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Summary

Following implantation, mouse epiblast cells transit from a naïve to a primed state in which they 

are competent for both somatic and primordial germ cell (PGC) specification. Using mouse 

embryonic stem cells (mESC) as an in vitro model to study the transcriptional regulatory 

principles orchestrating peri-implantation development, here we show that the transcription factor 

Foxd3 is necessary for exit from naïve pluripotency and progression to a primed pluripotent state. 

During this transition, Foxd3 acts as a repressor that dismantles a significant fraction of the naïve 

pluripotency expression program through decommissioning of active enhancers associated with 

key naïve pluripotency and early germline genes. Subsequently, Foxd3 needs to be silenced in 

primed pluripotent cells to allow reactivation of relevant genes required for proper PGC 

specification. Our findings therefore uncover a cycle of activation and deactivation of Foxd3 

required for exit from naïve pluripotency and subsequent PGC specification.

Introduction

Mouse peri-implantation development (E4.5-E7.5) is characterized by dynamic cellular 

transitions that involve major switches in transcriptional and epigenetic programs, resulting 

in the activation and repression of numerous genes and regulatory elements (Buecker et al., 

2014; Hayashi et al., 2011; Kurimoto et al., 2015). Pre-implantation epiblast (E4.5) cells can 
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give rise to all embryonic lineages, including the germline, and are considered to display a 

naïve or ground pluripotent state (Hackett and Surani, 2014; Leitch and Smith, 2013). Upon 

implantation, epiblast cells transit to a primed state (E5.5-7.5), characterized by a partial 

extinction of the naïve pluripotency program and the incipient expression of somatic germ 

layer specifiers (Kalkan and Smith, 2014). While most of the post-implantation epiblast 

progresses towards somatic differentiation, a few cells in its proximal-posterior end undergo 

major reprogramming events, leading to PGC specification (~E6-6.5) (Hayashi et al., 2011; 

Ohinata et al., 2009) and re-activation of naïve pluripotency genes (Hayashi et al., 2011; 

Yamaji et al., 2008, 2013).

Mouse peri-implantation development is difficult to study in vivo due to the scarcity and 

transient nature of the involved cell populations. This can be overcome by using mESC 

grown under different growth-factor conditions as in vitro models (Hackett and Surani, 

2014; Kalkan and Smith, 2014). Under “serum+LIF” (SL), mESC display heterogeneity and 

metastability, with a majority of cells residing in a naïve state that can reversibly switch to a 

primed one. The naïve state can be more faithfully recapitulated by growing mESC under 

“2i+LIF” (Ying et al., 2008). Primed pluripotency is represented in vitro by epiblast-like 

cells (EpiLC) and epiblast stem cells (EpiSC), which resemble the pre-gastrulating and 

gastrulating post-implantation epiblast, respectively (Hayashi et al., 2011; Kojima et al., 

2014). Moreover, primordial germ cell-like cells (PGCLC) can be induced from EpiLC, 

opening the possibility to investigate the transcriptional and epigenetic changes underlying 

PGC specification (Hayashi et al., 2011).

The transcriptional regulatory network that maintains the ground pluripotent state consists of 

a set of “core” (Oct4/Pou5f1, Sox2) and “ancillary” (Esrrb, Nanog, Tbx3, Prdm14) TFs that 

cooperatively establish a broad set of enhancers (Chen et al., 2008; Dunn et al., 2014; 

Hackett and Surani, 2014; Marson et al., 2008). The progression from naïve to primed 

pluripotency involves and likely requires the dismantling of the naïve gene expression 

program (Kalkan and Smith, 2014). However, the repressors mediating this gene silencing 

process remain poorly characterized. One potential candidate is Foxd3, a member of the 

forkhead family of TFs required to maintain pluripotency both in vivo and in vitro (Hanna et 

al., 2002; Liu and Labosky, 2008) that has been suggested to preferentially act as a repressor 

(Yaklichkin et al., 2007). Foxd3−/− pre-implantation embryos appear morphologically 

normal, but die soon after implantation due to a loss of epiblast cells (Hanna et al., 2002), 

suggesting that Foxd3 might be most critical during the progression from naïve to primed 

pluripotency. Here we show that Foxd3 dismantles a significant fraction of the naïve 

expression program through the decommissioning of active enhancers, thus being required 

to exit naïve pluripotency and to reach the primed pluripotent state. Subsequently, Foxd3 

needs to be silenced in EpiLC in order to efficiently differentiate these cells into PGCLC, 

therefore uncovering de-repression as an important regulatory mechanism during the 

acquisition of germline identity.
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Results

Foxd3 acts mostly as a repressor in mESC

In order to uncover genes regulated by Foxd3 in mESC, we performed gain and loss of 

function experiments in cells grown under SL conditions. First, we used a previously 

established mESC line (i.e. Foxd3fl/fl;Cre-ER) in which Foxd3 can be deleted upon 

tamoxifen (TM) treatment (Figure S1A-B) (Liu and Labosky, 2008) to identify, by RNA 

sequencing (RNA-seq), genes misexpressed upon loss of Foxd3 (Figure 1A). We observed 

that Foxd3 repressed almost four-times as many genes as it activated (767 upregulated vs 

205 downregulated genes) (Data S1). In addition, we generated a mESC line (i.e. tetOn 
Foxd3) in which Foxd3 can be overexpressed in a doxycycline (Dox) inducible manner 

(Figure S1C-D). Using RNA-seq, we observed similar number of genes being repressed or 

activated by Foxd3 overexpression (1197 downregulated vs 1017 upregulated genes) (Figure 

1B) (Data S1). However, the concordance between the expression changes elicited by either 

loss or overexpression of Foxd3 was especially significant among genes repressed by Foxd3 

(p=8.1e-85) (Figure 1C, Figure S1E). RNA-seq results were validated by RT-qPCR (Figure 

S1F-G) and by the significant overlaps observed between genes found as misexpressed in 

our and previous studies in Foxd3−/− and Foxd3 overexpressing mESC (Figure S1H-I).

To further investigate if, as the previous results suggest, Foxd3 acts mostly as a repressor in 

mESC, we used chromatin immunoprecipiation sequencing (ChIP-seq) to globally map 

Foxd3 genomic occupancy. Due to the lack of commercial antibodies suitable for ChIP 

(Supplemental Experimental Procedures), we generated a mESC line constitutively 

expressing Flag-HA tagged Foxd3 (i.e FH-Foxd3) at nearly endogenous levels (Figure S1J-

K). ChIP-seq using anti-HA and anti-Flag antibodies resulted in the identification of 2496 

genomic regions considered as bound by Foxd3 in both ChIP-seq experiments (Figure 1D, 

Figure S1L, Data S2). ChIP-seq specificity was validated (Figure S1M-N) and highlighted 

by the significant overrepresentation of the Foxd3 consensus binding sequence among the 

identified Foxd3-bound genomic regions (Figure 1E). The 2496 Foxd3-bound regions were 

assigned to 2865 nearby genes using GREAT (McLean et al., 2010) (Data S2). To confirm 

the validity of these assignments, we used mESC topological associating domain (TADs) 

maps and found that ~90% of the Foxd3-bound regions and their associated genes were 

within the same TAD (Dixon et al., 2012). Importantly, genes repressed by Foxd3 but not 

activated ones, were bound by Foxd3 significantly more than expected by chance (p=9.2e-7 

vs p=0.40) (Figure 1F). Our results indicate that, in SL mESC, Foxd3 preferentially 

represses its target genes and that gene activation might be due to secondary indirect effects.

Foxd3 represses a considerable fraction of the naïve pluripotency expression program

Manual inspection of genes repressed by Foxd3 revealed several naïve pluripotency 

regulators preferentially expressed in the pre-implantation epiblast (e.g. Dppa3, Tbx3, 
Prdm14, Pramel6/7) (Hayashi et al., 2011). Furthermore, Foxd3 did not affect the expression 

of neither core pluripotency TFs (e.g. Oct4, Sox2) nor of all naïve pluripotency genes (e.g. 

Nanog, Esrrb, Klf4) (Figure 1A-B, Figure S1F-G). To investigate if Foxd3 had a similar 

regulatory role when mESC were maintained under naïve conditions, we performed RNA-

seq in mESC adapted to “2i+LIF” (Data S1). Overall, there were significant similarities 
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between the expression changes occurring upon loss of Foxd3 in mESC grown under SL and 

2i (Figure S2A-B). Moreover, under 2i, Foxd3 also preferentially acted as a transcriptional 

repressor (Figure S2C). These preliminary observations suggest that Foxd3 could promote 

the exit from naïve pluripotency through the direct repression of key naïve pluripotency 

regulators. To substantiate this hypothesis, we used available transcriptome profiles 

generated during the differentiation of 2i ESC towards EpiLC (Hayashi et al., 2011). Gene 

Set Enrichment Analysis (GSEA) showed that the set of genes most significantly 

downregulated during the transition from 2i ESC to EpiLC was globally repressed by Foxd3 

in SL and 2i mESC (Figure 2A, Figure S2D-E, Table S1, Table S2), while genes upregulated 

during such transition were globally induced (Figure S2F, Table S1). Similar correlations 

were observed when Foxd3 target genes were compared with those genes that changed their 

expression between 2i ESC and the pre-gastrulating mouse epiblast (Table S1) (Hayashi et 

al., 2011). Moreover, Foxd3 was significantly upregulated in EpiLC and the pre-gastrulating 

epiblast compared to 2i ESC (Hayashi et al., 2011)(Figure S3A).

Foxd3 is necessary for the exit from naïve pluripotency

In order to directly address if Foxd3 plays a central role during the exit from naïve 

pluripotency, we adapted Foxd3fl/fl;Cre-ER; cells to “2i+LIF”, treated them with TM for 

three days and then performed the differentiation towards EpiLCs. Compared to untreated 

cells, which after two days displayed the typical morphological features of EpiLC (Buecker 

et al., 2014; Hayashi et al., 2011) and the expected changes in gene expression (Figure S3A), 

the majority of Foxd3−/− cells were not able to make such transition, failed to attach to the 

tissue culture plate and died (Figure 2B, ~90% dead cells based on trypan blue staining). 

Nevertheless, we collected the few Foxd3−/− cells that remained attached after EpiLC 

differentiation and evaluated the expression of a panel of relevant genes (Figure 2C). 

Foxd3−/− cells were unable to silence naïve genes representing direct Foxd3 targets (e.g. 

Tbx3, Prdm14, Tfap2c, Pramel6/7), while other naïve and core pluripotency regulators 

showed normal expression dynamics (e.g. Esrrb, Nanog, Pou5f1). Moreover, Foxd3−/− cells 

failed to upregulate early post-implantation gene markers (e.g. Dntm3b, Otx2, Pou3f1) 

(Figure 2C). To test if the failure of Foxd3−/− cells to differentiate into EpiLC could be the 

result of an initially abnormal state, we repeated the previous experiments with 

Foxd3fl/fl;Cre-ER cells pre-treated with TM for only 12 hours (Figure S3B). Under these 

conditions, the expression of most analysed genes was barely changed when differentiation 

was started (0h) (Figure S3C). Nevertheless, after two days, most TM-treated cells either 

died or failed to acquire EpiLC morphological and molecular features (Figure S3B-C). The 

specificity of the phenotypic defects observed in Foxd3−/− cells was confirmed by 

performing experiments in which transient overexpression of Foxd3 in these cells 

significantly restored their differentiation potential (Figure S3D). The extensive cell death 

observed in Foxd3−/− mESC upon EpiLC differentiation could indicate that, in addition to 

the silencing of naïve pluripotency genes, a major role of Foxd3 during this cellular 

transition could be to increase cell survival in primed pluripotent cells, which are 

characterized by a low apoptotic threshold (Pernaute et al., 2014). In agreement with this, 

Gene Ontology analysis of genes upregulated in Foxd3−/− mESC revealed a significant 

overrepresentation of pro-apoptotic genes (Figure S3E). To confirm that Foxd3 contributes 

to the exit from naïve pluripotency through repression of the naïve pluripotency expression 
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program, we performed commitment assays in which Foxd3fl/fl;Cre-ER 2i mESC treated 

with TM were differentiated towards EpiLCs and then re-plated into “2i+LIF” (Figure 2D). 

EpiLC differentiation was extended to three days, since by this time most cells are 

committed to differentiate and have lost their naïve pluripotency properties (Leeb et al., 

2014). Foxd3fl/fl EpiLC could not be re-adapted to “2i+LIF” condition as they either died or 

appeared differentiated after 48 hours (Figure 2D) and formed, almost exclusively, 

differentiated alkaline-phosphatase negative colonies upon passaging. In stark contrast, the 

surviving Foxd3−/− cells generated mostly naïve-like colonies after being re-plated into “2i

+LIF”, were able to proliferate, could be maintained for at least 2-3 passages and formed 

alkaline-phosphatase positive colonies (Figure 2D, Figure S3F).

The transition from 2i ESC into EpiLC involves passaging and a change in growth factor and 

substrate conditions. Since all these factors could contribute to the incapacity of Foxd3−/− 

cells to exit the naïve state, we treated Foxd3fl/fl;Cre-ER cells with TM for three days and 

then induced the exit from naïve pluripotency by simply removing LIF and 2i inhibitors 

(Betschinger et al., 2013; Leeb et al., 2014). Similarly to EpiLC differentiation, Foxd3 was 

rapidly upregulated upon release from “2i+LIF” (Figure S3G). Within 24 hours, a large 

fraction of Foxd3−/− cells appeared as floating dying cells (~90% dead cells based on trypan 

blue staining). Those that remained attached did not show morphological or molecular 

features indicative of an exit from naïve pluripotency (Figure S3H-I). The previous 

experiments were then repeated using Foxd3fl/fl;Cre-ER cells treated with TM for 12 hours 

before the release from “2i+LIF”. Based on trypan blue staining, ~30% and ~50% of 

Foxd3−/− cells died 24 and 48 hours after the release from “2i+LIF”, respectively. Although 

cell death was higher than in untreated Foxd3fl/fl cells (~10% and ~15% dead cells 24 and 48 

hours after the release from “2i+LIF”), it was nevertheless considerably lower than the 

~90% dead cells observed 24 hours after the release from “2i+LIF” when cells were pre-

treated with TM for three days. Thus, following a short pre-treatment with TM, cell survival 

and the exit from naïve pluripotency became temporally decoupled, as cell death was 

reduced during the first 48 hours after the release from “2i+LIF”, only becoming 

conspicuous again after 72 hours (Figure 2E). After 48 hours, Foxd3−/− cells formed naïve-

like colonies (Figure 2E) and expressed naïve pluripotency regulators at higher levels than 

untreated controls (Figure 2F).

When overexpressed in SL mESC, Foxd3 lead not only to the repression of naïve 

pluripotency genes, but also to the induction of primed pluripotency ones (Figure 1B), 

suggesting that Foxd3 overexpression could be sufficient to drive mESC out of the naïve 

pluripotent state. However, Foxd3 overexpression in tetOn Foxd3 cells adapted to “2i+LIF” 

did not result in any evident morphological changes (data not shown), indicating that 

additional intrinsic and/or extrinsic regulatory factors are required for the transition to a 

primed pluripotent state. To further explore this idea, tetOn Foxd3 cells were cultured in “2i

+LIF” medium supplemented with serum (Figure S3J). Under these conditions, Foxd3 

overexpression resulted in phenotypic and molecular changes suggestive of a transition to a 

primed-like pluripotent state, including repression of naïve pluripotency genes and increased 

expression of several, but not all, primed pluripotency markers (e.g. Dnmt3b, Lefty1, Nes) 

(Figure S3J-K). Overall, our results suggest that Foxd3 provides a permissive state, 

characterized by the dismantling of the naïve pluripotency expression program, in which 
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other intrinsic (e.g. Otx2) and extrinsic factors (e.g. Fgf/Erk, Activin/Nodal) with instructive 

regulatory functions can promote the transition to primed pluripotency (Betschinger et al., 

2013; Buecker et al., 2014; Kalkan and Smith, 2014).

Foxd3 binds to active enhancers in mESC

To get insights into the mechanistic basis of Foxd3 repressive function, Foxd3 genomic 

targets were compared with the binding profiles of several TFs and histone modifications in 

SL and 2i mESC (Figure 3A-E) (Buecker et al., 2014; Creyghton et al., 2010; Ma et al., 

2011; Marson et al., 2008; Wamstad et al., 2012). Foxd3 bound regions displayed chromatin 

features typical of active enhancers in both SL (Figure 3A-D) and 2i mESC (Figure 3E). 

Indeed, more than 60% of all Foxd3 bound regions overlapped previously defined active 

enhancers in mESC (p<0.0001) and 51% (119/231) of mESC super-enhancers were bound 

by Foxd3 (Whyte et al., 2013). The active enhancer identity of Foxd3 bound regions was 

supported by their distal location with respect to gene transcription start sites (TSSs), the 

high expression levels of their nearest genes and their significant association with genes 

expressed and functionally involved in mouse pre-implantation development (Figure 3F-H).

Foxd3 mediates the decommissioning of naïve pluripotency enhancers

We hypothesized that Foxd3 could facilitate the exit from naïve pluripotency by mediating 

the decommissioning of enhancers required for the expression of naïve pluripotency genes. 

To start investigating this possibility, we first used publically available data to analyse 

enhancer chromatin features around Foxd3 bound regions during the differentiation of 2i 

ESC into EpiLC (Buecker et al., 2014). In contrast to either all Foxd3 or all Oct4 genomic 

targets, which showed moderate enhancer chromatin changes (Figure 4A), Foxd3−/− Up/
EpiLC Down regions displayed a striking loss of p300 and H3K27ac, two major marks 

associated with active enhancers (Figure 3E, Figure 4A, Figure S4A-C), and a less 

pronounced change in Oct4 binding (Figure S4D). On the other hand, H3K4me1, which 

does not correlate with the regulatory activity of enhancers (Bonn et al., 2012; Creyghton et 

al., 2010; Rada-Iglesias et al., 2011), remained relatively constant (Figure S4D). Although 

the lack of antibodies against endogenous Foxd3 precluded a quantitative analysis of Foxd3 

binding dynamics during the exit from naïve pluripotency, using FH-Foxd3 cells we 

confirmed that FH-Foxd3 was able to bind the majority of analyzed naïve pluripotency 

enhancers in 2i mESC and EpiLC (Figure S4E-G).

To test if Foxd3 was indeed able to silence naïve pluripotency enhancers, we evaluated the 

impact of Foxd3 overexpression on some of these regulatory elements. tetOn Foxd3 mESC 

were treated with Dox and the levels of various histone modifications (i.e. H3K27ac, 

H3K27me2, H3K4me1, H3K4me2) at selected enhancers were evaluated by ChIP-qPCR. 

Compared to control cells, tetOn Foxd3 cells displayed lower levels of H3K27ac and 

H3K4me2 (active enhancers) (Pekowska et al., 2011; Rada-Iglesias et al., 2011), increased 

H3K27me2 (inactive enhancers) (Ferrari et al., 2014) and minor changes in H3K4me1 levels 

(active and inactive enhancers) (Bonn et al., 2012; Buecker et al., 2014; Rada-Iglesias et al., 

2011) at most of the analysed naïve enhancers (Figure 4B-C, Figure S5A-B). In addition to 

their unique chromatin signature, active enhancers produce short bidirectional transcripts 

termed eRNAs (enhancer RNAs), whose expression strongly correlates with enhancer 
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activity (Andersson et al., 2014). Using RT-qPCR, we found that Foxd3 overexpression 

significantly reduced eRNA levels at most of the analysed enhancers (Figure S5C). The role 

of Foxd3 was similarly evaluated using Foxd3−/− mESC, which displayed increased levels of 

H3K27ac and H3K4me2 (Figure 4D-E) and minor changes in H3K27me2 (Figure S5D) at 

most of the analysed enhancers. To more directly assess the effect of FOXD3 on enhancer 

activity, we performed reporter assays in tetON Foxd3 and WT mESC for a couple of naïve 

pluripotency enhancers bound by Foxd3 (i.e. Tbx3 (+9.4) and Nanos3 (−1.1)). tetON Foxd3 
cells treated with Dox displayed significantly reduced GFP levels (Figure 4F-H, Figure 

S5E), demonstrating that Foxd3 is able to reduce the regulatory activity of naïve 

pluripotency enhancers.

To test if Foxd3 is required for the decommissioning of enhancers that accompanies the exit 

from naïve pluripotency, Foxd3fl/fl;Cre-ER 2i ESC were treated with TM and then 

differentiated into EpiLC. Using this differentiation protocol, loss of Foxd3 resulted in 

extensive cell death, precluding the use of ChIP to analyse changes in histone modification 

levels. However, we reasoned that the number of surviving cells could be enough to measure 

eRNA levels as a readout of enhancer activity. Importantly, Foxd3−/− cells displayed 

significantly higher eRNA levels compared to control cells for most of the analysed 

enhancers (Figure S5F). Foxd3fl/fl;Cre-ER mESC pre-treated with TM for 12 hours and then 

released from “2i+LIF” failed to exit the naïve pluripotent state without exhibiting as 

pronounced cell death (Figure 2E), giving us the opportunity to evaluate changes in histone 

modification levels. Importantly, most of the investigated enhancers showed increased 

eRNA, H3K27ac and H3K4me2 levels in Foxd3−/− after the release from “2i+LIF” (Figure 

4I-J, Figure S5G).

Foxd3 shifts the balance between co-activators and co-repressors to mediate the 
decommissioning of active enhancers

Enhancers bound by Foxd3 in mESC are also occupied by other TFs (e.g. Oct4, Sox2, 

Nanog) and co-activators (e.g p300) that promote the active state of these regulatory 

sequences (Figure 3A-B) (Chen et al., 2008). To investigate if Foxd3 could interfere with the 

binding of these regulatory proteins, we treated tetON Foxd3 mESC with Dox and then 

evaluated by ChIP-qPCR the levels of core pluripotency TFs and p300 at selected enhancers. 

Binding of FH-Foxd3 resulted in lower levels of Oct4, Sox2 and p300 at the majority of 

analyzed enhancers (Figure S6A-C, Figure 5A). The negative effect of Foxd3 on p300 

binding was confirmed in Foxd3−/− cells (Figure 5B).

Active enhancers in mESC are occupied by both activator and repressor protein complexes 

(Reynolds et al., 2013). Therefore, we wondered if Foxd3 could alsofacilitate the 

recruitment of co-repressors, which we tried to identify using mass spectrometry (Figure 5C) 

(Table S3). Interestingly, a couple of subunits of the NuRD co-repressor complex, Lsd1/

Kdm1a and Gatad2a, were among the identified Foxd3 interacting proteins (Brackertz et al., 

2002; Wang et al., 2009). The interaction between Foxd3 and Lsd1 was confirmed by co-

immunoprecipitation followed by western blotting (Figure 5D). The link between Foxd3 and 

Lsd1 was strengthened by the remarkable fraction of Foxd3 bound regions co-occupied by 

Lsd1 and, to a lesser extent, by other NuRD components in mESC (Figure 5E-F) (Whyte et 

Respuela et al. Page 7

Cell Stem Cell. Author manuscript; available in PMC 2016 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 2012). However, based on co-immunoprecipitation experiments, no physical interaction 

was detected between Foxd3 and other NuRD core subunits (i.e. Mbd3 and Hdac1), 

suggesting that Foxd3 might indirectly interact with NuRD and/or that Foxd3 and Lsd1 

interaction might be NuRD independent. Lsd1 is a H3K4me1/2 histone demethylase (Shi et 

al., 2004), whose function in mESC and early mouse embryogenesis has been previously 

studied (Foster et al., 2010; Macfarlan et al., 2011; Whyte et al., 2012). Lsd1 is 

preferentially expressed in the epiblast and its loss results in embryonic lethality soon after 

implantation (~E6.5) (Foster et al., 2010; Macfarlan et al., 2011). Moreover, upon 

differentiation, Lsd1−/− mESC display increased cell death and fail to exit pluripotency 

(Foster et al., 2010; Whyte et al., 2012). Mechanistically, during differentiation Lsd1 

facilitates the silencing of pluripotency genes through enhancer decommissioning (Whyte et 

al., 2012). The functional similarities between Foxd3 and Lsd1 were supported by the 

transcriptional changes observed in Foxd3−/− mESC and in various Lsd1−/− mESC lines 

(Foster et al., 2010; Macfarlan et al., 2011) (Figure S6D). Moreover, inspection of the 

expression changes of mESC in which Lsd1 activity was inhibited upon differentiation 

(Whyte et al., 2012), revealed that the silencing of Foxd3 target genes was significantly 

compromised by Lsd1 inhibition (Figure S6E). We hypothesized that Foxd3 could facilitate 

the recruitment of Lsd1 and other NuRD components to mESC enhancers in order to 

mediate their decommissioning. Foxd3 overexpression lead to increase Lsd1 and Hdac1 

binding at most of the naïve pluripotency enhancers that were analyzed (Figure 5G, Figure 

S6F), while loss of Foxd3 resulted in lower Lsd1 levels (Figure 5H). These results are in 

agreement with the changes in H3K4me2 and H3K27ac observed upon either 

overexpression or loss of Foxd3 (Figure 4B-E) and the enzymatic activities of Lsd1 and 

NuRD.

Our data suggest that Foxd3 silences mESC enhancers by skewing the balance of regulatory 

proteins present at these sequences towards repressor complexes. The binding levels of 

Lsd1, p300, H3K4me2 and H3K27ac were measured in 2i ESC and EpiLC for a subset of 

naive pluripotency enhancers. Lsd1 binding levels did not increase upon EpiLC 

differentiation, but rather remained constant or even decreased moderately. However, a 

significantly more pronounced loss of p300, H3K4me2 and H3K27ac was observed, 

suggesting a shift in the relative abundance of distinct regulatory activities (i.e. activators vs 
repressors) present at naïve enhancers during the exit from naïve pluripotency (Figure S6G).

Silencing of Foxd3 is required for PGCLC specification

Foxd3 silenced genes known to be re-activated during establishment of the germline 

(Hayashi et al., 2011), including Prdm1, Prdm14 and Tfap2c, the three master regulators of 

PGC specification (Magnúsdóttir et al., 2013; Nakaki et al., 2013) (Figure S1G). Moreover, 

following implantation, Foxd3 is specifically repressed in the proximo-posterior end of the 

epiblast, at the exact embryonic location and developmental stage in which PGC induction 

starts (Sumi et al., 2013). Therefore, we wondered if a de-repression mechanism might be 

important for PGC specification, whereby Foxd3 needs to be silenced in PGC progenitors to 

allow the re-activation of naïve pluripotency and early germline genes. To test this, we used 

an established in vitro protocol in which EpiLC are differentiated into PGCLC (Figure 6A) 

(Hayashi and Saitou, 2013; Hayashi et al., 2011). During PGCLC differentiation, Foxd3 
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levels were significantly reduced, while relevant naïve pluripotency/early germline genes 

and their nearby enhancers became re-activated (Figure 6A, Figure S7A). We also analysed 

transcriptome data previously generated during the differentiation of EpiLC into PGCLC as 

well as data comparing the pre-gastrulating E5.75 epiblast and E9.5 PGCs (Hayashi et al., 

2011). GSEA analysis revealed that the genes most significantly upregulated during PGC 

specification were globally repressed by Foxd3 in mESC, (Nakaki et al., 2013)(Figure 6B, 

Table S1-2, Figure S2D-E). Moreover, a considerable fraction of PGCLC upregulated genes 

represent direct Foxd3 target genes (~30%, p=2.2e-4), suggesting that the same naïve 

pluripotency enhancers that are bound by Foxd3 in 2i ESC and that become 

decommissioned in EpiLC could be re-activated in PGCLC. Analysis of H3K27ac profiles 

in the course of PGCLC differentiation (Kurimoto et al., 2015) revealed that Foxd3 bound 

regions located in relative proximity of genes repressed by Foxd3 and activated during 

PGCLC differentiation (Foxd3−/− Up/PGCLC Up) did not only loose H3K27ac during the 

transition from 2i ESC to EpiLC but also dramatically re-gained this histone modification in 

PGCLC (Figure 6C) (Figure S7B).

To investigate if Foxd3 could compromise the derivation of PGCLC, tetOn Foxd3 and WT 2i 

ESC were differentiated into EpiLC and subsequently treated with Dox once PGCLC 

differentiation was started. RT-qPCR experiments showed that tetOn Foxd3 cells displayed 

significantly reduced expression of relevant pluripotency and germline genes (Figure 6D). In 

addition, eRNA levels at several Foxd3 bound enhancers re-activated during PGCLC 

differentiation were also reduced in tetOn Foxd3 cells (Figure S7C). The previous analyses 

were performed on cell aggregates in which only a fraction of cells represent true PGCLC. 

To more conclusively assess the importance of silencing Foxd3 during PGCLC specification, 

we used fluorescence activated cell sorting (FACS) to quantify the number of PGCLC 

obtained from tetOn Foxd3 or WT cells (Figure 6E). Chiefly, after four days of PGCLC 

differentiation, there was an almost four-fold decrease in the number of PGCLC derived 

from tetOn Foxd3 cells (p=3e-4). The previous experiments were repeated with 

Foxd3fl/fl;Cre-ER cells (Figure 6F-H). Overall, the results were the opposite to those 

obtained with Foxd3 overexpressing cells, as loss of Foxd3 caused increased expression of 

relevant pluripotency/germline genes, higher eRNA levels at enhancers re-activated during 

PGCLC differentiation and a more than two-fold increase in the number of PGCLC (Figure 

6F-H).

Discussion

Recent advances in mESC culture and differentiation protocols (Hayashi et al., 2011; 

Kojima et al., 2014; Ying et al., 2008) are revealing that pluripotency entails various cellular 

states (e.g. naïve, formative, primed), each characterized and maintained by distinct 

transcriptional networks (Kalkan and Smith, 2014). We now show that Foxd3 plays a major 

regulatory role during exit from naïve pluripotency and transition to a primed pluripotent 

state. Previous studies have portrayed Foxd3 as a classical pluripotency regulator that 

promotes self-renewal and represses differentiation (Liu and Labosky, 2008; Plank et al., 

2014; Zhu et al., 2014). However, according to both our own and previous data (Figure 

S1-2), Foxd3 globally represses naïve pluripotency genes, thus supporting a role for this TF 

in the progression from naïve to primed pluripotency. In light of recent evidences, we argue 

Respuela et al. Page 9

Cell Stem Cell. Author manuscript; available in PMC 2016 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that the role of many pluripotency regulators might need to be re-evaluated, as each TF can 

preferentially sustain a distinct pluripotency state (Buecker et al., 2014; Yamaji et al., 2013). 

Furthermore, our findings are in agreement with the previously reported phenotypes of 

Foxd3−/− embryos, which die soon after implantation (~E6.5) due to a major loss of epiblast 

cells (Hanna et al., 2002). This post-implantation developmental arrest could be the result of 

the abnormally high expression of two major groups of genes repressed by Foxd3: (i) naïve 

pluripotency and (ii) pro-apoptotic genes. Accumulating evidences suggest that primed 

pluripotent cells display hypersensitivity to cell death and a low apoptotic threshold (Heyer 

et al., 2000; Pernaute et al., 2014). Thus, future work should elucidate if repression of pro-

apoptotic genes by Foxd3 represents an important requirement for the survival of primed 

pluripotent cells.

Mechanistically, our data suggests that Foxd3 represses its target genes through enhancer 

decommissioning, which involves the recruitment of Lsd1 and reduced binding of 

pluripotency TFs and co-activators (i.e. p300) to active mESC enhancers. According to the 

model previously proposed to explain the role of Lsd1 during enhancer decommissioning 

(Whyte et al., 2012), Lsd1 is already present at active enhancers in mESC, but its enzymatic 

activity is inhibited by the high levels of acetylated histones present at these regulatory 

regions (Forneris et al., 2005). Once mESC differentiation starts, the abundance and/or 

binding levels of pluripotency TFs and p300 at active enhancers decreases, resulting in 

decreased histone acetylation and enabling Lsd1 to demethylate H3K4. This model assumes 

that Lsd1 remains bound to active enhancers, at least temporally, as they become 

decommissioned. However, our analysis of Lsd1 binding in 2i ESC and EpiLC shows that 

Lsd1 binding is either maintained or even decreased as naïve pluripotency enhancers become 

decommissioned. Nevertheless, this decrease is significantly more pronounced for p300, 

H3K27ac and H3K4me2. This might be explained by the fact that while Foxd3 favors the 

recruitment of Lsd1 and interferes with the binding of p300, other pluripotency TFs, such as 

Nanog and Oct4, are able to recruit both of these antagonistic regulatory proteins (Chen et 

al., 2008; Liang et al., 2008). Thus, upon differentiation and as the binding of pluripotency 

TFs to mESC active enhancers decreases, both Lsd1 and p300 binding levels should in 

principle decrease in a similar fashion. However, persistence of Foxd3 at these enhancers 

could preferentially retain Lsd1 over p300, with the net effect being a skew in the regulatory 

proteins present at naïve pluripotency enhancers in favor of repressor complexes, which 

ultimately leads to enhancer decommissioning (Figure 7) (Reynolds et al., 2013).

The previously reported effects of Lsd1/NuRD during enhancer decommissioning involved a 

major loss in H3K4me1 and H3K27ac (Whyte et al., 2012). Intriguingly, Foxd3-mediated 

repression lead to a loss in H3K4me2 and H3K27ac but no significant changes in H3K4me1, 

which coincides with the enhancer chromatin patterns observed during the transition from 

naïve to primed pluripotency and that do not entail a loss of H3K4me1 (Buecker et al., 

2014). Thus, upon exit from naïve pluripotency, the chromatin features of naïve and 

germline enhancers are not completely erased, as they retain H3K4me1. Rather than being 

completely inactivated, these enhancers might acquire a transient poised state (Creyghton et 

al., 2010; Rada-Iglesias et al., 2011) that insulates them from the wave of de novo DNA 

methylation that occurs during implantation (Guibert et al., 2012; Lesch and Page, 2014; 

Meissner et al., 2008; Ooi et al., 2007; Seisenberger et al., 2012). In agreement with this 
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hypothesis, regulatory elements associated with naïve pluripotency genes remain 

hypomethylated in the post-implantation epiblast (Borgel et al., 2010; Osorno et al., 2012). 

We speculate that the presence of these hypomethylated poised enhancers might be a 

distinctive feature of the pre-gastrulating post-implantation epiblast that confers germline 

competence. Following implantation, Foxd3 is repressed in the proximo-posterior epiblast in 

a Wnt and Prdm1 dependent manner (Magnúsdóttir et al., 2013; Sumi et al., 2013), 

potentially making these enhancers more accessible to PGC specifiers (e.g. Prdm14) and 

leading to the reactivation of naïve pluripotency and early germline genes (Figure 7). This is 

in agreement with the reactivation of these genes preceding the major epigenetic 

reprogramming events that occur during PGC specification (Guibert et al., 2012; Hackett 

and Surani, 2014; Saitou and Yamaji, 2012; Saitou et al., 2012). Our model (Figure 7) 

assumes that the same enhancers control the expression of a subset of naïve pluripotency and 

early germline genes in both naïve pluripotent and PGCs (Günesdogan et al., 2014). Chiefly, 

recent H3K27ac maps generated in the course of PGCLC differentiation demonstrate that 

naïve pluripotency enhancers repressed by Foxd3 in mESC are indeed re-activated in 

PGCLC (Kurimoto et al., 2015). Furthermore, we have shown, using eRNAs as surrogates of 

enhancer activity, that Foxd3 can interfere with the re-activation of at least some of these 

enhancers. Therefore, we propose that, similarly to its importance in other developmental 

processes (Muhr et al., 2001), de-repression (e.g. through repression of Foxd3) might play a 

relevant role during PGC specification. Future experiments should elucidate if silencing of 

Foxd3 in particular and de-repression in general are important for germline specification in 
vivo.

Experimental Procedures

mESC culture and line derivation

WT LF2 mESC and its derivatives (FH-Foxd3 and tetON Foxd3 mESC lines) were grown, 

unless otherwise indicated, under feeder-free conditions in Knockout-DMEM medium (KO-

DMEM; Life Technologies) containing 15% FBS and LIF. Foxd3fl/fl;Cre-ER mESC were 

grown as previously described (Liu and Labosky, 2008) on irradiated mouse embryonic 

fibroblast (MEF) feeder cells and SL medium. mESC were adapted to and maintained in “2i

+LIF” conditions using a previously described protocol (Hayashi and Saitou, 2013; Hayashi 

et al., 2011) with slight modifications. Briefly, mESC were adapted for a minimum of five 

passages and then grown with “2i+LIF” medium (serum-free N2B27 medium supplemented 

with MEK inhibitor PD0325901 (0.4 μM, Miltenyi Biotec), GSK3β inhibitor CHIR99021 (3 

μM, Amsbio) and LIF) in tissue culture dishes pre-treated with gelatin (Sigma).

FH-Foxd3 mESC line was established by transducing LF2 mESCs with FH-Foxd3 pTrip 

lentivirus followed by selection with neomycin (Ma et al., 2011). tetON Foxd3 mESC line 

was established by transducing LF2 mESC with FH-Foxd3tetON pTrip lentivirus followed 

by selection with puromycin. FH-Foxd3tetON pTrip lentiviral vector was generated from a 

modified pTRIPZ vector backbone in which FH-Foxd3 expression is controlled by a 

tetracycline response element (TRE). FH-Foxd3 expression was induced by treating tetON 
Foxd3 mESC with doxycycline (1 μg/μl).
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mESC differentiation

2i ESC were differentiated into EpiLC as previously described (Hayashi et al., 2011). 3×105 

cells were plated on 6-well culture plates coated with 16.7 μg/ml fibronectin (Merck-

Millipore) and grown in N2B27 medium supplemented with KSR (1%, Life Technologies), 

bFGF (12 ng/ml, Life Technologies) and Activin A (20 ng/ml , Peprotech) for two days. 2i 

ESC were also differentiated by withdrawing 2i inhibitors and LIF from the N2B27 medium 

(Betschinger et al., 2013). For commitment assays (Leeb et al., 2014), 2i ESC were 

differentiated into EpiLC for three days, re-plated and grown in “2i+LIF” medium for at 

least 48 hours and then maintained under “2i+LIF” conditions for at least two passages. For 

rescue experiments, Foxd3fl/fl;Cre-ER mESC were transfected with a Foxd3 or a GFP 

expressing vector (pcDNA3.1-Foxd3), treated with TM for two days and then differentiated 

into EpiLC.

PGCLC induction

PGCLC were derived using a previously described protocol (Hayashi and Saitou, 2013; 

Hayashi et al., 2011). 2×103 day 2 EpiLC were plated in a single well from a 96-well 

Lipidure-Coat Plate (Amsbio) and grown in serum-free GK15 medium (GMEM (Life 

Technologies), KSR (15%, Life Technologies), nonessential amino acids (Life 

Technologies), sodium pyruvate (1 mM, Life Technologies), 2-mercaptoethanol (0.1 mM, 

Life Technologies), L-glutamine (2 mM, Life Technologies), BMP4 (500 ng/ml; Miltenyi 

Biotec), SCF (100 ng/ml; Miltenyi Biotec), BMP8b (500 ng/ml; R&D Systems), EGF (50 

ng/ml; Miltenyi Biotec) and LIF for four days.

ChIP-seq

DNA libraries from HA ChIP, Flag ChIP and corresponding input DNA samples obtained in 

FH-Foxd3 mESC were prepared according to Illumina protocol and sequenced using 

Illumina Genome Analyzer. Mapped sequences were analysed by QuEST 2.4 (Valouev et al., 

2008) using the following settings: KDE bandwith=30, ChIP seeding fold enrichment=30, 

ChIP extension fold enrichment=3, ChIP-to-background fold enrichment=3.

RNA-seq

RNA-seq libraries were sequenced with a 2 × 100–bp strand-specific protocol on a HiSeq 

2500 sequencer (Illumina). Data were analyzed using a high-throughput next-generation 

sequencing analysis pipeline as described in supplementary material (Wagle et al., 2015).

PGCLC sorting and quantification by FACS

Sorting and quantification of PGCLC was performed according to a previously described 

protocol (Hayashi and Saitou, 2013). After four days of induction, PGCLC were stained 

with antibodies against ITGB3 (104307, Biolegend) and SSEA1 (50-8813-41, eBioscience) 

conjugated with PE and Alexa Fluor 647, respectively. PGCLC quantification was 

performed with a FACSCantoII Cytometer (BD Bioscience) equipped with BD FACSDiva 

Software. PGCLC sorting was performed on a FACSAriaIII cell sorter (BD Bioscience).
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RNA-seq and ChIP-seq datasets generated in this study have been deposited into GEO 

repository under accession number GSE70547. All primers used in this study are presented 

in Table S4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Foxd3 acts mostly as a transcriptional repressor in mESC
(A) RNA-seq experiments in Foxd3fl/fl;Cre-ER mESC treated with TM for three days 

(Foxd3−/−) or left untreated (Foxd3fl/fl). Mouse genes were plotted according to average 

normalized RNA-seq read counts in Foxd3−/− and Foxd3fl/fl cells. (B) RNA-seq experiments 

in tetON Foxd3 and WT mESC treated with Dox for three days. (C) Mouse genes 

considered as differentially expressed in Foxd3−/− mESC are plotted according to the RNA-

seq read counts in Foxd3−/− and Foxd3fl/fl mESC and color-coded according to expression 

changes in tetON Foxd3 cells (purple for downregulated genes; green for upregulated 

genes). (D) ChIP-seq profiles generated in Foxd3-FH mESC with anti-HA and anti-Flag 

antibodies around a representative locus (i.e. Tfap2c). (E) Overrepresented gmotifs enriched 

at Foxd3-bound regions based on matches to known TF consensus binding sequences (top) 

or through de novo motif analysis (bottom). (F) Venn-diagram representing the overlaps 

between genes bound by Foxd3 and genes considered as either up or downregulated in 

Foxd3−/− mESC. P-values in (C) and (F) were calculated using hypergeometric tests. See 

also Figure S1, Data S1-2.
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Figure 2. Foxd3 is required for the exit from naïve pluripotency
(A) GSEA for the 500 most downregulated genes during the differentiation of 2i ESC into 

EpiLC (Hayashi et al., 2011) with respect to the global transcriptional changes observed in 

Foxd3−/− Vs Foxd3fl/fl or tetON Foxd3 Vs WT mESC. ES: enrichment score. (B) 
Brightfield images are shown for: Foxd3fl/fl;Cre-ER cells adapted to 2i+LIF conditions (2i 

ESC) and then treated with TM for three days (Foxd3−/−) or left untreated (Foxd3fl/fl) (left 

panels); Foxd3−/− and Foxd3fl/fl cells after differentiation into EpiLC (right panels). (C) 
Foxd3fl/fl;Cre-ER 2i ESC were treated as in (B) and transcriptional changes between 

Foxd3−/ and Foxd3fl/fl cells during differentiation into EpiLC are presented in log2 scale. #1: 

naïve pluripotency and early germline genes repressed by Foxd3 according to RNA-seq data 

in Foxd3−/− mESC; #2 pluripotency genes not repressed by Foxd3 and #3: primed 

pluripotency genes. (D) Foxd3fl/fl;Cre-ER 2i ESC were treated with TM or left untreated, 

differentiated into EpiLC for three days and then re-plated under “2i+LIF”. Left panels show 

Foxd3−/− and Foxd3fl/fl cells after 48 hours of being re-plated in “2i+LIF”. The Right panel 

shows alkaline phosphatase staining of Foxd3−/− and Foxd3fl/fl cells after two passages in 

“2i+LIF”. (E) Foxd3fl/fl;Cre-ER 2i ESC were pre-treated with TM for 12 hours (Foxd3−/−) 
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or left untreated (Foxd3fl/fl) and then released from 2i+LIF for 48 (left panels) or 72 hours 

(right panels). TM was maintained during differentiation. (F) Foxd3fl/fl;Cre-ER 2i ESC were 

treated as in (E) and transcriptional changes between Foxd3−/ and Foxd3fl/fl after release 

from “2i+LIF” are presented in log2 scale. See also Figures S2-3, Tables S1-2.
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Figure 3. Foxd3 preferentially binds to active enhancers in mESC
(A) ChIP-seq profiles for the indicated proteins around a representative locus (i.e. Tfap2c). 

(B) Percentage of Foxd3−/− Up/EpiLC Down (Foxd3 bound regions associated with genes 

upregulated in Foxd3−/− mESC and downregulated during the differentiation of 2i ESC into 

EpiLC) and of all Foxd3 bound regions that are also bound by the indicated proteins. * 

statistically significant (p>0.0001) overlap. (C-D) Average ChIP-seq profiles for p300, 

H3K27ac and H3K4me1 in mESC around the central position of (C) all Foxd3 bound 

regions and (D) Foxd3−/− Up/EpiLC Down regions. (E) ChIP-seq profiles for Foxd3 in SL 

mESC and for p300 and H3K27ac in both 2i ESC and EpiLC around a representative locus 

(i.e. Tfap2c). (F) Expression levels measured as FPKMs (fragments per kilobase of exon per 

million fragments mapped) for all mouse genes or for genes considered as bound by Foxd3. 

P-value calculated using a non-paired Wilcoxon test. (G) Distances between Foxd3 bound 

regions and their closest ENSEMBL gene TSSs. (H) Functional annotation of Foxd3 bound 

regions according to GREAT analysis.
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Figure 4. Foxd3 mediates the decommissioning of a subset of naïve pluripotency enhancers
(A) Average p300 and H3K27ac ChIP-seq profiles in 2i ESC and EpiLC are shown around 

three different subsets of TF bound regions: (i) Foxd3−/− Up/EpiLC Down; (ii) Foxd3 all (all 

regions bound by Foxd3 in mESC); (iii) Pou5f1 all (all regions bound by Pou5f1/Oct4 in 

mESC). (B-E) ChIP-qPCR analysis was performed for H3K27ac and H3K4me2 in (B-C) 
tetON Foxd3 and WT mESC treated with Dox for three days and (D-E) Foxd3fl/fl;Cre-ER 
mESC treated with TM for three days (Foxd3−/−) or left untreated (Foxd3fl/fl). ChIP signals 

were calculated as % of input and then normalized to the average ChIP signals obtained at 

two intergenic control regions (ctrl1, ctrl2). ChIP signal differences are presented in log2 

scale. Foxd3 bound regions are named based on their associated genes and the distance to 

their TSS in Kb. Nudcd3(+19.5) and Slc25a46(−40.5) correspond to Oct4 bound genomic 

regions weakly bound by Foxd3 and overlapping enhancers active in both 2i ESC and 

EpiLC. (F) Reporter cell lines were established for two Foxd3 bound regions (Tbx3 (+9.4) 

and Nanos3 (−1.1)) in tetON Foxd3 mESC. GFP signals were assayed in cells that were 

treated with Dox (+Dox) for three days or left untreated (−Dox). (G-H) Transcriptional 

changes in Foxd3 and GFP levels for Tbx3(+9.4) and Nanos3(−1.1) reporter cell lines 

Respuela et al. Page 21

Cell Stem Cell. Author manuscript; available in PMC 2016 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



generated in tetON Foxd3 (lines #1 and #2) or WT mESC. P-values were calculated using 

one-tailed t-tests. (I) Changes in eRNA levels between Foxd3fl/fl;Cre-ER 2i ESC pre-treated 

with TM for 12 hours (Foxd3−/−) or left untreated (Foxd3fl/fl) before being released from 2i

+LIF conditions for 48 hours. eRNA levels were normalized to that of two housekeeping 

genes (Hprt1 and Eef1a) and measured both upstream (5’, blue) and downstream (3’, red) of 

the indicated regions. (J) ChIP-qPCR analysis for H3K27ac in Foxd3fl/fl;Cre-ER treated like 

in (I). * statistically significant differences (p<0.05; fold-change (FC)>1.5 Up or Down (in 

log2, FC>0.58 or <-0.58)) in ChIP signals or eRNA levels between cells being compared in 

each case. P-values calculated using one-tailed t-test. # genomic regions considered as 

bound by Foxd3 according to HA ChIP-seq and just below the calling cut-off in Flag ChIP-

seq (Data S2). See also Figures S4-5.
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Figure 5. Foxd3 shifts the balance of co-activator and co-repressor proteins bound to naïve 
pluripotency enhancers
(A-B) ChIP-qPCR analysis for p300 in (A) tetON Foxd3 and WT mESC treated with Dox 

for three days and (B) Foxd3fl/fl;Cre-ER mESC treated with TM for three days (Foxd3−/−) or 

left untreated (Foxd3fl/fl). (C) Strategy used to identify Foxd3 interacting proteins. FT (flow-

through); IP (immunoprecipitation). (D) IP with anti-Flag antibody was performed in FH-
Foxd3 and WT mESC. Protein levels were detected by Western blotting using antibodies 

against Foxd3 or Lsd1/Kdm1a. (E) ChIP-seq profiles for Foxd3 and the indicated NuRD 

subunits around a representative locus (i.e. Tfap2c). (F) Percentage of all or Foxd3−/− Up/
EpiLC Down Foxd3 bound regions that are also bound by the indicated NuRD subunits in 

mESC. * statistically significant (p<0.0001) overlap. (G-H) ChIP-qPCR analysis for Lsd1 in 

(G) tetON Foxd3 and WT mESC treated with Dox for three days and (H) Foxd3fl/fl;Cre-ER 
mESC treated with TM for three days (Foxd3−/−) or left untreated (Foxd3fl/fl). In (A-B) and 

(G-H) * statistically significant differences in ChIP signals as described in Figure 4. See also 

Figure S6, Table S3.

Respuela et al. Page 23

Cell Stem Cell. Author manuscript; available in PMC 2016 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Silencing of Foxd3 is required for PGCLC specification
(A) PGCLC were sorted by FACS using antibodies against ITGB3 and SSEA1 (Hayashi et 

al., 2011). Cells displaying high signals for both ITGB3 and SSEA1 were considered as 

PGCLC (PGCLC +), while the remaining ones were not (PGCLC −). Transcriptional 

changes in PGCLC+ and PGCLC− cells relative to EpiLC are presented in log2 scale. (B) 
GSEA for three different set of genes (PGC core: “core” upregulated genes during PGC 

specification (Nakaki et al., 2013); PGCLC Up: top 500 upregulated genes during the 

differentiation of EpiLC into PGCLC (Hayashi et al., 2011); PGC Up: top 500 upregulated 

genes in E9.5 PGC compared to E5.75 epiblast (Hayashi et al., 2011)) with respect to the 

global transcriptional changes observed between Foxd3−/− and Foxd3fl/fl mESC. (C) 
Average H3K27ac ChIP-seq signal profiles in 2i ESC, EpiLC and PGCLC around three 

different subsets of genomic regions: (i) Foxd3−/− Up/PGCLC Up (Foxd3 bound regions 

associated with genes upregulated in Foxd3−/− mESC and during PGCLC differentiation); 

(ii) Foxd3 all; (iii) Pou5f1 all. (D) EpiLC derived from tetON Foxd3 and WT 2i ESC were 

treated with Dox at the beginning (day 0) and after two days (day 2) of PGCLC 

differentiation. After four days, the resulting cell aggregates were used to investigate the 
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transcriptional changes between tetON Foxd3 and WT cells. (E) tetON Foxd3 and WT 

2iESC were differentiated into PGCLC as described in (D). After four days, PGCLC were 

quantified by FACS. Representative experiments in WT and tetON Foxd3 cells and the 

average results from five independent quantifications are presented. P-value was calculated 

using paired t-test. (F) EpiLC derived from Foxd3fl/fl;Cre-ER 2i ESC were treated with TM 

at the beginning (day 0) and after two days (day 2) of PGCLC differentiation (Foxd3−/−) or 

left untreated (Foxd3fl/fl). After four days, the resulting cell aggregates were used to 

investigate the transcriptional changes between Foxd3−/− and Foxd3fl/fl cells. (G) 
Transcriptional changes in eRNA levels between PGCLC aggregates derived as described in 

(F). * denotes statistically significant differences in eRNA levels as described in Figure 4. 

(H) Foxd3fl/fl;Cre-ER 2i ESC were differentiated into PGCLC as described in (F). After four 

days, the number of PGCLC was quantified by FACS. Representative experiments in 

Foxd3fl/fl and Foxd3−/− cells and the average results from five independent quantifications 

are presented. P-value was calculated using paired t-test. See also Figure S7.
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Figure 7. Proposed model for Foxd3 regulatory function during mouse peri-implantation 
development
Our data suggests that a wave of activation-deactivation of Foxd3 is crucial for the exit from 

naïve pluripotency and subsequent PGC specification. Foxd3 executes its regulatory function 

through enhancer decommissioning and consequent repression of relevant target genes.
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