FBS, centrifuged for an

additional 1 min to remove residual washing buffer, and resus-

pended in 30 ll lysis buffer containing 1% SDS, 50 mM Tris–HCl

(pH 8.1), 100 mM NaCl, 5 mM EDTA, and protease inhibitors (Com-

plete, Roche). Cells were incubated on ice for 5 min with intermit-

tent brief vortexing. Following brief centrifugation, cell lysates were

stored at �80°C until further processing. For ChIP, samples were

thawed on ice, combined to yield 50,000 cells per sample, and filled

up to 120 ll with lysis buffer. Chromatin was sonicated on a

Covaris S2 in microTUBES with AFA Snap cap for 12 min with 2%

duty cycle, intensity of 3, 200 cycles per burst using frequency

sweeping as power mode and continuous degassing at 4°C. Soni-

cated chromatin was transferred to Low-DNA-binding tubes (Eppen-

dorf). ChIP was performed using the LowCell ChIP kit (Diagenode)

according to manufacturer’s instructions. For each ChIP, 1 ll of the
following antibodies was used: anti-H3K4me3 (Cell Signaling,

9751S) and anti-H3K27me3 (Cell Signaling, 9733S). Pooled input

samples from all cell types were used as control (two replicates).

For ChIP-seq, DNA was purified using the IPure kit (Diagenode)

according to manufacturer’s instructions. DNA was subjected to

NGS library preparation using the MicroPlex Template Preparation

Kit from Diagenode. In brief, DNA was end-repaired and universal

adapters were ligated. Afterward, the libraries were indexed in the

following PCR enrichment step. After bead-based purification (1×

XP Beads, Beckman Coulter), the libraries were size-selected on a

2% E-Gel (Invitrogen), again purified (MinElute Gel Purification

Kit, Qiagen), and quantified by quantitative PCR (KAPA Biosys-

tems). All libraries were equimolarly pooled and subjected to Illu-

mina 75-bp single end sequencing resulting in on average 37.2 Mio

reads.

ChIP-seq analysis

High-quality ChIP-seq reads were tested using fastqc and aligned to

the mouse genome (mm9) with bowtie (Langmead et al, 2009).

Only uniquely mapping best reads (-best -m 1) were reported. Align-

ment duplicates were removed with picardtools markDuplicates.

Peaks were called using MACS2 (Zhang et al, 2008) with “default”

parameters for H3K4me3 and the “broad” peak option for

H3K27me3 (see https://github.com/taoliu/MACS). Replicates were

pooled before calling peaks (see https://github.com/taoliu/MACS).

The cutoff to call significant regions was based on a q-value of 0.05

for both modifications. q-values were calculated from p-values using

the Benjamini–Hochberg procedure. Significant peaks were anno-

tated (ChIPpeakAnno R/Bioconductor; Zhu et al, 2010) using

Ensembl genes v67 as reference. Peaks overlapping � 2 kb of the

TSS (narrow, H3K4me3) or the gene body (broad, H3K27me3) were

assigned to a gene. Enrichment of histone methylation around genes

was plotted using ngs.plot (Shen et al, 2014). The ChIP-seq tracks

were visualized using the UCSC genome browser with a vertical

viewing range of 0 (min) to 10 (max). For viewing purposes,

samples were normalized using a scaling factor for generation of

bigwig files calculated based on the average peak height (deter-

mined by ngs.plot) of all H3K4me3 or H3K27me3 peaks called in a

sample, respectively. For comparative reasons, published whole-

brain E14.5 H3K4me3 (wgEncodeEM002493) and H3K27me3

(wgEncodeEM002725) data were downloaded from ENCODE/LICR

using the UCSC genome browser.
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The genes that were previously identified to be bivalent in mouse

ESC (Mikkelsen et al, 2007; Mohn et al, 2008) were analyzed for

the percentage of H3K4me3, H3K27me3, and bivalency in the

defined neural cell populations. The given numbers represent cumu-

lative percentages, taking only initial histone methylation changes

into account. Functional annotation clustering of genes was

performed using PANTHER version 11.1 (http://www.pantherdb.

org/) by selecting the “Statistical over-representation test” with

default settings, which is based on “PANTHER GO-slim” terms for

“biological processes”. For the analysis of genes with dynamic

H3K27me3 (n = 50 genes), “GO biological process complete” was

used. The statistical analysis of GO enrichment included a Bonfer-

roni correction for multiple testing.

For H3K4me3 breadth analysis, the peaks were sorted based on

the peak width and the distribution of the peak width was then plot-

ted. For functional enrichment of cell type-specific genes lists, seven

custom gene sets were compiled: “ESC regulators”, “NPC regula-

tors”, “Neuron differentiation”, “Embryonic”, “Heart”, “Muscle”

and “Spermatogenesis” (see Dataset EV6 for details). These gene

sets were compared to the list of genes with broad H3K4me3 peaks

binned into 5% quantiles to test for over-representation using Fisher

exact probabilities (Fleiss, 1981) calculated using R. Networks of

genes with cell type-specific broad H3K4me3 domains were

analyzed using the GeneMANIA Cytospace plugin (Montojo et al,

2010). Transcriptional consistency was assessed as previously

described (Benayoun et al, 2014), using RNA-seq data sets with four

or five replicates. To eliminate biases in the magnitude of variance

due to differences in absolute expression levels, gene expression

was scaled to mean expression levels.

Principal component analysis (PCA) was performed with the

spearman correlation coefficients obtained from the bamcorrelate

program (Ramirez et al, 2014) using stats::prcomp in R. To assess

dynamic changes in H3K27me3 levels at E14.5, enrichment scores

were calculated as follows: The number of raw reads mapping

within � 2 kb of the TSS (Ensembl genes v67) were counted

(bedtools intersectbed) for all genes. The enrichment scores were

calculated as the ratio of the fraction of reads mapping to a TSS

region in the sample to the fraction of reads mapping in the input

sample, expressed as log2 (Pataskar et al, 2016). For calculating

the fraction of reads, the raw reads mapping in a TSS region

were divided by the total number of reads mapping to all TSS in

a sample. Genes with dynamic H3K27me3 decrease were filtered

using the following criteria: significant MACS2 peak in aRG-P and

N, enrichment score of > 0.5 in aRG-P and N, and a > 1.5-fold

decrease in the enrichment score from aRG-P to aRG-N. ChIP-seq

raw data, bigwig files, and bed files with peak locations have

been deposited with the Gene Expression Omnibus under the

accession code GSE90694.

ChIP-qPCR

For ChIP-qPCR, 50,000 cells (Fig 6) or 25,000 cells (Fig 7) were

sorted into microcentrifuge tubes. ChIP was performed as described

above. ChIP with IgG (Abcam, ab46540) was used as control. DNA

was isolated by adding 1 ll proteinase K per 100 ll of DIB buffer

(Diagenode), incubation at 55°C for 15 min followed by 15 min at

100°C, and centrifugation at 14,000 g for 5 min at 4°C. For analysis

of histone methylation in neural subpopulations (Fig 6), qPCR was

performed using the ABsolute qPCR SYBR Green mix (Thermo

Scientific) on an Mx3000P qPCR system (Agilent Technologies).

Error bars represent SD of three qPCR amplifications. Similar results

were obtained in two independent experiments. For analysis of

H3K27me3 levels following IUE, qPCR was performed using Light

Cycler SYBR green Master mix (Roche) on a Light Cycler 96

(Roche). Error bars represent SD of four biological experiments.

Primer sequences are provided in Dataset EV7.

Gene expression analysis by RNA-sequencing

RNA-sequencing of NECs has been performed as previously

described (Florio et al, 2015). For each replicate (n = 5), 5,000

NECs were sorted into microcentrifuge tubes filled with 200 ll of
RLT lysis buffer (Qiagen) containing 2 ll of beta-mercaptoethanol

(Sigma), and stored at �80°C until further processing. Total RNA

was extracted using the RNeasy Mini kit (Qiagen) according to

manufacturer’s instructions. Complete cDNA was synthesized from

half of the isolated mRNA with SmartScribe reverse transcriptase

(Clontech) using a universally tailed poly-dT primer and template

switching oligos. This was followed by amplification of the purified

cDNA with the Advantage 2 DNA Polymerase (12 cycles). After

ultrasonic shearing of the amplified cDNA (Covaris S2), samples

were subjected to standard Illumina fragment library preparation

using the NEBnext chemistries (New England Biolabs). In brief,

fragments were end-repaired, A-tailed, and ligated to indexed

Illumina TruSeq adapters. Subsequently, the NGS libraries were

finalized by a universally primed PCR amplification (15 cycles).

Libraries were purified using XP beads (Beckman Coulter), quanti-

fied by qPCR (KAPA Biosystems), and subjected to Illumina 75-bp

single end sequencing on the Illumina HiSeq 2000 platform provid-

ing on average 35 Mio reads per sample.

RNA-seq data analysis

RNA-seq analysis has been previously described (Florio et al,

2015). Reads of the same sample on different sequencing lanes

were combined and subjected to adapter trimming using cutadapt.

The processed reads were aligned to the mouse reference genome

(mm10) using TopHat (v2.0.11). Genes of the Ensembl release 61

were quantified using cufflinks v0.9.3, with the resulting RNA-seq

data being expressed as FPKM values. Differential expression

analysis was performed using cuffdiff (v2.2.1) with FPKM values

as data input, and using all protein-coding genes as transcriptome

reference. This analysis was performed for the sum of all tran-

scripts present for any given gene, and it was not distinguished

between different transcripts (splice variants). Expressed genes

were defined using a cutoff of FPKM > 1. Differentially expressed

genes were defined using a cutoff of p < 0.01. Functional annota-

tion clustering of genes was performed using DAVID (http://

david.abcc.ncifcrf.gov), with default settings. RNA-seq data for

NECs has been deposited with the Gene Expression Omnibus under

accession code GSE90447.

Gene expression analysis by RT–qPCR

For RT–qPCR, 2,000–5,000 cells were sorted into microcentrifuge

tubes filled with 200 ll of RLT lysis buffer (Qiagen) containing 2 ll
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of beta-mercaptoethanol (Sigma), and stored at �80°C until further

processing. Total RNA was isolated using the RNeasy Mini kit (Qia-

gen) according to the manufacturer’s instructions. cDNA was

synthesized using random hexamers and Superscript III Reverse

Transcriptase (Life Technologies). qPCR was performed using the

ABsolute qPCR SYBR Green mix (Thermo Scientific) on an Mx3000P

qPCR system (Agilent Technologies). Gene expression data were

normalized based on the housekeeping gene Gapdh, which was

expressed at comparable levels in the isolated cell populations

(Florio et al, 2015). Primer sequences are provided in Dataset EV7.

Constructs for epigenome editing

Previously published gRNA for LacZ (50-TGCGAATACGCCCACGC-
GATCGG; underlined nucleotides, PAM) was used as control (Platt

et al, 2014; Kalebic et al, 2016). The genomic sequence of the two

CpG islands flanking the mouse Eomes TSS was analyzed for

CRISPR/Cas9 target sites by Geneious 8.1.6 software (Biomatters),

and three gRNAs targeting each CpG island were selected (see

Dataset EV7 for gRNA sequences). All six gRNAs were tested for

their cleavage efficiency in vitro, and one gRNA each targeting the

upstream and targeting the downstream CpG island selected for

in vivo use. Custom-made plasmids containing a single gRNA under

the control of the human U6 promoter followed by dCas9-Ezh2-

T2A-PaprikaRFP under the CAG promoter were obtained commer-

cially (DNA 2.0). The proteolytic self-cleavage 2A peptide from

Thosea asigna virus (T2A) released PaprikaRFP, which was used as

a marker of Cas9 expression. Cas9 was flanked with two nuclear

localization signals. The dCas9-Ezh2*-T2A-PaprikaRFP constructs

with a catalytically inactive SET domain were generated by mutage-

nesis from the dCas9-Ezh2-T2A-PaprikaRFP constructs using KOD

plus polymerase (Toyobo) followed by DpnI (NEB) digest (see

Dataset EV7 for primer sequences).

In vitro testing of Eomes gRNA efficiency

Individual gRNAs were first tested in vitro for their efficiency to

target the selected locus using recombinant Cas9 protein and a

PCR product (see Dataset EV7 for primer sequences) with the

ToolGen kit according to manufacturer’s instructions, as previ-

ously described (Kalebic et al, 2016). Briefly, an in vitro reaction

contained 12 ng/ll of the PCR product, 50 ng/ll of recombinant

Cas9 protein and 35 ng/ll of the indicated in vitro-transcribed

gRNA, in a total volume of 10 ll. Reactions were carried out at

37°C for 1 h. Samples were then treated with 4 lg of RNase (Qia-

gen) for 15 min at 37°C, followed by addition of 2.5 lg of protei-

nase K (Merck) and further incubation for 10 min at 55°C. After

5 min at room temperature, samples received 1 ll of STOP solu-

tion (30% glycerol, 1.2% SDS, 250 mM EDTA pH 8.0; ToolGen)

and were incubated for further 15 min at 37°C, followed by anal-

ysis on a 1% agarose gel.

In utero electroporations of dCas9-Ezh2 constructs

IUEs were performed as previously described (Kalebic et al, 2016).

Briefly, E13.5 mouse embryos were anesthetized with isoflurane

and subsequently injected subcutaneously with an analgesic. The

peritoneal cavity was then surgically opened and the uterus

exposed. Embryos were injected intraventricularly with a solution

containing 0.1% Fast Green (Sigma) in sterile PBS, containing

2.5 lg/ll of the gLacZ or 2.5 lg/ll of the two gEomes dCas9-Ezh2-

T2A-PaprikaRFP or dCas9-Ezh2*-T2A-PaprikaRFP mutant plasmids.

Electroporations were performed with six 50-ms pulses of 28–33 V

at 1-s intervals. Embryos were harvested 48 h post-electroporation,

and PFA-fixed for IHC analysis, or dissected for cell isolation

followed by FAC-sorting and ChIP analysis. For IUE, an independent

experiment was considered to be a separate litter. For all IHC analy-

ses, at least one embryo per condition was analyzed from each

litter. For each condition, data from one experiment were pooled

and the mean of the indicated number of experiments was

calculated.

Immunohistochemistry

Immunohistochemistry was performed on 25-lm cryosections as

previously described (Florio et al, 2015; Kalebic et al, 2016). Anti-

bodies used were rabbit pAb anti-Tbr2 (Abcam, ab23345), rat pAb

anti-phospho-histone (Abcam, ab10543), and chicken pAb anti-Tbr2

(Millipore, AB15894). The secondary antibodies used were coupled

to Alexa Fluor 488, 555, or 647 and were from donkey (Invitrogen).

DNA staining was performed with DAPI (Sigma). PaprikaRFP direct

fluorescence was detected without antibody staining. All images

were acquired using a Zeiss LSM 880 Airy upright laser scanning

confocal microscope. Images were analyzed and processed with

ImageJ (http://imagej.nih.gov/ij/). All cell counts were performed

in standardized microscopic fields (150 × 200 lm for Fig 7D, and

150 × 250 lm for Fig 7F), processed using Excel (Microsoft), and

plotted using Prism (GraphPad software).

Expanded View for this article is available online.
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