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Summary 

Primordial germ cells (PGCs) are induced in the embryo by signals, including BMP 

emanating from extra-embryonic ectoderm, that act on cells in the post-implantation epiblast. 

PGC development can be recapitulated in vitro through the exposure of epiblast-like cells 

(EpiLCs) to appropriate cytokines, resulting in differentiation into PGC-like cells (PGCLCs). 

Interestingly, the requirement for cytokines to induce PGCLCs can be bypassed by enforced 

expression of the transcription factor (TF) NANOG. However, the underlying mechanisms 

are not fully elucidated. Here, we show that Otx2 downregulation is essential to enable 

NANOG to induce PGCLC formation. Moreover, while previous work has shown that the 

direct NANOG target gene Esrrb can substitute for several functions of NANOG, enforced 

expression of ESRRB cannot promote PGCLC specification from EpiLCs. This appears to be 

due to differential downregulation of Otx2 by NANOG and ESRRB, since induction of 

ESRRB in Otx2+/- EpiLCs activates expression of the core PGC TFs, Blimp1, Prdm14 and 

Ap2γ and emergence of PGCLCs. This study illuminates the interplay of TFs occurring at the 

earliest stages of PGC specification from a state of competence. 
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Introduction 

Germline development and sexual reproduction depend on the establishment of primordial 

germ cells (PGCs). In mice, PGCs are induced by bone morphogenic factor 4 (BMP4) acting 

on proximal posterior epiblast cells at embryonic day 6 (Lawson et al., 1999). Prospective 

PGCs downregulate the epiblast transcription factor (TF) Otx2 and subsequently activate the 

key PGC TFs Blimp1 (Prdm1), Prdm14 and Ap2γ (Kurimoto et al., 2008; Ohinata et al., 

2005; Vincent et al., 2005; Weber et al., 2010; Yamaji et al., 2008; Zhang and Chambers, 

2019). These events can be recapitulated in vitro by differentiating naïve embryonic stem 

cells (ESCs) into epiblast-like cells (EpiLCs), which are transiently competent to specify 

PGC-like cells (PGCLCs) in response to BMP4 and associated cytokines (Hayashi et al., 

2011; Hayashi and Saitou, 2013). The requirement for BMP4 and associated cytokines can 

however be bypassed by induction of NANOG in EpiLCs (Murakami et al., 2016). Combined 

ectopic expression of NANOG and cytokine treatment further expands the proportion of 

PGCLCs in the differentiated population (Murakami et al., 2016). Even though Nanog is not 

essential for emergence of PGCs, nor for germline transmission (Carter et al., 2014; M. 

Zhang et al., 2018), Nanog deletion results in a large decrease in PGC numbers both in vitro 

and in vivo (Chambers et al., 2007; Murakami et al., 2016; Yamaguchi et al., 2009; M. Zhang 

et al., 2018).  

 

The target genes through which NANOG acts in ESCs have been identified and include Esrrb 

and Otx2, which are regulated positively and negatively by NANOG, respectively (Festuccia 

et al., 2012). Both of these genes also regulate the PGC compartment (Mitsunaga et al., 2004; 

J. Zhang et al., 2018). Esrrb can rescue several functions of NANOG in Nanog-null 

pluripotent cells (Festuccia et al., 2012). Interestingly, analysis of the germline indicates that 
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loss-of-function for Esrrb results in a similar quantitative reduction in PGC numbers at mid-

gestation as observed when Nanog is deleted specifically from the germline (Mitsunaga et al., 

2004; M. Zhang et al., 2018). Moreover, deletion of Nanog impairs induction of PGCLC 

differentiation in response to PGC-promoting cytokines (Murakami et al., 2016). This 

absence of PGC differentiation in response to cytokines can be compensated for by enforced 

expression of ESRRB (M. Zhang et al., 2018). Consistent with a conserved epistatic 

relationship between Nanog and Esrrb both in the preimplantation epiblast and in the 

germline, a knock-in of Essrb to the Nanog locus overcomes the reduction in PGC numbers 

resulting from germline specific Nanog deletion (M. Zhang et al., 2018). In ESCs, Otx2 and 

Nanog antagonise each other by mutual repression (Acampora et al., 2017; Festuccia et al., 

2012). We have shown that entry to the germline is blocked when OTX2 expression is 

maintained during the first two days of EpiLC - PGCLC differentiation (J. Zhang et al., 2018; 

Zhang and Chambers, 2019). In contrast, Otx2 deletion dramatically increases PGCLC 

numbers in vitro and raises PGC numbers in vivo (J. Zhang et al., 2018). Recently, OTX2 has 

been shown to act through cis-acting binding sites that repress transcription of Nanog and 

Oct4 (Di Giovannantonio et al., 2021). However, despite an increasing knowledge of the 

relationships between Esrrb, Nanog and Otx2, the interplay between these factors in PGC 

induction is not completely understood. Here we examine the capacity of ESRRB and 

NANOG to induce PGCLC differentiation using inducible transgene systems in the absence 

of cytokines. Our results uncover a differential capacity of NANOG and ESRRB to repress 

Otx2 and an OTX2 dose-dependent barrier to germline induction by ESRRB and NANOG in 

the absence of cytokines. 
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Results 

Esrrb cannot activate PGCLC programme 

To examine whether ESRRB can induce cytokine free PGCLC differentiation similarly to 

NANOG, we overexpressed NANOG or ESRRB during cytokine free PGCLC 

differentiation. Cell lines carrying tetracycline inducible Nanog (TgiN) or Esrrb (TgiE) 

transgenes were generated by integrating piggybac transposons into E14Tg2a ESCs 

expressing the modified reverse tetracycline transactivator (rtTA2) (Urlinger et al., 2000) 

from Rosa26 (Figure 1A). The resulting TgiN and TgiE ESCs, cultured in 2i/LIF medium, 

were then differentiated to PGC-competent epiblast-like cells (EpiLCs) by two-day culture in 

the presence of Activin A and bFGF (Figure 1B). In the original PGCLC differentiation 

protocol, EpiLCs are aggregated and stimulated using a cytokine cocktail that is required for 

PGCLC specification (Hayashi et al., 2011; Hayashi and Saitou, 2013). However, NANOG 

has been shown to direct PGCLC differentiation in the absence of cytokines (Murakami et al., 

2016). We therefore omitted cytokines and tested the ability of NANOG or ESRRB 

overexpression to induce PGCLC development (Figure 1B). TgiN and TgiE cells formed 

similar colonies both as naïve ESCs and EpiLCs (Figure S1A). Addition of doxycycline 

during PGCLC specification from EpiLCs activated robust induction of Nanog or Esrrb 

transgenes in TgiN or TgiE cells, respectively (Figure S1B). In the absence of doxycycline, 

TgiN and TgiE cells did not express the transgenes (Figure S1B). Induced expression of 

either Nanog or Esrrb resulted in similar levels of surface expression of SSEA1 and CD61 

which were considered to jointly mark PGCLCs (Hayashi et al., 2011) (Figure 1C, D). 

However, in contrast to NANOG, induction of ESRRB failed to increase the expression of 

Blimp1 or Prdm14 mRNAs and showed only a modest increase in Ap2γ mRNA level (Figure 

1E).  We therefore assessed changes in PGC TF expression earlier, during the first 48 hours 

of differentiation (Figure 1F, S1B). Induction of Nanog activated expression of both Esrrb 
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and the PGC transcription factors Blimp1, Prdm14 and Ap2γ. Interestingly, while induction of 

ESSRB increased Blimp1, Prdm14 and Ap2γ mRNAs within the first 6 hours of 

differentiation, ESRRB failed to sustain Blimp1 and Prdm14 expression at later time points 

(Figure 1F). Therefore, ESRRB unlike NANOG does not produce a sustained activation of 

the PGC programme during cytokine-free PGCLC differentiation. 

 

Nanog induces PGCLCs by repressing Otx2 

Our previous results show that the requirement of cytokines for PGCLC formation is also 

eliminated in Otx2-/- cells (J. Zhang et al., 2018). OTX2 and NANOG have antagonistic 

functions in ESCs (Acampora et al., 2017). Moreover, NANOG can directly downregulate 

Otx2 in ESCs (Figure 2A; Festuccia et al., 2012; Heurtier et al., 2019). Microarray data 

suggests that this capacity to repress Otx2 may not be shared by ESRRB (Figure 2A; 

Festuccia et al., 2012). This raises the hypothesis that ESRRB cannot effectively induce 

PGCLC specification due to an impaired capacity to repress Otx2. To address this hypothesis, 

we first measured Otx2 mRNA expression within the first 48 hours of EpiLC aggregation of 

TgiN and TgiE cells in cytokine-free medium (Figure 1B). NANOG induction drove a rapid 

downregulation of Otx2 between 6 and 12 hours compared to uninduced cells (Figure 2B) 

agreeing with the hypothesis that NANOG represses Otx2 during PGC specification. In 

contrast, ESRRB induction did not affect Otx2 mRNA levels during the first 24 hours and 

even showed increased Otx2 mRNA levels at 48 hours (Figure 2B). 

 

We next tested whether OTX2 clearance is necessary for NANOG to induce PGCLCs. To do 

this, we first generated E14Tg2a ESC lines which can induce either GFP (TgiNG) or OTX2 

(TgiNO) from the same transgene that induces NANOG (Figure 2C). The TgiNG and TgiNO 
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cells were generated by replacing the TdTomato coding sequence in E14Tg2a TetON-

TdTomato (TgiR) cells with cassettes encoding Nanog-t2a-GFP or Nanog-t2a-Otx2 (Figure 

2C). While doxycycline has no effect on Nanog or Otx2 expression in the parental TgiR cell 

line (Figure S2), doxycycline treatment increased Nanog expression ~8 and 5-fold in TgiNG 

and TgiNO cells, respectively (Figure S2). In addition, Otx2 mRNA was induced by 

doxycycline only in TgiNO cells (Figure S2). To assess the effect of OTX2 on the ability of 

NANOG to induce PGCLC differentiation, TgiNG and TgiNO cells were subjected to 

PGCLC differentiation in the absence of cytokines. Simultaneous induction of GFP and 

NANOG upregulated expression of PGCLC surface markers CD61 and SSEA1 (Figure 2D, 

E). In contrast, simultaneous induction of OTX2 and NANOG from the same doxycycline-

responsive transgene markedly reduced the population of SSEA1+/CD61+ cells (Figure 2D, 

E). This indicates that the capacity of NANOG to function in PGCLC induction requires 

repression of Otx2. 

 

Otx2 heterozygosity enables Esrrb to induce cytokine-free PGC differentiation  

To test whether Otx2 is a limiting factor that prevents ESRRB from activating PGCLC 

specification, we integrated doxycycline inducible Nanog (iN) or Esrrb (iE) transgenes into 

heterozygous Otx2lacZ/fl ESCs (Acampora et al., 2013; J. Zhang et al., 2018) (Figure 3A). This 

cell line also contains a GFP transgene which reports the activity of the Oct4 distal enhancer 

(ΔPE::GFP) (Figure 3A) which becomes activated in PGCLCs (Magnusdottir et al., 2013).  

We refer to these cells as Otx2+/- iE and Otx2+/- iN cells. We isolated two Otx2+/- iE clones (1 

and 10) and one Otx2+/- iN clone that each express approximately 50% the level of Otx2 

mRNA compared to Otx2+/+ cells in the EpiLC state (Figure 3B).  
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Doxycycline treatment of Otx2+/- iN and Otx2+/- iE cell lines increased expression of the 

transgenes by 20 to 40-fold compared to wild-type E14Tg2a cells at day 2 of cytokine-free 

PGCLC differentiation (Figure S3A). When Otx2+/- cell lines were subjected to cytokine-free 

PGCLC induction in the absence of doxycycline, surface expression of CD61/SSEA1 was not 

induced in iE or iN cell lines (Figure S3B). However, upon induction of either NANOG or 

ESRRB by doxycycline, surface expression of CD61/SSEA1 was induced (Figure 3C, S3B). 

In addition, the proportion of cells expressing the Oct4 ΔPE::GFP transgene was similarly 

induced in each of these lines by doxycycline treatment (Figure 3D). Furthermore, induction 

of either ESRRB or NANOG in Otx2+/- cells increased expression of Blimp1, Prdm14 and 

Ap2γ mRNAs at day 6 (Figure 3E). This contrasts with induction of ESRRB in Otx2+/+ cells 

which did not increase Blimp1 and Prdm14 mRNA levels (Figure 1E). Interestingly, at the 

earlier time point of day 2 of differentiation, ESRRB induced lower levels of Blimp1, Prdm14 

and Ap2γ mRNA expression in Otx2+/- cells than were achieved by NANOG induction 

(Figure S3A). This may indicate that ESRRB-induced germline entry in Otx2+/- cells is 

delayed compared to that induced by NANOG. 

 

Based on these results we propose a model in which NANOG induces germline fate 

predominantly by downregulation of Otx2 (Figure 4). Once OTX2 levels are substantially 

diminished, NANOG and its direct downstream target ESRRB can activate PGC 

determinants Blimp1, Prdm14 and Ap2γ and initiate germline specification (Figure 4). 
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Discussion 

Despite discovery of the key transcription factors required for PGC identity, the rules 

governing PGC specification have yet to be fully elucidated. Both NANOG and ESRRB are 

important for maintaining PGC numbers in vivo (Chambers et al., 2007; Yamaguchi et al., 

2009; M. Zhang et al., 2018) and NANOG is important for specifying germline entry in vitro 

(Murakami et al., 2016; J. Zhang et al., 2018; M. Zhang et al., 2018). During the first 24 

hours of EpiLC – PGCLC differentiation Otx2 is rapidly downregulated (J. Zhang et al., 

2018). This downregulation is required to activate the PGC programme, since maintaining a 

high level of OTX2 during this time blocks PGCLC differentiation  (J. Zhang et al., 2018). A 

key function of PGC-specifying cytokines during the early stages of EpiLC – PGCLC 

differentiation is to mediate this rapid Otx2 downregulation (J. Zhang et al., 2018). In Nanog-

null ESCs, Otx2 is rapidly downregulated by NANOG induction and this is accompanied by 

H3K27me3 deposition at the Otx2 promoter (Festuccia et al., 2012; Heurtier et al., 2019). In 

contrast, Otx2 expression is induced during ESC – EpiLC transition and Nanog is repressed. 

Consequently, EpiLCs have high OTX2 levels and no Nanog expression (Acampora et al., 

2017; Hayashi et al., 2011). In this study, we have examined the roles of the NANOG target 

genes Esrrb and Otx2 during PGCLC specification. 

 

The results reported here show that induction of NANOG in EpiLCs downregulates Otx2 at 

the earliest time examined during differentiation and that this occurs in the absence of PGC-

promoting cytokines. This further highlights similarities between the regulatory network of 

naïve pluripotent cells and early PGCs (Leitch and Smith, 2013). Importantly, enforced 

NANOG expression in EpiLCs induced a PGCLC population in the absence of the otherwise 

requisite cytokines (Murakami et al., 2016). The importance of the NANOG-mediated 
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repression of Otx2 for PGCLC differentiation under these conditions is demonstrated by the 

reduction in the size of the PGCLC population resulting from simultaneous enforced 

expression of both NANOG and OTX2. Therefore, OTX2 depletion is essential for PGCLC 

specification by NANOG in the absence of cytokines. 

 

Esrrb, a direct target gene of NANOG, can substitute for NANOG in LIF-independent 

maintenance of mouse ESCs, reprogramming of pre-iPSCs / EpiSCs to naïve pluripotency 

(Festuccia et al., 2012). In addition, a knock-in of Esrrb to the Nanog locus can rescue the 

quantitative reduction in PGC number seen when Nanog is specifically deleted from the germ 

cell lineage (M. Zhang et al., 2018). Furthermore, the failure of Nanog-/- cells to maintain a 

PGCLC population in the presence of PGC-promoting cytokines could be rescued by 

enforced Esrrb expression (M. Zhang et al., 2018). It was somewhat surprising therefore, to 

see that ESRRB, unlike NANOG cannot efficiently induce PGC transcription factors Blimp1 

and Prdm14 in the absence of cytokines. However, ESRRB overexpression in Nanog-/- ESCs 

does not fully recapitulate the effect of NANOG overexpression on ESC self-renewal 

(Festuccia et al., 2012). Although NANOG and ESRRB share common target genes 

(Festuccia et al., 2012), functional differences between NANOG and ESRRB exist since 

distinct subsets of genes are specifically regulated by either TF in ESCs (Sevilla et al., 2021). 

In addition, while the interactomes of NANOG and ESRRB contain common binding 

partners (Gagliardi et al., 2013; van den Berg et al., 2010), it is notable that ESRRB interacts 

with Mediator, suggesting that ESRRB may function prominently in transcriptional initiation. 

In contrast, the NANOG interactome lacks Mediator components (Gagliardi et al., 2013). 

While both interactomes link to NuRD and PcG, NANOG also links to Sin3a and NcoR 

complexes. These observations suggest that the balance between transcriptional activation 

and repression differs between NANOG and ESRRB, with NANOG showing more links to 
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transcriptional repression than ESRRB. These distinctions are consistent with the prominent 

role proposed for transcriptional repression during PGCLC differentiation (Kurimoto et al., 

2008). Consistent with this idea, we show here that the inability of enforced ESRRB 

expression to recapitulate the PGCLC differentiation induced by ectopic NANOG may be 

due to the inability of ESRRB to rapidly downregulate Otx2 within the competence time 

window required for initiation of PGC differentiation. When we tested the effect of ESRRB 

induction in Otx2+/- EpiLCs expressing ~50% of wild-type Otx2 levels, ESRRB successfully 

activated expression of Blimp1, Prdm14, Ap2γ as well as the activity of the Oct4 distal 

enhancer and surface expression of CD61/SSEA1. Therefore, the inability of ESRRB to 

induce the germline programme is overcome by a reduction in the level of OTX2 in the 

starting population. 

 

In wild-type EpiLCs, PGC-promoting cytokines suppress Otx2 expression and activate the 

PGC-specific gene regulatory network (GRN) incorporating Blimp1, Prdm14 and Ap2γ, 

leading to effective PGCLC differentiation (J. Zhang et al., 2018). Our present findings on 

TF-driven PGCLC differentiation, conducted in the absence of PGC-promoting cytokines, 

can be incorporated into our current understanding of EpiLC-PGCLC differentiation as 

illustrated (Figure 4). In the absence of cytokines, OTX2 protein levels are sufficient to block 

activation of the PGCLC programme. Recent findings indicate that this repressive effect of 

OTX2 on the PCG programme results in large part from a direct repression of the Nanog and 

Oct4 genes (Figure 4A) (Di Giovannantonio et al., 2021). Induction of transgenic Nanog in 

EpiLCs shifts the balance between the mutual antagonists NANOG and OTX2 in favour of 

NANOG (Figure 4B). Once OTX2 levels are sufficiently decreased this enables NANOG to 

act on regulatory elements controlling genes in the PGC-specific GRN, including Blimp1, 

Prdm14 and Ap2γ as previously suggested (Murakami et al., 2016). In addition, NANOG can 
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activate Esrrb, which may also positively affect the PGC-specific GRN. Moreover, a 

reduction in OTX2 eliminates suppression of Oct4, which can also positively feed into the 

PGC-specific GRN (Figure 4B). If instead, transgenic Esrrb is induced, a positive effect on 

the PGC-specific GRN can also be envisaged (Figure 4C). However, in this case, Otx2 is not 

suppressed, OTX2 remains high, suppression of Nanog and Oct4 is maintained and the 

positive input into the PGC-specific GRN is insufficient to activate PGCLC differentiation. 

In contrast, in Otx2+/- cells, the balance between the mutual antagonists OTX2 and NANOG 

shifts (Figure 4D). We suggest that in these conditions, induction of ESRRB provides a 

sufficient positive effect on the PGC-specific GRN to direct some PGC differentiation due to 

a weakened suppression of Nanog and Oct4 by OTX2. Further work will be required to bring 

greater clarity to the early events involved in germline specification prior to activation of the 

PGC-specific GRN.  
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Materials and Methods 

Cell culture and PGCLC differentiation 

ESCs were routinely cultured in Glasgow Minimum Essential Medium (GMEM; Sigma, 

G5154) supplemented with 10% FCS (Gibco 10270-106), 100 U/ml LIF (homemade), Non-

essential amino acids (Invitrogen, cat. 11140-036), 1 mM sodium pyruvate (Invitrogen, 

11360-039), 2 mM L-glutamine (Invitrogen, 25030-024) and 50 nM 2-mercaptoethanol 

(Gibco 31350-010) at density of 3-10x105 cells per cm2 in culture flasks coated with 0.1% 

gelatine (Smith, 1991). Presence of mycoplasma contamination was routinely tested. 

 

EpiLC and PGCLC differentiation were performed as previously described (Hayashi and 

Saitou, 2013) with the difference that no cytokines were used for PGCLC specification from 

EpiLCs. ESCs were adapted to N2B27 medium supplemented with 0.4μM PD0325901, 3μM 

CHIR99021 and 100 U/ml LIF (homemade) for at least three passages. EpiLC state was 

induced by culturing 1x105 ESCs on fibronectin coated plates in N2B27 medium 

supplemented with 20 ng/ml Activin A and 12 ng/ml bFGF for two days. EpiLCs were 

dissociated and aggregated in GK15 medium (15% knockout serum replacement, 1x non-

essential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, 1 mM 2-mercaptoehanol 

and 50 U/ml Penicillin/Streptomycin in GMEM) in the presence or absence of 1 µg/ml 

doxycycline. Aggregation was performed in 20 µl drops containing 2x103 cells per drop 

hanging over PBS for two days at 37 °C. Aggregates were collected in 5 ml of GK15 medium 

with or without doxycycline and transferred to untreated culture plates. Aggregates were 

cultured for the next 4 days at 72 r.p.m at 37 °C and 7 % CO2. 
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Generation of doxycycline inducible cell lines 

To generate Otx2+/+ Nanog or Esrrb inducible cell lines (TgiN, TgiE), firstly CAG-rtTAms2 

was integrated into the Rosa26 locus of E14Tg2a ESCs as described (Bressan et al., 2017). 

E14Tg2a-rtTAms2 cells were then transfected with piggyBac-TetON-Nanog-PGK-Hph-pA 

or piggyBac-TetON-Esrrb-PGK-Hph-pA together with pCMV-hyPBASE (Yusa et al., 2011) 

plasmids using lipofectamine 3000 (Thermofisher; L3000015). 

 

To generate TgiNG and TgiNO cells, E14Tg2a-rtTAms2 cells were transfected with 

piggyBac-TetO-FRT5-TdTomato-2a-HygR-FRT3-tk (Festuccia et al., 2012) and selected for 

clones with robust TdTomato expression in presence of doxycycline and low levels of 

TdTomato in the absence of doxycycline. To integrate Nanog-T2A-GFP and Nanog-T2A-

Otx2 cassettes, Rosa26: rtTAms2; E14Tg2a-TetON-TdTomato ESCs were transfected with 

pShuttle-TetON-FRT5-(Flag)3-Nanog-T2A-GFP-IRES-PURO-FRT3 or pShuttle-TetON-

FRT5-(Flag)3-Nanog-T2A-Otx2-IRES-PURO-FRT3 together with pPGK-FLPobpa (Adgene 

#13793) using Lipofectamine 3000 (Thermofisher; L3000015). Cells resistant to puromycin 

and without TdTomato expression in presence of doxycycline were selected. 

 

To generate Otx2+/- ΔPE::GFP ESCs with doxycycline inducible transgenes, Otx2lacZ/fl 

ΔPE::GFP c11 ESCs (J. Zhang et al., 2018) were transfected with piggyBac-TetON-Nanog-

PGK-Hph-pA or piggyBac-TetON-Esrrb-PGK-Hph-pA together with pCMV-hyPBASE 

(Yusa et al., 2011) and pCAG-rTtAsm2-IRES-BSD using lipofectamine 3000 (Thermofisher; 

L3000015). Cells were selected with hygromycin and blasticidin for twelve days and single 

clones were picked. Two clones for Esrrb and one for Nanog were selected with capacity to 

induce the transgene and which express similar levels of Otx2 to the parental cell line. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 14, 2021. ; https://doi.org/10.1101/2021.06.14.448276doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.14.448276
http://creativecommons.org/licenses/by/4.0/


15 

 

Flow cytometry 

Cell aggregates were collected, washed with PBS and dissociated in 0.05 % Trypsin for ~10 

minutes at 37 °C. Trypsin was neutralised with 10% FCS in GMEMβ and cells were 

collected by centrifugation (3 min at 300g). Cells were resuspended in 100 µl of GMEMβ 

medium supplemented with 10% FCS, 1:200 v/v Alexa Fluor 647 anti-mouse/human CD15 

(SSEA-1) (Biolegend, 125608) and 1:500 v/v PE anti-mouse/rat CD61 (Biolegend, 104307). 

Cells were stained for 15 min at room temperature and washed twice with PBS before 

analysis at BD Fortessa 5 laser system. 

 

RT-qPCR 

Single cell suspension was collected by centrifugation (3 min at 300 g) and total RNA was 

extracted by Illustra™ RNAspin RNA Isolation Kit (GE Healthcare GE25-0500-72) 

according to manufacturer instructions. First strand cDNA was synthetised using 200-1000 

ng RNA, SuperScript III reverse transcriptase (Thermofisher 18080044) and random 

hexamers at the final concentration 2.5 mM. cDNA was diluted 1:10 in nuclease-free grade 

water. qPCR mix was prepared by mixing 5 µl cDNA, 4.5 µl of 2x Takyon SYBR Green 

master mix (Eurogentec, UF-NSMT-B0701) and 0.5 µl of 10 mM mixture of a primer pair 

(Supplementary table 1). Specificity and efficiency of used primer pairs were tested prior the 

experiments. Quantitative polymerase reactions were performed in two technical replicates 

for each sample using LightCycler 450 instrument (Roche). 

 

Data analysis 

Flow cytometry data were analysed by FlowJo X 0.7 software. Single cells and DAPI 

negative cells were gated based on unstained and single stain controls. All other data analysis 
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was done using R v4.0.3 (Team and others, 2013) and tidyverse packages (Wickham et al., 

2019). Code and data to reproduce the analysis and figures are available at 

https://github.com/MatusV8/Otx2het.    
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Figure Legends 

Figure 1: Esrrb cannot activate the PGC programme 

A) Cartoon of TetON-Nanog (TgiN) and TetON-Esrrb (TgiE) cell lines. TetON-Nanog and 

TetON-Esrrb expression cassettes were randomly integrated into E14Tg2a cells expressing 

rtTA from Rosa26. B) The cytokine-free PGCLC differentiation protocol. ESCs cultured in 

2i/LIF were differentiated to EpiLCs by culture in Activin A and bFGF for 2 days. EpiLCs 

were then aggregated in GMEM+KSR medium for 6 days in the presence or absence of 

doxycycline and PGCLC status was analysed. C) Representative example of flow cytometry 

analysis of PGCLC aggregates from TgiN and TgiE cells at day 6 with or without 

doxycycline, showing the percentage of SSEA1+CD61+ cells. D) Quantification of C; error 

bars are mean ± SEM, n = 6. E) RT-qPCR quantification of indicated transcripts in TgiN and 

TgiE cells at day 6 of cytokine-free PGCLC differentiation in the presence (+dox) or absence 

(-dox) of doxycycline. Bars represent mean mRNA levels normalised to TBP mRNA; points 

are individual data measurements; error bars are mean ± SEM, n = 3. F) Time course analysis 

of the indicated mRNAs during the first 48 hours of cytokine-independent PGCLC 

differentiation of TgiN and TgiE EpiLCs with (+dox) or without (-dox) doxycycline. Points, 

triangles and lines represent mean log2 fold change of normalised mRNA levels over zero-

hour time point (mean ± SD; n = 3).  

 

Figure 2: Otx2 downregulation is essential for PGCLC induction by Nanog 

A) Relative changes of Otx2 mRNA levels in Nanog-/- TetON-Nanog (ΔN-iN) or Nanog-/- 

TetON-Esrrb (ΔN-iE) ESCs at indicated timepoints after doxycycline treatment (mean ± SD, 

n = 3). Data adapted from (Festuccia et al., 2012). B) Relative changes of Otx2 mRNA levels 

after aggregation of doxycycline inducible TgiN and TgiE EpiLCs cultured in the absence (-
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dox) or presence (+dox) of doxycycline. Lines, points and triangles represent mean log2 fold-

change (FC) differences between data points and the zero-time timepoint (mean ± SD; n=3). 

C) Rosa26: rtTA; E14Tg2a-TetON-TdTomato (TgiR) ESCs were modified as shown to 

derive inducible Nanog-t2a-GFP (TgiNG) or Nanog-t2a-Otx2 (TgiNO) ESCs from. D) 

Representative example of flow cytometry analysis of PGCLC aggregates from TgiNG and 

TgiNO cells at day 6 with or without doxycycline, showing the percentage of SSEA1+CD61+ 

cells. E) Quantification of D showing percentage of SSEA-1+/CD61+ cells (mean ± SEM; n = 

2 for -Dox, 3 for +Dox). 

 

Figure 3: A reduced Otx2 gene dose facilitates cytokine-free germline entry by Esrrb 

induction. 

A) Diagram of Otx2+/-: Oct4 ΔPE-GFP ESCs carrying doxycycline inducible Nanog (iN) or       

Esrrb (iE) transgenes. B) Expression levels of the indicated mRNAs in Otx2+/- iN and iE (c1 

and c10) EpiLCs in the absence of doxycycline. Bars are the mean mRNA levels, normalised 

to TBP mRNA; points are individual data measurements; error bars are mean ± SEM, n = 3. 

C) Size of PGCLC population in the presence (+Dox) or absence of (-Dox) doxycycline at 

day 6 of cytokine-free PGCLC differentiation of the indicated Otx2+/- EpiLCs represented by 

SSEA1 and CD61 co-expression, mean ± SEM; n = 6). Individual measurements are shown. 

D) Proportion of cells expressing the Oct4 ΔPE-GFP reporter in the indicated Otx2+/- 

aggregates at day 6 of the cytokine-free PGCLC differentiation. Bars represent mean ± SEM 

of percentage of GFP+ cells (n = 6). E) RT-qPCR analysis of the indicated mRNAs in day 6 

aggregates from C. Bars are means ± SEM (n= 4).  
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Figure 4: Proposed model of PGC induction. 

A) In wild-type EpiLCs, in the absence of BMP and associated cytokines, OTX2 levels 

remain above the threshold level required to block PGCLC differentiation during the period 

of germline competence. B) If NANOG expression is induced in EpiLCs at the start of 

differentiation, Otx2 is repressed leading to a decreased OTX2 level that no longer represses 

expression of the OTX2 target genes Nanog and Oct4 (Di Giovannantonio et al., 2021). This 

increases the expression of OCT4, which together with NANOG and its downstream target 

ESRRB provide positive regulatory inputs into the PGC GRN (centred on the TFs Blimp1, 

Prdm14 and Ap2γ), sufficient to drive PGCLC differentiation in the absence of cytokines. C) 

If ESRRB expression is induced, there is no repression of Otx2 and the OTX2-mediated 

repression of Nanog and Oct4 remain in place, blocking PGCLC differentiation. D) In Otx2+/- 

EpiLCs, repression of Nanog and Oct4 by OTX2 is diminished in strength. This enables 

induction of ESRRB to provide sufficient input into the PGC GRN (alongside mild inputs 

from NANOG and OCT4) to direct PGCLC differentiation.    

 

Supplementary Figure 1: Preparation of doxycycline inducible Nanog and Esrrb cell 

lines 

A) Photographs of TgiN and TgiE ESCs, EpiLCs and cell aggregates at day 6 of cytokine-

free PGCLC differentiation in the presence (+dox) or absence (-dox) of doxycycline. White 

bars represent 100 µm. B) Relative changes of Esrrb and Nanog mRNAs after aggregation of 

E14Tg2a TetON-Nanog (TgiN) and E14Tg2a TetON-Esrrb (TgiE) EpiLCs cultured in the 

absence (-dox) or presence (+dox) of doxycycline at the indicated time point. Lines, points 

and triangles represent mean log2 fold-change (FC) differences between data points and the 

zero-time timepoint (mean ± SD, n = 3). 
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Supplementary Figure 2: Activity of transgenes in TgiNG and TgiNO ESCs 

RT-qPCR quantification of Nanog and Otx2 mRNAs in TgiR, TgiNG and TgiNO ESCs 

(related to Figure 1A) before and after 48 hours of doxycycline treatment. Bar graph 

represents mean ± SEM (n=3) and the scatterplot represents individual data points.  

 

Supplementary Figure 3: Cytokine-free differentiation of Nanog and Esrrb inducible 

Otx2+/- cell lines  

A) RT-qPCR analysis of the indicated mRNAs at day 2 of the cytokine-free PGCLC 

differentiation in the presence (+Dox) or absence (-Dox) of doxycycline. Bars represent mean 

± SEM (n = 3) of relative expression normalised to the mean expression in E14Tg2a -Dox 

sample for each mRNA. B) Representative flow cytometry analysis of SSEA1 and CD61 

expression at day 6 of cytokine-free PGCLC differentiation of the indicated cell lines in the 

presence (+Dox) or absence (-Dox) of doxycycline. Percentages of SSEA1+CD61+ 

populations are indicated. 
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