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CHAPTER 1
General Introduction

Chapter 1

Pluripotent mouse Embryonic Stem Cells (mESCs)
Embryonic stem cells (ESCs) are pluripotent and self-renewing cells derived from inner
mass cells of the blastocyst, which can be maintained in vitro indefinitely without losing
fate1,2. One of the first organisms from which ESCs were derived was from mouse (mESCs).
Although it turned out that ESCs are much easier to derive from mouse than from human
or other mammalian species, the knowledge obtained from mESCs can often be extended
to human. As such, the mouse serves as an excellent model system. In particular, mESCs
are frequently being used as an attractive system for studying pluripotency regulation,
genetic engineering and stem cell-based therapies. Insight into the mechanism regulating
pluripotency is important for studies understanding cell fate, and for applications in
regenerative medicine.
To study mESCs, it is essential to isolate and stably maintain the mESCs in vitro to mimic
the in vivo state. In particular, the medium that is used to culture the mESCs in vitro
plays an essential role. Traditionally, mESCs were cultured in media containing Leukemia
inhibitory factor (LIF) and serum. The drawback of this medium is that the serum includes
undefined animal-derived components that induce spontaneous differentiation, affecting
efficiencies of germline transmission

3,4

. Moreover, it turned out to be very challenging

to derive ESCs from other species besides mouse in media relying on serum5,6. As such,
researchers established alternative and more defined culture conditions for mESCs.
In 2008, the lab of Austin Smith developed a chemically defined medium, N2B27
neural differential medium supplemented with two kinase inhibitors (PD0325901 and
CHIR99021 so-called “2i”) and LIF to maintain mESCs in vitro7; The mitogen-activated
protein kinase-kinase (MKK) inhibitor PD0325901 potently suppresses extracellular
signal-regulated kinases (ERK) activation, which is associated with lineage commitment.
CHIR99021 has been shown to enhance ES-cell growth capacity and viability by highly
selective inhibition of the glycogen synthase kinase-3 (Gsk3) pathway7. mESCs cultured
in either serum+LIF or 2i+LIF are both pluripotent in that these can generate germline
chimeric mouse. However, mESCs cultured in these two conditions appear to represent
different pluripotent states. A plethora of studies have shown that mESCs cultured in 2i
medium (2i mESCs) are present in a so-called ground state or naïve state, while mESCs
cultured in serum medium (serum mESCs) are more heterogeneous and more close to
the primed state8. Importantly, 2i mESCs represent E3.5 blastocyst cells, while serum
mESC represent later developmental stages, around E4.59. A detailed characterization
of the difference and similarities between the 2i and serum mESCs states is therefore
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important for understanding embryogenesis, and will be beneficial for studies focusing
on reprogramming and regeneration.
mESCs have the potential to differentiate into all somatic cell types. The large variety
of cell types that can be derived from mESCs have unique gene expression profiles
and biological functions, while sharing the same genetic information. Therefore,
characterizing the gene expression profiles and understanding how genes are regulated
during cell development is essential for understanding cell fate decision and many other
biological processes.
Over the past decade, a large range of breakthrough studies have uncovered critical
epigenetic regulation in pluripotent cells. In particular, it was shown how signaling
pathways instruct epigenetic regulation by DNA methylation, histone modifications,
nucleosome remodeling and higher-order chromosome topology, leading to unique
gene expression profiles of pluripotent cells. At the start of this thesis, it had been
described that the serum and 2i mESCs, both of them being pluripotent, show similar core
pluripotency transcription factor (TF) modules, consisting of TF master regulators. Indeed,
the expression level of the core factors that characterize mESC identity for mESCs cultured
in serum and 2i (in particular Pou5f1, Nanog, Sox2, Esrrb, Klf4, Stat3, Rex1 & Dppa4)
are similar in both culturing conditions8,10. However, the 2i and serum mESCs are under
different signaling pathway regulation and show a unique transcriptomic and epigenomic
make-up. Comparison of RNA-seq profiles in the two states of mESCs showed that 1489
genes are higher expressed in 2i. On the other hand, 1947 genes are expressed higher in
serum. The genes higher expressed in 2i are mainly involved in metabolic processes and
the genes upregulated in serum are significantly enriched for involvement in developmental
processes, especially the ectoderm and mesoderm germ layer specification8. The unique
gene expression profiles indicate that serum and 2i mESCs are distinct cell types or states.
However, how the differentially expressed genes are regulated in the two different culture
conditions is still largely an open question. Systematic epigenetic studies of serum and 2i
mESCs will provide valuable knowledge on how the genes are regulated and contribute
to our understanding of how cell fates are determined.
My project as described in this thesis focused on understanding the mechanisms on how
the different pluripotent states are regulated in 2i and serum-cultured mESCs. In the
following sections, I will provide a more detailed background of the difference between
the two states of stem cells and the approaches used to study gene regulation, so to
provide an introduction to the remainder of the chapters in this thesis. In particular, I will
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discuss the signaling pathways in 2i and serum mESCs, the cell cycle of pluripotent cells,
epigenetic regulation of gene expression, enhancers and possibilities to study enhancers,
and I will provide an outline of this thesis

Signaling pathways in 2i and serum mESCs
mESCs were originally isolated and maintained on a fibroblasts feeder layer to sustain
mESCs propagation in vitro11, until myeloid leukemia inhibitory factor (LIF) was found to
enable substituting the feeder cells in retaining pluripotency2. Medium supplemented
with LIF has subsequently been widely applied to culture mESCs in feeder-free
conditions including both serum-containing medium and chemically-defined 2i medium.
Mechanistically, the function of LIF is mediated by the two heterodimerized class I cytokine
receptor members LIF-R and gp130. The signals proceeding from gp130 are reported to
be sufficient for self-renewal12. Several tyrosine residues of gp130 are phosphorylated and
activated by JAKs which in turn activate the STAT factors (STAT1 and STAT3) that sustain
self-renewal of mESCs13. In line, inhibition of STAT3 activation promotes differentiation.
Thus, the LIF/JAK/STAT3 pathway plays a central role in sustaining long-term self-renewal
and is essential for mESCs cultured both in 2i or serum conditions (Fig. 1).

Figure1: The signal pathway regulated by LIF in pluripotency maintenance
LIF binds to LIF receptor (LIFR). LIFR phosphorylates several tyrosine residues of gp130, which will further
activate JAKs, resulting phosphorylation of STAT3 and STAT1. Then, LIFR activate STAT3 and STAT1 translocate
to the nucleus and regulates the expression of pluripotent factors.
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Besides the critical LIF/JAK/STAT3 pathway, BMP signaling is critical to support the
pluripotency and self-renewal in serum mESCs. BMPs are members of the transformation
growth factor beta (TGFβ) superfamily and participate in a range of processes including cell
proliferation, differentiation, apoptosis, tissue remodeling and regeneration14. Two types
of BMP receptors are implicated in transduction of BMP signaling. Type I BMP receptors
include Alk2, Alk3 (Bmpr1a) and Alk6 (Bmpr1b), while the type II BMP receptor consists
of BmprII. Different combinations of type II (BmprII) and any one of the type I receptors
(Alk2, Alk3 or Alk6) result in different consequences15. One typical BMP pathway is through
receptor-type I mediated phosphorylation of Smad1/5/8 (R-Smad). Two phosphorylated
R-Smads recruit Smad4 to form heterotrimeric complex. By interaction with a range of
master transcription factors, the complex regulates target gene expression following
translocation to the nucleus16,17. In the mESCs, Smad-mediated BMP signaling is found
to activate expression of Id genes, thereby blocking neural differentiation. Non-neural
differentiation is observed in Id-expressing mESCs if LIF is withdrawn18. Therefore, the
control of the BMP-LIF balance is rigorous for mESCs maintenance. Another critical role
of BMPs is attenuating ERK activity by upregulating DUSP9, mediated either by Smad1/5
and Smad4, or via a parallel non-Smad pathway inhibiting ERK and p38 which negatively
regulate pluripotency in mESCs (Fig. 2).
Within reprogramming, BMPs have an antagonistic role during reprogramming of mouse
embryonic fibroblasts (MEFs) to induced pluripotent stem cells (iPSCs). In the presence
of BMPs, phosphorylated Smad1 recruits the H3K9me3 methyltransferase (Setdb1) which
antagonizes the reprogramming19.
Altogether, the diverse and dual role of BMPs and the heterogeneous composition of
serum result in an ESC state reminiscent of a metastable pluripotent state that is closer
to primed pluripotency as compared to 2i mESCs.
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Figure2: The function of BMP signal in pluripotency regulation
BMP regulates pluripotency and blocks neural differentiation. In brief, BMP receptor-type I mediates
phosphorylation of Smad1/5/8, which recruit Smad4 to form heterotrimeric complex. This complex translocates
to the nucleus and regulates target gene expression, for example Ids and Dusp9, by interacting with a set of master
transcription factors. In parallel, BMP regulates pluripotency in the mESCs by inhibiting ERK and p38 pathway.

The 2i medium provides an excellent platform to study the pluripotent state as in this
chemically defined medium, mESCs are more homogeneous and more closely resemble
early embryonic cells (E3.5) in vivo. Therefore, that state of 2i mESCs is also referred to as
the pluripotent ground state. The absence of serum, which not only contains BMPs but also
many unknown factors, reduces the complexity of culturing environment. In 2i mESCs,
the BMP pathway is not the predominant pathway maintaining pluripotency, but instead
2i ESCs rely on blocking two signaling pathways that are involved in lineage commitment.
The 2i medium builds on observations that fibroblast growth factor4 (Fgf4) can activate
the Erk1/2(Mapk3/1) signaling cascade and trigger lineage commitment of mESCs20.
In 2i medium, two kinase inhibitors play important roles in preventing differentiation.
PD0325901 blocks FGF-mediated ERK phosphorylation and thereby MAPK signaling
which induces cell differentiation. CHIR99021 inhibit the glycogen synthase kinase3
(GSK3) signaling cascade, which fulfills a key function in augmenting proliferation. Neural
commitment is repressed by p-ERK7, and at the same time upregulates expression of
pluripotency marker genes21. Inhibition of GSK3 activates the canonical Wnt/β-catenin
signaling pathway and prevents β-catenin degradation which in turn abrogates the
repression of Tcf/Lef (T cell factor/lymphoid enhancing factor) family member Tcf322
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(Fig. 3). Inhibition of both signaling pathways is sufficient to sustain mESCs self-renewal.
Furthermore, the defined additives in N2 and B27 supplement like insulin, transferrin or
albumin are required for mESCs long-term and clonal propagation.

1

Figure3: The signal pathway regulated by two inhibitors in 2i mESCs
The two inhibitors in the 2i medium prevent mESCs from differentiation. In short, PD0325901 negatively
regulates phosphorylation of ERK, further blocking the FGF-mediated MEK/ERK pathway and cell differentiation.
CHIR99021 inhibits the glycogen synthase kinase3 (GSK3) signaling cascade. Inhibition of GSK3 activates the
canonical Wnt pathway and prevents β-catenin degradation which in turn abrogates the repression of Tcf/Lef
(T cell factor/lymphoid enhancing factor) family member Tcf3.

Taken together, various and parallel operating pathways sustain pluripotency in vitro
and support the maintenance of the different states. Collectively, these signals result
in activation of pluripotent factors and the regulation of proliferation and differentiation
of the cells, providing essential insight into the mechanism of pluripotency regulation in
both states23.

The cell cycle of pluripotent cells
A multicellular organism develops from a single fertilized cell, the zygote, into an organism
consisting of billions of cells. This dramatic increase in cell numbers is achieved by a
continuous division of cells. The proliferation and multiplication of cells is regulated by
the cell cycle. The eukaryotic cell cycle is a tightly organized and regulated process, which
results in one cell dividing into two daughter cells. Based on the events that take place
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in the cell, the cell cycle can be separated into four phases: the G1 phase, the S phase,
the G2 phase and the M phase. The G1 phase starts from the end of the last M phase.
During the G1 phase, cells increase in size to prepare for DNA synthesis. In the S phase,
cells are replicating DNA and therefore doubling the number of genome copies from two
to four. In the G2 stage, cells finish DNA replication and prepare for mitosis, which occurs
in the M stage24. After mitosis, cells either continue to a next cycle of cell divisions or
cells temporarily enter into a state of quiescence, called the G0 phase. Cells in the G0
stage leave the cell cycle and stop dividing24. Some terminally differentiated cells, such as
neurons and muscle cells, enter the G0 phase and are permanently arrested in this phase.
However, other somatic cells, for example hepatocytes after liver partial hepatectomy,
can undergo G0 to G1 transition and re-enter the cell cycle25.
The cell cycle is tightly controlled by a large range of regulatory proteins. The most
well-known proteins involved in the cell cycle are cyclins and cyclin-dependent kinases
(CDKs), which normally function together as a complex. CDKs are a group of serine/
threonine kinases which are highly conserved between species26. Eukaryotic cells
contain more than nine CDKs, and some of them are directly involved in regulation of
the cell cycle. For instance, CDK4 and CDK6 are highly homologous kinases that mediate
phosphorylation of the retinoblastoma protein (RB) to drive cells from the G0 or G1 phase
to the S phase27. CDK2, another CDK protein that functions similar to CDK4/6, is suggested
to be essential in cell cycle of cancer cells both at the transition of G1 to S and also
throughout the S phase28,29. The activity of CDKs is modulated by several mechanisms
such as phosphorylation of Cdk activating kinase (CAK), phosphorylation inhibition and
interactions with cyclins and CDK inhibitors (CKIs)30. CKIs are mainly composed of two
large families, the INK4 family and the CDK interacting protein/Kinase inhibitory protein
(CIP/KIP) family31,32, which are separated based on their CDK targets. For example, INK4
proteins P15 and P16 bind to CDK4/CDK6, and block their interaction with Cyclin D,
thereby abolishing their kinase activity31. On the other hand, the two CIP/KIP proteins P21
and P27 are reported to inhibit Cyclin E-CDK2 complexes and therefore lead to G1 arrest31.
Compared to the doubling time of somatic cells like embryonic fibroblasts (~20hrs), ES
cells have a much shorter doubling time of around 8 to 10h33–35. Unlike rapidly proliferating
cancer cells, the hereditary information in pluripotent cells is properly conserved and
largely error-free during passage33. Given the rapid proliferation of embryonic stem cells,
it is essential that the DNA replication is stable with high fidelity to maintain self-renewal
and pluripotency of mESCs in vitro. Therefore, unveiling the mechanisms underlying cell
cycle regulation in mESCs provides unique insights how mESCs enable such rapid divisions
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without losing their cell fate. The lack of G1-phase control has long been considered to
attribute to the unique shorter cell cycle in pluripotent cells36, which has been widely
observed in serum mESCs. RB is traditionally known as the main regulator of the entry of
cells from G1 to S phase37. A recent study reported that in serum mESCs, the activated ERK
pathway promotes CDK/cyclin activity, resulting in phosphorylation of RB and its family
members p130 and p107 thereby facilitating exit of the G1 phase38. Notably, in contrast
to serum ESCs, the G1-phase in 2i ESCs was found to be elongated and much more similar
to that of somatic cells38. These recent findings were at odds with the general assumption
that a shortened G1 phase is required as a guardian for pluripotency33. Mechanistically, it
was shown that the cell-cycle inhibitors P16, P21 and P27 are present at a much higher
level in 2i mESCs as compared to serum mESCs, while the proportion of cells in G1 phase
is decreased in the P21/P27 double knockout 2i mESCs. Additionally, the small molecule
inhibitor PD0325901 present in 2i medium inhibits ERK signal activity, thereby pausing
phosphorylation of RB. The hypo-phosphorylated RB in 2i captures E2Fs and consequently
interrupt its function in abbreviating the G1-phase, resulting in an elongated G1 phase38.
In serum mESCs, the Myc transcription factor family (c-, N-, and L-myc), are thought to be
master regulators of cell cycle regulation23,36. It is known that the most prominent member
c-Myc can inactivate p27 and induce the transcription of CDK-activating phosphatase
Cdc25A to positive regulate CDKs, accelerating the progression of G1 phase39,40. N-Myc/cMyc double knockout mESCs will either differentiate in serum medium or enter a reversible
dormancy state in 2i medium, showing an increased G1 along with a reduced S-phase41–43.
In addition, differentiation occurring in early pluripotent cells is reported to be related
to lower levels of Myc 36,44. Moreover, c-Myc facilitates reprogramming from somatic
cells to pluripotent cells, while the balance between Klf4 and c-Myc is critical for the
reconstruction of pluripotency45. Thus, c-Myc plays an essential role in naive and primed
mESCs in linking the cell cycle regulation with pluripotency and self-renewal.
The tumor suppressor p53 is another critical regulator of cell cycle and required for
genomic stability maintenance in mammalian cells. The activation of p53 can arrest the
cell cycle via (in)directly regulating expression of multiple cell cycle related genes46. For
instance, p21 and cyclin B1 are two known downstream targets of p53. During the cell
cycle, p21 can inhibit the G1-to-S entry, while cyclin B1 is required for G2-to-mitosis
transition47,48. Previous study reported that the factors that activate p53 in somatic cells
have limited effects in cell cycle regulation of pluripotent ES cells because the function
of p53 in ESCs is compromised due to cytoplasmic sequestration49, suggesting that the
p53-mediated cell cycle regulation pathways become important when cells start to
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differentiate. However, recent studies50–52 showed that P53 could translocate into the
nucleus once activated and directly inhibit Nanog expression resulting in differentiation
of mESCs, which indicate that p53 is also important for pluripotency maintenance.
Interestingly, the expression level of p21, the prominent target of p53, is very high in 2i
mESCs while very low in serum mESCs. This suggests that p53 may play distinct roles in
2i and serum mESCs. As such, we set out to study the role of p53 in 2i and serum mESCs
in chapter 3.

Epigenetic regulation of gene expression
In 1942, long before the double-strand structure of DNA was discovered, Waddington
coined the term “epigenetics” referring to the complex connection between genotype and
phenotype53. With increased knowledge of molecular biology and developmental biology,
the definition of epigenetics has been changed to “a stably heritable phenotype resulting
from changes in a chromosome without alterations in the DNA sequence”54.
In the eukaryotic nucleus, DNA is well organized and packaged into a DNA-protein complex
called chromatin. Traditionally, chromatin is classified into two states, euchromatin and
heterochromatin. This is based on the distinct observation of the chromosomal regions
that undergo or do not undergo post-mitotic decondensation55. Euchromatin has a less
compact structure which allows DNA sequences to be more accessible. It mainly contains
genes that are actively transcribed as well as the active regulatory elements including
promoters and enhancers. In contrast, heterochromatin represents a condensed structure
and contains transcriptionally inactive genes56. Some regions of heterochromatin, which
are known as constitutive heterochromatin, remain compressed throughout development
and are located at repetitive DNA sequences such as centromeres and telomeres. Unlike
constitutive heterochromatin, facultative heterochromatin, a form of heterochromatin
that can switch to euchromatin, exists in a cell-type specific way to silence genes that are
present in these regions56,57. Normally, distinct chromatin states are located in different
locations of the genome, and marked with dynamic post-translational modifications
(PTMs) on the histone proteins and on the DNA. These modifications have important
functions to regulate gene expression and in the structural organization of the genome58.
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Histone post-translational modifications
A nucleosome is the basic structural unit of chromatin. It contains eight histone proteins
(two copies of H2A, H2B, H3 and H4) and a segment of DNA wound around the histone
octamer. The histone proteins can be reversibly modified by histone post-translational
modifications (so-called hPTMs). By now, many hPTMs have been discovered, most of
which are located at the tails of the histone proteins, including methylation, acetylation,
ubiquitination and phosphorylation. The PTMs can orchestrate chromatin organization
and gene expression without altering the DNA sequence. Mechanistically, at least three
functionalities of hPTMs have been reported: i) reducing the interaction between DNA
and amino acid residues via positive and negative charge neutralization; ii) disrupting
the interactions between adjacent nucleosomes; and iii) generating binding sites for
proteins59. A plethora of studies has shown that hPTMs play key roles in multiple biological
processes. For example, methylation of lysines at different locations of H3 have been
identified and studied in terms of regulation of chromatin structure and transcriptional
activity. Methylation at the 9th lysine of H3 (H3K9me2/3) is established by histone lysine
N-methyltransferases (HKMTs) such as Setdb1. H3K9me2/3 is generally located in
the constitutive heterochromatin, and is involved in transcriptional repression60–62. In
mESCs, for instance, the Setdb1/Trim28/H3K9me3 pathway has been associated with
silencing of endogenous retroviruses (ERVs)63. Triple methylation at 27th lysine of histone
protein H3 (H3K27me3) is catalyzed by polycomb repressive complex 2 (PRC2), marking
repressed facultative heterochromatin. In contrast, Mixed Lineage Leukemias (MLLs)
and SET2 catalyze methylation of the 4th and 36th lysine residues on H3 (H3K4me3
and H3K36me3) respectively, and both histone modifications are associated with
transcriptional activation. H3K4me3 is enriched in promoter regions and H3K36me3
is located at actively transcribed gene bodies60,64,65. In mESCs, many promoters harbor
both H3K4me3 and H3K27me366. These so-called bivalent promoters are considered to
poise the transcription of the downstream developmental genes66. Besides methylation,
acetylation of H3K27, established by histone acetyltransferase P300 and others, is a
well-known histone modification. Together with H3K4me1, these two hPTMs typically
mark active and poised enhancers67–70.
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DNA methylation
In addition to the histone proteins, DNA can be modified by chemical groups. One of the
most well-studied modification of DNA is the addition of a methyl group on the 5’-position
of cytosine. Unlike histone modifications, DNA methylation is found in both prokaryotes
and eukaryotes, and its function varies significantly among species. In mammals, DNA
methylation exists almost exclusively in CpG dinucleotides. Single CpGs are widespread
throughout the genome with a few DNA regions containing a high density of CpGs, so-called
CpG islands (CGIs). While single CpGs are usually methylated, CGIs, which are present
in about 70% of human annotated gene promoters, normally lack DNA methylation71.
DNA methylation is an epigenetic modification essential for multiple biological
pathways including transcription regulation, chromosomal stability and X chromosome
inactivation72. To date, proteins that can establish or remove DNA methylation have been
reported and are considered to be either “writers” or “erasers”. In mammals, genomewide DNA methylation patterns are established during early embryonic development by
DNA methyltransferase 3A and 3B (DNMT3A and DNMT3B). However, during replication
of DNA, DNA methyltransferase 1 (DNMT1) is recruited to hemi-methylated DNA via
ubiquitin-like, containing PHD and RING finger domains 1 (UHRF1), and initiate DNA
methylation onto the new DNA strands to maintain methylation patterns73. The removal
of 5-methylcytosine (5mC) can be carried out by two distinct mechanisms, passive and
active demethylation. Due to the lack of methylation maintenance factors such as DNMT1
and UHRF1, DNA methylation can be lost passively during DNA replication74. Active
demethylation is performed by the proteins in the ten-eleven translocation (TET) family.
This protein family has 3 members, TET1, TET2, and TET3. TET proteins can oxidize
5mC to 5-hydroxymethylcytosine (5hmC), and further catalyze oxidation of 5hmC to
5-formylcytosine (5fC) and 5-carboxycytosine (5caC)75. Ultimately, 5fC and 5caC are
excised and replaced by unmethylated cytosine through either thymine–DNA–glycosylase
(TDG) involved base excision or DNA base excision repair (BER)74,76,77.

Enhancers
Functionally, genes comprise only a small portion of the mammalian genome, but as
these encode proteins, the building blocks of life, they are understandably the focus
of greatest interest. According to the latest release, only around 3% of the genome is
annotated as coding regions78–80. Over 90% of the DNA is noncoding region including
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introns, repeat sequences and cis-regulatory elements. Such DNA was labeled ‘junk DNA’
years ago and up to now the function of those sequences have still not been well defined.
Cis-regulatory elements (CREs) are also present in these non-coding regions. CREs play
essential roles in proper spatiotemporal expression of genes, thereby regulating cell fate
decision and development81. Based on their specific functional characteristics, CREs are
classified as promoter, enhancer, silencer and boundary/insulator82–85. Promoters typically
locate around transcription starting sites (TSS), recruiting RNA polymerase and essential
transcription factors (TFs) to initiate transcription. Enhancers are DNA elements that can
interact with DNA-binding proteins and transmit molecular signals to genes to increase
transcription. Silencers are DNA sequences that are bound by repressors, which prevent
the RNA polymerase from initiating transcription. Notably, silencers and enhancers can
be interconverted via exchange of binding factors86. Insulators (also termed boundary
elements) can block spreading of signals or elements, no matter positive or negative.
A large focus of this thesis is on the study of enhancers. In mouse, similar to human and
other mammalian organisms, enhancers are distributed across the genome. Enhancers can
target the promoters/genes from either an upstream or downstream location, regardless
of the physical distance. Also, enhancers can be located in an intron of a gene while
enhancing transcription of another gene. However, the genes nearby the enhancers are
not necessarily their target genes. Moreover, a single gene can be regulated by multiple
enhancers, while one enhancer can affect multiple genes87. The activity of enhancers is
known to be highly dynamic in the different developmental stages of an organism, in the
various cell types or tissues, or in different environments and in different species.
Traditionally, the identification of enhancer sequences was challenging, due to the
lack of methods to assay whether regions in the genome can function as enhancer or
not88. In particular, the diverse characteristics of enhancers in terms of DNA sequence
made identification of enhancers a challenging endeavor. However, recently powerful
approaches have been developed to characterize enhancers, each with their specific
advantages and disadvantages, as outlined below. The classical way to measure enhancer
activity is by the use of luciferase reporters in transient transfection assays89. Transient
transfection assays, especially dual luciferase reporter assays, have been used to directly
detect enhancer activity of genomic DNA fragments. Dual luciferase reporter assays use
two individual reporter plasmids to measure enhancer activity. Briefly, the DNA fragment
to be assayed is inserted downstream of the firefly luciferase reporter gene within a
plasmid. A minimal promoter is inserted upstream of the firefly luciferase reporter. The
firefly luciferase vector containing the insert is co-transfected with a vector that includes
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a renilla luciferase reporter into the cells. Cells transfected with an “empty” firefly
luciferase vector without insert and the renilla luciferase vector are used as controls. The
enhancer activity mediated by the inserted DNA fragment in the firefly luciferase vector
is measured and normalized to that of the renilla signal between experimental samples
and the independent transfection control (Fig 4).

Figure 4: The scheme of dual luciferase reporter assay to study enhancers
The workflow of dual luciferase reporter assays. Briefly, two individual reporter plasmids were used to measure
enhancer activity. Both plasmids contain a minimal promoter followed by either a firefly or a renilla luciferase
reporter gene. The DNA fragment to be tested is inserted downstream of the firefly luciferase gene. Together
with the vector containing the renilla luciferase reporter (used as a control reference), firefly luciferase vector
with (Test) or without a candidate insert (Control) is transfected into the cells. The “empty” firefly luciferase
vector is used as a negative control. In the end, the enhancer activity mediated by the inserted DNA fragment
in the firefly luciferase vector is measured and normalized to that of the renilla signal between experimental
samples and the independent transfected negative control.

Although very informative, classical dual luciferase assays are time-consuming and
restricted to a small number of candidate fragments. With the development of highthroughput technologies, next-generation sequencing (NGS) allowed to detect putative
regulatory elements at a much larger scale.
From these assays, Chromatin immunoprecipitation followed by sequencing (ChIP-seq)
is one of the most widely used approach. ChIP-seq can identify the genomic location of
proteins or hPTMs at a genome-wide scale. It uses an antibody to pulldown the target
protein or hPTM that crosslinked with the associated DNA. Then the crosslinked DNA
is decrosslinked from the proteins, eluted and sequenced. The acetyltransferase P300
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has been shown to associate with enhancers, and as such ChIP-seq of P300 enables to
accurately identify functional enhancers90. Accordingly, the histone mark H3K27ac that
is mediated by P300 is widely used as a marker for active regulatory elements, including
active promoters and enhancers65,67,91. Together with H3K4me1, another hPTM, the
presence of H3K27ac enables to characterize putative enhancers at a genome-wide scale.
The results of such ChIP-seq endeavours have indicated that the predicted enhancers are
cell-type specific and tightly associated with tissue-specific gene expression patterns91.
Besides specific hPTM profiles, enhancers are also characterized by their accessibility
to transcription factors. Therefore, potential active enhancers are thought to be located
in chromatin regions with high accessibility, so do promoters. Sequencing-based
technologies that enable to detect open chromatin regions such as DNaseI-seq, FAIREseq (Formaldehyde-Assisted Isolation of Regulatory Elements followed by sequencing)
and ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing)92–94, allow
to predict enhancers (and promoters) at a genome-wide scale. DNaseI-seq is an assay
that uses DNaseI to target chromatin that is accessible. During DNaseI-seq, nuclei are
isolated from permeabilized cells and incubated with DNaseI. The digested fragments,
representing the hypersensitive, open chromatin regions, are purified, adapter-ligated
and sequenced92. In FAIRE-seq, formaldehyde is used to crosslink the chromatin.
Subsequently, the chromatin is sheared and phenol-chloroform extracted. The protein–
DNA complexes stay in organic phase, while the DNA fragments that are not associated
with proteins are present in the aqueous phase.93. By sequencing of the DNA in the
aqueous phase, accessible chromatin can conveniently be characterized in FAIRE-seq.
ATAC-seq is making use of the Tn5 transposase, which can insert DNA sequences that
are linked to the Tn5 into the cutting site, such as sequencing adapters. Open chromatin
regions are sensitive to the Tn5 transposase94. As such, sequencing adapters are ligated
directly to the unprotected DNA that is processed by the Tn5 (the open chromatin regions)
and after purification the DNA is ready for sequencing. Thus, ATAC-seq is straightforward
and sensitive in detecting open chromatin regions. Moreover, it is compatible with low
input samples, even up to single cell level95.
The main characteristic of enhancers is the ability to regulate gene expression, often from
(very) distal sites. Currently, the chromosome conformation capture technologies (3C and
3C-based methods)96–100 provide information on topological chromosome organization
(Fig. 5). The spatial information obtained by 3C-based methods can be used to identify
potential enhancers, but importantly also to infer enhancer-enhancer and enhancerpromoter interactions. Briefly, in 3C-based methods the physical interaction between
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genomic locations is fixed using formaldehyde, followed by fragmentation of the chromatin
by the use of restriction enzymes or sonication. Subsequently, the chromatin is diluted and
DNA ends that are in close proximity are ligated. The ligation junctions, which represent
chromosomal interactions, are detected with a variety of approaches depending on
specific aim. In the 3C method, known sites are used to detect the interact site (one-toone approach). 4C, a ‘one-to-all’ approach, probes for all interactions from a single known
bait site (the so-called “view point”). 5C can detect all interaction sites of a given known
genome domain. Hi-C is an unbiased approach that can identify all existing interactions
at a genome-wide scale. However, HiC requires very deep sequencing to obtain a good
resolution. Follow-up strategies, such as capture Hi-C (CHiC) can effectively reduce the
sequencing requirements and get high-resolution interaction information from a designed
pool of baits. Such interaction study methods provide information on the spatial structure
of the chromosomes as well as on long-range interactions, thereby characterizing an
important layer of genome regulation.
Using the methods as described, a plethora of studies have characterized enhancers at a
genome-wide scale in a wide range of cells, tissues, organs and organisms. The increasing
amounts of sequencing data has encouraged bioinformaticians to develop multiple
chromatin-annotation software such as ChromHMM101, Epicseg102, and GenomicRanges102.
These computational approaches can be trained to identify chromatin states via integration
of various chromatin datasets, and as such provide a more accurate and comprehensive
enhancer landscape. However, the activity of regulatory elements is dynamic and
determined by many factors like factors binding to the elements, which for example can
differ during progression through developmental stages103. Though chromatin state and
hPTM signatures are useful to characterize putative enhancers, it should be mentioned that
it has remained unknown whether the hPTMs do actually control or simply correlate with
the regulatory state of the enhancers.104,105. With the help of NGS, the traditional methods
to measure enhancers, such as luciferase reporter assays as outline earlier, were adapted
to provide massive direct functional or quantitative readouts from enhancer activity, like
MPRA-seq (Massively Parallel Reporter Assay followed by sequencing)106, FIREWACh
(Functional Identification of Regulatory Elements Within Accessible Chromatin)107 and
STARR-seq (Self-Transcribing Active Regulatory Region sequencing)108.
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Figure 5: An overview of chromosome conformation capture based technologies
A summary of technologies for chromosome conformation and chromatin-chromatin interactions. In short,
cells are crosslinked followed by restriction enzyme digestion and ligation. Next, reverse crosslink is performed
on the ligation products, and the later on the DNA fragments are used as inputs for 3C, 4C and 5C assays. In
3C-based method, PCR is performed using the DNA fragments as the template, and the result is visualized
by agarose gel. In 4C assay, DNA fragments are digested using a 2nd enzyme followed by circularization and
inverse PCR. 4C libraries are then pcr amplified for next generation sequencing. In 5C, multiplex oligo annealing
and ligation are performed on the DNA fragments, followed by PCR amplification and sequencing. In Hi-C and
Capture Hi-C (CHiC), restriction enzyme digested chromatin is marked with a biotin at the end before the ligation.
Next the chromatin is sheared and ligated DNA fragments are pulled down by the biotin. By using a designed pool
of baits, CHiC effectively reduces the sequencing requirements and get high-resolution interaction information
from the baits of interested genomic loci.
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The principle of these technologies to measure enhancer capacity of DNA fragments
is similar. MPRA-seq uses synthetic oligos as inserts, while CRE-seq uses designed
biotinylated RNA baits to capture genomic DNA fragments as inserts. STARR-seq uses
the entire, fragmented genome or BACs as inserts without DNA selection bias of the
input106–108 (Table1). All three methods provide comprehensive, genome-wide data on
enhancer activity.

Figure 6: The principle and work-flow of STARR-seq
First, genomic DNA is fragmented by sonication. Next, the DNA fragments are adapter ligated and inserted
downstream of a minimal promoter in plasmids. Subsequently, the plasmids pool (ideally one unique DNA
fragment per plasmid) is transfected into cells. The DNA inserts which act as enhancers would enhance the
activity of the upstream minimal promoter and thereby promote the transcription of the insert itself. The
transcribed RNAs and transfected plasmids are isolated individually, and analyzed by sequencing. Quantification
of the activity of functional enhancers is calculated by normalizing the abundance of the transcribed RNAs to
plasmids (served as a negative control).
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The work described in this thesis focuses on STARR-seq. Compared to other methods,
STARR-seq can be used to detect enhancers at a genome-wide scale. STARR-seq was
initially used to map enhancers in Drosophila, and subsequently it was used to identify
enhancers in human109. However, STARR-seq had never been performed in cells of mice. To
briefly outline the STARR-seq method: in STARR-seq, sonicated genomic DNA fragments
are adapter ligated and inserted downstream of a minimal promoter. Subsequently, the
plasmids pool is transfected into cells. If an insert acts as an enhancer, it will enhance the
minimal promoter that is upstream of the fragment, thereby enhancing the transcription of
the insert itself. As a readout of the assay, the transcribed RNAs and transfected plasmids
are isolated separately, followed by sequencing. Further analysis allows to directly quantify
the activity of functional enhancers by the abundance of the transcribed RNAs (Fig. 6).
It is important to note that transfection methods as outlined in this paragraph, such as
MPRA-seq, CRE-seq and STARR-seq rely on naked DNA present in plasmids. As such,
the plasmids do not mimic the complex in vivo chromatin structure. Missing this layer of
chromatin structure, the enhancer activities as measured by transfection-based methods
do not always reliably report the states of enhancers as present in vivo. Therefore, to
accurately study enhancer activity, integration of multiple approaches is required.

Genome editing applications in enhancer studies
For functional studies, it is highly beneficial to specifically target a certain locus in the
genome for editing. Already in the seventies, researchers started looking for methods
to edit genomes110. To date, thanks to the discoveries of Zinc-finger nuclease (ZFNs),
transcription activator-like effector nucleases (TALENs), and clustered regularly
interspaced short palindromic repeats (CRISPR), the genome editing field has transformed
from an exploratory phase to worldwide applications.
The CRISPR-Cas system is one of the most-widely used genome editing tools both in
scientific and clinical fields. Originally, CRISPR-Cas was discovered as an immune
mechanism to defend against phage infection in bacteria111. Later, it was adapted to enable
its use as a very powerful editing tool for mammalian genomes. Mechanistically, there
is a wide range of different Cas family members, among which Cas9 is most widely used
due to its high efficiency in cutting double stranded DNA112. CRISPR-Cas employs a small
non-coding RNA (also called small guide RNA) to recognize double stranded DNA (dsDNA)
containing a protospacer adjacent motif (PAM) and a single DNA endonuclease Cas9 to
cut both alleles of the target113. Based on the sequence of the small guide RNA (sgRNA),
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Cas9 introduces a double strain break at the genomic site of interest. One way in which this
break can be repaired by the cell is by the use of error-prone non-homologous end joining
(NHEJ) pathway, which will generate a mutant allele due to random deletions or insertions
that occur (used in Knock-out strategies). Alternatively, the break can be repaired by
the homologous recombination (HR) pathway 112. By applying different homologous DNA
molecules, the HR pathway allows to fix disease-causing mutations with a healthy allele,
introducing a pathogenic variant, or to insert tags into an endogenous gene of interest
(used in Knock-in strategies). Furthermore, the discovery of distinct Cas9 proteins has
improved and expanded the CRISPR toolbox. For example, the development of Cas9
nickase (nCas9) enables editing the genome more precisely 114. In addition, a catalyticinactive Cas9 (dCas9) fused with different proteins/enzymes can be used for transcription
regulation, epigenetic regulation and modulation of chromatin interactions115–117.
The powerful CRISPR-Cas9 methodology has been applied in enhancer studies as
well. CRISPR-Cas9-mediated removal/switch of a specific regulatory element can be
employed for loss-of-function studies of enhancers. For instance, Hoxa1 functions as
a transcription factor that is expressed and required for embryogenesis. A recent study
used CRISPR-Cas9-based modulation of a DNA stretch 150kb downstream of Hoxa1
to show that it functioned as a distal enhancer. Knockout of this enhancer significantly
impairs the expression of Hoxa1 both in the mESCs and during mouse differentiation118.
In addition, CRISPR-Cas9 genome editing-approaches have been applied in chromatin
architecture studies. For example, CTCF is a multi-functional protein involved in regulating
the 3D structure of chromatin. It is reported that deletion or inversion of the orientation
of CTCF-binding sites using CRISPR-Cas9 changes the chromatin loop between the distal
enhancer and the target promoter, which further alters downstream gene-expression
patterns119,120. The research in the examples illustrated above focused on alterations at a
single locus in the genome. However, single locus depletion is often not useful for highthroughput screening; on the other hand, deleting multiple enhancers simultaneously in
the same study model is laborious and time-consuming. Thus, CRISPR-Cas9 screening
methods were developed to functionally screen endogenous enhancer elements. For
example, a CRISPR-Cas9 tiling screen identified functional enhancers by designing a
pool of sgRNAs that including specific conserved TFs motifs121,122. In addition, dCas9 is
also a powerful tool for genome-wide enhancer studies as well. Upon fusion of dCas9
with epigenetic regulators, dCas9 can mediate sequence dependent targeting and
thereby either repress or activate genes, depending on the fusion partner. This is also
called ‘CRISPR interference’ (CRISPRi) or ‘CRISPR activation’ (CRISPRa)123. A notable
example of such a screen involved the Krüppel-associated box (KRAB), a well-known
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domain responsible for heterochromatin formation124 This domain has been used in highthroughput approaches using the dCas9-KRAB fusion protein to functionally identify and
characterize distal enhancers125,126. On the other hand, dCas9 fused to activator effectors
from VP(16)n and P300, both potent transcription activators, has been shown to be very
powerful in gain-of-function study of regulatory elements126,127.
In summary, besides large-scale reporter assays, in vivo CRISPR-Cas9 genetic screens
provide additional power for systematic identification of regulatory elements such as
enhancers. However, Integration of various methods (Table1) is most powerful to
provide insight on enhancers-mediated expression of genes and on gene regulatory
networks in mammals.
Table1 Approaches to characterize and study enhancers
Method

Test DNA Source

Test DNA size

Scale of detecting
enhancers

Dual luciferase assay

Single DNA fragment

varies

1

ChIP-seq

Antibody pull down
chromatin

150~300bp

genome wide

DNaseI/ FAIRE/ATAC-seq

Accessibly
chromosome region

150~300bp

genome wide

Chromosome
conformation capture

Interaction of
chromosome

depend on
restriction enzyme
and resolution

1 to genome wide

MPRA-seq

Synthesized Oligos

<300bp

~27k

FIREWACh

nucleosome-free
regions

average 150bp

~80k

STARR-seq

genome

500~1500bp

genome wide

CRISPR(-screen)

sgRNAs targeting
endogenous genome

varied

1 to thousand(s)
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Outline of this thesis
In this chapter 1, I introduced basic concepts and provided background for the further
contents of this thesis. This includes knowledge about 2i and serum mESCs, an introduction
on cell cycle studies in pluripotent cells, information on cis-regulatory elements as well
as approaches to study enhancers. In chapter 2, we applied STARR-seq for the first
time in mouse pluripotent cells represented by 2i and serum mESCs, thereby functionally
characterizing enhancers at an unprecedented genome-wide scale. By integration of
STARR-seq with enhancers predicted from other epigenetic approaches such as H3K27ac
and H3K4me1 ChIP-seq, we found that enhancers identified by STARR-seq only show
a modest overlap with enhancers identified by other approaches. We compared the
activities of enhancers in 2i and serum mESCs and found that ZIC3-bound sites show
much higher STARR-seq activities in serum than in 2i mESCs. As a control, we showed
that the ZIC3-bound loci lost their enhancer activities in Zic3-/- serum mESCs. Knockout
of Zic3 result in instability of serum mESCs, and differentiation towards the endodermal
direction. In 2i, the knockout of Zic3 only shows mild effects. Together, this suggests an
important role of Zic3 in maintaining the pluripotency of serum mESCs via enhancers. In
addition, we found a large number of dormant enhancers that show enhancer activities in
STARR-seq, while these are not detectable in P300 and/or H3K27ac ChIP-seq as well as in
ATAC-seq. Repressive epigenetic marks like DNA methylation and H3K9me3 are found on a
significant number of these dormant enhancers. Furthermore, we found binding of P53 on
the enhancers that are not or very lowly accessible. Notably, we show that the enhancers
containing P53 binding can become active enhancers when treated with Nocodazole or
during the iPS reprogramming. In chapter 3, we set out to investigate the functional role
of Trp53 in regulating the cell cycle of 2i and serum mESCs. We found that P53 can directly
activate Rb1 expression, resulting in elongation of the G1-phase of 2i mESCs. In contrast,
the RB protein encoded by Rb1 is hyper-phosphorylated and thereby inactivated in serum
mESCs. In line with our observations, knockout of Trp53 in serum mESCs does not result
in any change in the short G1-phase as observed in 2i mESCs. In Chapter 4, I summarize
and discuss the findings and insights that are obtained in this thesis and placed these in
a wider perspective. It also includes suggestions for further research to gain more insight
in the role of enhancers and cell cycle regulators during early embryonic development.
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Abstract
Enhancers are distal regulators of gene expression that shape cell identity and control
cell fate transitions. In mouse embryonic stem cells (mESCs) the pluripotency network is
maintained by the function of a complex network of enhancers that is drastically altered
upon differentiation. Genome-wide chromatin accessibility and histone modification
assays are commonly used as a proxy for identifying putative enhancers and for describing
their activity levels and dynamics. Here, we applied STARR-seq, a genome-wide plasmidbased assay, as a read-out for the enhancer landscape in “ground-state” (2i+LIF; 2iL) and
“metastable” (serum+LIF; SL) mESCs. This analysis revealed that active STARR-seq loci
show modest overlap with enhancer locations derived from peak calling of ChIP-seq libraries
for common enhancer marks. We unveil ZIC3-bound loci with significant STARR-seq activity
in SL-ESCs. Knock-out of Zic3 removes STARR-seq activity only in SL-ESCs and increases
their propensity to differentiate towards the endodermal fate. STARR-seq also reveals
enhancers that are not accessible, masked by a repressive chromatin signature. We describe
a class of dormant, P53 bound enhancers that gain H3K27ac under specific conditions, such
as after treatment with Nocodazol, or transiently during reprogramming from fibroblasts to
pluripotency. In conclusion, loci identified as active by STARR-seq often concur with those
identified by chromatin accessibility and active epigenetics marking, yet a significant fraction
is epigenetically repressed or display condition-specific enhancer activity.
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Introduction
Mouse embryonic stem cells (mESCs) derived from the inner cell mass of the early
developing embryo can propagate indefinitely in vitro and are pluripotent1–3. Pluripotent
stem cells can give rise to all somatic cell lineages, a fundamental property for the
development of complex organisms, including humans, that holds great promise for
regenerative medicine4–6. Murine ESCs cultured in medium supplemented with serum
and leukemia inhibitory factor (serum + LIF; SL) are metastable and prone to spontaneous
differentiation7,8. Culturing in serum-free medium supplemented with two small kinase
inhibitors and LIF (2i + LIF; 2iL), however, results in more homogenous cell populations
that bear greater similarity to the inner cell mass of the preimplantation epiblast and
better recapitulate the pluripotent “ground state” 9–12. SL and 2iL-cultured cells are both
naïve, in contrast to stem cells (EpiLCs) that are pluripotent but “primed” for lineage
specification13–15. Despite the functional similarity between 2iL- and SL ESCs, they are
profoundly different in their metabolic, epigenetic and transcriptional state exemplified
by over 1,500 differentially expressed genes10,16–22. Importantly, the two naïve pluripotent
states can be interconverted by simply switching the culture medium, making 2iL- vs SLESCs an attractive model system to study principles of gene regulation23,24.
It is well appreciated that gene expression is regulated by a complex network of regulatory
elements that promote (promoters) and enhance (enhancers) RNA transcription through
proximal and distal binding of key transcription factors (TFs), respectively25. Given their key
role in gene regulation, enhancers have been studied in many cell types, including murine
and human ESCs. However, large-scale direct measurements of tissue-specific enhancer
function are time-consuming26–28. Alternatively, putative enhancers can be recognized
by the presence of specific TFs and accessible chromatin marked by several histone
modifications that are associated with active regulatory elements, such as H3K27ac.
Profiling studies resulted in the notion of thousands of enhancers that are frequently
grouped near key cell identity genes29. Other studies used chromatin accessibility, sets
of histone marks or TFs binding to detect enhancers that are specific for the pluripotent
ground- (2iL), metastable (SL) or primed (EpiLC) state18,30–34.
Despite significant progress, it remains difficult to estimate enhancer potency from
epigenetic marking. For example, “poised enhancers”, that are occupied by P300 and
establish significant interactions with promoters of lineage specifying genes in ESCs, are
repressed by H3K27me335. Seed enhancers are occupied by low levels of H3K4me1, and
in half of the cases by H3K27ac, but become fully active at later developmental stages30.
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Furthermore, focusing on accessible chromatin or common histone modifications to
pinpoint enhancers, fails to identify enhancers lacking such common enhancer marks36.
An alternative way of testing enhancer activity is by employing massively parallel
reporter assays that measure enhancer activity by combining genomic fragments and
a minimal promoter and transfecting the constructs into cells37. The self-transcribing
active regulatory region sequencing38 (STARR-seq) method is particularly attractive,
as it allows quantitative measurement of enhancer strength in a genome-wide fashion
by high-throughput sequencing. Genome-wide STARR-seq has first been applied to
Drosophila38–40 and later also in mammalian cells41,42. Targeted STARR-seq approaches
use enrichment strategies (e.g. genomic fragments precipitated in ChIP-seq) to construct
comprehensive libraries of candidate enhancer loci. This technique has been employed to
examine enhancer activity in mammalian cells43, incuding human embryonic stem cells44.
Here, we applied whole genome STARR-seq in mESC cultured in 2iL or SL. Comparing
genome-wide quantitative STARR-seq active loci and chromatin marking reveals a class of
SL-specific enhancers located near naïve and primed pluripotency genes that are activated
in naked DNA by ZIC3 but remain repressed within the chromatin context of SL-ESCs.
Furthermore, we detected P53-driven enhancers with strong STARR-seq signal, but very
low chromatin accessibility and histone marking. These enhancers gain H3K27ac upon
treatment with Nocodazole or transiently during reprogramming. Taken together, our
STARR-seq assay reveals active, dormant and chromatin masked enhancers.

Results
Defining a robust set of STARR-seq enhancers in 2iL- and SL-ESCs
We applied whole genome STARR-seq to quantify and compare the enhancer sets in 2iLand SL-ESCs (Fig. 1A). In brief (see methods for details), genomic DNA was sonicated
into segments of ~850bp to maximize the chance of obtaining complete enhancers.
Next, fragments were adapter ligated and cloned after a minimal Super Core Promoter
(SCP1). Plasmids were transfected into 2iL- and SL-cultured mESCs and the number
of transcripts originating from the minimal SCP1 promoter were quantified by highthroughput sequencing. Simultaneously, the number of transfected DNA fragments
(input DNA) were quantified by sequencing. Input DNA covered 83% of the mappable
genome with a mean coverage of 9.2x (Fig. S1A). After alignment of STARR-seq and
input DNA, initial STARR-seq ‘peaks’ were called using the MACS2 peak caller45. Next, a
binomial model was used to further assess the significance of all these initially detected
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STARR-seq peaks (union of 2iL and SL) in each of the four STARR-seq libraries generated.
Finally, STARR-seq enrichment, defined as the fraction of STARR-seq reads per input
read was computed at each peak and corrected for low counts using Bayesian shrinkage.
The same procedure was used for 1 million GC% and size matched regions, of which
less than 3% exceeded a 3-fold enrichment (Fig. S1B). Therefore, we defined the
final STARR-seq peaks as MACS2 peaks exceeding a 3-fold enrichment with binomial
p-value < 0.05 in both biological replicates, which included a total of 25,616 peaks.
These STARR-seq peaks were reproducible between biological replicates and mostly
located in intronic and intergenic loci (Fig. S1C; Fig. 1B). Finally, input- and STARRseq libraries had no specific GC% bias and subsampling of STARR-seq and input reads
indicated approximate convergence of the expected number of enhancers at the applied
sequencing depth (Fig. S1D-E).
Defining three classes of putative regulatory elements
Having determined a robust set of STARR-seq peaks, we assessed to what extent they
overlap promoter distal loci with accessible DNA (ATAC-seq), occupied by P300 and
flanked by H3K27ac (henceforth APK-elements), a chromatin signature associated
with active regulatory elements46. This analysis showed that 75% (19,220 of 25,616) of
our STARR-seq peaks are not intersecting an APK-element (Fig. 1C, upper diagram).
Therefore, we decided to thoroughly examine evidence of chromatin accessibility, TF
occupancy or histone modifications at all our STARR-seq peaks. To this end, we first
segmented the mouse genome with EpiCSeg47 using 22 ChIP-seq data sets collected in
2iL- and SL-ESCs (Fig. 1C lower panel; Fig. S1F; Table S2). This showed that the majority
of the STARR-seq peaks (n=18,544) in fact overlap genomic loci tentatively labelled as
“active” enhancers, henceforth referred to as class C1-loci. Still, 7,072 STARR-seq peaks
do not display an active chromatin signature, but possess enhancer activity in the reporter
assay suggesting that these are inactive/masked in a chromatin context (termed C2-loci).
Finally, 1,950 APK-elements displayed no STARR-seq signal in any of the four replicates
(p > 0.1; C3-loci; Fig 1C-D). Enhancer activity at C1- , C2- and C3-loci was validated
by luciferase reporter assays (Fig. 1E-G, Table S3). Chromatin accessibility (Fig. S1G)
and H3K27ac (Fig. S1H) correlate poorly (r < 0.3) with STARR-seq enrichment at C1loci, indicating that enhancer strength cannot be easily predicted from these chromatin
features (Fig. S1I)
Next, we set out to determine which TFs were associated with C1-, C2- and C3-loci. To
this end, we computed enrichment for TF motifs in each class relative to motifs found in a
matched background set (methods; Fig. 1H). As expected, C1 enhancers are specifically
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enriched for well-known pluripotency factors like OCT4, SOX2, NANOG (together
abbreviated as OSN), ESRRB and KLF4, as well as more general TFs like AP-1 and YY1.
C2-loci are highly enriched for P53, NRF1 and Forkhead motifs. Finally, C3-loci are highly
enriched for GC-rich zinc finger motifs like KLF/SP and the (primed) pluripotency factors
ZIC2/3, but lack motifs of the OSN core pluripotency factors. We detected enrichment for
TCF/LEF motfs only at STARR-seq peaks in 2iL cultured ESCs. ZIC2/3 motifs on the other
hand are only enriched at STARR-seq peaks of SL-cultured ESCs (Fig. 1H).
We next assessed the C3-loci that are distal from annotated Gencode and Refseq
transcription start sites. These loci displayed no significant STARR-seq signal despite
the presence of an active chromatin signature. The lack of enhancer activity is not due to
low coverage of input DNA fragments at C3-loci, which is equal or even higher compared
to the other two classes (Fig. S1J). Comparing the GC% per class revealed that C3 loci are
significantly more GC-rich compared to C1- or C2 loci (Fig. S1K; p < 2e-16, Wilcoxon ranksum test) and the fraction of C3 loci that overlap a CpG island is higher (8%) compared
to C2 (5%) or C1 (<1%, Fig. S1L). These results indicate that C3-loci might be enriched
for promoter regions of unannotated transcripts. To test this hypothesis, we overlapped
C3-loci with transcription start sites defined by the Phantom5 consortium using Cap
Analysis of Gene Expression (CAGE)48,49 and found that 60% of the C3-loci coincide with
a CAGE peak. Thus, many C3-loci overlap with unannotated transcripts that have an active
chromatin signature, but do not elicit STARR-seq enhancer activity (Fig. S1M).
In short, STARR-seq combined with epigenetic analysis revealed three classes of
enhancers: C1 STARR-seq peaks that are accessible and marked by a chromatin
signature associated typically with active enhancers, C2 loci that reside in largely
inaccessible DNA that is void of a classic active chromatin signature and C3 loci that
do overlap with active histone marking, but have no significant STARR-seq signal and
frequently overlap promoters.
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Figure 1. Comparison of genome-wide STARR-seq and active chromatin in mouse ESCs defines
three classes of regulatory elements.
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A. Experimental setup of genome-wide STARR-seq. ESC DNA is sonicated into random fragments with a median
size of 850 bp. Adapter-ligated fragments are cloned behind the SCP minimal promoter and transfected into
ESCs. STARR-seq signal represents the number of transcribed fragments divided by sequenced input DNA in a
“peak” region. Bayesian shrinkage was applied to penalize the signal of loci with low read counts (see methods).
B. Genomic distribution of the significant STARR-seq peaks (enrichment ≥ 3, p < 0.05) detected in 2iL or SL.
18,116 enhancers were detected in 2iL and 18,543 in SL. 7073 enhancers were only detected in 2iL and 7500
enhancers were only detected in SL. The union of STARR-seq peaks detected in 2iL- and SL comprises 25,616
enhancer loci. C. Top: Putative enhancers were defined as the intersection of ATAC-seq, P300, and H3K27ac
ChIP-seq peaks. For each mark, the peaks found in the union of 2iL- and SL-ESCs were taken. The union of all the
APK loci (present in 2iL or SL) and all the STARR-seq peaks (2iL or SL) were classified by EpiCSeg (see methods).
Bottom: We defined loci as C1: STARR-seq and active chromatin, C2: only STARR-seq or C3: active chromatin,
but no STARR-seq. C3-loci near a Gencode or Refseq TSS were discarded. [PD]. D. Heatmap of STARR-seq and
enhancer marks in 2iL- and SL-ESCs. Signal was computed on the STARR- (C1 and C2) or ATAC-seq peak (C3)
flanked by 3 kb. Regions were clustered by class and ranked by decreasing STARR-seq signal (log2 RPKM) in 2iL.
The signal intensity (log2 RPKM) was capped at 75% of the maximum value to enhance visualization. [PD]. E.
Genome browser view for selected C1- (top), C2- (middle), and C3- (bottom) loci. The STARR-seq track depicts
the enrichment over input. For the other tracks, the signal is shown in RPKM. Orange boxes denote luciferase
regions (see Table S3 for primers and locations). [PD]. F. STARR-seq and luciferase signal for regions shown in
e. Luciferase signal is defined as the Firefly over Renilla (F/R) scaled to the F/R value of an empty vector.These
values were log2 transformed and linearly scaled to STARR-seq log2 enrichment values (see the “Methods”
section). Error bars denote the standard deviation for biological duplicates (STARR-seq) or technical triplicates
(luciferase). G. STARR-seq enrichment and luciferase signal (as in f) for n = 39 selected loci in 2iL- and SL-ESCs.
Points denote the mean of biological duplicates (STARR-seq) or technical triplicates (luciferase). PCC: Pearson’s
correlation coefficient. H. Enrichment of known DNA motifs at C1-, C2-, and C3- loci relative to a GC%-, size-,
and input-matched background set (see the “Methods” section). The bars (top) depict the number of STARR-seq
peaks detected per class. Both the class definition and the STARR-seq peaks are condition-specific (2iL or SL).
TFs with similar motifs were grouped. P values: Homer2 binomial test with Benjamini-Hochberg correction.
Some of the panels in these figures contain public data. These panels are annotated with [PD]. The accession
numbers of public data and their corresponding panels are annotated in Table S1.

Class C1 STARR-seq loci recapitulate ESC enhancer dynamics
We next sought to use our STARR-seq approach to investigate known and novel differences
in enhancer usage between 2iL and SL mouse ESCs and examined the C1 STARR-seq
peaks (n=18,544). Differential STARR-seq analysis using a model that accounts for
differences in sequencing depth and input coverage (Fig. S2A; methods) revealed 1,442
enhancers that are significantly stronger in 2iL compared to 3,688 in SL (fold change
>= 2.5, p < 0.05, Fig. 2A; Table S1). As expected, differential STARR-seq signal at C1loci was in line with DNA accessibility, histone modification and cofactor occupancy
dynamics between 2iL and SL (Fig. S2B). Motif analysis revealed enrichment for TCF/
LEF, ZIC2/3 and ZFP281 motifs at 2iL- and SL STARR-seq peaks, respectively (Fig. 2B).
TCF3 (Tcf7l1) is the highest expressed TCF/LEF member in ESCs, with similar expression
in 2iL- and SL-ESCs (Fig. S2E). De-repression of TCF/LEF activity is a well-known effect
of CHIR99021 mediated GSK3-inhibition50–52 that works through altered WNT-signaling,
rather than modified Tcf7l1 expression levels. Switching ESCs from SL to 2iL induces
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chromatin accessibility and H3K27ac at TCF3 occupied enhancers, as for example near the
“ground-state” pluripotency gene Tcfcp2l1 (Fig. 2C). In SL, Tcf3-/- ESCs also gain enhancer
activity at sites that are otherwise repressed by TCF3 in STARR-seq, but do not reach the
activity level as in 2iL-cultured cells (Fig. S2C-D), in line with the notion that functional
redundancy exists between TCF3 and other TCF/LEF factors53.
ZIC3 activates enhancers in SL-ESCs, but not in 2iL-ESCs
Having confirmed the known functional role of the TCF/LEF family proteins between 2iL
and SL ESCs, we next focussed on the SL-induced STARR-seq peaks enriched for ZIC
motifs. ZIC2 and ZIC3 are the two highest expressed ZIC genes in mESCs. ZIC3 expression
is 3-fold higher in SL than 2iL, whereas ZIC2 expression is similar in 2iL and SL, but induced
in EpiLCs (Fig. S2E). Given these results and the pronounced difference in ZIC3 protein
abundance between 2iL- and SL-ESCs (Fig. 2D, left), we focused on ZIC3. To determine
whether ZIC3 indeed occupies STARR-seq peaks, we profiled ZIC3 occupancy by ChIPseq in 2iL and SL and detected a total of ~11,800 peaks, mostly at distal sites. 27%
(2,590/8,200) of the distal peaks had significant STARR-seq signal in 2iL- or SL-ESCs (Fig.
S2F). Of these, 927 ZIC3-bound sites had significantly higher STARR-seq signal in SL-ESCs
(FC > 2.5, p < 0.05), but not a single ZIC3 binding site had higher STARR-seq signal in 2iL
(Fig. S2G). To assess whether ZIC3 contributes to enhancer activity, we depleted ZIC3
using CRISPR-CAS9 (Fig. 2D, right). Zic3-/- mESCs appear morphologically normal when
cultured in 2iL, but SL-ESCs displayed flattened colonies with signs of differentiated cells
(Fig. 2E). Luciferase assays for selected enhancers in WT and Zic3-/- ESCs showed that
enhancer signal is lost upon genetic ablation of ZIC3 in SL-, but not in 2iL-ESCs, where the
luciferase signal even increases compared to WT (Fig. S2F-G).
Zic3-/- SL-ESCs display increased differentiation towards the early endodermal cell fate
The altered cell morphology of a small proportion of Zic3-/- SL-, but not 2iL-ESCs prompted
us to determine the transcriptomes of Zic3-/- and WT ESCs in the two culture conditions by
RNA-seq. Principal component analysis (PCA) showed that genetic ablation of Zic3 shifts
the expression profile of cells cultured in SL, but barely affects that of cells cultured in
2iL (Fig. 2H). Differential expression analysis supported these results showing only 43
differentially expressed genes (DEGs) in 2iL (FC > 2.5, p < 0,05). In contrast, we detected
945 DEGs in Zic3-/- cells cultured in SL compared to WT, of which 70% were upregulated
in the Zic3 KO cells (Fig. S2H; Table S4). Marker genes of the primitive endoderm (PrE),
like Sox7, Sox17, Gata4, Cubn and Dab254 are all upregulated by 8-fold or more in SL (p
< 2e-15 for all), in line with results reported for Zic3 RNAi ECSs cultured in SL55 (Fig.
2I). Interestingly, none of these genes are differentially expressed in 2iL-ESCs (data
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not shown).. Simultaneously, ground-state pluripotency markers like Nanog (FC=-2.4,
p=7.2x10 -9), Klf2 (FC=-4.85, p=5.1x10 -25), Tcfcp2l1 (FC=-3.4, p=5x10 -18), Esrrb (FC=2.4, p=1.4 x10-9) and most prominently Prdm14 (FC=-8.9, p=7.2 x10-14) are significantly
downregulated in Zic3-/- SL-ESCs, although most of them are still highly expressed (Fig.
2J). Simultaneous retention of pluripotency gene expression and strong upregulation of
PrE markers indicates that a fraction of Zic3-/- cells differentiated towards the endodermal
lineage. To test this hypothesis, we applied single cell RNA-seq. Cluster analysis on single
cell expression profiles identified four transcriptionally distinct clusters of cells (Fig. 2K).
Cluster 1 consists of intermingled ZIC3 WT and ZIC3 KO ESCs cultured in 2iL. Cluster 2 are
WT SL and cluster 3 are Zic3-/- ESCs cultured in SL. Downregulation of naïve (e.g. Nanog,
Prdm14) and primed (e.g. Lefty1, Skil) pluripotency factors, combined with upregulation of
DNA methyltransferases (DNMTs) discriminates cluster 2 from cluster 3. The fourth cluster
comprising Zic3-/- ESCs, consists of cells cultured in SL and that express high levels of the
endodermal transcription factors and lost expression of pluripotency markers (Fig. 2L).
Nanog and Prdm14 are naïve pluripotency genes that lose expression upon deletion of Zic3
in SL (Fig 2L; Fig S2I, left). The primed pluripotency gene Lefty1 and the neuronal marker
Gbx2 are among the top markers that discriminate Zic3-/- cells from WT cells cultured in
SL and are in the vicinity of ZIC3 occupied STARR-seq peaks with significantly elevated
signal in SL-ESCs (Fig 2L; Fig. S2I, right).
In summary, our STARR-seq data corroborates that TCF3 represses enhancers in SL,
and to a much lower degree in 2iL. More striking is the significantly elevated STARR-seq
signal at enhancers occupied by ZIC3 when ESCs are cultured in SL as compared to 2iL.
Luciferase experiments show that enhancer activity is lost for Zic3-/- ESCs cultured in
SL, but gained in 2iL compared to WT cells. In line with these data, the transcriptional
profile of Zic3-/- ESCs cultured in SL shifts significantly compared to WT, with over 900
DEGs. In contrast, the RNA-seq profile of ESCs cultured in 2iL barely deviates from
WT cells, suggesting that ZIC3 is neither an activator nor a repressor in 2iL-ESCs. A
plausible explanation is the significantly higher expression of Zic3 in SL compared to
2iL, which is even more striking at the protein level. Finally, 70% of the ~900 DEGs are
upregulated in SL, with a remarkably high increase for endodermal marker genes. Single
cells RNA-seq corroborated and extended that a small fraction of SL-ESCs adapts a
(primitive) endodermal fate, which explains the dramatic upregulation of these genes
in our bulk RNA-seq.
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Figure 2. ZIC3 is required for enhancer activity in SL-ESCs, but not in 2iL-ECSs.
A. Top: Barplot that depicts the number of C1 STARR-seq peaks (n = 18,544) with significantly higher (FC ≥
2.5, p < 0.05, DESeq2) enrichment in 2iL (red; n = 1442) or SL (green; n = 3688). Bottom: Scatterplot of the
STARR- seq enrichment in 2iL or SL for C1 STARR-seq peaks. Differential peaks elevated in 2iL (red) or SL
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(green) are annotated. Non-differential peaks are gray. B. TF motifs enriched at differential C1 STARR- seq
peaks in 2iL- (red) and SL-ESCs (green). P values were derived using a binomial test with all C1 STARR-seq
peaks as background set (Homer2). C. STARR-seq peaks (highlighted in yellow) near the Tcfcp2l1 gene that
is higher expressed in 2iL-ESCs56. A STARR-seq enhancer near the TSS is repressed by TCF3 in SL-ESCs [PD].
D. Western blot analysis of ZIC3 and a GAPDH control in 2iL- and SL-WT ESCs (left) and two Zic3−/− ESC clones
cultured in SL (right). E. Cell morphology of Zic3−/− and WT ESCs cultured in 2iL or SL. Zic3−/− ESCs drastically
change morphology. F. Examples of STARR-seq peakswithelevatedsignalinSL-ESCs.Sites aremore accessible
in SL-ESCs and have slightly higher H3K27ac, although this signal is relatively low (see, e.g., Figure S1I). P300
ChIP-seq signal is similar between 2iL- and SL-ESCs [PD]. G. Luciferase signal (Firefly/Renilla) scaled to F/R
of a control region in WT and Zic3−/− ESCs for the three genomic locations shown in f.See Table S3 for genomic
location and primer sequences. H. PCA plot using the 1000 most variable genes in Zic3 WT vs Zic3−/− RNAseq. Loss of Zic3 barely affects the transcriptome of 2iL-ESCs, but alters that of SL-ESCs considerably. I.
Differentially expressed genes in Zic3−/− vs WT ESCs cultured in SL. Strongly upregulated genes are enriched
for endodermal markers like Sox17, Gata4,and Dab2 and Cubn. J. RNA-seq expression of selected pluripotency
factors and endodermal marker genes. The color scale denotes DEseq2 normalized reads (log2) per gene.
Biological duplicates are shown for Zic3−/− ESCs. K. UMAP clustering of Zic3−/− and WT ESC cultured in 2iL
and SL. Top: annotation of genotype and culture condition. Bottom: cluster assignment using shared nearest
neighbors on the first 12 principal components and resolution = 0.1. L. Heatmap of selected marker genes for
the clusters shown in k.Rows are genes, columns are cells. Cells originating from clusters 1–4 are annotated
with their respective colors in the boxes in the top. Color gradient depicts the expression Z-score relative
to the average cell (unclustered). For the genes colored in blue or red to the left of the heatmap, a browser
screenshot of their genomic locus is shown in Figure S2I. Some of the panels in these figures contain public
data. These panels are annotated with [PD]. The accession numbers of public data and their corresponding
panels are annotated in Table S1

Class C2 STARR-seq loci are repressed by DNA methylation and H3K9me3
STARR-seq signal at C2-loci (Fig. 1D) shows that the TFs that boost transcription from
the minimal promoter in the reporter assay are indeed expressed in ESCs but seemingly
impaired to boost transcription in the chromatin context. The absence of chromatin
accessibility and active histone marks at the C2-loci suggest that in ESCs, nucleosomes,
DNA methylation or repressive histone modifications prevent activation of these putative
enhancers in the presence of chromatin. To test this hypothesis, we compared DNA
methylation, H3K9me3 and H3K27me3 across the C1- to C3-loci and a set of randomly
selected loci (methods). First, DNA methylation is significantly elevated at C2-loci
compared to randomly selected loci, but depleted at C1- and C3-loci. Interestingly, this
is even more apparent in the globally hypomethylated 2iL-ESCs22 (Fig. S3A).
To gain insights into the TFs that activate these STARR-seq loci, we used linear regression
and fitted their average DNA methylation percentage to TF motif presence. This analysis
revealed that the presence of a P53 motif and the nuclear respiratory factor 1 (NRF1)
motif are predictive of elevated DNA methylation (Fig. S3B). These TFs are enriched in
C2 enhancers that lack histone marking and accessibility (Fig. 1H). CpG-methylation has
been shown to impede NRF1 occupancy57 and C2-loci with a NRF1 motif have significantly
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higher methylated CpG levels than those without, which even applies to the globally
hypomethylated 2iL-ESCs (Fig. 3A). Triple depletion of the DNMT genes causes global
loss of CpG methylation (Fig. S3C), but NFR1 occupancy is only significantly gained at a
relatively small number of C2-loci harboring the NRF1 motif (Fig. 3B-C). This indicates that
the sole loss of DNA methylation of its cis-acting element is insufficient to facilitate NRF1
binding and that alternative repressive mechanisms are at play. Hence, we examined for
the presence of H3K9me3 and H3K27me3 in ChIP-seq data sets previously generated in
our lab10,16. H3K9me3 covers 21% of the C2-loci compared to 6% of C1-, 1% of the C3- and
3% of the randomly selected loci (Fig. S3D,F). H3K27me3 peaks overlap less than 0.1% of
the C2-loci (Fig. S3E-F) These results corroborate the EpiCSeg chromatin segmentation,
where H3K27me3 peaks are mainly found together with “active” histone modifications
and H3K9me3 covered loci are inaccessible, void of other histone modifications and thus
classified as C2-loci (Fig. S1F).
STARR-seq reveals endogenous retrovirus enhancers that are repressed by TRIM28
To investigate whether H3K9me3 is associated with specific TFs, we analyzed DNA motifs
enriched at C2 STARR-seq peaks coinciding with H3K9me3 peaks as compared to C2 loci
without H3K9me3. Motifs enriched and co-occurring at H3K9me3 repressed enhancers
are TBX20, FOXP1, CRE and also NRF1. In contrast, AP-1, YY1 and in particular P53 are
found in loci without active marks that are also without H3K9me3 (Fig. 3D-E). Mining
the Cistrome database58,59, we could not find evidence that these loci gain chromatin
accessibility or TF occupancy in somatic cells. Instead, these loci are hallmarked by
the presence of the histone variant H3.3 and the repressor TRIM28 (KAP1) in ECSs,
reminiscent of endogenous retroviruses (ERVs)60,61. STARR-seq enrichment at H3K9me3
repressed ERVs has recently been reported in human HeLa-S3 cells42. To examine whether
our C2-loci are also enriched at ERVs, we intersected them with a list of established
retrotransposons62. This revealed that in particular the C2-loci that harbor at least three
of the four TBX20, FOXP1, CRE, NRF1 motifs are significantly enrichmed for intracisternal
A-type particles (IAPs) (Fig. 3F; p < 2e-16; Fisher’s exact test). This result agrees with the
finding that in particular IAPs gain expression upon TRIM28 deletion61. Browser examples
of such TRIM28 repressed IAPs are shown in Fig. 3G.
In short, a significant portion of the C2 STARR-seq peaks are repressed by DNA methylation
and H3K9me3, but display enhancer activity in our plasmid-born STARR-seq assay.
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Figure 3. NRF1 and endogenous retroviruses establish active enhancers in the absence of
DNA methylation or repressive histone modifications.
50
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A. Left: Pie chart depicting the number of NRF1 motifs at C1 and C2 STAR R-seq peaks. Right: Boxplots of CpG
methylation at C1 and C2 STARR-seq peaks with (dark color) or without (light color) NRF1 motif. CpG methylation
is significantly higher at C2 STARR-seq peaks that harbor a NRF1 motif, compared to those without a NRF1
motif. ***p <2e−16, Wilcoxon rank-sum test [PD]. B. NRF1 ChIP- seq occupancy at the n = 562 C2 STARRpeaks in WT and DNMT TKO ESCs cultured in SL. Top: Barplot that depicts that 61 of the 562 C2 STARR-peaks
significantly gain NRF1 occupancy (p < 0.05, DESeq2, Wald test) in DNMT TKO cells. Bottom: Scatterplot that
depict NRF1 occupancy in WT and DNMT3 TKO ESCs cultured in SL. NRF1-bound loci with differential occupancy
are shown in blue. Four selected examples (red) are shown in c [PD]. C. CpG methylation, STARR-seq, and NRF1
occupancy for the four example regions highlighted in b. Top: MethylC tracks63 with blue bars depicting the
fraction of methylated CpGs and black dots denoting the coverage depth. Purple: STARR-seq enrichment over
input in 2iL and SL-ESCs. Middle: NRF1 occupancy in WT and DNMT TKO ESCs cultured in SL (RPKM). Bottom:
NRF1 motif locations and CpG-methylation for the annotated CG-dinucleotides in 2iL and SL. [PD]. D. DNA
motifs enriched (pink) or depleted (blue) at C2 STARR-seq peaks that overlap a H3K9me3 peak relative to C2
STARR-seq peaks that do not overlap a H3K9me3 peak. Enriched motifs frequently co-occur (see E). E. Cooccurrence of TF motifs enriched in d. P values were derived by the chi-squared test and corrected for testing
multiple motif pairs (Benjamini-Hochberg). F. STARR-seq peaks overlapping different ERV categories. The IAP-I
ERV retroviruses overlap 60% of the C2-loci where the TBX20, NRF1, and KLF/SP (TNK) motifs co-occur. ***p
<2e−16, hypergeometric test. G. Examples of IAPs with a STARR-seq peak (yellow highlight) covered by H3.3,
TRIM28, and H3K9me3. STARR-seq tracks depict the enrichment over input; all other tracks depict RPKM [PD].
Some of the panels in these figures contain public data. These panels are annotated with [PD]. The accession
numbers of public data and their corresponding panels are annotated in Table S1

P53 occupied enhancers have limited DNA accessibility and are split into two categories
based on active histone modifications including H3K27ac
Analysis of the chromatin marking and motif analysis of C2 STARR-seq peaks (lacking an
active chromatin state) revealed a noticeable enrichment for the P53 motif in the absence
of H3K9me3 (Fig. 3D). Note that the P53 motif is also highly enriched at C1 STARR-seq
peaks that do exhibit active chromatin marks. To understand the role of P53 at these
epigenetically distinct STARR-seq peaks, we first confirmed that P53 indeed drives the
STARR-seq signal using luciferase transfections in Trp53-/- and WT ESCs (Fig. 4A; Table
S3). Next, we assessed if and how P53 boosts transcription from genes interacting
with the epigenetically distinct C1 and C2 loci. To this end, we performed P53 ChIPseq and found that the union of 2iL- and SL-ESC peaks comprises ~4,000 P53 binding
sites. Reassuringly, most P53 binding sites show significant STARR-seq signal (Fig. 4B).
Furthermore, ~90% of the P53 ChIP-seq peaks retains its C1/C2 classification in 2iL- and
SL-ESCs (henceforth named P53-C1 and P53-C2 respectively), indicating that ESC culture
differences are not the main driver of the epigenetic difference (Fig. 4C). Given that we
observed a similar loss of enhancer signal after genetic depletion of P53 in 2iL- and SLESCs (Fig. 4A), a similar fraction of P53-associated enhancers (Fig. 4B) and a largely
unmodified epigenetic landscape (Fig 4C), we performed further analysis on the union of
P53 binding sites detected in 2iL- and SL-ESCs. Next, we examined chromatin accessibility
and histone modifications at P53-C1 and P53-C2 ChIP-seq peaks and compared them
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to typical pluripotency enhancers co-bound by OCT4-SOX2-NANOG and with randomly
selected loci. P53-C1 peaks are enriched for H3K4me1, H3K27ac and RNA polymerase
II (Fig. S4A). These marks are largely absent at P53-C2 peaks. Interestingly, chromatin
accessibility is low or even absent at both P53-bound classes (Fig. S4A-B; Fig. S4F). It
has been shown that P53 has pioneering activity64,65 and is capable of binding nucleosomal
DNA66–68. Hence, we performed nucleosome occupancy and phasing analysis using ATAC69

and MNAse-seq70,71 and observed strong nucleosome phasing at P53 peaks compared to

OSN-bound or randomly selected loci (Fig. 4D, S4C). Even with a relaxed cutoff, only 23%
of the P53-C2 and 50% of the P53-C1 peaks overlap a nucleosome free region compared
to over 80% of the OSN-bound loci (Fig. S4D).
To assess to what extent P53-C1 and P53-C2 peaks regulate gene expression in ESCs, we
applied RNA-seq in Trp53-/- and WT cells. P53 loss resulted in 888 differentially expressed
genes compared to WT ESCs (fold change ≥ 2.5 and p < 0.05, see methods, Fig. 4E, Table
S5). P53-C1 peaks are significantly closer to the TSS of P53 targets, here defined as genes
that are differentially expressed in Trp53-/- ESCs (Fig. S4E).
Cellular stress and iPSC reprogramming induce H3K27ac at P53-C2 loci
Thus far, we found little evidence for enhancer activity of P53-C2 enhancers except in
the plasmid-borne STARR-seq assay. Therefore, we questioned whether and when these
sites become active enhancers and scored thousands of murine H3K27ac and TF ChIPseq samples from the Cistrome database for their mutual overlap with P53-C2 loci. This
analysis revealed that P53-C2 loci strongly gain H3K27ac when exposed to UV irradiation,
serum starvation and in particular Nocodazole; an antineoplastic agent that induces
cell-cycle arrest at the G2/M phase72 (Fig. 4F). Nocodazole also induces H3K27ac in
erythrocyte progenitors73, suggesting that the observed characteristics are not limited to
ESCs (Fig. 4F-G; Fig. S4G). Interestingly, P53-C2 loci also gain H3K27ac at intermediate
fibroblast to iPSC reprogramming timepoints (Fig. 4F). This transient induction became
even more apparent when we called H3K27ac peaks in two recent, independent iPSC
reprogramming studies74,75 (Fig. 4H-I).
Taken together, P53 at C2 loci unveils STARR-seq peaks that are not or lowly accessible
by ATAC-seq. Active enhancer marks like H3K27ac and RNA polymerase II are present at
P53-C1 loci, but are lacking at P53-C2 loci under normal physiological conditions. P53-C2
loci gain H3K27ac upon treatment of ESC and erythrocyte progenitors with Nocodazol
as well as during reprogramming of fibroblasts to iPSC cells suggesting that these loci
become active enhancers.
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Figure 4. P53-occupied C2 enhancers gain H3K27ac upon treatment with Nocadazol and
transiently during MEF to iPSC reprogramming.
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A. Luciferase signal in WT and Trp53−/− ESCs at selected P53- bound STARR-seq peaks. **p = 0.007, *p = 0.02,
paired t test, n = 5. Error bars denote the standard error of the mean for technical triplicates. B. Number of
P53-C1 and P53-C2 ChIP-seq peaks with STARR-seq enrichment (FC ≥ 3and p < 0.05 in both replicates).
The percentage of P53-bound loci with STARR activity is similar between 2iL and SL. C. Riverplot showing
the number of P53-C1 and P53-C2 STARR-seq peaks. Ninety percent of these peaks do not change from C1
to C2 class between 2iL and SL. 249 peaks change from a C1 in 2iL to a C2 in SL and 134 peaks change from
aC2peakin2iL to aC1peakinSL. D. Average ATAC-seq-derived nucleosome occupancy of P53-C1, P53-C2, and
OC4T-SOX2-NANOG (OSN) peaks relative to randomly selected regions. P53-C1 and P53- C2 regions show
a similar nucleosome occupancy pattern, but the lower average nucleosome occupancy of P53-C1 regions
indicate that these loci are more frequently depleted of nucleosomes compared to P53-C2 regions. OSN
bound regions are even more frequently depleted of nucleosomes. Nucleosome occupancy was computed
with NucleoATAC for each nucleotide and smoothed using a running median over 11 adjacent nucleotides
(see the “Methods” section) [PD]. E. Number of differentially expressed genes (DEGs; p <0.05 and |FC| ≥
2.5) in Trp53−/− ESCs compared to WT. F. Mutual overlap between P53-C2 loci (n = 1551) and H3K27ac peaks
for n = 2032 murine H3K27ac ChiP-seq libraries as deposited in the Cistrome database. The 23 H3K27ac
libraries that had the highest overlap with our P53-C2 loci are shown. H3K27ac peaks in Nocodazole-treated
ESCs overlap more than 80% of the P53-C2 loci. At the same time, the 1551 P53-C2 loci also overlap 8%
of all the H3K27ac peaks detected in the Nocodazole-treated ESCs. This high mutual overlap indicates that
Nocodazole treatment induces a specific deposition of H3K27ac at P53-C2 loci. The red dashed lines show that
24% of the P53-C2 loci intersect a H3K27ac peak in WT ESCs, which comprises 0.7% of the total number of
H3K27ac peaks detected in WT ESCs (union 2iL and SL). See Table S6 for accession numbers and descriptions
of these samples. G. Left: Heatmap of H3K7ac, STARR-seq, and P53 occupancy in ESCs. Loci are ordered by
difference (descending) in Nocodazole- treated (Noc) vs untreated ESCs. Right. Same loci showing H3K27ac in
Nocodazole-treated and untreated erythrocyte progenitors [PD]. H. Mouse embryonic fibroblasts (MEFs) that
are being reprogrammed to iPSCs transiently gain H3K27ac at P53-C2 loci [PD]. I. Examples of P53-C2 loci that
transiently gain H3K27ac during iPSC reprogramming [PD]. Some of the panels in these figures contain public
data. These panels are annotated with [PD]. The accession numbers of public data and their corresponding
panels are annotated in Table S1

Discussion
In this study we used STARR-seq to generate a compendium of genomic loci with enhancer
potential in murine ESCs. We found that 25% (6,396 of 25,616) of our STARR-seq peaks
overlap a locus with ATAC-seq accessible region, bound by P300 and covered by H3K27ac
(APK-peak). To examine the chromatin state of the remaining 75% of our STARR-seq
peaks, we segmented the mouse genome using chromatin accessibility assays, histone
modifications and TF ChIP-seq collected for 2iL- and SL-ESCs. Using this segmentation, we
separated STARR-seq peaks as “active” (so-called C1-loci) or inactive (C2-loci) in each of
the culture conditions. Although we now found that 72% (18,544 of 25,616) of the STARRseq peaks are embedded in “active” chromatin, the remaining 28% (n=7,072) are void of
active marks. Finally, APK-peaks well-covered by the STARR-seq input libraries, but lacking
STARR-seq signal (n=1,950; C3 loci) were examined. C3-loci overlapping promoter regions
of transcripts annotated by Refseq and Gencode were removed, but of the remaining C3loci ~60% overlapped a CAGE peak classified as a TSS by the Phantom consortium. The

54

STARR-seq identifies active, chromatin masked and dormant enhancers in pluripotent mESCs

properties of C1-C3 loci and the TFs associated with each class are summarized in Figure
5. “Note that we used an older version of STARR-seq plasmid in which the bacterial origin
of replication (ORI) functions as a (competitive) core promoter42. Transcripts initiated at
the ORI may not reach the end of luciferase gene or may not be accurately spliced which
may have resulted in an underestimation of the enhancer strength. In most mammalian
cells, a second confounding effect is that DNA transfection induces a type I interferon
response which gives rise to “false positive” enhancer elements42. Importantly, mESCs
do not display this response76,77.

2

Figure 5. Schematic overview of the three enhancer classes and their main characteristics
in 2iL- and SL-ESCs.
C1 STARR-seq loci are accessible and covered by histone modifications associated with active enhancers.
These loci have virtually no DNA methylation in 2iL- and low-DNA methylation in SL-ESCs. C1-loci are typically
bound by well-known pluripotency factors like OCT4 (Pou5f1), SOX2, NANOG, and ESRRB in 2iL- and SL-ESCs.
ZIC3 is a TF that is much more abundant in SL- compared to 2iL-ESCs and is associated with significantly
stronger enhancer signals in SL-ESCs. C2 STARR-seq loci are not or very lowly covered by enhancer-associated
histone modifications. C2-loci appear to be repressed in chromatin by high-DNA methylation and H3K9me3. In
plasmid assays, the absence of these repressive marks causes NRF1-induced enhancer activity at a number of
loci. Furthermore, enhancer associated with ERVs appear to be repressed by H3K9me3, but are active in our
STARR- seq assays. A large group of C2-loci is associated with P53 motifs. P53 binding is not impeded by DNA
methylation or H3K9me3 in WT ESCs, but the lack of enhancer-associated histone modifications indicate that
these enhancers are silent under normal physiological conditions. A strong increase in H3K27ac after Nocodazol
treatment and at intermediate-induced reprogramming time points shows that these enhancers can become
activated in their endogenous context. C3-loci show low histone marking and accessibility associated with active
regulatory elements, but no STARR-seq signal. We find C3-loci even at regions that were highly covered by our
input DNA libraries. C3-loci further show very low CpG-methylation and overlap significantly with promoters
classified by the Phantom5 consortium using CAGE analysis. This indicates that C3- loci largely overlap with
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promoters that are currently undefined in the Gencode or Refseq gene annotations. Some of the panels in these
figures contain public data. These panels are annotated with [PD]. The accession numbers of public data and
their corresponding panels are annotated in Table S1

Next, we set out to examine the TFs that are associated with the three classes of regulatory
elements we identified. C1-loci are enriched for pluripotency factors like OCT4, SOX2,
NANOG, ESRRB and KLF4 and typified by a chromatin signature associated with active
enhancers. Importantly, differential STARR-seq signal at C1 loci reflects chromatin
accessibility and histone modification dynamics between the two culture conditions.
Our STARR-seq data was reproducible between biological replicates and validated by
luciferase assays at selected loci. Thus, our compendium of STARR-seq peaks is robust
allowing us to leverage the difference between the enhancer activity of genomic loci
inferred from their chromatin state and that observed in a plasmid context.
To validate the results of the STARR-seq approach and to derive additional insights,
we examined C1 STARR-seq peaks with differential signal between 2iL- and SL-ESCs.
Motif enrichment analysis pointed to an overrepresentation of TCF/LEF motifs in STARRseq active loci in 2iL. This result corroborates our STARR-seq approach as TCF/LEF
derepression is a well-established feature of 2iL-ESCs50,52 associated with upregulation
of naïve pluripotency factors50,78. At STARR-seq peaks elevated in SL-ESCs, we detected
ZIC2/3 motif enrichment. Of note, ZIC3 protein is much more abundant in SL- than 2iLESCs. To better understand the role of this TF in the two conditions, we genetically deleted
Zic3 and discovered an increasing number of differentiated cells in SL-, but not in 2iL-ESCs.
This result agrees with a strongly reduced luciferase signal in Zic3-/- ESCs that is observed
only in SL ESCs. Zic3-/- ESCs show 900 DEGs in SL, but only 43 in 2iL. Moreover, 70% of the
DEGs in SL are upregulated which includes markers of the early endodermal lineage55. Our
single cell transcriptome profiling confirmed these findings, but showed that only a small
fraction of ESCs differentiated. The vast majority of Zic3-/- SL-ESCs retain the expression
of key pluripotency markers, but are distinct from their WT counterparts for example by
upregulation of Dnmt genes. This increased propensity of Zic3-/- ESCs to differentiate
towards the endodermal linage has been shown before for cells cultured in SL55 and could
be associated with the diminished expression of key pluripotency genes like Nanog and
Prdm14, repressors of the (extraembryonic) endodermal lineage55,79. Zic3 has also been
shown to interact with primed pluripotency genes like Otx2 and Oct431 and was recently
identified as a key driver of the transition from naïve to primed pluripotency80. Loss of
Zic3 may therefore block the transition towards epiblast-like cells, resulting in cells that
adopt an early endodermal cell fate when their pluripotency network is compromised.
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A second class of STARR-seq peaks (class C2) have a chromatin signature associated with
gene repression. These loci have higher DNA methylation and/or H3K9me3 occupancy
compared to actively marked loci. Specifically, we found significant STARR-seq signal
at the CpG-rich binding sites of NRF1, a TF whose occupancy is restricted by DNA
methylation57. Genetic deletion of the three DNMT genes causes global hypomethylation,
but increases binding significantly at only 15% of the loci with a NRF1 DNA motif. Other
STARR-seq peaks of the C2 class overlap IAP retrotransposons and are repressed by
H3K9me3. The most striking C2-loci are those bound by P53. ChIP-seq showed that P53
does occupy C2 STARR-seq peaks, even though the loci displayed no or minimal ATAC/
DNAse1 signal. On the other hand, P53 in the C1 class also occupies many STARR-seq
peaks that do have active enhancer marks. These enhancers, although carrying active
marks, also have strikingly low chromatin accessibility compared to promoters or typical
pluripotency enhancers. P53 binds C2-labelled STARR-seq peaks in multiple tissues
and these loci gain significant amounts of H3K27ac when exposed to UV-irradiation,
Nocodazole treatment and interestingly also displayed transient increase of H3K27ac
during reprogramming from fibroblasts to iPSCs. Further understanding this mechanism
during iPSC reprogramming and its target genes will be of interest, as P53 is known to
hamper reprogramming efficiency.
In conclusion, our STARR-seq assay revealed enhancers that recapitulate known
differences between 2iL- and SL-ESCs. Active enhancers are accessible, marked with
active histone modifications and bound by pluripotency- and other known transcription
factors. STARR-seq shows that TCF3 represses enhancers and that ZIC3 act as an
activator in SL, but not in 2iL. Genetic loss of Zic3 increases the fraction of SL-cultured
cells that differentiate and remarkably, these cells adopt an endodermal cell fate. Finally,
STARR-seq identifies chromatin masked enhancers at which TF occupancy is impeded
by repressive marks as well as dormant enhancers that are occupied by P53, but only
gain H3K27ac in specific conditions. Our compendium of STARR-seq enhancers will be
beneficial for future stem cell research and we expect that a similar comparison between
STARR-seq and chromatin-based assays will yield important regulatory insights in other
cell types.
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Methods
Experimental procedures
Cell culture
Mouse embryonic stem cells E14Tg2a (E14) were purchased from ATCC and cultured
without feeders in the presence of LIF. SL-ESCs were maintained in DMEM with 15%
ES grade fetal calf/bovine serum. 2iL-ESCs were maintained in Ndiff227 (Takara Bio,
lnc.) medium supplemented with 1μM MEK inhibitor PD0325901 and 3μM GSK inhibitor
CHIR99021.
Construction of the STARR-seq plasmid pool
The mouse genome was isolated and sonicated. Sheared genomic DNA fragments of
700~1200bp were size selected on 1% agarose gel to construct the STARR-seq plasmid
pool following the STARR-seq protocol38. Illumina adapters using NEBNext® UltraTM II
DNA Library Prep Kit for Illimina(NEB, #E7645S) were added to the size-selected DNA
fragments. Adapter ligated fragments were amplified with library cloning primers38 which
added a 15nt sequence to the adapters for ligation. Totally 5 μg fragmented genome DNA
were provided with adapters and amplified for 5 cycles in 10 reactions. The PCR products
were purified with 0.8x AMpure XP beads (Agencourt, #A63882) then ligated to Age1/Sal1
digested hSTARR-seq_SCP1 vector (Addgene, #99292) following the instruction of InFusion HD Kit (Clonetech #639649). The ligation products were purified and transformed
to MegaX DH10B™ T1R Electrocomp™ Cells (Invitrogen, #C640003). Plasmid Plus Giga
Kit (Qiagen, #12991) was used to extract the plasmid pool for screening.
Preparation of STARR-seq libraries
400 μg plasmid pool were transfected into 400 million cells with Lipo3000 (Invitrogen;
L3000015). Medium were refreshed after 12 hours and cells harvested after 24 hours.
We isolated total RNA with the RNeasy maxi prep kit (Qiagen, #75162) from half of the
harvested cells (~0.2 billion cells) and incubated the total RNA with Dynabeads Oligo-dT25
(Invitrogen, #61002) to isolate polyA+ RNA. The polyA+ RNA were concentrated following
the clean-up procedure of RNeasy Mini kit (Qiagen, #74106) and was transcribed in 24
reactions with reporter-RNA specific primer and cDNA amplified with reporter-specific
primers for 15 cycles38. The amplified cDNA was purified with 0.8x AMpureXP beads.
Illumina index for sequencing were added to the amplified cDNA according to PCR for
8 cycles with NEBNext Multiplex Oligos for Illumina(NEB, #E7335L and #E7500L) in 24
reactions. The indexed library were size-selected on 1% agarose gel to remove remaining
small fragments.
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The reporter constructs were isolated from the econd half of the transfected cells with
Plasmid Maxi Kit (Qiagen, #12165) as input. Every 100ng input were amplified using inputspecific primers (GATTTGATATTCACCTGGCCCGC & CTTATCATGTCTGCTCGA*A*G*C; where
* indicates phosphorothioate bonds) and then size-selected (1600bp~2200bp) on 1%
agarose gel in 10 reactions. The indexes were added to purified input DNA following the
same indexing procedure with STARR cDNA in 10 reactions and purified on 1% agarose gel.
ChIP-seq
Cells were fixed with 1% formaldehyde for 10 minutes followed by 0.125 M glycine
to stop the reaction. The fixed cells were washed with PBS twice then scraped and
collected in to 50 ml falcon tubes. Every 10 million cells were pelleted and snap frozen
in liquid nitrogen then stored in -80 freezer for ChIP. The cells were lysed in 300 μl 1%
SDS buffer (50 mM Tris-HCl pH 8.0, 1% SDS, 100 mM NaCl, 5 mM EDTA, protease and
phosphatase inhibitors) and sonicated to 200bp~600bp. 300 μl of fragmented chromatin
was diluted with 3ml IP buffer (0.01% SDS,1% Triton,2mM EDTA,50mM Tris-HCl,150mM
NaCl, protease inhibitor cocktail) and pre-cleared with Protein A/G beads for 1 hour on
a rotating wheel at 4°C. The used beads were trashed and the pre-cleared chromatin
was incubate with antibody and unused protein A/G beads overnight at a 4°C rotator.
Beads were washed successively in 4°C with low salt washing buffer (0.1%SDS, 1%
Triton-100,2mM EDTA,20mM Tris-HCl pH 8.0, 150mM NaCl), high salt washing buffer
(0.1%SDS, 1% Triton-100,2mM EDTA,20mM Tris-HCl pH 8.0, 500mM NaCl), LiCl washing
buffer (0.25M LiCl, 1% NP-40, 1% deoxycholate, 1mM EDTA, 10mM Tris-HCl pH 8.0) and
TE buffer (1mM EDTA, 10mM Tris-HCl pH 8.0). Beads were transferred to new eppendorf
tubes and washed with one more time TE buffer. Washed beads were resuspended in
200 μl elution buffer (1% SDS, 0.5mM EDTA, 50mM Tris-HCl pH 8.0) then placed the
tubes in the thermo mixer 65°C,1000rpm, 30 min. Supernatants were transferred to new
tube contained 8 ul 5M NaCl and de-crosslinked overnight in thermo mixer at 65°C. DNA
were purified with MinElute PCR Purification Kit(Qiagen, #28006) following treatment
with RNase and Proteinase K. Library for sequence were constructed followed KAPA
Hyper Prep Kit(Kapa Biosystems, #KK8504).The antibodies used in this study were P53
(Novocastra laboratories #NCL-p53-CM5p) and ZIC3 (abcam #222124).
RNA-seq
RNA was extracted using the RNeasy Mini Kit(Qiagen #74106). 1 μg of RNA was used to
construct the library using the KAPA RNA HyperPrep Kit with RiboErase (KAPABiosystems
#KK8560)
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scRNA-seq
For scRNA-seq, cells were processed using SORT-seq (CEL-seq2-based scRNA-seq; cells
sorted into 384-well plates81). Cells were trypsinized and sorted into 384-well plates.
The cells were lysed at 65°C for 5 minutes and then processed with first and second
strand RT reaction. The aqueous phase was separated from the oil phase after pooling
the contents of all wells , followed by IVT transcription (Invitrogen # AM1334). The RNA
was fragmented and cleaned up with AMpureXP beads. Half of the concentrated RNA
was used for library preparation followed CEL-seq2 protocol82. The other half was stored
at -80°C as backup.
CRISPR-Cas9 genome editting
Nickase Cas9n was used to delete the target genome regions. The vector was purchased
from Addgene (pSpCas9n(BB)-2A-Puro (PX462) V2.0, #62987). Online tools (crispr.mit.
edu and Benchling) were used to design guide RNAs that were cloned into the vector
(Table S3). mESCs were transfected with 2μg cloned plasmid pool. Single colonies
were picked after 2-days treatment with 1.5μg/ml puromycin (InvivoGen #ant-pr-1) and
amplified. Genomic DNA from individual colonies was extracted as template for PCR
amplification and Sanger sequenced to identify the genome pattern of the edited colonies.
Dual luciferase assay
We replaced the PGL4.24 mini-promoter with the SCP1 promoter used in STARR-seq.
Fragments to be tested (Table S3) were amplified and inserted into the backbone
downstream of the luciferase. 120ng reporter plasmid and 5ng TK-promoter Renilla
plasmid were co-transfected into 50,000 cells in 1 well of a 96-wells plate. Candidate
fragments were tested in at least three technical replicates. Medium was replaced after
12 hours, washed with PBS twice and lysed after 24 hours. The assay was performed
following the manufacturer’s instruction of Dual-Luciferase® Reporter Assay System
(Promega, #E1910). The samples were mixed with LARII and Stop&Glo and measured in
luminometer (Perkin Elmer 1420 Victor3).
Immunoblotting
Cells were trypsinized then washed with 1x PBS twice. The pellet was lysed in RIPA buffer
(150nM NaCl, 1% NP-40, 0.5% NaDOC, 0.1%SDS, 50mM Tris-HCl pH 8.0) with fresh added
EDTA-free protease inhibitor cocktail (Roche #4693132001). Protein concentration was
measured with Bio-rad protein assay (Bio Rad #500-0006). Cell extracts were loaded and
separated by 10% SDS-PAGE gel, electro transferred to nitrocellulose membranes and
incubated with primary antibody (1:1000 diluted in blocking buffer) over night at 4°C and
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then washed with 1x TBST for 5 minutes 5 times. Next, the membrane was incubated with
second antibody at room temperature for 1 hour and then washed. ECL substrate (Thermo
#32106) was added and images were acquired. The primary antibodies used in the study
are ZIC3 (abcam #222124) and GAPDH (abcam #8245). The secondary antibodies used
are Swine anti-Rabbit HRP (Dako #P0217) and Rabbit anti-Mouse HRP (Dako #P0161).
Data analysis
STARR-seq library mapping and quality control
STARR-seq libraries were sequenced on an Illumina Nextseq 500. Paired-end FASTQ files
were mapped with BWA MEM83 using standard settings. Low quality (MAPQ < 10) reads and
non-properly paired reads were discarded. Library complexity (EstimateLibraryComplexity),
GC bias (CollectGcBiasMetrics), insert size metrics (CollectInsertSizeMetrics) and PCR
duplication (MarkDuplicates) were estimated by PICARD Tools1. Genome coverage was
computed with bedtools (v2.27.1)84 using the function “genomecov”.
STARR-seq peak calling and enrichment
Initial STARR-seq peaks were called for each library with MACS245 using the library matched
transfected input libraries as control with parameters “keep-dup=all”, “bandwidth=800”
and “p=1e-8”. The number of input reads, unique (non-duplicated) STARR-seq reads and
total STARR-seq reads within each library were counted with featureCounts85. Input read
counts were normalized to the STARR-seq libraries and ceiled to the nearest integer.
STARR-seq significance per peak were computed using a right-tailed binomial model
applied to each library, with:
• # successes = total number of STARR-seq reads per peak;
• # trials = max(input reads per peak, unique STARR-seq reads per peak), using the
rationale that each unique STARR-seq fragment must have been in the input library;
• probability of success = 0.5 (after library scaling half of the reads are input).
To determine a suitable enrichment- and FDR threshold, 1 million GC% matched random
sequences with median length matching the STARR-seq peaks were sampled per
library. Binomial p-values were corrected for multiple testing using Benjamini-Hochberg
correction86 . Enrichment values (# successes / # trials) at STARR-seq peaks and random
regions were shrunken using Bayesian shrinkage. Briefly, a beta-binomial model was
fitted to the STARR-seq peaks and shrinkage parameters α and ß were optimized using
maximum likelood estimation, implemented in the VGAM R-package87. A 3-fold enrichment

1

http://broadinstitute.github.io/picard/
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over input was observed in less than 3% of the randomly sampled regions (empirical FDR
< 0.03). Therefore, our final set of STARR-seq peaks have an enrichment >= 3 per culture
condition (merged replicates) and adjusted binomial p-value < 0.05 in both individual
libraries.
STARR-seq sequencing depth convergence analysis
To estimate the relation between the number of significantly enriched enhancers
and library sequencing depth we first merged the two 2iL and SL libraries. Next, we
downsampled the BAM files to a fraction (0.2, 0.3, … ,0.9) of the original size and repeated
the enhancer calling procedure above.
“Merging” of 2iL- and SL STARR-seq peaks
The union of the STARR-seq peaks called in 2iL- and SL (enrichment ≥ 3 and binomial p value
< 0.05) was generated by concatenating the 2iL and SL peak BED files, followed by the
“bedtools merge” command on the concatenated peak list. This “merged” list of 25,616
loci was used as follows:
a) Identify genomic loci with STARR-seq activity in 2iL or SL;
b) Use these genomic loci to compute differential STARR-seq activity between 2iL- and SL.
STARR-seq differential analysis
DESeq288 was used to compute differential STARR-seq signal within the “merged”
STARR-seq peak set defined above. Similar as above, the number of input reads, unique
(non-duplicated) STARR-seq reads and total STARR-seq reads were computed for each
peak and within each library using featureCounts. Custom “normalizationFactors” were
used to correct for STARR-seq and input sequencing depth, as well as input coverage
at individual peaks. Specifically, the normalization factor NF_ij for STARR-seq peak i in
library j is defined as: NF_ij <- sizeFactor(STARR_j) / sizeFactor(input_j) * input_ij, where
the sizeFactor function is defined in the DEseq2 paper88 and implemented in the DESeq2
R-paclage. Input_ij is the maximum of the input reads and the unique (non-duplicated)
STARR-seq reads, using the rationale that a fragment cannot give STARR-seq signal if it
was not in the input library. Finally, NF_j is scaled over the four libraries to have geometric
mean = 1 following DESeq2 recommendation. STARR-seq peaks with absolute fold change
>= 2.5 and p < 0.05 between SL and 2iL were considered differential.
Luciferase analysis
Luciferase signal was computed as the Firefly vs Renilla (FvR) signal averaged over 3
technical replicates, normalized by the FvR at a control region. Two batches of experiments
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were performed and batch-corrected using linear regression. To compare luciferase signal
with STARR-seq, we log2 transformed the FvR values and linearly scaled the n=39 values
to the STARR-seq log2 enrichment values.
ATAC- and ChIP-seq analysis
ATAC-seq, ChIP-seq libraries and public data were mapped using Bowtie289. In the case
of biological replicates, initial peaks were called using MACS245 in narrow peak mode with
a p-value threshold of 0.1, followed by IDR90 with a threshold of 0.03. In the absence of
biological replicates, peaks were called with MACS2 using a p-value threshold of 1e-8.
For H3K27me3 and H3K9me3, we used used MACS2 in broad peak calling mode with
parameters p=1e-12 and broad-cutoff=1e-5, based on manual inspection in the IGV
browser. Similarly, H3K27ac peaks in iPSCs were called using MACS2 in broad peak calling
mode with parameters p=1e-15 and broad-cutoff=1e-7. In all cases, MACS2 was used with
input DNA as control. Similar as for the STARR-seq loci, bedtools merge84 was used to take
the union of 2iL and SL peaks, which served as a reference set for differential analysis.
Next, reads within peaks were counted per library using featureCounts85, followed by
library normalization and differential analysis in DESeq288. Bigwig browser tracks were
created using deeptools bamCoverage91 and scaled to RPKM.
Nucleosome occupancy analysis
Nucleosome occupancy profiles of P53-bound and control loci were derived from ATACseq and MNAse-seq. In brief, our ATAC-seq libraries were merged with public ATAC-seq
data of 2iL- and SL-ESCs to reach a better coverage (see Table S2). Nuclesome occupancy
was averaged per bp and normalized to randomly selected occupancy for a region of
500bp flanking the P53-motif (P53-loci) or peak center (OSN-bound and random loci).
Nuclesome free regions were called using NucleoATAC69 with the defaults setting: “–max_
occ 0.1” or a relaxed cutoff: “–max_occ 0.2” and overlapped with the peak summit (1 bp
region) of P53-C1, P53-C2, OSN and random regions. Nuclesome occupancy was also
analyzed with Danpos271 using MNAse-seq from Voong et al.70 (GSM2183911). For each
peak, the highest Danpos2 nucleosome summit value within 74bp from a peak summit
was used.
Heatmap visualization
Heatmaps were made with the EnrichedHeatmap package for R92. Reads were counted
using featureCounts85 in bins of 50bp flanking the feature of interest by 3kb on both sides.
Reads were normalized to RPKM log2 transformed and smoothed using a running median

63

2

Chapter 2

of 5 bins. The final values were capped between 75% and 90% of the maximum intensity
to improve visualization.
TF motif analysis
Homer293 was used to compute statistically enriched motifs in C1, C2 or C3 regions relative
to a background set. For C1 and C2 regions, motifs were searched in a region that flanks
the STARR-seq summit by 250bp. For C3 regions, motifs were searched at the peak center
±250bp was used. The background set consisted of randomly selected regions of 500bp
with at least 10 reads in each STARR-seq input library and a CG% distribution matching
the C1-C3 STARR-seq peaks.
Cistrome analysis
BED files of P53 binding sites were generated using the location of the canonical P53
motif flanked by 250bp if detected, or the peak summit flanked by 250bp otherwise.
BED files were converted to the mm10 reference genome using the UCSC liftover tools.
Cistrome peaks called for murine H3K27ac libraries (BED files) were bulk-downloaded
on April 30, 2019. Finally, peak sets were intersected using the R/Bioconductor package
GenomicRanges94.
RNA-seq analysis
RNA-seq libraries were mapped to the Gencode M1-NCBIM37 (mm9) reference genome
using STAR95. Read normalization and differential analysis was performed using DESeq2
with standard settings.
scRNA-seq analysis
Single cell RNA-seq reads were first mapped to the Gencode M1-NCBIM37 (mm9)
reference genome using STAR. UMI counts for a whitelist of 384- cell barcodes were
determined using a custom R-script. Read normalization and cluster analysis were
performed with the Seurat v3.0 R-package96.
DNA methylation analysis
Whole genome bisulfite data for 2iL and SL-ESCs previously generated in our lab22 were
processed using Bismark97. The fraction mCpG was computed at C1, C2, C3 and random
peak summits flanked by 250bp on both sides.
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Data availability
Raw and processed sequencing data have been deposited in Gene Expression Omnibus
under accession GSE143546. The R-code and processed data to Reproduce all figures
in the manuscript are available at https://github.com/wmegchel/ starrseq2020 under the
Apache 2.0 open source license. An archived copy of the version used in the publication
is available at Https://doi.org/10.5281/zenodo.3988187.
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Supplementary information
Some of the panels in these supplemental figures contain public data. These panels are
annotated with [PD]. The accession numbers of public data and their corresponding panels
are annotated in Additional file Table S1.
Additional files (Table S1-6) are available at https://genomebiology.biomedcentral.com/
articles/10.1186/s13059-020-02156-3#availability-of-data-and-materials
Table S1 The accession numbers for all public data used in this study.
Table S2 The primer sequences and genomic loci for luciferase validation experiments
and CRISPR-KO of Zic3.
Table S3 STARR-seq loci in 2iL and SL ESCs.
Table S4 Genes differentially expressed in Zic3−/− ESCs.
Table S5 Genes differentially expressed in Trp53−/− ESCs.
Table S6 Cistrome ChIP-seq enrichment
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Figure S1: Quality assessment and chromatin-based classification of STARR-seq (lacking) loci.
A. Genome wide coverage and depth per STARR-seq input library. B. STARR-seq enrichment at MACS2 peaks
and randomly selected GC%-matched regions. A 3-fold or higher STARR-seq enrichment over input (dashed
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line) was observed in less than 3% of the randomly selected regions and used as a cutoff for significant enhancer
signal. C. Scatterplot of STARR-seq signal in biological replicate (rep.) 1 vs 2. PCC: Pearson’s correlation
coefficient. D. Distribution of the GC% of DNA at STARR-seq peaks compared to ChIP-seq input libraries. GC%
bias was computed from the mapped BAM files in 100bp windows across the mouse genome (see methods).E.
Number of STARR-seq peaks detected after merging the biological replicates and subsampling. The expected
number of enhancers converges when ~60% of the reads in the merged libraries are sampled. Error bars denote
the standard deviation of n=3 random subsamples. F. Left: EpiCSeg chromatin segmentation of the mm9 genome
into 5 clusters. Group 1-3 have active promoter/enhancer marks that are lacking at group 4-5. STARR-seq peaks
overlapping a group 1-3 region are classified as C1 and largely overlap with the “enhancer” segments. STARRseq regions that only overlap group 4-5 regions are classified as C2 and largely comprise “empty” segments
enriched only for H3K9me3. For better visibility, columns were Z-scored and negative values were set to 0. Right:
number of STARR-seq peaks assigned to each chromatin segment in 2iL or SL [PD] G. Scatterplot of the ATAC-seq
and STARR-seq enrichment at the C1-loci. ATAC-seq signal was computed at the STARR-seq summit flanked
by 250bp on either side. PCC: Pearson’s correlation coefficient. Ten red dots mark the values of the examples
shown figure S1I. H. Scatterplot of the H3K27ac and STARR-seq enrichment at C1-loci. H3K27ac signal was
computed at the STARR-seq summit flanked by 2kb on both sides. PCC: Pearson’s correlation coefficient. Ten
red dots mark the values of the examples shown figure S1I. I. Genome browser screenshots for C1 STARR-seq
peaks with different levels of ATAC-seq, H3K27ac and STARR-seq enrichment. APK peak locations are indicated
in the bottom (example 1-4). C1 STARR-seq peaks without a significant APK peak still show low enrichment for
H3K4me1, P300 or H3K27ac, but often lack a significant chromatin. accessibility peak (example 5-10). Windows
of 15kb are shown, centered on the STARR- seq peaks. See Additional file 3: Table S2 for genomic coordinates
of these example loci. J. Boxplots of the number of input DNA fragments per class shows that the STARR-seq
negative C3-loci have an equal or higher input count compared to the STARR-seq positive loci. K. Boxplot of the
GC-content of C1-C3 loci (summit ± 250 bp). *** p < 2e-16, Wilcoxon rank- sum test. L. Percentage of C1-C3
loci that overlap a CpG island annotated by the UCSC Table Browser (mm9). The overlap with the C2-class is
below 1%. M. Percentage of C1-C3 loci that overlap a TSS annotated by the Phantom5 consortium.
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Figure S2: TCF3 and ZIC3 are associated with STARR-seq peaks induced in 2iL- and SL- ESCs
respectively.
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A. The strength of a STARR-seq peak correlates significantly with the coverage depth of the input library.
This property is taken into consideration when calling differential STARR-seq peaks (see methods). Marginal
densities are shown in green. PCC: Pearson’s correlation coefficient. B. STARR-seq and ATAC-/ChIP-seq signal
at 2iL- (n=1,442) and SL-induced (n=3,688) STARR-seq peaks of class C1. P-values: Wilcoxon’s rank-sum
test (two-sided) [PD]. C. Examples of STARR-seq peaks with elevated signal in 2iL-ESCs. These loci are more
accessible and have higher H3K27ac in 2iL-ESCs. TCF3 occupies these loci in SL-ESCs. The location of the
luciferase primers (orange; see figure S2D and table S3) are shown in the bottom. [PD]. D. Luciferase signal
(Firefly/Renilla) scaled to F/R of a control region in WT and Tcf3-/- ESCs for the five loci shown in figure S2C.
Notice that the x-axis for SL is 10-fold lower compared to that of 2iL. See Table S3 for the genomic location
and sequences of the primers that were used. E. RNA-seq expression of Tcf3 (orange), Zic2 (blue) and Zic3
(green) during the transition from 2iL- to SL-ESCs and at SL cells that were converted to EpiLCs for 72h. Error
bars denote the standard deviation of biological duplicates per time point. F. Union of ZIC3 binding sites in
2iL- and SL-ESCs (n=11,796). The number of peaks with significant STARR-seq enrichment (FC ≥ 3 and p < 0.05;
i.e. STARR-seq positive peaks) is annotated for promoter proximal and distal binding sites. G. Scatterplot of
the STARR-seq signal at STARR-seq positive ZIC3 binding sites. The signal is highly skewed towards SL-ESCs
and all differential STARR-seq peaks (|FC| > 2.5, p < 0.05; DESeq2) are found in that condition. H. Number of
differentially expressed genes (DEGs, |FC| ≥ 2.5 and p < 0.05) in Zic3-/- vs WT ESCs. I. Browser screenshots
of loci around genes annotated in figure 2L. The naïve pluripotency genes Nanog and Prdm14 are expressed
in 2iL- and SL-ESCs and have ZIC3-bound STARR-seq peaks (highlighted in yellow) in both conditions. Lefty1,
Emb and Gbx2 are cluster markers of SL-ESCs that lose expression upon genetic ablation of Zic3. These genes
are associated with SL-specific STARR-seq peaks occupied by ZIC3. [PD]
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Figure S3: C2-loci are active STARR-seq regions due to the absence of DNA methylation and
repressive histone modifications.
A. Boxplots of the average CpG methylation at C1-, C2-, C3-loci (summit ±250bp) and 50,000 CG%-matched
random regions (RND) in 2iL- and SL-ESCs. *** p < 2e-16, Wilcoxon rank sum test. [PD] B. TF motifs whose presence
(“yes” or “no”) is predictive of increased or decreased CpG- methylation at all STARR-seq peaks (n=25,616).
CpG-methylation was measured in SL- cultured ESCs. STARR-seq peaks with a NRF1 or canonical P53 motif
have on average 15-17% higher CpG-methylation in SL-ESCs compared to STARR-seq peaks lacking this P53
motif. Similarly, STARR-seq peaks with a ZIC3 motif have on average 14% less CpG- methylation in SL-ESCs than
those lacking the ZIC3 motif. Average CpG-methylation was computed at the STARR-seq peak summit ± 250bp.
CpG-methylation changes were computed by single motif linear regression. P-values: t-test, corrected for testing
n=392 motifs (Benjamini-Hochberg). [PD] C. CpG-methylation at C1 and C2 STARR-seq peaks in WT- and DNMT
TKO ESCs cultured in SL. [PD] D. H3K9me3 at C1-C3 loci and 10,000 randomly selected regions. Read coverage
was computed in tiles of 50bp in a region that flanks the STARR-seq summit (C1, C2) or ATAC- seq peak (C3) by
3kb on both sides. The average intensity (log2 RPKM) is shown in the top of the figure. E. H3K27me3 at C1-C3 loci
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and 10,000 randomly selected regions. Read coverage was computed in tiles of 50bp in a region that flanks the
STARR-seq summit (C1, C2) or ATAC- seq peak (C3) by 3kb on both sides. The average intensity (log2 RPKM) is
shown in the top of the figure. F. Percentage of C1, C2, C3 or randomly sampled regions that intersect a H3K27me3
(top) or H3K9me3 (bottom) peak in 2iL or SL. For C1-, C2- and C3-loci we used the peak summit flanked by 250bp
on both sides. 10,000 GC%- and size matched regions were sampled from the mouse genome.
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Figure S4: P53-bound STARR-seq loci are characterized by low chromatin accessibility and
are categorized into active (class C1) and inactive enhancers (class C2) based on the presence/
absence of active histone modifications.
A. STARR-seq, P53 occupancy and a number of enhancer marks at P53-C1, P53-C2, OSN- bound and randomly
selected loci. Notice that P53-C2 loci lack all enhancer marks except STARR-seq, whereas P53-C1 regions
have H3K4me1, H3K27ac and Pol II, but are also minimally minimally accessible. The heatmap was sorted by
descending ATAC-seq signal (2iL). The color gradient depicts the RPKM (log2) of reads in tiles of 50bp. [PD] B.
Percentage of P53-C1, P53-C2, OSN-bound or randomly selected loci that intersect an ATAC-seq peaks (IDR
< 0.03). [PD] C. MNAse-seq nucleosome summit values (computed with Danpos2) for the nucleosome closest
to a P53-C1, P53-C2, OSN- or randomly selected peak. For P53-C1 and P53-C2 the nucleosome with highest
MNAse-seq signal within 74bp from the canonical P53 motif were considered. For OSN- and randomly selected
regions, the highest signal within 74bp from the peak center was used. *** p < 2e-16, n.s.: not significant;
Wilcoxon rank-sum test. [PD] D. Percentage of P53-C1, P53-C2, OSN- and randomly selected loci for which the
peak summit overlaps a nucleosome free region (NFR) in 2iL- or SL. NFRs were computed using NucleoATAC with
the default settings (occ=0.1) and a relaxed (occ=0.2) nucleosome occupancy (nuc. occ.) cutoff (see methods).
E. Distance distribution of P53 target genes (FC < -2.5 and p < 0.05 in Trp53-/- vs WT; DESeq2) to the nearest
P53-C1 or P53-C2 ChIP-seq peak. *** p < 2e-16, Wilcoxon rank- sum test. F. Tmem184c loses expression in
Trp53-/- compared to WT ESCs. The distal P53 binding site (yellow highlight) has minimal ATAC-seq accessibility
compared to the Tmem184 promoter region, but is (lowly) enriched for H3K27ac [PD] G. P53-C2 STARR-seq
peaks that gain H3K27ac after treatment with Nocodazole (Noc.) in ESCs and erythrocyte progenitors (EP).
The OSN-bound superenhancer near Klf4 (OSN control) is an active C1-enhancer that is not bound by P53. This
enhancer loses, rather than gains H3K27ac after treatment with Nocodazole.
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Abstract
Mouse Embryonic Stem Cells (ESCs) grown in serum-supplemented conditions are
characterized by an extremely short G1-phase due to the lack of G1-phase control.
Concordantly, the G1-phase-specific P53-P21 pathway is compromised in serum ESCs.
Here we provide evidence that P53 is activated upon transition of serum ESCs to their
pluripotent ground state using serum-free 2i conditions and that is required for the
elongated G1-phase characteristic of ground state ESCs. RNA-seq and ChIP-seq analyses
reveal that P53 directly regulates the expression of the Retinoblastoma (RB) protein and
that the hypo-phosphorylated, active RB protein plays a key role in G1-phase control. Our
findings suggest that the P53-P21 pathway is active in ground state 2i ESCs and that its
role in the G1-checkpoint is abolished in serum ESCs. Taken together, the data reveals
a mechanism by which inactivation of P53 can lead to loss of RB and uncontrolled cell
proliferation.
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Introduction
Mouse Embryonic Stem Cells (ESCs) are pluripotent and self-renewing cells derived
from the inner cell mass of the mouse blastocyst. ESCs can be indefinitely maintained
in vitro in serum medium supplemented with the cytokine Leukemia Inhibitory Factor
(LIF) 1 hereafter called serum ESCs. In the last decade, new serum-independent culture
conditions have been developed

2,3

giving rise to different flavors of ESCs that reflect

different developmental states 4,5. Mouse ESCs cultured in chemically defined 2i medium
(N2B27 with PD0325901, CHIR99021 and LIF, hereafter called 2i ESCs) 3 were shown to
have an unrestricted developmental potential and are therefore hypothesized to represent
the ground state of pluripotency 4,5.

3

The cell cycle of ESCs cultured in the presence of serum and LIF is extremely short, mainly
due to truncated Gap- (G-) phases. The short G1-phase was considered to be characteristic
of pluripotent mouse ESCs 6. We have previously shown that the short G1-phase is
characteristic of serum ESCs and is the result of ERK signaling. The latter pathway is inhibited
in ground state pluripotent ESCs cultured in 2i resulting in an elongated G1-phase 7. Proteins
that delay G1 progression, e.g. the CDK2-inhibitors P21 and P27, are not expressed in serum
ESCs 5,7–9 but can be detected in 2i cultured G1-phase ESCs and contribute to the elongation
of G1-phase. The combined knock out of P21 and P27 causes a decrease in G1-phase cells
in 2i ESCs 7. P21 and P27 prevent CDK-mediated phosphorylation and inactivation of the
pocket proteins and thereby activate the G1-checkpoint.
Bypass of the G1 checkpoint in serum ESCs has been attributed to the lack of a P53mediated DNA damage response 10–12. The observation that P21, a prominent target of P53
in G1-arrest 13 and a ‘readout’ of P53 activity, is highly expressed in 2i and absent in serum
ESCs suggests that the role or activity of P53 may be different 7. In vivo studies indicate
that P53 is active in the Inner Cell Mass (ICM) during early embryonic development

14

and by extrapolation in ground state pluripotent cells that are most reminiscent of ICM.
These observations are in line with growing evidence that P53 plays an important role in
embryonic development and differentiation. The exact role of P53 in ground state ESCs
is however still unclear.
Therefore, we set out to decipher the distinct roles of P53 in ground state 2i and serum
conditions. We generated a P53 knockout in an ESC cell line expressing the FUCCI
reporters that allow the designation of cells throughout the different phases of the cell
cycle and subsequent analysis of specific populations. Our data show that P53 plays a
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critical role in G1-phase progression in ground state 2i- as compared to serum ESCs.
Moreover, genome-wide P53 binding and the transcriptome of P53-/- 2i ESCs reveals that
P53 directly regulates Rb1 expression in ground state ESCs which affects the G1-phase.

Results
P53 regulates G1-phase progression in 2i ESCs
As a guardian of the genome, P53 minimizes the acquisition of DNA damage and plays a
key role in maintaining genomic integrity in cells. A major pathway employed by P53 to
prevent DNA damage is by halting G1-phase progression and S-phase entry via promoting
Cdkn1a (coding for the P21 protein) expression which results in the inhibition of the
CYCLIN/CDK complexes 15. The elevated expression of P21 and elongated G1-phase in
2i ESCs 7 led us to hypothesize that P53 is active in 2i ESCs, but not in serum ESCs, and
contributes to cell cycle regulation in the pluripotent ground state. Although the P53
protein level is surprisingly similar in these two ESCs states (Figure 1A), the proteomic
analysis of chromatin associated 16 and quantification of P53 protein levels in different
cellular fractions indicated that the level of chromatin-bound P53 is slightly higher in 2i
ESCs when compared to serum ESCs (Figure 1B).
To determine the effect of P53 on the cell cycle of ESCs, we created three independent
P53-/- clones in R1 ESCs that express the FUCCI reporter constructs using the CRISPR/
Cas9 gene editing system. The sgRNA were designed to cut the longest common exon
of different Trp53 isoforms (Figure 1C). Upon deletion of P53, a clear reduction in P21
expression was observed in 2i cells (Figure 1D). Therefore, we asked whether the G1phase in P53-/- ESCs is perturbed due to the decrease of P21. FUCCI reporter analysis of
the P53-/- cells showed a dramatic decrease in the number of 2i ESCs in late G1-phase
(Figure 1E). Serum ESCs enter S-phase prematurely and therefore lack cells in late G1phase. Accordingly, in P53-/- serum ESCs virtually no effect on the cell cycle was observed.
Because the depletion of P53 has been reported to affect the level of geminin 17, we
performed classical BrdU / PI staining in WT and P53-/- FUCCI cells in parallel (Figure
1F). The results confirm that the percentage of G1-phase cells in 2i ESCs decreases upon
deletion of P53. In addition, to verify that the observed phenotype is common to P53-/ESCs and not specific to FUCCI ESCs we made use of an independent P53-/- cell line (EB5,
kindly provided by Hitoshi Niwa from Kumamoto University) to assess the distribution of
cells over the different phases of the cell cycle using BrdU / PI staining. In 2i conditions,
the number of cells in G1-phase was significantly lower in P53-/- as compared to wild-type

82

Critical role for P53 in regulating the cell cycle of ground state embryonic stem cells

ESCs, further confirming our previous observations (Figure 1G). Loss of P53 in serum
ESCs had no measurable effect on the cell cycle (Figure 1E-G). Because P21 is primarily
expressed during G1-phase in 2i ESCs 7, the observed decreased expression in P53-/- ESCs
could be the result of the diminished number of cells in G1-phase. A western blot on
G1-phase sorted cells shows that the expression of P21 is lowered specifically in 2i G1phase cells (Figure 1H). Our previous study showed that deletion of P21 is not sufficient
to significantly shorten the G1-phase, but requires the deletion of both P21 and P27
. However, the P27 RNA expression level was either not affected (R1-FUCCI P53-/-) or

7

slightly increased (EB5 P53-/- cells) (Figure 1I). Furthermore, transcriptome analysis on
WT and P21-/- G1-phase ESCs displayed only mild changes in the gene expression with
~130 were decreased and 67 were increased genes 18,19 (Figure 1J).

3

Taken together, we show that the P53 deficiency accelerates the G1-phase in 2i cells
while no clear effect was observed in serum ESCs. Although P21 is downregulated upon
deletion of P53, this alone is not sufficient to abbreviate the G1-phase, indicating that P53
may regulate the cell cycle in part independent of P21.
Genes involved in cell cycle control are affected upon deletion of P53 in 2i ESCs
To determine the impact of P53 depletion on the transcriptome of serum- and 2i ESCs, we
carried out RNA-seq on G1-phase sorted WT and P53-/- ESCs in both culture conditions.
The principal component analysis (PCA) plot shows that the change in transcriptome
between WT and P53-/- is larger in 2i conditions as compared to serum conditions (Figure
2A; PC2). Differential expression analysis identified 1,430 significantly differentially
expressed (DE) genes in 2i WT versus P53-/-, while only 321 DE genes were found in
serum WT versus P53-/- (Fold Change >1.5, adj. P-value <0.1) (Figure 2B). Over half (175
of 321) of DE genes in serum were also found to be differentially expressed in 2i ESCs
(Figure 2C). In addition, the fraction of genes differentially expressed between WT and
P53-/- was higher in 2i as compared to serum (Figure 2D), suggesting a more extensive
role of P53 in 2i conditions.
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Figure 1: P53 is essential for the elongated G1-phase in 2i ESCs.
A. Western blot (WB) of P53 level in total cell lysate of wildtype serum and 2i ESCs. B. Proteomics analysis
and WB from different cellular fractions showing a higher level of chromatin-associated P53 protein in 2i ESCs
as compared to serum ESCs. Data from three biological replicates, significance was tested using a unpaired
T-test C. Cells in G1-phase expressing the FUCCI reporter are Kusabira Orange-positive while cells in G2phase are Azami Green-positive. Schematic representation of CRISPR/Cas9 mediated P53 knockout in FUCCI
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reporter ESCs targeting the common exon in Trp53 isoforms, resulting in the absence of P53 as shown in
the Western Blot (P53-/- clone 1). D. Three independent P53-/- clones were obtained all showing a significant
decrease in the expression of P21. E. Analysis of FUCCI reporter expression in WT and P53-/- cells. The longer
G1-phase in 2i conditions (when compared to serum) is abbreviated in P53-/- 2i ESCs, whereas in serum ESCs
no differences between WT and P53-/- ESCs are observed. Reporter expression in P53-/- clone 1 is shown
(experiment performed in triplicate) which is representative for the three independent P53-/- clones in at least
two independent experiments. F. Quantification of the different phases of the cell cycle in WT and P53-/- (clone
1) FUCCI cells using Bromo-deoxy-Uridine (BrdU) incorporation combined with Propidium Iodide (PI) staining.
Data from an experiment performed in triplicate that is representative for two independent clones. G. BrdU / PI
staining on WT and P53-/- EB5 cells confirms the decrease in the percentage of G1-phase cells upon deletion of
P53 in 2i conditions. Numbers indicate mean plus standard deviation from a technical replicate. H. WB showing
decreased expression of P21 during G1-phase in P53-/- FUCCI ESCs in 2i (P53-/- clone 1). I. RT-qPCR reveals
a reduction in P21 RNA levels in P53-/- (clone 1) FUCCI ESCs and in the independent P53-/- EB5 ESC line when
compared to WT ESCs. No decrease in P27 mRNA was observed. Data from three technical replicates for each
cell line are shown. J. Volcano plot showing transcriptome changes in P21-/- G1-phase ESCs compare to the WT
G1-phase ESCs cultured in 2i conditions. Each dot represents one gene. Significantly changed genes (Adj. Pval
< 0.1 and a fold-change of > 1.5) were colored (down regulated genes in green and up regulated genes in red).
GO clusters show the biological processes significantly enriched among the differential genes.

To gain a deeper understanding of the biological processes involving P53 in serum as
well as in 2i we performed GO analysis on DE genes (Figure 2E). In both serum and 2i
conditions, genes downregulated in the P53-/- cells are enriched for apoptosis-related
processes. In line with these findings, the loss of P53 prevents apoptosis in both serum
and 2i conditions upon doxorubicin treatment (1μM, 16 hours) as evident from the
dramatic decrease in the number of cells in sub-G1-phase. In contrast to WT cells, the
majority of P53-/- cells stall in S- and G2-phase after treatment with doxorubicin (Figure
2F for serum conditions; 2i conditions are not shown) which is in line with recent findings
showing that the loss of P53 does not affect doxorubicin-induced G2/M arrest but can
abolish apoptosis of both primed and naive-state ESCs 20. The analysis of the DE genes
furthermore revealed that the set of genes differentially expressed in 2i conditions is most
significantly enriched for genes involved cell cycle processes, which is not obtained for
serum cultured ESCs. Thus, genes involved in the cell proliferation are highly affected in
the G1 cells of 2i ESCs due to loss of P53.
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Figure 2: Genes differentially expressed in P53-/- ESCs.
A. Principle Component Analysis on gene expression of WT and P53-/- G1-phase ESCs cultured in serum and 2i
conditions. B. Volcano plot showing the transcriptome changes in 2i or serum P53-/- G1-phase ESCs compared
to WT. Each dot represents one gene. Significantly changed genes (Adj. Pval < 0.1 and a fold-change of 1.5) are
colored (downregulated genes in green/blue and upregulated genes in red/purple). C. Venn diagram showing
the overlap of DE genes in serum and 2i. D. Fraction distribution showing the fraction of genes differentially
expressed between WT and P53-/- ESCs cultured in either serum or 2i. E. Gene Ontology analysis revealing the
significant biological processes in serum or 2i ESCs. Number of genes present for each category are indicated at
the right. For the RNA-seq analysis we made use of P53-/- FUCCI (clones 1 and 2). F. Serum WT and P53-/- FUCCI
(clone 1) ESCs treated with or without doxorubicin (1μM, 16 hours), stained by Propidium iodide and analyzed
on FACS to assess apoptosis. Experiment performed in triplicate, numbers indicate mean percentage apoptotic
ESCs (sub G1-phase) plus standard deviation. At least two independent experiments showed similar results.

3
P53 activates Rb1 to elongate G1-phase in 2i ESCs
The differences in cell cycle and transcriptome between P53-/- and WT ESCs indicate that
P53 is essential for the elongated G1-phase in 2i conditions as compared to serum ESCs.
Although there was a substantial decrease in the expression of P21 in the P53-/- ESCs,
the sole loss of P21 cannot explain the changes in the cell cycle 7. Besides Cdkn1a (P21),
a range of genes involved in cell cycle regulation are differentially expressed between
P53-/- and WT in 2i-cultured cells (Figure 3A). To identify direct targets of P53 connected
to the cell cycle control, we performed P53 ChIP-seq in serum and 2i ESCs. The number of
P53 binding sites is significantly higher in 2i (3,595 versus 1,347 in serum) supporting our
previous observations that P53 has a more prominent role in 2i conditions as compared to
serum conditions. Higher general chromatin accessibility due to differences in epigenetic
make-up, e.g. the lowered level of DNA methylation in 2i conditions 4,21, could contribute
to the increased binding of P53 in 2i. To identify the genes that are likely under direct
regulation of P53, we annotated the P53 ChIP-Seq binding sites using HOMER

22

. The

result shows that 386 genes with P53 binding in their promoters or enhancers are also
differentially expressed in 2i P53-/- ESCs (Figure 3B). Out of these 386 genes 129 have
a higher P53 ChIP-seq signal in serum (cluster 1) whereas 257 have a higher ChIP-seq
signal in 2i (cluster 2).
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Subsequent GO-term analysis revealed that this set of 386 genes was significantly
enriched for genes that regulate cell cycle arrest (10 genes with a Benjamini corrected
P-value of 9.6e-3). Interestingly, Rb1 is among those genes. We found that in P53-/- ESCs
the Rb1 and Rbl2 transcripts that encode RB and P130, respectively, are decreased as
compared to WT ESCs (Figure 3A). The pocket proteins RB and P130 are well known to
be involved in the control G1-phase progression in 2i ESCs by inhibiting the activity of the
E2F transcription factors 7 and are themselves downstream targets of the CDK/CYCLIN
pathway. P53 ChIP-seq in 2i ESCs showed that P53 binds to the Transcriptional Start Site
(TSS) and gene body of Rb1 and to the gene body of Rbl2. Integrating analysis of RNA-seq,
ChIP-seq and Capture HiC data 23 revealed that the P53 binding sites interact with the TSS
of Rb1 and Rbl2 suggestive of a direct transcriptional regulation (Figure 3C).
Although the expression of these pocket proteins was drastically reduced both in serum
as well as in 2i conditions after P53 knockout, inactive hyper-phosphorylated RB was the
predominant form in serum ESCs, whereas hyper- as well as active hypo-phosphorylated
RB could be detected in 2i ESCs (WT was shown previously 7) (Figure 3D). Since the cell
cycle distributions of asynchronously growing WT and P53-/- 2i ESCs are different, we
next determined RB protein levels throughout the cell cycle in WT and P53-/- serum and 2i
ESCs. The result showed a clear reduction of RB expression in P53-/- ESCs and furthermore
showed that the fraction of hypo-phosphorylated RB was higher in 2i than in serum G1
cells (Figure 3E).
Taken together, our data strongly suggests that P53 directly activates the transcription of
the pocket proteins RB and P130 thereby elongating G1-phase in 2i ESCs. Due to increased
ERK-/CDK/CYCLIN-signaling RB is constitutively hyper-phosphorylated in serum ESCs and
the deletion of P53 has minor effect in these cells (Figure 3F).

Figure 3: P53 activates Rb1 to elongate G1-phase in 2i ESCs.
A. Bar graph showing differential expression of cell cycle and other regulators in serum and 2i cultured WT
and P53-/- ESCs during G1-phase. The expression of Rb1, Rbl2 and Cdkn1a (P21) is decreased in P53-/- both in
serum and 2i ESCs. B. 2585 genes are associated with P53 binding sites, 386 of these genes are expressed
differentially in 2i P53-/- as compared to 2i WT cells C. ChIP-seq and Capture HiC indicate that P53 binds regions
that locate or interact with the Transcriptional Start Site (TSS) of Rb1 and Rbl2. D. Western blot (WB) showing
that the protein level of hyper-phosphorylated RB (ppRB) and hypo-phosphorylated RB (RB) is reduced in P53-/FUCCI ESCs (clone 1) in serum and 2i, respectively. E. WB showing the protein level of RB throughout the cell
cycle in P53-/- (clone 1) and WT FUCCI ESCs in serum and 2i conditions. At least two independent experiments
showed similar results. F. Proposed model that displays the role of P53 and Rb1 in ESC cell cycle control.
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Discussion
Rapid proliferation is a hallmark of pluripotent stem cells and has intrinsically been
associated with their unique cell cycle

24

. A truncated G1-phase is fundamental to the

cell cycle of ESCs and is reflected by their smaller size when compared to somatic cells
25

. The shortened G1-phase is accompanied by the impairment of pathways that control

genomic integrity during G1-phase in serum ESCs 26. However, the long-standing notion
that ESCs have a shorter G1-phase as compared to somatic cells was mainly based on
studies performed in serum-cultured ESCs 9,27. Recently, we and others have shown that 2i
ESCs have a much longer G1-phase as compared to serum ESCs 7,28. How these differences
in cell cycle between serum and 2i ESCs affect the biological processes that take place
during G1-phase has remained unclear.
P53 is well known for its pivotal role in induction of G1-arrest to protect genomic integrity.
Early studies in serum ESCs have found that although P53 is highly expressed, it cannot
act as a regulator of G1-phase progression due to functional uncoupling of the P53/P21
axis 29. The elevated expression of P21 and the identification of the elongated G1-phase
led us to hypothesize that P53/P21 pathway maybe activated and extend the G1-phase
upon transition of serum ESCs to 2i conditions. The results presented here indicate that
P21 expression is indeed regulated by P53. Unexpectedly, however, the elongated G1phase in 2i ESCs depends on a novel unexplored function of P53 in the cell cycle of ESCs.
In serum ESCs the pocket proteins that inhibit G1-phase progression are lowly expressed
and inactivated due to abundant ERK signaling 7. In 2i ESCs the ERK signaling pathway
is however inhibited, leading to the activation of the RB-mediated G1-checkpoint. Our
results imply that P53 regulates not only the expression of P21 but also the expression
of the downstream pocket proteins RB and P130. Since these proteins are not active in
serum ESCs this function of P53 has not been observed in serum ESCs (Figure 3F). By
regulating the expression of the pocket proteins, P53 is crucial for the elongated G1-phase
in 2i conditions. The loss of P53 does, however, not fully shorten the G1-phase in 2i ESCs
to the level of that in serum ESCs, which suggests that other mechanisms are involved
as well in regulation of G1-phase progression in 2i ESCs. The lowered ERK signaling and
reinstatement of the P53-mediated G1-checkpoint in 2i ESCs suggests that these cells
are better able to cope with DNA damaging events, which however remains to be shown.
P53 is highly expressed in the early embryo, but its functional role is still elusive. Our
findings suggest that in the early embryo where ERK signaling is absent, P53 plays a critical
role during G1-phase to restrict rapid cell proliferation by modulating the expression of
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the pocket proteins. Interestingly, the cellular senescent state that resembles diapause in
vivo is depending on the presence of this family of proteins 7,30. Our observations therefore
suggest that P53 plays a role in diapause. Possibly, P53 is highly expressed in early rodent
embryos in order to induce diapause in response to stressful conditions.
Besides the differences in cell cycle control between WT and P53-/- 2i ESCs, the RNAseq data uncovered a large number of developmental genes (amongst others involved in
angiogenesis and the development of the nervous system) that are negatively affected by
loss of P53 in 2i conditions. These findings are in line with previous reports that suggest
an important role for P53 in differentiation, and imply that P53 is functionally more
dynamic in 2i. How P53 regulates the expression of developmental genes in 2i remains
to be determined, possibly the differential regulation of the pocket proteins plays a role,
considering their role in development and differentiation

31,32

.

Altogether we show that in ESCs the function of P53 differs depending on the cellular state.
In ground state 2i ESCs P53 is involved in controlling the cell cycle via directly regulating
the expression of the pocket proteins.

Methods
Cell culture
Mouse ESCs were cultured in serum and 2i conditions as described previously7. Media
were refreshed every day and cells were passaged every 3 days.
Genome editing using CRISPR-Cas9
We made use of the CRISPR-Cas9 gene editing technology to knock out Trp53 (P53). An
online tool (crispr.mit.edu and Benchling) was used to design the gRNAs that were cloned
into the plasmid Cas9(BB)-2A-GFP (Addgene plasmid 48138) as described previously
. FUCCI serum ESCs were transfected using lipofectamine-3000 (Thermofisher #

7

L3000015). After 48 hours, cells expressing GFP over background (from the Azami Green
reporter) were sorted with a BD FACS Aria. Cells were split at clonal density and after
approximately 7 days colonies were picked for expansion. Genomic DNA from individual
clones was extracted using the Wizard Genomic DNA extraction kit. The targeted region
was PCR amplified and Sanger Sequenced. gRNA oligonucleotides were as follows:
Trp53_gRNA_a_Fwd

CACCGGAGCTCCTGACACTCGG

Trp53_gRNA_a_Rev

AAACCCGAGTGTCAGGAGCTCC
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Immuno blotting
Cells were trypsinized and washed with PBS. Cell pellet were lysed in RIPA buffer (150mM
NaCl, 1% NP-40, 0.5% NaDOC, 0.1% SDS, 50mM Tris-HCl pH=8) with fresh EDTA-free
protease inhibitor cocktail (Roche #4693132001). Protein concentration was measured
using Bio-rad protein assay (#500-0006). Cell extracts were loaded equally and separated
by 7-12% SDS-PAGE, electrotransferred to nitrocellulose membranes and incubated in
blocking buffer (5% nonfat milk in TBST) for 1 hour at room temperature. Membranes
were incubated with primary antibody (1:1000 diluted in blocking buffer) over night at
4°C then washed 5 times in TBST for 5 minutes at room temperature and incubate with
second antibody (1:2000 diluted in blocking buffer) at room temperature for 1 hour. After
five washes with at room temperature for 5 minutes ECL substrate (ThermoFisher #32106)
was added and images were acquired. The primary antibodies used in this study are P53
(Oncogene #OP03), P21 (SantaCruz #sc-6546), RB (BD Bioscience #554136), GAPDH
6C5 (Abcam #8245), TUBULIN (SantaCruz #sc5286), VINCULIN (SantaCruz #sc5573)
The secondary antibodies used are Swine anti-Rabbit HRP (Dako #P0217), Rabbit anti-Rat
HRP (Dako #P0450) and Rabbit anti-Mouse HRP (Dako #P0161).
Flow cytometry
For cell cycle analysis cells were prepared as described previously7 and subsequently
analyzed using a FACScalibur or FACSverse flow cytometre (Becton Dickinson). The
BD FACS Aria cell sorter was used to sort FUCCI ESCs from different phases of the cell
cycle. Cells without reporters and cells without BrdU incorporated were used as negative
controls to set the gates.
qRT-PCR and RNA-seq
Total RNA were extracted using the RNeasy Mini Kit (Qiagen #74106) following the
manufacturer’s protocol. SuperScriptTM III Reverse Transcriptase (ThermoFisher
#18080093) and random primers (p(dN)6, Roche #11034731001) or Oligo(dT)12-18 primer
were used for reverse transcription. Real-time qPCR was performed using the iQ™ SYBR®
Green Supermix (Bio-Rad #1725006). An endogenous control (Gapdh; primers Forward:
TTCACCACCATGGAGAAGGC, Reverse: CCCTTTTGGCTCCACCCT) was used to normalize
the expression. Biological replicates were performed for all RT qPCR reactions. P21 and
P27 primers have been described before 33.
For RNA-Seq, 5 µg of extracted RNA was depleted from ribosomal RNA using Ribo-Zero
Gold Kit (Epicentre Madison, #MRZG126). After fragmentation of the rRNA-depleted RNA,
500ng was reverse-transcribed using SuperScript™ III Reverse Transcriptase and random

92

Critical role for P53 in regulating the cell cycle of ground state embryonic stem cells

primers (dN)6 following the manufacturer’s instructions. Next, libraries were prepared
using the KAPA Stranded RNA-Seq Library Preparation Kit (KAPA #8400) following the
manufacturer’s instructions.
ChIP-seq
ESCs were fixed using 1% formaldehyde (Millipore #344198) for 10 min at room
temperature then quenched by adding 1.25M glycine to a final concentration of
0.125M. Cell pellets were snap frozen and stored in -80°C. Every 10 million cells were
lysed by 300μL 1% SDS include freshly made Protease Inhibitor (PI) cocktail (Roche
#4693132001), sonicated with Diagenode Bioruptor Pico and diluted with 2.7mL PBA
(1x PBS + 0.5% BSA) with fresh added PI cocktail. Dynabeads protein A+G (Invitrogen
#10008D, 10009D) were washed and pre-blocked with cold PBA for 30 minutes. Diluted
chromatin containing 30μg DNA was incubated with 15μg P53 antibody (Novocastra
#CM5P) and 60μL pre-blocked beads and rotated at 4°C overnight. After incubation,
beads were washed subsequently with High-NaCl, Low-NaCl, LiCl, TE and TE washing
buffers for 10 minutes and transferred to new eppendorf tube. Beads were eluted with
200µL elution buffer (1%SDS, 0.2M NaCl, 0.1μg/μL Proteinase K) at 65°C thermo shaker
1000rpm for 20 minutes. Supernatants were purified with MinElute PCR Purification Kit
(QIAGEN #28006). 1-5ng of DNA was used for library construction with KAPA Hyper Prep
Kit (KAPA #KK8504).
ChIP-seq analyses
For each sample, all 42bp reads were mapped onto the mouse genome (mm9) using
Burrows-Wheeler Aligner (BWA) aligner

35

with default parameters. The mapped reads

were regarded as input for Picard Mark Duplicates (http://broadinstitute.github.io/picard/)
to remove potential PCR duplicates. MACS2 36 was used to call P53 peaks with a narrow
q-value cut-off of 0.01. Read density profiles are displayed as fold enrichment track
generated by normalizing ChIP data over input DNA pileup signal files using MACS2. These
profiles were further visualized by deepTools37.
RNA-seq analyses
RNA sequencing reads were aligned to the mouse reference genome mm9 using STAR
tool 38 which could enumerate gene-level read counts at the same time. The differentially
expressed genes were identified with the DESeq2 package 39 by comparing knockout with
wild-type groups. Only those genes greater than 1.5-fold changed at Benjamini-Hochbergcorrected P-value < 0.1 were considered significantly deregulated. The transcriptional
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levels of genes were estimated as Fragments Per Kilobase per Million aligned reads value
(FPKM) values using by Cufflinks40.
Dimensionality reduction and functional annotation
To explore potential variances between different groups, we performed principal
component analysis. Top 3,000 variable genes were first selected based on interquartile
range (IQR) of normalized gene expression levels, and further used to reduce
dimensionality of the dataset by pca function in R. We used the DAVID tool 19 to assess
enriched gene ontology terms and pathways in order to gain insight into the biological
functions for deregulated genes. Only terms with Benjamini-adjusted P-value < 0.05 were
considered significantly overrepresented.
Accession numbers
The accession number for the RNA-seq and ChIP-seq data in this paper is GEO:
GSE141179.
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Embryonic stem cells (ESCs) are unique in that they have the ability to differentiate into all
different cell types as present in an organism. As the different types of cells are developed
from a single zygote, they share the same DNA, the cellular hereditary material. However,
differential usage of the same genetic code in the various cells allows specialization in
different directions. Such programs to develop in different cell types are tightly controlled.
A long-standing question has remained how cell fate is decided during the short period
of early embryo development. As this all starts with a pluripotent population of Inner
Cell Mass (ICM) cells, it is essential to investigate the mechanisms to maintain and to exit
pluripotency to further understand cell fate determination during embryonic development.
In this thesis, we made use of two distinct pluripotent states of mESCs to gain insight in
the dynamic enhancer landscapes during early development (chapter 2), as well as to
decipher the roles of a range of transcription factors in pluripotency maintenance and cell
cycle regulation (chapter 2 and 3). In this discussion, I will put my findings in a broader
perspective, and include additional reflections on issues that do not refer to the articles
and which warrant further investigation. In addition, according to Von Baer’s law, early
embryonic development in different species is quite similar. Hence, findings in mouse ESCs
could potentially be extrapolated to different species, for example human. Therefore, I
will discuss whether our findings might be relevant for human development. Importantly,
due to difficulties to perform extensive experiments in vivo, new ex vivo culture models
have been developed recently to mimic the in vivo situation, both in mouse and human.
Accordingly, I will discuss these newly-developed exciting ex vivo models and how they
might be used to study gene regulation during early embryonic development.

Outlook for further functional enhancer studies
Different cells in an individual share the same genome, but can differ in phenotype
as the genes encoded by the genome are differentially regulated by multiple genomic
elements during cellular transitions. Clarifying how regulatory elements orchestrate gene
expression in pluripotent cells is not only essential for understanding cell fate decisions
during development, but also for reprogramming and transdifferentiation for regenerative
medicine. However, the identification of functional genomic elements that drive differential
gene expression, and in particular of functional enhancers, has been challenging for a
long time. In particular, for the identification of functional enhancers, it is very challenging
to mimic the chromatin environment. Therefore, the use of current methods to identify
enhancers, in particular based on their epigenetic make-up (containing H3K27ac and
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H3K4me1 signals) or based on activity using transient luciferase assays, raises question
about the in vivo functionality of the enhancers as identified by the various methods.

Use of STARR-Seq to identify the full repertoire of enhancers
In chapter 2, we compared the enhancers as detected by STARR-seq with putative
enhancers as identified using epigenetic marks such as H3K27ac and open ATAC-seq
sites. When using ATAC-seq and H3K27ac-seq as a readout to identify enhancers, more
than 20% of the putative enhancers are located in promoter regions. In contrast, only
10% of the enhancers as detected by STARR-seq are annotated in promoter regions,
which indicates that these 10% elements can act as either promoters or enhancers. In
addition, and as shown in the promoter example above, a large portion of ATAC-seq and
H3K27ac enriched loci do not show signals of STARR-seq. Further analysis revealed that
most of the ATAC-seq /H3K27ac enriched regions identified as enhancer are bound by
CTCF, a traditional gene repressor which also acts as a boundary factor of 3D chromatin
domains1,2. In line, these CTCF binding sites showing enrichment of ATAC-seq (open
chromatin) and H3K27ac signals are inactive in transient luciferase reporter-assays
(Figure 1). Together, this strongly suggest that enhancer identification using ATAC-seq
and H3K27ac signals are prone to identifying false-positive enhancers.

Figure 1: The ATAC-seq/H3K27ac positive regions without significant STARR-seq signals are
enriched for CTCF.
A. Heatmap showing CTCF distribution on ATAC-seq/H3K27ac positive regions without significant STARR-seq
signals enriched for CTCF. B. An example of luciferase validation of enhancer activity: Left, the chromatin
environment; Right: The potential of this region to drive luciferase expression in luciferase assay.

P300 is another enhancer mark that was proven to be useful as marker to identify
enhancers3 by in vivo experiments. Therefore, we included P300 in the analysis to be

101

4

Chapter 4

able to have a stricter selection of active enhancers. Surprisingly, we found that only 25%
of the sequence-intrinsic enhancers4 show overlap with ATAC/ P300/ H3K27ac peaks
(so-called “APK” peaks). Therefore, 75% of the STARR-seq regions were not detected
using APK peaks, and are colocalizing with other, unexpected proteins. For example, P53
binding sites show strong enhancer activities. This is surprising, as P53 generally binds to
inaccessible chromatin5, which therefore are not detected using ATAC-seq and H3K27ac
ChIP-seq. However, these regions do show clear enhancer activity using STARR-seq.
To gain further insight in the enhancer landscape as profiled by STARR-seq, we further
compared the APK peaks with our STARR-seq data. We found 23% of the APK-peaks are
not detected by STARR-seq, and most of them overlapped with FANTOM defined promoter
regions. 72% (18544 of 25616) STARR-seq peaks overlap with active marks and these
enhancers are referred to as cluster 1 (C1) in chapter 2, while the remaining 28% do not
overlap with active marks and overlaps for example with P53. Together, this shows the
power of STARR-seq in identifying not only active enhancers, but also dormant and other
enhancers that are not detected using traditional approaches such as ChIP-seq.

Differential enhancers usage in 2i and serum mESCs
In a further comparison between 2i and serum mESCs, ZIC3 motifs were found to be
enriched in active serum-induced STARR-seq enhancers. We demonstrated that the
removal of Zic3 causes the differentiation of serum mESCs, but not 2i mESCs, towards
endoderm. Correspondingly, the Zic3 binding sites have strong enhancer activity in WT
serum mESCs, which is dramatically decreased in Zic3-/- mESCs. Zic3 is known to be
a downstream target of BMP signaling inducing stem cell differentiation in Xenopus6.
Furthermore, the BMP pathway is essential for maintenance of pluripotency in serum
mESCs, but not in 2i mESCs7,8. Thus, we hypothesize that loss of Zic3 probably interferes
with BMP signaling, causing differentiation of the serum mESCs. For future studies, it
would be interesting to study the interplay between Zic3 and the BMP pathway in serum
mESCs, and to further understand how loss of Zic3 possibly affects the BMP pathway
further upstream in mESCs. Remarkably, though loss of Zic3 only shows minor phenotypic
effect to 2i mESCs, Zic3 binding sites generally show a significant higher enhancer activity
in Zic3-/- 2i mESCs. It should be noted that western blot analysis showed that Zic3 protein
levels are much lower in 2i mESCs as compared to serum mESCs, while actually more
Zic3 genomic binding sites are identified in 2i mESCs. Currently, it remains unclear what
is causing this discrepancy, and spike-in ChIP-seq might resolve part of this issue. An
interesting hypothesis that fits our observations, and would be interesting to test, is that
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Zic3 may drive enhancers only when it accumulates and polymerizes, and otherwise might
act as a repressor. Clearly, it is worth further studying the function and mechanism of Zic3
in the various forms of pluripotent mESCs. Altogether, Zic3 represents a notable example
of a protein that causes differential enhancer usage between two pluripotent states.
With respect to the 2i-induced STARR-seq enhancers, we found enrichment of TCF3
motifs. CHIR99021 (one of the 2i) is known to activate the Wnt signaling pathway by
inhibiting degradation of β-catenin9. β-catenin can de-repress Tcf3, which further activates
Wnt signaling target gene expression such as Oct4, Sox2 and Nanog10. Thus, Tcf3 show
an opposite function in different conditions, i.e. with or without β-catenin.
With regards to “non-active” STARR-seq enhancers (STARR-seq enhancers with no APK
signals which clustered as C2 in chapter 2), we found the presence of DNA methylation
as well as an enrichment of NRF1 and P53 motifs, with P53 occupying these regions in
both an active and non-active chromatin context. Interestingly however, when integrating
the transcriptome data in WT and Trp53-/- mESCs, we found that P53 binding sites more
likely enhance proximal gene expression and the majority of these P53 binding sites are
located in the C1 cluster as described in chapter 2 (which do show both APK and STARRseq signals) . When focusing on the sequences of p53 binding sites at C1 and C2 regions
(so STARR-seq positive regions, either with or without APK), we found a high enrichment
of DNA motifs of CHR, AP-1, IRF and NFY, which are located at highly conserved distances
from the P53 binding sites and each other in the p53-C2 sites (Figure 2).
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Figure 2: Motifs specifically enriched around P53-C2 binding sites in conserved distance

Moreover, P53 binding is also found on these sites in different cell types like B cells11
and MEF cells12. It would be interesting to further study whether and how the binding
of P53 can recruit different transcription factors in different cell types, and what factors
regulate the activities of the p53 bound enhancers.

Extrapolating our findings to hESCs
20 years ago, hESCs were first isolated from human embryos and maintained in vitro.
However, due to challenges of functionally testing human pluripotent cells and of staging
these by the use of in vivo embryonic epigenomic and transcriptomic features, it remains
difficult to properly benchmark human pluripotent cells. Therefore, human cell lines
isolated from human blastocysts are considered to represent human ESCs13 if (i) can
proliferate stably; (ii) keep normal karyotypes; (iii) have high level telomerase activity;
and (iv) show expression of embryonic stem cells markers without other lineage markers
in vitro for several months. As compared to mESCs, hESCs are relatively difficult to isolate
and to stably maintain in vitro. Considering the challenges with human ESCs are referred
to above, it is important to find out whether information obtained from mESCs also applies
to hESCs studies. Similar to mESCs, hESCs are conventionally isolated from (donated)
embryos and are traditionally maintained in vitro in serum medium with LIF on irradiated
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MEFs13. Around 10 years ago, several groups found that hESCs are representing a later
phase of embryonic development as compared to mESCs, and actually resemble mouse
pluripotent stem cells that are isolated from the post-implantation epiblast (Epiblastlike stem cells; EpiSCs)14, also referred to as the primed state of pluripotency. More
recently, successful efforts have been made to obtain naïve-like state hESCs in vitro,
similar to mESCs. In most of human naïve culture systems15–22, both transgene-dependent
and -independent, the two kinase inhibitors as used for mESCs together with LIF23 are
required24. The studies in hESCs showed that the round-shape morphology, native gene
expression profiles, low DNA methylation and reduced bivalent domains, as observed in
mouse ESCs, are also observed in human naïve ES cells17,24–28. These studies indicate the
high similarity of pluripotent stem cells in mouse and human, in line with the morphologybased laws of Von Baer.

4
Enhancers in mouse and human ESCs
An interesting question is whether the findings as described in this thesis can be
extrapolated to hESCs. The STARR-seq signals shown in chapter 2 are based on DNA
sequences. Transcription factors (TFs) recognize motifs that are conserved in different
species29 and the TF network that underlies pluripotency is very similar between human
and mouse pluripotent cells25,30. Therefore, the enhancers detected in mESC STARRseq could well show similar activities in hESCs. Furthermore, in chapter 2, we found
that activities of enhancers located at H3K9me3-repressed ERVs are inhibited by DNA
methylation, in line with a previous DNA methylation study from our lab in 2i mESCs31.
Meanwhile, this repression of enhancers is observed in human cells32 as well. In addition,
we found that almost all P53 binding elements show enhancer activities in mESCs. In
chapter 2, we indicated that the P53 bound enhancers that are located in inaccessible
regions in mESCS can gain H3K27ac during reprogramming or in response to nocodazole
treatment. Similarly, in human fetal fibroblasts, it is also observed that P53 binding
sites at inaccessible regions regulate enhancer activities. Such regions in human fetal
fibroblasts become accessible in response to DNA damage5. Although these observations
are in human cells and not in hESCs, the similar phenotypes suggest common enhancer
features in different cell types and different species
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Cell cycle in mouse and human ESCs
In chapter 3, we mainly focused on the role of P53 in regulating the cell cycle in naïve
mESCs. The metastable serum mESCs lack the G1/S checkpoint and rapidly pass through
G1-phase. In contrast, ground state 2i mESCs show an extended G1-phase upon the
inhibition of the ERK-signaling pathway with increasing expression levels of the CDK
inhibitors (CDKi). The observation of elevated CDKi levels in 2i mESCs 33 raises the
question of whether P53 is the factor that drives G1-phase extension by regulating P21/
P27 expression. Accordingly, we also observed a shortened G1-phase and lower levels
of P21 in P53-/- 2i mESCs. However, further study showed that P27 is not affected in
P53-/- 2i mESCs, while the RNA-seq data described in chapter 3 indicates that depletion
of P21 does not affect G1/S transition in mESCs. On the other hand, a significant decrease
of retinoblastoma (RB) family members Rb1 and Rbl2 are detected in P53-/- mESCs.
Integration of RNA-seq, P53 ChIP-seq and CaptureHiC-seq showed that P53 binding
regions are located around or interacted with the promoter of Rb1 and Rbl2. With the
enhancer study from chapter 2 in mind, we therefore hypothesized that p53 enhances the
expression of Rb1 and Rbl1, and regulates the G1/S transition. Subsequent immunoblots
showed a drastic reduction in levels of RB and phosphorylated RB in P53-/- and higher
levels of hypo-phosphorylated RB in the G1 phase of 2i mESCs as compared to serum
mESCs. These finding are in line with observations that active RB inhibits E2F activity to
elongate G1-phase in 2i mESCs33.
An important question remains whether the cell cycle transition is similar or different in the
various pluripotent cells, and in different species. It has been reported that primed human
ESCs show a longer G1 phase and retained hypo-RB similar to ground state mESCs34,35.
However, different from mESCs, hESCs in the G1-phase are more prone to differentiation,
while the arrest in the G1 phase will stimulate differentiation, which is considered to be
related with reduced pRB36.
Currently, many studies in hESCs use conventional hESC culture methods in which these
cells are in the primed pluripotent state, and differences between naïve and primed hESCs
in relation to the cell cycle have not been well studied yet. Meanwhile, the activity of the RB
family proteins are essential for self-renewal of hESCs, as either too high or too low levels
will trigger exit of the cell cycle and cell death by activating P53/P21 pathway35. In human,
ChIP-seq analysis in human fetal skin fibroblasts shows P53 binding at the Rb1 and Rbl2
promoter and enhancer sites, similar to what we observed in mESCs 12, This might suggest
that a similar gene regulatory model as described in this thesis is present in human as in
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mouse. Moreover, both P53 and the RB proteins are typical tumor suppressors that are
essential for tumorigenesis in development37–40. They affect the lineage commitment not
only of ex vivo models but also in vivo tissue35,41–43. Altogether, these findings indicate that
our observations with regards to enhancers and the cell cycle in mouse ESCs are relevant
to human ESCs. However, more studies on the function of P53 and RB in pluripotency and
regulation of development in different models including human are required to assay how
widespread the mechanisms as identified in this thesis are over different species.

Perspectives of ex vivo models in studies investigating cell
fate decisions
mESCs cultured in media containing 2i and serum recapitulate the different states
of embryonic cells in vivo relatively well. Many aspects of the 2i/serum mESC model
have been studied in the past years, including gene expression profiles

44,45

, epigenetic

modifications31,46,47, chromatin-chromatin interactions46,48 as in Appendix 1, and the cell
cycle33,49. It has been reported that the core pluripotency modules are similar between
2i and serum mESCs, while the Myc module and PRC module are significantly reduced
in 2i mESCs as compared to serum mESCs. Compared to the serum mESCs, lineage
affiliated genes are lowly expressed or absent in 2i cells but metabolic genes are upregulated44,45. Although H3K27me3 at PRC targets show much lower signals in 2i cells
at bivalent promoters45,50 compared to those in the serum mESCs, it has been reported
that PRC2 and H3K27me3 as catalyzed by PRC2 are highly abundant in 2i cells to protect
the ground state cells from priming and the gain of DNA methylation47. Accordingly, the
DNA methylation level is significantly lower in 2i cells along with a higher expression
level of Prdm14. The DNA methylation in 2i correlates with H3K9me3, in particular on
ERVs31. Combining the published date and our studies in this thesis, Figure 3 provides a
comprehensive overview of main differences between the two states of mESCs.
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Figure 3: Overview of the main differences between 2i mESCs and serum mESCs.

With all this information present, the question remains how the observations from the
cultured mESCs model mimics in vivo development. As compared to in vitro or ex vivo
studies that occur in a laboratory environment, in vivo studies on living organisms has
many restrictions, especially with respect to human. However, validation in animal models
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is useful and sometimes essential. For the enhancer studies, the in vivo transgenesis
assays were carried out in embryos to obtain accurate functional annotation of putative
tissue-specific enhancer activities51–53. For example, p300 binding sites are verified in
mouse embryos through LacZ transgenesis3 and enhancers containing type2 diabetesassociated SNPs were validated in zebrafish embryo54. Besides transgenic assays, as
mentioned in the introduction of this thesis, genome editing assays using CRISPR/Cas9
provides an alternative way to validate enhancers activities55,56. With the removal or
insertion of candidate regions at endogenous genomic locations, enhancer activities can
be assayed in more natural conditions. Because quite some information obtained in 2D
models show different results in in vivo test systems57, and the in vivo experiments have
more limitations and time/cost- consuming especially in human studies. Therefore, the
models such as 3D ex vivo models that can better mimic in vivo systems are useful to
study the promising information obtained from 2D models.

4

Organoids
Currently, over 6 million enhancers have been identified in human and mouse cells59, while
only 3155 were tested in vivo and 1633 shown to be active51. This suggests that studies
using 2D culture models might not faithfully reflect in vivo 3D organs. Together this raises
several important questions: One important question is whether there any models that
can better mimic physiological in vivo conditions. One such model is provided by the
3D organoid formation technology, which provides an excellent platform to study the
organ-specific cell types in a laboratory environment60. The organoids enable self-renewal
and proliferation of mini-organs in vitro in a dish. There has been a range of studies in
organoids focusing on analyzing the transcriptome and epigenomic landscape. However,
it remains unclear whether the enhancers and their activities in these physiologically
relevant models are more similar to an in vivo state or not, as it is not easy to get enough
material from organoid cultures for genome-wide functional enhancer screening. Recent
developments using the Tn5 transposase-treated chromatin fragments as template to
construct the STARR-seq library have been shown to significantly reduce the number of
cells required for STARR-seq analysis61. Therefore, it will be exciting to test this method
to identify functional enhancer activities in organoids.
With respect to the cell cycle, not many studies have investigated cell cycle regulation
in organoids. It has been reported that P53 knockdown causes stimulation of the G1
phase cells in human brain organoids62, which is different from studies in mouse neural
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stem cells63,64 and the 2i and serum mESCs as studied here. Hence, further mechanistic
studies of cell cycle regulation in different models are required to better understand
the physiology as present in the organs of organisms. Importantly, it has been shown
that liver organoids resume in vivo signatures once transplanted back to human, though
the transcriptome remains different from in vivo profiles65. This shows the potential of
organoids in cell-based therapy. Hence, clarifying the mechanisms in organoids formation
and maintenance would be important for better understanding the in vivo states.
Furthermore, subsequent studies are necessary to optimize organoid formation methods
based on the molecular mechanisms, because the in vivo structures are only partially
recapitulated in current models60. It would be very interesting to make use of organoids
to investigate the mechanisms of gene regulation, compare it to the in vivo situation and
further optimizing the organoid models based on the differences.

Blastoids and Gastruloids
With respect to embryogenesis, blastoids66,67 and gastruloids68 have provided the
possibility to explore embryogenesis in an in vitro environment. However, these models
are still far away from generating chimeric mouse, which raises the question of whether
we can make use of the knowledge obtained from 2D systems to optimize the 3D models.
For example, either 2i or serum medium is used during the formation of blastoids and
gastruloids. Therefore, how the related signaling pathways like BMPs or Wnt/β-Catenin
affect the aggregation and which factors are inhibited or induced remains elusive. We
know that depletion of Zic3 induces the differentiation of serum ESCs into the direction of
endoderm. Accordingly, whether the Zic3 driven enhancers perform similar function in the
blastoids or gastruloids and whether it’s possible to induce endoderm differentiation by
inhibiting Zic3 expression remain unclear. Moreover, it’s known that the animal pole and
vegetal pole in the same blastomere divide at different speed due to the distribution of
yolk and the difference in cell cycle regulators translated from egg cytoplasm69,70. It would
be of great use to study how to control the cell cycle to further improve the development
of blastoids or gastruloids, for which our findings in the 2i and serum mESCs will be highly
useful. Above all, there are many interesting topics that can be further studied to better
understand gene regulation during embryogenesis, and the blastoids and gastruloids
models have shown to enable unique insights71–73. Importantly, the knowledge obtained
in traditional 2D systems such as the 2i and serum mESCs will help further improving the
3D models, which will reveal essential gene regulatory mechanisms during development
and cells fate decisions, and might thereby contribute to new therapeutic applications.
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Abstract
The mechanisms underlying enhancer activation and the extent to which enhancer–
promoter rewiring contributes to spatiotemporal gene expression are not well understood.
Using integrative and time-resolved analyses we show that the extensive transcriptome
and epigenome resetting during the conversion between ‘serum’ and ‘2i’ states of mouse
embryonic stem cells (ESCs) takes place with minimal enhancer–promoter rewiring
that becomes more evident in primed-state pluripotency. Instead, differential gene
expression is strongly linked to enhancer activation via H3K27ac. Conditional depletion
of transcription factors and allele-specific enhancer analysis reveal an essential role
for Esrrb in H3K27 acetylation and activation of 2i-specific enhancers. Restoration of
a polymorphic ESRRB motif using CRISPR–Cas9 in a hybrid ESC line restores ESRRB
binding and enhancer H3K27ac in an allele-specific manner but has no effect on chromatin
interactions. Our study shows that enhancer activation in serum- and 2i-ESCs is largely
driven by transcription factor binding and epigenetic marking in a hardwired network of
chromatin interactions.
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Introduction
Transcriptional enhancers have emerged as key regulatory elements that integrate signals
to regulate gene expression in a spatiotemporal manner 1-4. The dynamics of enhancer–
promoter communication in different cellular contexts and its influence on transcription is
not well understood 5-10. As a comprehensive analysis of enhancer–promoter interactions
during early mammalian development is not available, embryonic stem cells (ESCs) have
proved to be a valuable proxy for early embryonic development 3,11,12.
ESCs cultured in LIF and 2i (inhibitors of MEK and GSK3 kinases) or in LIF and serum
supplemented media represent two states of ‘naive’ pluripotency and resemble some
of the earliest stages of embryonic development 13-14. In contrast to naive pluripotency,
the post-implantation epiblast and the in vitro derivatives, EpiSCs (epiblast stem cells)
and EpiLSCs (epiblast-like stem cells), represent the ‘primed’-state pluripotency 3,11,15.
Despite their functional similarities, serum- and 2i-cultured ESCs rely on different signaling
pathways and display strong differences in transcriptional and epigenetic landscapes 11,1625

(reviewed in refs.12,26). The two main repressive epigenetic mechanisms (that is, DNA

methylation and H3K27me3 deposition) appear to contribute minimally to transcriptional
regulation in naive ESCs 12. Further, serum- and 2i-ESCs express similar levels of the core
pluripotency factors (OCT4, NANOG and SOX2) with partial genome-wide re-localization
that does not appear to explain the differential gene expression observed between
the two states 16,22. Thus, how the transcriptional network is regulated in ground-state
(‘2i’) pluripotency and which transcription factors (TFs) drive enhancer activation and
markedly differential gene expression remains poorly characterized. Elegant studies in
serum-cultured ESCs unveiled the three-dimensional (3D) chromatin organization during
ESC differentiation or somatic cell reprogramming 23,24,27-36. The network of chromatin
interactions in ground-state pluripotency, however, is less well characterized; whether
dynamic enhancer–promoter interactions underlie the specific transcriptional signature of
2i-ESCs, remains unanswered. Defining the mechanisms involved in enhancer activation
in the different states of naive pluripotency will shed light on the transcriptional control in
early development in which rapid changes downstream of signalling pathways take place.
Here we employed a systematic and integrated approach to provide insights into the
principles of gene regulation and disentangle the multiple layers involved in transcriptional
control in different states of ESCs.
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Results
Differential gene expression and enhancer activation with minimal rewiring of
chromatin interactions
To define the molecular events underlying the interconversion of the serum and 2i states,
we performed transcriptional profiling by RNA-sequencing at different time points of
the transition between serum- and 2i-cultured ESCs (Fig. 1a). The trajectory of gene
expression in the serum-to-2i transition displayed an inverse pattern of the 2i-to-serum
transition (Fig. 1b and Supplementary Tables 1 and 2). Principal component and geneontology-term enrichment analysis indicated that a first phase (up to day 3) involves
genes that contribute mainly to principal component 1 (PC1) and are enriched in TFs
and chromatin modifiers (Fig. 1a and Supplementary Fig. 1a). Notably, TFs induced early
in the serum-to-2i transition are strongly enriched in the pre-implantation embryo (for
example, Crxos1 and Bhmt) whereas TFs induced in the 2i-to-serum transition are enriched
in the post-implantation epiblast (for example, Kif1a and Dnmt3b; Supplementary Fig. 1b).
We then asked whether the extensive differential gene expression between serum- and
2i-ESCs (fold change ≥ 3, false discovery rate (FDR) < 0.05, n = 1,265) requires rewiring of
chromatin interactions. We exploited our previously published capture Hi-C (cHiC) data
in mouse ESCs with over 100,000 capture probes (baits), covering the union of DNaseI-hypersensitive sites in serum- and 2i-ESCs 18. Using a stringent cutoff (CHICAGO 37,
score ≥ 7, reads ≥ 4, two replicates) for interactions in which both anchors mapped to a
DNA-accessible element (ATAC-seq peak) or a CTCF-binding site, we generated a highresolution interactome of cis regulatory elements that involves 14,267 promoters and
46,850 distinct distal elements (Supplementary Fig. 1c and Supplementary Table 3).
The subset of interactions linked to promoters agrees well with recently published
promoter cHiC of serum-ESCs (utilizing a 4-base-pair (bp) cutting restriction enzyme;
Supplementary Fig. 1d) 24.
We next compared the chromatin interactions between serum- and 2i-ESCs and
found that differential interactions (FDR < 0.1; see Methods) are mainly observed
for baits marked by H3K27me3 (3.5% of total interactions; Fig. 1c and Joshi
et al.

18

), of which ~1.2% of interactions displayed high H3K27me3 marking

in serum- and low or absent interaction intensity in 2i-ESCs

18,23,24

. Strikingly,

interactions between other chromatin elements (promoters, enhancers and
CTCF-binding sites that are the major categories defined by chromHMM) were
very similar between serum- and 2i-ESCs (Fig. 1d and Supplementary Fig. 1e–g).
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Figure 1: The transcriptional dynamics and the chromatin interactions in serum- and 2i-ESCs.
A, Principal component analysis of the RNA-seq data from ESCs collected at different time points of the serum-to-2i
and 2i-to-serum transitions. n = 2 biological replicates per time point; each dot represents one sample. B, Expression
pattern of PC1 and PC2 genes in serum–2i and 2i–serum transitions. The lines in the plots represent the average
fold change of gene expression and the shaded bands represent the upper 75% and lower 25% quantiles. C, A
set of interactions between H3K27me3-covered regions show differential interactions (DI) between serum- and
2i-ESCs (FDR < 0.1) where the interaction intensity exclusively increases in serum-ESCs. D, cHiC interactions in
the six major interaction categories between promoters, enhancers and non-promoter CTCF sites. Differential
interactions are highlighted in the graphs (FDR < 0.1). E, Scatter plots showing the intensities of interactions
involving promoters of the 250 most induced genes in 2i- and serum-ESCs, respectively. Genes with differential
interactions (FDR < 0.1) mainly encompass genes decorated by H3K27me3 (shown in blue). The vast majority of
non-bivalent genes have similar interactions in serum- and 2i-ESCs (with the exception of Samd9l shown in red).
The experiments in A–E represent n = 2 biological samples. In D, E, the R values represent Pearson correlation
coefficients. Differential interactions were calculated using a two-sided Wald tests (DEseq2, adjusted P value < 0.1).
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Using a lenient cutoff (non-adjusted P value < 0.05 and reduced fold change) resulted in
a higher number of differential interactions that, however, belong mainly to the category
of H3K27me3-associated interactions (Supplementary Fig. 2a). The pattern of preserved
chromatin interactions was also observed at the level of insulated neighbourhoods
(R = 0.99; Supplementary Fig. 2b,c). In agreement with our global analysis, the majority
of promoters in the 250 most up- and downregulated genes showed similar interactions
in serum- and 2i-ESCs at the level of individual interactions (Fig. 1e) or after summing all
enhancer interactions per promoter (Supplementary Fig. 2d). Increasing the CHICAGO
score cutoff or sequencing one of the 2i and serum replicates to a fivefold higher
depth did not change the high similarity of interactions between the two ESC states
(Supplementary Fig. 2e–g). Thus, genes that are strongly expressed in 2i-ESCs (for
example, Spic and Prdm14) showed persisting interactions in serum cells and significantly
upregulated genes in serum (for example, Spry4, Dnmt3l and Myc) displayed pre-existing
chromatin interactions in 2i-ESCs.
To validate the cHiC results and to extend our analysis, we carried out circular chromosome
conformation capture (4C-seq) experiments for the top differentially expressed loci in 2iand serum-ESCs as well as in EpiLSCs that represent the primed-state pluripotency 11. We
also examined the two pluripotency genes Klf4 and Prdm14 as well as the Bmi1 locus; in
the last of these, the majority of chromatin interaction anchors are marked by H3K27me3.
As expected, we found strong interactions in serum- and very weak interactions in 2i-ESCs
at the Bmi1 locus. For the other examined loci, the patterns were very similar between
serum- and 2i-ESCs (FDR > 0.05, Fig. 2 and Supplementary Fig. 3a) despite the strong
difference in RNA expression and enhancer H3K27ac. In contrast in EpiLSCs, we observed
significant changes in chromatin interactions for all of the examined genes with the exception
of Prdm14, which retained stable enhancer–promoter interactions. Our analysis of the
recently published cHiC data in serum-ESCs and EpiSCs 38 revealed that ~1,000/150,000
interactions change between serum-ESCs and EpiSCs as compared to ~75/135,000 in
serum- and 2i-ESCs. As reported by Novo et al. 38, a large number of differentially expressed
genes between serum-ESCs and EpiSCs show preserved chromatin interactions. Even a
large number of the 250 most up- and downregulated genes in serum- and 2i-ESCs do not
change their interactions in EpiSCs (Supplementary Fig. 3b). Taken together, these finding
suggest that the interactome of regulatory elements is largely preserved between 2i- and
serum-ESCs; in primed-state pluripotency (EpiLSCs/EpiSCs) statistically relevant enhancer–
promoter rewiring becomes more evident at some loci.
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Figure 2: Differential gene expression and enhancer–promoter rewiring in different states of ESCs.
4C-seq profiles for representative examples of chromatin interactions for candidate genes upregulated in 2i-ESCs
(Spic, Klf4 and Prdm14) and a candidate gene upregulated in serum-ESCs (Spry4). Bmi1 is shown as an example of
genes that involve interaction associated with the H3K27me3 mark and Fgf5 is shown as a representative marker
of EpiLSCs. Promoter-mediated cHiC interactions are shown in blue. 4C-seq profiles display the running median of
seven DpnII fragments. The dots represent the mean and the error bars show the s.e.m. based on n = 4 biological
replicates in serum-ESCs, 2i-ESCs and EpiLSCs. Fold changes and significance were determined in bins of
5 kilobases (kb), 1 Mb up- and downstream of the viewpoint. Differential interactions consistent between replicates
are marked with asterisks (*P < 0.05, **P < 0.001, ***P < 1 × 10−5). The viewpoint position is marked with an eye
symbol. Differential interactions were calculated using the two-sided Wald test (DEseq2, adjusted P value < 0.1).
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To gain insight into how the regulatory interactions are stabilized in different states of
pluripotency, we examined the genome-wide occupancy of the structural proteins CTCF,
cohesin (SMC1) and YY1 in 2i-ESCs, serum-ESCs and EpiLSCs (Supplementary Fig. 3c).
We found that CTCF binding is highly preserved between the three ESC states with less
than 0.1% of sites showing differential binding (FDR < 0.05, fold change ≥ 2). In contrast,
SMC1 and YY1 showed more differential occupancy between 2i-ESCs and serum-ESCs
and to a greater extent between 2i-ESCs and EpiLSCs (Fig. 3a, b). Examining differentially
expressed genes revealed limited differential SMC1/YY1 binding; the majority of genes
with differential SMC1 binding were marked by H3K27me3 (70% of the genes in serumESCs and 55% in EpiLSCs; Fig. 3b, c). At non-H3K27me3-associated promoters, the
limited number of differential SMC1/YY1 sites correlated well with gene expression
but not with enhancer–promoter rewiring (Fig. 3d). These observations are in line with
the largely preserved chromatin interactions at differentially expressed genes and the
increased dynamics of chromatin interaction in EpiLSCs/EpiSCs.
We next asked whether the epigenetic make-up predicts the transcriptional output of
interactions in serum- and 2i-ESCs rather than enhancer–promoter rewiring. We quantified
epigenetic marks at distal elements that are connected to differentially expressed
genes and found that between the 2i and serum states, H3K27ac is the most dynamic
mark followed by ATAC-seq and RNA polymerase II (Fig. 3e). Deposition of H3K27ac
at enhancers significantly correlates with the RNA expression of connected promoters
(R = 0.68; Fig. 3f, g). Globally, this change in H3K27ac does not lead to concomitant
changes in chromatin interactions (Supplementary Fig. 3d). Even at highly dynamic
H3K27ac sites (displaying, on average, a 3.5-fold increase of H3K27ac in 2i-ESCs), only
a subtle difference in SMC1 and YY1 binding was evident between 2i- and serum-ESCs
(1.6-fold); this difference was further increased in EpiLSCs (2-fold; Supplementary
Fig. 3e). The level of H3K4me1, a mark for enhancers 1-3, is also highly similar between
the 2i and serum states (Fig. 3e). At a few sites that show differential H3K4me1 marking,
changes in H3K4me1 are significantly associated with changes in chromatin interactions
(Supplementary Fig. 3f).
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Figure 3: Epigenetic marking of enhancers and the association with differential gene expression.
A, The total number of identified CTCF, SMC1 and YY1 peaks. The percentage of differential peaks (fold
change ≥ 2, FDR < 0.05) is shown for each category. n = 41,630 CTCF peaks; n = 35,873 SMC1 peaks; n = 19,924
YY1 peaks. B, The number of CTCF, SMC1 and YY1 peaks overlapping the interaction anchors of differentially
expressed genes (promoters and enhancers). The percentage of differential peaks (fold change ≥ 2, FDR < 0.05)
is shown for each category. n = 3,282 CTCF peaks; n = 3,437 SMC1 peaks; n = 2,145 YY1 peaks. B, Percentage
of genes with differential and non-differential SMC1/YY1 binding at promoters. Genes with differential SMC1/
YY1 binding were separated into H3K27me3- and non-H3K27me3-associated genes. D, Differential SMC1
and YY1 occupancy and its association with differential gene expression and enhancer–promoter rewiring.
Differential SMC1/YY1 peaks occurring at the promoters of differentially expressed genes were selected.
Change in SMC1/YY1 occupancy was then correlated with change in gene expression and interaction of
the corresponding promoter. Each dot represents a unique enhancer–promoter interaction. At H3K27me3associated sites, increased SMC1 occupancy associates with increased intensity of chromatin interactions.
In other categories, change in SMC1/YY1 occupancy associates with differential gene expression but not with
enhancer–promoter rewiring. The n numbers represent genes and are stated in the graph. E, Deposition of
epigenetic marks at cis regulatory elements connected to differentially expressed genes (based on cHiC data).
For each enhancer, the intensity of epigenetic marks was calculated in serum- or 2i-ESCs. Each dot represents
one putative enhancer. F, Differential deposition of H3K27ac at promoters and enhancers highly correlates
with differential gene expression. For each gene, the H3K27ac signal was calculated across all connected
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enhancers (based on cHiC data). Change in H3K27ac in 2i- versus serum-ESCs was correlated with change
in RNA expression of the connected gene. Data points represent the average of n = 2 biological samples. G,
Genome browser views showing the epigenetic marking of enhancers/promoters for representative examples
of differentially expressed genes and genes associated with the H3K27me3 mark. The tracks represent merged
values from two highly similar biological replicates. In A,B,D, the FDR was computed using the two-sided Wald
test (DEseq2). In D,F, the R values represent Pearson’s correlation coefficient.

Epigenetic marking identifies distinct classes of 2i-enhancers
To identify the TFs that drive the epigenetic marking of enhancers in 2i-ESCs, we
generated a time-resolved map of enhancer activation during the serum-to-2i transition
(Supplementary Figs. 4 and 5 and Supplementary Table 4). On the basis of the overlap
between H3K27ac and ATAC-seq signals, we divided ATAC-seq sites into regions that lack
H3K27ac (E1) or sites that are marked by H3K27ac (E2; Fig. 4a). We next selected dynamic
enhancers (change in H3K27ac- or ATAC-seq signal) and defined three subclasses.
Dynamic E1 enhancers (n = 5,429) are DNA accessible and display low or no H3K27ac at
any time point analysed, are low in p300 (Fig. 4a–c and Supplementary Fig 4f) and have
low enhancer activity in transient transfection assays (Fig. 4d). Dynamic E2 (n = 6,643)
enhancers display a change in both H3K27ac and DNA accessibility, high enrichment
for p300, high H3K4me1/H3K4me3 ratios and high activity in transient reporter assays
(Fig. 4a–d and Supplementary Fig 4f). E2 sites display higher numbers of chromatin
interactions with target promoters and correlate better with gene expression as compared
to E1 enhancers (Supplementary Fig. 5a,b). Dynamic E3 (n = 2,364) enhancers are
H3K27ac regions with little to no DNA accessibility (ATAC-seq or DNase-I-seq) (Fig. 4a–c,
Supplementary Fig r4f and Supplementary Table 4). E3 sites are often located close
to E2 sites, suggesting that they are the tails of the H3K27ac signal on E2 enhancers
and they were not further investigated. Dynamic E1–E3 sites were further separated
into ‘2i-specific’ and ‘serum-specific’ sites and as a larger number of dynamic sites
were specific for the 2i state (Supplementary Fig. 5c), we further focused on 2i-specific
regulatory elements. We also examined the 2i-specific E1 and E2 sites during the 2i-toserum transition and observed that both sites rapidly lose their chromatin accessibility
on switching to serum-supplemented culturing (Supplementary Fig. 5d).
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Figure 4: Time-resolved enhancer activation during serum-to-2i ESCs transition.
A, Classification of the cis regulatory elements based on the overlap between ATAC-seq and H3K27ac signals.
Dynamic sites were further classified into 2i- and serum-specific cis-regulatory elements. The n numbers
represent enhancers and are stated in the figure. B, Average ATAC-seq and H3K27ac profiles of E1, E2 and
E3 distal regulatory elements. The signal in a ±5 kb window flanking the peak centre is shown. The n numbers
represent enhancers and are stated in the figure. C, Temporal changes of ATAC-seq and H3K27ac signals during
the serum-to-2i transition in the three classes of dynamic distal regulatory elements. Each dot represents one
putative enhancer region. E1 enhancers (black) mainly change ATAC-seq levels but maintain low H3K27ac
whereas E2 enhancers (green) change both ATAC-seq and H3K27ac levels during the serum-to-2i transition.
E3 enhancers (blue) show dynamic H3K27ac but have very low chromatin accessibility. D, Luciferase activity
of 2i-specific E1 and E2 enhancers in transient transfection assays. Cells were transfected with the reporter
constructs and cultured in serum or 2i medium for 24 h and employed for luciferase assay. Renilla luciferase
was employed for normalization and signal intensities represent Firefly-luciferase/Renilla-luciferase values.
The bars represent the means of n = 3 biological replicates.

At 2i-specific E2 enhancers, we found high enrichment of the nuclear receptor (NR) halfsite and to a lesser degree the KLF motif (Fig. 5a, b and Supplementary Fig. 5e). The
orphan NRs ESRRB and NR5A2 are the top expressed NRs in 2i-ESCs gaining expression
at day 1 of the serum-to-2i transition (Supplementary Fig. 5f) and hence are the most likely
factors binding at these NR motifs. The 2i-specific E1 enhancers were mainly enriched
in the TCF/LEF motif and were depleted for CTCF motifs (Supplementary Fig. 5e–g). We
observed high co-occurrence of ESRRB/NR5A2/KLF4 motifs at E2 enhancers that are
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connected to the well-known NANOG/OCT4/SOX2/TCF3/7 module 39,40 (Supplementary
Fig. 5h). In contrast to 2i-enhancers, serum-enhancers were mainly enriched for JUN/
AP1, ZFP281, TEAD and ZIC motifs (Supplementary Fig. 6a).

Figure 5: Motif enrichment and TF occupancy at enhancers.
A, Linear regression analysis connects all motifs to the change in H3K27ac signals. Motifs highly associated
with the epigenetic mark (both in regression coefficient and P value) are annotated in the figure. P values are
derived from the t-statistics associated with each motif and were adjusted for multiple testing using Benjamini–
Hochberg correction. The ATAC-seq and H3K27ac values represent the average of two biological replicates. B,
Random forest classification shows motifs that best separate E1 from E2 distal regulatory elements in 2iand serum-ESCs. B, Average profiles of H3K27ac, NR5A2, ESRRB and KLF4 in 2i-specific E1 and E2 distal
regulatory elements. Two thousand random ATAC-seq peaks were selected as a control. The signal in a ±5 kb
window flanking the peak center is shown. The n numbers represent enhancers and are stated in the figure. D,
Representative example for ChIP-seq tracks of different TFs and different epigenetic marks at the Prdm14 locus
(window size ≈ 200 kb). E, Genomic distribution of ESRRB, NR5A2 and KLF4 ChIP-seq binding sites in serumcultured ESCs and ESCs switched for 3 days to 2i medium; n = 9,721 ESRRB peaks, n = 18,135 NR5A2 peaks
and n = 13,920 KLF4 peaks. F, Correlation between TF occupancy in all of the distal ATAC-seq peaks (n = 39,891
ATAC-seq sites). TF occupancy was based on ChIP-seq experiments in 2i-ESCs. Profiles for each TF were centred
and scaled before correlation analysis.

To corroborate and extend that binding of ESRRB/NR5A2 and KLF4 is linked to enhancer
H3K27ac in 2i-ESCs, we examined the genome-wide binding of these TFs (Fig. 5c,d and
Supplementary Fig. 6b). Since the increase in H3K27ac is most prominent after 3 days of
serum-to-2i transition, chromatin immunoprecipitation sequencing (ChIP-seq) was carried
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out at this time point and was compared to that in serum-ESCs. The majority of ESRRB
(93%)- and NR5A2 (90%)-binding sites were detected at distal regions, whereas KLF4
sites were also frequently found at promoters (30–40%; Fig. 5e). Motif analysis performed
on the ChIP-seq binding sites confirmed the motif analysis prediction (Supplementary
Fig. 6c). We found that the highest occupancy and co-occurrence of the three TFs is indeed
detected at E2 enhancers that gain H3K27ac in 2i-ESCs (Fig. 5c–f and Supplementary
Fig. 6d). Note that both E1 and E2 sites showed comparable levels of NANOG, OCT4 and
SOX2 binding (Supplementary Fig. 6e, f), suggesting that binding of the core pluripotency
TFs does not discriminate the different types of 2i-enhancer. Recently, Esrrb was shown to
mediate the resetting of primed- to naive-state pluripotency (EpiSC to 2i-ESCs) by binding
and activating a subset of silent enhancers 41. Here we divided these ESRRB-binding sites
into E2- and non-E2-type enhancers and observed a significantly higher level of ESRRB at
E2 enhancers (Supplementary Fig. 7a), reinforcing the conclusion that E2 enhancers are
strongly occupied by ESRRB in ground-state pluripotency.
Taken together, these findings suggest that 2i-specific E2 enhancers marked by elevated
H3K27ac are highly enriched for the ESRRB/NR5A2 TFs.
ESRRB activates an extensive network of enhancers and mediates enhancer H3K27
acetylation in 2i-ESCs
To gain functional insights into the role of Esrrb and Nr5a2 in 2i-ESCs, we depleted
the TFs during the serum-to-2i transition by employing tamoxifen (4-OHT)-inducible
conditional Esrrb- or Nr5a2-knockout ESCs (Fig. 6 and Supplementary Fig. 7b, c). We
found that Esrrb−/− ESCs lose self-renewal and proliferation capacity and substantial cell
death occurred around 72 h of 2i-transition (Fig. 6a). In contrast, Nr5a2−/− ESCs maintain
self-renewal and colony formation capacity in 2i medium to a similar degree as wild-type
control cell (Supplementary Fig. 7c). H3K27ac was significantly decreased at 2i-specific
E2 enhancers in Esrrb- but not in Nr5a2-depleted cells (Fig. 6b). Decreased H3K27ac was
mainly observed at E2 enhancers with ESRRB-binding sites but not in other 2i-specific
E2 nor in non-dynamic enhancers (Fig. 6c). Accordingly, E2 enhancers show lower
enhancer activity in Esrrb-depleted ESCs (Supplementary Fig. 7d). Depleting Esrrb also
led to downregulation of many genes associated with naive pluripotency (Supplementary
Fig. 7e). Depleting Esrrb in fully adapted 2i-ESCs also reduced H3K27ac and compromised
ESC survival and proliferation (Fig. 6a and Supplementary Fig. 7f). Thus, Esrrb appears
essential for activation of 2i-specific enhancers during the transition from the serum to
2i state and for maintaining the activity of these sites in 2i cells. A milder effect was
observed following Esrrb depletion in serum-ESCs, which display a minimal activity at
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E2 enhancers (Supplementary Fig. 7f). Collectively, these data support an essential and
key role for Esrrb at 2i-specific enhancers whereas Nr5a2 appears to be dispensable.

Figure 6: ESRRB is associated with enhancer H3K27ac in the 2i state.
A, Representative microscopic pictures and proliferation assay of control ESCs or ESCs depleted for Esrrb. Cells
were treated with tamoxifen for 48 h and cell proliferation was then assessed for 72 h in serum, 2i or EpiLSC
medium. Scale bar, 100 µm. Proliferation assay graphs represent the mean ± s.d. of n = 3 biological replicates.
The experiment was performed twice with similar results. B, Average profile of H3K27ac on different enhancers
from ESCs depleted for Nr5a2 or Esrrb and cultured for 72 h in 2i medium with or without tamoxifen (4-OHT).
The signal in a ±5 kb window flanking the peak center is shown. The n numbers represent enhancers and are
stated in the figure. C, Average profile of H3K27ac in E2 enhancers with or without ESRRB-binding sites (ChIPseq data generated in 2i-ESCs were used to define ESRRB binding). The n numbers represent enhancers and
are stated in the figure. D, Representative examples of enhancers that lose H3K27ac following Esrrb depletion.
The tracks represent merged values from two highly similar biological replicates.
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Restoring the ESRRB motif restores ESRRB binding and H3K27ac
A confounding effect of cell death and differentiation on reduced enhancer H3K27ac,
however, cannot be excluded in the Esrrb-depleted cells. To provide direct evidence for
the role of Esrrb in enhancer H3K27 acetylation, we therefore employed F1 hybrid ESCs
(129 × castaneus cross 42,43) and mapped H3K27ac reads to either 129 or castaneus
alleles by using polymorphic sites (single nucleotide polymorphisms (SNPs)). We found
that ~23% of all enhancers (4,701 enhancers) show imbalance in H3K27ac (>2-fold)
in either the 129 or castaneus alleles, hereafter referred to as mono-allelic enhancers
(examples are shown in Fig. 7a). Among mono-allelic enhancers, 1,023 are located in
2i-specific E2 sites. ChIP-seq analysis revealed differential binding of ESRRB between
the two alleles at these enhancers (2i-specific enhancers with imbalance in H3K27ac)
and ESRRB binding correlated well with the H3K27ac signal (Fig. 7b and Supplementary
Fig. 7g). E2 enhancers with equal allelic H3K27ac did not show imbalance in ESRRB
binding. In addition, sequencing of input DNA confirmed similar read coverage of SNPs in
both alleles excluding preferential mapping of sequencing reads to one of the two alleles
(Supplementary Fig. 7g).
To corroborate whether Esrrb is functionally linked to H3K27ac in 2i-ESCs, we used
CRISPR–Cas9 to restore an ESRRB-binding site within a mono-allelic enhancer of the
castaneus allele. Restoring the SNPs within the NR motif fully restored ESRRB binding and
enhancer H3K27ac in an allele-specific manner (Fig. 7c). These findings strongly suggest
that ESRRB binding is directly linked to enhancer H3K27 acetylation and support a direct
role for ESRRB in activating 2i-specific enhancers.
Finally, we asked whether restoring ESRRB binding and enhancer H3K27ac affects the
chromatin interactions. We performed 4C-seq in two biological replicates of control (F1)
and CRISPR-clone ESCs and analysed the 4C-seq data in an allele-specific manner. If
reduced H3K27ac at the castaneus allele weakens its interactions, restoring the ESRRB
sites and concordant H3K27ac would result in more interactions. However, we found that
chromatin interactions are independent of the H3K27ac state in the examined enhancer:
both the castaneus and 129 alleles showed comparable chromatin interactions in the
engineered and control ESCs (Fig. 7d). Taken together, these findings show that ESRRB
activates 2i-enhancers within a pre-established network of chromatin interactions.
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Figure 7: Allele-specific enhancer H3K27 acetylation.
A, Representative examples of enhancers with H3K27ac imbalance at castaneus or 129 alleles in F1 ESCs cultured
for three days in 2i medium. Similar patterns were obtained in two independent experiments. B, A scatter plot
showing the global correlation between H3K27ac and ESRRB ChIP-seq signals at enhancers with H3K27ac
or ESRRB imbalance. ChIP-seq was performed in one replicate of F1 ESCs. n = 1,226 individual enhancers;
the R values represent Pearson correlation coefficients. C, Schematic representation of the candidate enhancer
employed in the CRISPR experiment. SNPs within the NR motifs (underlined sequences) were altered in F1 cells
from the castaneus to 129 genotype using targeted CRISPR–Cas9 (SNP positions: chr13: 112331559 and chr13:
112331577). The bar plots show the levels of H3K27ac and ESRRB (SNP-read counts) at 129 and castaneus
alleles in parental F1 ESCs and the restored CRISPR clone. Experiments were performed in ESCs transferred
from serum-to-2i medium for three passages. Genomic interval: chr13: 112243875–112379294. D, A genome
browser view of 4C-seq experiments performed with F1 ESCs and the restored CRISPR clone cultured for three
passages in 2i medium. The tracks represent the average of two independent 4C-seq experiments. The bar plots
show the 4C-seq signal (SNP-read counts) measured in different genomic windows flanking the 4C-seq bait and
represent the mean of n = 2 biological replicates. Genomic interval: chr13: 112214936–112587520.
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Discussion
We set out to obtain comprehensive insights into the principles of gene expression and
enhancer regulation in two states of naive ESCs: the 2i- and serum-ESCs. We provide a
detailed map of enhancer–promoter interactions in these ESCs and find that genomic
interactions as present in the 2i ground-state ESCs remain preserved when compared
to the early committed serum-ESCs. At some of the examined loci enhancer–promoter
rewiring becomes more evident in primed-state pluripotency. Our data concur with
the recently proposed model of ‘hubs and condensates’ which suggest that enhancer–
promoter proximity is not sufficient to elicit differential gene activation (reviewed in
Furlong and Levine 44). In these pre-formed hubs, enhancers are bridged to the proximity
of their target promoters. TF binding or post-translational modifications downstream of
signaling pathways can stimulate the direct contact of enhancers and promoters and
trigger gene expression. The largely preserved binding of CTCF, SMC1 and YY1 and the
stable H3K4me1 mark 3,8,27,45 between serum- and 2i-ESCs are likely to provide a scaffold
for enhancer–promoter ‘kissing’ 46,47, without changing the overall 3D chromatin structure.
In primed-state pluripotency, we observed a more evident change in SMC1 and YY1
binding. It is tempting to speculate that the changes in SMC1 and YY1 occupancy might
be associated with the changed enhancer–promoter rewiring in EpiLSCs. It is important to
mention that the correlation between differential gene expression and dynamic chromatin
loop formation may depend on the cellular context. Recent studies in somatic cells 6,8,10 and
the developing fly embryo5 provide other examples of dynamic gene expression within
pre-existing/stable chromatin interactions. In contrast, enhancer–promoter contacts are
changing during ESC differentiation (that is, when leaving the pluripotent state) or during
somatic cell reprogramming 27,30,32-35,48,49.
Given that extensive gene expression changes between 2i- and serum-ESCs take place
without significant chromatin rewiring, we measured the different epigenetic marks at
enhancers and found that changes in H3K27ac and chromatin accessibility are good
predictors of differential gene expression. On the basis of these two marks, we defined
distinct classes of 2i- and serum-specific enhancers and find that binding of OCT4, SOX2
and NANOG does not distinguish the different classes of 2i-enhancers. Instead, motifs
of the NRs ESRRB and NR5A2 significantly correlate with 2i-specific enhancers that are
highly marked by H3K27ac; depleting Esrrb but not Nr5a2 resulted in loss of H3K27ac at
these enhancers and compromised ESC self-renewal. These observations suggest that
ESRRB and NR5A2 may interact and recruit different co-regulators in mouse ESCs.
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Our model in which ESRRB activates an extensive network of 2i-specific enhancers
via epigenetic modification (that is, increased H3K27ac) is in line with and extends the
recent observations by Adachi and colleagues 41. In this report, ESRRB was shown to
act as a pioneering factor during EpiSC to 2i-ESC resetting, by binding and activating
silent enhancers via increased DNA accessibility. Importantly, Adachi et al. observed that
ESRRB-binding sites gain H3K27ac in ESCs compared to EpiSCs.
Using F1 hybrid ESCs, we exploited naturally occurring polymorphic sites that attenuate
ESRRB binding and enhancer H3K27ac. We show that the imbalance of H3K27ac between
the two alleles is highly correlated with ESRRB binding and that restoring ESRRB binding
restores enhancer H3K27ac in the 2i state. Our findings suggest that ESRRB is directly linked
to enhancer H3K27ac in 2i-ESCs. Finally, we showed that enhancer activation via H3K27
acetylation can take place within a pre-established network of chromatin interactions.
Taken together, our findings suggest a model of a hardwired network of chromatin
interactions that provides a permissive platform for TF binding and enhancer activation
enabling a rapid transcriptional response to signaling pathways. Further, we provide
insights into the elusive function of Esrrb in ESCs and show that ESRRB activates an
extensive network of cis regulatory elements in ground-state pluripotency.

Methods
ESCs culture
E14Tg2a (E14) ESCs were cultured in standard culture medium on gelatin-coated dishes
without feeder cells. For serum culture, Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum, L-glutamine (2 nM), Na pyruvate (1 mM), nonessential amino acids (0.1 mM each), penicillin/streptomycin, 2-mercaptoethanol (55 µM)
and LIF (1,000 U/ml, Millipore) was used. For serum-free 2i culture, NDiff 227 medium
(StemCells, Inc.) supplemented with the MEK inhibitor PD0325901 (1 μM), the GSK3 inhibitor
CHIR99021 (3 μM) and LIF (1,000 U/ml, Millipore) was used. For EpiLSC differentiation, 2iESCs were seeded at ~15,000 cells/cm on fibronectin (10 μg/ml)-coated dishes and in NDiff
227 (StemCells, Inc.) supplemented with penicillin/streptomycin (Gibco), 20 ng/ml activin-A
(R&D systems), 12 ng/ml bFGF (R&D systems) and 1% knockout serum replacement (Gibco),
and cells were maintained for 72 h in this culture. Inducible Nr5a2-null ESCs were provided
by H. Niwa (RIKEN Center for Developmental Biology, Japan). Cells were confirmed for
the correct deletion using PCR. Inducible ESRRB-null ESCs were provided by A. Smith
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(Wellcome Trust-MRC Cambridge Stem Cell Institute, University of Cambridge, UK). For CRErecombination, cells were treated with 4-hydroxy tamoxifen (0.5 μM) for 2 days. F1 hybrid
ESCs were provided by J. Gribnau (ErasmusMC, the Netherlands) and were maintained in
serum-supplemented medium for routine culture and CRISPR–Cas9 editing or transferred
to 2i medium for three days for ChIP-seq and 4C-seq experiments.
RNA-seq analysis
For RNA-seq, total RNA was subjected to ribosomal RNA depletion using the RiboZero Gold kit (Epicentre) and samples were then employed for first- and second-strand
complementary DNA synthesis and using dUTP for strand-specificity 50. Sequencing
libraries were prepared using the KAPA Hyperprep kit (Roche 07962363001) according
to the manufacturer’s instructions. FASTQ files were aligned against mouse rRNA, transfer
RNA, small nuclear RNA, small nucleolar RNA and mitochondrial RNA sequences using
Bowtie 51 to deplete these types of small RNA contamination in the sequenced libraries.
The processed files were mapped against the mouse genome (mm9) using GSNAP 52 with
the following parameters: -B 5 -t 15 -N 1 -E 100 -w 100,000 -n 10 -s mm9refGene_
splice. Aligned reads were assigned to messenger RNAs and counted using HTseqcount 53 with the following settings: -m union -s reverse -t exon. DESeq 54 was used to
normalize for library size and call differentially expressed genes. Genes with normalized
read count ≥ 100, fold change ≥ 3 and adjusted P < 0.05 in at least one time point were
considered differentially expressed.
Genome-wide capture HiC in serum and 2i
We used capture HiC targeting DNAse-I-hypersensitive sites in serum- and 2i-mouseESCs, as previously described 18. Four consecutive DpnII fragments were merged into
1,603,823 pseudo-fragments with a median length of 1,439 bp allowing for a higherresolution interaction map than previously reported (Joshi et al. 18). Significant interactions
were called using CHICAGO 18,37 using a strict significance cutoff (CHICAGO score ≥ 7 and
≥ 4 reads in both replicates). Next, interactions for which both the ‘baited end’ and the
‘other end’ (referred to as a bait–oe pair) were within 2 kb of either an ATAC-seq or CTCF
peak were kept (see Supplementary Fig. 1c). Reads of interactions connecting the same
two (ATAC-seq/CTCF) peaks were summed.
Read counts were normalized using DEseq2 55 in four distance categories (<25 kb,
25–100 kb, 100–300 kb and >300 kb) to mitigate the signal and dispersion bias caused
by proximity ligation. Interactions with adjusted P value < 0.1 were considered differential.
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Classification of putative regulatory elements with ChromHMM
ChiP-seq data sets for histone marks and transcriptomes (see Supplementary Table 1)
available in 2i and serum were used with ChromHMM 56 to assign discrete chromatin states
to 100 bp bins across the genome. ATAC-seq peaks were assigned the chromatin state
that overlapped the peak most. CTCF peaks were always assigned to chromatin state 1
(CTCF-binding site).
Defining insulated neighborhoods
To find insulated neighborhoods, all significant interactions between two CTCF-binding
sites that were both classified as ‘strong’ (posterior probability > 0.5) were considered.
Loops with fewer than 5 encapsulated interactions, no gene or larger than 1 Mb were
discarded. We computed the insulation score as the cumulative normalized read count of
interactions within a neighborhood divided by the cumulative normalized read count of any
interaction that has at least one interaction anchor in the neighborhood. These summed
interaction counts within a neighborhood were used to find differential neighborhoods
between serum and 2i using DESeq2.
ChIP-seq
For ChIP-seq experiments we used the previously described BLUEPRINT protocol (see www.
blueprint-epigenome.eu). Two biological samples were employed per time point. Briefly, cells
were fixed in culture medium supplemented with 1% paraformaldehyde and sonicated on a
Bioruptor Pico sonicator (Diagenode). Collected chromatin was pre-cleared and chromatin
fractions corresponding to 500,000 cells were then incubated with 1 µg of antibody. For
TF-ChiP-seq, 15 million cells were used per ChIP with 10 μg antibody and 3 ChIP samples
were pooled to yield chromatin for 45 million cells per TF. Antibody–chromatin complexes
were incubated with protein-A/G magnetic beads, eluted, de-crosslinked and used for library
construction using the KAPA Hifi kit. Antibodies included: GFP (ab290, Abcam), H3K27ac
(Diagenode C15410196), CTCF (Millipore, 07-729), SMC1 (Bethyl, A300-055A), YY1 (Active
Motif, 61779) and ESRRB (Perseus Proteomics, PP-H6705-00).
ATAC-seq
ATAC-seq experiments were performed in serum, 2i8h, 2iDay1, 2iDay3, 2iDay7 and 2i
(n = 2 per time point) using 50 thousand cells per sample57. Briefly, cells were lysed in
50 μl of cold lysis buffer (10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, 1% IGEPAL)
and the nuclei were re-suspended in the transposition reaction mix (22.5 μl TD buffer,
2.5 μl Tn5 transposase, 25 μl nuclease-free water) and incubated for 30 min at 37 °C. DNA
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was purified and PCR-amplified using Nextera-indexed primers. Amplified DNA was then
size-selected (bp) and sequenced.
ATAC-seq and ChIP-seq data analysis
Reads were mapped against the mm9 reference genome using Bowtie2 51. Reads with
MAPQ < 15 were discarded, PCR duplicates were removed with PicardTools and only
paired fragments were kept (in the case of paired-end sequencing). Peaks were called
using MACS2 58 with default settings. An in-house script was employed to count reads
under peaks. DESeq 55 was used for normalization and differential peak calling (fold
change ≥ 3 and adjusted P < 0.05). Peaks with fewer than 25 reads in all time points were
discarded from further analysis; we defined promoters as the [−2,000 bp transcription
start site + 500 bp] region. Peaks not overlapping promoters were assigned as putative
enhancers. Tag densities and average profiles (reads per kilobase of transcript per million
mapped reads (RPKM) values) were computed in 100 bp bins flanking the peak centre by
5 kb and visualized using fluff 59.

5

Defining E1–E3 distal regulatory elements
E1–E3 regions were defined by the overlap of ATACs-seq and H3K27ac peaks: ATAC-seq
peaks were defined as E2 when a H3K27ac peak was found within 4 kb of the ATAC-seq
peak summit, or E1 otherwise. H3K27ac peaks without overlapping ATAC-seq peak were
defined as E3 regions. For E1 and E2 regions, we calculated the ATAC-seq signal (RPKM)
under the ATAC-seq peaks and the H3K27ac signal (RPKM) in 4 kb windows flanking the
ATAC-seq peak summit. For E3 regions not overlapping ATAC-seq peaks, the ATAC-seq
signal (RPKM) in a 500 bp window flanking the H3K27ac peak summit was computed.
Motif enrichment analysis and clustering
Homer 60 was used to find over-represented motifs in differential ATAC-seq peaks of the
E1 and E2 putative enhancers using all ATAC-seq peaks as background. Furthermore,
motifs not enriched in the ATAC-seq relative to a random genomic background or with high
abundance in random regions (>35%) were discarded. We used TomTom 61 to compute
the similarity between motifs. −log10-transformed q values were used as edge weights.
Edge weights for q values ≥ 0.01 were set to 0. Next, similar motifs were clustered using
the ‘cluster_fast_greedy’ function implemented in the R package ‘igraph’.
Motif regression analysis
To test which TFs have the highest association with the differential ATAC-seq or H3K27ac
signal, we fitted the differential signal using motif presence/absence as predictors.
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Regression coefficients and adjusted P values (Benjamini–Hochberg 62) were plotted for
the most predictive motifs.
Feature importance for E1 and E2 enhancer classes
To find the TFs that best distinguish E1 from E2 enhancers, a random forest and a
partial least squares classifier were trained to discriminate E1 from E2 peaks and upfrom downregulated peaks in a binary (two class) classification setting. Enhancer peaks
were split into a training set (70%) and a test set (30%), using motif presence (0 or 1) as
features. Training was performed with the ‘caret’ R package using repetitive (five times)
tenfold cross-validation at each time point in the 2i transition. To prevent classification bias
towards the larger (E1) class, equal numbers of peaks were sampled from both classes
in each cross-validation fold.
Luciferase assay
DNA fragments (~500 nt, see Supplementary Table 5) were amplified by PCR and cloned
into PGl4.24 (Promega) plasmid. Three randomly selected genomic regions were used as
controls. All constructs were sequenced for validation. For the luciferase assay, E14 ESCs
were seeded in serum medium and 24-well plates and were transfected with 400 ng fireflyluciferase and 40 ng SV40-Renilla-luciferase DNA using Lipofectamine 3000 reagent
(Thermo Fisher Scientific). The medium was refreshed with serum- or 2i-supplemented
medium the next day and cells were collected after 24 h for the luciferase assay. The
luciferase assay was performed using Dual-Luciferase (Promega) according to the
manufacturer’s instructions.
Generating GFP-tagged KLF4, ESRRB and NR5A2 for ChIP-seq analysis
To test the genome-wide binding of ESRRB, NR5A2 and KLF4, we generated BAC lines
expressing the carboxy terminally GFP-tagged proteins as described previously by Poser
et al. 63. BAC constructs were prepared using NucleoBond BAC-100 columns (MachereyNagel) and were transfected in E14 ESCs using Lipofectamine 3000 reagent (Thermo
Fisher Scientific). Stable cell lines were generated, screened for GFP expression and
clones with low expression of the tagged proteins were selected. Two independent clones
per TF were used for ChIP-seq experiments. ChIP-seq experiments were performed and
analysed as described above. Reads from both clones were averaged.
Cell proliferation assay
EsrrbF/F;Cre-ERT2 cells were cultured in serum medium with or without 4-hydroxy
tamoxifen (0.5 μM) for 2 days. Cells were then passaged and seeded in 12-well plates in
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serum or 2i medium without 4-hydroxy tamoxifen. The next day, cells were washed with
PBS, counted and used as time point 0. Cells were counted after 1 and 2 days (48 h and
72 h post-seeding) and were compared to time point 0 for normalization. All experiments
had three biological replicates.
Allele-specific enhancer analysis
For allele-specific mapping, we used known polymorphic sites between 129 and
castaneus mouse strains that include a total of 20,785,351 polymorphic sites 64. Mapping
of sequencing tags was performed as described previously 64. In short, FASTQ files were
mapped using GSNAP version 2011-03-10 (GSNAP SNP-tolerant mapping; flag –v). Only
uniquely aligning tags were considered for further analysis. We then filtered for SNPs that
are covered by at least 5 sequence tags in H3K27ac or ESRRB ChIP-seq libraries and in
129 or castaneus genomes to yield 588,662 high-confidence SNPs. To define mono-allelic
enhancers, all enhancers (based on H3K27ac, n = ~32,000 sites) were intersected with
the high-confidence SNPs. The SNP sequencing tags were then summed per enhancer for
129 and castaneus alleles. We used only enhancers with at least 50 summed tag counts
in 129 or castaneus genomes, yielding ~20,000 enhancers. Mono-allelic enhancers were
then called if they show ≥2 or ≤ 2 fold change in summed-read-counts per enhancer and
with at least 10 summed-read-counts in both 129 and castaneus genomes, resulting
in 4,701 mono-allelic enhancer calls. To compute SNP sequencing tag coverage within
ESRRB sites, ESRRB peaks (P value 1 × 10−8) were intersected with high-confidence SNPs
as described above and reads were summed per ESRRB peak for different SNPs. Counts
were converted to RPKM to normalize for sequencing depth and peak length.
CRISPR–Cas9 SNP exchange
To restore the polymorphic sites within the examined enhancer (chr13: 112329120–
112333075), guide RNAs (gRNAs) were designed using the online CRISPR design tool
(http://crispr.mit.edu). A gRNA in which the PAM sequence was located 46 nucleotides
upstream of the first targeted SNP was further selected and the forward and reverse
oligonucleotides (Supplementary Table 5) were cloned into pSpCas9 (BB)-2A-mcherry
plasmid (Addgene 64324). F1 hybrid cells were cultured in serum medium and were
transfected with 1 μg of the CRISPR–Cas9 plasmid and 20 pmol of the single-stranded
oligodeoxynucleotide (Supplementary Table 5). Cells were then FACS-sorted for
mCherry using a BD FACSARIA III cell sorter and seeded at a low density (5,000 cells
in a 10-cm dish). Single-cell colonies were picked, expanded and screened for the 129
and the castaneus polymorphic sites using allele-specific PCR (primers described in
Supplementary Table 5). Clones that showed homozygosity within the polymorphic sites
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located in the ESRRB motif (were positive for the 129 SNPs and negative for castaneus
SNPs) were further expanded and validated by Sanger sequencing. A clone that was
correctly restored for two SNPs within the ESRRB motif (became homozygous for the
129 allele in these two sites) but that had retained heterozygosity in the adjacent SNPs
was further expanded and employed in follow-up experiments.
4C-seq
4C-seq experiments were performed as described previously 65 with minor modifications.
Briefly, 10 million cells were crosslinked for 10 min with 2% paraformaldehyde in ESC
culture medium, quenched with glycine and lysed in 30 ml lysis buffer (10 mM Tris pH 7.5,
10 mM NaCl, 0.2% NP-40, 1× protease inhibitors) for 30 min at 4 °C. Nuclei were then
incubated with 0.25% SDS for 30 min in NEB buffer3 followed by Triton X-100 treatment for
30 min, both at 37 °C. Nuclei were then digested with 700 U DpnII enzyme (NEB) overnight
at 37 °C. Enzyme was inactivated at 65 °C for 15 min followed by ‘in nuclei’ ligation at 16 °C
with 2,000 U T4 ligase (NEB) 66. Samples were then treated with protease K and RNAseA
and DNA was purified by phenol–chloroform (Sigma: 77618-500 ml). DNA was further
digested with 50 U BfaI, and purified with QIAquick PCR purification columns followed by
a second ligation at 16 °C. Next, 1,000 ng of 4C-seq library was amplified with bait-specific
inverse primers using the Expand Long template PCR system (Roche 11759060001) for
28 PCR cycles (Supplementary Table 1). PCR products were then purified and 50 ng DNA
was used for library preparation using KAPA Hyperprep kit (Roche 07962363001) and 5
PCR cycles. Libraries were sequenced on the Illumina NextSeq500 to obtain paired-end
sequences of 50 bp.
4C-seq data analysis
Forward or reverse PCR primers from the paired-end sequenced FASTQ files were
trimmed with cutadapt allowing a 10% mismatch: cutadapt -g [primer_seq] -O [primer_
length -2] -e 0.1 --discard-untrimmed. Trimmed reads were mapped to the mm9 reference
genome using Bowtie2 with the option ‘very-sensitive’. Low-quality reads (MAPQ < 10)
were discarded. The FourCSeq package 67 was used to map reads from the forward and
reverse PCR primer to valid restriction sites. Next, reads per restriction fragment were
summed. For visualization, counts were smoothed using a running median with k = 7
bins. For differential analysis, read counts were summed in bins of 5 kb surrounding the
viewpoint (up to 1 Mb up- and downstream). DESeq2 was used for normalization and
differential interaction calling, using a local dispersion fit. Bins with low read coverage
(see Supplementary Table 3) were discarded.
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Western blot analysis
ESCs were lysed in RIPA buffer supplemented with a cocktail of protease inhibitors
(11836170001, Roche). Lysates were loaded on 12% SDS–PAGE gel and transferred onto
PVDF membrane. Blocking was performed at room temperature in 5% non-fat milk. Blots
were subsequently incubated with primary antibodies overnight at 4 °C and with HRP-labelled
secondary antibodies for 60 min at room temperature. Primary antibodies employed in western
blot analysis included: GAPDH (Abcam, Ab8245) and ESRRB (Perseus Proteomics, PP-H670500). Secondary antibodies included: HRP–rabbit anti-mouse (Dako, P0161) and HRP–swine
anti-rabbit (Dako, P0217). The signal was detected using the ECL kit (Pierce, 32106).
Allele-specific 4C-seq analysis
To map 4C-seq reads in an allele-specific manner, we first generated castaneus- and
129-specific genomes by replacing SNPs in mm9 chromosome 13. We then used the
method described in ref. 68 to analyse the 4C-seq data. In short, we first used 129- and
castaneus-specific Fasta files to generate reduced genomes based on 22 bp fragments
upstream and downstream of the DpnII restriction sites or 21 bp fragments upstream and
downstream of the BfaI sites. 4C-seq reads were trimmed for the PCR primer to generate
22 bp reads for DpnII mapping and 21 bp reads for BfaI mapping and reads were then
mapped against 129 and castaneus reduced genomes using Bowtie2 with 0 mismatch
and the following parameters: -N 0 -L 22 -5 20 --end-to-end --score-min C,0,0 --no-1mmupfront (the same parameters but –L 21 were used for BfaI mapping).
Mapped reads were converted to BedGraph format. The undigested and self-lighted
fragments were removed as described in Raviram et al. 68 and the final BedGraph files
from DpnII and BfaI mapping were merged and used to generate the virtual-4C-seq tracks
for the genome browser (‘total’ 4C-seq reads that contain both allele-specific and shared
reads). To select for allele-specific reads, the BedGraph files were then intersected with all
known polymorphic sites between 129 and castaneus mouse strains (a total of 20,785,351
polymorphic sites 64). All 4C-seq experiments were performed in two biological replicates
for the F1 parental line and the CRISPR-clone with a restored ESRRB motif.
Statistics and reproducibility
R version 3.5.1 on Ubuntu 16.04.5 LTS was used for statistical analyses. Error bars, P values
and statistical tests are reported in the figure legends. Statistical tests included paired
or unpaired two-tailed Student’s t-test, Fisher’s exact test, Wilcoxon rank-sum test, ‘N-1’
Chi-squared test, Pearson correlation and Wald test. All experiments were performed
independently at least two times unless otherwise indicated.
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Reporting Summary
Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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Table S1 List of new generated samples and public data used in this study.
Table S2 Normalized RNA expression at different time points of serum–2i transitions.
Table S3 Total and differential cHiC interactions in serum- and 2i-ESCs and the statistics
of 4C-seq libraries.
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SMC1, ESRRB, NR5A2, KLF4 peaks.
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Table S6 Statistics source data.
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Figure S1: cHiC in serum- and 2i-ESCs.
a) Gene ontology analysis of genes assigned to PC1 (n=945 genes) and PC2 (n=599 genes). b) Robust K-means
clustering (PAM) of differentially expressed genes in the serum-to-2i and the reverse transition (left part).
Heatmap showing enrichment of genes assigned to each K-means cluster in different stages of pre-implantation
embryos (right part). N number indicated in the panel represents genes. c) Schematic representation of the
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cHiC analysis for the 340,000 pairwise interactions. Interactions were constrained to have a regulatory
element (ATAC-seq peak or CTCF binding site) within 2 kb of both interaction anchors. The interaction network,
constrained to interacting regulatory elements, contained ~135,000 distinct pairwise interactions. d) The
promoter interaction intensity (sum of reads of all interactions with that promoter) in our cHiC data is in good
agreement with published promoter capture in serum ESCs, n=11,842 promoters, R-values represent Pearson’s
correlation coefficient. e) ChromHMM-based segmentation of the mouse genome using six chromatin states
revealed CTCF binding sites, weak- and strong regulatory elements, H3K27me3-marked regions and actively
transcribed gene bodies. The other state has none of the studied marks. f) Assignment of each interacting
anchor site to corresponding ChromHMM states. Sites within 2 kb of a TSS were assigned as promoters.
Promoter regions with H3K27me3 are colored in yellow. Strong and weak distal elements were combined and
assigned as enhancers. g) Pairwise combinations of anchors assigned to one of the main chromatin states: CTCF,
weak-element, strong-element or H3K27me3 region located in promoter or distal sites. Circle sizes correspond
to numbers of interactions and colors represent the interaction intensities. In a-b FDR was computed using
Hypergeometric tests with Benjamini-Hochberg correction.
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Figure S2: Characterizing the chromatin interactions in serum- and 2i-ESCs.
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a) The percentage of differential chromatin interactions (y-axis) detected per category using different fold
change cutoffs (x-axis). Decreasing the fold-change cutoff does not significantly increase the number of
differential interactions for non-H3K27me3-associated loci. b) Insulated neighborhoods are highly similar
between serum- and 2i-ESCs. The cumulative sum of all cHiC interaction-reads covered within an insulated
neighborhood is shown. N number indicated in the panel represents insulated neighborhoods. R-values
represent Pearson’s correlation coefficient. Differential insulated neighborhood was computed using two
sided Wald tests (DEseq2) and adjusted for multiple comparison using Benjamini-Hochberg correction. c) The
insulation scores of strong and week CTCF loops are similar between serum- and 2i-ESCs. p=2.1e-107 (ser)
and p =8.5e−113 (2i), Wilcoxon rank-sum test (two-sided). n=11,441 strong-strong and n=5,222 weak-weak
boundaries. Box=5-75th percentile; bar=median; whiskers=5-95th percentile. d) The sum of interaction reads
of all connected enhancers per promoter is highly similar between serum- and 2i-ESCs with the exception of
H3K27me3-associated promoters. Circle size: number of interactions per promoter. n=250 up-regulated and
n=250 down-regulated genes, R-values represent Pearson’s correlation coefficient. e) Scatter plots showing the
intensities of promoter interactions for the 250 most induced genes in serum- and 2i-ESCs. Even after increasing
the CHICAGO-score and read count cutoff, the vast majority of non-H3K27me3-associated genes show similar
interactions in serum- and 2i-ESCs. Genes with differential interactions (FDR < 0.1) mainly encompass genes
decorated by H3K27me3 (shown in blue). f) Grid analysis of the number of significant interactions found by
increasing the interaction read count (x-axis) and CHICAGO significance threshold (y-axis). While the number
of interactions rapidly decrease (panel 1, blue), the number of differential interactions remains low, but may
increase due to a lower multiple correction penalty (panel 2, green). Increasing the read and score cutoff resulted
in a minor increase in the number of differential non-H3K27me3 interactions (panel 3, yellow). Increasing the
CHICAGO significance threshold biased towards long-range interactions, dominated by CTCF-CTCF loops (panel
4, red). Increasing the read count cutoff biased the analysis towards short-range interactions, which have a
higher proximity ligation background. g) Scatter plots showing the intensities of promoter interactions for
the 250 most induced genes in serum- and 2i-ESCs across different biological replicates. Similar interaction
intensity in both culture conditions is observed even after increasing the sequencing depth five-fold. R-values
represent Pearson’s correlation coefficient. n=250 genes
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Figure S3: Association of chromatin interactions and the occupancy of CTCF, SMC1, YY1
and H3k4me1.
a) Representative examples of chromatin interactions for a gene upregulated in 2i-ESCs (Ablim2) and a gene
upregulated in serum-ESCs (c-Myc). Promoter-mediated cHiC interactions are shown in blue. 4C-seq profiles
display the running median of 7 DpnII fragments. Dots represent the mean and error bars show the SEM
based on n=4 biological replicates in serum-ESCs, 2i-ESCs and EpiLSCs. Fold-changes and significance were
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determined in bins of 5 kb, 1 Mb up- and downstream of the viewpoint. Differential interactions consistent
between replicates are marked with asterisks (p < 0.1, * p < 0.05, ** p < 0.001, *** p < 1e-5; Two sided Wald
test (DEseq2)). The viewpoint position is marked with an eye symbol. b) Normalized promoter cHiC interaction
intensities of 10,211 genes in serum-ESC and EpiSCs (see text). The majority of the genes (85%) have no
differential interactions. The 250 genes most up- or downregulated in the serum-to-2i transition also display
few differential interactions between serum-ESCs and EpiSCs. Moreover, most differential interactions are
found at promoters associated with H3K27me3 in serum-ESCs. c) Pearson correlation between biological
duplicates employed in ChIP-seq analysis. Numbers in the graph indicate Pearson correlation coefficients.
n=41630 CTCF_peaks, 35873 SMC1_peaks,19924 YY1_peaks. d) Change in H3K27ac level across interactionanchors does not correlate with change in cHiC interactions. n=8,016 differential E2 peaks (involving 56,451
significant pairwise interactions), R-value represents Pearson’s correlation coefficient. e) Violin plot showing
the occupancy of CTCF, SMC1, YY1 and H3k4me1 across differential enhancers that strongly change
H3K27ac between serum- and 2i-ESCs (n=4,303 2i-specific E2 enhancers). Violin=kernel density estimation;
center=median; bar=interquartile range; thin line=95% confidence interval. f) Interaction frequency between
strongly differential (fold-change >= 3) H3K4me1 sites in 2i- vs serum ESCs (left) and serum-ESCs vs EpiSCs
(right). Change in H3K4me1 is significantly associated with change of interaction intensity (One-sided Wilcoxon
signed-rank test). Few promoters- and enhancers (n=236 enhancers) show differential H3K4me1 between
serum- and 2i-ESCs, and this number is significantly higher (n=399 enhancers) when ESCs are compared with
EpiSCs. P-values from left to right: P=0.03; P=0.008; P=7.2e-6; P=2.6e-9, Wilcoxon signed-rank test (onesided); Box=5-75th percentile; bar=median; whiskers=5-95th percentile. n numbers represent enhancers and
are stated in the graph for each group.
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Figure S4: Features of serum- and 2i-enhancers.
a) Pearson correlation between biological duplicates employed in ChIP-seq analysis. Numbers in the graph
indicate Pearson correlation coefficients. n=32,448 H3K27ac peaks. b) Pearson correlation between biological
duplicates employed in ATAC-seq analysis. Numbers in the graph indicate Pearson correlation coefficients.
n=54,488 ATAC-seq peaks. c) Scheme of the number of total and differential peaks identified in ChIP-seq or
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ATAC-seq experiments. d) Scatterplot showing the correlation between ATAC-seq and H3K27ac signal in total
ATAC-seq peaks (n=54,488 peaks) identified in serum or 2i-ESCs. ATAC-seq signal was measured under the
ATAC-seq peaks and H3K27ac signal was measured in 4 kb windows flanking the ATAC-seq peak-centers. Black,
green and blue colors represent E1, E2 and E3 regions as identified in materials and methods and Fig. 2. Each
dot represents one ATAC-seq region. e) Number of differential enhancers detected at different time points of
the serum-to-2i transition. f) Average profile of different histone marks in different classes of distal regulatory
elements. The peak center ± 5 kb is shown.

Figure S5: Motif enrichment in dynamic 2i-enhancers.
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a) Promoter connectivity of different enhancer types based on cHiC data. Only dynamic enhancers that
differ between the 2i- and serum-ESCs were used. n=1,645 2i-specific E1 enhancers, n=2,941 2i-specific E2
enhancers, n=814 2i-specific E3 enhancers Random baited-DpnII-fragments (n = 5,000) or random genomic
regions (n=5,000) were employed as positive and negative controls, respectively. P-values were computed
using two-tailed ‘N-1’ Chi-squared test with 95% confidence interval. Asterisks represent P-values < 0.0001. b)
RNA-expression of genes connected to different classes of 2i-specific enhancers. cHiC was used to assign
enhancer–promoter connections. Box=5-75th percentile; bar=median; whiskers=5-95th percentile. n=1,645
dynamic E1 sites; n=2,941 dynamic E2 sites, n=814 E3 sites. Only dynamic enhancers that differ between the
2i- and serum-ESCs were used. c) Bar plot showing the number of differential distal regulatory elements at
different stages of serum-to-2i transition. d) Boxplots represent the temporal change in chromatin accessibility
for 2i-specific E1 and E2 regions and during 2i-to-serum transition. Box=5-75th percentile; bar=median;
whiskers=5-95th percentile. n=3,815 dynamic E1 sites; n=4,303 dynamic E2 sites. e) Motif enrichment in
2i-specific E1 and E2 distal regulatory elements. Top enriched motifs are shown in the graph. f) RNA expression
of different members of the nuclear receptor family at different time points of the serum-to-2i transition. g)
Linear regression analysis connects all motifs to change in ATAC-seq signals of all detected peaks. Motifs
highly associated to the epigenetic mark (both in regression coefficient and P-value) are annotated in the
figure. n= 7,340 differential distal ATAC-seq peaks. P-values derived from t-statistic and adjusted for multiple
comparison using Benjamini–Hochberg correction. h) Motif co-occurrence for all discriminative motifs (from
regression analysis, motif enrichment and random forest classification) in total distal regulatory elements.
Graph clustering: 4 groups (green, yellow, blue and red), edge width relates to significance (padj. ranging for
1e-10 – 1e-300), ball size relates to the number of peaks that are differential between serum and 2i (differential
E1 and E2). n=15,960 differential E1/E2 peaks. P-values were derived from a Chi-squared statistic and adjusted
for multiple comparisons using Benjamini–Hochberg correction.
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Figure S6: TF occupancy at dynamic 2i-enhancers.
a) Motif enrichment in serum-specific and EpiLSC-specific E1 and E2 distal regulatory elements. Top enriched
motifs are shown in the graph. b) Correlation between biological replicates employed in ChIP-seq analysis
for ESRRB, NR5A2 and KLF4 transcription factors. Two independent clones were used for each transcription
factor and ChIP-seq experiments were performed in serum or 2iDay3 ESCs. Numbers represent the Pearson
correlation coefficient. n=18,135 NR5A2-GFP peaks, n=3,743 ESRRB-GFP peaks, n=13,921 KLF4-GFP peaks. c)
Motif analysis on ChIP-seq binding sites of ESRRB, NR5A2 and KLF4 transcription factors. High enrichments
for known motifs and de novo motifs were found in the corresponding binding sites confirming the specificity
of ChIP-seq signals. n=18,135 NR5A2-GFP peaks, n=3,743 ESRRB-GFP peaks, n=13,921 KLF4-GFP peaks.
P-values were derived from hypergeometric tests (two-sided). d) Co-occurrence of different transcription factor
motifs in E1 and E2 enhancers. e) Average profiles of NANOG, OCT4 and SOX2 for different types of 2i-specific
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enhancers. As a control, 2,000 random ATAC-seq peaks were used. f) Genomic distribution of differential
binding sites (defined in Galonska et al.) of NANOG, OCT4 and SOX2 in serum- and 2i-ESCs. The genomic
distribution of these transcription factors was linked to E1-E3 distal regulatory elements identified in this study

5

Figure S7: ESRRB is linked to enhancer H3K27ac in 2i-ESCs.
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a) ESRRB occupancy at ESRRB-binding sites that are activated during EpiSCs to 2i-ESCs reprogramming41 (Adachi
et al.). ESRRB binding sites were classified into E2- and non-E2 type enhancers. P-values (Wilcoxon rank sum
test; two-sided); left to right: p=0.007, p=0.35, p=2.7e-07, p=9.4e-29, p=8.9e-64. n=1,648 ESRRB binding
sites from Adachi et al.41 that overlap E2 enhancers, n=1,648 sampled non-overlapping enhancers. b) Western
blot analysis of Tamoxifen-inducible Esrrb-knockout ESCs cultured in serum or 2i-medium. Experiment was
repeated twice with similar results. c) Representative microscopy pictures of Tamoxifen-inducible Nr5a2knock out ES-cells cultured in serum or 72 h 2i-medium and treated with Tamoxifen (4-OH) for Cre-activation
and LoxP excision. The experiment was repeated twice with similar results. Scale bar in the image=100 µm. d)
Luciferase activity of representative E2 enhancers. Tamoxifen-inducible Esrrb-knockout ESCs were transfected
with the reporter constructs and cultured in 2i-medium. After 12 h of transfection, medium was changed
to culture-medium supplemented or not with Tamoxifen (4-OHT) and cells were harvested after 48 h and
assayed for luciferase activity. Values represent the means of n = 3 biological replicates. Renilla-luciferase
was employed for normalization and signal intensities represent Firefly-luciferase / Renilla-luciferase values. e)
qRT-PCR analysis of Tamoxifen-inducible Esrrb-knockout ESCs cultured in serum or 2i-medium. Two biological
replicates were used per condition. f) Average profile of H3K27ac at 2i-specific E2-enhancers in long term
serum- or 2i-cultured ESCs. Cells were treated with Tamoxifen (4-OHT) for 48 h followed by 72 h culture in
serum- or 2i-medium (similar to Fig. 8b). Signal in a ±5 kb window flanking the peak center is shown. Reads
from two biological samples per condition were pooled. g), Boxplot showing the ChIP-seq levels of H3K27ac
and ESRRB-occupancy at E2 mono-allelic enhancers in F1-ESCs. Biallelic enhancers were used for comparison.
Reads in input DNA were measured to exclude the bias in allele mapping. n=882 mono-allelic enhancers with
higher signal at 129 alleles, n=366 mono-allelic enhancers with higher signal in Castaneus alleles, n=3,527
bi-allelic enhancers. Wilcoxon rank-sum test (two-sided). From left to right: P-value < 2.2e-16, P-value < 2.2e16, P-value < 2.2e-16, P-value = 5.9e-12. Box=5-75th percentile; bar=median; whiskers=5-95th percentile.
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Figure S8: Raw western blot image.
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Appendix 2 Summary
Embryonic stem cells (ESCs) are in vitro cultured cells isolated from the inner cell mass
(ICM) that can proliferate indefinitely in the pluripotent state. To improve differentiation
procedures of ESCs for both fundamental and clinical studies, it helps to understand how
genes and the cell cycles are regulated in pluripotent cells. In Chapter 1, I introduced
general information about signaling pathways, cell cycle and epigenetics, especially
enhancers (cis-regulatory elements that regulate transcription), in mouse ESCs (mESCs). I
described the studies in which I made use of these knowledge and technologies to identify
the regulatory mechanisms of enhancers and of cell cycle control in mESCs.
In Chapter 2, we optimized and for the first time applied STARR-seq in mouse pluripotent
cells, thereby describing the landscape of sequence-intrinsic enhancers. We compared
the enhancers as detected by STARR-seq with enhancers predicted by epigenetic
methods such as the presence of H3K27ac, P300 ChIP-seq and ATAC-seq. We clustered
STARR-seq enhancers that overlap with epigenetic marks and annotated these as active
functional enhancers. We found that in the active enhancers, ZIC3-bound sites show
much higher enhancer activities in mESCs cultured in serum medium as compared to
mESCs cultured using 2i medium. We next removed Zic3 from the mESC to verify the
function of Zic3. We observed that Zic3-/- serum mESCs differentiate, with up-regulated
endodermal markers, and that the ZIC3-bound elements lost the enhancer activities
in Zic3-/- serum mESCs. In comparison, the knockout of Zic3 in 2i mESCs did not show
significant differences either in morphology or transcriptome. This suggests an important
role for Zic3 in maintaining pluripotency in serum mESCs via enhancers. In addition, we
found a large number of STARR-seq enhancers that did not show a presence of epigenetic
marks. We therefore defined these STARR-seq enhancers as dormant enhancers. In these
dormant enhancers, a significant number of loci contain DNA methylation and H3K9me3.
According to motif analysis, we found that P53 binding sites highly overlap with STARR-seq
enhancers, including in dormant enhancer regions, and these sites show very low or no
DNA accessibility. These enhancers become active and obtain the H3K27ac modification
when treated with Nocodazole or during the iPS reprogramming, which suggests that the
dormant enhancers that are not detectable by epigenetic marks can become active in other
conditions. In this chapter, we provided genome-wide overview of intrinsic enhancers in
mouse pluripotent cells, mined various enhancers clusters and thereby obtain insight in
enhancer regulation.
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In chapter 3, we investigated the role of P53 in regulating the cell cycle of 2i and serum
mESCs. We observed that the knockout of P53 causes a shortened G1 in 2i mESCs, while
it does not affect the G1 phase in serum mESCs. We further found that P53 regulates the
cell cycle in part independent of P21, while it can directly enhance the transcription of the
pocket protein RB, thereby elongating the G1-phase in 2i mESCs. In contrast, because the
ERK-/CDK/CYCLIN-signaling is not inhibited in serum mESCs, the RB protein that encoded
by Rb1 is constitutively hyper-phosphorylated in serum mESCs and not able to capture
E2F to extend the G1 phase. Thus, the by P53 increased Rb1 expression levels do not
result in an extended G1 phase in serum mESCs, and the depletion of P53 shows minor
effect in serum mESCs.
Chapter 4 summarizes the findings and insights obtained in this thesis and places these
in a wider perspective. I discussed the core messages in each chapter and suggested the
possibility for further research to gain more insight in the role of enhancers and the cell
cycle during early embryonic development in various exciting new models.
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Appendix 3 Samenvatting
De uit de embryoblast geïsoleerde embryonale stamcellen (ESCs) hebben twee unieke
eigenschappen: ze zijn pluripotent, dus in staat om alle cellen te vormen die een individu
bezit, en ze kunnen oneindig delen zonder hun pluripotente eigenschap te verliezen.
Om protocollen voor specialisatie van ESCs te verbeteren, zowel voor fundamentele als
klinische toepassingen, helpt begrip over hoe de genen en celcyclus gereguleerd worden
in pluripotente cellen. In Hoofdstuk 1 geef ik een overzicht over signaalroutes, celcyclus
en epigenetica (vooral enhancers: cis-regulatoire elementen die transcriptie van het
DNA bevorderen) in ESCs van muizen (mESCs). Ook beschreef ik de studies waarin ik
gebruik maakte van deze kennis en technologieën om regulatie door enhancers en het
mechanisme van de cel cyclus in mESCs te bestuderen.
In Hoofdstuk 2 hebben we een technologie geoptimaliseerd, genaamd “STARR-seq”, om
enhancers te identificeren, en voor het eerst deze technologie toegepast in pluripotente
cellen van muizen en hebben we laten zien waar in het genoom de enhancers aanwezig
zijn. Vervolgens hebben we enhancers zoals gedetecteerd door STARR-seq vergeleken met
enhancers zoals voorspeld door aanwezigheid van H3K27ac en P300 of open chromatine,
waarbij we de STARR-seq enhancers die overlappen met epigenetische markeringen
beschouwden als actieve functionele enhancers. We ontdekten dat binnen deze actieve
enhancers de plekken waar ZIC3 gebonden zit een veel hogere enhancer-activiteiten vertonen
in mESCs gekweekt in serum dan in ESCs gekweekt in 2i. We hebben vervolgens Zic3 uit het
genoom van ESCs verwijderd om de functie van Zic3 te bestuderen. Hieruit bleek dat serum
ESCs zonder ZIC3 differentiëren met een opregulatie van endodermale markers en dat de
ZIC3-gebonden elementen hun enhancer-activiteit verloren in serum ESCs zonder ZIC3. Ter
vergelijking: de knock-out van Zic3 in mESCs gekweekt in 2i resulteerde niet in significante
verschillen in morfologie of transcriptie. Dit suggereert een belangrijke rol van Zic3 bij het
handhaven van de pluripotentie specifiek van mESCs gekweekt in serum via enhancers.
Daarnaast vonden we met STARR-seq een groot aantal enhancers zonder epigenetische
kenmerken, en daarom hebben we deze gedefinieerd als slapende enhancers. In deze
slapende enhancers is op een aanzienlijk aantal loci DNA-methylatie en H3K9me3 aanwezig.
Met behulp van motiefanalyse vonden we dat P53 bindingsplaatsen in hoge mate overlappen
met STARR-seq-enhancers, waaronder nogal wat P53-bindingsplaatsen die zich in slapende
enhancers bevinden; dit betreft met name plekken op het chromatine die gesloten zijn. Deze
slapende enhancers worden actief en verkrijgen de actieve H3K27ac-modificatie wanneer ze
worden behandeld met Nocodazol of tijdens de iPS-herprogrammering, wat suggereert dat
de slapende enhancers die niet detecteerbaar zijn met behulp van epigenetische markeringen
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actief kunnen worden in andere omstandigheden. In dit hoofdstuk hebben we op genoomwijde schaal intrinsieke enhancers gemeten in pluripotente cellen van muizen, en bekeken
hoe deze gereguleerd worden.
In Hoofdstuk 3 onderzochten we de rol van P53 bij het reguleren van de celcyclus van
mESCs gekweekt in 2i of serum. We zagen dat het verwijderen van P53 een verkorting
van de G1 cel cyclus fase in mESCs gekweekt in 2i veroorzaakt, terwijl dit de G1-fase in
mESCs gekweekt in serum niet beïnvloedt. We ontdekten verder dat de regulatie van de
celcyclus door P53 gedeeltelijk onafhankelijk is van P21, waarbij P53 de transcriptie van
pocket-eiwit RB direct kan verhogen waardoor de G1-fase van mESCs gekweekt in 2i
wordt verlengd. Daarentegen, omdat in mESCs gekweekt in serum de ERK-/CDK/CYCLIN
signalering niet wordt geremd, is het RB-eiwit dat wordt gecodeerd door Rb1 altijd gehyper-fosforyleerd in mESCs gekweekt in serum en niet in staat om E2F vast binden om
de G1-fase te verlengen. Het door P53 opgereguleerde Rb1 resulteert dus niet in een
verlengd G1-fase van mESCs gekweekt in serum en het verwijderen van P53 heeft weinig
effect in deze cellen.
Hoofdstuk 4 vat de bevindingen en inzichten uit dit proefschrift samen en plaatst deze
in een breder perspectief. Ik besprak de belangrijkste conclusies van elk hoofdstuk en
stelde de mogelijkheid voor om verder onderzoek te doen naar de rol van enhancers en
celcyclus tijdens de vroege embryonale ontwikkeling in verschillende nieuwe embryonale
modellen die recent ontwikkeld zijn.
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Appendix 5 Research data management
All raw files of the sequencing data generated during my PhD at the Radboud Institute
for Molecular Life Sciences, present in Chapter 2 and 3, are backed up on a universitybased server for at least 10 years. All published STARR-seq data (chapter 2), RNAseq data (Chapter 2 and 3), ChIP-seq data (Chapter 2 and 3) are available through the
public functional genomics data repository GEO (gene expression omnibus). To ensure
interpretability of the data, all filenames, primary and secondary data, metadata and
descriptive files used to provide the final results are documented along with the data.
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