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SUMMARY

The enhancer landscape of pluripotent stem cells undergoes extensive reorganization during early 

mammalian development. The functions and mechanisms behind such reorganization, however, 

are unclear. Here, we show the transcription factor GRHL2 is necessary and sufficient to activate 

an epithelial subset of enhancers as naïve embryonic stem cells (ESCs) transition into formative 

epiblast-like cells (EpiLCs). Surprisingly, many GRHL2 target genes do not change in expression 

during the ESC-EpiLC transition. Instead, enhancers regulating these genes in ESCs diminish in 

activity in EpiLCs while GRHL2-dependent alternative enhancers become activated to maintain 

transcription. GRHL2 therefore assumes control over a subset of the naive network via enhancer 

switching to maintain expression of epithelial genes upon exit from naive pluripotency. These data 

evoke a model where the naïve pluripotency network becomes partitioned into smaller, 

independent networks regulated by EpiLC-specific transcription factors, thereby priming cells for 

lineage specification.
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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 mice, this transition from pre-implantation to post-

implantation epiblast can be reproduced in 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 GSKβ 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 
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primed epiblast stem cells (EpiSCs) (Smith, 2017), which more closely resemble anterior 

primitive streak cells in vivo (Kojima et al., 2014). 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; 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 typically 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

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 

their in vivo counterparts (Figure S1A). Using this system, 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 10,705 ESC 
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sites and 12,690 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 depleted 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 in 

Kagey et al., 2010), there remained 5160 SMC1-bound sites in ESCs and 5563 sites in 

EpiLCs, with many of these sites being distinct in the two states (Figure 1A, Table S1).

Esrrb and Fgf5 represent genes that are specifically expressed in ESCs and EpiLCs 

respectively. Therefore, we examined the genomic regions surrounding Esrrb and Fgf5 
during this transition (Figure 1B). In the region surrounding the naïve marker, Esrrb, there 

were 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 significantly enriched in EpiLCs relative to ESCs near Fgf5, a gene highly up-

regulated 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 has no known sequence specificity and therefore is likely recruited either directly or 

indirectly to its binding sites by sequence-specific TFs. 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 1C). 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 1D). 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 down-regulated 

during ESC differentiation, although relatively low in both states (Figure S1B). Grhl1 is not 

expressed during this window. These findings identify GRHL2 as a potential 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 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 (Figure S1C). When using an IgG ChIP in wildtype EpiLCs 
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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 (Table S2). 

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

correlated (Spearman’s correlation = 0.90, Figure 2A). 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 that contain the GRHL2 motif, as shown in 

matching supplemental figures.

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 2B). This was further supported by the low levels of the 

promoter histone mark, H3K4me3, at GRHL2 sites relative to active promoters (Figure 

S1D). 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 

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 (Figures 2C and D). 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). This difference 

between ESCs and EpiLCs was diminished with increasingly lower confidence GRHL2 

binding sites (Figure S1E – IgG background with motif, Figure S1F – IgG background 

without motif). Our findings were corroborated by H3K4me1 and H3K27ac ChIP-seq data 

from an alternative naïve-to-formative differentiation system (Figure S1G and H; Buecker et 

al. 2014). As a control, we found little change in these marks at SMC1 sites common to both 

states (Figure S1I). 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 necessary 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. There was a strong reduction in all active enhancer marks (chromatin accessibility, 

H3K4me1, H3K27ac, and SMC1 levels) at GRHL2 sites in GRHL2 KO EpiLCs, suggesting 

a near complete block in enhancer activation in the absence of GRHL2 (Figure 3A and B). 

Chen et al. Page 5

Cell Stem Cell. Author manuscript; available in PMC 2019 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These effects were diminished with increasingly lower confidence GRHL2 binding sites 

(Figure S2A – IgG background with motif, Figure S2B – IgG background without motif). 

Loss of GRHL2 also did not change levels of these marks at other cohesin sites gained 

during differentiation into EpiLCs (Figure S2C). Furthermore, the loss of marks was not 

secondary to a defect in differentiation, as common naïve and formative markers were 

expressed at levels indistinguishable from wild-type during differentiation to EpiLCs (Figure 

S2D). Together, these results indicate an absolute requirement for GRHL2 for enhancer 

activation specifically at its target sites.

Since GRHL2 binding 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 (Figure S3A and B) (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 (Figure S3C). 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 3C, Table S3). 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 3D 

and E). Ectopic GRHL2 bound numerous additional ectopic sites, likely due to the high 

levels of expression associated with doxycycline induction. Interestingly, these ectopic sites 

also gained high levels of active enhancer marks with ectopic GRHL2 binding (Figure S3D), 

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 S3E). The increase in Dnmt3b is likely 

due to direct regulation by GRHL2 as it is also significantly down-regulated in EpiLCs upon 

GRHL2 loss (Figure S2D). 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 finding that GRHL2 activates latent enhancers suggested that GRHL2 functions in 

transcriptional activation of its target genes. Therefore, we evaluated expression of predicted 

GRHL2 targets during the transition from ESCs to EpiLCs. 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 many 

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 
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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. We used TAD boundaries previously 

identified in ESCs. These TAD boundaries were shown to be generally stable across 

different cell types (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 (Figure S4A, Table S4) (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. Hierarchical clustering analysis separated GRHL2 KO from wildtype EpiLCs, 

showing a significant impact of GRHL2 loss on the transcriptome of these cells (Figure 

S4B). With GRHL2 loss, a similar number of genes were significantly up- and down-

regulated (1016 genes up and 1020 genes down with adjusted p-value < 0.05), likely 

representative of both direct and indirect effects (Figure 4A, Table S5). Seventeen percent 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 any 

combination of incorrect target prediction, lack of probes that reliably detect these genes on 

the Illumina Bead array, and 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 a transcriptional activator (Figure 4A).

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 

predicted GRHL2 targets were already expressed in ESCs at similar levels to EpiLCs 

(Figure 4B). 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. This remained true when focusing only on predicted 

GRHL2 targets that were significantly down-regulated with GRHL2 loss in EpiLCs (Figure 

4C). The fact that there was a down-regulation of GRHL2 targets in EpiLCs but little change 

in expression during the ESC-to-EpiLC transition suggested alternative mechanisms of 

regulation of these genes in ESCs. 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 S4C and D). Together, these findings indicate that 

many GRHL2 target genes are positively regulated by GRHL2 in EpiLCs, but show little 

change in the ESC to EpiLC transition, suggesting that they are regulated by other 

transcription 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 
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nearest gene within the same TAD (Figure S4E). 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 near 67% of predicted GRHL2 target genes, and 

almost all of these were at least 1kb away from the GRHL2-bound site (Figure 4D, Table 

S6). These potential alternative ESC enhancers were a median distance of 42kb away from 

the GRHL2 target gene (Figure S4F). Upon differentiation into EpiLCs, these enhancers 

exhibited small but significant decreases in ATAC-seq signal, H3K4me1, and SMC1, along 

with a marked reduction in H3K27ac, consistent with the enhancers becoming inactivated 

during the transition (Figure 4E and F). Indeed, H3K27ac is generally thought to be 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 included numerous 

pluripotency TF motifs (Figure 5A). Particularly intriguing was a motif common to several 

KLF TFs (KLF4, KLF5, EKLF). The KLF TFs are rapidly downregulated as naïve ESCs 

transition to the EpiLCs (Figure S2D). 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 5B, 

Table S6). The median distance between the KLF4-bound enhancer and GRHL2 target 

promoter was about 29kb (Figure S5A). 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 SMC1 during differentiation, 

consistent with their inactivation just as the GRHL2 bound sites become activated (Figure 

5C and D).

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

double knockout (DKO) ESCs for KLF2 and KLF4 (Figure S5B). However, RNA-seq 

analysis showed that while many of these targets were changed in expression, there were a 

similar number that were up-regulated and down-regulated (Figure S5C). The lack of 

preferential down-regulation of GRHL2 targets could be a result of secondary effects from 

the constitutive nature of the knockouts, as well as compensation by other KLF proteins. 

Therefore, we decided to take an alternative approach and directly delete the enhancer 

binding sites for GRHL2 and KLF4 at several of the target genes.

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 near three 

target genes: desmoplakin (Dsp), E-cadherin (Cdh1), and junctional adhesion molecule 1 

(Jam1). At the Dsp locus, there were two KLF4 binding sites and one GRHL2 binding site 

near the Dsp promoter (Figure 6A). We 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. If a true enhancer switch occurs between the KLF4-bound and GRHL2-bound 

Chen et al. Page 8

Cell Stem Cell. Author manuscript; available in PMC 2019 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



enhancers during the ESC-to-EpiLC transition, the enhancer deletions should only affect 

expression of Dsp in the state in which they are supposedly active. Indeed, 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 6B). Conversely, deletion of the 

GRHL2-bound enhancer resulted in significantly reduced Dsp expression in the EpiLC state 

but had no effect in ESCs (Figure 6B). We observed similar state-specific reductions in 

target gene expression with deletions of the KLF4-bound and GRHL2-bound enhancers at 

the Cdh1 and Jam1 loci (Figure 6C and D, S6A and B). While our enhancer deletions could 

potentially delete binding motifs of other TFs that are important for regulating these 

enhancers, the loss of active enhancer marks with GRHL2 loss and the gain of these marks 

with ectopic binding of GRHL2 strongly suggest a direct role for GRHL2 in regulating these 

enhancers. Together, our results show that expression of these GRHL2 target genes is 

maintained during the ESC-to-EpiLC transition via 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 morphological phenotype under self-

renewal growth conditions, since GRHL2 expression is low or undetectable at this stage 

(Figure S7A). 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 S7B) (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 S7C) (Chen et al., 2013; Kuleshov et al., 2016). These data suggested 

that GRHL2 is maintaining expression of genes specifically involved in promoting an 

epithelial state and cell adhesion in EpiLCs.

To test the role of GRHL2 in maintaining EpiLCs in an epithelial-like state, we measured 

several markers of both the epithelial and mesenchymal states. Consistent with 

morphological changes, microarray data showed a decrease in epithelial markers and a gain 

in mesenchymal markers with GRHL2 loss (Figure 7A). Quantitative RTPCR 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 7B). 

The overexpression of Grhl2 in ESCs led to an opposite result with the same markers 

showing altered expression in the opposing direction (Figure 7C). With the exception of 

Cldn6, these markers do not normally change with the ESC to EpiLC transition (Figure 

S7D). Additionally, consistent with the lack of GRHL2 expression in ESCs and absence of 

morphological changes in GRHL2 KO ESCs, the expression of EMT markers was 

unchanged in GRHL2 KO ESCs (Figures S7E). 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 show that GRHL2 replaces naïve factors 

in EpiLCs to regulate a subset of the naïve pluripotency network that drives an epithelial 

program largely shared between the naïve and formative pluripotent states.

Chen et al. Page 9

Cell Stem Cell. Author manuscript; available in PMC 2019 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 of major expression changes is due to the presence of alternative 

enhancers driven by transcription factors specific to naïve ESCs, such as members of the 

KLF family. These enhancers are becoming inactivated just as the GRHL2 target enhancers 

are becoming activated. Given that GRHL2 only targets a very small subset of genes driven 

by the naïve pluripotency network, we propose that it is part of a larger group of EpiLC TFs 

that assume control of the naïve pluripotency program as cells of the epiblast prepare for 

lineage diversification (Figure 7D).

In support of the GRHL2-bound enhancers functioning specifically in EpiLCs, analysis of 

recently published promoter capture HiC data showed very few significant interactions 

between GRHL2 enhancers and predicted target genes in ESCs (Novo et al., 2018). 

However, interpretation of this finding is limited by the ability of the assay to robustly detect 

enhancer-promoter interactions that are in close linear proximity or that are not super-

enhancers. We unfortunately could not confirm the presence of these enhancer-promoter 

interactions in promoter capture HiC data in EpiSCs from the same study, as GRHL2 is not 

expressed in EpiSCs (Factor et al., 2014), which resemble a cell type distinct from EpiLCs.

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 example is the Oct4 gene, whose regulation is thought to switch from a distal 

to proximal enhancer during the transition from the early to late epiblast (Yeom et al., 1996). 

More recently, globally profiling of histone marks in naïve ESCs versus primed EpiSCs 

suggested extensive enhancer switching between these two cell states. However, unlike 

EpiLCs, EpiSCs are a distinct cell state derived through the prolonged passage rather than 

homogeneous transition of differentiating ESCs and they represent a significantly later 

developmental stage (Kojima et al., 2014). Importantly, the mechanisms driving enhancer 

switching and the purpose for genes to undergo enhancer switching during a tight 

developmental window 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.

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 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, 
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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, 

especially 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 overt 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 (Dixon et al., 2012). 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 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 (Calo and Wysocka, 2013). Our ATAC-seq data 

showed that GRHL2 target sites are mostly 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. For example, GRHL2 has been shown to interact with the 

pioneer TF, FOXA1, which recruits MLL3 to enhancer binding sites in MCF7 cells (Jozwik 

et al., 2016). 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 
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for lineage specification to form the three germinal layers during gastrulation (Figure 7D). 

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 subnetworks, 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 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 S7F). 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.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Robert Blelloch (robert.blelloch@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture conditions—V6.5 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.

METHOD DETAILS

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 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 (Lonza mouse ESC nucleofector kit). GFP 

positive ESCs were single cell sorted into 96 well plates the next day. Individual clones were 

genotyped for shifts in PCR 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 
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(Addgene plasmid #20734) containing HA-GRHL2 cloned into the EcoRI site (Beard et al., 

2006). 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).

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 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.

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.

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 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). All antibodies were used at 1:1000 for western 

blotting.

ChIP-seq and ATAC-seq data analysis—Fastq files were mapped to mm10 using 

Bowtie 2 (Langmead and Salzberg, 2012) and converted to bam and bed files using samtools 

(Li et al., 2009) and bedtools (Quinlan and Hall, 2010). 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 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 (Heinz et al., 2010). 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.
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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 as input for each library. For 

RNA-seq of ESCs and EpiLCs, RNA was collected using Trizol and rRNA was depleted 

using the Ribo-Zero Gold kit (Illumina). ~ 100 ng of rRNA depleted RNA was used as input 

for the Kapa Stranded RNA-Seq kit (Kapa). Libraries were sequenced on a HiSeq 4000.

Reads were trimmed to remove adapter sequences using cutadapt and mapped to the genome 

(mm10) with STAR (Dobin et al., 2013) 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).

For principal component analysis of data from Boroviak et al. 2015, processed Bam files 

were downloaded from ftp://ftp.ebi.ac.uk/pub/databases/microarray/data/experiment/

MTAB/E-MTAB-2958/. Counts were generated using featureCounts v1.5.0 and the mouse 

Gencode annotation with default options except for strandedness (-s 2). Read count data 

were used for principal component analysis as follows. First, a count value cutoff of 10 was 

imposed to remove low-count data (i.e., only genes receiving ≥10 counts in ≥1 sample were 

included in downstream analyses). Count data surpassing this threshold were normalized for 

total number of counts per sample, as well as for the length of the CDS as measured in base 

pairs (generating an RPKM-like value). The samples were batch normalized using an 

empirical Bayes method (Johnson et al., 2007), based on sample source metadata. We used 

the prcomp function in R, the data were mean-variance scaled, and the results were plotted 

in 3D (PC1 vs PC2 vs PC3).

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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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in the figure legends, including the statistical 

test used, value of n, meaning of error bars, and p-values. For all figures, the value of n 

indicates number of biological replicates, defined as distinct dishes of cultured cells. For 

qPCR experiments, the bar graphs indicate mean of n biological replicates. For microarray 

and sequencing data, significant differences were defined as an adjusted p-value < 0.05, 

unless otherwise noted in the appropriate Method Details sub-section. Statistical analyses 

were performed in Microsoft Excel or R.

DATA AND SOFTWARE AVAILABILITY

All microarray and sequencing data have been deposited in GEO under the accession 

number GSE93147.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ChIP-seq for SMC1 identifies candidate TFs that regulate cohesin relocalization during 
the ESC to EpiLC transition.
A) Left: SMC1 signal at ESC-specific, EpiLC-specific, and common SMC1 sites called with 

MACS2 (FDR<0.05). To deplete 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. B) 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. C) Top 

transcription factor motifs enriched at EpiLC-specific SMC1 sites, using all ESC SMC1 

sites as a background. D) 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.
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Figure 2. GRHL2 binding correlates with nucleosome removal and full enhancer activation.
A) 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 B) 

Genome annotation of GRHL2 binding sites defined by UCSC mouse genome annotation 

v5.4. C) 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. Sites are shown in 

descending order based on mean GRHL2 ChIP signal intensity. D) Metagene analysis of 

average signal across GRHL2 sites for heatmaps shown in (C). All plots are shown for an 

8000bp window centered at 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).
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Figure 3. 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. All plots are shown for an 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. Sites are shown in descending 

order based on mean GRHL2 ChIP signal intensity. C) Fraction of endogenous GRHL2 

binding sites in EpiLCs that are bound by GRHL2 overexpression in ESCs (GRHL2 sites 

bound). D) 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). E) Heatmaps 

showing all individual loci in (D). All plots are shown for an 8kb window centered at 

GRHL2 binding sites. Sites are shown in descending order based on mean GRHL2 ChIP 

signal intensity.
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Figure 4. 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) Pie chart showing percentage of GRHL2 target 

genes in EpiLCs that are nearest to an alternative active enhancer in ESCs. E) Heatmaps for 

enhancer marks in ESCs and EpiLCs at the alternative ESC enhancers in (D). 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. F) Metagene 

analysis showing average signal for the heatmaps shown in (E). 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 5. Pluripotency transcription factors are enriched at alternative ESC enhancers near 
GRHL2 targets.
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) 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. D) Metagene 

analysis showing average signal for the heatmaps in (C). 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).
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Figure 6: Functional validation of enhancer switching at GRHL2 target genes during the ESC to 
EpiLC transition.
A) ChIP-seq and ATAC-seq tracks in WT ESCs and EpiLCs 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. B) Fold change in Dsp 
expression with deletion of the indicated KLF4 enhancers (K1 alone, or K1 and K2) or 

GRHL2 enhancer in ESCs and EpiLCs. Astericks (*) indicate p < 0.05 by Student’s t-test. 

C) Same as in (A) but for the Cdh1 locus. D) Fold change in Cdh1 expression with deletion 

of the nearby KLF4-bound enhancer (left) or GRHL2-bound enhancer (right) in ESCs and 

EpiLCs. * indicates p < 0.05 and *** indicates p< 0.005 by Student’s t-test.
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Figure 7. GRHL2 loss prevents maintenance of the epithelial expression program and results in 
EMT of EpiLCs.
A) 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. B) 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. C) 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. D) A model where naïve-specific pluripotency 

factors including the KLF TFs regulate a broad repertoire of genes in ESCs, many that 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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