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SUMMARY

Transcription factor (TF)-mediated reprogramming
to pluripotency is a slow and inefficient process,
becausemost pluripotency TFs fail to access relevant
target sites in a refractory chromatin environment. It is
still unclear how TFs actually orchestrate the opening
of repressivechromatinduring the long latencyperiod
of reprogramming. Here, we show that the orphan nu-
clear receptor Esrrb plays a pioneering role in recruit-
ing the core pluripotency factors Oct4, Sox2, and
Nanog to inactive enhancers in closed chromatin
during the reprogramming of epiblast stem cells.
Esrrb binds to silenced enhancers containing stable
nucleosomes and hypermethylated DNA, which are
inaccessible to the core factors. Esrrb binding is
accompanied by local loss of DNA methylation, LIF-
dependent engagement of p300, and nucleosome
displacement, leading to the recruitment of core fac-
tors within approximately 2 days. These results sug-
gest that TFs can drive rapid remodeling of the local
chromatin structure,highlighting the remarkableplas-
ticity of stable epigenetic information.

INTRODUCTION

The pluripotent state of self-renewing embryonic stem cells

(ESCs), so-called naive pluripotency, is maintained by a tran-

scription factor (TF) network that is under the control of extrinsic

signals (Ng andSurani, 2011).Mouse ESCs express the core plu-

ripotency TFs Oct4, Sox2, and Nanog as well as auxiliary TFs

such as Esrrb, Klf4, Klf2, and Tbx3, depending on the activation

of LIF and WNT/beta-catenin signaling and the suppression of

FGF signaling. The core TFs play a central role in maintaining a

pluripotent state, as well as inducing pluripotency in somatic

cells. Reprogramming to pluripotency by the ectopic expression
266 Cell Stem Cell 23, 266–275, August 2, 2018 ª 2018 Elsevier Inc.
of TFs is a slow and inefficient process involving multiple sto-

chastic events. Although Oct4, Sox2, and Nanog co-occupy

many pluripotency-specific enhancers in ESCs, access of these

TFs to relevant target sites and subsequent activation of plurip-

otency genes are highly restricted in somatic cells (Chen et al.,

2016; Chronis et al., 2017). As epigenetic remodeling enabling

TF access occurs at the final step of reprogramming (Chen

et al., 2016), the stochastic nature of reprogramming limits our

understanding of the underlying molecular mechanisms.

Mouse epiblast stem cells (EpiSCs) are pluripotent stem cells

originated from the postimplantation epiblast and exhibit distinct

biological features from ESCs. EpiSCs express the core pluripo-

tency TFs but not the aforementioned auxiliary TFs, analogous to

intermediate cells of somatic cell reprogramming. EpiSCs exhibit

a constrained developmental potential compared with ESCs—

EpiSCs do not efficiently differentiate into germ cells in vitro

(Hayashi et al., 2011) or in vivo (Ohtsuka et al., 2012). Electronmi-

croscopy studies have shown that ESCs and preimplantation

epiblast cells have globally open chromatin structure character-

ized by uniformly dispersed chromatin, whereas EpiSCs and

postimplantation epiblast cells have condensed heterochro-

matin domains (Ahmed et al., 2010). The preimplantation

epiblast exhibits genome-wide DNA hypomethylation and two

active X chromosomes in female cells, while the postimplanta-

tion epiblast undergoes de novo DNA methylation and X chro-

mosome inactivation (Borgel et al., 2010). Consistent with the

observed differences in chromatin status of EpiSCs and ESCs,

EpiSCs rarely revert to a more primitive ESC state (Greber

et al., 2010; Guo et al., 2009).

We have developed an efficient EpiSC reprogramming system

to address how pluripotency TFs gain access to their target sites

within repressive chromatin.
RESULTS

Esrrb Is a Crucial TF for Establishing Naive Pluripotency
We used a male EpiSC line containing a transgenic Oct4-EGFP

reporter (E3; Greber et al., 2010) that was maintained under
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Figure 1. The Crucial Role of Esrrb in Establishing Naive Pluripotency

(A) Schematic representation of Esrrb conditional KO ESCs (Esrrbflox/flox-mKO2) carrying the tamoxifen-inducible Cre (MerCreMer) transgene. The major tran-

scription start site (TSS) is located upstream of exon 2 (Festuccia et al., 2012). Primer binding sites for genotyping in Figure S1E are indicated by red arrows.

Tg, transgene; SA, splice acceptor; mKO2, monomeric Kusabira-Orange2.

(B) Esrrbflox/flox-mKO2; MerCreMer ESCs were cultured in the presence of 4-hydroxytamoxifen (4-OHT) for one passage (P1). Scale bar, 200 mm.

(C) Immunostaining of Esrrb conditional KO ESCs treated with 4-OHT for 3 days. Scale bar, 200 mm.

(D)Esrrb conditional KOMEFs pretreatedwith 4-OHTwere reprogrammed byOct4, Sox2, and Klf4 for 12 days and immunostained formKO2, Dppa4, andNanog.

Note that the colonies emerging from 4-OHT-pretreated MEFs contained many dead cells with fragmented nuclei. Scale bar, 200 mm.

(E) The number of Dppa4-positive colonies at 12 days post-infection (dpi). Open circles represent results from individual experiments in triplicate. Error bars

represent SD of replicates.

(F) Tet-on Esrrb EpiSCs were cultured in the presence of Dox with or without LIF or 2i for up to 72 hr (h). Scale bar, 200 mm.

(G) Bisulfite sequencing analysis during reprogramming of EpiSCs. Genomic DNA was isolated from the cells cultured in 2i/LIF.

(H) Mean-centered expression values of pluripotency/epiblast markers obtained from microarray analysis. EpiSC_E3 represents the parental line and ESC-like

represents reprogrammed Tet-on Esrrb EpiSCs cultured in the presence of LIF without Dox. ChIP-seq Esrrb targets during reprogramming (Figure 2) are indicated

by filled blue circles.

(I) Pearson correlation coefficients for the microarray data.

See also Figures S1 and S2.
feeder-free conditions with minimal spontaneous differentiation

(Figure S1A) and assessed the reprogramming activity of TFs

involved in maintaining and inducing naive pluripotency. Gain-

of-function studies identified the orphan nuclear receptor Esrrb

as a potent reprogramming factor (Figure S1B), consistent with

a previous report using ESC-derived EpiSCs (Festuccia et al.,

2012). Furthermore, endogenous Esrrb was required for reprog-

ramming by other TFs (Figure S1C). Esrrb plays an important role

in the maintenance of ESCs (Martello et al., 2012) and in the gen-

eration of induced pluripotent stem cells (iPSCs) from mouse
embryonic fibroblasts (MEFs; Feng et al., 2009). We confirmed

that deletion of Esrrb compromised the self-renewal capacity

of ESCs, showing decreased expression of Nanog and

increased cell death (Figures 1A–1C). During fibroblast reprog-

ramming by Oct4, Sox2, and Klf4, Esrrb was activated later

than Sall4 and Nanog, concomitant with the expression of

Dppa4 (Figures S1D–S1F). Esrrb knockout (KO) MEFs under-

went reprogramming to form ESC-like colonies, but those col-

onies were often negative for Dppa4 and contained many dead

cells (Figures 1D, 1E, S1E, and S1F).
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Figure 2. Esrrb- and LIF-Dependent Remodeling of Core TF Occupancy during EpiSC Reprogramming

(A) Heatmaps of ChIP-seq signals around the peaks that were grouped into six clusters (red, ESC specific; blue, EpiSC specific; black, common). Esrrb c2 peaks

(gray), which do not show any increase in Esrrb occupancy or any DNAmotif enrichment (Figure 2C), were considered as spurious. The number of peaks in each

cluster is shown to the left of each heatmap.

(B) ChIP-seq tracks showing the EpiSC-specific (the HoxB cluster, top) and ESC-specific (the Prdm1 locus, bottom) Nanog binding. CGI, CpG island.

(C) Enrichment of TF binding motifs in each peak cluster.

(D) Notched boxplots showing fold enrichment of H3K27ac (Factor et al., 2014; Whyte et al., 2012) relative to input around peaks in each cluster. Open circles in

the boxplots represent means.

(legend continued on next page)
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To elucidate the mechanistic role of Esrrb in establishing naive

pluripotency, we developed a high-efficiency system to repro-

gram EpiSCs by the doxycycline (Dox)-induced expression of

Esrrb (Figure S1G). Induction of Esrrb led to the rapid and

homogeneous expression of the ESC markers Klf4 and Pecam1

(Figures S1H–S1J), and the acquisition of ESC-like colony

morphology (Figure 1F). Most of the cells exhibited rapid loss

of DNA methylation in the promoter regions of Dppa3, Esrrb,

and Pecam1 (Figure 1G). The cells treated with Dox and LIF for

3 days contributed to the somatic and germ cell lineages of chi-

meras (Figures S1K and S1L), demonstrating their unrestricted

naive pluripotency. LIF was crucial for the induction of ESC

markers (Figures 1H and S2A). The addition of 2i (a MEK inhibitor

PD0325901 and a GSK3 inhibitor CHIR99021) (Ying et al., 2008)

further enhanced the process, partly by suppressing the

concomitantly induced primitive endoderm genes (Figures

S2B–S2D). The global gene expression profiles of cells undergo-

ing reprogramming in LIF for 72 hr and in 2i/LIF for 48–72 hr were

similar to those of ESCs (Figure 1I). In contrast, the cells treated

with Dox without LIF for 72 hr were still similar to EpiSCs. As Klf4

is an important immediate early target of LIF signaling (Niwa

et al., 2009), we examined whether Klf4 is required downstream

of Esrrb and LIF for reprogramming. Although deletion of any

single KLF TF (Klf2, Klf4, or Klf5) had a marginal effect on the for-

mation of transgene-independent ESC-like colonies, EpiSCs

deficient in both Klf2 and Klf4 were unable to complete Esrrb-

mediated reprogramming and/or failed to maintain cells in a re-

programmed state (Figure S2E). Nanog, whose expression was

moderately induced in the presence of LIF, was also required

for reprogramming. These results indicate that Esrrb and LIF

activate a self-reinforcing transcriptional circuitry including

Klf4, Klf2, and Nanog, allowing for the rapid establishment of a

self-sustaining transcriptional network for naive pluripotency.

Esrrb and LIF Gradually Remodel Core TF Occupancy
We next analyzed the binding sites of Esrrb, Oct4, Sox2, and

Nanog (EOSN) during reprogramming by chromatin immunopre-

cipitation sequencing (ChIP-seq). As expected, ChIP-seq sig-

nals at later stages of reprogramming showed high correlation

with those in ESCs (Chen et al., 2008) (Figure S2F). Esrrb bound

to target sites as early as 8 hr post-induction, and its occupancy

increased monotonically throughout reprogramming (Figure 2A),

despite the slight decrease in Esrrb expression after 24 hr (Fig-

ures S1G and S2A). In contrast, Nanog and, to a lesser extent,

Oct4 and Sox2 showed both increased and decreased binding

(Figures 2A and 2B). ESC-specific peaks of Esrrb and core

TFs, particularly Nanog, are located preferentially close to genes

expressed in the preimplantation epiblast, extra-embryonic line-

ages, and primordial germ cells (Figure S2G). In contrast, genes

expressed later in development were enriched around EpiSC-

specific Nanog peaks. Indeed, EpiSC-specific Nanog-bound
(E) CpG methylation levels (Habibi et al., 2013; Wu et al., 2015) around peaks in

(F) ChIP assays in Tet-on Esrrb EpiSCs cultured with Dox and 2i/LIF. Occupan

triplicates.

(G) GlucMS-PCR analysis on the same chromatin DNA as in (F). Error bars repre

(H) ChIP assays in Tet-on Esrrb EpiSCs cultured with Dox ± LIF without 2i.

(I) GlucMS-PCR analysis on the same chromatin DNA as in (H). Error bars repres

See also Figures S2 and S3.
genes were preferentially upregulated during embryoid body

(EB) differentiation of EpiSCs (Figure S2H), representing poised

genes. Considering the observed difference in developmental

potential between ESCs and EpiSCs, these results suggest

that differently wired pluripotency TF networks shape the

enhancer landscapes poised for lineage specification in a devel-

opmental stage-specific manner to enable cells to respond

properly to external stimuli.

We then examined changes in the expression of TF target

genes predicted by ChIP-seq during reprogramming. Esrrb

target genes were preferentially upregulated at the beginning

of reprogramming even in the absence of LIF (Figure S2I, 8

versus 0 h). In contrast, increased OSN binding highly correlated

with gene activation after 48 hr in the presence of LIF (Figure S2I,

LIF_48 versus 0 h and 2i/LIF_48 versus 0 h), consistent with the

crucial role played by Nanog in reprogramming (Figure S2E).

Taken together these results demonstrate that the Esrrb- and

LIF-dependent gradual remodeling of core TF occupancy is

crucial for establishing naive pluripotency.

To understand the mechanisms underlying the remodeling of

TF binding, we first analyzed the enrichment of DNA motifs

around peak summits. The Esrrb binding sites (c1 and c3) were

highly enriched for the cognate estrogen-related receptor

(ERR) motif but only slightly enriched for secondary motifs that

are potentially occupied by cooperative TFs (Figure 2C), sug-

gesting that Esrrb binding is less dependent on binding of other

TFs. In contrast, the ESC-specific (c1 and c3) binding sites of

Nanog and, to a lesser extent, Sox2 were significantly enriched

for the ERR motif in addition to their cognate motifs. To assess

the dependency of OSN binding on Esrrb, we deleted the ERR

motifs in OSN peaks near the Klf4, Klf2, and Jam2 genes in

ESCs (Figure S2J). Deletion of the ERRmotifs resulted in specific

reduction in both OSN binding (Figure S2J) and target gene

expression (Figure S2K), contingent upon the juxtaposition of

the ERR and OCT-SOX motifs, suggesting that Esrrb facilitates

the recruitment of core TFs to these enhancer regions. ESC-spe-

cific OSN clusters were also more enriched for their own recog-

nition sequences compared with EpiSC-specific clusters (e.g.,

NANOG motifs in Nanog c1 and c3), suggesting that the binding

to ESC-specific peak regions is also driven by the intrinsic DNA

binding affinity of the individual TFs.

We then analyzed the histone modification and DNA methyl-

ation states of peak regions in EpiSCs and ESCs using publicly

available data (Factor et al., 2014; Habibi et al., 2013; Whyte

et al., 2012; Wu et al., 2015). ESC-specific EOSN clusters

showed lower levels of H3K27ac andH3K4me1 and higher levels

of DNA methylation in EpiSCs compared with ESCs (Figures 2D,

2E, and S2L). We also found that many EpiSC- and ESC-specific

peaks overlap with cell-type-specific broad hypomethylated re-

gions (HMRs) (Figures 2B, S2M, and S3A). These data suggest

that the accessibility of ESC-specific enhancers is limited in
each cluster and across all CpGs.

cy relative to a negative control region is shown. Error bars represent SD of

sent SD of triplicates.

ent SD of triplicates.
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EpiSCs and that the remodeling of TF binding was accompanied

by the opening of repressive chromatin.

Esrrb Binds to Silenced Enhancer Regions and Induces
Chromatin Remodeling
To uncover the sequence of events leading to reactivation of

silenced enhancers, we focused on enhancer regions of the

Esrrb, Klf4, Klf2, Tbx3, and Jam2 genes, which are co-occupied

by EOSN during reprogramming (Figure S3A) and functional in

ESCs (Figures S2J, S2K, and S3B). We first performed ChIP as-

says for Esrrb, Stat3 (a signal transducer of LIF signaling), Klf4,

p300 (a histone acetyltransferase), Med12 (a Mediator compo-

nent), and Tet1 (a methylcytosine dioxygenase) as well as for

Oct4, Sox2, and Nanog (Figure 2F). Esrrb, Stat3, Klf4, p300,

and Med12 were rapidly recruited to the silenced enhancers

on day 1, and binding of these factors slightly increased on

day 2. Increased Tet1 binding was observed at some of the

enhancer regions. Among the core TFs, Sox2 was recruited

earlier, whereas binding of Nanog and, less markedly, Oct4

increased only on day 2, suggesting that the assembly of

enhancer complexes is a hierarchical process.

We then measured the levels of 5-methylcytosine (5mC) and

5-hydroxymethylcytosine (5hmC) at these enhancer regions

by glucosylation-coupled methylation-sensitive PCR (GlucMS-

PCR) assays (Figure 2G). The levels of 5mC decreased rapidly

and inversely with enhancer occupancy by Esrrb. 5hmCs pre-

sent at the Esrrb and Klf2 enhancers in EpiSCs were also lost

during reprogramming. The Tbx3 enhancer transiently gained

5hmC, suggesting that active demethylation takes place. We

confirmed the rapid recruitment of Esrrb and local loss of DNA

methylation in the absence of 2i (Figures 2H and 2I). p300 and

Stat3 were efficiently recruited only when LIF was present (Fig-

ure 2H), although the rapid loss of DNA methylation was still

observedwithout LIF, albeit to a lesser extent (Figure 2I). Accord-

ingly, in the absence of LIF, the initial binding of Esrrb was grad-

ually decreased after 24 hr (Figure 2H). The genetic and pharma-

cological inhibition of p300 resulted in decreased expression of

the Esrrb target genes in the presence of 2i/LIF (Figure S3C).

These results suggest that chromatin remodeling of enhancer re-

gions by p300 is critical for persistent binding of Esrrb and the

subsequent activation of target genes. In contrast to the imme-

diate engagement of Esrrb, Nanog and Klf4 were unable to ac-

cess the silenced enhancers when overexpressed (Figures

S3D and S3E). Instead, they transiently bound to accessible re-

gions (Nkx3-2-50, Tal2-50, andHoxb1-50) or regions with relatively

low levels of DNA methylation (Esrrb-In and Jam2-50) in EpiSCs.

We next examined the changes in chromatin accessibility by

nucleosome occupancy and methylation sequencing (NOMe-

seq), aGpCmethyltransferase-basedassay combinedwith bisul-

fite sequencinganalysis (Kelly et al., 2010). The regionsaround the

putative Esrrb binding sites became rapidly accessible upon

expression of Esrrb (Figure 3A), presumably following p300 bind-

ing and preceding OSN recruitment (Figure 2F). A rapid loss of

CpG methylation was also observed, especially on nucleosome-

free DNA. To test whether Esrrb binds to nucleosomal DNA, we

performed ChIP assays on chromatin digested with micrococcal

nuclease (MNase) and Exonuclease III (ExoIII) (Figure 3B). As ex-

pected, the ESC-specific enhancers were resistant to MNase

digestion and enriched for histone H3 in EpiSCs at levels compa-
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rable to intergenic regions with no enhancer activity. Irrespective

of the presence of 2i or LIF, exogenously expressed Flag-tagged

Esrrb showed significant binding to MNase-resistant nucleo-

some-occupied chromatin fragments at some of these enhancer

regions. We next performed ChIP assays followed by bisulfite

sequencinganalysis to testwhetherEsrrbbinds tochromatincon-

taining methylated DNA. The input DNA and DNA bound by Esrrb

contained similar levels of 5mC plus 5hmC (Figure 3C). ChIP fol-

lowed by GlucMS-PCR confirmed the binding of Esrrb to DNA

containing 5mC (Figure 3D). Taken together, these results sug-

gest that Esrrb accesses its target sites within inactive chromatin

containing nucleosomes and high levels of 5mC. Subsequently,

Esrrb, along with Stat3, recruit chromatin modifiers such as

p300 and induce chromatin remodeling, which then allows for

the cooperative binding of multiple TFs.

Global Hypomethylation Caused by Dnmt1 Deficiency
Facilitates LIF-Driven Nucleosome Displacement
Wenext examined the role of DNAmethylation in reprogramming

by generating Dnmt1-deficient EpiSCs (Figure S4A). Loss of

Dnmt1 resulted in hypomethylation of CpG-rich regions of

unique gene promoters and repetitive elements, as well as

CpG-poor regions including the ESC-specific enhancers (Fig-

ures 4A and 4B). In addition, Dnmt1 mutants showed derepres-

sion of theOct4-EGFP transgene, which is aberrantly silenced in

EpiSCs (Greber et al., 2010) (Figures 4C and 4D). In contrast to

the essential role of DNMT1 in the survival of human ESCs

(Liao et al., 2015), Dnmt1 deficiency did not affect the ability of

EpiSCs to self-renew. Dnmt1-deficient EpiSCs often formed

dome-shaped colonies (Figures 4C and 4D), probably due to

the LIF/IL-6 activity present in MEF-conditioned media (MEF-

CM), as the addition of JAK inhibitor (JAK-i) led to the reversion

of this phenotype (Figure S4B). When the cells were stimulated

with LIF, rapid tyrosine phosphorylation of Stat3 was observed

to a similar extent in Dnmt1 mutants and parental cells (Fig-

ure S4C), suggesting that events downstream of Stat3 phos-

phorylation are responsible for the Dnmt1 mutant phenotype.

More strikingly, despite retaining LIF-independence and the mo-

lecular identity of EpiSCs, Dnmt1 mutants showed rapid activa-

tion of ESC markers and concomitant suppression of EpiSC

markers when cultured in the presence of 2i/LIF (Figures 4D,

4E, S4B, S4D, and S4E). LIF, but not 2i, was required for the in-

duction of ESCmarkers, amongwhich Esrrbwas one of themost

highly induced (Figure S4F). We observed a rapid and dramatic

increase in the binding of Esrrb, Stat3, and p300 (Figure 4F) as

well as the core TFs, especially Nanog (Figure 4G), to the ESC-

specific enhancer regions, without significant differences in the

protein levels of OSN compared with wild-type (Figure S4G).

Consistently, the Esrrb and Klf2 enhancers became rapidly

accessible in Dnmt1 mutants upon treatment with 2i/LIF (Fig-

ure 4H). These results indicate that global DNA hypomethylation

provides the permissive chromatin environment, in which LIF

and endogenous TFs can readily rewire TF binding to activate

ESC-specific enhancers.

DISCUSSION

Most regions of the genome are occupied by nucleosomes

that restrict the access of TFs to DNA. Nevertheless, at
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Figure 3. Binding of Esrrb to Chromatin Containing Nucleosomes and Methylated DNA

(A) NOMe-seq assays in Tet-on Esrrb EpiSCs cultured with Dox and 2i/LIF. M.CviPI-inaccessible regions that are at least 120 bp in length and therefore are likely

to be occupied by nucleosomes are highlighted in pink. Open triangles indicate positions of CpG sites. Triangles filled in green represent CpGs in CCG tri-

nucleotides that may be targeted by GpCmethyltransferase at a low frequency. Color bars at the bottom of the plots indicate regions analyzed byMNase-ChIP in

(B). Arrows indicate CpGs overlapping with MspI/HpaII restriction sites (CCGG), which were used for GlucMS-PCR in (C). Motifs in lowercase represent motifs

that diverge from the consensus sequences.

(B) MNase-ChIP assays in Tet-on FLAG-Esrrb EpiSCs. Left, chromatin DNA digested with MNase and ExoIII. Right, ChIP assays for H3 and FLAG-tagged Esrrb.

The percentage of input DNA is shown. Error bars represent SD of triplicates.

(C) ChIP-bisulfite sequencing assays on the same chromatin as in Figure 2H. Arrows indicate MspI/HpaII restriction sites used for GlucMS-PCR in (D).

(D) ChIP-GlucMS-PCR analysis. Only input DNA was analyzed for LINE-1 and IAP-chr15. Error bars represent SD of triplicates.

See also Figure S3.
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Figure 4. Acute Remodeling of TF Binding in Dnmt1-Deficient EpiSCs Treated with 2i/LIF

(A and B) Bisulfite sequencing analysis of promoters and repetitive elements (A) and promoter-distal regions (B) in Dnmt1-deficient EpiSCs.

(C) Representative colonies obtained after transfection of Cas9 and Dnmt1-single guide RNA (sgRNA) expression constructs into E3 EpiSCs. A few compact

colonies positive for the Oct4-EGFP reporter (GOF18-EGFP; arrows) were found to be mutants in most cases. Scale bar, 200 mm.

(D) Reprogramming of Dnmt1-deficient EpiSCs by 2i/LIF. Scale bar, 200 mm.

(E) RT-PCR analysis of Dnmt1-deficient EpiSCs treated with 2i/LIF. Error bars represent SD of triplicates.

(F) ChIP assays in Dnmt1-deficient EpiSCs cultured with or without LIF or 2i for 1 day. Error bars represent SD of triplicates.

(legend continued on next page)
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some genomic regions TFs jointly compete with nucleosomes

for DNA binding and influence the local chromatin structure

by recruiting or repelling histone/DNA-modifying enzymes.

Consequently, cell-type-specific sets of TFs and chromatin-

modifying enzymes shape a chromatin landscape unique to

each cell type. Such epigenetic information carried by his-

tones and DNA acts to maintain transcriptional states over

time and through cell division, ensuring that cell identity is

stably maintained. This, however, is the major obstacle to

TF-mediated reprogramming. When overexpressed in somatic

cells, Oct4 and Sox2 are unable to access relevant target sites

near pluripotency genes early in reprogramming, but predom-

inantly bind to off-target sites accessible in the original cells

(Chen et al., 2016; Chronis et al., 2017). On-target binding of

Oct4 and activation of pluripotency genes are achieved at

the last stage of reprogramming, roughly coinciding with the

acquisition of H3K27ac and loss of DNA methylation around

the Oct4 binding sites (Chen et al., 2016). These studies sug-

gest that epigenetic reprogramming is not readily induced by

the reprogramming TFs alone but is facilitated by secondary

factors induced during reprogramming. We found that Esrrb

acts as a pioneer reprogramming factor in EpiSCs (Figure 4I).

Esrrb immediately binds to silenced enhancers containing nu-

cleosomes and high levels of 5mC, where the access of other

TFs and coactivators is limited. Subsequently, Esrrb induces

chromatin reorganization including nucleosome displacement

and DNA demethylation. Although it is well known that ERRs

and their coactivators, such as SRC and PGC-1 family mem-

bers, recruit various chromatin modifiers, p300 likely plays a

key role in establishing an active chromatin state at en-

hancers, as forced tethering of p300 is sufficient to activate

enhancers and target gene expression (Hilton et al., 2015).

Interestingly, the recruitment of p300, but not the initial binding

of Esrrb, depends upon LIF, consistent with the requirement of

LIF for OSN target gene activation later in reprogramming (Fig-

ure S2I). In parallel, Esrrb binding induced a rapid loss of DNA

methylation, especially on nucleosome-free DNA (Figure 3A).

The initial loss of DNA methylation was only slightly affected

in the absence of LIF. Rapid local demethylation presumably

results from active mechanisms as suggested by the recruit-

ment of Tet1 and a transient increase in 5hmC at subsets of

the enhancer regions, although reprogramming of fibroblasts

can be accomplished in the absence of TET family dioxyge-

nases or thymine DNA glycosylase (Hu et al., 2014). In

addition, passive mechanisms that depend on DNA replication

might take place. TF binding may locally inhibit DNA methyl-

transferase activity, for instance, by displacing histones that

can be used for targeting Dnmt1 and its partner Uhrf1 to chro-

matin (Nishiyama et al., 2013; Rothbart et al., 2012). Global

hypomethylation caused by Dnmt1 deficiency resulted in a

dramatic increase in TF binding after treatment with LIF, sug-

gesting that loss of DNA methylation is a rate-limiting step in

enhancer activation. We speculate that loss of DNA methyl-

ation weakens the interactions between histones and DNA
(G) ChIP assays in Dnmt1-deficient EpiSCs cultured with 2i/LIF for 1 day. Error b

(H) NOMe-seq assays in Dnmt1-deficient EpiSCs cultured with 2i/LIF for 1 day.

(I) Schematic diagram of Esrrb-mediated chromatin opening. See the Discussion

See also Figure S4.
and increases nucleosome dynamics (Choy et al., 2010),

allowing for TF-mediated nucleosome displacement (Fig-

ure 4H). Once a permissive chromatin environment is tran-

siently created, a flexible set of TFs and coactivators can

bind cooperatively to adjacent sites and reinforce the changes

in enhancer structure. This final step is indeed crucial for

enhancer activation as Nanog deficiency resulted in incom-

plete reprogramming.

Previous studies suggested that exogenous Esrrb facilitates

somatic cell reprogramming (Chronis et al., 2017). Interestingly,

when ectopically expressed in somatic cells, Esrrb is unable

to bind to ESC-specific enhancers but preferentially binds to

accessible chromatin and activates genes associated with

oxidative phosphorylation. Other contexts, such as higher-or-

der chromatin structure and cooperatively binding factors,

may be required for Esrrb to access ESC-specific enhancers

in somatic cells. Such contextual prerequisites are also impor-

tant for binding of other pioneer factors, such as Foxa1 (Lupien

et al., 2008) and Ascl1 (Wapinski et al., 2013). Endogenous

Esrrb plays an important role in establishing pluripotency in

the final step of somatic cell reprogramming by Oct4, Sox2,

and Klf4 (Figures 1D and 1E). Recent findings show that most

ESC-specific open chromatin regions gain accessibility at the

end of reprogramming and that those regions are highly en-

riched for the ERR motif (Li et al., 2017), suggesting that Esrrb

plays a pioneering role similar to that observed in EpiSC

reprogramming.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Esrrb R&D Systems Cat# PP-H6705-00; RRID: AB_1964232

Rat monoclonal anti-Nanog Thermo Fisher Scientific Cat# 14-5761-80; RRID:AB_763613

Rabbit polyclonal anti-mKO2 MBL Cat# PM051; RRID:AB_10597258

Goat polyclonal anti-Dppa4 R&D Systems Cat# AF3730; RRID:AB_2094166

Mouse monoclonal anti-Sall4 Santa Cruz Cat# sc-101147; RRID:AB_1129262

Goat polyclonal anti-Klf4 R&D Systems Cat# AF3158; RRID: AB_2130245

Mouse monoclonal anti-Oct4 Santa Cruz Cat# sc-5279; RRID: AB_628051

Goat polyclonal anti-Sox17 R&D Systems Cat# AF1924; RRID: AB_355060

Rabbit monoclonal anti-Dnmt1 Cell Signaling Technology Cat# 5032; RRID: AB_10828695

Mouse monoclonal anti-a-tubulin Sigma Cat# T6199; RRID: AB_477583

Rabbit polyclonal anti-Stat3 Santa Cruz Cat# sc-482; RRID: AB_632440

Rabbit monoclonal anti-phospho-Stat3 (Tyr705) Cell Signaling Technology Cat# 9145; RRID: AB_2491009

Rabbit polyclonal anti-Nanog Bethyl Laboratories Cat# A300-397A; RRID: AB_386108

Goat polyclonal anti-Oct4 Santa Cruz Cat# sc-8628; RRID: AB_653551

Goat polyclonal anti-Sox2 Neuromics Cat# GT15098; RRID: AB_2195800

Rabbit polyclonal anti-H3 Abcam Cat# ab1791; RRID: AB_302613

Rabbit polyclonal anti-p300 Santa Cruz Cat# sc-585; RRID: AB_2231120

Rabbit polyclonal anti-Med12 Bethyl Laboratories Cat# A300-774A; RRID: AB_669756

Rabbit polyclonal anti-Tet1 GeneTex Cat# GTX124207; RRID:AB_11176491

Mouse monoclonal anti-FLAG Sigma Cat# F1804; RRID:AB_262044

Rat monoclonal anti-mouse Pecam1/CD31

antibody, conjugated with APC

BioLegend Cat# 102509; RRID:AB_312916

Chemicals, Peptides, and Recombinant Proteins

Human FGF2 PeproTech Cat# 100-18B

Human Activin A eBioscience Cat# 34-8993-85

Human LIF Prepared in-house N/A

PD0325901 Cayman Chemical Cat# 13034

CHIR99021 Tocris Cat# 4423

Y-27632 Abcam Cat# ab120129

JAK Inhibitor I Calbiochem Cat# 420097

A-485 Lasko et al., 2017 Structural Genomics Consortium

A-486 Lasko et al., 2017 Structural Genomics Consortium

L-ascorbic acid 2-phosphate Sigma Cat# A8960

4-hydroxytamoxifen (4-OHT) Sigma Cat# H7904

Doxycycline (Dox) Sigma Cat# D9891

Di(N-succinimidyl) glutarate (DSG) Santa Cruz Cat# sc-285455

M.CviPI (GpC methyltransferase) NEB Cat# M0227

T4 phage b-glucosyltransferase (T4-BGT) NEB Cat# M0357

Micrococcal nuclease (MNase) NEB Cat# M0247

Exonuclease III (ExoIII) NEB Cat# M0206

Poly(vinyl alcohol) Sigma Cat# P8136

Critical Commercial Assays

MouseRef-8 v2.0 Expression BeadChips Illumina Cat# BD-202-0602

TruSeq ChIP Library Preparation Kit Illumina Cat# IP-202-1012

TruSeq RNA Library Prep Kit v2 Illumina Cat# RS-122-2001

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Microarray data This paper ArrayExpress: E-MTAB-5341

ChIP-seq data This paper ArrayExpress: E-MTAB-5342

RNA-seq data This paper ArrayExpress: E-MTAB-5343

ChIP-seq data in ESCs Chen et al., 2008 GEO: GSE11431

ChIP-seq data in EpiSCs Factor et al., 2014 GEO: GSE57407

ChIP-seq data in ESCs Whyte et al., 2012 GEO: GSE27841, GSE11724

WGBS-seq data in EpiSCs Wu et al., 2015 GEO: GSE63568

WGBS-seq data in ESCs Habibi et al., 2013 GEO: GSE41923

Experimental Models: Cell Lines

Mouse: EpiSC_E3: Tg(GOF18-EGFP) Greber et al., 2010 N/A

Mouse: ESC_GOF18-3F/5A: Pou5f1+/�;
Tg(GOF18-EGFP)

This paper N/A

Mouse: ESC_EB3: Pou5f1+/BSD Niwa et al., 2002 N/A

Mouse: ESC_ZHBTc4: Pou5f1BSD/Zeo;

Tg(CAG-tTA); Tg(TetO-Pou5f1)

Niwa et al., 2000 N/A

Mouse: ESC_Esrrbflox/flox-mKO2: Esrrbflox/flox-mKO2;

Tg(CAG-MerCreMer); Tg(Acr-EGFP)

This paper N/A

Mouse: MEF_Esrrbflox/flox-mKO2: Esrrbflox/flox-mKO2;

Tg(CAG-MerCreMer); Tg(Acr-EGFP)

This paper N/A

Oligonucleotides

See Table S1 for oligonucleotides used in this paper This paper N/A

Recombinant DNA

gRNA_Cloning Vector Mali et al., 2013 Addgene Plasmid #41824

pX330-U6-Chimeric_BB-CBh-hSpCas9 Cong et al., 2013 Addgene Plasmid #42230

eSpCas9(1.1) Slaymaker et al., 2016 Addgene Plasmid #71814

Software and Algorithms

GenomeStudio Illumina https://www.illumina.com/techniques/

microarrays/array-data-analysis-

experimental-design/genomestudio.html
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hans R.

Schöler (office@mpi-muenster.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
E3 GOF18-EGFPmale EpiSCs (F1 of homozygous GOF18-EGFP [C57BL/6 and DBA/2 mixed background] and 129/Sv) and their de-

rivatives were maintained as previously described (Greber et al., 2010) in MEF-CM containing 20% KnockOut Serum Replacement

(KSR) supplemented with 10 ng/ml FGF2 (CM + FGF2) or in a 1:1 mixture of CM + FGF2 and N2B27 (50% DMEM/F12, 50% Neuro-

basal, 0.53 N2, 0.53 B27, 25 mg/ml BSA fraction V) supplemented with 10 ng/ml FGF2 and 10 ng/ml Activin A (CM/N2B27 + FA) on

fetal bovine serum (FBS)-coated dishes without feeders. GOF18-3F and GOF18-5A male ESCs were derived from embryos carrying

the GOF18-EGFP transgene and a heterozygous deletion of Pou5f1 (Wu et al., 2013) in a mixed background and maintained in

DMEM/F12 containing 10% KSR (K10) and LIF (prepared in house) on MEF feeders. For microarray analysis, ESCs were adapted

to feeder-free conditions in K10 + LIF. For bisulfite sequencing, GOF18-3F ESCs were further adapted to 2i (1 mM PD0325901

and 3 mM CHIR99021) (Ying et al., 2008) plus LIF. For enhancer deletion experiments depicted in Figures S2J and S2K, EB3

ESCs (Niwa et al., 2002) cultured in a feeder-free condition with 2i/LIF were used. For luciferase reporter assays, ZHBTc4 ESCs

(Niwa et al., 2000) cultured in a feeder-free condition with 2i/LIF were used.

For Esrrb conditional KO, male ESCs derived from Acr-EGFP transgenic mice (Nakanishi et al., 1999) were targeted with the flox-

mKO2 construct containing floxed Esrrb exon 2 followed by a FRT-SA-IRES-Hph-HSVDtk-P2A-mKO2-pA cassette, transiently
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transfected with a FLPe expression vector to remove the FRT cassette, and targeted with the same flox-mKO2 construct to obtain

Esrrbflox/flox-mKO2 ESC lines, which were then stably transfected with a vector for constitutive expression of MerCreMer-IRES-Neo.

Esrrb conditional KO MEFs were obtained from E12.5 chimeric embryos generated by aggregation of Esrrbflox/flox-mKO2;

MerCreMer ESCswith tetraploid host embryos. Primary MEFs were split, treated with or without 0.5 mM4-OHT for 6 days, and plated

for reprogramming in the absence of 4-OHT. 900 mg/ml G418 was added to both groups to eliminate host cells.

Cells with stable integration of Tet-on transgenes were generated using the piggyBac transposon system (Guo et al., 2009) as pre-

viously described (Adachi et al., 2013). Cells were co-transfected with a Dox-inducible expression vector containing IRES-Venus or

IRES-H2BmKO2 reporters and a vector for constitutive expression of rtTAM2-IRES-Neo, followed by selection with G418. The clonal

Tet-on Esrrb-IRES-Venus EpiSC line was isolated and further modified by introducing a Pou5f1 (3.5 kb upstream of the TSS)-IRES-

Puro cassette to facilitate enrichment of undifferentiated cells. For the Tet-on FLAG-Esrrb construct, a 3 3 FLAG tag was fused to

the N terminus of Esrrb. KO EpiSC lineswere generated using the CRISPR/Cas system (Cong et al., 2013;Mali et al., 2013; Slaymaker

et al., 2016). sgRNA oligonucleotides were cloned downstream of the human U6 promoter of pBRBII-hU6-BsaI-gRNA (modified from

Addgene #41824, a gift from George Church), pX330A-GFPT2APuro (modified from Addgene #42230, a gift from Feng Zhang), or

eSpCas9-PuroP2AmCherry (modified from Addgene #71814, a gift from Feng Zhang). For Esrrb, Nanog, and Dnmt1 KOs in EpiSCs,

two sgRNAs were designed for each gene to delete critical exons, resulting in frameshift mutations. For Ep300mutants, two sgRNAs

weredesigned togenerate an in-framedeletion of the catalytic coredomain.Clones carryingdeletions in bothalleleswere identifiedby

sequencing of the genomicPCRproducts and immunostaining. ForKlf2,Klf4,Klf2/4, andKlf5KOs, single sgRNAs targeting the exons

were expressed. Clones carrying frameshift mutations in both alleles were identified by sequencing of the genomic PCRproducts and

immunostaining. For enhancer deletion, two sgRNAswere designed to delete putative enhancer regions. Clones carrying deletions in

both alleles were identified by sequencing of the genomic PCR products. sgRNA oligonucleotide sequences are listed in Table S1.

Mice
To generate chimeric mice, cells were aggregated with zona pellucida–free eight-cell–stage embryos obtained by mating either

B6C3F1 or CFW 6- to 8-week-old female mice with CD1 male mice aged 3 months or older. After one day of in vitro culture in

KSOM supplemented with 10% FBS, the chimeric blastocysts were transferred into the uteri of 2.5 days post-coitum pseudopreg-

nant CD1 femalemice aged 2 to 4months. Animalsweremaintained under a 14-hour light/10-hour dark cycle with free access to food

and water. Female mice were housed in groups of up to 5 per cage and male mice were housed individually. A protocol for animal

handling andmaintenance for this studywas approved by the Landesamt f€ur Natur, Umwelt und Verbraucherschutz Nordrhein-West-

falen (LANUV NRW) under the supervision of a certified veterinarian in charge of the Max Planck Institute animal facility.

METHOD DETAILS

Reprogramming
For the reprogramming ofMEFs, retroviruses were prepared by transient transfection of HEK293T cells with pMXs retroviral plasmids

encoding Oct4, Sox2, or Klf4, together with the packaging plasmid pCL-Eco. MEFs were plated at 23 104 cells per well of a 12-well

plate one day before transduction and infected with a mixture of viral supernatants for one day in the presence of 4 mg/ml protamine

sulfate. The next day (1 dpi), the medium was replaced by K15 medium supplemented with LIF and 50 mg/ml L-ascorbic acid

2-phosphate.

For reprogramming of EpiSCs, cells dissociated into single cells using Accutase were plated in EpiSC media supplemented

with 5 mM Y-27632 on FBS-coated dishes. After overnight culture, the medium was replaced by K10 medium with or without LIF,

2i or 1 mg/ml Dox.

RT-PCR
Total RNA was isolated using the RNeasy Mini Kit (QIAGEN). First-strand cDNA was synthesized using oligo(dT) primers and M-MLV

Reverse Transcriptase (USB). Real-time PCRwas performed using iTaq Universal SYBRGreen Supermix (Bio-Rad). Relative expres-

sion valueswere calculated by the standard curvemethod, normalized toGapdh, and presented as fold change over control samples.

Each experiment was performed in technical triplicate. Error bars indicate SD of triplicates. Primer sequences are listed in Table S1.

Immunofluorescence
Immunofluorescence was performed using the following primary antibodies with dilutions: mouse monoclonal anti-Esrrb (PP-

H6705-00, R&D Systems), 1:1000; rat monoclonal anti-Nanog (14-5761-80, Thermo Fisher Scientific), 1:1000; rabbit anti-mKO2

(PM051, MBL), 1:2000; goat anti-Dppa4 (AF3730, R&D Systems), 1:500 of 0.2 mg/ml; mouse monoclonal anti-Sall4 (sc-101147,

Santa Cruz), 1:300; goat anti-Klf4 (AF3158, R&D Systems), 1:250 of 0.2 mg/ml; mouse monoclonal anti-Oct4 (sc-5279, Santa

Cruz), 1:1000; goat anti-Sox17 (AF1924, R&D Systems), 1:1000 of 0.2 mg/ml.

Western Blot
Western blotting was performed according to standard procedures using the following primary antibodies: rabbit monoclonal anti-

Dnmt1 (5032, Cell Signaling Technology); mouse monoclonal anti-a-tubulin (T6199, Sigma); rabbit anti-Stat3 (sc-482, Santa Cruz);
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rabbit monoclonal anti-phospho-Stat3 (Tyr705) (9145, Cell Signaling Technology); rabbit anti-Nanog (A300-397A, Bethyl Labora-

tories); goat anti-Oct4 (sc-8628, Santa Cruz); goat anti-Sox2 (GT15098, Neuromics); rabbit anti-H3 (ab1791, Abcam).

Flow Cytometry
Cells were harvested using non-enzymatic cell dissociation solution (C-5914, Sigma) and stained with 4 mg/ml rat monoclonal anti-

Pecam1 antibody conjugated with APC (102509, BioLegend) followed by DAPI. Fluorescence was measured using a FACSAria IIu

cell sorter (BD Biosciences). Cells were gated based on FSC and SSC to exclude cellular debris and doublets, and on DAPI staining

to exclude dead cells. Data analysis was done using FlowJo software (LLC).

Bisulfite Sequencing
Bisulfite treatment was performed using the EZ DNA Methylation Kit (Zymo Research). PCR was performed at an annealing temper-

ature of 50�C using EpiMark Hot Start Taq DNAPolymerase (NEB). Sequencing data was analyzed usingQUMA (Kumaki et al., 2008).

For ChIP-bisulfite sequencing assays, the EZ DNAMethylation-Direct Kit (Zymo Research) was used. Primer sequences are listed in

Table S1.

ChIP
For ChIP-seq experiments, Tet-on Esrrb EpiSCs undergoing reprogramming were cross-linked with 1% formaldehyde in PBS for

10 min at room temperature followed by quenching with 125 mM glycine. Cells were lysed in lysis buffer 1 (50 mM HEPES-KOH

[pH 7.5], 140 mM NaCl, 1 mM 0.5 M EDTA, 10% glycerol, 0.5% IGEPAL CA630, 0.25% Triton X-100) containing protease inhibitor

cocktail (Sigma) for 30 min at 4�C and washed in lysis buffer 2 (10 mM Tris-HCl [pH 8.0], 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA).

Chromatin was sheared using Diagenode Bioruptor (high power, 40 cycles of 30 s on and 30 s off) equipped with a water-cooling

system (4�C) in 1 mL of sonication buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 0.5% SDS) per 1 3 107 cells. Small aliquots of

sheared chromatin were reverse cross-linked, purified, and analyzed for DNA concentration and fragment size. Sheared chromatin

with an average fragment size of 200�300 bp was incubated with Dynabeads protein G coupled to primary antibodies in 43 volume

of ChIP dilution buffer (10 mM Tris-HCl [pH 8.0], 125 mMNaCl, 0.125% sodium deoxycholate, 1.25% Triton X-100) at 4�C overnight.

The amount of chromatin, antibodies, and beads for each ChIP assay are as follows: chromatin corresponding to 400 mgDNA + 24 mg

mouse anti-Esrrb (PP-H6705-00, R&D Systems) + 200 mL beads; chromatin corresponding to 500 mg DNA + 30 mg rabbit anti-Nanog

(A300-397A, Bethyl Laboratories) + 300 mL beads; chromatin corresponding to 200 mg DNA + 8 mg goat anti-Oct4 (sc-8628, Santa

Cruz) + 100 mL beads; chromatin corresponding to 500 mgDNA + 16 mg goat anti-Sox2 (GT15098, Neuromics) + 150 mL beads. Beads

werewashed once with low-salt buffer (20mM, Tris-HCl [pH 8.0], 150mMNaCl, 2mMEDTA, 0.1%SDS, 1%Triton X-100), twice with

high-salt buffer (20 mM, Tris-HCl [pH 8.0], 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), twice with RIPA buffer (50 mM,

HEPES-KOH [pH 7.6], 250 mM LiCl, 1 mM EDTA, 1% IGEPAL CA630, 0.7% sodium deoxycholate), and once with TE containing

50 mM NaCl. After elution with elution buffer (10 mM, Tris-HCl [pH 8.0], 300 mM NaCl, 5 mM EDTA, 0.5% SDS) for 15 min

at 65�C, immunoprecipitated chromatin, together with input chromatin, was reverse cross-linked and DNA was purified using the

QIAquick PCR Purification Kit (QIAGEN).

For ChIP-PCR experiments, cells were cross-linked with formaldehyde for 8 min (for Nanog, Oct4, and Sox2), or cross-linked with

2 mM Di(N-succinimidyl) glutarate (DSG) in PBS for 5 min at room temperature, washed with 50 mM Tris-HCl (pH 7.4) for 5 min, and

then cross-linked with formaldehyde for 8 min (for Esrrb, Stat3, Klf4, p300, Med12, and Tet1). Chromatin was sonicated for 45 cycles

of 30 s on and 30 s off. Chromatin corresponding to approximately 25 mg DNA was incubated with 25 mL Dynabeads protein G

coupled to 2 mg of the following primary antibodies: mouse anti-Esrrb (PP-H6705-00, R&D Systems); rabbit anti-Stat3 (sc-482, Santa

Cruz); goat anti-Klf4 (AF3158, R&D Systems); rabbit anti-p300 (sc-585, Santa Cruz); rabbit anti-Med12 (A300-774A, Bethyl Labora-

tories); rabbit anti-Tet1 (GTX124207, GeneTex); rabbit anti-Nanog (A300-397A, Bethyl Laboratories); goat anti-Oct4 (sc-8628, Santa

Cruz); goat anti-Sox2 (GT15098, Neuromics). Reverse cross-linked and purified DNA was analyzed by real-time PCR. The percent-

age of input was calculated by the standard curve method and normalized to the values obtained at a negative control region within

the intergenic spacer (IGS) of ribosomal DNA (rDNA), which gave reliable amplification due to its multiple copies in the genome. Each

experiment was performed in technical triplicate. Error bars indicate SD of three replicates.

For MNase-ChIP, Tet-on 33 FLAG-Esrrb EpiSCs were cross-linked with DSG and formaldehyde, lysed in lysis buffer 1 containing

protease inhibitor cocktail, washed inMNase buffer (50 mMTris-HCl [pH 8.0], 5 mMCaCl2, 0.25% IGEPAL CA-630), and treated with

10,000 gels unitsMNase (NEB) and 100 units ExoIII (NEB) in 0.5mLMNase buffer supplementedwith 0.1mg/ml BSA per 13 107 cells

for 15 min at 37�C. After addition of EDTA to 45 mM to terminate the reaction, samples were sonicated for 15 cycles of 30 s on and

30 s off in the presence of 0.5%SDS to break nuclear membrane. The following primary antibodies were used for ChIP: rabbit anti-H3

(ab1791, Abcam); mouse monoclonal anti-FLAG (F1804, Sigma).

For ChIP-bisulfite sequencing andChIP-GlucMS-PCR assays, chromatin corresponding to 150 mgDNAwas incubatedwith 100 mL

Dynabeads protein G coupled to 12 mg anti-Esrrb antibody. Chromatin was reverse cross-linked and DNA was extracted once with

phenol-chloroform and once with chloroform, and precipitated with isopropanol. One-sixth of ChIP DNA, together with 100 ng input

DNA, was used for bisulfite treatment, and the remaining ChIP DNA, together with 1 mg input DNA, was used for GlucMS-PCR. Primer

sequences are listed in Table S1.
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NOMe-seq
NOMe-seq assays were performed as previously described (Taberlay et al., 2011) with some modifications. 13 106 cells were lysed

in nuclei lysis buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mMMgCl2, 0.1 mM EDTA, 0.5% IGEPAL CA-630) containing protease

inhibitor cocktail for 10 min on ice and aliquots containing 23 105 cells were treated with 100 units M.CviPI (NEB) in the presence of

160 mMS-adenosylmethionine for 15 min at 37�C. Purified DNA was used for bisulfite treatment. Sequencing data was analyzed us-

ing methylcircleplot (https://doi.org/10.6084/m9.figshare.842634). GCG trinucleotides were excluded from the analysis as they are

targets of both CpG and GpC methyltransferases. If at least 2 of 3 consecutive GpCs were methylated, the region between methyl-

ated GpCs was considered as accessible. Then regions with at least 120 bp of inaccessible chromatin were considered as nucleo-

some-occupied. Primer sequences are listed in Table S1.

GlucMS-PCR
500 ng DNA isolated from sheared chromatin was treated with or without T4 phage b-glucosyltransferase (T4-BGT, NEB) in the pres-

ence of uridine diphosphoglucose for 12�16 hours at 37�C. DNAwas then divided into three aliquots and treated with MspI (which is

sensitive to glycosylated 5hmC at a CCGG site), HpaII (which cleaves only unmodified cytosine residues), or no enzyme for 8 hours at

37�C, followed by proteinase K treatment for 30min at 40�C. The amount of undigested DNAwas determined by real-time PCR. Rela-

tive abundance values were calculated by the standard curve method and normalized to the values obtained at a negative control

region (IGS of rDNA) that does not contain a CCGG sequence. The percentage of each cytosine derivative was calculated as follows:

%5hmC = [(T4-BGT_MspI) 3 (No T4-BGT_No enzyme) / (T4-BGT_No enzyme) � (No T4-BGT_MspI)] / (No T4-BGT_No enzyme) 3

100 (%); %5mC = [(No T4-BGT_HpaII) � (T4-BGT_MspI) 3 (No T4-BGT_No enzyme) / (T4-BGT_No enzyme)] / (No T4-BGT_No

enzyme) 3 100 (%); %C = [(No T4-BGT_No enzyme) � (No T4-BGT_HpaII)] / (No T4-BGT_No enzyme) 3 100 (%). Each experiment

was performed in technical triplicate. Error bars indicate SD of three replicates. Primer sequences are listed in Table S1.

Luciferase Reporter Assays
Genomic regions amplified by PCR were cloned into a construct containing the human UBC minimal promoter and firefly luciferase

(luc2). ZHBTc4 ESCs were transfected with pGL4.75[hRluc/CMV] together with the reporter constructs. Twenty-four hours after

transfection, luciferase activity was measured using Dual-Luciferase Reporter Assay System (Promega). The relative luciferase ac-

tivity (luc2/hRluc) was further normalized to that of an empty vector control. Each experiment was performed in biological triplicate.

Error bars indicate SD of three replicates. Primer sequences used for amplification are listed in Table S1.

Microarray and Data Analysis
Total RNA was isolated from Tet-on Esrrb EpiSCs undergoing reprogramming, transgene-independent ESC-like cells that were re-

programmed andmaintained in K10 + LIF, parental E3 EpiSCs that were cultured in CM+ FGF2, andGOF18-3F andGOF18-5A ESCs

that were adapted to feeder-free conditions in K10 + LIF. For each dataset, the experiments were performed in biological duplicate.

Microarray analysis was performed using MouseRef-8 v2.0 Expression BeadChips (Illumina) as previously described (Greber et al.,

2010). Background corrected probe-level data exported from the GenomeStudio software (Illumina) were variance-stabilizing trans-

formed and robust-spline normalized using the Bioconductor lumi package (Du et al., 2008) in R (Table S2, lumi_exprs). Expression

values from duplicate samples were averaged, and Pearson’s correlation coefficients were computed based on linear scale data. For

weighted gene co-expression network analysis (WGCNA; Langfelder and Horvath, 2008), probes with detection p values of % 0.01

(reported in the Group Probe Profile table in the GenomeStudio software) in at least one sample were selected (14284 of 25697

probes). Multiple probes with the same Ensembl gene ID were collapsed using the collapseRows function in the R package WGCNA

(Langfelder and Horvath, 2008) by selecting those with the highest mean values across the samples (9965 genes) and only genes with

log2 fold change relative to 0 h ofR 0.5 in at least one sample were used (4434 genes) (Table S2,mean_detected_collapsed_lfc0.5). A

signed weighted correlation network was constructed using the blockwiseModules function with a soft-thresholding power of 20, a

minimum module size of 10, and a dendrogram merge cut height of 0.25. The most representative gene expression profiles of each

module (module eigengenes) were calculated and correlations between individual gene expression and module eigengene (module

membership values) were computed to identify hub genes that have high intramodular connectivity (module membership R 0.8)

(Table S2, WGCNA_module membership). Functional annotation of hub genes was performed using DAVID 6.8 (Huang et al.,

2009). Representative terms in enriched annotation clusters identified by the Functional Annotation Clustering tool, together with their

Group Enrichment Scores, are presented.

ChIP-seq and Data Analysis
Sequencing libraries were prepared according to the TruSeq ChIP Sample Preparation protocol (Illumina). Amplified libraries were

purified with 1.0 volume of AMPure XP beads and size-selected on a 2% agarose gel (250-450 bp). Sequencing was performed

on the HiSeq 2500 (Illumina) as single-end 50-bp reads. Sequence reads were aligned to the mm10 mouse reference genome using

Bowtie2 (Langmead and Salzberg, 2012) with default parameters. Fragment sizes were estimated using phantompeakqualtools

(https://code.google.com/archive/p/phantompeakqualtools/). Peak calling was performed using MACS2 (Zhang et al., 2008) with

the following parameters: -g mm -B –SPMR -q 0.01 –nomodel –shiftsize 80 (Table S3, summits). Input DNA from each sample

was used as controls. Reads per million (RPM)-normalized pileup signals in the bedGraph format were converted into bigWig files
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using the UCSC bedGraphToBigWig tool. Peaks that overlap with the blacklisted regions (https://sites.google.com/site/

anshulkundaje/projects/blacklists), satellite repeats (RepeatMasker) or regions with abnormally high signals in all samples

(Table S3, blacklist_GOF18) were removed as probable mapping artifacts. Pairwise Pearson correlation coefficients between two

bigWig files were calculated using the UCSC bigWigCorrelate tool based on mean values over merged peak regions, in which ±

100-bp regions around the peak summits from all datasets were combined. ChIP-seq peaks in time-series samples were merged

separately for each TF and RPM-normalized pileup signals in 10-bp bins over ± 1-kb regions around the peak centers were grouped

into 6 clusters using deepTools (Ramı́rez et al., 2014) (Table S3, cluster). Gene set enrichment analysis (GSEA; Subramanian et al.,

2005) was performed to assess enrichment of the gene sets assigned to peaks. Peaks were assigned to the nearest Ensembl protein-

coding genes whose TSSs are located within 10 kb of peak summits or merged peak centers (Table S3, genes_assigned). For GSEA

on microarray data on reprogramming EpiSCs, all detected and collapsed probes were used. For GSEA on RNA-seq data on differ-

entiating EpiSCs, enrichment of the gene sets in differentially expressed protein-coding genes based on rlog-transformed valueswas

determined. FDR was estimated by gene set permutation tests. Heatmaps were generated from normalized enrichment scores

(NESs) for gene sets with FDR% 0.1. Motif analysis was performed using theMEME-ChIP (Machanick and Bailey, 2011). Sequences

of ± 100-bp regions around the merged peak centers were masked for repetitive elements using RepeatMasker. One thousand

randomly selected sequences were used for de novomotif discovery by MEME. Significantly enriched motifs found by de novo dis-

covery (MEME and DREME) and local motif enrichment analysis (CentriMo in local mode) were used for PscanChIP (Zambelli et al.,

2013) to scan the whole set of unmasked sequences. Heatmaps were generated from p values for global enrichment. Functional

annotation of gene sets associated with peaks in each cluster was performed using GREAT (McLean et al., 2010). Because a large

number of peaks can result in saturation of a gene-based hypergeometric test, only the top 10,000 peaks were used for Nanog c1

and c3. Binomial raw p values for ontology terms that were significant by both the region-based binomial test and the gene-based

hypergeometric test are presented.

RNA-seq and Data Analysis
For EB formation, E3 EpiSCs that were maintained in CM/N2B27 + FA were seeded into 96-well V-bottom plates at 33 103 cells per

well in DMEM containing 10% FBS, 0.1% poly(vinyl alcohol), and 5 mM Y-27632. On days 1�5, 16 EBs were pooled and total RNA

was isolated. Sequencing libraries were prepared according to the TruSeq RNA Sample Preparation protocol (Illumina) and

sequenced on the HiSeq 2500 (Illumina) as paired-end 50-bp reads. Sequence reads were aligned to the mm10 mouse reference

genome using TopHat2 (Kim et al., 2013) with default parameters. The number of fragments mapped to each Ensembl gene was

counted using the Bioconductor bamsignals package (Mammana and Helmuth, 2016). Raw count data was normalized and trans-

formed to the log2 scale using the rlog function of the Bioconductor DESeq2 package (Love et al., 2014) (Table S4).

Analysis of Publicly Available Data
The publicly available datasets used in this study are listed in Table S1. For ChIP-seq data, sequence reads in the FASTQ format were

downloaded from the European Nucleotide Archive (https://www.ebi.ac.uk/ena) and aligned to the mm10mouse reference genome.

Fragment sizes were estimated using phantompeakqualtools. Peak calling was performed usingMACS2 (the settings are provided in

Table S1). Input DNA or mock IP samples from each experiment were used as controls. Histonemodification states in EpiSCs (Factor

et al., 2014) and ESCs (Whyte et al., 2012) around EOSN peaks were analyzed using the UCSC bigWigAverageOverBed tool. To

compare ChIP-seq data from different resources, fold enrichment over matching input DNA was calculated using the MACS2

bdgcmp function. Average fold enrichment values over ± 500-bp regions centered on the top 1,000 peaks in each EOSN cluster

were calculated. For whole genome bisulfite sequencing (WGBS-seq) data (Habibi et al., 2013; Wu et al., 2015), bigWig files contain-

ing methylation levels and coverage information at each CpG site (.meth.bw and .read.bw files, respectively) were downloaded

from MethBase (Song et al., 2013) via the UCSC Genome Browser. CpGs covered by at least 10 reads were selected, and average

methylation levels over ± 500-bp regions centered on the top 1,000 peaks in each EOSN cluster were calculated using the

bigWigAverageOverBed tool. The regions containing no CpGs were excluded. Global methylation levels were calculated by aver-

aging methylation levels over 1-kb windows containing at least 5 CpGs (coverageR 10). EpiSC- and ESC-specific HMRs were iden-

tified using the dmr tool in MethPipe (Song et al., 2013). Cell type–specific HMRs spanning at least 10 CpGs and containing at least 5

differentially methylated CpGs were selected. Overlap between two regions (200-bp regions around the centers) was calculated and

its significance was assessed by Fisher’s exact test using the R function fisher.test. Smc1a ChIA-PET data (Dowen et al., 2014)

showing cohesin-mediated chromatin interactions was obtained from GEO (GSM1397342) and visualized using the WashU epige-

nome browser.

DATA AND SOFTWARE AVAILABILITY

The accession numbers for themicroarray, ChIP-seq, and RNA-seq datasets reported in this paper are ArrayExpress: E-MTAB-5341,

E-MTAB-5342, and E-MTAB-5343, respectively (https://www.ebi.ac.uk/arrayexpress).
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