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SUMMARY

Poised enhancers marked by H3K27me3 in pluri-
potent stem cells have been implicated in the estab-
lishment of somatic expression programs during
embryonic stem cell (ESC) differentiation. However,
the functional relevance and mechanism of action of
poised enhancers remain unknown. Using CRISPR/
Cas9 technology to engineer precise genetic dele-
tions, we demonstrate that poised enhancers are
necessary for the induction of major anterior neural
regulators. Interestingly, circularized chromosome
conformation capture sequencing (4C-seq) shows
that poised enhancers already establish physical
interactions with their target genes in ESCs in a
polycomb repressive complex 2 (PRC2)-dependent
manner. Loss of PRC2 does not activate poised en-
hancers or induce their putative target genes in undif-
ferentiated ESCs; however, loss of PRC2 in differenti-
ating ESCs severely and specifically compromises
the induction of major anterior neural genes repre-
senting poised enhancer targets. Overall, our work
illuminates an unexpected function for polycomb
proteins in facilitating neural induction by endowing
major anterior neural loci with a permissive regulatory
topology.

INTRODUCTION

Enhancers are distal cis-regulatory sequences that control the

establishment of cell-type-specific gene expression programs

(de Laat and Duboule, 2013; Spitz and Furlong, 2012).

Enhancers can exist in various regulatory states (e.g., active,

primed, poised), which can be distinguished by specific chro-

matin signatures (Creyghton et al., 2010; Rada-Iglesias et al.,

2011; Zentner et al., 2011). Active enhancers are associated

with highly expressed genes, bound by transcription factors
(TFs) and co-activators and flanked by nucleosomes marked

with H3K4me1 and H3K27ac (Creyghton et al., 2010; Rada-Igle-

sias et al., 2011; Zentner et al., 2011). Primed enhancers are

marked with H3K4me1, but not H3K27ac, and are associated

with genes displaying intermediate expression levels and impli-

cated in a broad range of biological processes (Creyghton

et al., 2010; Zentner et al., 2011). Lastly, poised enhancers

(PEs) were originally defined as a small subset of regulatory ele-

ments in human and mouse embryonic stem cells (hESCs and

mESCs) that are bound by co-activators and flanked by nucleo-

somes marked with H3K27me3 but not H3K27ac (Rada-Iglesias

et al., 2011; Zentner et al., 2011). PEs are preferentially linked

to developmental genes that are inactive in ESC and become

expressed upon somatic differentiation. Therefore, the PE

chromatin signature was proposed to bookmark a limited set

of regulatory sequences in pluripotent cells and facilitate their

timely and lineage-specific activation once the appropriate dif-

ferentiation cues become available (Rada-Iglesias et al., 2011).

Following their original description, the relevance of PEs was

questioned, as they were also found in non-pluripotent cells,

where they were proposed to display an inactive rather than

poised state or to act as silencers (Bonn et al., 2012; Entrevan

et al., 2016; Kondo et al., 2016; Spitz and Furlong, 2012). Most

importantly, the functional relevance of PEs for the induction of

cognate genes and the execution of somatic differentiation pro-

grams remains to be formally demonstrated (Rada-Iglesias et al.,

2011; Zentner et al., 2011). Similarly, it is unknown if and how the

PE chromatin features actually facilitate the future activation of

PE target genes.

One distinctive feature of PEs is their enrichment in H3K27me3,

a repressive histone modification mediated by polycomb repres-

sive complex 2 (PRC2) (Di Croce and Helin, 2013). Once acti-

vated, PEs lose H3K27me3 and gain H3K27ac (Rada-Iglesias

et al., 2011; Zentner et al., 2011). These two histonemodifications

are mutually exclusive, suggesting that, despite being bound by

co-activators with histone acetyl-transferase (HAT) activity (e.g.,

p300), the presence of H3K27me3 at PEs might prevent the

accumulation of H3K27ac and the spurious activation of these

regulatory elements (Pasini et al., 2010; Rada-Iglesias et al.,

2011; Reynolds et al., 2012; Tie et al., 2016). This is in agreement
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Figure 1. Epigenomic Identification of mESC PEs that Become Active in Anterior Neural Progenitors

(A) ChIP-seq data for p300, H3K27me3, H3K27ac, and H3K4me3 were used to identify 1,015 PEs in mESCs. Average mESC ChIP-seq signal profiles for

H3K27ac, H3K27me3, H3K4me1, and H3K4me3 are shown around the central position of the p300 sites defining PEs.

(legend continued on next page)
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with the generalized view of polycomb group proteins (PcG) as

major epigenetic repressors during differentiation and mainte-

nance of cellular identity (Di Croce and Helin, 2013). On the

other hand, recent work demonstrated that PRC2 is required

not for gene silencing in mESCs but for transcriptional repression

fidelity upon differentiation (Riising et al., 2014), which is in agree-

ment with PRC2 being dispensable for the maintenance of plurip-

otency (Chamberlain et al., 2008; Faust et al., 1998; Leeb et al.,

2010; Pasini et al., 2007). Moreover, additional functions for

PcG have been discovered, whereby these proteins can act as

transcriptional activators in certain cellular and genomic contexts

or as mediators of short- and long-range interactions that con-

tribute to global genome architecture (Bantignies et al., 2011;

Creppe et al., 2014; Denholtz et al., 2013; Entrevan et al., 2016;

Joshi et al., 2015; Kondo et al., 2014, 2016; Lanzuolo et al.,

2007; Morey et al., 2015; Schoenfelder et al., 2015). Therefore,

the regulatory function of PcG proteins, if any, in the context of

pluripotency-associated PEs might be more complex than previ-

ously anticipated.

RESULTS

PEs in mESCs Have Specific Defining Features
To evaluate the functional relevance of PEs, we used mESCs as

a model due to their high genetic tractability and clonogenicity.

Chromatin immunoprecipitation sequencing (ChIP-seq) maps

for p300, H3K4me1, H3K4me3, H3K27ac, and H3K27me3 in

mESCs grown under serum + leukemia inhibitory factor (LIF)

conditions identified 1,015 PEs (Figures 1A and 1B; Table S1)

and additional non-overlapping sets of active (n = 12,142) and

primed (n = 19,723) enhancers (Figures S1A–S1D; Table S1).

mESCs can reside in multiple pluripotent states, with mESCs

grown under 2i conditions representing a naive pluripotent

state and serum + LIF mESCs, epiblast-like cells (EpiLCs), and

epiblast stem cells (EpiSCs) showing increasing signs of

developmental priming (Kalkan and Smith, 2014). Compared to

2i mESCs, serum + LIF mESCs display higher transcriptional

heterogeneity and H3K27me3 promoter levels (Guo et al.,

2016; Marks et al., 2012). Despite these differences, the PEs

identified in serum + LIF mESCs displayed a similar chromatin

signature in 2i mESCs, with somehow decreased p300 and

H3K27me3 binding levels (Figures S1E and S1F). Nevertheless,

using more relaxed ChIP-seq peak-calling criteria (STAR

Methods), 54% (550/1,015) of all PEs could be identified in 2i
(B) p300, H3K4me1, H3K27ac, H3K27me3, and H3K4me3 ChIP-seq profiles in

located 109 kb upstream of Lhx5.
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associated, five of the tenmost overrepresented terms belonging to threemajor g

Genome Informatics (MGI) expression: detected (blue), and Mouse Phenotype (g
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sequences with enhancer activity in forebrain, midbrain, hindbrain or eye). The re
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(H) ChIP-seq data for H3K27ac in AntNPCs was used to identify PEs that became
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mESCs, with most of them (85%; 857/1,015) being enriched in

H3K27me3, but not in H3K27ac. Moreover, sequential ChIP ex-

periments showed that PEs were simultaneously bound by p300

and H3K27me3 in serum + LIF mESCs (Figure S1G). Overall,

these results suggest that the PE chromatin signature in pluripo-

tent cells does not arise due to cellular heterogeneity.

Active, primed, and PEs were functionally annotated using

GREAT (McLean et al., 2010), a bioinformatic tool that assigns

biological meaning to non-coding sequences based on the

annotation of nearby genes. These in silico analyses confirmed

that each enhancer group associates with fundamentally

different gene sets (Table S2) (Creyghton et al., 2010; Rada-Igle-

sias et al., 2011; Zentner et al., 2011). Active enhancers were

linked to genes expressed duringmouse pre-implantation devel-

opment (Figure S1H), primed enhancers were linked to a broad

range of biological processes and developmental stages (Fig-

ure S1I), and PEs were linked to genes expressed and function-

ally involved in the establishment of the basic body plan and early

organogenesis (Figure 1C). Accordingly, genes putatively asso-

ciated with PEs displayed significantly lower expression in

mESCs than genes linked to either active or primed enhancers

(Figure S1J; Table S3). In agreement with their low expression,

a large fraction (>40%) of the PE-associated gene promoters

were marked by H3K27me3 (Bernstein et al., 2006) (Figure S1K).

The association of PEswith H3K27me3-marked genes inmESCs

is probably even larger, since 80% of the mESC topologically

associated domains (TADs) (Dixon et al., 2012) in which PEs

were located also harbored H3K27me3-marked genes (p <

10�3). PEs were previously reported to display high co-activator

binding and low nucleosomal occupancy, suggesting that PEs

might be bound by TFs in mESC (Rada-Iglesias et al., 2011;

Zentner et al., 2011). In agreement with this prediction, PEs

and active enhancers, but not primed ones, were frequently

and similarly bound by pluripotency TFs (Figure S1L). Finally,

PEs displayed higher sequence conservation among vertebrates

than either active or primed enhancers (Figure S1M) (Rada-Igle-

sias et al., 2011). Overall, our results strongly support that PEs

represent a distinct and limited set of highly conserved regulato-

ry sequences associated with major developmental genes.

PEs Are Preferentially Linked to Major Anterior Neural
Regulators
Evaluation of the genes associated with PEs indicated an over-

representation of genes expressed and functionally required
mESCs are shown around a representative PE (PE Lhx5(�109), green shade)

t al., 2010). To illustrate the gene categories with which PEs were preferentially

ene ontologies are shown: Gene Ontology (GO) Biological Process (red), Mouse

reen).
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Figure 2. PoiAct Enhancers Display In Vivo Enhancer Activity and Physically Interact with Their Target Genes in mESCs and AntNPCs

(A) RNA-seq data from mESCs and AntNPCs were used to calculate the expression values (as fragments per kilobase of transcript per million mapped reads

[FPKM]) for all genes (All), genes linked to PEs (Poised), and genes linked to PoiAct enhancers. p values were calculated using paired Wilcoxon tests.

(B) H3K27ac peaks identified in mouse embryonic forebrain and liver at E11.5 and E14.5 were combined. The percentages of H3K27ac peaks occurring in only

one tissue or in both are shown for all H3K27ac peaks (left) or for H3K27ac peaks overlapping with PoiAct enhancers (right).

(C) Vista Enhancer Browser sequences were categorized into five different groups as in Figure 1E. The relative abundance of each Vista enhancer category

was compared between all Vista sequences (n = 2,274) and those overlapping with PoiAct enhancers (n = 10). p values were calculated using hypergeo-

metric tests.

(legend continued on next page)
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during the development of the anterior neural tube (Figure 1C;

Table S2). This was not limited to mESCs, since an updated

in silico functional annotation of the PEs previously described

in hESCs showed similar results (data not shown) (Rada-Iglesias

et al., 2011). To confirm these preliminary observations, mESC

PEs were compared to H3K27ac profiles generated in various

mouse embryonic tissues at embryonic day 11.5 (E11.5) and

E14.5 (i.e., forebrain, liver, and limb) (Figure 1D) (Attanasio

et al., 2014; Nord et al., 2013). Almost 50% of mESC PEs

overlapped with H3K27ac peaks present in at least one of

the investigated embryonic tissues and, among them, �70%

overlapped H3K27ac peaks exclusively found in embryonic

forebrain. PEs were also compared with highly conserved seq-

uences included in the Vista Enhancer Browser and previously

tested for in vivo enhancer activity in E11.5 mouse embryos (Fig-

ure 1E) (Visel et al., 2007). Out of 25 PEs overlapping Vista

Enhancer sequences, themajority (88%) displayed enhancer ac-

tivity especially within the developing brain.

Identification of PEs that Become Active in Anterior
Neural Progenitors
The previous results suggest that PEs are preferentially involved

in anterior neural development. Therefore, we reasoned that the

functional relevance of PEs should be tested upon differentiation

of mESC into neural progenitors with anterior identity. To this

purpose, we adapted a recently established protocol that

allowed us to obtain anterior neural progenitors (AntNPCs)

frommESCs (Figure 1F) (Gouti et al., 2014). RNA-seq and immu-

nostainings showed that, during the transition from mESC to

AntNPCs, pluripotency genes were downregulated, while major

forebrain and midbrain genes were strongly induced (Figures

S2A and S2B; Table S3). Importantly, posterior neural markers

(i.e., hindbrain and spinal cord) or markers of other embryonic

or extraembryonic lineages remained expressed at low levels

(Figure S2A). Next, H3K27ac ChIP-seq data were generated in

AntNPCs to identify PEs that became active in these cells (Fig-

ure S2C). 228 out of 1,015 PEs in mESCs gained significant

levels of H3K27ac in AntNPCs and were thus considered to

become active (PoiAct enhancers) (Figures 1G and 1H). In

contrast, PEs that did not gain H3K27ac in AntNPCs (PoiNoAct

enhancers) retained high levels of H3K27me3 and lost p300

(Figures S2D–S2F), suggesting that they transitioned to an inac-

tive or repressive state. Moreover, despite the major gain in

H3K27ac, PoiAct enhancers and their putative target gene pro-

moters retained considerable levels of H3K27me3 (Figures 1G

and S2D–S2F), probably reflecting that many genes associated

with PoiAct enhancers correspond to neural patterning regula-

tors heterogeneously expressed in AntNPCs (e.g., LHX5; Fig-

ure S2B) and the developing brain and that can consequently

appear as enriched in both H3K27me3 and active histone marks

(Kiecker and Lumsden, 2005; Rehimi et al., 2016). Functional

annotation of PoiAct enhancers revealed an almost exclusive as-

sociation with genes involved in early brain development (Fig-

ure S2G; Table S2). Accordingly, genes associated with PoiAct
(D) Representative E11.5 mouse embryos in which Vista sequences overlapping

(E–H) 4C-seq and H3K27ac ChIP-seq profiles generated in mESCs and AntNPCs

PE Lmx1b(+59) (H). The PEs and their putative target genes are shaded in green

viewpoints (red triangles).
enhancers were globally upregulated in AntNPCs compared to

mESCs (Figure 2A; Table S3). Moreover, >70% of PoiAct en-

hancers coincided with H3K27ac peaks found in E11.5 + E14.5

brain (Figures 2B and S2H) (Attanasio et al., 2014; Nord et al.,

2013). The capacity of PoiAct sequences to act as enhancers

during anterior neural development was further supported by

their preferential in vivo enhancer activity within anterior neural

tissues (Figures 2C and 2D) and by their higher in vitro enhancer

activity in AntNPCs than in mESCs (Figure S2I).

PEsPhysically Interactwith Their Putative TargetGenes
in mESCs
We selected six PoiAct enhancers for their subsequent func-

tional characterization based on their high sequence con-

servation, overlaps with E11.5 + E14.5 brain H3K27ac peaks,

and relative proximity to major anterior neural regulators (i.e.,

Lhx5, Six3, Sox1, Lmx1b, Wnt8b, and Sox21). For those PoiAct

enhancers located >30 kb from the transcription start site of their

putative target genes (i.e., PE Lhx5(�109), PE Six3(�133), PE

Sox1(+35), and PE Lmx1b(+59)), we performed high-resolution

circularized chromosome conformation capture sequencing

(4C-seq) experiments in mESCs and AntNPCs using the PoiAct

enhancers as viewpoints (Splinter et al., 2012; Stadhouders

et al., 2013) (Figures 2E–2H). All four PoiAct enhancers displayed

strong contacts with nearby anterior neural genes in AntNPCs,

indicating that those genes are the most likely targets of the

investigated PoiAct enhancers. Interestingly, these contacts

were also evident in mESCs, despite the fact that both en-

hancers and target genes were inactive in these cells (Figures

2E–2H).

PEs Are Necessary for the Induction of Major Anterior
Neural Regulators
To directly test the functional relevance of PEs, we used

CRISPR/Cas9 technology to delete selected PEs in mESCs (Fig-

ures 3A, S3A, and S3B). For each PE candidate, we determined

the extent of the region to be deleted based on the conservation

of the underlying sequences (Figures 3B and S3C–S3G). We

derived mESC clones with homozygous deletions for all PE

candidates except for PE Lmx1b(+59) (Figures 3B, S3A, and

S3B). Moreover, for each successfully targeted PE, we obtained

additional clones with either homozygous (PE Lhx5(�109),

PE Sox1(+35), and PE Sox21(+6.5)) or heterozygous (PE

Six3(�133) and PE Wnt8b(+21)) deletions (Figures S3A, S3B,

and S4). Subsequently, we differentiated all mESC clones with

PE deletions into AntNPCs and the expression dynamics of the

PEs putative target genes was evaluated by qRT-PCR and

compared to wild-type (WT) parental cells (Figures 3 and S4).

PE target genes were expressed at similarly low levels in WT

mESCs and mESCs with PE deletions (Figures 3 and S4), indi-

cating that PEs are not required inmESCs tomaintain their target

genes in an inactive state and, hence, do not act as silencers.

Importantly, when considering mESC clones with homozygous

deletions, in four out of five cases there was a significant
PoiAct enhancers were used for in vivo reporter assays (Visel et al., 2007).

are shown around PE Lhx5(�109) (E), PE Six3(�133) (F), PE Sox1(+35) (G), and

and yellow, respectively. 4C-seq experiments were performed using PEs as
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reduction (>75%) in the average induction of the PE target genes

in AntNPCs (i.e., 96% for Lhx5, 78% for Six3, 84% for Sox1, and

91% for Wnt8b) (Figure 3), and only Sox21 was moderately

affected (27% reduction) (Figure S4F). Moreover, expression

analysis of mESCs with PE heterozygous deletions showed

that the induction of the PE target geneswas reduced by approx-

imately half compared to mESCs with homozygous deletions

(i.e., 52% for Six3 and 44% for Wnt8b) (Figures S4C and S4D).

These effects on PEs target genes were not due to a general

differentiation failure in mESCs with PE deletions, as pluripo-

tency genes, such as Zfp42, were strongly downregulated

upon AntNPC differentiation (Figures 3 and S4). Similarly, when

additional genes located in proximity to the deleted PEs were

considered, their expression levels were not severely and/or

consistently affected by the PE deletions (Figures S4G–S4J

and S5C). Overall, our results conclusively demonstrate that

PEs are cis-regulatory elements necessary for the induction of

major anterior neural regulators upon mESC differentiation.

To further illustrate the developmental relevance of PEs, the

PE Lhx5(�109) was more extensively characterized. LHX5 is

an important TF during forebrain development that promotes

neuronal differentiation andmigration, particularly within the hip-

pocampus (Zhao et al., 1999). First, we confirmed that PE

Lhx5(�109) deletion led to a severe reduction of LHX5 protein

levels in AntNPCs (Figures 4A and 4B). Then, differential gene

expression between AntNPCs derived from mESCs with the

PE deletion and from WT mESCs was analyzed by RNA

sequencing (RNA-seq) (Table S4). Lhx5 was among the most

downregulated genes in AntNPCs with the PE Lhx5(�109) dele-

tion (Figures 4C and S5A–S5C). Most importantly, additional

genes became significantly up- (228 genes) or downregulated

(148 genes) due to the PE deletion (Figure 4C). The upregulated

gene set included genes involved in WNT signaling (e.g., Wnt4,

Wnt9a, and Rspo1) and the control of synaptic plasticity and cal-

cium levels (e.g.,Nnat,Galnt3,Gper1, andGrin2a). Among them,

Nnat levels were particularly elevated in AntNPCs with the PE

Lhx5(�109) deletion. Interestingly, high NNAT levels in neurons

can have pathological consequences due to increased intra-

cellular calcium, endoplasmic reticulum stress, proteosomal

dysfunction, and cell death (Sharma et al., 2013). On the other

hand, the downregulated gene set was enriched in genes

involved in forebrain development and, more specifically, in

TFs (e.g., Fezf2, Lhx2, and Foxd1) driving neuronal differentiation

in different parts of the brain (Figure 4D).

One of the most downregulated genes in AntNPCs with the PE

Lhx5(�109) deletion wasRP24-351J24.2 (Figures S5A and S5C),

a divergent long non-coding RNA (lncRNA) transcribed in the
Figure 3. PEs Are Necessary for the Induction of Major Anterior Neura

(A) CRISPR/Cas9 approach used to delete PEs in mESCs. Two guide RNAs (gR

(B) List of the five PE candidates for which deletions inmESCwere generated. PEs

downstream [+]) with respect to their putative target genes.

(C, E, G, and I) p300, H3K27me3, and H3K27ac ChIP-seq profiles in mESCs and o

PE Six3(�133) (E), PE Sox1(+35) (G), and PE Wnt8b(+21) (I). The deleted regions

(D, F, H, and J) The expression of four PE putative target genes (Lhx5 in D, Six

investigated by qRT-PCR in mESCs and AntNPCs that were either WT (blue) o

biologically independent differentiation experiments are presented in each pane

genes (Eef1a1 and Tbp), and error bars represent standard deviations (SDs) from

derived, as mESC lines with PE deletions were always compared to WT mESCs
opposite direction of Lhx5. Divergent lncRNAs seem to be partic-

ularly common in close proximity to essential developmental

genes whose expression might be facilitated by the lncRNAs

(Luo et al., 2016). Two additional PE target genes, Six3 and

Sox21 (Figures 3E and S4E), were located immediately adjacent

to divergent lncRNAs (Six3os1 and AK 039417) whose expres-

sion was also reduced in AntNPCs derived frommESCs in which

the corresponding PEs were deleted (Figures S5D and S5E).

These results suggest that the function of PEs might frequently

entail coherent feed-forward regulatory loops, whereby PEs

facilitate the induction of master regulatory gene-lncRNA pairs

(Luo et al., 2016).

PEs Are Non-redundant cis-Regulatory Elements that
Facilitate the Recruitment of RNA Polymerase II to Their
Cognate Promoters
Three of the deleted PEs (PE Lhx5(�109), PE Six3(�133), PE

Sox1(+35)) were part of larger super-enhancers identified in

AntNPCs using the H3K27ac ChIP-seq data (Figures S3E–

S3G) (Whyte et al., 2013). Moreover, additional H3K27ac peaks

besides those located at PoiAct enhancers and promoter re-

gions were found in AntNPCs for most of the investigated loci

(Figures 3, 4F, and S5F). Despite this regulatory complexity,

our genetic deletion experiments suggest that an enhancer hier-

archy might orchestrate the induction of anterior neural genes,

with PEs playing major and non-redundant roles (Figure 3). To

test this hypothesis, we investigated how the deletion of single

PEs affected the activation of their cognate promoters and of

other putative enhancers residing within the same regulatory do-

mains (Figures 4E, 4F, and S5F). Interestingly, for the two loci

that were investigated (Lhx5 and Six3), the PE deletions led to

a loss of H3K27ac in AntNPCs not only around the deleted PEs

but also at the other regulatory elements analyzed within each

locus (Figures 4F and S5F). Our results indicate that PEs are

non-redundant regulatory elements necessary for the full activa-

tion of the complex regulatory landscapes associated with major

anterior neural genes. Recent reports support the existence of

enhancer hierarchies in other cellular and genomic contexts

(Shin et al., 2016).

To gain mechanistic insights into how PEs control the induc-

tion of their target genes, the levels of hypophosphorylated

(8WG16, pre-initiation complex [PIC] recruitment) and Ser5

phosphorylated (S5p, transcription initiation) Pol2 were analyzed

in ESCs and AntNPCs in which different PEs were deleted (Fig-

ures 4E, 4G, 4H, and S5G–S5I). In comparison to WT cells, PE

deletions led to a marked reduction in the levels of hypophos-

phorylated Pol2 recruited at both the promoter and PE regions
l Regulators

NAs) flanking each PE candidate region were used to generate the deletions.

were named based on the distance (in Kb) and relative location (upstream [�] or

f H3K27ac ChIP-seq profiles in AntNPCs are shown around PE Lhx5(�109) (C),

are shaded in green.

3 in F, Sox1 in H, and Wnt8b in J) and of the pluripotency marker Zfp42 was

r homozygous for a deletion of the indicated PE. The results obtained in two

l (Rep1 and Rep2). Expression values were normalized to two housekeeping

technical triplicates. The WT AntNPCs used in each panel were independently

in differentiations performed in parallel.
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upon AntNPC differentiation (Figures 4G and S5G–S5I). More

moderate but qualitatively similar reductions were observed for

S5p Pol2 (Figures 4H and S5G–S5I). Furthermore, S5p Pol2

binding was already detected at the Lhx5, Six3, and Sox1 pro-

moter regions in mESCs prior to their activation (Figures 4H,

S5G, and S5H), which is in agreement with the presence of this

Pol2 isoform at the PcG-bound promoter regions of inactive

developmental genes in mESCs (Brookes et al., 2012; Tee

et al., 2014). Moreover, this initial S5p Pol2 binding in mESCs

was decreased, albeit moderately, at the Lhx5 and Sox1 pro-

moters upon deletion of their corresponding PEs (Figures 4H

and S5H).

Preformed Contacts between PEs and Their Target
Genes in mESCs are PRC2 Dependent
One major open question is whether the PE chromatin signature

endows these regulatory elements with any poising properties

that might facilitate their future activation. Alternatively, the PE

chromatin signature might simply reflect an inactive state that

prevents spurious PE activation in mESCs (Bonn et al., 2012;

Spitz and Furlong, 2012). Our initial 4C experiments as well as

previous reports (Schoenfelder et al., 2015) indicate that PEs

already contact their target genes in mESCs, arguing in favor

of a permissive regulatory topology whereby the preformed

PE-gene interactions facilitate timely and robust gene induction

(Kondo et al., 2014, 2016). Enhancer-gene interactions can be

mediated by architectural proteins, such as CTCF, mediator

and/or cohesin (Kagey et al., 2010; Phillips-Cremins et al.,

2013). However, according to public ChIP-seq data generated

in mESCs (Kagey et al., 2010), only a small fraction of PEs in gen-

eral and none of the PEs investigated by 4C-seq in particular

were occupied by these architectural proteins (Figure S6A).

Intriguingly, while evaluating the 4C-seq profiles in mESCs, we

noticed that the interactions around the PE target genes were

broad and mirrored the distribution of H3K27me3 (Figures 5A–

5D). Therefore, we hypothesized that the contacts between

PEs and their target genes in mESCs could be mediated by

PRC2. To test this hypothesis, 4C-seq experiments were per-

formed in EED�/� mESCs, in which PRC2 activity is lost and

H3K27me3 is globally depleted (Leeb et al., 2010; Schoeftner
Figure 4. Functional and Mechanistic Characterization of a Represent

(A) LHX5 and a-TUBULIN levels were investigated bywestern blot inmESCs and A

(PE Lhx5(�109)�/�).
(B) LHX5 protein levels were investigated by immunofluorescence in mESCs an

Lhx5(�109) (bottom).

(C) RNA-seq experiments in AntNPC derived fromWTmESCs (WT AntNPCs) or m

Mouse genes were plotted according to the average normalized RNA-seq read c

significantly up and downregulated in PE Lhx5(�109)�/� AntNPCs are shown in

(D) Genes significantly downregulated in PE Lhx5(�109)�/� AntNPCs were annot

the 20 most significantly overrepresented ones are shown.

(E) ChIP-qPCR primers were designed in proximity to the deleted PE regions to inv

(G and H).

(F) H3K27ac ChIPs were performed in mESCs and AntNPCs that were either WT

enrichment levels were investigated by ChIP-qPCR at the PE Lhx5(�109) (green s

AntNPCs (yellow shades). H3K27acChIP-qPCR signals in eachChIP sample were

different control intergenic regions (‘‘Chr6_neg’’ and ‘‘Chr2_neg’’). SDs were calc

(G and H) Pol2 8WG16 (G) and Pol2 S5P (H) ChIPs were performed in mESCs and

of the PE Lhx5(�109) (red and orange). Pol2 8WG16 and Pol2 S5P fold-enrichm

Zfp42 promoter as described in (F).
et al., 2006). Remarkably, in all four investigated loci, the loss

of PRC2 resulted in an obvious and specific decrease in the inter-

action between PEs and their cognate genes (Figures 5A–5E).

These results were validated by PCR analysis of additional 3C

and 4C libraries (Figure 5F). PRC1 and PRC2 have been recently

implicated in mediating long-range (trans or inter-TAD) interac-

tions between a subset of distantly located PcG bound genes

in mESCs, including the four Hox gene clusters (Denholtz et al.,

2013; Joshi et al., 2015; Schoenfelder et al., 2015). Nevertheless,

our 4C-seq experiments centered on PEs showed scarce trans

interactions in mESCs (Figure S6B).

PRC2 as a Facilitator of PEs’ Regulatory Activity
Together with previous reports demonstrating that PRC2 is not

necessary for the silencing of developmental genes in mESCs

(Riising et al., 2014), our 4C-seq results argue against PRC2

being simply required to maintain PEs in an inactive state.

Instead, by mediating the physical interaction between PEs

and their target genes, PRC2 might facilitate the robust and

timely induction of these genes upon mESC differentiation. To

explore this possibility, we first generated H3K27ac and

H3K27me3 ChIP-seq data in EED�/� mESCs. As previously re-

ported, EED�/� mESCs were depleted in H3K27me3 both glob-

ally and at PEs (Figures 6A, 6B, and S6C) (Leeb et al., 2010). This

loss of H3K27me3 at PEs was not mirrored by an equivalent

gain in H3K27ac, which was barely increased in EED�/� mESCs

or EED�/� AntNPCs, especially with respect to the H3K27ac

gains observed at PoiAct enhancers in AntNPC (Figures 6A,

6C, and S6D). These results indicate that, in mESC, PRC2 and

H3K27me3 are not necessary to maintain PE in an inactive state.

Next, we generated RNA-seq expression profiles in EED�/�

mESCs and EED�/� AntNPCs. Similar to the results obtained

for H3K27ac, the expression of genes linked to PoiAct enhancers

(PoiAct genes) in EED�/� mESCs was only slightly increased

compared to WT mESCs (Figures 6D and 6E; Table S3). In

agreement with previous reports, EED�/� mESCs did not

show decreased expression of major pluripotency genes, while

several non-neural somatic markers (e.g., Gata4 and Sox17)

were more obviously de-repressed (Figure 6D; Table S3) (Leeb

et al., 2010). Importantly, when considering AntNPC expression
ative Poised Enhancer Controlling Lhx5 Induction in AntNPCs

ntNPCs that were eitherWT or homozygous for a deletion of the PE Lhx5(�109)

d AntNPCs that were either WT (top) or homozygous for a deletion of the PE

ESCs with a PE Lhx5(�109) homozygous deletion (PE Lhx5(�109)�/� AntNPC).

ounts in WT AntNPCs and PE Lhx5(�109)�/� AntNPCs. Genes considered as

red and blue, respectively.

ated according to Gene Ontology Biological Process terms. Ten terms among

estigate how the PE deletions affected the binding of H3K27ac (F) or RNA Pol2

(blue) or homozygous for a deletion of the PE Lhx5(�109) (red). H3K27ac fold-

hade) and the Lhx5 promoter and two other putative Lhx5 enhancers active in

normalized to the average signals obtained in the same sample when using two

ulated from technical triplicate reactions and are represented as error bars.

AntNPCs that were either WT (dark and light blue) or homozygous for a deletion

ent levels were investigated at the Lhx5 promoter, the PE Lhx5(�109) and the

Cell Stem Cell 20, 689–705, May 4, 2017 697



50

0

700

0

700

EED-/- ESC 4C-seq

WT ESC 4C-seq

WT ESC H3K27me3
0

50

0

1500

1500

0

PE LHX5(-150)

100 Kb

E LHXHHHHHHHHHHHHHHHH 5(-150)

10 Kb

RP24-351J24.2

Lhx5

PPPPPPEE
EED-/- ESC4C-seq

WT ESC 4C-seq

WT ESC H3K27me3

PE Lhx5(-109) PE Six3(-133) Six3

10 Kb

Six3os1

100 Kb

0

50

0

2000

0

2000

EED-/- ESC 4C-seq

WT ESC 4C-seq

WT ESC H3K27me3

PE Sox1(+35)Sox1

20 Kb

0

50

0

800

0

800
EED-/- ESC 4C-seq

WT ESC 4C-seq

WT ESC H3K27me3

PE Lmx1b(+59) AK147796

Lmx1b

50 Kb

TBP

Lhx5 PE/ Lhx5 Prom

Lmx1b PE/ Lmx1b Prom
Six3 PE/ Six3 Prom

Sox1 PE/ Sox1 Prom

Sox1 PE/ Six3 Prom

Control library
4C 3C

WT Eed-/- WT Eed-/-

10 Kb10 Kb

A B

C D

F

Pr
im

er
 P

ai
r

R1R2

DEE TWTW -/- EED-/-4C
-s

eq
 s

ig
na

l P
E

 L
hx

5

0

200

400

600

R1 R2

p=
3E

-8

p=
0.2

DEE TWTW -/- EED-/-

4C
-s

eq
 s

ig
na

l P
E

 S
ix

3

0

200

400

600

R1 R2

p=
1.6

E-5

p=
0.7

800

1000

R1

DEE TWTW -/- EED-/-

4C
-s

eq
 s

ig
na

l S
ox

1

0

500

1000

1500

R1 R2

p=
2E

-7

p=
2E

-4

R2

R1 R2

DEE TWTW -/- EED-/-

4C
-s

eq
 s

ig
na

l L
m

x1
b

0

200

400

600

R1 R2

p=
1E

-2

p=
0.1

R1R2

E

(legend on next page)

698 Cell Stem Cell 20, 689–705, May 4, 2017



profiles, PoiAct genes (e.g., Lhx5, Wnt8b, Lmx1b, Fezf2, and

Emx2) were induced at significantly lower levels in EED�/�

AntNPCs than inWT AntNPCs (Figures 6D and 6E). Congruently,

PoiAct genes were significantly overrepresented among genes

downregulated in EED�/� AntNPCs compared to WT AntNPCs

(p = p = 8E-26), but not among the upregulated ones (p =

0.46). Similar impaired induction of PoiAct genes was observed

upon differentiation of mESCs null for SUZ12 (i.e., SUZ12�/�

mESCs) (Pasini et al., 2007), another subunit of the PRC2 com-

plex (Figure S6E). The reduced expression of PoiAct genes in

EED�/� AntNPCs was especially pronounced among genes

that became induced during the differentiation of WT AntNPCs

(indPoiAct genes; genes linked to PoiAct enhancers and induced

>2-fold in WT AntNPCs compared to WT mESCs) (Figures 6E

and 6F). In contrast to indPoiAct genes, only minor expression

changes between EED�/� and WT AntNPCs were observed

when either all genes bound by H3K27me3 in mESCs (Bernstein

et al., 2006) or other genes induced in AntNPCs were considered

(Figures 6F and S6F). To investigate whether the observed de-

fects in the induction of anterior neural genes linked to PEs

were specific to the anterior neural lineage, EED�/� mESCs

were differentiated into mesoderm (Figure S6G) (Wamstad

et al., 2012). During this differentiation, anterior neural genes

associated with PEs remained lowly expressed in both WT and

EED�/� cells, while early mesodermal markers were induced in

EED�/� cells at similar or even higher levels than in WT cells (Fig-

ure S6G). These results suggest that PRC2 can act as a

repressor in certain lineages (e.g., mesoderm) while acting as a

facilitator of PE regulatory activity during the establishment of

anterior neural identity.

Poised Enhancer Sequences Display Intrinsic Features
that Enable H3K27me3 Deposition
The PRC2-dependent interactions between PEs andmajor ante-

rior neural genes made us wonder how this PcG complex is

initially recruited to PEs. First, we used public mESC ChIP-seq

data to confirm that several PRC1 and PRC2 subunits were

strongly enriched at PEs (Figures S7A–S7C) (Chen et al., 2008;

Ku et al., 2008). Next, to identify TFs that could potentially

mediate the recruitment of PRC2 to PEs, we performed a motif

analysis using either PEs or active enhancer sequences as input.

This revealed that both enhancer types were similarly and

strongly enriched in binding motifs for pluripotency TFs (Fig-

ure S7D). However, when a differential motif analysis was per-

formed between PEs and active enhancers, the most overrepre-

sented motifs within PEs were all characterized by a high CpG

dinucleotide content (Figures 7A and S7E). The overall CpG rich-

ness of PEs seemed to result from their high CpG dinucleotide

density (Figure 7B) and their proximity toCpG islands (Figure 7C).
Figure 5. The Interactions between PEs and Their Target Genes in mE

(A–D) H3K27me3 ChIP-seq profiles generated in WT mESCs and 4C-seq profiles

Six3(�133) (B), PE Sox1(+35) (C), and PE Lmx1b(+59) (D). The PEs are shaded in

shaded in yellow. 4C-seq experiments were performed using PEs as viewpoints

(E) The 4C signals presented in (A)–(D) were quantified in two regions (R1 and R2

centered on the transcription start site (TSS) of each PE putative target gene (R1

position between the PEs and their putative target genes (R2 dashed line). p valu

(F) Interactions between PEs and their target gene promoters were validated by

�200-bp fragment at the TBP locus was used as a loading control, while the So
Overall, a large fraction of PEs was located within or close to

CpG islands (e.g., 74% of PEs located within 3 kb of a ‘‘weak’’

CpG island) (Figure 7C). Based on a number of recent reports

indicating that CpG islands can act as polycomb responsive

elements (PREs) (Lynch et al., 2012; Mendenhall et al., 2010),

we hypothesized that PEs could reside in a genomic context

with an intrinsic sequence composition that favors PRC2 re-

cruitment. To test this idea, we took advantage of the PE dele-

tions generated in mESCs (Figures 7D and 7E). Importantly,

two of the deletions included aCpG island overlapping the inves-

tigated PEs (i.e., PE Six3(�133) and PE Sox1(+35)), while this

was not the case for two other deletions (i.e., PE Lhx5(�109)

and PE Wnt8b(+21)). ChIP-qPCR analysis demonstrated that

H3K27me3 levels were severely reduced only when the deletions

included a CpG island (Figures 7D and 7E). ChIP-seq for

H3K27me3 in PE Lhx5(�109)�/� mESCs and PE Sox1(+35)�/�

mESCs (Figures 7F and 7G) confirmed that H3K27me3 around

PE Sox1(+35) was almost completely lost in PE Sox1(+35)�/�

mESCs and only weakly diminished around PE Lhx5(�109) in

PE Lhx5(�109)�/� mESCs. Moreover, the lost of H3K27me3 in

PE Sox1(+35)�/�mESCswas confined to the region immediately

flanking the deleted PE, while other H3K27me3-marked regions,

including the Sox1 promoter, were not affected (Figure 7G).

Overall, our results suggest that PEs are frequently found in a

genomic context with intrinsic features (i.e., CpG islands) that

enable PRC2 recruitment and H3K27me3 deposition. This can

then lead to the establishment of physical contacts between

PE and their cognate genes, which themselves are highly en-

riched in PRC2 and H3K27me3. Ultimately, these preformed

contacts might provide a permissive regulatory topology that fa-

cilitates the timely and robust induction of major anterior neural

genes upon mESC differentiation.

DISCUSSION

A major caveat regarding the understanding of PE activity was

that their functional relevance was only supported by correlative

observations (Rada-Iglesias et al., 2011; Zentner et al., 2011).

Using precise genetic deletions, here we showed that PEs are

necessary for the induction of their target genes upon mESC dif-

ferentiation. Moreover, PE deletions did not result in the de-

repression of their target genes in mESCs, arguing against these

sequences simply being in an inactive state or having silencer

activity (Bonn et al., 2012; Entrevan et al., 2016; Kondo et al.,

2014, 2016; Spitz and Furlong, 2012). PE target genes typically

reside within complex regulatory landscapes in which multiple

and somehow redundant enhancers might confer transcriptional

robustness and fidelity (Frankel et al., 2010; Whyte et al., 2013).

Nevertheless, our results demonstrated that the deletion of
SCs Are PRC2 Dependent

generated in WT and EED�/� mESCs are shown around PE Lhx5(�109) (A), PE

green, while the H3K27me3-marked regions covering the PE target genes are

(red triangles).

) within each of the four investigated loci. R1 corresponds to a 20-kb window

dashed line); R2 corresponds to a 20-kb window centered on an intermediate

es were calculated using paired Wilcoxon tests.

PCR analysis of 3C and 4C samples generated in WT and EED�/� mESCs. A

x1 PE-Six3 promoter primer combination was used as a negative control.
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Figure 6. PRC2 as a Potential Facilitator of PEs’ Regulatory Activity during AntNPC Differentiation

(A) H3K27me3 and H3K27ac ChIP-seq profiles generated in WT and EED�/� mESCs and H3K27ac ChIP-seq profiles generated in WT and EED�/� AntNPCs are

shown around a representative PE (PE Lhx5(�109)).

(B and C) Average H3K27me3 ChIP-seq signals in WT and EED�/� mESC (B) and average H3K27ac ChIP-seq signal profiles in WT and EED�/� mESCs and WT

and EED�/� AntNPCs (C) are shown around the central position of the p300 sites defining PoiAct enhancers.

(D) Gene expression levels measured by RNA-seq as FPKM in WT mESCs, EED�/� mESCs, WT AntNPCs, and EED�/� AntNPCs are shown for selected genes

associated with PoiAct enhancers as well as for markers of pluripotent cells, mesoderm/endoderm, and hindbrain/spinal cord. Error bars represent the SDs of

either two (WT mESCs and EED�/� mESCs) or four (WT AntNPCs and EED�/� AntNPCs) biological replicates.

(legend continued on next page)
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single PEs was sufficient to dramatically compromise the in-

duction of their cognate genes. We hypothesize that other

enhancers within these loci might be required for the mainte-

nance and/or fine-tuning of gene expression patterns. Mecha-

nistically, PEs seem to primarily enable Pol2 recruitment to their

cognate promoters upon differentiation. However, other non-

mutually exclusive mechanisms might also contribute to PE

regulatory function. For example, some PEs might participate

in the accumulation of poised Pol2 at the promoters of major

developmental genes in pluripotent cells (Brookes et al., 2012;

Tee et al., 2014) to facilitate the transition to productive elonga-

tion upon differentiation. Other possible mechanisms by which

PEs, once activated, could facilitate gene induction might

include the eviction of PcG from their target gene promoters

(Vernimmen et al., 2011) or acting as promoters of large inter-

genic noncoding RNAs (lincRNAs) with enhancer-like functions

(Ørom et al., 2010).

Classical developmental models propose that epiblast cells

in vivo and ESC in vitro are fated by ‘‘default’’ (i.e., in the

absence of extrinsic signals) toward the neural lineage (Gas-

pard and Vanderhaeghen, 2010; Levine and Brivanlou, 2007).

Molecularly, inhibition of BMP and WNT pathways, together

with autocrine fibroblast growth factor (FGF) signaling, seem

to be necessary for this default neural induction in pluripotent

cells (Levine and Brivanlou, 2007; Stern, 2005). Interestingly,

the resulting neural progenitors initially display a marked ante-

rior character (i.e., forebrain), which needs to be transformed

by extrinsic cues in order to induce more posterior neural fates

(e.g., spinal cord). Similarly, the differentiation of epiblast cells

toward non-neural linages requires strong extrinsic signals

(e.g., BMP, WNT, and nodal). However, it is currently unknown

why pluripotent cells show this preference toward the anterior

neural fate, although genetic and epigenetic mechanisms are

likely to be involved. The preferential association of PEs with

major regulators of anterior neural identity (e.g., Six3, Lhx5,

and Emx2) and the essential role of PEs during the induction

of these genes suggest that PEs could represent an important

component of the ‘‘neural default’’ model. We propose that

the genetic (e.g., TF binding sites and CpG richness) and epige-

netic (e.g., H3K27me3 and p300) features of PEs might bestow

anterior neural loci with a permissive, rather than instructive,

regulatory architecture that renders pluripotent cells competent

for neural induction once pluripotency signals (e.g., BMP and

WNT) vanish and neural induction signals emerge (e.g., FGF)

(de Laat and Duboule, 2013; Levine and Brivanlou, 2007; Stern,

2005). In contrast, the master regulators of posterior neural

identity or of non-neural lineages (i.e., mesoderm and endo-

derm), which are not as frequently associated with PEs, might

often be found within instructive regulatory domains in which,

in response to extrinsic signals, enhancers and enhancer-pro-

moter communication might be established de novo (de Laat

and Duboule, 2013).
(E) RNA-seq data from WT mESCs, EED�/� mESCs, WT AntNPCs, and EED�/� A

(All), genes linked to PEs (Poised), genes linked to PoiAct enhancers (PoiAct), and

compared to WT ESCs (indPoiAct). p values were calculated using paired Wilco

(F) Fold-change expression differences between WT AntNPCs and EED�/� AntNP

compared to WT ESC after excluding indPoiAct genes (indAll), and genes whose

calculated using unpaired Wilcoxon tests.
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Figure 7. PEs’ Sequence Features Enable H3K27me3 Deposition

(A) Motifs significantly enriched in mESC PEs with respect to mESC active enhancers were identified with analysis of motif enrichment (AME) (McLeay and

Bailey, 2010).

(B) CpG dinucleotide frequencies plotted from 1 kb upstream (�1 kb) to 1 kb downstream (+1 kb) from the center of active (purple) and poised (green) enhancers.

(C) Fraction of active (purple) and poised (green) enhancers overlapping classical (left) or weak (right) CpG islands (see STARMethods for details) upon extension

of the enhancer sequences by 0.25 kb or 3 kb in both directions. The numbers on top of the green bars indicate the fold-change increase in the fraction of PEs

overlapping CpG islands compared to active enhancers.

(legend continued on next page)
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Further information and requests for reagents may be directed to Alvaro Rada-Iglesias (aradaigl@uni-koeln.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and differentiation protocol
WT (E14) mESC, EED�/�mESC (Schoeftner et al., 2006), SUZ12�/�mESC (Pasini et al., 2007) andmESC lines with PE deletions were

cultured on gelatin-coated plates using Knock-out DMEM (KO-DMEM, Life Technologies) supplemented with 15% FBS (Life Tech-

nologies) and LIF. These mESC lines were differentiated into AntNPC according to a previously described protocol (Gouti et al.,

2014), with slight modifications. Briefly, mESC were plated at a density of 10000 cells/cm2 on gelatin-coated plates and grown for

three days in N2B27 medium supplemented with 10 ng/ml bFgf (Life Technologies) and without serum or LIF. N2B27 medium

contains: Advanced Dulbecco’s Modified Eagle Medium F12 (Life Technologies) and Neurobasal medium (Life Technologies)

(1:1), supplemented with 1x N2 (Life Technologies), 1x B27 (Life Technologies), 2 mM L-glutamine (Life Technologies), 40 mg/ml

BSA (Life Technologies), 0.1 mM 2-mercaptoethanol (Life Technologies)). Subsequently, cells were grown for another two days in

N2B27 medium without bFgf (D3–D5). Moreover, to improve the homogeneity of the differentiation, from D2-D5 the N2B27 medium

was also supplemented with 5 mM Xav939, a potent WNT inhibitor (Matsuda and Kondoh, 2014). Differentiation of mESC into meso-

dermwas performed as previously described (Wamstad et al., 2012). Briefly, E14mESCs were aggregated into embryoid bodies and

plated at 75000 cells/ml in a mixture of 75% IMDM (Life technologies) and 25% Ham’s F12 (Life technologies), supplemented with

2mM GlutaMax (Life technologies), 0.5X B27 (Life technologies), 0.5X N2 (Life technologies), 50 mg/ml Ascorbic acid (Pan Biotech),

4.5x10�4 MMonothioglycerol (Sigma) and 0.05%BSA (Life technologies). After 48h embryoid bodies were dissociated and reaggre-

gated for two days in the presence of 5 ng/mL human VEGF (Pan Biotech), 4 ng/ml human Activin A (Peprotech) and 0.2 ng/ml human

BMP4 (Miltenyi Biotech). WT mESCwere adapted to and maintained in ‘‘2i+LIF’’ conditions as previously described (Respuela et al.,

2016). Briefly, mESCs growing in serum plus LIF were dissociated using TrypLE Express (Life technologies) and washed with DMEM

F12 (Life Technologies) supplemented with 0.3% BSA (Life Technologies). Afterward, cells were splitted 1:8-1:10 and cultured in

N2B27 medium supplemented with MEK inhibitor PD0325901 (0.4 mM, Miltenyi Biotec), GSK3b inhibitor CHIR99021 (3 mM,

Amsbio), and LIF in tissue culture dishes pre-treated with gelatin (Sigma) during at least four passages.

METHOD DETAILS

RNA isolation, cDNA synthesis and RT-qPCR
Total RNA was isolated using Tripure reagent (Roche) or innuprep RNA mini kit (Analytic Jena) according to the manufacturer’s in-

structions. cDNA was generated using ProtoScript II First Strand cDNA Synthesis Kit (E6560L, New England Biolabs). RT-qPCRs

were performed on the Light Cycler 480II (Roche) using Eef1a1 and Tbp as housekeeping genes.

ChIP, sequential ChIP and ChIP-qPCR
ChIPs were performed as previously described (Rada-Iglesias et al., 2011). Basically, 50 million cells for a P300 ChIPs or 10 million

cells for histone ChIPs were crosslinked with 1% formaldehyde for 10 min at room temperature and then quenched with 0,125M

glycine for another 10 min. Cells were then washed with PBS and resuspended sequentially in three different lysis buffers (lysis

Buffer 1: 50 mM HEPES 140 mM NaCl 1 mM EDTA 10% glycerol 0.5% NP-40 0.25% TX-100, lysis Buffer 2: 10 mM Tris 200 mM

NaCl 1 mM EDTA 0.5 mM EGTA, lysis Buffer 3: 10 mM Tris 100 mM NaCl 1 mM EDTA 0.5 mM EGTA 0.1% Na-Deoxycholate
e3 Cell Stem Cell 20, 689–705.e1–e9, May 4, 2017
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0.5% N-lauroylsarcosine) in order to isolate chromatin. Chromatin was then sonicated for 20 cycles (30 s on 45 s off) using Bioruptor

(Diagenode). After sonication the material was centrifuged at 16000 g during 3 min at 4�C, with the supernatant representing the

sonicated chromatin. Chromatin was then divided in different aliquots that were incubated overnight at 4�C with 3 mg antibody for

histones and 10 mg antibody for P300. One of the aliquots was not subject to immunoprecipitation, thus representing total input con-

trol for the ChIP reactions. Next, 75-100 mL of protein G magnetic beads were added to the ChIP reactions and incubated for four

additional hours at 4�C. Magnetic beads were washed and chromatin eluted, followed by reversal of the crosslinking and DNA

purification.

Sequential ChIPs were performed as previously described (Furlan-Magaril et al., 2009; Rada-Iglesias et al., 2011). Briefly, chro-

matin was prepared as described above for ChIP and after addition of the first antibody (H3K27me3, 5 mg) and the corresponding

washes, magnetic beads were resuspended in 75 ml TE/10 mM DTT. Samples were diluted 20 times with dilution buffer (1% Triton

X-100, 2 mMEDTA, 20 mMTris-HCl pH 8, 150 mMNaCl) and second antibody (10 mg of P300 or GFP (Mock) antibodies) was added

to each reaction. Beads were then washed, crosslinking reversed and DNA purified and dissolved in water.

All antibodies used in this study have been previously reported as suitable for ChIP: p300 (sc-585, Santa Cruz Biotechnology),

H3K4me1 (39297, Active Motif), H3K4me3 (39159, Active Motif), H3K27ac (39133, Active Motif), H3K27me3 (39155, Active Motif),

hypophosphorylated RNA Pol2 8WG16 (MMS-126R-500, Covance), S5p RNA Pol2 (ab5131, Abcam). ChIP samples were analyzed

by qPCR using the primers shown in Table S5.

ChIP-seq
ChIP-seq libraries from ChIP and input DNAs obtained fromWTmESC (p300 ChIP, H3K4me3 ChIP, H3K4me1 ChIP, H3K27ac ChIP,

H3K27me3 ChIP, input), WT 2i mESC (p300 ChIP (two replicates), H3K4me1 ChIP, H3K27ac ChIP, H3K27me3 ChIP, input), EED�/�

mESC (H3K27me3 ChIP, H3K27ac ChIP, input), WT AntNPC (H3K27ac ChIP, H3K27me3 ChIP, p300 ChIP, input) and EED�/�

AntNPC (H3K27ac ChIP) were prepared according to Illumina protocol and sequenced with a 23 100–bp or 23 74-bp strand-spe-

cific protocol on a HiSeq 2500 sequencer (Illumina).

RNA-seq
RNA-seq libraries were prepared as previously described (Respuela et al., 2016), using the RNA sample preparation kit (TruSeq v2;

Ilumina) from WT mESC (biological duplicates), EED�/� mESC (biological duplicates), WT AntNPC (four biological replicates) and

EED�/� AntNPC (four biological replicates). Moreover, to evaluate the gene expression changes due to the deletion of PE

Lhx5(�109), libraries were prepared from WT AntNPC (four biological replicates), PE Lhx5(�109)�/� Clon1 AntNPC (two biological

replicates) and PE Lhx5(�109)�/� Clon2 AntNPC (two biological replicates). All RNA-seq libraries were sequenced with a 2 3

100–bp or 2 3 74-bp strand-specific protocol on a HiSeq 2500 sequencer (Illumina).

Western blot
Proteins from WT mESC, PE Lhx5�/�(�109) mESC, WT AntNPC and PE Lhx5�/�(�109) AntNPC were extracted using RIPA buffer

(150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris, pH 8.0) supplemented with protease inhibitor

cocktail (Roche). After 20min of incubation on ice, protein extracts were recovered by centrifugation (20min at 14000 g). For western

blot 30 mg of protein were mixed with Laemmli buffer (375 mM Tris pH = 6.8, 12%SDS, 60% glycerol, 600 mM DTT, 0.06% brom-

phenol blue), heated to 95� and then separated in a 12%SDS-PAGE gel in running buffer (25 mM Tris base, 190 mM glycine,

0.1% SDS, pH = 8,3). Proteins were transferred to a PVDF membrane using transfer buffer (190 mM glycine, 25mM Tris, 20%Meth-

anol, 0.1% SDS) for 90 min at 80V. The membranes were blocked for 1 hr with 5% milk, 1% Tween (PBST) solution and incubated

afterward with primary antibody overnight at 4�C. After 3x5min washes with PBST, themembranes were incubated with the second-

ary antibody for 1 hr at room temperature. Horseradish peroxidase coupled anti-IgG antibody was detected using a chemilumines-

cence substrate (Lumi-Light Western Blotting Substrate, Roche). The following antibodies were used: LHX5 (goat, R&D Systems,

AF6290) and alpha-Tubulin (mouse, Sigma-Aldrich, T9026).

Immunofluorescence (IF)
Cells were rinsed with PBS and then fixed for 12 min in 4% paraformaldehyde (PFA) in PBS at room temperature (RT). PFA was

removed and cells were rinsed with PBS. Cells were permeabilized by treating them with 0.3% Triton X-100 during seven minutes

at RT, followed by blocking in PBSwith 1%BSA for 30min at RT. Incubation with primary antibodies (POU5F1/OCT4 (sc-8628, Santa

Cruz Biotecnhology), NES (PRB-315C, Covance), PAX6 (Hybridoma Bank) and LHX5 (sc-130469, Santa Cruz Biotecnhology)) was

done in blocking solution overnight (12–18 h) at 4�C. Cells were rinsed three timeswith PBS and incubated with secondary antibodies

(Life Technologies) in blocking solution for one hour at room temperature and then rinsed again with PBS. Finally, cell nuclei were

stained with DAPI (Sigma) during 10 min at RT and then mounted with anti-fading mounting medium (Life Technologies).

4C-seq
Circular Chromatin Conformation Capture (4C) assays were performed as previously described (Splinter et al., 2012; Stadhouders

et al., 2013) with slight modifications. 107 mESC were crosslinked with 1% formaldehyde during 20 min and quenched with

0.125M glycine for 10 min. Cells were washed with PBS and resuspended in lysis buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl,

5 mM EDTA, 0.5% NP-40, 1% TX-100 and 1X protease inhibitors) during 10 min on ice. Following centrifugation for 5 min at 650g
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(4�C), nuclei were re-suspended in 0.5 mL of 1.2X restriction buffer with 0.3% SDS and incubated at 37�C and 900 rpm for 1h. After

that, Triton X-100was added to a final concentration of 2% followed by 1h incubation at 37�Cand 900 rpm. Afterward, chromatin was

digested overnight at 37�C and 900 rpm with 400 U of NlaIII (R0125L, NEB). NlaIII was inactivated by adding SDS to a final concen-

tration of 1.6% and incubating the mixture for 20 min at 65�C while shaking (900 rpm). The digested chromatin was transferred to

50 mL tubes and 6.125 mL of 1.15X ligation buffer (50 mM Tris-HCl pH 7.6, 10 mMMgCl2, 1 mM ATP, 1mMDTT) were added. Triton

X-100 was also added to a final concentration of 1% and the resulting solution was incubated for 1 hr at 37�C while shaking gently.

After that, digested chromatin was ligated with 100 U of T4 DNA ligase (15224-041, Life Technologies) for 8 hr at 16�C, followed by

RNase A treatment (300 mg, Peqlab) for 45 min at 37�C. Subsequently, chromatin was de-crosslinked with 300 mg of Proteinase K

(Peqlab) and incubated at 65�C overnight. DNA was then purified by phenol/chloroform extraction followed by ethanol precipitation

and re-suspension in 100 mL of water. At this step, the digestion and ligation efficiencies were evaluated by analyzing a small fraction

of the purified DNAs by agarose electrophoresis. The remaining DNA was digested with 50U of DpnII (R0543M, NEB) in 500 mL of 1x

NEBuffer DpnII at 37�C overnight. DNA samples were purified by phenol/chlorophorm extraction, followed by ethanol precipitation.

Once purified, DNA samples were re-suspended in 500 mL of water and a second ligation was performed by adding 200 U of T4 DNA

Ligase into a final volume of 14 mL 1X ligation buffer followed by overnight incubation at 16�C. DNA samples were subjected to

another round of phenol/chlorophorm extraction and ethanol precipitation, re-suspended in 100 mL of water and purified with a

QIAgen PCR purification column (28104, QIAgen). The efficiencies of the second digestion and ligation were also evaluated by

agarose electrophoresis. Finally, the resulting 4CDNA products were amplified by inverse PCR using primers located within selected

PEs, which were designed as previously described (Stadhouders et al., 2013) (Table S5). The inverse PCRs were performed with the

expand long template PCR system (11681842001, Roche) using 30 amplification cycles (94�C 2 min, 30x [94�C 10 s, 60�C 1 min,

68�C 3 min], 68�C 5 min). 4C-seq libraries were then analyzed by next generation sequencing.

PCR validation of 4C-seq results
3C and 4C samples were prepared as described above, using NlaIII and NlaIII+DpnII as restriction enzymes, respectively. 3C primers

were designed in NlaIII fragments locatedwithin the PEs and gene promoter areas of interest, typically�100 bp away from aNlaIII site

and without DpnII sites in between. This ensured that the same primers could be used to analyze both 3C and 4C samples. In addi-

tion, we also designed a pair of PCR primers to amplify a �200 bp fragment without intervening NlaIII sites at the TBP locus, which

was used as a loading control. Primer sequences and the expected product sizes can be found in Table S5. PCR amplifications were

performed with the Platinum Taq polymerase (10966034, Life technologies) using the following program: 1x 94�C 2 min, 40x [94�C
30 s, 60�C 30 s, 72�C 30 s]. The resulting PCR products were detected by agarose electrophoresis.

To generate the 3C control library, we amplified by PCR two �2000 bp fragments per viewpoint locus, one containing our PE

sequence (i.e., the 4C-seq viewpoint) and the other containing the promoter of the PE putative target gene. Fragments were selected

so that they all contained several NlaIII sites. In addition, we also included the�200 bp PCR fragment around the TBP locus used as a

loading control. PCR products were digested with NlaIII overnight, purified and then mixed in equimolar concentration (nanomolar

range), followed by ligation. Finally, the ligated fragments were purified. This control library, which contained in high concentration

all the chimeric products expected to be obtained with our 3C primers, was used to test the specificity and efficiency of the 3C

primers by performing PCRs with serial dilutions of the library.

PE deletions using CRISPR-Cas9
To generate deletions of selected PEs, pairs of gRNAs were selected flanking each candidate PE according to the instructions of the

genome engineering toolbox (http://www.genome-engineering.org/crispr/). To minimize potential off-targets, all selected gRNAs

displayed on-target scores > 80 and potential off-targets with scores < 7 (in most cases off-target scores were < 1). For each selected

sgRNA, two oligonucleotides were synthesized, annealed and phosphorylated. The CRISPR-Cas9 expression vector (pX330-U6-

Chimeric_BB-CBh-hSpCas9 (42230, Addgene) or pX330-hCas9-long-chimeric-grna-g2p (provided by Leo Kurian’s laboratory))

was digested with BbsI (R0539L, NEB) and gel or column purified. Pairs of annealed oligos and the digested vector were ligated over-

night at 16�C using T4 ligase (NEB). Following transformation, the gRNA-Cas9 expression vectors were purified and sequenced to

confirm that the gRNAswere correctly cloned. E14mESCwere transfected with pairs of gRNAs-Cas9 expressing vectors specific for

each PE candidate using X-tremeGENE HP DNA transfection reagent (Roche). After 16 hr, puromycin selection was performed for

48 hr. Subsequently, surviving cells were isolated in 96-well plates by serial dilution and, following expansion, clones with the desired

deletions were identified by PCR using the primers listed in Table S5. 20-40 mESC clones were screened for each PE candidate.

Finally, the intended PE deletions were confirmed by Sanger sequencing in all the clonal mESC lines selected for downstream char-

acterization. In order to investigate how the PE deletions affected the induction of the putative PE target genes upon AntNPC differ-

entiation, mESC lines with PE deletions were compared to WT E14 mESC in differentiations performed in parallel. This corrected for

technical variation between differentiations performed on different days.

Enhancer reporter assays
Enhancer reporter assays were performed using a previously described PiggyBac transposon-based enhancer reporter system

(Buecker et al., 2014; Respuela et al., 2016). Briefly, two PE sequences (i.e., PE Lhx5(�109) and PEWnt8b(+21)) were PCR amplified

(Table S5) and cloned in front of a minimal TK promoter driving GFP expression. E14mESCwere co-transfected with the resulting PE

PiggyBac reporter vectors and a vector expressing the Super PiggyBac Transposase (System Biosciences) using X-tremeGENE HP
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DNA transfection reagent according to the manufacturer’s instructions (Roche). In addition, E14mESCwere also transfected with an

empty PiggyBac reporter vector to generate a negative control reportermESC line. Two days after transfection, neomycin (0.2mg/ml)

was added to the medium in order to select cells that stably incorporated the reporter vector. After one week of neomycin selection,

the surviving cells were expanded and subsequently differentiated into AntNPC. GFP levels were evaluated using a Nikon Micro-

scope ECLIPSE TS100 coupled with Nikon intense light C-HGFI for florescence illumination.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analyses of q-PCR data
For RT-qPCR, relative gene expression levels were calculated using the 2DCt method. Standard deviations were calculated from

technical triplicate reactions and were represented as error bars. Primers used can be found in Table S5.

ChIP-qPCR signals were calculated as % of input using technical triplicates. Each ChIP sample was normalized to the average

signals obtained in the same sample when using different control regions (as indicated in the corresponding figures). Standard de-

viations were calculated from technical triplicate reactions and represented as error bars.

RNA-seq analysis
RNA-seq data were analyzed using a high-throughput next-generation sequencing analysis pipeline (Wagle et al., 2015): Basic read

quality check was performed using FastQC (BabrahamBioinformatics) and read statistics were obtainedwith SAMtools. Reads were

mapped to the mouse reference assembly, version GRCm38, using TopHat2 (Kim et al., 2013). Read count means, fold-change (FC)

and p values were calculated with DEseq2 (Anders and Huber, 2010) and gene expression for the individual samples was calculated

with Cufflinks (Trapnell et al., 2010) as FPKMs, using in both cases genomic annotation from the Ensembl database.

Genes differentially expressed betweenWTAntNPC (four biological replicates) and PE Lhx5(�109)�/�AntNPC (two replicates from

Clon1 and two replicates from Clon2) or between WT AntNPC (four biological replicates) and EED�/� AntNPC (four biological repli-

cates) were determined according to the following criteria, considering only genes with an Ensembl ID and an official Gene Symbol:

d Upregulated in PE Lhx5(�109)�/� AntNPC: p value < 0.05, FC > 1.5, FPKM in treatment sample > 0.05.

d Downregulated in PE Lhx5(�109)�/� AntNPC: p value < 0.05, FC < 0.666, FPKM in control sample > 0.05.

d Upregulated in EED�/� AntNPC: p value < 0.05, FC > 2, FPKM in treatment sample > 0.05.

d Downregulated in EED�/� AntNPC: p value < 0.05, FC < 0.5, FPKM in control sample > 0.05.
ChIP-seq analysis
ChIP-seq sequencing reads were mapped to the mouse genome (mm10 assembly) using BWA (Li and Durbin, 2009). The resulting

BAM files were then analyzed with MACS2 (Zhang et al., 2008) using the following settings in order to identify genomic regions signif-

icantly enriched in the investigated proteins in comparison to the total genomic input DNA:

d ESC P300: q % 0.05; Fold-enrichment R 4; Broad Region Calling OFF

d ESC H3K4me3: q % 0.05; Fold-enrichment R 5; Broad Region Calling ON

d ESC H3K4me1: p % 0.05; Fold-enrichment R 2; Broad Region Calling ON

d ESC H3K27me3: p % 0.01; Fold-enrichment R 3; Broad Region Calling ON

d ESC H3K27ac: q % 0.05; Fold-enrichment R 4; Broad Region Calling ON

d AntNPC H3K27ac: q % 0.05; Fold-enrichment R 4; Broad Region Calling ON

For 2i mESC, ChIP-seq samples were also analyzed with MACS2 using more relaxed peak calling criteria:

d 2i ESC P300: p % 0.05; Broad Region Calling OFF

d 2i ESC H3K27me3: p % 0.01; Fold-enrichment R 2; Broad Region Calling ON

d 2i ESC H3K27ac: q % 0.1; Fold-enrichment R 4; Broad Region Calling ON

For 2i p300 ChIP-seq, two biological replicates were performed, which showed high Pearson Correlation coefficients (0.98) as

determined by the bamCorrelate tool from deepTools (binsmode and a bin size of 10 Kb across the whole mouse genome) (Ramı́rez

et al., 2014). Due to this high correlation, the 2i p300ChIP-seq peaks identified in each replicate were combined by first concatenating

and then merging them using Galaxy tools.

Identification of different enhancer sets in ESC and AntNPC
ChIP-seq enrichment regions as determined byMACS2were used to define various sets of enhancers, which in all cases were distin-

guished from proximal promoters by demanding that they were not enriched in H3K4me3 and were located > 2.5 Kb from a gene

transcription start site (TSS) (considering Ensembl Genes used in GREAT (McLean et al., 2010)):

d Poised Enhancers (PE) in mESC (1015 regions): genomic regions with mESC p300 enrichment, located within 1 Kb of regions

enriched in mESC H3K27me3 and not enriched in mESC H3K27ac (within 1 Kb).
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d Active Enhancers in mESC (12142 regions): genomic regions with mESC p300 enrichment, located within 1 Kb of regions en-

riched in mESC H3K27ac and not enriched in mESC H3K27me3 (within 1 Kb).

d Primed Enhancers in mESC (19723 regions): genomic regions with mESC H3K4me1 enrichment and not enriched in mESC

H3K27me3 or mESC H3K27ac (within 1 Kb).

d PoiAct Enhancers in AntNPC (228 regions): PE in mESC that were located within 1 Kb of regions enriched in AntNPC H3K27ac.

To determine the fraction of serum+LIF mESC PEs that can also be identified in 2i mESC, we considered those serum+LIF mESC

PEs located within 1 Kb of regions enriched in 2i p300 and 2i H3K27me3 but not in 2i H3K27ac.

4C-seq analysis
4C-seq libraries were sequenced on the HiSeq2500, generating reads of either 74 or 100 bp in length. Reads were assigned to sam-

ples based on the first 10 bases of the read. Subsequently, the primer sequence was removed from the read and the remaining

sequence was trimmed to 36 bases. These 36 bases were aligned to the mouse reference genome mm9 using Bowtie (Langmead

et al., 2009). The resulting mapped reads were analyzed with R3C-seq (Thongjuea et al., 2013) in order to generate RPM (reads per

million) normalized bedgraph files for downstream visualization and analysis. The number of total reads, mapped reads and the% of

mapped reads are shown below for each 4C-seq sample. In all cases, the sequence that occurred most often at the restriction site

matched the NlaIII recognition sequence:
Sample Total reads Mapped reads % mapping

ESC PE Lhx5(�109) 6494293 4280715 65.92

AntNPC PE Lhx5(�109) 14455899 10013322 69.27

EED�/� PE Lhx5(�109) 4312344 2896672 67.17

ESC PE Six3(�133) 3266738 2656800 81.33

AntNPC PE Six3(�133) 12797986 9686035 75.68

EED�/� PE Six3(�133) 8320579 6269554 75.35

ESC PE Sox1(+35) 9537103 6143006 64.41

AntNPC PE Sox1(+35) 9262461 6387370 68.96

EED�/� PE Sox1(+35) 13991337 9008166 64.38

ESC PE Lmx1b(+59) 7939587 6394172 80.54

AntNPC PE Lmx1b(+59) 8695866 7363165 84.67

EED�/� PE Lmx1b(+59) 14724313 11803562 80.16
The quantification of 4C-seq signals in Figure 5Ewas performed by considering two different 20 Kb regions (R1 and R2) within each

of the investigated PE loci. R1 was centered at the TSS of each PE putative target gene and R2 was centered at an intermediate po-

sition between the PEs and their putative target genes (coordinates according to mm9 genome assembly):
R1 PE Six3(�133) chr17:86010174-86030174

R2 PE Six3(�133) chr17:85935787-85955787

R1 PE Lhx5(�109) chr5:120872290-120892290

R2 PE Lhx5(�109) chr5:120820188-120840188

R1 PE Sox1(+35) chr8:12386361-12406361

R2 PE Sox1(+35) chr8:12402295-12422295

R1 PE Lmx1b(+59) chr2:33486031-33506031

R2 PE Lmx1b(+59) chr2:33464800-33484800
4C-seq signals inWT and EED�/�mESCwere calculated for R1 and R2 regions within each PE locus by considering a 500 bpmov-

ing window across each of the 20 Kb regions (40measurements for each region). In cases in which a 500 bpwindow overlappedmore

than one restriction fragment with signal, themean signal of those fragments was considered. Statistical differences betweenWT and

EED�/� mESC 4C-seq signals for each investigated region were determined using paired Wilcoxon tests.
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PUBLIC DATASETS AND ADDITIONAL BIOINFORMATICS ANALYSIS

Publically available ChIP-seq datasets used in this study (Attanasio et al., 2014; Chen et al., 2008; Kagey et al., 2010; Ku et al., 2008;

Ma et al., 2011; Marson et al., 2008; Nord et al., 2013):

d From mESC: OCT4/POU5F1 (GSM307137), SOX2 (GSM307138, GSM3071389), NANOG (GSM307140, GSM307141),

PRDM14 (GSM623989), RING1B (GSM656523), SUZ12 (GSM288360), EZH2 (GSM327668), MED1 (GSM560347), MED12

(GSM560345), SMC1 (GSM560341), SMC3 (GSM560343), CTCF (GSM560352).

d From E11.5 and E14.5 mouse embryos: E11.5 forebrain H3K27ac (GSM1264352), E14.5 forebrain H3K27ac (GSM1264356),

E11.5 liver H3K27ac (GSM1264386), E14.5 liver H3K27ac (GSM1264388), E11.5 limb H3K27ac (GSM1371056).

Genomic regions considered as bound by each of the previous proteins were used as described in the original publications. For the

H3K27ac ChIP-seq data from mouse embryonic forebrain and liver, regions considered as enriched at E11.5 or E14.5 were com-

bined. Moreover, H3K27ac regions from mouse embryonic tissues were extended by one Kb in both directions. Overlaps between

mESC enhancer regions (Poised, PoiAct, Active or Primed) and those regions bound by the proteins described above were calcu-

lated with Galaxy (https://usegalaxy.org/) (Afgan et al., 2016) demanding at least 1 bp overlap between genomic intervals.

To compare enhancer regions with highly conserved sequences included in the Vista Enhancer Browser (Visel et al., 2007) and

previously tested for in vivo enhancer activity in E11.5 mouse embryos, we divided the Vista sequences (total = 2274) in various

groups: negative (negative enhancer activity, n = 1069), active (positive enhancer activity, n = 1205), brain (positive enhancer activity

in forebrain, midbrain, hindbrain or eye, n = 669), heart (positive enhancer activity in heart, n = 205) and limb (positive enhancer activity

in limb, n = 233). Then, the overlaps of different enhancer categories (poised, PoiAct) with the previous groups of Vista sequences

were calculated with Galaxy (https://usegalaxy.org/) (Afgan et al., 2016) demanding at least one bp overlap between genomic inter-

vals. The statistical significance of the overlaps was calculated using hypergeometric tests.

To generate average ChIP-seq signal profiles, BAM files were normalized as RPGC (reads per genome coverage) using five bp bins

and then used to generate average enrichment profiles around the center of selected groups of enhancer sequences using deep

Tools (Ramı́rez et al., 2014).

In silico functional annotation of different groups of enhancers (i.e., poised, PoiAct, active and primed) was performed with

GREAT (McLean et al., 2010), using the Basal plus extension association rules (Proximal = five Kb upstream, one Kb downstream;

Distal = 1000 kb) and the whole mouse genome as background. The top ten most overrepresented terms belonging to various

gene annotations (GI Biological Process, MGI Expression: detected, Mouse Phenotype) were considered (Table S2). GREAT was

also used to assign enhancer regions to their closest gene according to Ensembl Release 73 Genes.

To evaluate the association of PE with H3K27me3-marked genes in mESC (Bernstein et al., 2006), we used the topologically asso-

ciated domain (TAD) maps previously generated in mESC (Dixon et al., 2012), as most enhancer-gene interactions are believed to

occur within TADs. Briefly, we assigned each PE to a TAD and then calculated how many of those TADs also contained at least

one H3K27me3-marked gene (n = 2480 genes). 501 out of 2153 TADs in mESC contained at least one PE and 403 out of those

501 TADs (�80%) also contained at least one H3K27me3-marked gene. Then, we compared these results with the overlaps between

PE-containing TADs (n = 501) and 2480 randomly selected genes (2480 out of 21902 total genes). In 1000 different permutations, the

number of PE-containing TADs overlapping with at least one randomly selected gene was always < 403 (p < 0.001), ranging between

269-329 TADs.

AntNPC super enhancers were identified using H3K27ac ChIP-seq data generated in AntNPC with HOMER according to the

default calling parameters (Heinz et al., 2010).

Genes downregulated in AntNPC due to the deletion of the PE Lhx5(�109) were functionally annotated using DAVID (Huang et al.,

2009) and the GOTERM_BP_FAT categories (summarized version of Biological Processes Ontology). The top 20 most significantly

overrepresented functional categories were considered using DAVID default settings (count = 2, EASE-score < 0.1).

Motif analyses in active and poised enhancers was performed using the SeqPos motif tool (http://cistrome.dfci.harvard.edu/ap/

root) (Liu et al., 2011) using a width of 600 bp and a p value cutoff of 0.001. Differential motif analysis was performed with AME (Anal-

ysis of Motif Enrichment) (McLeay and Bailey, 2010) using poised enhancers as primary sequences and active enhancers as control

sequences with default settings.

To evaluate the overlap between enhancers (Active or Poised) and classical CpG islands, we downloaded all CpG islands defined

in the UCSC browser (mm10) according to the following criteria: GC contentR 50%; Length > 200 bp; Observed to expected ratio of

CG dinucleotides > 0.6. Then, enhancers were extended by either 0.25 or 3 Kb in both directions and the overlaps with classical CpG

islands were calculated with Galaxy (https://usegalaxy.org/) demanding at least one bp overlap between genomic intervals. More-

over, after extending the enhancer sequences by either 0.25 or 3Kb, we used the newcpgreport Galaxy tool (https://usegalaxy.org/)

to determine the fraction of enhancers (Active or Poised) that contained Weak CpG islands according to the following criteria: GC

content R 50%; Length R 150 bp; Observed to expected ratio of CG dinucleotides R 0.5.

The CpG dinucleotide frequencies among selected enhancer sequences (Active or Poised) were calculated and plotted

using the seqPattern R package from Bionconductor (http://bioconductor.org) with default settings. For each enhancer sequence,

2 Kb (+/� 1 Kb from the enhancer center) were analyzed.
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Average vertebrate PhastCons score profiles around the center of enhancer sequences (Active, Primed or Poised) were generated

with the Conservation Plot tool from the Cistrome Analysis pipeline (http://cistrome.dfci.harvard.edu/ap/root) (Liu et al., 2011).

The BindDB online resource (Livyatan et al., 2015) was used to identify those transcription factors, epigenetic regulators or histone

modifications that were positively or negatively enriched in mESCwithin PE with respect to the whole genome (used as background).

DATA AND SOFTWARE AVAILABILITY

The accession number for the ChIP-seq, RNA-seq, and 4C-seq datasets reported in this paper is GEO: GSE89211.
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