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Epigenetic regulation of the transition from naïve to 

formative pluripotency 

Amy Fan Chen 

Abstract 

Many epigenetic changes occur around implantation as pluripotent cells of the epiblast 

prepare for lineage specification. However, in vivo epigenetic studies during these early 

developmental stages is technically challenging. Here, we use an in vitro model of the transition 

from pre- to post-implantation epiblast where embryonic stem cells (ESCs) are differentiated into 

epiblast-like cells (EpiLCs) to profile the epigenetic changes that occur during this transition and 

elucidate specific mechanisms that underlie these changes. In Chapter 2, we use this in vitro system 

to perform an siRNA screen for chromatin modifiers that regulate this transition, identifying the 

cohesin complex as an important regulator. In Chapter 3, we profile changes in cohesin binding 

between ESCs and EpiLCs to identify regulators of enhancer activity and uncover the transcription 

factor GRHL2 as a driver of enhancer activation. We further show that GRHL2-mediated enhancer 

activation in EpiLCs is part of a larger process of enhancer switching where genes that are 

expressed at similar levels in ESCs and EpiLCs undergo a switch in enhancer usage from an ESC-

specific enhancer to a GRHL2-bound enhancer in EpiLCs. GRHL2 targets are enriched for 

epithelial genes, indicating that this enhancer switch is necessary for maintaining an epithelial 

program characteristic of both cell states. In Chapter 4, we focus on the transcription factor, 

FOXD3, which primes enhancers during the ESC-to-EpiLC transition. We show that FOXD3 

simultaneously recruits the nucleosome remodeler, BRG1, and the histone deacetylases, 

HDAC1/2, to target sites to establish nucleosome-depleted regions while preventing full enhancer 
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activation by inhibiting histone acetylation. We further show that the cohesin complex is not yet 

present at FOXD3 binding sites, suggesting these enhancers are not yet engaged in stable 

interactions with their target promoters. Lastly, we provide evidence of an intermediate enhancer 

state between the traditional “primed” and “active” states that is cohesin-bound 

(K4me1+/cohesin+/K27Ac-), suggesting that enhancer-promoter looping may occur as a distinct 

step in enhancer priming. Together, these studies demonstrate the importance of epigenetic 

regulation during this developmental window and uncover novel mechanisms of enhancer 

regulation that we believe extend beyond the ESC-to-EpiLC transition.  
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Chapter 1: Introduction 

Pluripotency and lineage specification in the early embryo 

Early mouse embryonic development involves a series of tightly controlled events as the 

single celled zygote divides and differentiates into the three embryonic germ layers that eventually 

form an adult organism (reviewed in Kojima et al. 2014b). Development begins with fertilization 

of an oocyte, forming a totipotent zygote that is capable of forming all extraembryonic and 

embryonic lineages. By embryonic day 3.5 (E3.5), the embryo has formed into a blastocyst 

structure in which a single layer of extraembryonic trophectoderm surrounds a cluster of cells 

termed the inner cell mass (ICM, Figure 1). At E4.5, cells of the ICM become further segregated 

into the primitive endoderm and the pre-implantation epiblast, which forms all cells of the embryo 

proper. By E5.5, the embryo has implanted and the post-implantation epiblast has reorganized 

from a cluster of cells into a cup-shaped epithelium. The cells of the ICM and the early epiblast 

are termed pluripotent due to their ability to form all cell types of the embryo. The epiblast remains 

pluripotent until E6.5 when cells undergo gastrulation to form the three germ layers.  During the 

process of gastrulation, cells of the posterior epiblast invaginate and migrate along the primitive 

streak to form mesoderm and endoderm, while cells of the anterior epiblast are fated to become 

ectoderm. The mesoderm germ layer primarily forms tissues of the musculoskeletal system, and 

the circulatory and lympathic systems, while endoderm forms many internal organs such as the 

liver, pancreas, stomach and digestive tract, as well as the epithelial linings of various organs 

(Alberts, 2014). The ectoderm layer primarily gives rise to the epidermal and neural tissues, as 

well as the neural crest that forms into a variety of tissues including the peripheral nervous system, 

melanocytes, and facial cartilage.   



2 
 

Prior to gastrulation, cells of the epiblast undergo dramatic cellular, molecular, and 

morphological changes in preparation for lineage specification. The transition from the E4.5 to 

E5.5 epiblast has received particular attention because the pre- and post-implantation epiblast are 

believed to represent two distinct stages of pluripotency termed naïve and formative pluripotency, 

respectively (Smith, 2017). The naïve pluripotent state represents an earlier “ground state” of 

pluripotency, while the formative pluripotent state is more prepared to undergo lineage 

specification. These two states can be distinguished based on various characteristics including 

morphology, expression of distinct markers, global DNA methylation levels, X chromosome 

inactivation status, and enhancer landscapes (Buecker et al., 2014; Kalkan et al., 2017; 

Krishnakumar et al., 2016; Rastan, 1982). During the transition from the pre- to post-implantation 

embryo, the epiblast reorganizes from a cluster of cells at E4.5 into a single cell layer that forms a 

cup-shaped epithelium at E5.5 (Kojima et al., 2014b). These morphological changes are also 

apparent during the naïve-to-formative transition in vitro. Embryonic stem cells (ESCs) that 

represent the naïve state form dome-shaped colonies, while epiblast like-cells (EpiLCs) 

representing the formative state exhibit flat colony morphology. Classic naïve markers include 

Klf2, Klf4, and Rex1, and formative markers include Fgf5, Otx2, Oct6, and Dnmt3a/b (Boroviak 

et al., 2015). Global DNA methylation levels are increased in the formative state, consistent with 

activation of the de novo DNA methyltransferases, and are increased specifically at promoters of 

linage-specific and germ cell genes to prevent premature activation (Borgel et al., 2010; Kalkan et 

al., 2017). In addition, epigenetic profiling of enhancer marks shows a significant reorganization 

of the enhancer landscape between the two states (Buecker et al., 2014; Krishnakumar et al., 2016).  

These enhancer changes in the formative state are thought to activate formative markers and help 

to prepare developmental genes for activation upon gastrulation (Smith, 2017).  
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In vitro models of naïve and formative/primed pluripotency 

Due to technical limitations with studying the early epiblast in vivo, several in vitro models 

of the naïve-to-formative transition have been developed. Mouse ESCs that are maintained in the 

presence of leukemia inhibitory factor (LIF) and inhibitors of MEK signaling and GSK3b are 

considered representative of the naïve pre-implantation epiblast (Boroviak et al., 2015). In 

contrast, several in vitro models of the post-implantation epiblast have been developed. Mouse 

EpiSCs are a stable, self-renewing population of cells that were initially believed to represent the 

early post-implantation epiblast. They can be isolated from the epiblast between E5.5 and E8.0 

and cultured in vitro in the presence of feeders and fibroblast growth factor (FGF), and sometimes 

Activin (Brons et al., 2007; Tesar et al., 2007). However, further characterization has shown that 

EpiSCs derived in this manner are actually more similar to anterior primitive streak and highly 

express many lineage-specific markers (Kojima et al., 2014a). Subsequently, transient populations 

of cells that more closely represent the early post-implantation epiblast based on global gene 

expression profiling have been generated through in vitro differentiation of mouse ESCs (Buecker 

et al., 2014; Hayashi et al., 2011; Krishnakumar et al., 2016). These are termed EpiLCs or epiblast 

cells (EpiCs) and cannot be maintained as a self-renewing population. These cells are generated 

over the course of 2-3 days by removal of LIF and the two inhibitors from ESCs in serum 

conditions, or removal of these factors and addition of FGF, with or without Activin, in serum-

free conditions. While EpiLCs were initially called primed pluripotent cells, they have since been 

renamed formative pluripotent cells to distinguish them from primed EpiSCs (Smith, 2017). The 

generation of in vitro models of the naïve-to-formative transition allows for detailed molecular 

characterization of this transition as well as the general study of mechanisms regulating cell fate 

transitions within a tight developmental window. 
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Epigenetic regulation of early development and differentiation 

Embryonic development requires precise spatiotemporal regulation of developmental 

genes. This can be achieved through a variety of mechanisms, including transcriptional, post-

transcriptional, and translational regulation. One major mechanism of gene regulation involves 

epigenetic modifications to chromatin that are heritable in daughter cells upon cell division. These 

modifications often occur at the promoters of developmental genes or distal regulatory elements 

such as enhancers, and can be either active or repressive in nature. In the early embryo, there is an 

extensive epigenetic reprogramming that occurs as pluripotent cells of the epiblast prepare for 

lineage specification during gastrulation. This involves both global changes as well as locus-

specific changes at regulatory elements.  

A number of epigenetic enzymes catalyze these epigenetic changes, many of which are 

required for survival of the early embryo. For example, genetic knockouts of certain members of 

various ATP-dependent chromatin remodeling complexes results in lethality around implantation 

in mice (Bultman et al., 2000; Gao et al., 2008; Kim et al., 2001; Klochendler-Yeivin et al., 2000; 

Stopka and Skoultchi, 2003). Additionally, knockdown of members of the TIP60-P400 complex 

results in defects in maintaining ESC identity (Fazzio et al., 2008; Gaspar-Maia et al., 2009). 

Various histone modifiers that regulate gene expression are also crucial in development. Loss of 

members of the MLL1/2 complex, which deposit H3K4me3 at promoters, is lethal shortly after 

gastrulation and results in self renewal and differentiation defects in ESCs (Ang et al., 2011; 

Bertero et al., 2015; Jiang et al., 2011; Stoller et al., 2010). Despite partial redundancy between 

MLL3 and MLL4, which deposit H3K4me1/2 at enhancers, MLL4 knockout mice are lethal at 

E8.5 (Lee et al., 2013). Additionally, double knockout of MLL3/4 causes differentiation defects 

in ESCs, although self-renewal is normal (Wang et al., 2016). Knockout of the histone 
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acetyltransferase, P300, is lethal between E9-11.5 (Yao et al., 1998), while knockout of the histone 

deacetylase, HDAC1, is lethal by E10.5 (Lagger et al., 2002). Mice lacking the enzyme involved 

in H3K27me3 deposition, PRC2, die soon after gastrulation (Faust et al., 1998; O'Carroll et al., 

2001; Pasini et al., 2004), and those lacking the enzymes responsible for H3K9me2 deposition, 

EHMT1 and 2, are lethal at E9.5 (Tachibana et al., 2002; Tachibana et al., 2005). Loss of the de 

novo DNA methyltransferases, DNMT3A and B, also result in lethality by E11.5 (Okano et al., 

1999), while loss of the maintenance DNA methyltransferase, DNMT1, is lethal by E12.5 (Li et 

al., 1992).  

Similar to epigenetic enzymes, architectural proteins that regulate 3D chromatin 

organization are also crucial in early development. Members of the mediator and cohesin-loading 

complexes, which are important for enhancer-promoter looping, are required for development after 

gastrulation. Loss of components of the mediator complex results in embryonic lethality ranging 

from E7.5-11.5 (Balamotis et al., 2009; Ito et al., 2002; Ito et al., 2000; Rocha et al., 2010), while 

knockout of either member of the cohesin-loading complex is lethal at E9.5 (Kawauchi et al., 2009; 

Smith et al., 2014). Loss of members of the cohesin complex itself, which is involved in enhancer-

promoter looping as well as general maintenance of 3D chromosome architecture results in 

lethality between E8.5-E14.5 (Remeseiro et al., 2012; White et al., 2013; Xu et al., 2010). 

However, these phenotypes could be due to other functions of cohesin in sister chromatid cohesion 

and DNA repair, since cohesin plays a general role in anchoring DNA-DNA interactions that are 

required for these processes. The prevalence of embryonic lethal phenotypes with loss of various 

classes of epigenetic enzymes and regulators of 3D chromatin structure highlights the importance 

of epigenetic changes in driving early development. Although lethality can occur up to several 
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days after gastrulation for certain epigenetic regulators, this could be due to partial redundancy 

with other proteins, and it is likely that molecular and cellular defects occur far before lethality.  

Epigenetic regulators and human disease 

 While homozygous mutations in various epigenetic modifiers result in embryonic lethality, 

heterozygous mutations are often compatible with life. However, many heterozygous mutations in 

epigenetic regulators are autosomal dominant in humans and lead to developmental disorders 

(reviewed in Brookes and Shi, 2014). Common symptoms of germline mutations in epigenetic 

regulators are neurodevelopmental disorders, emphasizing the importance of epigenetic regulators 

in neural development. For example, mutations in DNMT1 result in central and peripheral 

neurodegeneration (Klein et al., 2011), while mutations in MECP2, which recognizes methylated 

CpGs, result in Rett syndrome (Amir et al., 1999). In addition, mutations in EHMT1 result in 

Kleefstra syndrome, which is characterized by intellectual disability and craniofacial abnormalities 

(Kleefstra et al., 2006). Mutations in Nipbl also cause intellectual disabilities and craniofacial 

defects, resulting in Cornelia de Lange syndrome (Krantz et al., 2004; Tonkin et al., 2004). Another 

set of symptoms commonly found with mutations in epigenetic regulators involve craniofacial, 

cardiac, and growth defects (Brookes and Shi, 2014). These symptoms suggest a defect in neural 

crest development, in which a multipotent stem cell population gives rise to craniofacial, cardiac, 

and peripheral nervous system tissues (Siebert et al., 1985). For example, mutations in CHD7 

result in CHARGE (coloboma, heart defect, choanal atresia, retarded growth and development, 

genital hypoplasia, and ear anomalies) syndrome (Vissers et al., 2004). Additionally, mutations in 

various enzyme modulators of H3K4 methylation are associated with congenital heart disease 

(Zaidi et al., 2013). The fact that heterozygous mutations in many epigenetic regulators results in 
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developmental disorders emphasizes the key role that epigenetic regulation plays not just in the 

early embryo, but throughout development.  

Regulation of enhancers during the naïve to formative transition 

 Enhancers are DNA regulatory elements that regulate expression of their target genes, often 

in a developmental or tissue-specific manner (reviewed in Shlyueva et al., 2011). Enhancers are 

key targets of epigenetic remodeling during development due to their role in regulating 

developmental gene expression. The presence of specific epigenetic marks at an enhancer is 

generally indicative of its activation status. Active enhancers are marked by H3K27 acetylation 

(H3K27Ac), H3K4 monomethylation (H3K4me1), and low nucleosome occupancy (Calo and 

Wysocka, 2013; Creyghton et al., 2010; Rada-Iglesias et al., 2011; Shlyueva et al., 2014). 

Enhancer regions that lack all of these active marks are considered latent, while those that are 

nucleosome-depleted and have flanking H3K4me1, but not H3K27Ac, are primed (Calo and 

Wysocka, 2013; Shlyueva et al., 2014). 

 Since enhancers can be located anywhere between 1kb-1Mb from their target gene 

promoters (Calo and Wysocka, 2013), they must be able to communicate with their target 

promoters over long linear distances. This likely occurs through physical contact between 

enhancers and their target promoters, resulting in an enhancer-promoter loop (Matharu and Ahituv, 

2015). How interaction with the correct promoter is achieved is not clear, although it is known that 

the mediator and cohesin complexes play a central role at least in the maintenance of these 

interactions (Kagey et al., 2010; Phillips-Cremins et al., 2013). Additionally, larger 3D loop 

structures that span hundreds of kb on average, called topologically associating domains (TADs) 

(Dixon et al., 2012), often contain 1-10 genes and their associated enhancers and help restrict the 

action of enhancers to target genes within the same TAD (Dowen et al., 2014; Ji et al., 2016).  
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Profiling of H3K4me1 and H3K27Ac has shown a remarkable degree of epigenetic 

reorganization at enhancers during the naïve to formative transition (Buecker et al., 2014; 

Krishnakumar et al., 2016). Since the epigenetic enzymes and architectural proteins that regulate 

enhancer activity are widely expressed across cell types and lack sequence specificity, the 

epigenetic changes that are observed during this transition are likely mediated either directly or 

indirectly by sequence-specific transcription factors (TF). For example, binding of OTX2 and 

OCT4 to new enhancers in EpiLCs results in gain of active enhancer marks at the target sites 

(Buecker et al., 2014). However, while it is clear that major reorganization of the epigenetic 

landscape occurs during this transition, our understanding of the functions and mechanisms behind 

this reorganization remains limited. 

Premise of studies 

Proper epigenetic regulation is crucial during early embryonic development, as evidenced 

by the fact that many epigenetic modifiers are indispensable during this process. While some 

embryonic lethal phenotypes do not manifest until after gastrulation, it is likely that molecular 

defects start to occur at least several days earlier. However, studying epigenetic processes in vivo 

at early stages of development is challenging due to limited material. Here, our use of an in vitro 

model of the transition from pre- to post-implantation epiblast allowed us to examine the effects 

of perturbing various epigenetic modifiers in a high-throughput manner and to dissect mechanisms 

underlying global changes in the epigenetic landscape during this transition. In the following 

chapters, we present our contributions to this field. In Chapter 2, we identify chromatin modifiers 

that regulate the transition from naïve to formative pluripotency. In Chapter 3, we determine the 

role of a TF, GRHL2, in regulating changes in the enhancer landscape during this transition. In 

Chapter 4, we examine the role of another TF, Foxd3, in regulating enhancer priming in this 
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transition and provide evidence of a potential intermediate enhancer state between the traditional 

primed and active states that is cohesin-bound.  

 

 

Figure 1. Early mouse embryonic development. A schematic of early stages of early mouse 

embryonic development leading to gastrulation of the embryo at E6.5, and the three germ layers 

that form after gastrulation.  
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Chapter 2: Identification of chromatin modifiers regulating the 

naïve to formative pluripotency transition 

 

Summary 

Dramatic changes in the epigenetic landscape occur during the transition from naïve to 

formative pluripotency, including inactivation of the X chromosome, increases in global DNA 

methylation, and significant changes in the enhancer landscape. These epigenetic changes are 

critical for ensuring proper development of the embryo by providing precise temporal and spatial 

control of developmental gene expression. Such changes are carried out by various chromatin 

modifiers, including nucleosome remodelers, histone modifiers, and DNA methyltransferases that 

act on regulatory sequences such as enhancers and promoters to regulate gene expression. Here, 

we sought to identify specific chromatin modifiers that are required for proper transition from 

naïve to formative pluripotency. We used an in vitro model for the naïve to formative transition in 

which ESCs representing the naïve state are homogeneously differentiated into EpiLCs 

representing the formative state. This transition is marked by activation of GFP expression driven 

by the miR-302 promoter. Using this system, we established and performed an siRNA screen for 

235 chromatin modifiers expressed during this transition to identify hits that promote or inhibit the 

transition. We identified 31 hits that inhibited GFP expression and 6 hits that promoted GFP 

expression when knocked down by siRNAs. This included multiple hits from the SWI/SNF and 

TIP60/P400 complexes that have previously been implicated in ESC differentiation and/or early 

embryonic development. We chose to focus on the cohesin loader, NIPBL, due to the strong and 

consistent inhibition of GFP during the transition with NIPBL knockdown. NIPBL functions by 

loading the cohesin complex onto DNA to anchor interactions between two DNA helices, such as 

in enhancer-promoter and insulator loops. We further showed that knockdown of other members 
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of the cohesin-loading complex, as well as the cohesin complex itself, resulted in inhibition of 

GFP expression. While certain cohesin knockout mice can survive until several days after 

gastrulation, these results suggest that the cohesin complex plays a role in regulation of gene 

expression during the naïve to formative transition.   

Introduction 

 Early embryonic development requires precise control of gene expression to coordinate the 

molecular and cellular events that are needed for proper lineage specification. This occurs at least 

in part through epigenetic regulatory mechanisms. The importance of epigenetic regulation during 

mammalian development is highlighted by the range of epigenetic modifiers that are indispensable 

for this process, as discussed in Chapter 1. In particular, development from the pre- to post-

implantation epiblast involves extensive epigenetic remodeling as cells of the embryo transition 

from a naïve to formative pluripotent state in preparation for gastrulation (Atlasi and Stunnenberg, 

2017).  Loss of a number of epigenetic modifiers results in lethality prior to or around gastrulation, 

consistent with the dramatic epigenetic changes that must occur during this time (reviewed in 

Singh et al., 2015; Ho and Crabtree, 2010; and Atlasi and Stunnenberg, 2017). However, a more 

comprehensive picture of the epigenetic modifiers that regulate this stage of development is needed 

in order to better understand the spectrum of epigenetic changes that occur and their role in this 

process.  

 Several previous studies aimed to address this by using ESC differentiation as an in vitro 

model of early development. In a couple of whole genome screens, mouse ESCs were either 

transfected with individual siRNAs or infected with an shRNA library and then plated in 

differentiation media for several days to three weeks (Betschinger et al., 2013; Westerman et al., 

2011). Cells were then assessed for a delay in loss of pluripotency either by colony formation 
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ability or selection for retention of Oct4 expression. Another whole genome siRNA screen used 

Rex1-GFP ESCs as a more tractable and sensitive readout of a delay in differentiation based on 

the loss of the naïve marker, REX1, which normally occurs within 48 hours after initiation of 

differentiation (Yang et al., 2012). However, each of these screens focused on a delay in the loss 

of pluripotency rather than a delay in the gain of a differentiated phenotype. In addition, the 

differentiation protocols used in these screens did not have the resolution to identify regulators that 

are specifically involved in the transition from naïve to formative pluripotency. 

 Here, we sought to identify epigenetic modifiers that regulate this transition. Specifically, 

we used an in vitro model for this transition in which the transition from naïve ESCs to formative 

EpiLCs can be tracked by the gain in expression of a GFP reporter that is driven by the miR302 

promoter (Krishnakumar et al., 2016; Parchem et al., 2014). Using this system, we performed an 

siRNA screen for 235 chromatin modifiers expressed during this transition to identify hits that 

promote or inhibit the transition. We identified 31 hits that inhibited GFP expression and 6 hits 

that promoted GFP expression when knocked down by siRNAs. We focused on the cohesin loader, 

Nipbl, due to the strong and consistent inhibition of GFP during the transition with NIPBL 

knockdown. NIPBL functions by loading the cohesin complex onto DNA to anchor interactions 

between two DNA helices, including enhancer-promoter or insulator interactions as well as sister 

chromatid cohesion and homologous recombination (Ciosk et al., 2000; Kagey et al., 2010; Strom 

et al., 2004). We further showed that knockdown of other members of the cohesin-loading 

complex, as well as the cohesin complex itself, resulted in inhibition of GFP expression. These 

results suggest that the cohesin complex plays a role in the expression of formative state markers 

during the naïve to formative transition.   

Results 
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Establishing a siRNA screening strategy to identify regulators of the naïve to formative 

pluripotency transition 

Using a fluorescent reporter system that distinguishes the naïve and formative states in vivo 

(Parchem et al. 2014, Figure 2), it is possible to follow this transition in vitro using naïve ESCs 

and differentiating them by removal of LIF and 2i into a relatively homogenous population that 

resembles the formative state, termed epiblast-like cells (EpiLCs) (Krishnakumar et al. 2016, 

Figure 3). Principal component analysis of batch-normalized RNA-seq data for our ESCs and 

EpiLCs with ICM, E4.5 epiblast, and E5.5 epiblast (Boroviak et al., 2015) showed clustering of 

ESCs with E4.5 epiblast and EpiLCs with E5.5 epiblast, suggesting that the in vitro differentiation 

protocol faithfully recapitulated the in vivo transition (see Chapter 3).  

To adapt this in vitro system for an siRNA screen, ESCs were reverse transfected with 

siRNAs at the time of seeding in 96-well plate format and differentiated normally. EpiLCs were 

then fixed and stained with DAPI and scanned on the In Cell Analyzer for GFP and DAPI signal 

(Figure 4). Specifically, we measured the mean GFP intensity, total GFP area, and total DAPI area 

per well, and then calculated the mean GFP intensity per unit cell area. We then calculated the 

strictly standardized mean difference (SSMD) for each well relative to 3 wells each of 4 

independent control siRNAs (12 control siRNA wells in total) that were included in each plate and 

randomly distributed. We also included 4 wells of an siRNA against GFP in each plate as a positive 

control.  

Identification of chromatin modifiers that regulate the naïve to formative pluripotency 

transition 
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Using this system, we screened 235 chromatin modifiers known to be expressed at some 

point during the naïve to formative transition to identify epigenetic regulators that function in this 

transition. The screen was performed twice, and hits were taken as siRNAs that resulted in a GFP 

intensity/DAPI area that had a |SSMD| > 1.28 for both replicates (Figure 5). Significant hits and 

their SSMD values in each replicate are listed in Tables 1 and 2. We observed that for many hits, 

other proteins within the same complex or with similar functions also significantly inhibited 

miR302-GFP expression, providing some internal validation of hits within the initial screen. Some 

notable examples include members of the SWI/SNF complex (Smarce1, Smarcb1, Smarcc1), the 

NuA4 histone acetyltransferase complex (Ruvbl1, Ruvbl2, Ep400), various arginine 

methyltransferases (Prmt1, Prmt2, Prmt5), mini-chromosome maintenance proteins involved in 

genome replication (Mcm3, Mcm4, Mcm7), and factors involved in long-range chromosomal 

interactions (CTCF, Nipbl). Identification of the SWI/SNF complex and the NuA4 histone 

acetyltransferase complex as strong hits provided further support that the screen was able to 

uncover regulators of the naïve to formative transition, since these complexes have previously 

been implicated in regulation of ESC differentiation and/or peri-implantation development 

(Bultman et al., 2000; Fazzio et al., 2008; Gao et al., 2008; Kim et al., 2001; Klochendler-Yeivin 

et al., 2000; Stopka and Skoultchi, 2003).  

The cohesin loader, Nipbl, and the cohesin complex are required for regulation of miR302 

expression during the naïve to formative transition 

To narrow our focus down to a specific candidate for further characterization, we selected 

nine novel hits for validation using an independent set of siRNAs in addition to the initial screen 

siRNAs, using an siRNA against GFP as a positive control. While most hits had subtle or no 

noticeable reduction in GFP expression relative to the negative control, knockdown of NIPBL, a 
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component of the cohesin loading complex, resulted in a marked reduction in GFP and mCherry 

relative to control siRNAs for both the original and validation siRNAs (Figure 6 and 7). The 

cohesin loading complex loads the ring-like cohesin complex onto DNA to anchor interactions 

between two DNA helices. These complexes are required for processes that involve chromosomal 

interactions, such as enhancer-promoter looping, sister chromatid cohesion, and homologous 

recombination.  

To verify that Nipbl regulation of miR302 expression was functioning through its role as a 

cohesin loader, we also performed siRNA knockdown of the other member of the cohesin loading 

complex (Mau2) and two members of the core cohesin complex (Smc1a, Smc3) and performed 

flow cytometry for GFP levels. We observed a downregulation of GFP expression relative to 

control siRNA when knocking down any of the individual members of the cohesin loading 

complex or the cohesin complex itself (Figure 8), suggesting a role for the cohesin complex in 

regulating miR302 activation, and perhaps other formative pluripotency markers, during the naïve 

to formative transition. 

Discussion 

Here, we used an in vitro model of the naïve to formative pluripotency transition to identify 

chromatin modifiers that regulate this transition. The homogeneous upregulation of miR302-GFP 

during the transition functioned as an indicator of differentiation that could be exploited in an 

siRNA screen using high throughput automated fluorescence imaging. We identified several 

chromatin-modifying complexes that inhibited differentiation to the formative state based on 

decreased GFP expression, including the SWI/SNF and TIP60/P400 complexes, which have 

previously been found to function in ESC maintenance and differentiation or in peri-implantation 

development (Bultman et al., 2000; Fazzio et al., 2008; Gao et al., 2008; Kim et al., 2001; 
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Klochendler-Yeivin et al., 2000; Stopka and Skoultchi, 2003). Additional hits included the histone 

acetyltransferase, P300, and the maintenance DNA methyltransferase, DNMT1. Both would be 

expected to play a role during this transition given that P300 is important in enhancer activation 

and Dnmt1 is required for maintaining DNA methylation levels, which increase dramatically 

during this transition (Borgel et al., 2010; Kalkan et al., 2017). However, since miR-302 is only 

one marker of the formative state, it would be necessary to measure expression of other formative 

markers (eg. Fgf5, Lefty1/2, Otx2), as well as naïve markers (eg. Klf2, Klf4, Rex1), to determine 

if there is a general inhibition of the naïve-to-formative transition with loss of these chromatin 

modifiers. Notably, the de novo DNA methyltransferases were not hits in this screen, likely due to 

redundancy between Dnmt3a and Dnmt3b (Okano et al., 1999).  

For validation studies, we chose to focus on candidates with little known about their roles 

during the ESC-to-EpiLC transition. While most candidates did not validate, we found that 

knockdown of the cohesin loader, NIPBL, as well as associated members of the cohesin complex 

consistently resulted in a reduction in miR302-GFP during differentiation. The high number of 

hits that did not validate could be a result of poor knockdown with the validation siRNAs or 

potential off-target effects with the initial screen siRNAs. To address this, we could repeat the 

screen using CRISPR interference instead, as it would likely have fewer off-target effects due to 

the need for a longer complementary sequence. Since cohesin functions in various cellular 

processes involving DNA-DNA interactions, including gene regulation by enhancer-promoter 

looping and cell division by ensuring proper sister chromatid cohesion, it is difficult to determine 

which functions of cohesin are specifically required for proper differentiation. Additionally, since 

Nipbl and cohesin knockdown have previously been shown to result in loss of ESC identity, it can 

be difficult to separate these effects from any differentiation defects (Kagey et al., 2010). To 
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circumvent these issues, we determine cohesin binding sites during the naïve to formative 

transition to identify its gene targets in Chapter 3 and identify and characterize a transcription 

factor that regulates cohesin binding at enhancers during this transition.  

 

Figure 2. The miR302-GFP reporter separates the naïve and formative epiblast. During early 

embryonic development from the pre-implantation (naïve) to post-implantation (formative) 

epiblast, the miR290-driven mCherry reporter is expressed in the embryo throughout, while the 

miR302-driven GFP reporter is activated, during the transition. Adapted from Parchem et al. 2014. 

 

 

Figure 3. An in vitro differentiation protocol models the naive-to-formative transition. 

Differentiation of naïve ESCs containing the miR290-mCherry and miR302-GFP reporters for 3 

days in serum conditions and the absence of LIF and 2i results in a relatively homogenous 

population of formative EpiLCs. Adapted from Krishnakumar et al. 2016. 
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Figure 4. Schematic of siRNA screening protocol. On day 0, ESCs containing the miR290-

mCherry and miR302-GFP reporters were seeded and transfected with siRNAs in media 

containing LIF and 2i. The next day, differentiation was initiated by removal of LIF and 2i, and 

cells are allowed to differentiation for 3 days. They were then fixed and DAPI stained and scanned 

on a high throughput fluorescence imager for GFP and DAPI.  

 

 

Figure 5. An siRNA screen identified chromatin modifiers that inhibit or promote miR302-

GFP expression during the naïve-to-formative transition. The average intensity of GFP 

normalized to DAPI area was calculated for each well and used to calculate the strictly 

standardized mean difference (SSMD). The screen was performed twice, and the SSMD for each 

replicate of each siRNA (235 total, highlighted in blue) was plotted. siRNAs with |SSMD| > 1.28 

for both replicates were considered a hit (highlighted in green).  
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Table 1. SSMD values for each screen hit that inhibited GFP expression in each replicate.  

GFP DOWN 
 

GENE SSMD replicate 1 SSMD replicate 2 

SMARCE1 -3.541 -2.113 

MCM3 -3.027 -2.139 

EP300 -2.871 -3.267 

CHAF1A -2.678 -1.276 

PRMT2 -2.624 -1.353 

CTCF -2.612 -1.488 

PRMT1 -2.604 -1.782 

ZFP57 -2.509 -1.452 

RUVBL1 -2.467 -1.898 

MCM7 -2.359 -2.865 

MCM4 -2.354 -2.152 

NIPBL -2.325 -1.836 

TOP1 -2.174 -2.225 

RUVBL2 -2.170 -1.841 

EP400 -2.050 -1.276 

MYST2 -1.826 -1.483 

DMAP1 -1.749 -2.302 

SMARCB1 -1.705 -2.653 

BRD8 -1.704 -1.525 

SAP30 -1.692 -1.392 

SMARCC1 -1.692 -2.979 

HMGA1 -1.623 -2.645 

HEMK1 -1.593 -2.078 

CEBPB -1.564 -1.481 

DNMT1 -1.500 -1.408 

HMGB2 -1.488 -2.710 

SALL4 -1.419 -1.282 

PKN2 -1.415 -1.504 

RFC3 -1.395 -2.588 

PRMT5 -1.293 -1.540 

MLH3 -1.280 -1.827 

 

 

 

 



20 
 

Table 2. SSMD values for each screen hit that increased GFP expression in each replicate. 

GFP UP 
  

GENE SSMD replicate 1 SSMD replicate 2 

TAF10 3.069 1.302 

H2AFZ 2.087 1.505 

IDH1 2.017 1.956 

AES 1.876 1.386 

NCOA3 1.442 1.981 

TADA2A 1.382 1.459 

 

 

Figure 6. Validation of 10 screen hits using an independent pool of siRNAs. Plotted on the y-

axis is a representation of the average GFP signal per cell, calculated as (mean density of 

GFP)*(total GFP area)/(total DAPI area). The standard deviation is shown for 3 biological 

replicates. siGENOME = original screen siRNAs. OTP = On-Target Plus siRNAs used for 

validation.  
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Figure 7. Nipbl knockdown results in a marked loss of miR302-GFP expression as well as 

some loss of miR290-mCherry. Representative fluorescent images showing inhibition of GFP 

and mCherry expression with Nipbl KD relative to a nontargeting control. 

 

 

Figure 8. Knockdown of other components of the cohesin complex also inhibits GFP 

expression during the ESC to EpiLC transition. Knockdown and differentiation was performed 

as in Figure 4, except cells were collected at day 3 for flow cytometry analysis. Mau2 is a 

component of the cohesin-loading complex (with Nipbl); Smc3 and Smc1a are core components 

of the cohesin complex.   
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Chapter 3: Coordination of enhancer switching by stage-specific 

transcription factors during the naïve to formative transition 

 

Summary 

During early mammalian development, the enhancer landscape of pluripotent cells of the 

epiblast undergoes extensive reorganization.  However, both the function and mechanisms driving 

this reorganization remain unclear. Here, we identify a transcription factor, GRHL2, that is 

necessary and sufficient to activate enhancers during the transition from naïve embryonic stem 

cells (ESC) to formative epiblast-like cells (EpiLC). GRHL2 regulates expression of its targets, 

which are enriched for epithelial genes, in EpiLCs. However, many of these genes are expressed 

at similar levels in ESCs. Alternative enhancers near these genes in ESCs become inactivated in 

EpiLCs, suggesting that GRHL2 assumes control of a specific subset of the naïve network via 

enhancer switching to maintain the epithelial program. These data evoke a model where the large 

naïve pluripotency network becomes partitioned into smaller independent networks regulated by 

EpiLC-specific transcription factors in the formative state, thereby priming cells for lineage 

specification.  

Introduction 

 During mammalian development, pluripotent cells that have the ability to generate all cells 

of an organism arise with formation of the early epiblast at the time of implantation (Nichols and 

Smith, 2012; Rossant and Tam, 2009). Following implantation, epiblast cells undergo epigenetic, 

gene expression and morphological changes, while remaining pluripotent (Bedzhov and Zernicka-

Goetz, 2014; Boroviak et al., 2015; Hayashi et al., 2011; Nakamura et al., 2016; Rastan, 1982). In 

mouse, this transition from pre-implantation to post-implantation epiblast can be reproduced in 
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vitro with the differentiation of ESCs to EpiLCs (Buecker et al., 2014; Hayashi et al., 2011; 

Krishnakumar et al., 2016). Reporter systems distinguishing the two cell states have enabled near 

homogeneous reproduction of this transition (Buecker et al., 2014; Krishnakumar et al., 2016; 

Parchem et al., 2014).  

ESCs maintained in the presence of LIF cytokine and inhibitors to GSKb and MEK (2i) 

are transcriptionally similar to cells of the E4.5 pre-implantation epiblast and are commonly called 

naïve ground state pluripotent stem cells (Boroviak et al., 2015; Nichols and Smith, 2009). EpiLCs 

arise during ESC differentiation two to three days following removal of 2i+LIF, with or without 

addition of FGF2 and Activin (Buecker et al., 2014; Hayashi et al., 2011; Krishnakumar et al., 

2016). EpiLCs are transcriptionally similar to cells of the E5.5 post-implantation epiblast and have 

been called primed pluripotent cells as they represent a homogenous population of cells that are 

about to undergo lineage specification with the initiation of gastrulation (Hayashi et al., 2011; 

Nakamura et al., 2016). However, more recently they have been renamed formative pluripotent 

cells to differentiate them from primed epiblast stem cells (EpiSCs) (Smith, 2017). Unlike EpiLCs, 

EpiSCs are a self-renewing stem cell population that can be derived after extensive culture from 

embryos ranging from mouse embryonic day E5.5 to E8.0 and most closely resemble anterior 

primitive streak cells in vivo (Kojima et al., 2014a; Osorno et al., 2012). The ESC to EpiLC 

transition provides a rare opportunity to study the molecular basis of an in vivo transition in vitro 

at near homogeneity.  

The transition from naïve to formative pluripotency involves extensive epigenetic 

remodeling as cells prepare for lineage specification. Previous epigenetic studies in this transition 

have focused on changes in global DNA methylation levels, transcription factor (TF) localization 

and enhancer histone states (Auclair et al., 2014; Borgel et al., 2010; Buecker et al., 2014; 
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Krishnakumar et al., 2016). However, enhancer activation also involves recruitment of 

architectural proteins such as the mediator and cohesin complexes (Kagey et al., 2010). Since 

enhancers can be located anywhere between 1kb-1Mb from their target gene promoters (Calo and 

Wysocka, 2013), these complexes play a central role in anchoring 3D physical interactions 

between enhancers and their target gene promoters to drive gene expression (Kagey et al., 2010; 

Phillips-Cremins et al., 2013). Given the key role of these architectural proteins in regulating 

enhancer activity, we aimed to identify mechanisms regulating changes in enhancer activity during 

the naïve to formative transition by examining changes in cohesin localization.   

 Here, we identify Grainyhead-like 2 (GRHL2) as a TF associated with cohesin localization 

during differentiation from ESCs to EpiLCs. GRHL2 activates new enhancers in EpiLCs to 

maintain expression of target genes. Interestingly, many GRHL2 target genes are already 

expressed in ESCs and are located near alternative ESC enhancers that are becoming inactivated 

in EpiLCs. Enhancer deletion experiments confirm that these genes switch from regulation by an 

ESC enhancer to a GRHL2-regulated enhancer during differentiation. These targets are enriched 

for epithelial and cell adhesion genes. Accordingly, GRHL2 loss results in an epithelial to 

mesenchymal-like transition (EMT) in EpiLCs, but not ESCs. These findings show that GRHL2 

assumes regulation of a subset of the larger naive network during differentiation to the formative 

state to maintain expression of an epithelial program that is characteristic of both naïve and 

formative pluripotency, as well as certain downstream lineages. We propose a model in which the 

large naïve pluripotency network becomes partitioned into smaller networks that become regulated 

by distinct EpiLC TFs in the formative state, allowing them to be differentially regulated upon 

gastrulation. 

Results 
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OTX2 and GRHL2 motifs are associated with cohesin relocalization during the ESC to 

EpiLC transition 

To follow changes in enhancer activation during the ESC to EpiLC transition, we used a 

previously established differentiation system where naïve ESCs are differentiated into a near 

homogeneous population of formative EpiLCs (Krishnakumar et al., 2016). Principal component 

analysis of the expression profiles of these in vitro cell populations with those in the pre- and post-

implantation epiblast showed that our ESCs and EpiLCs closely resemble the in vivo counterparts 

(Figure 9A). Using this system, we profiled changes in localization of an architectural protein that 

anchors active enhancers to their target promoters. Specifically, we examined cohesin localization 

in the two states by performing ChIP-seq for the cohesin core subunit SMC1 and identifying SMC1 

binding sites relative to an IgG control. We identified 10705 ESC sites and 12690 EpiLC sites 

using the MACS2 software package with a FDR < 0.05 (Zhang et al., 2008). Cohesin is found at 

insulator regions as well as enhancers (Kagey et al., 2010). To enrich for enhancers in our analyses, 

we removed potential insulator sites by removing all sites co-bound by CTCF, a protein that is 

enriched at insulators and has relatively constant binding sites between cell types (Kim et al., 

2007). Following subtraction of these sites identified using published CTCF ChIP-seq data (Kagey 

et al., 2010), we uncovered 5160 SMC1-bound sites in ESCs and 5563 sites in EpiLCs, with many 

of these sites being distinct in the two states (Figure 9B).  

To further confirm that our data were able to accurately capture changes in enhancer 

activity during this transition, we examined SMC1 binding in the genomic regions surrounding 

Esrrb and Fgf5 (Figure 9C). In the region surrounding the naïve marker, Esrrb, we observed 

several SMC1 binding sites that were significantly enriched in ESCs relative to EpiLCs based on 

differential peak calling using MACS2. Conversely, there was an SMC1 binding site that was 
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significantly enriched in EpiLCs relative to ESCs near Fgf5, a gene highly upregulated in the 

formative state.  Together, these results suggest that our SMC1 ChIP-seq data reflect changing 

enhancer activity and that cohesin binding at enhancers is highly dynamic during the ESC to EpiLC 

transition.  

Cohesin lacks sequence specificity and, therefore, must be recruited either directly or 

indirectly by the binding of sequence-specific TFs to specific enhancers. To identify candidate TFs 

that may recruit cohesin, we performed a motif enrichment analysis on the EpiLC-specific SMC1 

peaks using the Homer software package (Heinz et al., 2010). This analysis uncovered several 

motifs that were enriched in EpiLC-specific sites relative to the ESC-specific and common SMC1 

sites. One of these enriched motifs was the binding motif for the TF OTX2 (Figure 9D). OTX2 is 

up-regulated during the ESC to EpiLC transition and plays an important role in re-localizing OCT4 

(Buecker et al., 2014). Quantitative RT-PCR confirmed the up-regulation of OTX2 during this 

transition (Figure 9E). The motif for another TF, GRHL2, was also highly enriched in the EpiLC 

SMC1 peaks and GRHL2 showed an almost 10-fold increase in expression with the ESC to EpiLC 

transition. GRHL2 belongs to the Grainyhead-like family of TFs, composed of GRHL1-3, which 

have partially redundant roles in development (Boglev et al., 2011; Rifat et al., 2010). Unlike 

GRHL2, GRHL3 is downregulated during ESC differentiation, although relatively low in both 

states (Figure 10A). GRHL1 is not expressed during this window. These findings identify GRHL2 

as a potential novel regulator of enhancer activity during the ESC to EpiLC transition. 

GRHL2 binding correlates with nucleosome removal, acquisition of active histone marks, 

and cohesin binding 

Given the strong enrichment of the GRHL2 motif at EpiLC-specific SMC1 peaks, we next 

asked whether GRHL2 is binding these sites and, if so, what epigenetic events are associated with 
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GRHL2 binding. To identify GRHL2 binding sites, we performed ChIP-seq for the endogenous 

GRHL2 protein in wildtype EpiLCs as well as GRHL2 KO EpiLCs as a background control. 

GRHL2 KO EpiLCs were generated by CRISPR targeting of exon 2 of the Grhl2 gene to generate 

stable knockout ESC lines, and then differentiating the ESCs into EpiLCs. Homozygous null 

GRHL2 clones were identified by sequencing of the targeted region and western blot analysis. 

When using an IgG ChIP in wildtype EpiLCs as a background control, we identified 1686 

significant GRHL2 peaks (FDR < 0.05), with about 60% of these sites containing a canonical 

GRHL2 motif. However, when using a GRHL2 ChIP in GRHL2 KO EpiLCs rather than IgG as 

the background control, we identified 332 peaks, with 86% containing a canonical GRHL2 binding 

motif. The ChIP signal intensities at these peaks across two biological replicates were highly 

correlated (Spearman’s correlation = 0.90, Figure 10B). Due to the much higher enrichment for 

the GRHL2 motif at peaks identified using GRHL2 KO cells as the background control, these sites 

were used in all further downstream analysis, although the same trends were observed with all 

peaks identified relative to IgG (data not shown). 

Genomic annotation of GRHL2 binding sites showed that GRHL2 binds primarily at 

intergenic and intronic regions, consistent with a predominant regulatory role at enhancers as 

opposed to promoters (Figure 10C). Next, we asked what epigenetic changes occur with GRHL2 

binding to these enhancer sites. Along with our SMC1 ChIP-seq data, we evaluated published 

H3K4me1 and H3K27Ac ChIP-seq data performed under identical culture conditions 

(Krishnakumar et al., 2016). We also performed ATAC-seq to measure changes in nucleosome 

occupancy. A low ATAC-seq signal represents a nucleosome-occluded site, while high signal 

represents the removal of nucleosomes (Buenrostro et al., 2013). Active enhancers were identified 

by the combination of high ATAC-seq, high SMC1, and high flanking H3K4me1 and H3K27ac 
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signal (Buenrostro et al., 2013; Creyghton et al., 2010; Kagey et al., 2010; Rada-Iglesias et al., 

2011). In ESCs, future GRHL2 sites showed low levels of all active enhancer marks, including 

low ATAC-seq and absence of H3K4me1, H3K27ac, and SMC1 signal, indicating that these 

enhancers have little to no activity in ESCs. In contrast, upon GRHL2 binding during the ESC to 

EpiLC transition, the same sites gained all marks of fully activated enhancers (high ATAC signal, 

H3K4me1, H3K27ac, and SMC1; Figure 10D and E). As a control, we found little change in these 

marks at SMC1 sites common to both states (Figure 10F). These results indicate that GRHL2 

binding correlates with full enhancer activation, suggesting a role for GRHL2 not only in 

regulation of cohesin binding, but also in regulation of other crucial steps in enhancer activation.  

GRHL2 is necessary and sufficient for full enhancer activation 

 Given the strong association between GRHL2 binding and various events in enhancer 

activation, we asked whether GRHL2 binding is required for each of these events. To address this 

question, we assessed levels of each active enhancer mark in wildtype and GHRL2 KO EpiLCs by 

performing ATAC-seq and ChIP-seq for H3K4me1, H3K27Ac, and SMC1. A strong reduction in 

all active enhancer marks (chromatin accessibility, H3K4me1, H3K27Ac, and SMC1 levels) was 

observed at GRHL2 sites in GRHL2 KO EpiLCs, suggesting a complete block in enhancer 

activation in the absence of GRHL2 (Figure 11A and B). These effects were specific to GRHL2 

binding sites, as levels of these marks at all other cohesin sites gained during differentiation into 

EpiLCs were similar in wild-type and GRHL2 KO EpiLCs (Figure 11C). Furthermore, the inability 

to activate GRHL2 enhancers was not due to a general defect in differentiation, as common naïve 

and formative markers were expressed at levels indistinguishable from wild-type during 

differentiation to EpiLCs (Figure 11D). These results indicate an absolute requirement for GRHL2 

binding at its target sites for enhancer activation. 
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 Since GRHL2 sites are nucleosome-occluded in ESCs and lack all marks of enhancer 

activity, the full activation associated with GRHL2 binding suggests it is able to access closed 

chromatin to activate target enhancers during differentiation. If true, ectopic expression of GRHL2 

in ESCs should be sufficient to fully activate these enhancers. To test this, we generated two 

independent ESC lines containing Rosa26-M2rtTA and a doxycycline-inducible HA-tagged 

GRHL2 in the ColA1 locus (Beard et al., 2006). When treated with doxycycline, this resulted in a 

60-fold overexpression of HA-tagged GRHL2 in ESCs relative to endogenous EpiLC levels. We 

performed ChIP-seq for HA and active enhancer marks (H3K4me1, H3K27Ac, and SMC1) in 

untargeted and dox-inducible HA-GRHL2 ESCs, both treated with doxycycline for 24 hours. The 

ectopically expressed GRHL2 protein was able to access and bind most endogenous GRHL2 

EpiLC sites (Figure 11E). These sites gained high levels of active enhancer marks (H3K4me1, 

H3K27Ac, and SMC1) and had a marked depletion of nucleosomes at the center of histone peaks, 

indicative of an active enhancer state (Figure 11F and G). Ectopic GRHL2 bound numerous 

additional ectopic sites, likely due to the high levels of expression seen with this system. 

Interestingly, these ectopic sites also gained high levels of active enhancer marks with ectopic 

GRHL2 binding (Figure 11H), further supporting the ability of GRHL2 to access closed chromatin 

and fully activate target sites. To determine whether these results could be explained by 

differentiation of cells overexpressing GRHL2, we measured changes in expression of canonical 

naïve and formative markers with 24-hour induction of GRHL2 expression in ESCs. We confirmed 

that there were minimal or no changes in expression of these markers, except for a 5-fold increase 

in the formative marker, DNMT3B (Figure 11I). The increase in DNMT3B is likely due to direct 

regulation by GRHL2 as it is also significantly down-regulated in EpiLCs upon GRHL2 loss 
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(Figure 11D). Together, these results show that GRHL2 is not only necessary, but also sufficient 

to bind and fully activate latent enhancers. 

GRHL2-regulated genes are similarly expressed during the transition from naïve to 

formative pluripotency 

 Our observation that GRHL2 activates latent enhancers suggested that GRHL2 functions 

in transcriptional activation of its target genes. Recent high-resolution chromatin interaction 

analyses in ESCs supports the use of nearest neighbor as an approximation of enhancer-target gene 

pairs at the genome-wide level, even though exceptions occur at the individual gene level (Dowen 

et al., 2014; Schoenfelder et al., 2015). Studies have also shown that TAD boundaries restrict 

enhancer activity to genes within the same TAD (Dowen et al., 2014; Ji et al., 2016). Therefore, 

we assigned enhancers to target genes that were the nearest gene within the same TAD using TAD 

boundaries identified in ESCs (Dixon et al., 2012). The median distance between GRHL2-bound 

enhancers and the nearest gene within the same TAD was 27kb, well within the range for a typical 

enhancer-promoter interaction (Calo and Wysocka, 2013; Dowen et al., 2014). To evaluate if 

GRHL2 drives expression of its predicted target genes, we performed expression profiling of 4 

independent clones of wild-type and GRHL2 KO EpiLCs. With GRHL2 loss, a similar number of 

genes were significantly up- and down-regulated, likely representative of both direct and indirect 

effects (Figure 12A). Approximately 17% of the predicted GRHL2 gene targets were significantly 

changed upon GRHL2 loss. The predicted gene targets showing little to no change in expression 

could be due to lack of probes that reliably detect these genes on the array, incorrect target 

prediction, and/or redundancy in gene regulation with other transcription factors. For those genes 

that did significantly change upon GRHL2 loss, over 80% were down-regulated, consistent with 

GRHL2 being predominantly a transcriptional activator (Figure 12A).  
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Surprisingly, despite our results showing that GRHL2 activates latent enhancers and 

positively regulates expression of a number of its candidate target genes, we found that GRHL2 

targets were already expressed in ESCs at similar levels to EpiLCs (Figure 12B). While there was 

a slight average up-regulation of predicted GRHL2 targets relative to all genes during the ESC to 

EpiLC transition, the magnitude of up-regulation of GRHL2 targets was significantly less than the 

up-regulation observed for all genes nearest to EpiLC-enriched SMC1 binding sites (Figure 12C). 

This finding indicates that the up-regulation observed for GRHL2 targets is less than what would 

be expected for target genes that are gaining an active enhancer. This remained true when focusing 

only on verified GRHL2 targets which were significantly down-regulated with GRHL2 loss in 

EpiLCs. Using quantitative RT-PCR, we confirmed that GRHL2 targets that are significantly 

down-regulated with GRHL2 loss in EpiLCs are regulated independently of GRHL2 in ESCs 

(Figure 12D and E). Together, these findings indicate that GRHL2 target genes are positively 

regulated by GRHL2 in EpiLCs but must be regulated by other factors in ESCs.  

GRHL2-regulated genes are controlled by distinct enhancers in ESCs and undergo an 

enhancer switch during differentiation to EpiLCs 

  Given that GRHL2-induced enhancer activation during the ESC to EpiLC transition was 

required for transcriptional maintenance of neighboring genes rather than transcriptional 

activation, we next asked whether expression of these genes was driven by alternative enhancers 

in ESCs. To identify potential alternative enhancers that drive expression of GRHL2 target genes 

in ESCs, we looked for active enhancers in ESCs that are likely associated with these genes based 

on the enhancer having a GRHL2 target gene as the nearest gene within the same TAD (Figure 

12F). We identified active ESC enhancers based on the presence of a significant ATAC-seq peak 

(FDR < 0.05) marked by both H3K4me1 and H3K27Ac. We found such enhancers for 67% of 
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predicted GRHL2 target genes, and almost all of these were at least 1kb away from the GRHL2-

bound site (Figure 12G). These potential alternative ESC enhancers were a median distance of 

42kb away from the GRHL2 target gene. Upon differentiation into EpiLCs, these enhancers 

exhibited a significant decrease in the levels of all active enhancer marks (ATAC-seq signal, 

H3K4me1, H3K27Ac, and SMC1), indicating that they were becoming inactivated (Figure 12H 

and I). H3K27ac was the most dramatically changed, consistent with it being one of the first marks 

lost during enhancer inactivation (Bogdanovic et al., 2012; Bonn et al., 2012). Since GRHL2-

bound enhancers are becoming activated as these alternative ESC enhancers are becoming 

inactivated, these findings suggest that GRHL2-regulated genes undergo a switch in enhancer 

usage during the ESC to EpiLC transition, typically maintaining rather than altering gene 

expression. 

 To identify candidate TFs that regulate the predicted alternative ESC enhancers, we used 

Homer to identify enriched sequence motifs at these sites. The top hits were pluripotency 

transcription factor motifs, including the naïve-specific KLF family of transcription factors (KLF4, 

KLF5, EKLF; Figure 13A) (Guo et al., 2009). The KLF TFs decrease dramatically during 

differentiation to the EpiLC state, coinciding with the diminishment of active enhancer marks at 

the alternative ESC enhancers. Using available KLF4 ChIP-seq data in ESCs grown in similar 

culture conditions (LIF+2i) (Liu et al., 2017),  we found that 30% of GRHL2 targets in EpiLCs 

are the nearest neighbor to a KLF4-bound enhancer in ESCs (Figure 13B). The median distance 

between the KLF4-bound enhancer and GRHL2 target promoter was about 29kb. Almost all of 

these KLF4-bound enhancers were at least 1kb away from the GRHL2 enhancer sites, indicating 

that they are distinct enhancers. These enhancers showed reduced H3K4me1, H3K27Ac and 
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SMC1 during differentiation, consistent with their inactivation just as the GRHL2 bound sites 

become activated (Figure 13C-E).  

To further test whether GRHL2 targets are regulated by the KLF TFs in ESCs, we 

generated double knockout (DKO) ESCs for KLF2 and KLF4 using CRISPR editing and validated 

loss of protein by Western blot. We performed RNA-seq on three independent DKO lines to 

determine whether GRHL2 targets were preferentially down-regulated. A total of 5463 genes 

showed significantly altered expression (FDR < 0.05), with a similar number of genes that were 

down-regulated and up-regulated (53% vs 47%).  Of these genes that were near KLF4 sites, a 

slightly higher percentage were down-regulated (56%) than up-regulated (p = 4.6E-5 by 

hypergeometric test). However, when focusing on significantly changed genes near all GRHL2 

sites, only 53% were down-regulated, similar to for all genes. The lack of a significant enrichment 

for KFL2/4-driven expression of GRHL2 target genes in ESCs could be due to a number of 

reasons.  First, there are likely many secondary effects due to the constitutive nature of the 

knockouts. Attempts at acute knockdown with siRNAs failed to show strong downregulation of 

the KLFs, and previously published KLF knockdowns were done in alternative growth conditions 

and only achieved approximately 50% knockdown of each KLF or only knocked down individual 

KLFs (Aksoy et al., 2014; Jiang et al., 2008).  Second, KLF5 and other KLF proteins may be acting 

redundantly with KLF2/4 to regulate many of these target genes.  Therefore, we decided to take 

an alternative approach and directly delete the binding sites for GRHL2 and KLF4 at a predicted 

target gene, Dsp (Fig. 5B). 

 To delete the TF binding sites, we used CRISPR editing to generate approximately 200bp 

deletions surrounding the KLF4 or GRHL2 sequence motif at the bound sites. There were two 

KLF4 binding sites and one GRHL2 binding site near the Dsp promoter (Figure 13C). We 
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generated ESC lines with deletions for one of the two KLF4 sites (K1), both KLF4 sites (K1+K2), 

or the GRHL2 site (G). We then assessed the effects of each enhancer deletion on DSP expression 

in ESCs and EpiLCs by quantitative RT-PCR. Strikingly, we found that deletion of one or both 

KLF4-bound enhancers led to a significant reduction in DSP expression in ESCs, but had no effect 

in EpiLCs (Figure 13F). Conversely, deletion of the GRHL2-bound enhancer resulted in 

significantly reduced DSP expression in the EpiLC state but had no effect in ESCs (Figure 13G). 

Together, these results show that maintenance of DSP expression during the ESC to EpiLC 

transition is driven by an enhancer switch that is regulated by the KLF and GRHL2 transcription 

factors.  

GRHL2 suppresses an epithelial-mesenchymal transition in EpiLCs 

 Next, we examined the biological role of enhancer switching at GRHL2 target genes. As 

expected, GRHL2 KO ESCs did not have any obvious phenotype under self-renewal growth 

conditions, since GRHL2 expression is low or undetectable at this stage (Figure 14A). However, 

upon differentiation to EpiLCs, unlike wildtype cells, the KO cells did not remain in compact 

colonies, suggestive of a mesenchymal-like transition. GREAT analysis of GRHL2-regulated 

enhancers showed an enrichment for basolateral plasma membrane, cell-cell junction, and apical 

junction complex genes characteristic of an epithelial state (Figure 14B) (McLean et al., 2010). 

These ontology groups were also among the top enriched terms when performing GO analysis of 

genes nearest to GRHL2 enhancers using Enrichr (Figure 14C) (Chen et al., 2013; Kuleshov et al., 

2016). This suggested that GRHL2 is maintaining expression of genes specifically involved in 

promoting an epithelial state and cell adhesion in EpiLCs.  

Among the direct targets of GRHL2 was the major epithelial regulator, Cdh1. There was a 

GRHL2-dependent enhancer in intron 2 which was inactive in ESCs and then fully activated 
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(nucleosome depleted, H3K4me1+, H3K27ac+, and Smc1+) in EpiLCs (Figure 14D). In GRHL2 

KO EpiLCs, this enhancer failed to acquire these active marks (Figure 14E). Microarray data 

showed an approximately 50% reduction in CDH1 expression in GRHL2 KO vs. wildtype EpiLCs. 

In addition to CDH1, we uncovered an EMT-like transition for several well-known epithelial and 

mesenchymal markers (Figure 14F). Quantitative RT-PCR confirmed the down-regulation of the 

epithelial markers CDH1, CLDN6, and to a small degree, TJP2. In contrast, the mesenchymal 

markers, VIM, CDH2, and SLUG were up-regulated (Figure 14G). The overexpression of GRHL2 

in ESCs led to an opposite result with the same markers showing altered expression in the opposing 

direction (Figure 14H). To ensure that these expression changes in the KO and overexpressing 

cells were not due to altered differentiation, we measured expression of each marker in wildtype 

ESCs and EpiLCs and found that most genes were unchanged throughout the transition (Figure 

14I). Therefore, morphological, enhancer, and gene expression changes were all consistent with 

GRHL2 functioning in the maintenance of an epithelial state in EpiLCs. Together, these results 

suggest that GRHL2 replaces naïve factors in EpiLCs to regulate a subset of the naïve pluripotency 

network that drives an epithelial program necessary in both the naïve and formative pluripotent 

states. 

Discussion 

Here, we identify a transcription factor, GRHL2, that plays a key role in rewiring enhancers 

during the ESC to EpiLC transition with minimal transcriptional changes. GRHL2 binding to its 

target sites in EpiLCs is both necessary and sufficient to fully activate latent enhancers. In the 

absence of GRHL2 in EpiLCs, a number of genes closest to these sites within the same TAD show 

reduced expression. However, these genes are already expressed at similar levels in ESCs and 

exhibit small changes in expression during the ESC to EpiLC transition. At least in part, the lack 
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of major expression changes is due to the presence of alternative enhancers driven by naïve 

transcription factors in ESCs, such as members of the KLF family. These enhancers are becoming 

inactivated just as the GRHL2 target enhancers are becoming activated. Therefore, GRHL2 

appears to be part of a larger process of enhancer switching at genes similarly expressed during 

the transition between naïve and formative pluripotent states (Figure 15). 

While it is widely known that genes can be driven by distinct enhancers in different tissues 

and developmental stages, there are few known examples of changes in enhancer usage during a 

continuous developmental transition where a gene stays relatively constantly expressed. One 

classic example occurs at the Oct4 locus during the transition from the early to late epiblast (Yeom 

et al., 1996). More recently, enhancer switching has been shown to occur at many genes between 

naïve ESCs and primed EpiSCs, although EpiSCs are a distinct cell line derived through prolonged 

passage rather than a homogeneous transition and represent a significantly later developmental 

stage (Kojima et al., 2014a). More importantly, the mechanisms driving enhancer switching and 

the purpose for genes to undergo enhancer switching within a tight developmental window and 

with little change in gene expression remain unclear. The results presented here support a 

regulatory mechanism where a naïve and a formative pluripotency TF coordinate enhancer 

switching to maintain an epithelial program required in both states. Whereas studying the effects 

of GRHL2 loss in a single steady state would have simply identified a role for GRHL2 in driving 

epithelial gene expression in EpiLCs, our ability to study the transition between two cell states 

allowed us to uncover this novel mechanism.  

 GRHL2 and other GRHL family members have been shown to be key regulators of the 

epithelial state during development (Pyrgaki et al., 2011; Ray and Niswander, 2016; Werth et al., 

2010). They have also been shown to play a role in cancer progression. Tumors with loss of 
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function mutations in GRHL proteins often correlate with EMT, leading to metastasis (Chung et 

al., 2016; Cieply et al., 2013; Cieply et al., 2012; Werner et al., 2013; Xiang et al., 2012). GRHL2 

KO mice have the most severe phenotype of the three Grainyhead proteins, resulting in embryonic 

lethality by E9.5 or E11.5, depending on the mouse strain (Pyrgaki et al., 2011; Rifat et al., 2010; 

Werth et al., 2010). Those that survive past E9.5 have defects in fusion of a variety of tissues and 

organs, including an open neural tube, and lung and heart defects. These overt phenotypes are 

likely preceded several days by molecular defects, given the molecular changes seen in the GRHL2 

KO EpiLCs. In vitro, we show a partial EMT associated with the loss of GRHL2, including a 

partial down-regulation of epithelial genes and up-regulation of mesenchymal genes. For example, 

approximately fifty percent of E-cadherin expression remained in the GRHL2 KO EpiLCs. These 

changes may not be enough to completely deregulate EMT during gastrulation and/or there could 

be additional redundant pathways in vivo, explaining the slightly later phenotypes. 

 Previous work on the regulation of three-dimensional architecture by cohesin have focused 

on long range interactions that form TADs, which are larger loop structures that partition the 

genome into insulated regulatory units. Enhancers are contained within TADs and are often 

restricted to activating genes within the same TAD (Dowen et al., 2014; Ji et al., 2016; Mumbach 

et al., 2016). TAD boundaries are marked by cohesin and the sequence-specific factor, CTCF, and 

are largely similar in different cell types. Enhancer-promoter interactions that occur within TADs 

are much more dynamic across cell types and therefore require regulation by different sequence-

specific factors in different cell types (Ji et al., 2016). Here, we aimed to identify sequence-specific 

factors that regulate cohesin localization to new enhancers during differentiation to the EpiLC 

state. We originally focused on GRHL2 as a TF that may regulate this process. While we found 

that GRHL2 is indeed necessary and sufficient for cohesin binding at target enhancers, it is also 
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necessary and sufficient for nucleosome removal and deposition of H3K4me1 and H3K27Ac. It is 

unclear whether GRHL2 is required for each of these events or functions early in the process to 

initiate a cascade of events.  

One of the earliest events in enhancer activation is removal of nucleosomes from the 

enhancer, allowing other TFs to bind. Our ATAC-seq data showed that GRHL2 target sites are 

nucleosome-occluded in ESCs; yet GRHL2 overexpression is able to fully activate these 

enhancers. GRHL2 overexpression in ESCs also led to binding and activation of many additional 

sites that are not native GRHL2 binding sites in the EpiLC state. This suggests a possible role for 

GRHL2 as a pioneer factor, binding nucleosome-occluded DNA and opening up the enhancer 

region. However, GRHL2 may not be functioning alone, but could instead be interacting with other 

transcription factors that are expressed in both naïve and formative states to cooperatively bind 

and activate its target sites. Biochemical experiments to identify candidate collaborative factors 

and acute depletion of these factors will be required to answer this question. 

Our findings raise the question of why these cells have evolved such a complex mechanism 

to simply maintain gene expression. Given that ESCs and EpiLCs are both pluripotent, it is not 

surprising that they express many of the same genes and at similar levels. However, it is less 

obvious why these genes become controlled by distinct enhancers. We propose that the large naïve 

pluripotency network must be subdivided into smaller networks in preparation for lineage 

specification to form the three germinal layers during gastrulation (Figure 15). That is, by 

partitioning genes into smaller networks, their regulation becomes uncoupled, providing EpiLCs 

with more flexibility to differentiate into these distinct cell fates. GRHL2 regulates just one of 

these sub-networks, one important in maintaining an epithelial state characteristic of downstream 

ectoderm cells. Consistent with this model, analysis of single cell RNA-seq data from the E6.5 
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gastrulating embryo (Scialdone et al., 2016) shows a positive correlation between expression of 

GRHL2 and markers of anterior epiblast cells that give rise to ectoderm, and a negative correlation 

with markers of the posterior epiblast and primitive streak that give rise to mesendoderm (Figure 

14J). We therefore speculate that a more general mechanism exists where different EpiLC TFs 

take over regulation of multiple distinct networks to allow for precise control of cell fate as the 

embryo prepares for gastrulation. 

 

Figure 9. ChIP-seq for SMC1 identifies candidate TFs that regulate cohesin re-localization 

during the ESC to EpiLC transition. A) Principal component analysis of Combat batch-

normalized RNA-seq data for ESCs, EpiLCs, inner cell mass (ICM), and pre- and post-

implantation epiblast. B) Left: SMC1 signal at ESC-specific, EpiLC-specific, and common SMC1 

sites called with MACS2 (FDR<0.05). To remove insulators, sites co-bound by CTCF are not 

included. RPM = reads per million. Right: Venn diagram showing overlap of SMC1 sites in ESCs 

and EpiLCs. We identified 2955 ESC-specific, 3358 EpiLC-specific, and 2205 common SMC1 

sites. C) SMC1 ChIP-seq tracks at Esrrb and Fgf5 genomic loci, with blue bars indicating 

significant differential peaks between ESCs and EpiLCs as called by MACS2. D) Top transcription 



40 
 

factor motifs enriched at EpiLC-specific SMC1 sites, using all ESC SMC1 sites as a background. 

E) Expression fold change in EpiLCs vs ESCs for top 5 transcription factor candidates as 

quantified by qPCR. Error bars represent standard deviation of n=3 biological replicates. p <0.05 

for OTX2 and GRHL2 by student t-test. 

 

Figure 10. GRHL2 binding correlates with nucleosome removal and full enhancer activation. 

A) Quantitative PCR of the Grainyhead family of TFs (GRHL1, 2, and 3) in EpiLCs vs ESCs. 

Error bars indicate standard deviation for n=3 biological replicates. p<0.05 for GRHL2 and 

GRHL3. B) Average GRHL2 ChIP-seq signal for a 200bp window surrounding GRHL2 sites in 

replicate 1 vs replicate 2, plotted as reads per million. Spearman’s correlation = 0.90. C) Genome 

annotation of GRHL2 binding sites defined by UCSC mouse genome annotation v5.4. D) 

Heatmaps at EpiLC GRHL2 sites for enhancer marks in ESCs and EpiLCs. All plots are shown 

for an 8kb window centered at GRHL2 binding sites. E) Metagene analysis of average signal across 

GRHL2 sites for heatmaps shown in (D). All plots are shown for an 8000bp window centered at 
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GRHL2 binding sites. RPM = reads per million. K4me1 p = 1.36E-41; K27Ac p = 6.80E-15; 

SMC1 p = 3.73E-34; ATAC-seq p = 2.78E-65 (paired t-test). F) Metagene analysis of average 

signal across SMC1 sites common to both ESCs and EpiLCs in wildtype ESCs and EpiLCs. All 

plots are shown for an 8000bp window centered at SMC1 binding sites. 
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Figure 11. GRHL2 is necessary and sufficient for full enhancer activation. A) Metagene 

analysis of average signal across GRHL2 sites in GRHL2 knockout and wildtype (V6.5) EpiLCs. 
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All plots are shown for a 8000bp window centered at GRHL2 binding sites. RPM = reads per 

million. K4me1 p = 8.79167E-50; K27Ac p = 1.77148E-52; SMC1 p = 3.08123E-40; ATAC: p = 

7.13881E-72 (paired t-test). B) Heatmaps at GRHL2 sites for enhancer marks in GRHL2 knockout 

and wildtype (V6.5) EpiLCs. All plots are shown for an 8kb window centered at GRHL2 binding 

sites. C) Metagene analysis of average signal across EpiLC-specific SMC1 sites (minus sites co-

bound by GRHL2) in GRHL2 knockout and wildtype EpiLCs. All plots are shown for an 8000bp 

window centered at SMC1 binding sites. D) Quantitative RT PCR in wildtype (V6.5) and GRHL2 

knockout ESCs and EpiLCs was performed for naïve (KLF2, KLF4, REX1) and formative (FGF5, 

OTX2, DNMT3B) markers, and a fold change was calculated in EpiLCs vs ESCs for each line. 

Error bars indicate standard deviation for n=4 biological replicates. p<0.05 for DNMT3B only in 

WT vs KO. E) Fraction of endogenous GRHL2 binding sites in EpiLCs that are bound by GRHL2 

overexpression in ESCs (GRHL2 sites bound). F) Metagene analysis of average signal across 

endogenous GRHL2 sites that are ectopically bound in GRHL2 overexpressing ESCs in untargeted 

(WT) cells and dox-inducible GRHL2 ESCs, both treated with doxycycline. RPM = reads per 

million. K4me1 p = 1.56194E-45; K27Ac p = 3.69415E-24; SMC1 p = 1.0148E-34 (paired t-test). 

G) Heatmaps showing all individual loci in (F). H) Heatmaps for enhancer marks in WT and 

GRHL2 overexpression ESCs at all ectopic GRHL2 sites that are not bound by endogenous 

GRHL2 in EpiLCs. All plots are shown for an 8kb window centered at GRHL2 binding sites. I) 

Fold change in expression of naïve (KLF2, KLF4, REX1) and formative (FGF5, OTX2, 

DNMT3B) markers in WT and dox-inducible HA-GRHL2 ESCs after 24 hours of doxycycline 

treatment. p < 0.05 for KLF4, REX1, and DNMT3B by Students t-test. n = 3 biological replicates. 
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Figure 12. GRHL2 target genes are similarly expressed during the ESC to EpiLC transition 

and are regulated by distinct enhancers in ESCs. A) Boxplots of expression changes in GRHL2 

KO vs WT EpiLCs for all significantly changed genes (with adjusted p <0.05) relative to all 

significantly changed genes nearest to GRHL2 sites, indicating a relative down-regulation of 

GRHL2 targets in GRHL2 KO cells (p = 1.195E-9 by Mann-Whitney-Wilcoxon test). B) Boxplots 

showing distribution of expression for all candidate GRHL2 target genes in ESCs and EpiLCs 

based on RNA-seq data. CPM = counts per million. C) Boxplots of the log2 fold change in 

expression in EpiLCs vs ESCs for all genes, candidate GRHL2 target genes based on nearest 

neighboring gene within the same TAD, verified GRHL2 targets based on down-regulation in 

GRHL2 KO cells, and candidate targets of EpiLC-enriched SMC1 sites. EpiLC-enriched SMC1 

sites were identified relative to ESC SMC1 sites using bdgdiff in MACS2. * indicates p <0.05 and 

*** indicates p < 0.005 by students t-test. D) Quantitative RT-PCR verification of microarray 

profiling data for significantly down-regulated GRHL2 targets in WT and GRHL2 KO EpiLCs. P 

< 0.05 by Students t-test for each gene, except for Elf3 (p = 0.051). n = 3-4 biological replicates. 

E) Quantitative RT-PCR for GRHL2 targets in (C), but in WT and GRHL2 KO ESCs. No 

significant differences were observed. n = 3 biological replicates. F) Schematic for identifying 

alternative ESC enhancers. We identified likely GRHL2 targets in EpiLCs by identifying the gene 

nearest to GRHL2 binding sites within the same TAD (based on Dixon et al. 2012). We then 

identified genes that are likely regulated by enhancers in ESCs by identifying genes within the 

same TAD that are nearest to active ESC enhancers, based on presence of a significant ATAC 

peak (FDR < 0.05) and both K4me1 and K27Ac signal. To identify GRHL2 targets that are 

regulated by an enhancer in ESCs, we overlapped the ESC genes nearest to an active enhancer 

with GRHL2 targets in EpiLCs. To find the alternative enhancer associated with these genes in 

ESCs, we then matched these genes back to the corresponding enhancer sites. G) Pie chart showing 

percentage of GRHL2 target genes in EpiLCs that are nearest to an alternative active enhancer in 

ESCs. H) Heatmaps for enhancer marks in ESCs and EpiLCs at the alternative ESC enhancers in 

(F). All plots are shown for an 8kb window centered on the enhancer site. Note that multiple 

alternative enhancers exist per GRHL2 target, resulting in 1009 alternative enhancers total. I) 

Metagene analysis showing average signal for the heatmaps shown in (H). A significant decrease 

in the levels of each active enhancer mark is observed (ATAC p = 2.59E-25; K4me1 p = 6.07E-

09; K27Ac p=3.30E-59; SMC1 p=5.50E-18 by paired t-test). All plots are shown for an 8kb 

window centered at the enhancer sites. RPM = reads per million. 
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Figure 13. GRHL2-regulated genes undergo an enhancer switch during the ESC to EpiLC 

transition. A) Motif analysis at the alternative enhancers for GRHL2 targets in ESCs to identify 

candidate TF motifs that are enriched at these sites. B) Pie chart showing percentage of GRHL2 

target genes in EpiLCs that are nearest to a KLF4-bound site in ESCs. KLF4 binding sites at 

promoters were excluded to enrich for enhancers. C) ChIP-seq signal tracks for enhancer marks at 

the Dsp locus, with significant KLF4 and GRHL2 binding sites indicated by purple or blue bars, 

respectively. KLF4 and GRHL2 sites deleted using CRISPR are indicated. D) Heatmaps for 

enhancer marks in ESCs and EpiLCs at ESC KLF4 sites that have a GRHL2 target as its nearest 

gene. All plots are shown for an 8kb window centered at KLF4 binding sites. E) Metagene analysis 

showing average signal for the heatmaps in (D). A significant decrease in signal in the EpiLC state 

was observed for each enhancer mark except for ATAC-seq signal. (K4me1 p = 2.81E-3; K27Ac 

p = 4.83E-12; SMC1 p = 1.87E-10). F) Fold change in Dsp expression with deletion of the 

indicated KLF4 enhancers (K1 alone, or K1 and K2) in ESCs and EpiLCs. Astericks (*) indicate 

p < 0.05. G) Fold change in Dsp expression with deletion of the indicated GRHL2 enhancer in 

ESCs and EpiLCs. Astericks (*) indicate p < 0.05.  
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Figure 14. GRHL2 loss prevents maintenance of the epithelial expression program and 

results in EMT of EpiLCs. A) Brightfield images of wildtype and GRHL2 knockout ESCs and 

EpiLCs. B) Gene ontology of genes predicted to be regulated by GRHL2 enhancers by GREAT 

analysis. C) Gene ontology analysis using Enrichr for genes nearest to GRHL2 enhancers within 

the same TAD. D) ChIP-seq and ATAC-seq tracks in WT ESCs and EpiLCs at a GRHL2 binding 

site (outlined in black) and KLF4 site (outlined in green) near the E-cadherin promoter. E) ChIP-

seq and ATAC-seq tracks in WT and GRHL2 KO EpiLCs at a GRHL2 binding site near the E-

cadherin promoter. F) Clustered heatmap of common epithelial and mesenchymal markers that are 

significantly changed (adjusted p<0.05) in 4 independent clones of GRHL2 KO EpiLCs vs WT 

(V6.5) EpiLCs. G) qPCR validation of expression changes for epithelial (CDH1, CLDN6, TJP2) 

and mesenchymal (VIM, CDH2, SLUG, SNAIL) markers in WT (V6.5) vs GRHL2 KO EpiLCs. 

Error bars show standard deviation for n=4 biological replicates. p<0.05 for all markers except 

SNAIL by t-test. H) Expression of epithelial and mesenchymal markers in WT and dox-inducible 

GRHL2 overexpressing ESCs treated with doxycycline for 0 or 48 hours as quantified by qPCR. 

Expression is normalized to respective 0 hr doxycycline samples for each cell line. Error bars 

indicate standard deviation for n=3 biological replicates. p<0.05 for all markers except VIM (p = 

0.056) and SNAIL. I) Expression fold change of epithelial and mesenchymal markers in wildtype 

EpiLCs vs ESCs measured by quantitative RT-PCR. Error bars are for n=3 biological replicates. 

p<0.05 for Vim only; p=0.09 for Cldn6. J) Spearman correlations in E6.5 single cell RNA-seq data 

for expression of GRHL2, anterior epiblast markers at E6.5 (Cdh1, Otx2, Sox2) and primitive 

streak markers (Evx1, Fgf8, Snai1, T). 
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Figure 15. GRHL2 assumes control of a subset of the pluripotency network during the ESC 

to EpiLC transition. A model where naïve-specific pluripotency factors including the KLF TFs 

regulate a broad repertoire of genes in ESCs, many of which need to be maintained in the formative 

state. TFs up-regulated in the formative state activate new enhancers to maintain expression of 

these genes while the ESC-specific enhancers become inactivated. In the case of GRHL2, the target 

genes promote an epithelial state characteristic of both naïve and formative pluripotent cells. We 

speculate that other EpiLC-specific TFs regulate additional subsets of the larger naïve network. 
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Chapter 4: Regulation of enhancer priming by Foxd3 

Summary 

Precise regulation of gene expression during embryonic development is crucial for 

ensuring proper development of the embryo. This is achieved at least in part through the epigenetic 

regulation of enhancers in a developmental and tissue-specific manner by sequence-specific 

transcription factors and their associated co-factors. The window of development just prior to 

gastrulation involves a significant reorganization of the epigenetic landscape at enhancers as the 

embryo is preparing to undergo lineage specification into the three germ layers. Here, we focus on 

the role that the transcription factor, Foxd3, plays in orchestrating these changes in the enhancer 

landscape using an in vitro model of the early-to-late epiblast transition described in the previous 

chapters. We identified Foxd3 target sites using ChIP-seq for Foxd3 in ESCs and EpiLCs and 

show that Foxd3 is required to prime enhancers during differentiation to the EpiLC state by 

recruiting nucleosome remodelers to establish nucleosome-depleted regions. At the same time, it 

prevents full enhancer activation by recruiting histone deacetylases to inhibit histone acetylation. 

Such a mechanism of enhancer priming likely primes developmental genes for future activation in 

a subset of downstream lineages upon gastrulation. We further show that these primed enhancers 

lack the cohesin complex, suggesting these enhancers are not yet stably contacting their target 

promoters and that Foxd3 may play a potential role in preventing cohesin recruitment. We also 

provide evidence of an intermediate enhancer state between the traditional “primed” (K4me1+) 

and “active” (K4me1+, K27Ac+) states that is cohesin-bound (K4me1+, cohesin+, K27Ac-), 

suggesting that there are multiple primed enhancer states and that enhancer-promoter looping may 

occur as a distinct step in enhancer priming.  
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Introduction 

Regulation of gene expression during embryonic development often involves enhancer 

regulation. Developmental and tissue-specific enhancers ensure that target genes are expressed at 

precisely the right place and time to coordinate developmental events (Shlyueva et al., 2014). 

These enhancers are in turn tightly regulated by various transcription factors that recruit co-factors 

to modify the activity of these enhancers (reviewed in Calo and Wysocka, 2013). Inactive 

enhancers are often tightly packaged, with the DNA tightly wrapped around nucleosomes. In order 

to become activated, pioneer transcription factors that are able to recognize nucleosome-bound 

DNA will bind and recruit nucleosome remodelers, such as the SWI/SNF complex, to establish a 

nucleosome-depleted region. This exposes the enhancer DNA to binding by other transcription 

factors that recruit histone-modifying enzymes to modify the flanking histones with histone 3 

lysine 4 mono-methylation (H3K4me1), forming a primed enhancer, and subsequently histone 3 

lysine 27 acetylation (H3K27Ac), forming an active enhancer (Creyghton et al., 2010; Shlyueva 

et al., 2014). These enhancers also need to interact with their target genes, sometimes over a 

megabase away, to regulate their expression. This likely occurs through direct contact of the 

enhancer with the target gene promoter, forming enhancer-promoter loops that are anchored by 

the cohesin complex (Kagey et al., 2010). However, precisely when enhancer-promoter loops are 

formed in the sequential process of enhancer activation remains unclear, although it has been 

suggested that these loops exist prior to gene activation (Ghavi-Helm et al., 2014). The specific 

factors and mechanisms that regulate enhancer activity during development have also not been 

fully elucidated.  

To study mechanisms of enhancer regulation during development, we focused on the role 

of the forkhead transcription factor, Foxd3, in priming enhancers during the transition from the 
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early to late epiblast. We use an in vitro model of this transition described in Chapters 2 and 3, in 

which ESCs are differentiated into a relatively homogeneous population of EpiLCs. The 

importance of Foxd3 during this transition is evidenced by the fact that Foxd3 knockout embryos 

are lethal by gastrulation at E6.5 (Hanna et al., 2002). Previous work in the lab showed that FOXD3 

binding sites are largely mutually exclusive in ESCs and EpiLCs (Krishnakumar et al., 2016). 

FOXD3 sites that are newly bound in the EpiLC state are inactive in the ESC state and become 

primed (nucleosome-depleted and H3K4me1+) upon Foxd3 binding in EpiLCs, while ESC 

FOXD3 sites are already primed. Genes near EpiLC enhancers are enriched for developmental 

genes and increase in expression with FOXD3 binding in EpiLCs, but further increase later in 

differentiation, presumably upon full activation of the enhancer. Similarly, genes nearest to 

FOXD3 ESC sites increase in expression upon Foxd3 departure during differentiation to the EpiLC 

state.  

Interestingly, loss of FOXD3 results in upregulation of target genes in their respective 

states, suggesting that Foxd3 inhibits full gene activation (Krishnakumar et al., 2016). Consistent 

with this, loss of FOXD3 results in increased H3K27Ac at both ESC and EpiLC Foxd3 binding 

sites in their respective states, suggesting that FOXD3 inhibits acetylation of target enhancers. 

However, FOXD3 loss also results in decreased chromatin accessibility but at EpiLC FOXD3 sites 

only, indicating that it is involved in establishment, but not maintenance, of open chromatin. 

Together, these results suggest a role for FOXD3 in priming enhancers by establishing a 

nucleosome-depleted region while preventing full enhancer activation by inhibiting acetylation.  

In this chapter, we examine the mechanisms through which FOXD3 primes enhancers of 

developmental genes. We show that FOXD3 recruits the SWI/SNF remodeling complex to binding 

sites to establish open chromatin regions, while simultaneously recruiting the histone deacetylases 
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HDAC1 and HDAC2 to inhibit H3K27Ac. We also examine the role of FOXD3 in cohesin 

recruitment and observe a lack of cohesin binding at these enhancers, suggesting that these 

enhancers are not yet in contact with their target gene promoters. Interestingly, we show that other 

primed enhancers can be cohesin-bound, suggesting that two distinct primed enhancer states exist 

that are distinguishable by cohesin occupancy. These results suggest that cohesin recruitment is a 

distinct step in enhancer priming and that enhancer-promoter looping may occur after H3K4me1 

but prior to H3K27Ac.  

Results 

FOXD3 primes enhancers by recruiting BRG1 to establish open chromatin  

Since enhancers that become bound by FOXD3 during the ESC to EpiLC transition become 

more accessible upon FOXD3 binding and are unable to open fully in the absence of FOXD3, this 

suggested that FOXD3 is required for establishing open chromatin at enhancers. We hypothesized 

that this occurs through direct recruitment of the SWI/SNF chromatin remodeling complex by 

FOXD3. Consistent with this, FOXD3 and BRG1, the catalytic component of the SWI/SNF 

complex, can be co-immunoprecipitated, indicating that they can be found in the same complex 

(Krishnakumar et al. 2016). Additionally, when we performed BRG1 ChIP-seq in ESCs and 

EpiLCs, we found that FOXD3 binding positively correlated with BRG1 binding at target 

enhancers during the transition from ESCs to EpiLCs (Figure 16A-D). Specifically, we observed 

an absence of BRG1 in wildtype ESCs prior to FOXD3 binding at EpiLC sites (Figure 16C). These 

sites then gained BRG1 upon FOXD3 binding in EpiLCs (Figure 16D). We also observed BRG1 

binding at ESC FOXD3 sites in ESCs, and this binding remained after FOXD3 departure in 

EpiLCs (Figure 16A and B). 
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We then asked if recruitment of BRG1 to FOXD3-bound enhancers was dependent on 

FOXD3. To address this, we performed BRG1 ChIP-seq in wildtype and FOXD3 knockout ESCs 

and EpiLCs and examined how BRG1 binding changed specifically at FOXD3 sites. Indeed, we 

found that loss of FOXD3 during differentiation to the EpiLC state resulted in a significant 

reduction in BRG1 binding at EpiLC FOXD3 sites, indicating that FOXD3 is required for 

recruitment of BRG1 to these sites (Figure 16D). These results were confirmed at several loci by 

ChIP-qPCR (Figure 16E). Interestingly, we did not see a reduction in BRG1 at ESC FOXD3 sites 

in the absence of FOXD3 (Figure 16A and E). This provides further confirmation that FOXD3 is 

only required for establishment, but not maintenance of BRG1 at FOXD3-bound enhancers. This 

is consistent with our observation that FOXD3 is only required for establishment and not 

maintenance of open chromatin and that BRG1 binding remains after FOXD3 departure at ESC 

sites in EpiLCs. 

FOXD3 prevents full enhancer activation by recruiting HDAC1 and HDAC2 to inhibit 

acetylation 

While FOXD3 binding at enhancers during the ESC to EpiLC transition resulted in 

establishment of K4me1 and open chromatin, these enhancers did not become fully activated, as 

evidenced by the lack of K27Ac (Krishnakumar et al., 2016). However, loss of FOXD3 during the 

transition resulted in an increase in K27Ac at these sites and upregulation of the nearest gene. This 

suggested that FOXD3 inhibits full activation of target enhancers by repressing establishment of 

K27Ac at these sites. Given that the histone acetyltransferase, P300, is already bound at these sites 

(Krishnakumar et al. 2016), we asked if FOXD3 recruits histone deacetylases to counteract the 

function of P300. Consistent with this, FOXD3 can be found in a complex with HDAC1 and/or 

HDAC2, but not HDAC3 (Krishnakumar et al. 2016). ChIP-seq for HDAC1 also showed an 
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association between FOXD3 binding and HDAC1 binding at target sites, suggesting a possible 

recruitment of HDAC1 by FOXD3 to enhancers (Figure 17A-D). Specifically, we observed the 

presence of HDAC1 at ESC FOXD3 sites in wildtype ESCs (Figure 17A) but a lack of HDAC1 at 

EpiLC FOXD3 sites (Figure 17C). These EpiLC sites then gained HDAC1 with binding of FOXD3 

in EpiLCs (Figure 17D).  

To test whether FOXD3 directly recruits HDAC1 to enhancers, we performed ChIP-seq 

for HDAC1 in wildtype and Foxd3 knockout ESCs and EpiLCs and determined the effects of 

FOXD3 loss on HDAC1 binding at FOXD3 sites. We observed a significant reduction in HDAC1 

binding in both ESCs and EpiLCs at their respective FOXD3 sites in the absence of FOXD3 

(Figure 17A and D), indicating that FOXD3 is required for both establishment and maintenance 

of HDAC1 at FOXD3-bound enhancers. We confirmed these results with ChIP-qPCR for HDAC1 

at several FOXD3 enhancers, and also extended these findings to HDAC2 (Figure 17E). Given 

that these are the same sites that lose BRG1 with loss of FOXD3, we hypothesized that FOXD3 

simultaneously recruits BRG1 and HDAC1/2 to the same enhancers. This was supported by 

sequential co-immunoprecipitation showing that BRG1, HDAC1, and FOXD3 can be found in a 

single complex (Krishnakumar et al. 2016). Furthermore, sequential ChIP-qPCR at ESC FOXD3 

sites showed enrichment of both BRG1 and HDAC1, indicating that they are found simultaneously 

at the same FOXD3 sites (Krishnakumar et al. 2016).  

Primed enhancers with FOXD3 exhibit less cohesin binding relative to primed enhancers 

lacking FOXD3 

In addition to nucleosome removal and deposition of K4me1 and K27Ac, another step in 

enhancer activation involves recruitment of the cohesin complex to anchor an enhancer to its target 

gene promoter and drive gene expression (Kagey et al., 2010). We therefore asked whether the 
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cohesin complex is present at FOXD3-bound enhancers. We performed ChIP-seq for SMC1, a 

subunit of the cohesin complex, in EpiLCs and determined the levels of SMC1 binding at ESC vs 

EpiLC FOXD3 binding sites. We observed high levels of SMC1 at ESC FOXD3 sites in the EpiLC 

state. In contrast, there were very low levels of SMC1 at EpiLC FOXD3 sites, suggesting that 

FOXD3 priming of enhancers does not include recruitment of the cohesin complex (Figure 18A).  

Given that the cohesin complex is not recruited to enhancers that become bound by FOXD3 

during differentiation to the EpiLC state, we next asked if FOXD3 might play a role in preventing 

recruitment of the cohesin complex. To address this, we performed a comparison of SMC1 levels 

in EpiLCs at enhancers that remain primed throughout the ESC to EpiLC transition, but are either 

bound by FOXD3 specifically in the ESC state or the EpiLC state. That is, we compared SMC1 

levels in EpiLCs at primed enhancers that are either no longer bound by FOXD3, or are currently 

bound by FOXD3. While K4me1 and K27Ac levels were largely equivalent in the two sets of 

enhancers, SMC1 was enriched at the set of primed enhancers where FOXD3 had departed and 

was mostly absent from primed enhancers where FOXD3 was currently bound (Figure 18B). These 

results are consistent with a role for FOXD3 in preventing cohesin recruitment.  

Transition of enhancers from primed to active may involve an intermediate cohesin-bound 

state 

The presence of two distinct primed enhancer states – one with cohesin and one without – 

led us to hypothesize that enhancer activation may involve an additional stage between the 

traditional primed (K4me1+) and active (K4me1+, K27Ac+) enhancer states. Such a state would 

be both K4me1+ and cohesin-bound (K4me1+, cohesin+). To determine if such an intermediate 

state exists, we used ChromHMM (Ernst and Kellis, 2012) to annotate the genome with 7 distinct 

chromatin states given H3K4me1, H3K27Ac, and SMC1 ChIP-seq data in ESCs and EpiLCs 
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(Figure 19A). State 4, which was positive only for K4me1, seemed to represent the traditional 

primed enhancer, while state 3 represented an active enhancer, containing high levels of K4me1 

and K27Ac and some SMC1 signal. Notably, state 5 had high levels of K4me1 with moderate 

SMC1 signal and low K27Ac, potentially representing the intermediate state between primed and 

active enhancers. The states output by ChromHMM also identified K4me1 negative, K27Ac 

positive regions that likely represent active promoters (state 1), and regions marked by high SMC1 

and low K4me1 that may represent insulators or TAD boundaries (state 7).  

To further examine whether a K4me1+SMC1+, but K27Ac-, state exists during stepwise 

enhancer activation, we looked at levels of K4me1, SMC1, and K27Ac at ESC Foxd3 sites that 

are primed (K4me1+) in ESCs and that either stay primed or become active enhancers in EpiLCs. 

Using metagene analysis across these ESC Foxd3 sites in the EpiLC state, we observed an 

enrichment of K4me1 and SMC1, but not K27Ac, at enhancers that stay primed in EpiLCs, and 

high levels of all three marks at enhancers that become fully active (Figure 19B). To ensure that 

individual sites exhibit K4me1 and SMC1 but not K27Ac, we examined levels of SMC1 and 

K27Ac at all individual sites, filtering for sites that contained significant levels of SMC1 (>3 reads 

per million) (Figure 19C). We observed many instances of primed enhancers lacking K27Ac that 

exhibited strong SMC1, further supporting the existence of this intermediate state during the 

stepwise activation of FOXD3-regulated enhancers.  

Discussion 

Here, we show that FOXD3 primes enhancers for activation by simultaneously recruiting 

BRG1 and HDAC1/2 to establish nucleosome-free regions while preventing acetylation during the 

transition from ESCs to EpiLCs. Loss of FOXD3 during the transition reduced recruitment of both 

BRG1 and HDAC1/2 to EpiLC FOXD3 sites, while loss of FOXD3 in the self-renewing ESC state 
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resulted in reduced recruitment of only HDAC1/2 to ESC FOXD3 sites. These results indicate that 

FOXD3 is required for both establishment and maintenance of HDACs, but only maintenance of 

BRG1, at its target sites. It also uncovers a novel mechanism in which a transcription factor 

simultaneously recruits an activator and repressor to prime enhancers for future activation. We 

further show that primed EpiLC FOXD3 sites lack cohesin binding in the EpiLC state. However, 

other primed enhancers that were previously bound by FOXD3 exclusively in the ESC state had 

gained cohesin binding in the EpiLC state. This suggests that there are two classes of primed 

enhancers defined by the presence of K4me1 and either the presence or absence of cohesin.  

The presence of both activators and repressors at the same enhancer has been previously 

described, even at super-enhancers that are highly active (Hnisz et al., 2013; Whyte et al., 2012). 

For example, the LSD1-NURD complex, which demethylates H3K4 methylation, can be found at 

active ESC enhancers and is important for fully decommissioning enhancers upon differentiation. 

However, our findings uncover an instance of a single transcription factor that recruits both an 

activator and repressor simultaneously to the same enhancer. Additionally, this co-recruitment 

seems to prime developmental genes for future activation with departure of FOXD3 from the 

enhancer. Activation of specific targets likely only occurs in a subset of downstream lineages, and 

perhaps binding of other transcription factors is required to either activate or fully repress different 

subsets of FOXD3 target genes in different lineages. We would expect this mechanism of enhancer 

priming to be used by other transcription factors as well, at different sets of enhancers and in 

different lineage commitment decisions at other stages of development. Notably, FOXD3 has also 

been shown to be expressed and functionally important in neural crest cells, which are a 

multipotent stem cell population (Mundell and Labosky, 2011). It would be interesting to 

determine whether FOXD plays a similar role in enhancer priming in this context. 
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The observation that primed enhancers in the EpiLC state that are FOXD3-bound lack 

cohesin, while those where FOXD3 has departed are cohesin-bound, is consistent with a possible 

role for FOXD3 in preventing cohesin recruitment to primed enhancers. To directly address this 

question, it would be necessary to examine the effects of FOXD3 loss on cohesin occupancy during 

the ESC-to-EpiLC transition at primed EpiLC FOXD3 sites. If our hypothesis holds true, loss of 

FOXD3 at these EpiLC sites should result in cohesin binding. However, a confounding factor is 

that FOXD3 loss results in a reduction in opening of the chromatin at target enhancers, which may 

independently affect the ability of cohesin to be recruited. This could potentially be circumvented 

by acute depletion of FOXD3 using an inducible degron system and focusing only on a subset of 

sites where BRG1 recruitment and opening of the enhancer has already occurred. 

Our finding that a potential second “primed” state exists that is cohesin-bound is intriguing 

as it suggests that enhancer-promoter looping occurs as a distinct intermediate step between the 

traditional primed and active states at certain enhancers. To further support this model, we would 

need additional time points in a time course of enhancer activation to ensure that enhancers are 

indeed following this sequence of activation, as we are currently inferring that the primed ESC 

FOXD3 sites that are K4me1+ and cohesin-bound in the EpiLC state will become active at a later 

stage. Additionally, a chromosome conformation assay would be needed to determine whether 

these primed cohesin-bound enhancers are interacting with their target promoters or if they are 

contacting an insulator element to prevent activation. Finally, it would be interesting to determine 

how progression through each of these distinct stages in enhancer activation affects target gene 

expression.  
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Figure 16. Foxd3 is required for establishment, but not maintenance, of Brg1 at Foxd3 sites. 

A) Left: Average BRG1 ChIP-seq signal from WT and Foxd3 KO ESCs using a 4,000 bp window 

surrounding ESC FOXD3 binding sites. Data are visualized in heatmaps on the right. B) Same as 

in (A), but for ChIP-seq performed in WT and Foxd3 KO EpiLCs. C) Left: Average BRG1 ChIP-

seq signal from WT and Foxd3 KO ESCs using a 4,000 bp window surrounding EpiLC FOXD3 

binding sites. Data are visualized in heatmaps on the right. D) Same as in (C), but for ChIP-seq 

performed in WT and Foxd3 KO EpiLCs.  E) Confirmation of sequencing results with ChIP-qPCR. 

Box plots of BRG1 enrichment in wildtype and Foxd3 KO ESCs and EpiLCs at six ESC FOXD3 

binding sites and six EpiLC FOXD3 binding sites. n=3, Asterisk = p<0.05 by paired student’s t-

test. 
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Figure 17. Foxd3 is required for establishment and maintenance of HDACs at Foxd3 sites. 

A) Left: Average HDAC1 ChIP-seq signal from WT and Foxd3 KO ESCs using a 4,000 bp 

window surrounding ESC FOXD3 binding sites. Data are visualized in heatmaps on the right. B) 

Same as in (A), but for ChIP-seq performed in WT and Foxd3 KO EpiLCs. C) Left: Average 

HDAC1 ChIP-seq signal from WT and Foxd3 KO ESCs using a 4,000 bp window surrounding 

EpiLC FOXD3 binding sites. Data are visualized in heatmaps on the right. D) Same as in (C), but 

for ChIP-seq performed in WT and Foxd3 KO EpiLCs. E) Confirmation of sequencing results with 

ChIP-qPCR. Box plots of HDAC1 and HDAC2 enrichment in wildtype and Foxd3 KO ESCs and 

EpiLCs at six ESC FOXD3 binding sites and six EpiLC FOXD3 binding sites. n=3, Asterisk = 

p<0.05 by paired student’s t-test. 
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Figure 18.  FOXD3 binding sites gained during differentiation to the EpiLC state have little 

binding of SMC1. A) Average SMC1 ChIP-seq signal in EpiLCs at ESC FOXD3 binding sites 

(i.e no longer bound by FOXD3) in red or EpiLC FOXD3 binding sites (i.e currently bound by 

FOXD3) in yellow. Data are shown for a 4000bp window centered on the Foxd3 peak. RPM = 

reads per million. B) Average ChIP-seq signal in EpiLCs at sites that remain primed (K4me1+, 

K27Ac-) throughout the ESC-to-EpiLC transition, but subset for sites that were either previously 

bound by FOXD3 in ESCs (green), or are currently bound by FOXD3 in EpiLCs (orange).  
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Figure 19. An intermediate primed state exists that is characterized by the presence of 

K4me1 and SMC1 but absence of K27Ac. A) Heatmaps of 7 distinct chromatin states determined 

using ChromHMM, based on H3K4me1, H3K27Ac, and SMC1 ChIP-seq data in ESCs and 

EpiLCs. State 4 exhibits moderate levels of K4me1, while state 5 exhibits high levels of K4me1, 

moderate levels of SMC1, and low levels of K27Ac, suggestive of two distinct primed states. State 

3 is characterized by high K4me1 and K27Ac and low to moderate SMC1, indicative of an active 

enhancer, while state 7 is high in SMC1, consistent with insulators and TAD boundaries. State 1 

is high only in K27Ac and likely represents active promoters. States 2 and 6 lack each of these 

marks and likely represent the majority of the genome. B) Average ChIP-seq signal in EpiLCs at 

ESC FOXD3 sites that remain primed (K4me1+, K27Ac-) throughout the ESC-to-EpiLC transition 

(green), or become active in EpiLCs (purple). C) Heatmaps showing individual primed sites that 

are strongly bound by SMC1 but exhibit low to undetectable K27Ac.  
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Chapter 5: Concluding remarks and future directions 

 The work presented in this thesis examined epigenetic regulatory mechanisms that regulate 

early development, particularly during the transition from naïve to formative pluripotency. In 

Chapter 2, we identified general epigenetic modifiers that regulate this transition, and in Chapters 

3 and 4, we focused on the roles that two specific transcription factors play in epigenetic regulation 

of enhancers during this transition. Our findings uncovered two distinct mechanisms used by these 

two factors to regulate gene expression. The transcription factor, GRHL2, fully activates latent 

enhancers during the transition from ESCs to EpiLCs in order to maintain constant expression of 

its target genes, which are driven by naive-specific enhancers in the ESC state. In other words, 

GRHL2 target genes undergo a switch in enhancer usage from a naïve-specific enhancer in ESCs 

to a GRHL2-bound enhancer in EpiLCs with little change in expression. Meanwhile, FOXD3 

primes enhancers for activation in EpiLCs by simultaneously recruiting BRG1 to establish a 

nucleosome-depleted region while preventing full activation by recruiting HDACs to inhibit 

histone acetylation. These FOXD3-bound enhancers in EpiLCs are also not yet bound by the 

cohesin complex, which is often present at active enhancers to facilitate enhancer-promoter 

looping.  

These distinct mechanisms of enhancer regulation result in distinct effects on target gene 

expression. In the case of GRHL2, its target genes are enriched for epithelial and cell adhesion 

genes that are comparably expressed in ESCs and EpiLCs. Therefore, the function of GRHL2 is 

to assume regulation of these genes and maintain their expression levels in the EpiLC state through 

immediate activation of target enhancers. In contrast, the target genes associated with FOXD3 are 

enriched for developmental genes that do not become maximally expressed until after FOXD3 
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departure at a later stage. FOXD3 therefore plays a role in preparing these genes for future 

expression by priming enhancers but not fully activating them.  

The results of the studies presented here leave many unanswered questions and open 

exciting new avenues for further investigation. Below, we discuss some remaining questions and 

potential future directions of this work.  

Why do genes undergo enhancer switching with little to no effects on gene expression? 

 Enhancers have been known for some time to regulate gene expression in a developmental 

or tissue-specific manner. Therefore, genes that are expressed in multiple tissue types or 

developmental time points can be regulated by different enhancers in these different contexts 

(Shlyueva et al., 2014). Even closely related cell types such as ESCs and EpiSCs, which represent 

two distinct pluripotent states, show many changes in enhancer usage (Factor et al., 2014). To our 

surprise, we found that many genes that are relatively constantly expressed throughout a 

continuous developmental transition can also undergo a switch in enhancer usage. While enhancer 

switching has previously been thought to occur at the Oct4 locus during the naïve to formative 

transition, this was based on transgenic reporter assays (Yeom et al., 1996). Our findings presented 

here provide evidence of enhancer switching based on enhancer deletions at an endogenous locus 

and suggest that enhancer switching during a transition is a relatively common phenomenon.  

Our finding that enhancer switching occurs with little to no associated gene expression 

changes raises the question of why cells would evolve such a complex mechanism to simply 

maintain constant gene expression. With GRHL2, we found that it assumes regulation of a specific 

subset of genes involved in driving an epithelial program that is regulated by naïve transcription 

factors such as the KLFs in ESCs. Since many genes are constantly expressed during the naïve-to-
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formative transition but are driven by naïve-specific factors in ESCs, it is likely that other 

transcription factors like GRHL2 assume regulation of different subsets of this naïve network. We 

propose that enhancer switching occurs as part of a larger process in which the extensive naïve 

network is partitioned into smaller networks driven by distinct transcription factors in the 

formative state. This would enable each of these subnetworks to be independently regulated upon 

formation of the three germ layers during gastrulation, allowing specific subsets to persist in 

certain downstream lineages but not others. Consistent with this, in the gastrulating E6.5 embryo, 

GRHL2 expression becomes downregulated in the posterior epiblast and primitive streak that are 

fated to become mesendoderm, but remains expressed in anterior epiblast that will form the 

ectoderm layer. To further support this hypothesis, it would be necessary to identify other 

transcription factors that assume regulation of additional components of the naïve network that are 

needed in distinct downstream lineages.  

Why do primed FOXD3 sites lack cohesin? 

We show in Chapter 4 that Foxd3 binding during ESC differentiation to EpiLCs results in 

establishment of nucleosome-depleted regions that lack both cohesin and K27Ac. We found that 

recruitment of HDACs to these regions by FOXD3 inhibits acetylation. However, the reason for 

the lack of cohesin binding remains unclear. One explanation is that the transcription factor 

necessary to recruit cohesin to these sites is not expressed until a later stage when the enhancer 

needs to be activated. Motif enrichment analysis at these sites could help identify potential 

candidates, which could then be ectopically expressed to assess effects on cohesin recruitment. 

Another possibility is that FOXD3 plays a direct role in preventing cohesin recruitment. To directly 

test whether FOXD3 inhibits cohesin recruitment, one could acutely deplete FOXD3 using either 

a conditional knockout or inducible degron system during differentiation to EpiLCs and assess 
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whether cohesin becomes bound at these sites. An observed enrichment in cohesin binding after 

FOXD3 depletion would be an exciting finding since to our knowledge, inhibitors of cohesin 

binding have not been previously identified. Further studies could examine the mechanisms of 

inhibition, which could include competitive binding between FOXD3 and another transcription 

factor that recruits cohesin, or FOXD3-dependent recruitment of a cofactor or modification to the 

surrounding chromatin that is incompatible with cohesin binding.  

Does step-wise enhancer activation involve a cohesin-bound intermediate between the 

traditional primed and active enhancer states? 

 Through our studies on the role of FOXD3 in cohesin recruitment, we identified two sets 

of K4me1+ sites that can be distinguished based on the presence or absence of cohesin binding. 

While preliminary, these data suggest the potential existence of an additional step in enhancer 

priming that is characterized by the presence of K4me1 and cohesin, but not K27Ac. However, 

since we only had epigenetic profiling data for two time points (ESCs and EpiLCs), we were 

unable to definitively determine whether the cohesin-bound K4me1+ sites eventually become fully 

activated. To address this, one approach would be to profile changes in enhancer marks over three 

time points. However, while conceptually simple, it can be technically challenging to establish a 

homogeneous transition that persists through three distinct states. To mitigate this issue, one could 

sort differentiated cells using fluorescent reporters for specific downstream lineages to enrich for 

certain populations. If some of the cohesin-bound K4me1+ sites gain K27Ac in downstream 

lineages, it would provide stronger evidence that these sites are true primed enhancers in the EpiLC 

state. Alternatively, one could capture a time point in between ESCs and EpiLCs and look for 

K4me1+ sites in ESCs that become cohesin-bound in this intermediate state, and then fully active 

in EpiLCs.  
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How do other epigenetic modifers regulate the naïve to formative transition? 

 Our screen for epigenetic modifiers that regulate the naïve to formative transition yielded 

various hits that we have yet to validate and investigate further. To independently verify the results 

of our siRNA screen, we could use an independent pool of siRNAs or employ CRISPR interference 

strategies. We could then follow up on strong hits using conditional knockout ESCs or generating 

inducible degrons to separate defects in maintaining ESC identity from differentiation defects. One 

set of hits that would potentially be interesting to investigate are the protein arginine 

methyltransferases (PRMTs). Of the nine members that are present in mammals, three (PRMT1, 

PRMT2, and PRMT5) were hits in our screen. Loss of either PRMT1 or PRMT5 results in 

embryonic lethality before E6.5, highlighting the importance of these proteins during early 

development (Pawlak et al., 2000; Tee et al., 2010). Interestingly, PRMT1 knockout ESCs appear 

to have normal ESC morphology and proliferation rates, suggesting that it is specifically required 

during early stages of differentiation (Pawlak et al., 2000). The PRMTs have a variety of 

substrates, including histones, transcription factors, co-activators, and signaling proteins, and have 

been shown to be involved in processes such as transcriptional regulation, mRNA splicing, signal 

transduction, and DNA repair (reviewed in Bedford and Clarke, 2009). Therefore, there are many 

possible roles for the PRMTs in regulating the naïve to formative transition. Identifying protein 

interactors by IP-mass spectrometry and genomic binding sites by ChIP-seq, and then assaying 

changes in arginine methylation status with loss of the PRMTs for interacting proteins and at the 

histones surrounding genomic binding sites, would provide insight into the specific functions of 

the PRMTs during this transition. 

Together, the findings discussed in this work highlight the complexity of epigenetic 

mechanisms that coordinate the proper transition from naïve to formative pluripotency. Our ability 
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to study this developmental window in vitro using the differentiation of ESCs to EpiLCs has 

provided a rare opportunity to study epigenetic changes during a continuous and relatively 

homogeneous transition. This allowed us to uncover novel mechanisms of enhancer regulation that 

would not have been possible in a steady state. While the epigenetic regulatory mechanisms 

discussed here were described in this particular context, it is almost certainly the case that the 

principles uncovered are applicable in other cell fate transitions throughout development. These 

findings therefore provide a better understanding of the processes regulating mammalian 

development as a whole and can provide valuable insight into the underlying cause of various 

developmental defects. 
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Materials and Methods 

Cell culture 

 ESCs were cultured in Knockout DMEM (Invitrogen) supplemented with 15% FBS, LIF 

(1000U/mL), and 2i (1uM MEK inhibitor PD0325901 and 3uM GSK3 inhibitor CHIR99021). 

EpiLCs were generated by removal of LIF and 2i as described in Krishnakumar et al. 2016. Briefly, 

400,000 ESCs were plated per 15cm plate on day -1 in ESC media. To initiate differentiation, LIF 

and 2i were removed approximately 24 hours after seeding (day 0). EpiLCs were collected on day 

3 of differentiation, approximately 65 hours after removal of LIF and 2i. GRHL2 expression was 

induced in the dox-inducible Rosa26-M2rtTA; TetO-HA-GRHL2 ESCs with 0.5ug/mL final 

concentration of doxycycline for 24 hours prior to collection for ChIP-seq.  

siRNA screen 

 Dual fluorescent reporter ESCs were seeded at 600 cells per 96 well in LIF and 2i and 

reverse transfected with 25nM of siRNA per well using Dharmafect I (Dharmacon). The next day, 

LIF and 2i were removed. After 3 days, the 96 well plate was fixed with PFA, DAPI stained, and 

immediately imaged on an In Cell Analyzer to measure GFP and DAPI intensities. The screen was 

performed twice, and each 96 well plate contained 3 wells each of 4 different control siRNAs, as 

well as a positive control siRNA against GFP. Screen siRNAs were siGENOME Smartpool 

siRNAs (Dharmacon), and validation siRNAs were On Target Plus Smartpool siRNAs 

(Dharmacon).  

Targeting of GRHL2 knockout and overexpression lines 

 GRHL2 knockout ESCs were generated using CRISPR technology roughly as described in 

Ran et al. 2013. Pairs of guide RNAs compatible for Cas9 nicking were designed against exon 2 
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of Grhl2 using the CRISPR Design Tool (http:// tools.genome-engineering.org). Each guide RNA 

was cloned into a plasmid containing Cas9 nickase-2A-GFP (Addgene plasmid ID: 48140). Paired 

plasmids were then nucleofected into V6.5 ESCs. GFP positive ESCs were single cell sorted into 

96 well plates the next day. Individual clones were genotyped for shifts in product size in both 

alleles, and the resulting products were gel extracted and sequenced to verify that a truncated 

protein was generated. Positive clones were expanded and the absence of GRHL2 protein was 

confirmed by western blot.  

 ESCs containing dox-inducible HA-tagged GRHL2 were generated using a system 

developed by Beard et al. 2006. V6.5 ESCs targeted with Rosa26-M2rtTA and a FRT site 

downstream of the ColA1 3’UTR were electroporated with the Pgk-ATG-FRT plasmid (Addgene 

plasmid #20734) containing HA-GRHL2 cloned into the EcoRI site. Cells were plated onto 

irradiated MEFs and selected with hygromycin (140ug/mL) after 24 hours. Surviving clones were 

genotyped for insertion of the construct at the correct locus and confirmed to induce expression of 

HA-GRHL2 with addition of 0.5ug/mL doxycycline (Figure S3B).   

Name Sequence 

GRHL2 sgRNA left GTTGATGCTCATCATCGCCT 

GRHL2 sgRNA right CGAGGACAGTGCTGCCGCCC 

GRHL2 genotyping F AAAGTGCAGTGTGGTGGTCA 

GRHL2 genotyping R CACCTAAGGAAGGCCACTGA 

Col1 HA-GRHL2 Geno F CTACGACGTGCCCGACTAC 

Col1 HA-GRHL2 Geno R GCTCATCATCGCCTTGGT 

 

KLF2 and KLF4 knockout ESC generation 

KLF2 and KLF4 double KO ESCs were generated similarly to GRHL2 KO ESCs using CRISPR 

technology, except that a Cas9 nuclease-2A-GFP (Addgene plasmid #48138) was used. A pair of 

guides targeting exon 1 of Klf2 were cloned into the plasmid and introduced into V6.5 ESCs. GFP 
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positive cells were sorted two days later and plated at clonal density for colony picking. Individual 

clones were genotyped for shifts in product size in both alleles, and the resulting products were 

gel extracted and sequenced to verify that a truncated protein was generated. Positive clones were 

expanded and the absence of KLF2 protein was confirmed by western blot. To generate the double 

knockout, we then introduced a pair of guides targeted at the region flanking exon 3 of Klf4 into a 

KLF2 KO line. Individual clones were genotyped and loss of KLF4 protein was verified by western 

blot. 

Name Sequence 

KLF2 sgRNA left CTCGCACGGGCTGGCGAAAG 

KLF2 sgRNA right CCTTGCTACCCCGCCGCCCG 

KLF4 sgRNA left CCAACGCTGCAAGAACAGGG 

KLF4 sgRNA right TGGCTGGTAGAGATGGCGCT 

KLF2 KO geno F GCGCTAACTATGCTGTTGTGC 

KLF2 KO geno R GGGTGCCTCCTGCTACCC 

KLF4 KO geno F CACTAGCTTGCAGGAGAACG 

KLF4 KO geno R CTGTGTGAGTTCGCAGGTGT 

 

Generation of enhancer deletions 

To generate deletions of individual KLF4 and GRHL2-bound enhancers, we designed pairs of 

guides spaced approximately 200bp apart surrounding the KLF4 or GRHL2 sequence motif and 

cloned these into Cas9 nuclease-2A-GFP plasmids (Addgene plasmid #48138). We then expanded 

GFP-positive clones and genotyped them for shifts in product size for both alleles as described 

above. Positive clones were then sequenced to verify deletion of the TF sequence motif. 

Name Sequence 

Dsp GRHL2 sgRNA Left TTGACTGTGCTTTACTAAAT 

Dsp GRHL2 sgRNA Right CAGGTAAGCACGTTGTACGC 

Dsp K1 sgRNA Left ATTGTTCCCAGCGGGAAGGT 

Dsp K1 sgRNA Right CATGGCAGCCTAATGTACCA 

Dsp K2 sgRNA Left CATCTCAGTCGCTGTTTCCC 
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Name Sequence 

Dsp K2 sgRNA Right TGATCAAGGGTGCTTGGTCT 

Dsp GRHL2 geno F ATGGGAGTGGTTGGGTTGG 

Dsp GRHL2 geno R CATTTAGCTTCATTCACTTTGTGC 

Dsp K1 geno F GCAGGAACGAGCAGAATAGC 

Dsp K1 geno R CTTGTAACGGCGAATGTGG 

Dsp K2 geno F CTTGGGCGATGACACTGG 

Dsp K2 geno R TGATTGCGGTATGGTTATGG 

 

ChIP-qPCR and ChIP-seq 

 Cells were fixed in 1.5mM EGS for 30 mins, and then 1% PFA for 5 mins. Nuclei were 

isolated using nuclear extraction buffer (5mM PIPES pH 8.0, 85mM KCl, 0.5% NP-40) and lysed 

in shearing buffer (10mM Tris-HCl pH 7.6, 1mM EDTA, 0.1% SDS). Chromatin was sheared 

using a Covaris S2 sonicator (Duty cycle: 10%, Intensity: 4, Cycles/burst: 200, Mode: Frequency 

sweeping, 12 mins) and fragments were verified by gel electrophoresis to be predominantly 

between 100-500 bp. Antibodies were pre-incubated with a mix of 20ul Protein A and 20ul Protein 

G Dynabeads (Invitrogen) and then incubated overnight with sheared chromatin under IP 

conditions (0.5% Tritox X-100, 2mM EDTA, 20mM Tris, 150mM NaCl, 0.1% SDS). 

Approximately 10 million cells were used per IP. The next day, beads were sequentially washed 

with the following buffers: Low salt wash buffer (20mM Tris pH 7.9, 2mM EDTA, 125mM NaCl, 

0.05% SDS, 1% Triton X-100); High salt wash buffer (20mM Tris pH 7.9, 2mM EDTA, 500mM 

NaCl, 0.05% SDS, 1% Triton X-100); LiCl wash buffer (10mM Tris pH 7.9, 1mM EDTA, 250mM 

LiCl, 1% NP-40, 1% sodium deoxycholate); and 1X TE. Immunoprecipitated DNA was then 

eluted (100mM sodium bicarbonate, 1% SDS) and de-crosslinked overnight at 65 degrees Celsius 

before being purified. Protease and phosphatase inhibitors were added to each buffer prior to 

elution. Purified DNA was then used for ChIP-qPCR or for generation of ChIP-seq libraries as 

described in Krishnakumar et al. 2016.  
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ATAC-seq 

 ATAC-seq libraries were generated as described in (Buenrostro et al., 2015). Briefly, 

50000 cells were washed, resuspended in cold lysis buffer, and spun down to pellet nuclei. Isolated 

nuclei were then resuspended in Tn5 transposase reaction mix from Nextera (Illumina FC-121-

1030) and incubated at 37 degrees for 30 mins. The reaction was purified using Qiagen MinElute 

columns and then amplified for 8 cycles to produce libraries for sequencing.  

Antibodies 

 Antibodies used for ChIP-seq and/or western blotting are as follows: Normal Rabbit IgG 

(Invitrogen 10500C, 10ug/IP); H3K4me1 (Abcam ab8895, 5ug/IP), H3K27ac (Abcam ab4729, 

5ug/IP), SMC1 (Bethyl A300-055A, 10ug/IP), HA (Abcam ab9110 5ug/IP), GRHL2 (Sigma 

HPA004820 5ug/IP), TATA-binding protein (Abcam ab51841), KLF4 (R&D AF3158), KLF2 

(Millipore 09-820), HDAC1 (Abcam ab7028), HDAC2 (Abcam ab1832), FOXD3 (Abcam 

ab107248), BRG1 (Abcam ab110641). 

ChIP-seq and ATAC-seq data analysis 

 Fastq files were mapped to mm10 using Bowtie 2 and converted to bam and bed files using 

samtools and bedtools. Only uniquely mapping (map quality > 30), deduplicated reads were used 

for analysis. Peaks were identified with MACS2 using the following parameters: --nomodel --

extsize 200 -s 50 --bw 200 -f BAM -g mm -B -q 0.05. In the case of KLF4 ChIP-seq from Liu et 

al, a q-value of 5E-5 was used, and only sites containing a KLF motif were considered true KLF4 

sites. For SMC1 peaks, an IgG control was used as background. For GRHL2 peaks, a GRHL2 

ChIP in GRHL2 knockout cells was used as background. For KLF4, input DNA was used as a 

background. Metagene analyses were performed as described in Krishnakumar et al. 2016, except 
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a moving average was calculated using a window size of 400bp and a step size of 100bp. Heatmaps 

of ChIP signal were generated using deepTools2 (Ramírez et al., 2016). Homer was used for motif-

finding. GREAT was used for GO analysis of likely target genes of GRHL2-bound enhancers. 

Candidate target genes were assigned based on nearest gene within the same TAD based on TAD 

boundaries identified in ESCs by Dixon et al. 2012. Two biological replicates were sequenced for 

each condition and initially analyzed separately to ensure results were consistent between 

replicates, and then analyses were repeated by combining the reads from each replicate. At least 

20 and 7 million uniquely mapping, deduplicated reads were used for ChIP-seq and ATAC-seq 

analysis per condition, respectively (Table S7). To visualize ChIP-seq tracks at specific loci, bam 

files were converted to read normalized bedgraph files using bedtools and then converted to bigwig 

files and uploaded onto the Integrative Genome Viewer from the Broad Institute.  

Microarray profiling 

 Total RNA was Trizol extracted from 4 independent wildtype and GRHL2 knockout clones 

differentiated into the EpiLC state.  RNA was sent to the UCLA Neuroscience Genomics Core for 

hybridization to the Illumina Mouse Ref 8 v 2.0 Beadchip. Data was quantile normalized using the 

beadarray package on Bioconductor and differential gene expression in GRHL2 knockout vs 

wildtype EpiLCs was determined using the limma package.  

RNA-seq library preparation and analysis 

RNA-seq libraries of KLF2/4 double KO ESCs were generated using the QuantSeq 3’ mRNA-Seq 

Library Prep Kit FWD for Illumina (Lexogen) as per their protocol. Total RNA was Trizol 

extracted from four wildtype samples and five KLF2/4 double KO samples (three independent 

clones; two samples for two clones and one sample for one clone). 600ng of total RNA was used 
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as input for each library and 14 cycles of amplification were performed. Libraries were sequenced 

on a HiSeq 4000.  

Reads were trimmed to remove adapter sequences using cutadapt and mapped to the genome 

(mm10) with STAR using the following parameters: --outFilterMultimapNmax 1 --

outFilterMismatchNoverReadLmax 0.05 --seedSearchStartLmax 25 --winAnchorMultimapNmax 

100. Reads mapping to exons were then counted using featureCounts (Liao et al., 2014). 

Differential expression analysis was performed using DESeq2 (Love et al., 2014).  

Western blotting 

 Nuclear extracts were prepared by first resuspending cell pellets in cytoplasmic extraction 

buffer (10mM HEPES, 60mM KCl, 1mM EDTA, 0.075% Igepal, adjusted to pH7.6) to lyse cells 

and pellet nuclei, and then resuspending nuclei in nuclear extraction buffer (20mM Tris-HCl, 

420mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, and 25% glycerol, adjusted to pH 8.0). Nuclear 

lysates were quantified and equal amounts of protein were loaded for each sample onto 7.5% Tris-

glycine gels. Proteins were transferred onto a PVDF membrane, blocked with Odyssey blocking 

buffer, and sequentially blotted with primary and secondary antibody. Membranes were then 

imaged on an Odyssey imaging system (LI-COR) 

Quantitative RT-PCR 

 Trizol extraction was performed to isolate total RNA. RNA was then reverse transcribed 

using the Superscript III First-strand Synthesis kit or Maxima First Strand cDNA Synthesis kit 

(Thermofisher). Quantitative PCR reactions were performed using the SensiFAST SYBR Hi-ROX 

kit (Bioline) or PowerUp SYBR Green Master Mix (Thermofisher) on an ABI 7900HT 384-well 

PCR machine. 
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Primer sequences 

Naïve and formative markers 

Klf2 F GGCAAGACCTACACCAAGAGC 

Klf2 R CGCATCCTTCCCAGTTGC 

Klf4 F TGTGGCAAAACCTATACCAAGAG 

Klf4 R CACAGCCGTCCCAGTCAC 

Rex1 F CTCCTGCACACAGAAGAAAGC 

Rex1 R CACTGATCCGCAAACACC 

Fgf5 F CCTTGCGACCCAGGAGCTTA 

Fgf5 R CCGTCTGTGGTTTCTGTTGAGG 

Dnmt3b F ACTCCATCAGACAGGGCAAA 

Dnmt3b R CCGTGTAGTGAGCAGGGAAG 

 

Candidate TFs 

Otx2 L CAACTTGCCAGAATCCAGGG 

Otx2 R GGCCTCACTTTGTTCTGACC 

Grhl2 L TCTGAGAAGTATGGGCTGCC 

Grhl2 R  GGTGTCCTCATTTGAATAGTGC 

GSC L TTCGGGAGGAGAAGGTGG 

GSC R GTCTTGTTCCACTTCTCGGC 

Pitx1 L TCCAAAGGAACCGCTACCC 

Pitx1 R GCTCGCCGGTTCTTGAAC 

Mybl1 L  AAAGAGACCAAACCCTAACCC 

Mybl1 R AAGTTGGTCTTCTGTCTTCCC 
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GRHL2 targets 

Tiam1_L ACCAAGGCTCTTCTGTTTGG 

Tiam1_R ATGGTGTCAGTGGCTGGAGT 

Elf3 L GACTGTCTGGAGGGCAAGAA 

Elf3 R CACTTCATGAGGCCTTCGTT 

Ephb2 F CCGGCTTTACCTCTTTCGAC 

Ephb2 R CCGCATCACCTGGATACTGT 

F11r L GAACAAAGAAAGGGACTGCAC  

F11r R ACCAGGAACGACGAGGTCT 

Dsp L ATTTGAGACAGGAAATTGAGAAA  

Dsp R TCTTCACCAGCAGGCTCTCT  

 

ChIP-PCR primers 

Tiam1 ChIP F GGAGGAGCAACCTGCAATAC 

Tiam1 ChIP R TAAGATTTCCCACCGGCATT 

Actb Ctrl ChIP F TCGCTTTCTTCTCTCTTGTTCC 

Actb Ctrl ChIP R ACAAATCCACAGCCCAGGT 

Sestd1 ChIP F AACCACAGACCCAAACAGGA 

Sestd1 ChIP R GGGTAGTTGTAGGACCGAATAGG 

Chmp4b ChIP F TACTGTGCCTGAGAGGGAAA 

Chmp4b ChIP R AATGAAAGGACGGACAGAGG 

Arsg ChIP F CATCCTTGGGTCAGATTTCC 

Arsg ChIP R GGTGAGTGTCAGGGAGAGGA 

Neg Ctrl ChIP F CCTGCCTCTTGCTTTCTTTC 

Neg Ctrl ChIP R TGCTTTCCTTCAGTAATTGGGTA 
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EMT markers 

Cdh1 F CCTGCCAATCCTGATGAAAT 

Cdh1 R GAACCACTGCCCTCGTAATC 

Cdh2 F GCTGAGCCACAGTACCCAGT 

Cdh2 R GGTCGTTGTCAGCAGCTTTA 

Cldn6 F AGACAAAGCTGACCGAGCAC 

Cldn6 R GTTGACCCAGCCAAGCAG 

Tjp2 F TGACATCTATGCGGTTCCAA 

Tjp2 R TGGTGTCCTGGTAAAGTCTGG 

Vim F CCTGGAGTCACTTCCTCTGG 

Vim R GGTCATCGTGATGCTGAGAA 

Slug F TCTGCAGACCCACTCTGATG 

Slug R AGCAGCCAGACTCCTCATGT 

Snail F GCTGCTTCGAGCCATAGAAC 

Snail R AAGGGTCCTTGAGGGAGGTA 

 

Others 

GRHL1 L CCCCATGACAAGATTGGGAA 

GRHL1 R TCTATCTGCAGCTGGAAGGT 

GRHL3 L CTCTGAGAAGTACGGCCTCC 

GRHL3 R CGTGGTTGCTGTAGTGTTGG 

Rpl7 F AGCGGATTGCCTTGACAGAT 

Rpl7 R AACTTGAAGGGCCACAGGAA 

Gapdh F GACTTCAACAGCAACTCCCAC 

Gapdh R TCCACCACCCTGTTGCTGTA 
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