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Abstract

Both pluripotent Embryonic Stem Cells (ESCs), established from preimplantation murine
blastocysts, and Epiblast Stem cells (EpiSCs), established from postimplantation embryos, can
self-renew in culture or differentiate into each of the primary germ layers. While the core
transcription factors (TFs) OCT4, SOX2, and NANOG are expressed in both cell types, the gene
expression profiles and other features suggest that ESCs and EpiSCs reflect distinct developmental
maturation stages of the epiblast in vivo. Accordingly, ‘naive’ or ‘ground state’ ESCs resemble
cells of the ICM, whereas ‘primed’ EpiSCs resemble cells of the postimplantation egg cylinder.
To gain insight into the relationship between naive and primed pluripotent cells, and of each of
these pluripotent states to that of non-pluripotent cells, we have used FAIRE-seq to generate a
comparative atlas of the accessible chromatin regions within ESCs, EpiSCs, multipotent Neural
Stem cells (NSCs) and Mouse Embryonic Fibroblasts (MEFs). We find a distinction between the
accessible chromatin patterns of pluripotent and somatic cells that is consistent with the highly
related phenotype of ESCs and EpiSCs. However, by defining cell-specific- and shared regions of
open chromatin, and integrating these data with published gene expression- and ChIP analyses, we
also illustrate unique features of the chromatin of naive- and primed cells. Functional studies
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suggest that multiple stage-specific enhancers regulate ESC- or EpiSC- specific gene expression,
and implicate auxiliary TFs as important modulators for stage-specific activation by the core TFs.
Together these observations provide insights into the chromatin structure dynamics accompanying
transitions between these pluripotent states.

Keywords

Pluripotent stem cells; accessible chromatin; transcriptional regulation; gene expression;
enhancers

INTRODUCTION

Embryogenesis entails a program of events directing the ordered specification of cells within
the pluripotent epiblast to an array of progenitor and differentiated cell fates. Pluripotent
cells derived from pre-gastrulation mouse embryos and propagated in culture provide an in
vitro model for defining features of the pluripotent state and those that set the stage for
lineage-specific differentiation. Two types of murine pluripotent cells have been described:
Embryonic Stem Cells (ESCs), established from cells of the Inner Cell Mass (ICM) of
preimplantation blastocysts, and Epiblast Stem cells (EpiSCs), established from later,
postimplantation embryos [1]. Although both cell types are pluripotent, they exhibit several
distinguishing properties. ESCs self-renew in the presence of LIF and BMP, and can
differentiate into extraembryonic endoderm (XEN), each of the three somatic lineages, or
the germline, and efficiently contribute to chimeras [1, 2]. EpiSCs can also differentiate into
each of the embryonic germ layers and germ cells [3-6] but, are not capable of
differentiation toward XEN [7], are poorly incorporated into blastocyst chimeras, and their
self-renewal requires FGF2 and Activin. While the core TFs OCT4, SOX2, and NANOG are
expressed in both pluripotent cell types, ESCs and EpiSCs display distinct gene expression
profiles, and many additional TFs that are important for ESC self-renewal are absent in
EpiSCs [4, 6]. Thus ESCs and EpiSCs have been posited to represent two distinct states
reflecting the developmental maturation stages of the epiblast in vivo: the “naive’ or ‘ground
state” of ESCs resembling cells of the ICM, and the more mature ‘primed’ state of EpiSCs
resembling pluripotent cells of the postimplantation egg cylinder just proximal to
gastrulation [1]. Although the chromatin structure and molecular networks of ESCs have
been intensely studied [8-10], far less is known regarding the molecular components of
EpiSCs, and their relationship to those of ESCs.

Cell fate decisions, stage-specific gene expression, and the generation of specialized somatic
cell types rely on specific combinations of transcription factors (TFs) that target distinct
regulatory DNA elements to establish stage- or lineage-specific gene expression patterns.
Since regulatory DNA elements targeted by these TFs generally reside within ‘accessible’ or
‘nucleosome-free regions’ of the genome, changes in TF- and promoter and enhancer
activities in different developmental stages are reflected in a reorganization of the patterning
of accessible regions. Thus insights into lineage relationships among cell types may be
discerned by comparing their genome-wide patterns of accessible chromatin. Here we have
used FAIRE-seq [11, 12] to generate a comparative atlas of accessible chromatin regions
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within ESCs, EpiSCs, NSCs, and MEFs, and to derive a profile of the chromatin dynamics
accompanying epiblast maturation and the exit from pluripotency. We show that progression
through each of the developmental stages represented by ESCs, EpiSCs, and the somatic
cells is accompanied by the loss of a subset of open chromatin sites present in the progenitor
stage, the retention of another subset of progenitor sites, and the concomitant acquisition of
new sites in the more mature cell. Comparison of ESC- and EpiSC FAIRE-seq data, and
their integration with previously reported gene expression and ChlP-seq analyses [13-15],
define putative active and poised regulatory regions that are common to both pluripotent cell
types, as well as stage-specific accessible regions that are unique to the naive or primed
state. ESC sites that become closed in EpiSCs include promoters and enhancers for genes
expressed only in ESCs, and ‘poised’ promoters for genes of an alternate, XEN cell fate.
Many ESC-specific FAIRE sites coincide with binding sites for OCT4/SOX2/NANOG TFs
in ESCs, suggesting that these TFs are redistributed to distinct target DNA sites in EpiSCs.
Functional testing of selected ESC- or EpiSC-specific accessible regions confirmed their
ability to act as stage-specific regulatory enhancers. Together these data define shared and
distinguishing chromatin features of naive- and primed- cells, and provide insights into the
dynamics of chromatin structure that accompany transitions between these pluripotent states.

MATERIALS AND METHODS

Additional detailed Methods are provided in the Supporting Information

Cell culture—E14 Mouse embryonic stem cells were maintained in 2i/LIF medium
(Supporting Information, [16]), and E3 Epiblast Stem cells were maintained as in [17].
Neural Stem cells were generated by ESCs differentiation as in [18] The character and
integrity of each of these cell states was confirmed by RT-PCR analysis using
oligonucleotide primers for the detection of key markers of the naive or primed pluripotent
state, or of NSCs (Supporting Information Fig. S1). Mouse Embryo Fibroblasts were derived
from E16.5 embryos.

FAIRE-seq—107 cells of each cell line were crosslinked in 1% Formaldehyde for 10
minutes. Replicate samples were processed for FAIRE and Illumina sequencing [11, 12, 19].
FASTQ files were generated using CASAVA 1.8. (Supporting Information Table S1).
FAIRE-seq genomic DNA reads were aligned to the mouse genome (mm39) and peak calling
was performed with Qeseq [20] using default parameters.

Comparison of ESC FAIRE peaks with DNasel data—ESC FAIRE-seq peaks were
compared with previously reported ESC DNasel hypersensitive sites (downloaded from
UCSC genome browser (http://genome.ucsc.edu/) [21], Supporting Information Table S2).
ROC curves were generated to calculate the correspondence of ESC FAIRE peaks with
DNasel data (Supplemental Methods and Fig. S2). DNasel treatment of ESCs and EpiSCs
was performed as previously [22] and assayed using PCR and oligonucleotide primers
complementary to several genomic regions harboring FAIRE peaks.

Genomic Distribution and Shared peak Analyses—Annotations for the mouse
genome (mm9) obtained from the UCSC table browser [23] included TSSs, exons, introns
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and promoter regions (i.e. rup to 10kbp upstream from a TSS where no other gene present).
Regions without annotation were labeled ‘Intergenic’. Proximal regions were defined as
regions within 2kbp from a TSS. The number of base pairs within a FAIRE peak
overlapping a specific feature (i.e. proximal/distal, promoter/exon/intron/intragenic) was
counted. Overlap of FAIRE peaks among cell lines was determined by computing the
fraction of peaks for each cell line having at least one nucleotide in common with peaks
from other cell lines. For Hierarchical clustering analysis, the genome was partitioned into
1kbp bins and a binary profile was calculated for FAIRE peaks of each cell line.
Hierarchical clustering, ROC curves, and the Kruskal-Wallis one-way analysis of variance
test [24], were done using MATLAB (The MathWorks, Natick, MA).

FAIRE clusters—Genomic regions containing high density clusters of FAIRE peaks were
identified for each FAIRE dataset (threshold =5) using Galaxy (https://usegalaxy.org/). Cell
line-specific clusters were identified by subtracting those that displayed a 50bp or more
overlap with a cluster in any other cell line.

Plasmid Construction and luciferase assays—Primers with flanking Bglll sites
(Supporting Information Table S3) were used to PCR amplify test fragments. PCR products
were inserted into the luciferase reporter plasmids as indicated in Figure legends. ESCs or
EpiSCs were transfected with reporter plasmids using Lipofectamine. Lysates were prepared
and luciferase assays were performed as instructed by the manufacturer (Promega). Lysates
were normalized by protein concentration (Bio-Rad Protein Assay Reagent, Bio-Rad). The
luciferase activities of test constructs were normalized relative to the a control luciferase
construct as indicated in each figure.

A comparative atlas of Open Chromatin in murine ESCs, EpiSCs, NSCs, and MEFs

‘Nucleosome-free regions’ within chromatin consist of displaced- or relatively disordered
nucleosome arrays and exhibit increased susceptibility to nucleases such as DNasel [25].
FAIRE-seq (Formaldehyde-assisted identification of regulatory elements-seq) provides an
alternative to nuclease-based methods for determining genome-wide accessible chromatin
patterns within cultured cells or tissues [12, 26].

To create a comparative atlas of open chromatin within ESCs, EpiSCs, NSCs, and MEFs,
replicate samples of formaldehyde-crosslinked chromatin were subjected to FAIRE [11],
sequenced using the lllumina GAIIx, and the resulting reads aligned to the mouse genome.
Each set of replicate samples displayed a high degree of correlation (r=0.99), supporting the
general reproducibility of the data Supporting Information (Table S1). Comparison of ESC
FAIRE peaks with previously reported ESC DNasel data showed a high degree of
correlation in the open regions identified by each method (Supporting Information Fig. S2).
FAIRE-seq peaks displaying an enrichment value of 5 or greater over genomic DNA
showed 0.86 correlation and an FDR of <0.05 compared with DNasel data, and therefore
represent high confidence peaks in ESCs (Supporting Information Fig. S2). Replicates were
combined into a single sample for each cell line that was used for all subsequent analyses.
The four cell lines exhibited 80,214 to 204,234 FAIRE peaks at enrichment value of =5
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(Supporting Information Tables S4 and S5). The results of additional experimental
assessment of several genomic regions harboring identified FAIRE peaks using partial
DNasel digestion of permeabilized ESCs and EpiSCs further supported the general
agreement of accessible regions identified using FAIRE and DNasel sensitivity (Supporting
Information, Fig S3).

Classification of FAIRE peaks according to their genomic alignment with several annotated
features showed that a greater proportion (~ 25%) of the open chromatin within pluripotent
ESCs and EpiSCs localized near TSSs than did that within NSCs or MEFs (~15% proximal,
Fig. 1A, top row). Determination of the genomic distribution of FAIRE peaks within
annotated Exons, Introns, upstream promoters, or no annotated feature (‘Intergenic’) showed
ESCs and EpiSCs to exhibit a remarkably similar distribution pattern which was distinct
from that shared by NSCs and MEFs (Fig. 1A, bottom row). A greater percentage of the
open chromatin in ESCs and EpiSCs was observed at promoters and exons whereas that of
NSCs and MEFS was more often observed within intergenic regions. These observations are
consistent with the notion that both ground state and primed pluripotent cells exhibit a
similar overall chromatin structure that is distinguished by a greater percentage of accessible
chromatin at promoter regions.

The percentage of common or unique accessible regions was determined by identifying
overlapping genomic regions among the FAIRE peaks of all cell lines. Between 15-28% of
FAIRE peaks in each cell line were common to all four cell types (All Peaks, Ubiquitous,
Fig. 1B). On average, approximately 56% of FAIRE peaks mapping proximal to a TSS
corresponded to ‘ubiquitously open’ chromatin regions, in contrast to an average of 14% of
the Distal peaks (Fig. 1B, Proximal Peaks, or Distal Peaks, Ubiquitous). Conversely, FAIRE
peaks that were unique to each of the cell lines typically localized at distal positions
(Unique, Fig. 1B).

Compared to NSCs or MEFs, a smaller percentage of ESCs or EpiSCs FAIRE peaks were
found to be unique (e.g. approximately 20% of ESC or EpiSC FAIRE peaks are unique to
each cell line, compared to 40% of MEFs or NSCs FAIRE peaks, Figure 1A). This would be
expected if a significant number of accessible regions are specifically in common in the two
pluripotent cell lines. Accordingly, pair-wise hierarchical clustering analysis showed a tight
clustering of the FAIRE peak profile within ESCs and EpiSCs that was distinct from those
of MEFs and NSC (Fig. 1C). Together these data are consistent with the notion that a
significant number of accessible chromatin regions are specifically shared between ESCs
and EpiSCs and that both naive and primed pluripotent cells exhibit an overall chromatin
structure that is distinct from that of more differentiated cells.

Modeling accessible chromatin dynamics during differentiation

The cell lines were organized according to the developmental stage they represent and the
genesis and fate of FAIRE peaks were monitored along this ‘progression’. 168,588 of the
441,855 ESC FAIRE peaks were absent in EpiSCs, and an additional 125,936 ESC sites
were not observed in MEFs. In total, 44% of EpiSC FAIRE peaks, and 23% of MEF FAIRE
peaks were in common with ESC FAIRE sites (Fig. 2A), suggesting that accessible
chromatin regions found in ESCs become progressively lost in the course of differentiation.
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56% of EpiSC FAIRE peaks corresponded to newly acquired accessible regions not present
in ESCs (Fig. 2A). 11% of MEF FAIRE peaks were shared with these new EpiSC FAIRE
peaks, however the majority (66%) of MEF FAIRE peaks represented newly acquired
accessible regions. Interestingly, a similar trajectory of FAIRE peak loss and acquisition was
observed in the comparison of ESCs and EpiSCs with NSCs (i.e. approximately 25% of
NSC FAIRE peaks were in common with ESCs, 12% in common with peaks previously
acquired in EpiSCs, and 65% newly acquired accessible regions in NSCs (Fig. 2A). These
observations support the notion that progression through differentiation is accompanied by
the loss of a fraction of progenitor cell accessible regions, and the concomitant acquisition of
new sites in the more mature cell type.

FAIRE peak clusters reflect regulatory DNA elements defining distinct cell states

Previous studies showed that FAIRE peaks occur in high density clusters at regulatory
elements with functional relevance to a particular cell type [12]. Thus to gain insight into
elements regulating stage-specific gene expression, we first determined the FAIRE peaks
clusters for each cell line (Supporting Information Table S6), and used GREAT analysis
(Genomic Regulatory Element Annotation Tool [27] to predict the genes regulated by each
of these putative regulatory regions. The ontology and expression patterns of genes
predicted to be associated with ESC-, EpiSC-, NSC-, or MEF- clusters were consistent with
the phenotype of each cell type (Table 1, Supporting Information Table S7). We next
identified FAIRE clusters that were specific to ESCs or EpiSCs by subtracting those
overlapping clusters present in any of the other three cell lines (e.g. ESC-specific FAIRE
clusters show no overlap with clusters in EpiSCs, NSCs, or MEFS, Fig. 2B and Supporting
Information Table S6). GREAT analysis showed that ESC-specific FAIRE clusters (ie
putative ESC-specific regulatory regions) associated with genes expressed in either
embryonic- or extraembryonic cells of the preimplantation embryo (TS 3-8) and with roles
in early development (Table 1, Supporting Information Table S7). Many genes associated
with EpiSC-specific FAIRE clusters were also those with predicted roles in embryogenesis
but, in contrast to ESC-associated genes, related to slightly later developmental processes
such as morphogenesis, regionalization, or commitment (Table 1). However, the most
significant gene classes associated with EpiSC-specific clusters consisted of genes expressed
at later developmental stages (TS 12-17, Table 1) than that thought to be represented by
EpiSCs [4, 6], and those reported to be targets of Polycomb Complex proteins in human
ESCs ([28], Table 1, Supporting Information Table S7). These data suggest that many
regulatory DNAs within EpiSC-specific open chromatin regulate genes typically expressed
in EpiSCs and the late blastocyst, while another subset is associated with genes that are
poised for later expression in differentiated cells. Interestingly, analysis of an additional
dataset of FAIRE clusters that are common to ESCs and EpiSCs, but neither of the other two
cell lines showed that some genes associated with these elements are expressed in the
embryo (TS4), but others are typically expressed at later developmental stages and are
targeted by the Polycomb Complex proteins in human ESCs ([28], Table 1, Supporting
Information Table S7).

Together these observations suggest that transition from the naive to the primed pluripotent
state entails inactivation of regulatory elements controlling expression of genes specific to
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the pre-implantation embryo (ESC specific elements), maintenance of open chromatin at a
common set of elements for genes that are expressed in both pluripotent stages or are poised
for later activation (ESC/EpiSC shared elements), and acquisition of new accessible regions
in EpiSCs that may contain regulatory elements for genes expressed in the late blastocyst, or
are poised for activating gene expression after exit from the pluripotent state.

Promoter regions for genes that are differentially expressed between ESCs and EpiSCs
exhibit distinct chromatin features

Publically available gene expression profiles of ESCs cultured in 2i/LIF and EpiSCs
cultured in FGF2 and ACTIVIN were analyzed using GEO2R to identify genes that are
differentially expressed in these two cell lines ([13], Supporting Information Tables S2 and
S8). Nearly 5,000 (14%) of the 35,400 microarray probes exhibited a 2-fold or greater
difference in gene expression (Supporting Information Table S8). Several, such as Pecaml
and Zfp42, which had previously been shown to be highly expressed in ESCs and the
blastocyst ICM were significantly downregulated or extinguished in EpiSCs [4, 6]. The
expression of others, such as Fgf5 and Eomes, was dramatically higher in EpiSCs and the
postimplantation epiblast compared to ESCs [4, 6] (Supporting Information Table S8).
Expression of Sox2 and Oct4 was equivalent in both pluripotent cell types although Nanog
expression was slightly downregulated in EpiSCs. These microarray data were validated for
a subset of genes using gRT-PCR of mRNA isolated from our ESCs and EpiSCs
(Supporting Information Fig. S4).

We then examined the FAIRE clusters associated with the promoters or distal regions of
each of the top 1000 differentially expressed genes, or 200 genes displaying equivalent
levels of expression in ESCs and EpiSCs (Fig. 2 C and D). The majority of promoters for
genes more highly expressed in ESC (Hi ESC expression, Fig. 2C) mapped within ESC-
specific FAIRE clusters, suggesting that promoters of ESC-specific genes are accessible
only in ESCs. In contrast, most promoters for genes more highly expressed in EpiSCs (Hi
EpiSC Expression, Fig. 2C) corresponded to FAIRE clusters common to both EpiSCs and
ESCs (and sometimes also MEFS or NSCs), suggesting that the promoters for genes that
become activated in EpiSCs are already accessible in ESCs. Notably, promoters for genes
with equivalent expression in the two cell lines were generally associated with FAIRE
clusters shared among all cell lines (Equivalent Expression, Fig. 2C). In contrast, Distal
peaks associated with either differentially expressed- or equivalently expressed genes tended
to correspond with cell-specific FAIRE clusters (Fig. 2D).

Examination of the pattern of histone modifications and FAIRE peak density within
genomic regions flanking the TSSs of the top 1000 differentially expressed genes in ESCs
and EpiSCs (Figure 3) showed that promoter regions of genes that are more highly
expressed in ESCs than EpiSCs displayed FAIRE-seq peaks only in ESC chromatin (Fig. 3
and Supporting Information Table S8), and were associated with high levels of H3K36me3
and H3K4me3-modified nucleosomes, that are associated with active gene transcription, in
the relative absence of the Polycomb Complex protein Ezh2 or H3K27me3 that are
associated with transcriptionally silent genomic regions. The promoter regions of two such
genes, Zfp42 and Tcfcp2l 1, corresponded to robust FAIRE peaks only in ESC cells, and
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were enriched for H3K4me3-modified nucleosomes in ESC chromatin (Fig 4A). In addition,
high levels of OCT4, SOX2, and NANOG hinding were also observed, suggesting that the
open chromatin at ESC promoters reflect a high level of binding by TF complexes
containing these core factors (Fig 4A and Supporting Information, Fig. S5). No significant
FAIRE peaks were found at the promoter regions of these ESC-specific genes in EpiSC,
MEF, or NSC chromatin (Figs. 3 and 4A), consistent with the notion that ESC-specific
promoters acquire a closed chromatin conformation as the cells transition from the ground
state to the primed pluripotent state, and remain closed at later developmental stages.
Together these observations support the notion that the closing of chromatin at ESC-specific
promoters in EpiSCs reflects, in part, an absence of OCT4, SOX2, and/or NANOG binding
at these sites in EpiSCs, despite the fact that these factors are expressed in both pluripotent

cell types.

Promoter regions of genes displaying higher expression in EpiSCs compared to ESCs
contained FAIRE peaks in both ESC- and EpiSC chromatin, and, more variably, also in
NSCs and/or MEFs, and were associated with both H3K4me3- and H3K27me3-modified
nucleosomes, and Ezh2 in ESCs, but not H3K36me3, and are therefore likely to be poised in
ESCs (Figure 3, Supporting Information Fig S6). Fgf5 and Shisa6 are both more highly
expressed in EpiSCs and promoters for these genes were observed to lie in accessible
chromatin in both EpiSCs and ESCs (Fig. 4B). The Fgf5 and Shisa6 promoter regions were
highly enriched for both H3K4me3- and H3K27me3-modified histones and are therefore
bivalent in ESCs. Interestingly, co-binding of OCT4, SOX2 or NANOG at poised EpiSC
promoters within ESC chromatin was rarely observed although peaks of single factors were
sometimes noted (Figure 4B, Supporting Information Fig. S5). These observations support
the notion that promoters that are destined to become activated as cells transition from the
ground state to primed state are likely to be transcriptionally ‘poised” within accessible
chromatin in ESCs.

In contrast to the above observations, broadly expressed genes such as tubulin b5 (tubb5)
and the translation initiation factor Eif4al displayed robust FAIRE peaks at their promoter
regions in all four cell lines (Figure 4C), and an absence of OCT4, SOX2, or NANOG
binding in ESC chromatin (Figure 4C and Supporting Information Fig. S8).

Distinctive features of ESC chromatin at promoter regions for genes of extraembryonic

lineages

ESCs have the potential to differentiate into cells of the embryonic lineages or extra-
embryonic endoderm (XEN) [7, 29]. In current models, a subset of cells of the ICM will
mature along the embryonic lineage and contribute to the epiblast, while others will instead
give rise to Extraembryonic Endoderm that forms part of the placenta [30]. Although the
gene expression profiles of embryonic- and extraembryonic endoderm are largely
overlapping, the expression of several genes, such Emp2 and Amn is relatively specific to
XEN, and is activated upon differentiation of ESCs into XEN [30-32]. Promoter regions for
these genes were found to be enriched for both the H3K4me3 and H4K27me3 marks in
ESCs, consistent with the notion that they are in a poised state in ESCs (Fig. 4D, Supporting
Information Fig S7). However, in contrast to poised EpiSC promoters, the XEN promoters
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were associated with FAIRE peaks only in ESC and not EpiSC chromatin (Fig. 4D,
Supporting Information Fig S7). These observations suggest that XEN gene promoters are
also poised in ESCs and will become activated should the cells differentiate into XEN cells.
However if ESCs differentiate along the embryonic pathway, XEN promoters become
closed, creating an epigenetic barrier to their reactivation in cells of epiblast lineage.

Differentially expressed genes are associated with multiple stage-specific enhancers

The observations above suggest that the core TFs OCT4, SOX2, and NANOG, although
common to both ESCs and EpiSCs, bind to different target sites at differentially active
promoters within these two pluripotent cell stages. Cell- and stage-specific patterns of gene
transcription are thought to be largely determined by the activities of distal enhancers, and
the activity of these elements generally correlates with the acquisition of distally-located
accessible chromatin regions or specific combinations of histone modifications [33-36].
Consistent with this, our FAIRE data showed that the majority of accessible chromatin
regions that were found to be unique to each of our cell lines were located distal to a TSS
(Fig. 1b), and genes expressed at each stage were most often associated with ESC- or
EpiSC-specific distal FAIRE clusters (Fig 2D). Thus we functionally assessed selected distal
regions for enhancer activity in ESCs and EpiSCs.

Fgf4 is only expressed in ESCs and, accordingly, a broad region of accessible chromatin
within and upstream of the Fgf4 coding sequences, was observed in ESCs but not in the
other cell lines (Figure 5A). An enhancer located within the 3° UTR of the Fgf4 gene is one
of the best characterized regulatory elements governing gene expression in ESCs and the
blastocyst ICM, and has been shown to be a target of OCT4 and SOX2, and to display
activity in ESCs but not in any somatic cells tested [37-39]. To assess whether the FGF4
enhancer is functional in EpiSCs, activation of luciferase reporter gene expression was
tested for a plasmid in which this enhancer had been inserted proximal to a minimal Fgf4
promoter element (Fgf4Prom-Enh1, Fig. 5B). As expected, robust activation of luciferase
expression was observed in transfected ESCs. In contrast, enhancer activity was
significantly lower in EpiSCs than that observed in ESCs (Fig 5C).

Upon inspection of the FAIRE peaks at the Fgf4 locus, we noted an additional region,
approximately 2 kb downstream of the Fgf4 transcription unit, which was accessible in
ESCs but largely absent in EpiSC chromatin (Enh2, Fig. 5A). A luciferase plasmid
containing Enh2 at a distal site relative to the minimal FGF4 promoter (Fgf4Prom-Enh2,
Fig. 5B) displayed detectable, but modest (i.e.2—3-fold) reporter gene activation. However,
plasmid Fgf4PromEnh1-disEnh2, containing Enh1 at the proximal position, and Enh2 at the
distal position, displayed an ~80-fold activation of luciferase expression in ESCs, suggesting
that these elements can interact to promote gene expression in ESCs (Fig. 5C). These data
are consistent with the notion that some distal accessible regions that are present in ESCs but
absent in EpiSCs harbor enhancers that are preferentially active in ESCs and include those
activated by the core TFs OCT4 and SOX2.

As noted above, Fgf5 is expressed in EpiSCs but not ESCs and the Fgf5 promoter was
observed to be accessible in both cell types (although the accessible region is somewhat
wider in EpiSCs, Figure 6A). Interestingly, a 1.5 kb DNA fragment spanning the entirety of
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the accessible chromatin of the Fgf5 promoter region activated luciferase expression 40 fold
in EpiSCs but was not active in ESCs (Fgf5Prom, Fig. 6B&C). Deletion of the upstream 850
bp eliminated this activity, suggesting the existence of an EpiSC-specific proximal enhancer
(PE) (Fgf5Prom-A850, Fig.6 B&C). Accordingly these DNA sequences activated reporter
gene expression 8 fold from the minimal Fgf4 promoter in transfected EpiSCs (Fgf5-PE,
Fig. 6 B&C). Deletion of the 5’-most 18bp from this fragment eliminated reporter
activation, confirming the presence of a proximal enhancer upstream of the Fgf5 promoter
(Fgf5Prom-PE, Fig. 6B&C).

Furthermore, several distal accessible regions were observed downstream of the Fgf5 TSS in
EpiSCs that were not observed in any of the other cell types (Fig. 6A, E1-E4). To assess
whether these represent newly acquired enhancers active in EpiSCs, regions E1-E4 were
each inserted proximal to the minimal fgf4 promoter tested for an ability to activate reporter
gene transcription in transfected ESCs and EpiSCs (Fig. 6D&E). E4, but none of the others,
displayed EpiSC-specific reporter gene activation. Insertion of E4 at a distal position
downstream of the TK promoter or Fgf5 promoter resulted in induction of luciferase activity
in EpiSCs, whereas no activity was observed for either reporter plasmid in ESCs (Fig.6E).
These data show that some, but not all, of newly acquired distal accessible regions in
EpiSCs harbor EpiSC-specific enhancers that correlate with the induction of differentially
expressed genes in EpiSCs. Together these data support the notion that differentially active
enhancers play a prominent role in determining stage-specific gene expression in naive and
primed pluripotent cells.

Discussion

The ordered transitions in gene expression patterns and the enumeration of differentiated
cell phenotypes during development are accompanied by progressive and dynamic
reorganization of cellular chromatin resulting in changes in the genome-wide patterns of
accessible chromatin regions. While insights into lineage relationships among cell types are
most often sought by comparing gene expression profiles, comparison of accessible
chromatin patterns provides an important additional perspective on key regulatory features
underlying distinct cell states. This point is of particular relevance for pluripotent cells
whose hallmark feature, i.e. their wide differentiation potential, is defined less by the genes
that are overtly expressed than by the vast number of poised, relatively inactive
transcriptional regulatory elements residing within accessible chromatin. Here we have used
FAIRE-seq technology to create a comparative atlas of the accessible chromatin regions
with two major goals in mind. The first was to derive a profile of chromatin dynamics
accompanying epiblast maturation and the exit from pluripotency. Our analyses show a clear
segregation in the overall pattern of accessible sites in pluripotent cells and somatic lineages
that underscores the highly related chromatin structure of ESCs and EpiSCs. Nearly half of
the FAIRE peaks detected in EpiSCs were observed to be in common with those of ESCs,
and approximately half of these are exclusively shared by ESCs and EpiSCs (Fig 2A).
Progression through the developmental stages represented by ESCs, EpiSCs, and the
somatic cells show that each “differentiation’ step is accompanied by the loss of a subset of
open chromatin sites present in the progenitor stage, the retention of another subset of
progenitor sites, and the concomitant acquisition of new sites in the more mature cell,

Sem Cells. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Murtha et al.

Page 11

consistent with analogous previous studies examining differentiation-related changes in
accessible chromatin patterns or histone modifications [12, 40-44].

Our second goal was to gain insight into features distinguishing-, or common to- the naive
and primed pluripotent states. It is important to note that the ESC chromatin utilized in this
study derives from cells that have been cultured in 2i/LIF medium rather than the traditional
serum/LIF conditions in order to more clearly delineate the ground- and primed- pluripotent
states. While 2i and serum-grown cultures display comparable expression levels of key
genes associated with pluripotency such as Oct4, Sox2, Nanog, Thx3, and Fgf4, ESC
populations grown in 2i are generally more homogeneous and show effective silencing of
lineage-specific genes such as Brachyury and Eomes that are often detectably expressed in
ESCs maintained in serum [9]. Accordingly, ESCs maintained in 2i have been reported to
more closely resemble cells of the early embryonic blastocyst [9]. The utilization of FAIRE
data from NSC and MEFs as controls permits us to better identify those features of ESC and
EpiSC chromatin that are specifically shared by these pluripotent cells as well as those that
distinguish the ground and primed states. Integration of these FAIRE data with gene
expression- and ChlP-seq analyses further permitted us to correlate these chromatin features
with transcriptional activity in these two pluripotent cells.

We identify three classes of ESC sites that are ‘extinguished’ in EpiSCs: the inactivation of
promoters for gene expression that is specific to ESCs, inactivation of enhancers for genes
expressed in ESCs, and the closing of ‘poised” elements at the promoters for genes of an
alternate, XEN cell fate. Although ESCs are functionally pluripotent, the initial decision for
these cells upon exiting self-renewal is to differentiate toward the extraembryonic- or
epiblast lineage. Thus differentiating ESCs will either give rise to XEN, or will pass through
a stage equivalent to the egg cylinder epiblast, roughly approximated by EpiSCs, prior to
generation of the definitive somatic lineages [45]. Accordingly, we find that promoter
regions for genes specific to XEN or epiblast fates are in accessible chromatin regions and
are poised in ESCs (Fig. 4, [46]). These data are consistent with the notion that transition of
naive pluripotent cells towards the primed epiblast fate entails the loss of accessible regions
at promoters for genes of the XEN lineage as well as at the promoters for ESC-specific
genes such as Zfp42, Prdm14, and KIf factors (Fig. 4 and data not shown). Accordingly, the
‘extinguishing’ of many of these accessible regions correlates with increased levels of DNA
methylation at these loci in EpiSCs as reported in a recent MethylCap-Seq analysis [47].
Thus these events would be predicted to create an epigenetic barrier that prevents reversion
to the ground state or selection toward a XEN fate, and to reinforce lineage commitment to
the primed epiblast fate. Interestingly, promoters for epiblast genes have been reported to be
methylated and stably repressed in cells adopting the XEN fate [46] and it is likely that the
accessibility at these promoters is extinguished in XEN cells. Thus coordinated and
reciprocal alterations to the chromatin accessibility at critical lineage-specific promoters
contribute to the canalization of developmental pathways and stabilization of cell fate
decisions.

Accessible regions that are common to both ESCs and EpiSCs but neither of the somatic cell
types are also of several subtypes: sites that harbor elements for active gene expression in
both cell types, or elements that are poised in ESCs but become active for gene expression in
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EpiSCs or later somatic cell types. We note that many of the shared accessible regions
associated with actively transcribed genes include those for key transcription factors such as
SOX2 and NANOG that have well established roles in stem cell maintenance, and for genes
providing basic metabolic functions that may play a role maintaining robust self-renewal
(Table 1). As would be expected, FAIRE clusters that are exclusively shared between ESCs
and EpiSCs correlate with binding sites for OCT4, SOX2, and NANOG identified by ChiP-
seq in ESCs (Supporting Information Table S9). Additional common accessible regions are
associated with promoters for late epiblast genes such as Fgf5 and Shisa6 that are poised in
ESCs, and promoters for genes typically expressed in differentiated somatic cell lineages
later in embryogenesis, and are likely to be poised in both ESCs and EpiSCs (Table 1).

The functional analyses of cell specific open chromatin further supports the notion that the
activity of ESC- and EpiSC- gene promoters is largely controlled by stage-specific
enhancers localized within cell-specific accessible regions distal to the TSS. The Fgf4 and
Fgf5 genes are each associated with multiple enhancers that may reinforce and fine-tune
stage-specific gene expression. Enhancers PE and E4, identified within accessible chromatin
upstream of the TSS and downstream of the gene body, respectively, of the Fgf5 gene were
each shown to be able to independently activate the reporter gene, but also to act together to
elicit EpiSC-specific reporter gene expression. Interestingly, the accessibility of the
downstream Fgf5 E4 enhancer region arises de novo in EpiSCs and is not open or associated
with chromatin mark combinations previously postulated to mark the positions of poised or
latent enhancers in ESCs that might foreshadow the presence of a potential EpiSC enhancer
[35, 48, 49] (although regions E1-4 each correspond with minor peaks of H3K4mel
enrichment in ESCs, data not shown). The molecular mechanisms mediating the acquired
accessibility and activity of these and other distal sites will provide an interesting avenue for
delineating key factors of primed cells. Distal regions E1-E3 did not display enhancer
activity in EpiSCs, and their functional significance is presently unclear.

FAIRE analyses also facilitated the identification of a second ESC-specific enhancer, Fgf4-
Enh2, that may function together with our originally characterized enhancer (Enhl) to
activate Fgf4 gene transcription in ESCs. Although we noted some reporter gene activation
by these Fgf4 enhancers in EpiSCs (Fig 6C), this is likely due to the reported metastable
nature of E3 EpiSCs that causes a fluctuating subpopulation of 5% of E3 EpiSCs to display
ESC-like transcriptional properties [50]. Enh2, located within a largely ESC-specific
accessible region 2 kb downstream of the Fgf4 transcription unit, acts synergistically with
Enhl in ESCs but not in EpiSCs (Fig. 5), and is consistent with the possibility that full
function of these enhancers requires an ESC TF(s) that is absent in EpiSCs. ESCs and
EpiSCs both express the core TFs OCT4, SOX2, and NANOG but the expression of many
auxiliary TFs, such as KLF proteins, ESSRB, PRDM14, and ZFP42, is lacking in EpiSCs.
Interestingly, binding and motif analyses have shown KLF- and PRDM14 TFs to co-bind
many target DNAs bound by OCT4 and SOX2 in ESCs [51-53]. We had previously shown
that Enh1 function depends on binding and activation by the OCT4/SOX2 complex, but that
Enhlfunction also requires a TF binding a GC-rich motif downstream of the OCT4/SOX2
site [38, 39]. Both sequence analysis and ChIP data suggests that this latter motif may bind a
KLF factor [54]. If an ESC-specific auxiliary TF(s) such as KLF participates in the selection
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of core TF target sites, this notion could explain the loss of accessible sites in EpiSCs, and
presumably OCT4/SOX2 binding, at regulatory elements for ESC genes (Supporting
Information Fig. S5), and is consistent with the demonstrated ability of auxiliary TFs KLF4
or PRDM14 to facilitate reprogramming of EpiSCs to ground state pluripotency [55, 56].
Binding of the core TFs would be predicted to be redirected in EpiSCs by comparable
EpiSC-specific auxiliary TFs. Accordingly, during the preparation of our manuscript,
Buecker et al [57] published ChIP-seq and gene expression analyses of ‘Epi-like stem cells’,
(EpILSCs, i.e. cells induced by the treatment of ESCs with FGF2 and Activin for 48 hours to
display a gene expression profile similar to that of established EpiSC lines [57, 58]), that
support many of the conclusions we present here. In particular, EpiLSC-specific gene
activation is shown to correlate with the redirection of OCT4 binding to distinct target DNA
sites by OTX2, a TF whose expression is upregulated in EpiSCs and that, together with
POU3F1 and ZIC proteins, has been suggested to play a role in the maintenance of EpiSC
self-renewal [59, 60].

The observations presented here closely parallel previous genome-wide mapping studies of
accessible chromatin regions and//or histone modifications across multiple cell types[12, 34,
40-44]. For example, these studies showed genomic regions near TSS’s to be generally
accessible across cell types whereas cell specific accessible sites are mainly observed within
distal regions[34]. However, more recent data also shows the existence of a subset of
promoters displaying an increased susceptibility to DNasel cleavage and transcriptional
activity that is coordinated by the activation of cell-specific enhancers, in agreement with
our observations [41]. Furthermore, a comparative study of the DNase hypersensitive sites
(DHS) across 49 human cell types, including several within the hematopoietic lineage and
cardiomyocytes derived from the directed differentiation of ESCs, illustrates the coordinate
extinction, maintenance, and de novo activation of distinct DHS’s accompanying lineage
selection and cell fate decisions [40]. As also suggested by our studies, the selective
activation and extinction of accessible regions largely parallels the expression or absence,
respectively, of cell-specific TFs targeting these sites, suggesting that TFs are the main
determinants of chromatin accessibility [41]. Thus, together with our analyses, these
considerations support a model in which the combined activities of OCT4, SOX2, and
NANOG serve as core factors for the epiblast lineage while stage-specific auxiliary TFs
such as KLFs or OTX2 direct the activity of these core TFs to distinct target regulatory
DNAs for expression of genes that are specific to naive or primed cells [61, 62]. An
analogous role has been proposed for stage-specific co-regulators that act cooperatively with
core TFs GATAL and TALL to achieve temporal and differential activation of genes within
the erythroid lineages [43]. The stage-specific accessible regions identified here therefore
provide an important resource for identifying the mechanisms and TF combinations
governing naive- and primed- pluripotent states.

SUMMARY

Through comparison of the genome-wide patterns of accessible chromatin in two pluripotent
cell types and non-pluripotent cells we identify features that distinguish the naive and
primed pluripotent states, and that illustrate some of the progressive changes in chromatin
structure that accompany increased degrees of differentiation and are necessary to ordered
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lineage determination. The stage-specific and shared accessible regions identified in this
study provide an important resource for further identifying specific TF combinations

de

fining naive and primed pluripotent states.
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Figure 1. FAIRE-seq reveals an overall distinction in the chromatin structure of pluripotent- and
non-pluripotent cells
A) Pie charts depicting the genomic distribution of FAIRE peaks in each cell line with

respect to annotated transcription start sites (TSSs, Proximal= + 2 kb from an annotated
TSS; Distal = 2kb from a TSS), or that map to genomic regions corresponding to Promoters,
Exons, Introns, or Intergenic regions. B) Percentage of FAIRE sites from each cell line
(enrichment score = 5) that overlaps sites in one or more of the other cell lines. This analysis
was performed comparing all FAIRE sites for each cell line (All peaks, Left panel), and was
separately performed for those mapping Proximal to a TSS (Proximal peaks, Center panel),
or distal to a TSS (Distal peaks, Right panel). The percentage of peaks that is common to all
four cell lines (Ubiquitous), common to three cell lines (3 lines), two cell lines (2 lines), or
specific to each cell type (Unique) is shown for each cell type. C) Hierarchical clustering of
FAIRE sites among the cell lines shows the close relatedness of the chromatin structure of
ESCs and EpiSCs, and their segregation from that of NSCs and MEFs.
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Figure 2. Changesin FAIRE peak distribution model developmental transitions
A) Model for changes to the chromatin landscape upon differentiation. Each column

represents 100% of the FAIRE sites for the cell line indicated on top. The percentage of sites
overlapping a FAIRE site in the “progenitor’ (cell line to the left) is shown. Sites not
overlapping sites in the progenitor were designated as newly acquired accessible regions
(Arising). B) FAIRE peaks clusters at putative regulatory DNA elements. A segment of the
mouse genome showing clusters of ESC FAIRE peaks that are common to all cell lines
(****), shared with 2- (***)- or 1 other line (**), or are ESC-specific (*). C) Determination

Sem Cells. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Murtha et al.

Page 20

of the type of FAIRE cluster (ESC-specific, EpiSC-specific, ES/Epi shared, or shared
between 2 or more cell types (other)), that is associated with promoters of the top 1000
differentially genes in ESCs and EpiSCs. Each panel depicts the analysis for the gene set
indicated at the top, i.e. genes more highly expressed in ESCs (HI ESC Expression), EpiSCs,
(HI EpiSC Expression), or Equivalently expressed in the two cell lines. In each case, the
number of promoters associated with each type of FAIRE cluster was determined. D) The
type of distal FAIRE clusters (>2kb<100 kb from the TSS) that is associated with the same
sets of genes analyzed in (C). Interestingly, genes that are equivalently expressed in ESCs
and EpiSCs are associated with distinct distal accessible regions in ESCs and EpiSCs (blue-
or orange hash marks, respectively).
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Figure 3. Accessible chromatin patterns and ESC Histone modifications at the promoter regions
for differentially expressed genesin ESCsand EpiSCs

Density plots showing the relationship of the top 1000 differentially expressed genes
between ESCs and EpiSCs with FAIRE sites in all four cell lines, and ESC ChlIP-seq data
for H3K4me3-, H3K27me3-, H3K36me3 modified nucleosomes, or Polycomb Complex
component Ezh2 [14, 15]. Genes were ranked according to their expression in ESCs and
EpiSCs according to the microarray data of [13] (genes more highly expressed in ESCs, HI
ESC Expression, demarcated by green bar; genes more highly expressed in EpiSCs, HI
EpiSC Expression, demarcated by red bar). Read densities for FAIRE and ChIP data are
shown in black. The TSS for each gene analyzed is centered at the green line of each
column. Read densities for each feature indicated at the top of the column is shown for a 5
kbp region flanking each TSS.
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Figure 4. Distinct combinations of FAIRE peaks, Histone madifications, and core TF binding in
ESC chromatin at the promoter regionsfor genesthat are ubiquitously expressed, or are
differentially expressed in ESCs, EpiSCs, or XEN

IGV view of genomic regions of representative promoters for (A) genes more highly
expressed in ESCs (ESC-Specific), (B) genes more highly expressed in EpiSCs (EpiSC-
specific) (C) Ubiquitously expressed genes (Ubiquitous), and (D) genes more highly
expressed in XEN (XEN-specific). The transcription unit, TSS and direction of transcription
is shown on the top of the panel for each representative gene. FAIRE peaks are shown for

each of the cell lines as indicated, along with ChlP-seq data derived from ESCs for
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H3K4me3- and H3K27me3-modified histones and OCT4, SOX2, and NANOG binding [63,
64]. This and all IGV screen shots shown used the following enrichment score scales:
FAIRE tracks 0-10, OSN 0-200, H3K27me3 0-5, H3K4me3 0-30).
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Figure5. FAIRE-seq reveals an additional ESC enhancer associated with the Fgf4 gene
(A) IGV view of the Fgf4 locus. The TSS and direction of transcriptional elongation are

depicted by the arrow on top of the panel, FAIRE peaks derived from ESCs and EpiSCs are
shown along with previously reported ChIP data for the indicated histone modifications and
OCT4, SOX2, and NANOG bhinding in ESCs, [63, 64]. Location of the previously
characterized Fgf4 enhancer (Enh1) is shown by the black bar, as well as a unique ESC-
specific FAIRE peak, Enh2, located 2 kb downstream of the Fgf4 transcription unit. (B)
Schematic depiction of luciferase reporter plasmids. The basal plasmid Fgf4prom-luc [65]
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consists of a minimal region of the Fgf4 promoter and has little activity on its own. Test
plasmids contain either Enh1 or Enh2 inserted a shown within Fgf4prom-Luc, or both
enhancers contained within the same plasmid in the case of Fgf4APromEnh1-disEnh2(C)
Lysates derived from ESCs or EpiSCs transfected with each of the reporter plasmids
indicated on the x-axis were assessed for luciferase activity. Activities are expressed as fold
activation relative to that of Fgf4prom-Luc.

Sem Cells. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Murtha et al. Page 26

Fgf5
A TR iin
Prom_E1 E2 E3 E4
m-m - - L]
= 1kb
Oct4
Sox2
Nanog . 1
H3K27me3 . . ... .. i S i
H3K4me3 L
ESC FAIRE il : i l i
EpiSC FAIRE Mh | | l , l“ 1 ‘I “ lhh
B
«—— 1.5kb —
Fgf5Prom g
Fgf5Prom-A850 | 3
Fgf5-PE
Fgf5-APE
D
proximal promoter d\ista|
Construct Promoter Proximal Distal
Fgf4PromE1l Fgfa E1l
Fgf4PromE2 Fgf4 E2
Fgf4PromE3 Fgfa E3
FgfaPromE4 Fgfa E4
Fgf4PromdisE4 Fgfa - E4
TK TK
TKdisE4 TK = E4
Fgf5Prom Fgf5
Fgf5Prom-disE4 Fgf5 - E4
E = ESC
= EpisC
§zn
gﬂl
g q@eﬁ? Q‘o@*} Q@«“o o ¢ @,6\"‘ & ,\*.)S"Qy e,,;z‘f oe@'g\"
é‘s‘ & & & & kem“‘o < ‘(é'»“‘

Figure 6. Epi SC-specific enhancerswithin distal FAIRE sitesat the Fgf5 locus
(A) IGV view of the Fgf5 locus. The TSS and direction of transcriptional elongation are

depicted by the arrow on top of the panel. ESC and EpiSC FAIRE peaks are shown along
with previously reported ESC ChiP data for the indicated histone modifications and OCT4,
SOX2, and NANOG binding [63, 64]. Bars under the Fgf5 gene correspond to the Fgf5
promoter region (Prom) and the locations of distal EpiSC-specific FAIRE peaks (regions E1,
E2, E3, E4) that were cloned into luciferase reporter plasmids depicted in (B&D). (B) Fgf5
promoter constructs. Fgf5Prom contains the 1.5 bp DNA region spanning the Fgf5 TSS; the
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5’-most 850bp of this fragment are deleted in Fgf5Prom-A850. Fgf5-PE contains the 850bp
region deleted in Fgf5Prom-A850 inserted upstream the minimal promoter in fgf4prom.
Fgf5-APE is similar to Fgf5-PE but contains an 18bp deletion of the 5’-most sequences of
the 850 DNA fragment. (C) Luciferase activity of the indicated reporter plasmids in ESCs
and EpiSCs. Fold activation=relative to that of Fgf4prom-luc. (D) Fgf5 Distal regions.
Promoter= the Fgf4 minimal promoter, the Herpes Simplex virus TK promoter [65], or the
1.5kb Fgf5 promoter region as indicated in the table. Fgf4prom-E1-E4 contain regions E1,
E2, E3, or E4 upstream of the minimal promoter within Fgf4prom-luc. TKdisE4 and
Fgf5Prom-disE4 harbor region E4 distal to the promoters. (E) Luciferase activity of the
indicated reporter plasmids in ESCs and EpiSCs. Fold activation=relative to that of
Fgfdprom-luc.
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