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ABSTRACT 
X chromosome reactivation in female mouse germ cells is essential for the transmission of one               

active X chromosome to the progeny. However, despite its key role in development, the              

mechanistic details and kinetics still remain elusive, as previous studies were restricted by a              

scarcity of cells ​in vivo and a lack of adequate ​in vitro systems. Here, I present the                 

characterization of X-chromosome dynamics during germ cell formation through the use of a             

tailor-made ​in vitro ​system, which facilitates accurate profiling of X-chromosome activity. We            

recapitulate X-inactivation starting in epiblast-like cells (EpiLCs) and follow its dynamics in the             

progression to primordial germ cell-like cells (PGCLCs), followed by X-reactivation in germ cells             

upon meiotic entry. We show that PGCLCs undergoing X-inactivation can enter meiosis more             

efficiently, whilst PGCLCs bypassing X-inactivation and therefore also lacking subsequent          

X-reactivation, show a reduced meiotic potential. We conclude that tracing the X chromosome             

status during germ cell formation facilitates the dissection of the relationship between X             

chromosome dynamics and proper germline fate acquisition.  

RESUMEN 
En las hembras de ratón, la reactivación del cromosoma X en las células germinales es               

esencial para la transmisión de un cromosoma X activo a la descendencia. Sin embargo, a               

pesar del papel crucial del cromosoma X durante el desarrollo, el mecanismo y la dinámica de                

su reactivación siguen siendo difíciles de alcanzar, ya que los estudios realizados            

anteriormente estaban restringidos por la escasez de células ​in vivo y la falta de sistemas ​in                

vitro adecuados. En este estudio he desarrollado un sistema que me permite seguir y              

caracterizar de manera detallada la actividad del cromosoma X durante la formación de las              

células germinales femeninas. Empezando por células similares a las células del epiblasto y             

diferenciandolas hacia células parecidas a células germinales primordiales (PGCLCs), hemos          

conseguido recapitular la inactivación del cromosoma X. A continuación hemos observado la            

reactivación del cromosoma X a medida que las células germinales primordiales entran en             

meiosis. Mostramos que las PGCLCs que se someten a inactivación del cromosoma X pueden              

entrar en meiosis forma más eficiente, mientras que las PGCLCs que no logran inactivar el               

cromosoma X, con la consiguiente falta de su posterior reactivación, muestran un menor             

potencial para entrar en meiosis. Concluimos que el seguimiento del estado del cromosoma X              

durante la formación de las células germinales nos permitió analizar la relación entre la              

dinámica del cromosoma X y la correcta especificación y desarrollo de la línea germinal. 
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INTRODUCTION 

Early mouse embryonic development 

Germline life cycle 

The generation of a new individual in mammals starts with the fertilization of a very               

specialized cell, the egg, by another highly specialized cell, the sperm. This results in              

the formation of a totipotent zygote, that will commence consecutive divisions and give             

rise to a structure of approximately 16 cells: the morula. Here, differential            

developmental factors will drive the differentiation of an outer layer of cells that will              

become the trophectoderm (TE) and an inner group of cells that will become the              

pluripotent inner cell mass (ICM) of the developing blastocyst. In mouse, at embryonic             

day (E) ~E4.5, a segment of the ICM cells will commit to a ground-state of pluripotency,                

forming the epiblast. Upon implantation (~E6.5) cells of the epiblast commence a series             

of transformations that narrow their differentiation potential committing to a          

primed-state of pluripotency ​(Weinberger et al. 2016; Nichols and Smith 2009)​. From            

the primed epiblast, at ~E7.25, a cluster of approximately 40 cells ​(Chiquoine 1954;             

Ginsburg, Snow, and McLaren 1990) becomes identifiable as primordial germ cells           

(PGCs). These are the unipotent precursors of gametes, that will continue to specify             

and will develop into either sperm or the egg depending on the sex of the newly                

generated embryo. This cycle is what ensures the survival of the specis and the              

perpetuation of genetic and epigenetic information from one generation to the next. 

Development of germ cells ​in vivo  

Primordial germ cell specification and migration 

Germ cell fate is induced at the postimplantation epiblast. Here, PGC precursors start             

emerging in response to extrinsic signals, mostly bone morphogenetic proteins (BMPs)           

BMP4 and BMP8b derived from the extra-embryonic ectoderm (ExE). At ~E5.5-5.75,           

BMP4 activates, via the SMAD signal transduction pathway, key germline transcription           

factors such as ​Blimp1 and ​Prdm14 in a small group of epiblast cells ​(Vincent et al.                

2005; Ohinata et al. 2005; Yamaji et al. 2008)​. Another layer of control is played by                
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BMP8b signaling, which counteracts the inhibitory signals for germline specification          

from the anterior visceral endoderm (AVE). Taken together, the expression of specific            

transcription factors together with the BMP8b signaling, distinguishes PGC precursors          

from the surrounding cells in the epiblast ​(Ohinata et al. 2009)​. However, the question              

of why only a small cluster of epiblast cells is responsive to those signals and which                

other signals may be involved in germline specification remains largely unknown.  

At ~E7.5 a cluster of ~40 founder cells starts dividing. Each of these cells individually               

migrates anteriorly along the developing hindgut endoderm into the dorsal mesentery.           

The migration towards the future gonad is directed by the interaction between            

chemokine somatic lineage stromal cell-derived factor 1 (SDF1), expressed by somatic           

lineage, and the PGC receptor CXCR4 ​(Molyneaux et al. 2003; Richardson and            

Lehmann 2010; Ara et al. 2003)​. Another interaction known to be involved in PGCs              

proliferation/survival and motility occurs between c-KIT and its ligand Stem Cell Factor            

(SCF), expressed by the somatic cells throughout the migration ​(Gu et al. 2009)​.             

Around 1,000 PGCs will colonize the recently formed bipotential embryonic gonad.           

Here, PGCs will continue to proliferate, modify their morphology and adhesion           

properties ​(De Felici, Dolci, and Pesce 1992; Donovan et al. 1986; García-Castro et al.              

1997)​.  

 

Figure Intro1. Germ cell development ​in vivo​ and its recapitulation​ in vitro 
(a) ​Top: illustration of the main stage of development of the germ cell lineage. ICM, inner cell                 
mass; Epi, epiblast; PGCs, primordial germ cell, UGR, urogenital ridge; XCR, X chromosome             
reactivation; XCI, X chromosome inactivation. ​(b) ​Key developmental events associated with           
mouse germ cell development. ​(c) ​Expression of key genes during mouse development. ​(d)             
Schematic of the original ​in vitro ​systems allowing gametogenesis. ESCs in 2i are induced into               
EpiLCs for 2 days. EpiLCs are then induced into PGCLCs either by cytokines or via transcription                
factor overexpression. 
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Sex differentiation 

Between ~E10.5 and ~E11.5, the bipotential gonad will start to differentiate into either a              

male (testis) or a female (ovary) gonad. This decision depends on the activation of the               

Y chromosome linked gene ​Sry​. In males, ​Sry expression in the supporting cells             

(Koopman et al. 1991; Gubbay et al. 1990) will initiate a feedback loop leading to the                

differentiation of male gonadal somatic cells into Sertoli cells. In a female embryo, the              

absence of the Sry ​gene allows ​Wnt4 ​and ​Rspo1 to be expressed, creating a signaling               

cascade that counteracts the expression of the male feedback loop leading to the             

commitment of female somatic cells into the granulosa lineage ​(Heikkilä et al. 2005;             

Kim et al. 2006; Schmidt et al. 2004; Parma et al. 2006)​. The signals emanating from                

the gonadal niche will establish a sex specific fate in PGCs ​(Adams and McLaren 2002;               

Best et al. 2008)​, which will respond by changing their transcriptional activity in a              

sex-specific fashion ​(Jameson et al. 2012)​. Studies from past years, proposed that the             

sexual fate of germ cells could be independent of the sex chromosome composition,             

rather being under the influence of the gonadal milieu. For example, ovarian somatic             

cells can drive meiotic entry in XY germ cells when exposed to the female gonadal               

signaling niche ​(Byskov and Saxén 1976)​. XY germ cells can take the oogenic path              

when placed in XX-XY chimeric mice ​(Evans, Ford, and Lyon 1977)​. A contrasting view              

was that both XX and XY germ cells would bear an intrinsic clock mechanism that               

would allow the entry into meiosis also when incorrectly migrated into the mesonephros             

(the primordium of the kidney) or the adrenal glands at E13.5 ​(A. McLaren 1995)​. In               

female, the opposing theories were resolved thanks to the observations of an            

asynchronous and directional order of meiotic initiation correlating with a specular wave            

of pluripotency loss which seemed to clash with the idea of intrinsic clock and rather               

support the idea of a meiotic inducer. 

Meiotic entry in female germ cells  

Once the female program has been set in the bipotential ovary, PGCs start a series of                

morphological and transcriptional changes to mature into oogonia, which are germ cells            

that have entered meiosis. Between E10 - E11, PGCs lose their migratory potential and              

between E12.5 - E13.5 mitotic proliferation ends and PGCs access a pre-meiotic stage.             

The entry into meiosis is triggered by increased levels of retinoic acid (RA) synthesized              

by aldehyde dehydrogenases (​Aldh1a1/a2/a3 ​). While ​Aldh1a1 is found in the gonad           
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Aldh1a2 and ​Aldh1a3 are located in the tubules of the mesonephros and diffuse RA              

into the gonads. In females, RA accumulates in the gonad due to the absence of the                

RA degrading enzyme cytochrome CYP26B1 (P450, family 26, subfamily b,          

polypeptide 1) ​(Josephine Bowles et al. 2006; Koubova et al. 2006; Menke and Page              

2002) and triggers the expression of transcription factor stimulated by retinoic acid,            

gene 8 (​Stra8 ​), which is a key meiotic regulator ​(Josephine Bowles et al. 2010; K. Ohta                

et al. 2010; Tedesco et al. 2013; Spiller, Koopman, and Bowles 2017)​. A link between               

chromatin composition and ​Stra8 activation was also supported by ​in vivo studies from             

(Yokobayashi et al. 2013)​. The authors show a level of control of sexual differentiation              

and timing of meiotic entry played by Polycomb repressive complex 1 (PRC1), which             

modulates PGCs response to RA. ​Stra8 also regulates ​Dazl ​expression ​, ​which in turn             

regulates translation of ​Sycp3 ​mRNA ​(Reynolds et al. 2007; Y. Lin et al. 2008)​. At               

~E13.5, approximately 6,000 oogonia per gonad are found; by ~E15.5, the number of             

germ cells that have entered meiosis reaches a peak of 15,000 cells per ovary,              

however around the time of birth, most germ cells will undergo apoptosis ​(Findlay et al.               

2015)​.  

Prophase I: Cellular and chromosomal organization  

Prophase I refers to the initial sequence of molecular and cellular events happening             

during meiosis, both in males and females. It is the longest and most complex phase of                

meiosis, during which the correct segregation of paternal and maternal homologous           

chromosomes (homologues) secures the formation of haploid gametes. Among the key           

events taking place during prophase I, homologous recombination is what ensures           

genetic exchange between homologues, leading to the transmission of newly formed           

allelic combinations to the progeny. Prophase I progression can be divided into five             

substages according to chromosome morphology and the status of pairing and           

synapsis: leptotene, zygotene, pachytene, diplotene and finally diakinesis.  

Briefly, at the ​leptotene stage meiotic recombination starts, defined by the formation of             

programmed double-strand breaks (DSBs) on chromosomal DNA by SPO11 ​(Keeney,          

Giroux, and Kleckner 1997)​, generating crossover or non-crossover events by the end            

of pachytene ​(Allers and Lichten 2001; Hunter and Kleckner 2001; Börner, Kleckner,            

and Hunter 2004)​. When transitioning to ​zygotene ​, homologues stably ​pair (migrate           

into close proximity and recognize the homology) via RAD51 and DMC1, shown to             

promote homologous interactions between kilobase-long stretches of DNA ​(Eggler,         
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Inman, and Cox 2002; Sung et al. 2003)​. Subsequently, the synaptonemal complex            

(SC) is installed between the now paired homologues, called bivalents. This is a             

tripartite structure consisting of two lateral elements that connect to chromatin, linked in             

the middle by a central region of transverse filaments. At this stage, synapsis takes              

place, cementing the bivalents via the SC. Chromosomal ends cluster and attach to a              

few defined regions of the nuclear membrane, forming the so-called “bouquet stage”.            

Once the SC is completely assembled, germ cells reach ​pachytene stage and meiotic             

recombination between homologues is completed. At the ​diplotene stage, the SC           

disassembles and chiasmata regions can be observed, holding together the          

homologues. Lastly, during ​diakinesis ​, the chromosomes go through a final          

condensation round. After prophase I ends, meiosis II starts. It resembles a mitotic             

division, with the exception that the chromosomal number has been reduced by half.             

Thereofere, the products of meiosis II will be four haploid cells, containing a single copy               

of each chromosome. From those four cells, only one functional oocyte will be             

obtained. The other three haploid cells will be squeezed out from the oocyte as polar               

bodies. 
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and by ALDH1A1 in the gonad. Retinoic acid binds to its receptor and induces expression of 
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Genome-wide epigenetic reprogramming of ​in vivo ​ PGCs  

Epigenetic reprogramming in mice takes place during early embryo development in the            

ICM of the blastocyst and PGCs. On the one hand, differentiated cells in an organism               

acquire an epigenetic signature that instructs gene expression, inherited mitotically and           

referred to as “cellular memory”. On the other hand, the germline genome needs to be               

kept in a more “flexible” state since it represents the only genome that will be used for                 

species propagation. Therefore, from the early specification stages, the PGCs' genome           

must be equipped with the tools necessary to ensure the essential reprogrammable            

state. Although most of the epigenetic reprogramming in PGCs occurs while they are             

migrating, a portion of the changes takes place before and simultaneously to their             

specification ​(Gu et al. 2009; Guibert, Forne, and Weber 2012)​. 

In PGCs, the major event in genome resetting is genome-wide DNA demethylation with             

consequent erasure of sex-specific imprints, demethylation of transposons/repetitive        

elements, the re-acquisition of the pluripotency-associated gene network ​(Yabuta et al.           

2006) and, in females, the reactivation of the inactivate X chromosome ​(Monk,            

Boubelik, and Lehnert 1987; Kafri et al. 1992; Szabo and Mann 1995; Petra Hajkova et               

al. 2002; Kohda et al. 2002; Lane et al. 2003; Popp et al. 2010; Guibert, Forne, and                 

Weber 2012; Saitou, Kagiwada, and Kurimoto 2012)​. DNA methylation analysis of male            

and female E13.5 PGCs, considered the endpoint of methylation erasure, showed that            

the levels of methylated CpG dinucleotides are extremely low in both sexes, lower than              

those of methylation-deficient ESCs. Importantly, female PGCs show even lower DNA           

methylation levels than male PGCs and similarly ​in vitro ​female ESCs have lower             

methylation than male ESCs ​(Popp et al. 2010)​. This significantly lower level of             

genome methylation in the sole two cell types that have reactivated the X chromosome              

might be attributable to having two active X chromosomes ​(Zvetkova et al. 2005)​.             

When specifically assessing different genomic elements (promoter, exons, introns,         

transposons families etc.) of E13.5 PGCs, long terminal repeat (LTR) retrotransposons           

showed the highest resistance to DNA demethylation. The methylation state of the            

promoters of LTR regions might be subjected to transgenerational epigenetic          

inheritance in the female gamete (reviewed in ​(Daxinger and Whitelaw 2012)​). On the             

contrary, the major loss of methylation was observed for repeats in genic and             

intergenic regions, followed by exons and lastly promoters ​(Guibert, Forne, and Weber            

2012; Popp et al. 2010)​. 
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However, despite being a key event in the reprogramming of the germ cell lineage, the               

underlying mechanisms behind genome-wide DNA demethylation at control elements         

in PGCs have been a long-standing subject of debate: Is DNA demethylation an active              

process happening fast and enzymatically or rather a slow and passive process            

resulting from a failure of perpetuating methylation patterns that would otherwise be            

transmitted by mitotic inheritance? (reviewed in ​(Ooi and Bestor 2008; S. C. Wu and              

Zhang 2010)​).  

 

Several putative pathways have been postulated to be involved in the ​active            

mechanism of DNA demethylation: i) It might involve two deaminases, AID and            

APOBEC1, that create a T:G mismatch, targeted by thymine DNA glycosylase (TDG)            

for the base-excision mismatch repair (BER) pathway ​(Morgan et al. 2004)​, as in plants              

(Gehring et al. 2006)​. However, the two deaminases are lowly expressed in PGCs ​(P.              

Hajkova et al. 2010) and the KO mice for AID are fertile ​(Popp et al. 2010) suggesting                 

that their role in PGCs development is likely to be minimal. ii) More recent studies               

showed that ten-eleven translocation (TET) dioxygenases TET1 and TET2 expressed          

in PGCs ​(P. Hajkova et al. 2010) catalyze the modification of 5mC to             

5-hydroxymethylcytosine (5hmC) ​(Tahiliani et al. 2009)​, successively into        

5-formylcytosine (5fC) and into 5-carboxylcytosine (5caC) and that could be converted           

into a C during DNA replication in PGCs to then be fixed by the BER pathway ​(Ito et al.                   

2011; He et al. 2011)​. Another role for TET1 during PGC maturation was reported by               

(Hill et al. 2018) where TET1 was shown to be responsible for maintaining but not               

driving DNA demethylation, by assisting the removal of PRC1-mediated gene silencing.           

However, despite the models supporting active DNA demethylation being the prevailing           

view, the connection between DNA demethylation and an enzyme catalyzing it,           

remains only a hypothesis. 

In contrast, other groups recently showed a ​passive mechanism as the primary mode             

of DNA demethylation in PGCs ​(Kagiwada et al. 2013; Saitou, Kagiwada, and Kurimoto             

2012)​. In line with previous work ​(Seki et al. 2005; Yabuta et al. 2006; Kurimoto et al.                 

2008) it was shown that key genes implicated in both maintenance and ​de novo DNA               

methylation are repressed between E9.5 and E13.5 in PGCs: DNMT3A/3B, in           

conjunction with DNMT3L which lacks methyltransferase activity but enhances the          

activity of DNMT3a, are ​de novo ​methyltransferases. These proteins are lowly           

expressed until E12.5. In contrast, the maintenance enzyme DNMT1 is expressed in            
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PGCs, however, this fails to be recruited into regions where DNA methylation            

maintenance is required due to the lack of expression of the recruiting factor UHRF              

(ubiquitin-like with PHD and ring finger domain 1) ​(Bostick et al. 2007; Sharif et al.               

2007)​. In ​(Kagiwada et al. 2013) the authors measured methyltransferase expression           

from E9.5 to E13.5 PGCs, assessed cell division rate, imprint erasure dynamics,            

chromatin composition and ultimately demonstrated that upon specification, PGCs are          

incapable to provide for both their ​de novo ​and maintenance DNA methylation.  

Similar to DNA demethylation, reprogramming of histone modifications marks occurs          

during the PGCs migration period in a progressive, cell-by-cell manner. From ~E7.75 to             

~E8.75, a genome-wide reduction of ​histone H3 lysine 9 dimethylation (H3K9me2) takes            

place, possibly due to competition with H3K9ac or due to downregulation of H3K9             

methyltransferase GLP (EHMT1) from the G9a–GLP complex ​(Seki et al. 2007)​. It            

follows an upregulation of ​H3 lysine 27 trimethylation ( ​H3K27me3) together with its            

catalysing enzyme EZH2. Additionally, there is an increase of histone H3 lysine 4             

methylation (H3K4me2 and H3K4me3) as well as other active promoter marks, such as             

H3K9ac and symmetrical methylation of arginine 3 on histones H4 and H2A            

(H2A/H4R3me2s) ​(Ancelin et al. 2006)​. To investigate whether in this developmental           

window transcription would be hyper-activated due to the decrease of multiple           

repressive marks, RNA polymerase II (PolII) activity was measured ​(Seki et al. 2007)​.             

Surprisingly, it was shown that PolII transcription is transiently silenced during           

epigenetic reprogramming. This transcriptional repression was then gradually released         

later on, simultaneously with the exit from the G2 phase, in which 60% of PGCs were                

arrested to then resume a rapid proliferation similar to ESCs. 

Once the reprogramming is finalized, PGCs have acquired a necessary and exclusive            

epigenetic state, with genome-wide DNA demethylation and depletion of both activating           

and repressive histone marks. Future work will be needed to finalize the debate             

whether genome-wide DNA demethylation in PGCs is controlled by an active, passive            

or a combination of both mechanisms and the interplay between DNA demethylation            

and histone modifications reprogramming. 

In vitro ​ systems to study germ cells development 

Germ cells are the only cell type capable of generating a new organism, allowing the               

continuation of mammalian species, representing the key players of genetic diversity           
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and evolution. The uniqueness of germ cells has brought many researchers to study             

the mechanisms driving their development. However, the difficulty in accessing ​in vivo            

germ cells has been a limiting factor and has therefore led to the establishment of ​in                

vitro culture systems to generate germ cells. Those systems allow the study of the              

fundamental principles of germ cell development in a systematic fashion. Consequently           

they represent a very powerful addition in the field of germ cells research. 

The first attempt to study oocyte development ​in vitro ​, was reported in 1971 ​(Odor and               

Blandau 1971)​. 16 dpp fetuses mouse ovaries were dissociated and cultured for 45             

days on rose chambers with medium containing horse serum. The experiment resulted            

in an efficient formation of laminar follicles and oocyte growth, but very inefficient             

meiotic completion, only one oocyte showed first meiotic metaphase spindle. Due to its             

low capacity for meiotic induction, this system was replaced in the 2000’s by numerous              

systems completely ​in vitro ​(Eguizabal et al. 2009; Katsuhiko Hayashi and Surani            

2009)​. Most of the trials to generate ​in vitro germ cells intended to follow the ​in vivo                 

differentiation timeline, starting from ESCs, EpiSCs (epiblast stem cells), iPSCs          

(induced pluripotent stem cells) or EGCs (embryonic like germ cells). The first study             

successful in the generation of mouse oocyte-like cells used ESCs as starting material             

and was reliant on cell spontaneous differentiation, without the addition of any growth             

factors or cytokines ​(Hübner et al. 2003)​. The quality of the generated oocyte-like cells              

was assessed by measuring the expression of oocyte specific markers and the            

diameter of the cells, which resulted to be in the size range of ​in vivo oocytes (between                 

60 - 70 µm ​(Eppig, Wigglesworth, and O’Brien 1992)​). The two systems presented             

above, share the commonality of being based on a spontaneous/indirect differentiation           

approach, followed by the selection of a very lowly abundant population of germ-like             

cells. Moreover, a common pitfall in those studies was the lack of the ultimate              

functional test of the obtained germ-like cells, that is live offspring delivery.  

Current protocols for primordial germ cell-like cell (PGCLC) induction 

Cytokine based induction of primordial germ cell-like cells 

The first two studies that achieved the generation of both male and female PGC-like              

cells both from mouse ESCs and iPSCs used a cocktail of defined growth factors and               

cytokines ​(Katsuhiko Hayashi et al. 2011, 2012)​. It is known from ​in vivo studies              

(Katsuhiko Hayashi et al. 2002) that only the postimplantation epiblast has the capacity             

17 

https://paperpile.com/c/uDKSFv/kItX
https://paperpile.com/c/uDKSFv/kItX
https://paperpile.com/c/uDKSFv/26RK+QMxf
https://paperpile.com/c/uDKSFv/26RK+QMxf
https://paperpile.com/c/uDKSFv/lUPE
https://paperpile.com/c/uDKSFv/F8JB
https://paperpile.com/c/uDKSFv/Mbwk+pKSU
https://paperpile.com/c/uDKSFv/A3QK


to respond to BMPs, PGC inducing factors. Therefore the published protocols           

commence with the induction of pluripotent ESCs (or iPSCs), maintained in a naive             

state, into epiblast-like cells (EpiLC) via addition of basic fibroblast growth factor            

(bFGF) and activin A, which are reported to drive the differentiation into epiblast stem              

cells ​(Tesar et al. 2007; Brons et al. 2007; Guo et al. 2009)​. After 2 days of EpiLC                  

induction, cells are aggregated in a PGC induction media composed of BMP4, LIF,             
SCF and epidermal growth factor (EGF). BMP4 alone is sufficient for PGCLC induction.             

It activates T (BRACHYURY) via WNT3 and regulates expression of key germline            

genes such as ​Prdm14 ​, ​Blimp1 and Tfap2c ​(Lawson et al. 1999; Tam and Snow 1981;               

Aramaki et al. 2013)​. LIF, SCF and EGF are added to increase the efficiency of               

PGCLC generation, mostly by reducing cell death ​in vitro ​. The functionality of the             

resulting PGCLCs was assessed by transplantation assays into host seminiferous          

tubules (for male PGCLCs) or ovaries (for female PGCLCs). A more recent study             

(Hikabe et al. 2016) reported the reconstitution of the entire female germ line, both from               

ESCs and iPSCs. Over a culture period of 45 days, the key events of germ cell                

development were recapitulated: specification, differentiation into primary oocytes and         

maturation into MII oocytes. Upon ​in vitro fertilization embryos were obtained and            

transferred into surrogate mothers, giving rise to pregnancy and live offspring.           

Additionally, pluripotent stem cells were re-derived from the ​embryos obtained from ​in            

vitro generated oocytes. This is the first study in which the full germline cycle was               

reproduced i ​n vitro​. It is important to notice, however, that the percentage of embryos              

that reached full-term development was low (13 pups were born out of 1997 2-cell              

stage transferred embryos). Further studies will be required to elucidate why such a             

low percentage of transferred embryos can successfully develop and give rise to live             

offspring.  

Transcription factor based induction of primordial germ cell-like cells 

In addition to cytokine-based PGCLC induction, the Saitou lab also showed functional            

PGCLC induction by simultaneous overexpression of three transcription factors (TFs)          

key for PGC specification ​in vivo​: ​Blimp1 ​, ​Prdm14 and ​Tfap2c​. Similarly to the cytokine              

system, only when the TFs were overexpressed in EpiLCs, and not in ESCs, could the               

germ cell fate be induced. Interestingly, PGCLC induction via TF overexpression           

bypasses the transient upregulation of mesodermal genes such as Hoxa1 ​, ​Hoxb1 ​and            
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T ​(also known as brachyury​), showing that the mesodermal program characteristic           

during PGC specification by cytokines is dispensable ​(Nakaki et al. 2013)​.  

The results presented in this PhD thesis will describe a before unavailable female             

version of the transcription factor inducible cell line.  

 
PRDM14: launching the germ cell lineage 
PRDM14, a PR domain-containing transcriptional regulator member of the ​Prdm family,           

is a key germ cell gene ​(Grabole et al. 2013; Kurimoto et al. 2008; Yamaji et al. 2008)​.                  

A mutation in ​Prdm14 ​resulted in PGCs carrying aberrant epigenetic patterns such as             

persistent H3K9me2 mark and lack of genome-wide H3K27me3 deposition. The          

resulting PGCs died shortly after specification, indicating that PRDM14 is important for            

setting up the epigenetic landscape of early germ cells ​(Petra Hajkova et al. 2008; P.               

Hajkova et al. 2010; Yamaji et al. 2008; Seki et al. 2007; Mallol, Guirola, and Payer                

2019)​. ​In vitro ​, the overexpression of PRDM14 alone was sufficient in inducing            

PGCLCs. However the efficiency was lower than when combined with the           

overexpression of Tcfap2c and Blimp1, indicating that PRDM14 is found upstream of            

the other 2 TFs. Indeed it has already been demonstrated ​in vivo ​that PRDM14 is               

driving the expression of many other PGC genes such as Dppa3 ​, ​Sox2 and ​Blimp1              

(Grabole et al. 2013; Magnúsdóttir et al. 2012, 2013; Yamaji et al. 2008)​. 

 

BLIMP1: regulator of PGC specification 
Prdm1 encodes for BLIMP1, a PR domain zinc-finger protein crucial for PGC            

specification ​(K. Hayashi, de Sousa Lopes, and Surani 2007; Ohinata et al. 2005;             

Vincent et al. 2005; Chang, Cattoretti, and Calame 2002)​. BLIMP1 expression ​in vivo             

initiates at ~E6.25 in a few cells in the proximal epiblast, defining the onset of PGC                

differentiation. A mutated form of BLIMP1 can still give rise to PGCs however these              

cells aberrantly express genes belonging to the somatic programme, failing to induce            

PGCs specific genes such as ​Tcfap2c​ ​(Ohinata et al. 2005)​. 

 
TCFAP2C: required for PGC maintenance 
Tcfap2c encodes for AP2 ​γ and is a crucial early PGC differentiation gene and direct              

target of BLIMP1 ​(Kurimoto et al. 2008; Magnúsdóttir et al. 2013; Weber et al. 2010)​.               

Although PGCs carrying a mutation in the ​Tcfap2c gene are known to cause early PGC               

loss, those cells still remain to be fully characterized. However, it has been proposed              

19 

https://paperpile.com/c/uDKSFv/TdbE
https://paperpile.com/c/uDKSFv/Rg4F+L24c+83Tu
https://paperpile.com/c/uDKSFv/xONj+9gmP+83Tu+Z4CR+vd8Y
https://paperpile.com/c/uDKSFv/xONj+9gmP+83Tu+Z4CR+vd8Y
https://paperpile.com/c/uDKSFv/xONj+9gmP+83Tu+Z4CR+vd8Y
https://paperpile.com/c/uDKSFv/Rg4F+63H7+F0vz+83Tu
https://paperpile.com/c/uDKSFv/A0lU+k2re+7Tr8+WCdV
https://paperpile.com/c/uDKSFv/A0lU+k2re+7Tr8+WCdV
https://paperpile.com/c/uDKSFv/k2re
https://paperpile.com/c/uDKSFv/L24c+F0vz+1nvY


that AP2 ​γ might have a role in repressing genes connected to the somatic/mesodermal             

programme, such as ​Hoxb1 ​ ​(Weber et al. 2010)​. 

Thus, BLIMP1, PRDM14 and AP2 ​γ create an interdependent network for PGC           

specification and maintenance.  

Other ​in vitro ​ systems for PGCLC induction  

The cytokine BMP4, or the overexpression of a tripartite network of germ cell specific              

transcription factors, has been reported to be necessary for epiblast differentiation into            

the germ cell lineage ​(Lawson et al. 1999; Magnúsdóttir et al. 2013; Nakaki et al. 2013;                

Ohinata et al. 2005; Vincent et al. 2005; Yamaji et al. 2008; Weber et al. 2010)​.  

Contradictorily, it has also been shown that the sole overexpression at physiological            

(meaning similar to ESCs) or higher levels of the pluripotency factor ​Nanog ​can induce              

PGCLCs from EpiLCs, independently of BMP4-SMAD signalling ​(Murakami et al.          

2016)​. This phenotype is explained by a genomic and epigenomic resetting phase            

during the transition from ESCs to EpiLC, during which NANOG binds and activates             

enhancers of ​Blimp1 (which in turn activates ​Tfap2c​) and Prdm14 ​. The authors confirm             

that the Nanog-induced germ cells obtained have a normal PGCLC transcriptional           

landscape and are not cells that have re-acquired a ESCs state.  

BMP4 signaling is the cytokine that induces a germ cell program rather than a somatic               

program in the differentiating cells of the epiblast. During this lineage segregation time             

window, the downregulation of the transcription factor OTX2, preceding the PGC           

specification program, has been shown to play a key role both ​in vivo and ​in vitro ​PGC                 

specification ​(Zhang et al. 2018)​. In fact, knock-out experiments of ​Otx2 ​show that             

PGCLCs can be obtained, and in a more efficient manner, even in the complete              

absence of the BMP4-SMAD signaling and absence of BLIMP1. Therefore OTX2 acts            

upstream of the PGC factors cascade, hindering germ cell fate entry, ensuring a             

correct balance of germline and soma.  

Those systems show the importance of considering the role of transcription factors in a              

context-dependent manner, allowing for flexible fate determination scenarios. However,         

no transplantation functional experiments have been performed with the germ cells           

generated in those two studies, leaving unanswered questions about the maturation           

phase of those germ cells.  
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Pluripotency maintenance in PGCs 

In the developing postimplantation embryo, during PGCs specification, the expression          

of certain core pluripotency factors such as ​Oct4 and ​Nanog is retained/regained            

(Kurimoto et al. 2008) in PGCs. In fact, when ​ex vivo derived PGCs are put in culture,                 

they have been shown to either die after a few rounds of cell divisions ​(Dolci et al.                 

1991; Matsui et al. 1991; Pesce et al. 1993; Kawase et al. 1996) or to be able to                  

de-differentiate into pluripotent Embryonic Germ Cells (EGCs) with the ability to form            

chimeras. The defined medium in which PGCs are kept to induce the de-differentiation             

contains SCF, bFGF and LIF ​(Matsui, Zsebo, and Hogan 1992; Labosky, Barlow, and             

Hogan 1994; Resnick et al. 1992; Stewart, Gadi, and Bhatt 1994)​. The role of those               

cytokines is to repristinate or maintain a stable pluripotency network: bFGF represses            

BLIMP1, allowing the expression of ​Klf4 and ​c-Myc​; ​leukemia inhibitory factor (LIF)            

activates STAT3 (another important pluripotency factor) and finally the inactivation of           

the p53 pathway enhances the de-differentiation ​(Kimura 2003; Kimura et al. 2008)​. A             

more efficient culture method to derive EGCs is by the combinatorial treatment using             

bFGF and SCF together with MEK and Gsk3b pathways inhibitors (2i conditions), with             

a ratio of derivation of ~10% ​(Leitch et al. 2010)​. Therefore, is the activation of multiple                

signaling pathways and subsequent transcription factors modulations that orchestrate         

the transition from PGCs to EGCs. Overall, ESCs and EGCs are almost            

indistinguishable. They share a very similar transcriptional profile and DNA methylation           

levels and EGCs can be derived with intact imprints ​(Leitch et al. 2013)​, differently to               

what was previously postulated ​(Tada et al. 1998)​. 

Current protocols for PGCLC maturation 

Between E9.5 and E12.5, ​in vivo PGCs have a highly proliferative capacity, increasing             

their numbers 100-fold ​(Tam and Snow 1981)​. The efforts in defining the conditions for              

a long-term proliferation in culture of PGCLCs have been trying to both mimic the ​in               

vivo situation and to define the molecules and cytokines that stimulate their            

survival/proliferation.  

3D Reconstituted ovaries (rOvaries) aggregation system 

The development of a culture system in which ​in vitro derived immature female germ              

cells could further develop into oocyte has been approached by studying available            
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ovarian organ cultures and looking at previous works from Morohaku et ​al. ​(Morohaku             

et al. 2016; Morohaku, Hirao, and Obata 2017)​, which defined successful conditions for             

ex vivo culture of fetal ovaries and consequent production of functional oocytes. Useful             

strategies were imported from those experiments and applied to a newly developed            

system that allows full maturation of ​in vitro derived PGCLCs ​(Katsuhiko Hayashi et al.              

2017) in a 3D environment similar to the ​in vivo situation. The procedure is laborious,               

spanning over ~2 months, and requires the aggregation of PGCLCs with somatic cells             

of embryonic ovaries. This culture system has been shown to promote PGCLC            

maturation into a state equivalent to E12.5, with advanced germline and meiotic genes             

being expressed (e.g. ​Dazl, Ddx4, Mael, Piwil2, Stra8, Spo11, Sycp3 ​etc.). Moreover,            

this system allows PGCLCs to differentiate into meiotic oocytes. Important technical           

bottlenecks of this system are the limited number of gonadal somatic cells obtained per              

embryo, the low developmental potency of the resulting mature oocytes (11/316           

oocytes gave rise to pups) and the remaining endogenous germ cells within the             

gonadal somatic cell suspension. Therefore, the use of germ cells-specific reporters           

will have to be implemented to be able to distinguish the endogenous vs. ​in vitro               

derived PGCLCs . Due to the current limitations reported above, refining the culture             

conditions for ​in vitro oocyte generation will be tedious and it might be challenging to               

apply it to the human system in the near future.  

2D expansion system on stromal feeder cells with defined chemicals 

To overcome the limitations of the 3D maturation system reported above and to find out               

new mechanisms involved in the sex determination of germ cells, a completely in vitro              

system that allows the proliferation and maturation of PGCLCs has been developed ​(H.             

Ohta et al. 2017; Miyauchi et al. 2017)​. Ohta et al. have performed a screen to identify                 

which combination of chemicals could stimulate and sustain the proliferation of ​in vitro             

derived PGCLCs. As a result, two cAMP signaling activators were identified: forskolin            

and rolipram. When provided simultaneously to the culture medium, PGCLCs          

proliferation increased ~20 fold. Moreover the PGCLCs were expanded on top of            

immortalized m220 stromal cells, which have been engineered to express a membrane            

bound form of mSCF, a cytokine known to support the survival of PGCs ​(Dolci et al.                

1991; Majumdar et al. 1994)​. Focusing on the female germ line development, the             

system has been used to identify key players of meiotic entry ​in vitro ​. Briefly, Ohta and                

colleagues reported that retinoic acid (RA) alone is not sufficient for meiotic entry and              
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only when provided in combination with the cytokine BMP2, PGCLCs could robustly be             

induced into prophase I oocytes. In a more recent study ​(Nagaoka et al. 2020)​, this 2D                

expansion system allowed the identification of a BMP2 downstream effector, Zinc           

Finger GATA Like Protein 1 (ZGLP1), which is an essential factor for the oogenic              

program and meiotic entry. When overexpressed, ZGLP1 alone can induce the           

maturation of PGCLCs into fetal oocytes. Therefore, this 2D culture system has proven             

to be very useful for the mechanistic investigation of mammalian oogenic fate            

determination. However, no functional experiments have been performed with the          

female oocytes generated.  

X chromosome reactivation in female PGCs 

X status during embryogenesis 

Sex determination in mammals is defined by karyotype complement, with females           

being XX and males being XY. To balance X-linked genes dosage differences between             

males and females, the X chromosome is turned on and off at precise developmental              

stages. From the early 2-cell stage until mid-blastocyst, the X chromosome inherited            

from the spermatocyte is inactivated in all cells (imprinted XCI) ​(Huynh and Lee 2003;              

Okamoto et al. 2004)​. By the late-blastocyst stage, exclusively the epiblast cells of the              

inner cell mass (ICM) will undergo X chromosome reactivation (XCR) ​(Mak et al. 2004;              

Marks et al. 2012; Barakat and Gribnau 2012)​, while the extraembryonic tissues will             

maintain the imprinted XCI ​(Takagi and Sasaki 1975)​. This first round of XCI/XCR is              

necessary to allow 24 hours later a second round of XCI in the epiblast cells which will                 

silence randomly either the paternal or the maternal X chromosome. From the epiblast,             

a small subset of cells starts to differentiate into germ cells. At this point, a second                

round of XCR initiates in primordial germ cells (PGCs) ​(Sugimoto and Abe 2007) to              

allow for the transmission of an active X chromosome onto the next generation.  

The XCI/XCR ​in vivo dynamics can be modelled and followed ​in vitro ​by differentiating              

embryonic stem cells (ESCs) and inducing pluripotent stem cells (iPSC)          

reprogramming ​(Panning and Jaenisch 1996) or via primordial germ cell-like cells           

(PGCLCs) formation ​(Katsuhiko Hayashi et al. 2012)​. In this thesis, I will model the              

XCI/XCR dynamics in the PGCLCs system.  
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X chromosome epigenetic reprogramming of ​in vivo ​ PGCs 

In both male and female PGCs, various events of genome-wide epigenetic           

reprogramming take place. In females only, before sex-specific differentiation is          

initiated, the inactive X chromosome is reactivated, resulting in two transcriptionally           

active X chromosomes (Reviewed in ​(Ohhata and Wutz 2013; Monk and McLaren            

1981)​). Similarly to genome-wide epigenetic reprogramming, the timing for         

X-reactivation in PGCs is still under debate/has been debated over the last years. Initial              

studies have shown that X-reactivation occurs very fast in a short time window; once              

PGCs have already colonized the developing ovary (E10.5-E12) but before meiotic           

initiation takes place (E13.5) ​(Kratzer and Chapman 1981; Monk and McLaren 1981;            

Tam, Zhou, and Tan 1994; Nesterova et al. 2002)​. Furthermore, X-reactivation has            

been shown to be accompanied by a rapid wave of DNA demethylation ​(Petra Hajkova              

et al. 2002)​. On the contrary, more recent studies ​(Sugimoto and Abe 2007) have              

shown X-reactivation to already begin in nascent E7.0 PGCs and spanning over a             

developmental window of over 7 days, taking place in a gradual manner and probably              

involving passive steps.The transcription of X-linked genes and X status in the latest             

studies was assessed using whole-mount RNA fluorescence in situ hybridization          

(FISH) and single-cell PCR combined with germ cells markers. On the one hand, those              

techniques allowed cell to cell resolution and represented an improved analysis           

compared to previous studies, on the other hand, still lacked the depth of sequencing              

approaches. Despite the limited literature and lack of knowledge on X-reactivation in            

PGCs, it is known that the following events are part of the process: 

 

Repression of ​Xist​ RNA  
The coating of the long noncoding Xist is a characteristic feature of the inactive X               

chromosome. Therefore, a possible way to define if an X chromosome is active or              

inactive is by analyzing Xist expression. From ~E7.0 until ~E10.5, a substantial number             

of PGCs (~30%) starts to downregulate ​Xist​, transcribe negligible levels of its antisense             

RNA ​Tsix​, and concomitantly re-express the pluripotency marker ​Nanog ​(Yamaguchi et           

al. 2005; Sugimoto and Abe 2007)​. To identify the beginning of ​Xist ​downregulation,             

whole-mount embryos were analyzed by RNA FISH combined with         

immunofluorescence (IF) for stage-specific PGC markers. At E7.0, ~20% of PGCs           

showed a small or faint Xist ​signal and unexpectedly, ~10% were already Xist negative.              
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At ~E8.5, 16.5% of PGCs appeared to be Xist-negative and by E10, the percentage              

increased to 48.2%. By E12.5, almost all PGCs had lost the Xist ​signal ​(Sugimoto and               

Abe 2007)​. The mechanisms behind Xist ​removal in PGCs have not been shown in any               

studies but the results presented in ​(Sugimoto and Abe 2007) hint towards a             

Tsix-​independent mechanism. Moreover, it still remains to be clarified whether ​Xist           

repression is even necessary for X-reactivation in PGCs.  

 
Reactivation of X-linked genes 
Evaluating the biallelic expression of X-linked genes represents another way to           

measure X-reactivation. The presence of SNPs between the hybrid strain ​Mus           

musculus molossinus x ​M. m. domesticus ​combined with single-cell RT-PCR on 10            

X-linked genes, has allowed to demonstrate that X-reactivation in PGCs, at a gene             

expression level, occurs in a gradual fashion ​(Sugimoto and Abe 2007)​. By ~E10.5 ​Xist              

becomes completely undetectable and 3 genes (​Np15 ​, ​Fgd1 ​, and ​Pdha1 ​) start to show             

biallelic expression. At E12.5, 5 genes were expressed biallelically in more than half of              

the PGCs analyzed (​Np15​, ​Fgd1 ​, ​Pdha1 ​, ​Hprt and ​Fmr1 ​). However, 2 X-linked genes             

(​G6pd and Rex3 ​) were still showing monoallelic expression even at ~E14.5, when most             

of the cells have already initiated meiosis ​(Anne McLaren 2003)​. McLaren and            

colleagues showed how that the maintenance of an inactive status of X-linked genes             

does not require Xist RNA in normal embryonic development ​in vivo ​. A later study              

(Chuva de Sousa Lopes et al. 2008) published similar observations. The authors also             

followed the expression of a few X-linked genes by RT-PCR between E9.5 and E13.5.              

They observed a pattern of X-reactivation emanating from the centromere towards the            

X-inactivation center, the region where the ​Xist gene is located. For example, genes             

such as ​Rhox4b ​(closer to the centromere) ​were already biallelic at E9.5, ​Hprt ​at E11.5               

(where the X-reporter transgene used by Chuva de Sousa Lopes and colleagues was             

located) and ​Fmr1 and ​Zfx (​closer to the X inactivation center) only later at E13.5               

(Chuva de Sousa Lopes et al. 2008)​. However, a complete characterization of            

X-reactivation dynamics considering X-linked gene expression as a readout is still           

missing, given the overall low number of genes analyzed (~10) until now. Therefore, so              

far any conclusion in terms of X-reactivation following gene expression should be taken             

carefully.  

 

Loss of H3K27me3 accumulation on the X chromosome 
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In migrating PGCs a genome-wide increase of H3K27me3 can be observed ​. ​On the             

contrary, the reactivating X chromosome undergoes a gradual reduction of H3K27me3,           

a mark of the inactive X chromosome ​(Plath 2003; Silva et al. 2003)​. This step by step                 

removal of H3K27me3 has been shown to follow PRDM14 expression dynamics during            

the progressive PGCs migration along the gonad ​(Mallol, Guirola, and Payer 2019)​. It             

has been reported in ESCs that Xist grants polycomb recruitment on the X             

chromosome, which in turn catalyzes the deposition of the H3K27me3 mark. ​(Plath            

2003; Kohlmaier et al. 2004)​. Therefore, the loss of H3K27me3 in PGCs could be              

explained as a consequence of ​Xist downregulation. X-reactivation has also been           

shown to take place in ​in vitro PGCLCs aggregated with somatic gonadal cells,             

recapitulating a developmental stage similar to E9.5 PGCs. However, X-reactivation          

was assessed solely by H3K27me3 immunostaining, showing merely the loss of           

H3K27me3 accumulation on the X chromosome ​(Katsuhiko Hayashi et al. 2012)​.  

 
Exposure to female urogenital niche signaling 
As reported above, female PGCs start X chromosome reactivation while migrating           

towards the urogenital ridge (UGR), the primordium of the kidney and gonad. However,             

a more active transcription of X-linked genes only starts once PGCs enter the UGR.              

Therefore it was hypothesized that signals coming from the UGR niche could play a              

role in X-reactivation ​(Chuva de Sousa Lopes et al. 2008)​. Authors performed            

co-culture experiments of E9.5 and E11.5 X inactive PGCs alone or with E11.5 female              

somatic gonadal cells for 48h and reported that the percentage of X reactivated PGCs              

increased significantly in the presence of the female environment. Summarizing, the           

authors not only proved that signals deriving from the female urogenital ridge tissues             

seem to stimulate the reactivation of the silenced X-linked GFP transgene           

(Hadjantonakis et al. 1998) on the X chromosome in PGCs, but also that as early as                

E9.5, PGCs are competent to respond to these signals. Despite the advances in the              

knowledge of X-reactivation in PGCs, a precise molecular mechanism and a detailed            

characterization about the timing of events remains elusive. 
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PROJECT AIMS 
The goal of this project is to investigate the impact of X-inactivation/X-reactivation            

dynamics on female mouse germ cell development. The central hypothesis states that            

during germ cell maturation, X-inactivation followed by X-reactivation is essential to           

allow entry into meiosis, required for the generation of haploid gametes. In order to test               

the central hypothesis, we have set four specific aims:  

 

1. Establish an in vitro ​model allowing the recapitulation of X-inactivation /           
X-reactivation. 
While various methodologies have already been reported to allow the ​in vitro            

generation of germ cells, the X chromosome has been poorly characterized           

during this process. We will therefore develop a tailor-made system to achieve            

germ cell formation while tracing X-chromosome dynamics ​in vitro ​. 
2. Understand the dependencies between X chromosome status and early         

germ cell fate acquisition. 
The pluripotent landscape has been previously reported to be influenced by the            

intrinsic chromosomal composition. Thus, the X-status can be part of the factors            

dictating a certain cell fate. To investigate the possibility of X-activity playing a             

role in early germ cell formation, we will analyze and compare the            

transcriptional landscape of X-active and X-inactive PGCLCs. 
3. Investigate the necessity of X-reactivation and the biological        

consequences upon its failure especially affecting meiotic entry and germ          
cell development. 
We will use the two existing systems reported to stimulate meiotic entry. We             

aim to profile the impact of X-reactivation, or lack thereof, by immunostainings,            

identifying different meiotic stages. 
4. Identify factors implicated at the interphase between X-reactivation and         

meiosis. 
We will apply combinatorial signaling niches and quantify X-reactivation and          

meiosis by immunostainings. 
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RESULTS 

Establishing an ​in vitro ​system to generate X inactive PGCLCs  

In this study, I have established an ​in vitro culture system that permits to follow the X                 

chromosome status throughout ESC differentiation towards PGCLCs, as well as to           

isolate X inactive PGCLCs. Therefore it provides an opportunity to dissect the            

relationship between X chromosome dynamics and germ cell development.         

Specifically, such a system allows to study the timing and kinetics of X             

inactivation/reactivation during germ cell development in a highly controlled manner.          

Furthermore, this ​in vitro system allows to overcome one of the main limitations of ​ex               

vivo systems: the restricted amount of available material. ​Few studies have monitored            

the X status ​during ​in vitro PGCLC differentiation ​(see introduction), and mostly            

assessed the activity of the X-chromosome using imaging techniques or small scale            

gene expression analysis. The study presented here is the first report to carefully             

monitor the X status during germ cell specification combining imaging, FACS and            

allele-specific RNA-sequencing. 

XRep ​: a tailor made female PGCLC-inducible X reporter line 

As previously mentioned, the timing of X chromosome reactivation in the developing            

female germline represented a difficult question to answer, and thus gave rise to             

contradictory results ​(Monk and McLaren 1981; Tam, Zhou, and Tan 1994; Nesterova            

et al. 2002; Gartler, Rivest, and Cole 1980)​. Indeed, due to technical difficulties and the               

limited material available ​ex vivo, ​a comprehensive assessment of the X-chromosome           

status during germ cell development was absent in the field. To overcome the limited              

amount of materiale available and to allow the traceability of the X chromosome, we              

engineered a reporter ESC line to generate ​in vitro germ cells, following mostly             

published protocols ​(Katsuhiko Hayashi et al. 2012; Nakaki et al. 2013)​. The newly             

tailor-made ESC line carried the following features: (i) a hybrid background to            

distinguish sequencing reads from the two X chromosomes thanks to the single            

nucleotide polymorphisms existing between the two genetically distant species ​Mus          

musculus musculus (mus) and ​Mus musculus castaneus ​(cas) occurring on average           
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every 300 bp ​(Marks et al. 2015) (ii) a truncation of the long noncoding ​Tsix ​on the X​mus                  

which forces a non-random X inactivation of the X​mus upon cell differentiation            

(Luikenhuis, Wutz, and Jaenisch 2001) (iii) a GFP and a tdTomato reporter integrated             
in the ​Hprt locus of X​mus and X​cas ​respectively to monitor the activity of X chromosomes                

at single cell resolution ​(Bauer et al. 2020) (vi) the integration of previously published              

vectors ​(Nakaki et al. 2013) to allow the controlled overexpression of three key             

germline transcription factors: ​Blimp1 ​, ​Prdm14 and ​Tfap2c ​(Vincent et al. 2005;           

Ohinata et al. 2005; Yamaji et al. 2008; Weber et al. 2010)​.  

Given that the first three cell line manipulations were performed previously to the start              

of this study, in depth description of the results will focus only on the addition of the                 

inducible transcription factors into the previously existing female cell line.  

Cytokines-based induction impairs X-inactivation during PGCLC generation  

To study X-reactivation in PGCLCs we first need to identify the culture conditions that              

will ensure the generation of PGCLCLs carrying an inactive X chromosome. To            

reconstitute X inactive PGCLCs differentiation in culture from ESCs, passing through           

the EpiLCs stage, we tested what is considered as the gold-standard protocol for             

PGCLC induction ​(Katsuhiko Hayashi and Saitou 2013)​. Our first attempts to generate            

X inactive PGCLC were carried out using a modification of the dual color reporter ESC               

line, bearing solely an XGFP reporter on the X​mus​. The reason for that was to have                

access to more fluorescent channels to perform putative image analysis using multiple            

markers when assessing the quality of the PGCLC generated. We applied the cytokine             

induction protocol which, briefly, consists of a 2-day EpiLCs differentiation followed by            

culturing floating aggregates of those for 6 days in a medium containing BMP4, SCF,              

LIF and EGF (see methods). Using the standard protocol with the single X reporter cell               

line, we obtained ~8% of PGCLCs, identified by measuring two endogenous surface            

proteins known to be expressed in early stages of PGCLC specification: the            

pluripotency marker SSEA1 and integrin-beta3 (CD61) ​(Katsuhiko Hayashi et al. 2011)​.           

The percentage of PGCLCs obtained was in line with the reported efficiencies as well              

as the levels of expression of the surface markers ​(Katsuhiko Hayashi and Saitou             

2013)​. However, as indicated by the levels of XGFP in the double positive population              

SSEA1+/CD61+ of PGCLCs, the X​mus ​chromosome was still active, indicating that           

during the differentiation from ESCs to EpiLCs and finally into PGCLCs, the expected X              

inactivation did not occur. To better understand the nature of the generated X active              
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PGCLCs and whether the XGFP reporter was recapitulating faithfully the lack of X             

linked gene inactivation and ​Xist expression, we isolated PGCLCs and measured gene            

expression of a few selected marker genes by quantitative RT-PCR (qPCR). We            

observed that pluripotency genes that were expected to stay down regulated during the             

transition from EpiLCs to PGCLC, such as ​Klf4 ​, still displayed comparable expression            

levels to ESCs, while early PGC signature genes such as ​Dnd1, were not upregulated              

compared to EpiLCs. Together with low ​Xist ​expression, we concluded that the            

obtained PGCLCs had an X active status and a phenotype resembling the pluripotent             

starting population of ESCs.  

Therefore, following this strategy we encountered two main difficulties: i) lack of a             

distinctive PGCLCs gene expression pattern, and ii) lack of an inactive X chromosome             

in the early PGCLCs obtained. To overcome those problems we decided to change             

strategy and engineer a transcription factor-inducible ESC line. This new line would            

allow us to i) force the expression of PGCLC signature genes (​Blimp1​, Prdm14 ​,             

Tfap2c​), boosting the PGCLC efficiency ii) bypass the addition of cytokines, impacting            

the X-inactivation phenotype iii) take advantage of a dual color reporter cell line ​(Bauer              

et al. 2020)​ to monitor a putative X-loss phenotype. 

Transcription factors-based induction allows efficient generation of X-inactive        

PGCLCs  

An alternative published protocol based on the overexpression of key germ cell line             

transcription factors (​Blimp1 ​, ​Prdm14 and ​Tfap2c​) was successful in generating          

PGCLCs ​(Nakaki et al. 2013)​. However, this overexpression system was available only            

in male cells. We therefore faced the necessity to engineer the overexpression of             

Blimp1 ​, ​Prdm1 ​4 and ​Tfap2c in our female dual color X reporter ESC line. We first               

transfected a selected ESC clone to insert homozygously the reverse tetracycline           

transactivator (rtTA) under the control of the constitutively active ​Rosa26 promoter           

(Hochedlinger et al. 2005)​. As shown in (Fig S1c), out of the 6 transfected clones only                

one displayed a homozygous integration in the Rosa26 locus (clone 9). We additionally             

confirmed the expression of the ​rTTA gene by qPCR. The selected clone was then              

transfected with ​piggyBac transposon-based vectors ​(Nakaki et al. 2013) expressing          

the transcription factors (TFs) ​Blimp1 ​, ​Prdm14 and ​Tfap2c under the control of            

doxycycline (dox) regulatory elements. Clones were selected according to the following           

criteria: (i) carrying all three TFs transgenes (ii) showing expression upon dox            
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treatment of the three TFs comparable to the published levels, preferably with high             

Prdm14 levels (iii) showing approximately 20 random transposon insertions. Therefore,          

we selected two clones, A11 and E9, that carried both the desired number of insertions               

assessed by southern blot (Fig. Sd) and levels of expression of the transcription factor,              

measured by qPCR, comparable to the original publication ​(Nakaki et al. 2013)​.  

To ensure that the endogenous levels of the cassette genes (​Tfap2c, Blimp1 ​, Prdm14​)             

would still be detectable upon their overexpression, we measured their expression by            

qPCR. The dox-induced TFs could be differentiated from the endogenous thanks to the             

presence of specific tag sequences. We analyzed the effects of dox treatment on TFs              

expression over a time course of 5 days, extracting the RNA from a whole body,               

without FACS sorting for PGCLCs surface markers. We observed a peak for all of the               

exogenous TFs after 24h, followed by a decrease in expression. Similarly, the            

endogenous TFs started to be expressed after 24h but, differently from the exogenous,             

gradually increased in expression (​Blimp1​, Prdm14 ​) or maintained the same levels           

(​Tfap2c​) (Fig. Sf). To control for the leakiness of the system, we performed a PGCLCs               

induction without doxycycline, and as expected, we did not observe upregulation of            

PGCLCs-specific cell surface markers SSEA1 and CD61 (Fig. Sg). Next, we set up the              

TF induction protocol following the standard timing reported in ​(Nakaki et al. 2013)​: 2              

days of EpiLC induction and 4 days of PGCLC induction. Surprisingly, we did not              

observe PGCLC induction from day 2 EpiLCs, as shown in Fig. Sg by the absence of                

SSEA1 and CD61 surface markers. Considering that female germ cells are known to             

develop at a slower rate compared to males ​(Mittwoch 1993)​, we extended EpiLC             

differentiation until day 4, maintaining PGCLC differentiation 4 days long. With this            

strategy, we successfully generated bodies containing ~50% of PGCLCs as indicated           

by SSEA1 and CD61 expression. Moreover, ~60% of the PGCLCs were showing a             

downregulation of the GFP reporter (Fig. Sd), indicating X chromosome inactivation.           

This result showed not only that PGCLCs could be induced from a later EpiLC day (day                

4), to the contrary of what had been reported ​(Katsuhiko Hayashi et al. 2011)​, but also                

that PGCLCs induced via the overexpression of TFs could give rise to X inactive              

PGCLCs, as shown by the downregulation of the XGFP reporter. Before, epigenetic            

profiling of X-inactivation in PGCLCs was only shown by immunostaining for           

H3K27me3, showing accumulation on the X chromosome upon aggregation of EpiLCs           

(Katsuhiko Hayashi et al. 2012). ​To test whether the PGCLC induction efficiency and             

XGFP downregulation could be increased, we overexpressed ​Blimp1 ​, Prdm14 and          
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Tfap2c for 5 days instead of 4. At PGCLC d5, we found ~60% of the cell population to                  

be double positive for PGCLC surface markers and up to 90% downregulation of the              

XGFP reporter. To assess the quality of our PGCLCs, we stained cryosections of             

PGCLC bodies at d5 of induction for SOX2 and TFAP2C, both germ-line specific             

transcription factors. We observed, as expected, that more than 50% of the PGCLC d5              

body was double positive for SOX2 and AP2 ​γ​, confirming PGCLC cell identity. Overall,             

the modifications applied to the original protocol led to an efficiency increase in the              

generation of PGCLCs and the establishment of the physiological X inactivation status            

observed during female epiblast development in the vast majority of PGCLCs. 

 

Figure S1. Generation of the ​ XRep​ cell line and set up of the PGCLC induction system. 
(a) ​Representative FACS analysis of PGCLC d6 induced from EpiLC d2 using cytokines. FACS              
gating strategy for PGCLCs according to germ cells specific surface markers SSEA1 and CD61.              
Out of the double positive SSEA1+ CD61+, cells were gated for X-activity according to XGFP               
and FCS. Numbers indicate the percentage of gates cells. ​(b) ​Expression of the indicated genes               
measured by qRT-PCR in the Single Color cell line. For each gene, the delta Ct from the                 
average Ct values of the housekeeping gene ​Arbp is shown. Each point represents the mean               
value of three technical replicates. ​(c) Top panel: ​rtTA expression measured by qRT-PCR.             
Values are normalized against ​Gapdh expression. Error bars indicate SD (n = 3 wells per               
clone). Bottom panel: Southern blot analysis showing the rtTA integration in the ​Rosa26 locus.              
Genomic DNA was digested with EcoRV. Expected fragment sizes: WT (wild-type) = 11.5kb,             
targeted = 5.2kb. Selected homozygous clone is indicated by a red outline. WT, parental cell               
line; undig., undigested gDNA. ​(d) Southern blot analysis showing the copy number of the              
integrated piggyBac transposon vectors in each ​XRep transfectant. Genomic DNA was digested            
with BamHI. A fragment of the ​ß-galactosidase ​reporter, included in all 3 transcription factor              
vectors, ​downstream of BamHI site, was used as a probe. Expected fragment size: 1.6 kb.               
Selected clones are indicated by a red outline. Estimated copy number for the selected clones is                
indicated in brackets.  
(e) ​qRT-PCR of cassette specific transcripts of ​Avi-Blimp1 ​, ​3xFLAG-Prdm14 ​, and ​V5-Ap2g ​.           
Values were normalized against ​Arbp expression. Error bars indicate SD (n = 3 technical              
replicates). (f) Expression levels measured by qRT-PCR of the exogenous (magenta) and            
endogenous (blue) ​Blimp1 ​, ​Prdm14 and ​Tfap2c transcripts from whole unsorted EpiLC           
aggregates induced with Dox along the 5 days of induction. For each gene, values are               
normalized against ​Arbp ​expression in EpiLCs. The line shows the mean value of two              
independent experiments, with three technical replicates. ​(g) FACS analysis of PGCLCs d4,            
induced with Dox from either EpiLC d2 or EpiLC d4. FACS gating strategy for PGCLCs               
according to surface germ cell markers SSEA1 and CD61. Gating strategy for X-activity             
according to XGFP and XTomato. Shown are contour plots on live cells. Numbers indicate the               
percentage of gated cells. ​(h) ​FACS analysis of ​XRep induction without Dox in PGCLC d5 from                
EpiLC d4. The number indicates the gated germ cells. 
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Distinct populations revealed by tracing the X-status 

The dynamics of X chromosome activity during the transition from EpiLCs to PGCLCs             

still remain elusive. PGCLC induction in our Xrep cell line revealed two clearly distinct              

populations of PGCLCs in terms of X chromosome status: a small population of             

PGCLCs carrying two active X chromosomes (XGFP+, ~10%) and a major population            

that underwent X chromosome inactivation (XGFP-,~90%) (Fig. 1e). First, we          

wondered whether XGFP+ PGCLCs were the result of (i) a failure to inactivate the X               

chromosome during EpiLCs - PGCLC differentiation (ii) or spurious X-reactivation          

during the 5 days of PGCLCs induction. To test our first hypothesis, we assessed the               

percentage of X chromosome inactivation within our EpiLCs population. We applied           

Immuno-RNA FISH to visualize at single-cell resolution the two major X inactivation            

markers: H3K27me3 spot and ​Xist ​RNA ​cloud. We observed an H3K27me3 mark and             

Xist RNA cloud in almost all EpiLCs (~80%), indicating an epigenetic X inactivation             

phenotype (Fig. 1f). However, despite the presence of the two main X inactivation             

marks, the fluorescence levels of the XGFP reporter in EpiLCs were still high, yet lower               

than the levels of XGFP in ESCs (Fig. 1e). To further understand the heterogeneity of               

EpiLCs at the level of X-status and whether there may be a fraction of cells displaying a                 

delay in differentiation and consequently in X-inactivation, we sorted EpiLC XGFP high            

and XGFP low, extracted RNA from each population and measured the expression of a              

few selected genes by qPCR. We analyzed ​Rex1 (Zfp42)​, which is a canonical naive              

pluripotency gene ​(Rogers, Hosler, and Gudas 1991) together with the ​de novo DNA             

methylases ​Dnmt3b and ​Dnmt3l ​(Reik, Dean, and Walter 2001) reported to be            

signature genes of EpiLC differentiation. We observed that XGFP high EpiLCs           

displayed higher levels of ​Rex1 as well as lower levels of ​Dnmt3b ​, suggesting a              

delayed differentiation of these cells and unexpectedly higher levels of Dnmt3l which            

usually follows the trend of ​Dnmt3b​. At the allelic level, we analyzed the expression of               

Xist and 3 X-linked genes using primer pairs designed specifically to amplify either the              

X​mus or the X​cas ​allele. While Xist expression levels were similar between EpiLC XGFP              

high and EpiLCs XGFP low, we observed that X-linked genes ​Amot​, ​Prdx4 and ​Prkx              

were exclusively repressed in the EpiLCs XGFP low, indicating that this EpiLC            

population had initiated X-inactivation (Fig. 1i).  

To asses our second hypothesis, whether PGCLCs XGFP+ could arise due to spurious             

reactivation of PGCLCs during the induction time course, we separately induced           
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PGCLCs from XGFP high and XGFP low EpiLCs and monitored XGFP levels in the              

SSEA1+/CD61+ PGCLC population. We started analyzing XGFP levels by flow          

cytometry from PGCLCs at d2 of induction as early PGCLCs at d1 do not express               

SSEA1 nor CD61 yet. We noticed that in the PGCLC population originating from             

EpiLCs sorted XGFP high, XGFP levels remained high, around 10 ​4 ​of fluorescence            

intensity, over the 5 days of induction. In contrast, in PGCLCs originating from EpiLCs              

sorted XGFP low, levels of XGFP decreased over time until the majority of PGCLCs              

(~80%) was XGFP- (Fig. 1j). These results suggest that EpiLC d4 consist of two              

distinct populations. On the one hand, an XGFP high population that shows a delay in               

the downregulation of the pluripotency factor ​Rex1 and concomitantly a delay in            

X-inactivation, while still allowing the acquisition of PGCLCs cell surface markers in the             

TF overexpression system. On the other hand, an EpiLCs XGFP low population that             

give rise to PGCLCs that continue to undergo X-inactivation. 

Differences in cell cycle profiles during PGCLC induction  

Our data suggests that PGCLCs XGFP+ originate from a subpopulation of EpiLCs that             

fails to X-inactivate and displays features resembling ESCs. Therefore we set out to             

investigate whether PGCLCs XGFP+ present additional pluripotency features such as          

a distinctive cell cycle profile. Cell cycle analysis revealed that the majority of XGFP+              

PGCLCs (>~65%) were in S phase and showed a short G1 phase, typical of ESCs. In                

contrast, the cell cycle of PGCLCs XGFP- was observed to be slower, with fewer cells               

in S phase (~44%) and longer G1 phase (Fig. 1k). These findings further suggest that               

PGCLCs XGFP+ exists as a distinct population with PGCLC surface markers and a cell              

cycle profile highly similar to pluripotent ESCs. 
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Figure 1. A tailor-made system to trace X-chromosome inactivation and reactivation 
dynamics during PGCLC induction reveals two distinct PGCLC populations. 
(a) Schematic representation of the features implemented in the ​XRep cell line: A hybrid              
background in which cells carry one X chromosome from ​M.m musculus (X​mus​) and one from               
M.m castaneus (X​cas​). The X​mus ​carries a GFP reporter and the X​cas carries a tdTomato reporter.                
The cell line carries an ​rtTA under the control of the ​Rosa26 locus and ​piggyBac               
transposon-based vectors with doxycycline (Dox) -responsive promoters driving the expression          
of ​Prdm14 ​, ​Blimp1 ​, ​Tfap2c​. (b) Overview of the culture system. Stages of PGCLC induction are               
shown. Green and red bars at the bottom represent the X​mus and X​cas activity status,               
respectively. ​(c) FACS analysis of primordial germ cells specific surface markers CD61 and             
SSEA1 in ESCs, EpiLCs d4 and PGCLCs d5. Numbers indicate the percentages of gates cells.               
(d) Immunostaining of PGCLCs d5 cryosections for SOX2 (magenta) and TFAP2C (cyan). ​(e)             
FACS analysis of XGFP and XTomato reporters from bulk ESCs, bulk EpiLCs and double              
positive CD61+/SSEA1+ PGCLCs. Numbers indicate the percentages of gated cells. ​(f)           
Immunolabeling with antibody against H3K27me3 (green) combined with Xist RNA-FISH (red).           
Images show a representative group of cells showing Xist RNA coating and H3K27me3             
enrichment on the X​mus​. Barplot indicates the percentage of cells having both Xist RNA coating               
and H3K27me3 accumulation, cells with Xist only or H3K27me3 only. Below the graph, the total               
cell number analysed is indicated. Scale bar, 10 µm. ​(g) ​FACS plots of EpiLCs d4, showing a                 
representative contour plot with colored boxes indicating percentages of populations defined           
GFP high (light green rectangle) and GFP low (darker green rectangle). Numbers indicate the              
percentages of sorted cells. ​(h) Quantitative RT-PCR (qRT-PCR) in EpiLCs d4 sorted GFP high              
(light green) and GFP low (dark green) for the indicated genes. Each point represents the mean                
of two separate inductions for each biological replicate (clones A11 and E9). Dashed line at 0                
indicates ESCs expression. Log2 fold change relative to ESCs is shown. ​(i) ​qRT-PCR in EpiLC               
d4 sorted GFP high (light green) and GFP low (dark green) for the indicated X-linked genes.                
Each point represents the mean of two separate inductions for each biological replicate (clones              
A11 and E9). Dashed lines at 0.5 indicate biallelic expression. ​(j) ​Histograms showing XGFP              
distribution during PGCLC induction from EpiLCs sorted GFP high and GFP low. Numbers             
indicate the percentage of gated cells according to the XGFP status (red = GFP negative, green                
= GFP positive). ​(k) ​Representative histograms for the cell cycle analysis by FACS of the               
indicated cell types. Cells in G1, S and G2/M phase are shown along with the percentage of                 
each population.  
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Transcriptional changes during PGCLC induction 

Thanks to the set up of the ​in vitro system we could maximize the number of X inactive                  

PGCLCs to conduct RNA-seq experiments. To gain insights into the transcriptional           

changes taking place during PGCLCs differentiation, naive ESCs, primed d4 EpiLCs,           

d5 PGCLCs XGFP+ and d5 PGCLCs XGFP- were sampled in two technical replicates             

(inductions performed at different times) and two biological replicates (two different           

clones, A11 and E9 induced in parallel) and their total RNA extracted and analyzed by               

RNA-seq. Firstly, Principal component analysis (PCA) of the expression profiles          

revealed high coherence between the technical and biological replicates. Secondly,          

PCA revealed a cell differentiation trajectory along the PC2 corresponding to a            

separation of X-active and and X-inactive samples suggesting PC2 as the component            

reflecting the X-status (Fig. 2a). We were then interested in identifying possible marker             

genes dictating the trajectory of our samples. We visualized the 10 genes influencing             

positively the PC1 and three out of ten were located on the X chromosome (Fig. 2b).                

To exclude the possibility that the clustering of our samples was merely due to the               

influence of the X chromosome, we repeated the PCA while eliminating X            

chromosome-linked genes from the analysis. We observed a similar clustering of           

samples with minimal changes in component variances (Fig. 2c).  

Despite PGCLCs XGFP- and XGFP+ sharing the same surface markers identified by            

FACS, in our PCA the two populations clustered separately, irrespective of the X             

status, indicating distinct cell identities. This finding was further supported by the            

analysis of early and late germ cells genes. We found early germ cells genes              

expressed at quite similar levels between PGCLCs XGFP- and XGFP+ while late germ             

cell genes such as ​Dazl and ​Ddx4 were expressed much higher in the PGCLCs              

XGFP+. Moreover, it has been previously reported that PGCLCs and ESCs share            

many pluripotency genes. Therefore we measure core pluripotency gene expression          

and found that PGCLCs XGFP+ shared similar expression levels of ​Nanog​, ​Zfp42 ​,            

Esrrb and Nr0b1 with ESCs, while other pluripotency genes such as ​Fgf4, Tbx3, ​and              

Klf4 ​were exclusively expressed in ESCs. We also examined the expression of epiblast             

marker genes such as ​Fgf5 ​and the DNA methylation machinery genes ​Dnmt3b ​,            

Dnmt3a ​and confirmed their expression in our EpiLCs (Fig. 2d).  

After having observed that the PGCLCs XGFP+ expressed late germ cells genes and             

PGCLCs XGFP- early germ cells genes, we wanted to investigate what would be their              
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transcriptional equivalent ​in vivo ​. We therefore compared our RNA-seq dataset to           

published datasets of ​in vivo ​female PGCs from the following timepoints: E9.5, E10.5,             

E11.5 and E12.5 ​(Nagaoka et al. 2020)​. Clustering of samples revealed that PC1             

seemed to clearly define the ​in vivo developmental timing component. Notably,           

PGCLCs XGFP- clustered closest to E9.5 - E10.5 ​in vivo ​samples, whereas PGCLCs             

XGFP+ more closely to E10.5 and E11.5, indicating a slightly more advanced            

transcriptional landscape of the latter. In summary, the comparison to ​in vivo data             

allowed us to collectively confirm that the TFs overexpression in our system allowed to              

recreate an ​in vivo ​ PGC-like transcriptome (Fig. 2e).  

To further describe the differences between PGCLCs XGFP+ and PGCLCs XGFP-, we            

performed differential gene expression analysis. We could identify 2464 upregulated          

and 2384 downregulated genes in the PGCLCs XGFP- (14% genes). Among the genes             

upregulated in the PGCLCs XGFP- we found early germ cells genes, the imprinted             

gene ​H19 and ​Xist​. In contrast, in PGCLCs XGFP+ we found late germ cell genes               

Ddx4 and ​Dazl and naive pluripotency genes such as ​Zfp42 ​(Fig. 2f). Functional             

annotation of upregulated genes in PGCLC XGFP- revealed enrichment for different           

classes of genes including those involved in the urogenital system development, MAPK            

regulation and WNT signaling, while genes upregulated in PGCLCs GFP+ were           

enriched for response to LIF signaling and meiotic entry (Fig. 2g).  
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Figure 2. Gene expression analysis confirms proper PGCLC induction 
(a) ​PCA of gene expression of the top 500 most variable genes in the indicated cell types.                 
PGCLCs were sorted by SSEA1 and CD61 and further divided into XGFP+ and XGFP-. Axes               
indicate the variance. Arrow indicates hypothetical trajectory. Shapes indicate the clone (A11 =             
square, E9 = rhombus) ​(b) ​Plot showing the 10 top genes contributing positively negatively to               
the first principal component shown in (a). Genes in blue are located on the X chromosome. ​(c)                 
PCA of gene expression of the top 500 most variable genes excluding X chromosomal genes, in                
the indicated cell types.. Axes indicate the variance. Arrow indicates hypothetical trajectory.            
Shapes indicate the clones ( A11 = square, E9 = rhombus) (d) ​Heatmap of gene expression of                 
33 manually selected genes belonging to the category reported in the boxes. ​(e) PCA of gene                
expression compared to ​in vivo samples, taken from Nagaoka et al. 2020, showing the top 500                
most variable genes. Shape indicates the clone (A11 = square, E9 = rhombus, circle = Nagaoka                
et al.) ​(f) MAplot of differential gene expression changes between PGCLC XGFP- and PGCLC              
XGFP+ as determined by RNA-seq. Log2-mean expression (log2-normalized counts from          
DESeq2) on the x axis and the log2-fold change on the y axis. Significantly upregulated and                
downregulated genes are highlighted in red and green respectively. False Discovery Rate            
(FDR) < 0.001. Non-significant genes between 0 and absolute 0.2 were removed for easier plot               
visualization. ​(g)​ Selected GO terms enriched in PGCLC XGFP- and XGFP+.  
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Gradual X-inactivation throughout PGCLC induction 

Allele-specific X-inactivation analysis 

A prominent epigenetic feature during mouse early development is the establishment           

and maintenance of X-inactivation in the epiblast after implantation ​(Payer 2016)​.           

X-inactivation represents a powerful model to study the formation of facultative           

heterochromatin where multiple layers of chromatin modifications act together to          

enable stable transcriptional silencing. Thanks to our cell line harboring a completely            

hybrid X chromosome (as well as chromosome 13), we can utilize allele-specific            

RNA-seq to describe chromosome-wide gene expression dynamics of X-linked genes          

during X-inactivation. We utilized an in-house customized pipeline to measure the           

transcripts from the X​mus ​and X​cas allele and calculated an allelic ratio (see methods). To               

define a trajectory from X active to X inactive during the PGCLC specification time              

course, we performed PCA of the allelic ratio of our samples with additional Neural              

Progenitor Cell samples from ​(Bauer et al. 2020) to include in the analysis a cell type                

reported to be fully X inactive. We observed a clear clustering of the samples according               

to the X activity status on the PC1 with ESCs bearing two active X chromosomes               

clustering the furthest away from NPCs, bearing a fully inactivated X chromosome. Of             

notice, we observed that EpiLCs were at an intermediate position (Fig. 3a). 

To have an overview of the distribution of the allelic ratio of X-linked genes that passed                

our quality control criteria (see RNA-seq analysis methods), we plotted the allelic ratio             

of ESCs and defined a range of biallelic genes (allelic expression ratio >0.3 and <0.7),               

resulting in 294 genes (Fig. 3b). The definition of this window of biallelically expressed              

genes will help avoid a skewing of the X-inactivation analysis and the future             

downstream analysis of X-reactivation. Once we selected the 294 biallelically          

expressed genes, we needed to establish a threshold of X-inactivation to be able to              

distinguish genes undergoing X-inactivation from non-inactivating genes. We therefore         

plotted the distribution of the allelic ratio of the previously selected 294 genes, this time               

in the NPCs samples (Fig. 3c). The reasoning behind choosing NPCs was to set the               

X-inactivation threshold using a sample with complete X-inactivation, as the allele           

specific PCA indicated that PGCLC XGFP- harbor an incomplete X-inactivation          

phenotype compared to NPCs. We decided to establish an X-inactivation cutoff at            

0.135, representing the allelic ratio value corresponding to the first dip in the genes              
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distribution. Genes with allelic ratio < 0.135 were considered to have fully undergone             

X-inactivation, while genes with an allelic ratio > 0.135 were considered to still be              

active.  

To understand the extent of X-inactivation in terms of number of inactive genes across              

our samples, we plotted the allelic ratio of all our selected genes. As expected, ESCs               

did not show inactive genes and only 5 genes in the PGCLC XGFP+ (​Mbnl3​, ​Bex4 ​,               

Tsc22d3​, ​Tceal8 ​, ​Timm8a1​) were inactivated. On the other hand, EpiLCs showed 63            

inactive genes and PGCLCs GFP- showed 198 genes out of 294 being inactive. These              

results indicated that X inactivation at the gene level is initiated in EpiLCs and              

reinforced only later during PGCLCs (Fig. 3d). This is in line with published             

genome-wide ​in vivo data which reports that E6.5 post implantation epiblast cells are a              

mixture of cells that have and have not completed X-inactivation, pointing to significant             

asynchrony in X-inactivation among epiblast cells ​(Cheng et al. 2019)​. 

It has been previously reported that Xist RNA upregulation and spreading is a key              

event in the initiation of X-inactivation ​(Borsani et al. 1991; Brockdorff et al. 1991;              

Penny et al. 1996)​. We therefore wanted to assess whether the upregulation of ​Xist              

expression would reflect the initiation of X chromosome inactivation and to which            

degree it would accompany PGCLCs differentiation. We observed high levels of ​Xist            

expression in EpiLCs, reaching levels comparable to those of X inactive control            

samples NPCs. Interestingly, PGCLC XGFP-, despite displaying the lowest XGFP          

reporter intensity, showed a decrease in levels of ​Xist expression, which might be             

explained by the dox induced overexpression of the TF Prdm14 ​, a known repressor of              

Xist​ ​(Payer et al. 2013)​ (Fig. 3e). 
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Figure 3. Characterization of X-inactivation dynamics during PGCLC induction. 
(a) PCA of X chromosome ​allelic ratio (see methods) for 334 X-linked genes. Axes indicate the                
variance. Shapes indicate the clones (A11 = square, E9 = rhombus, circle = neural progenitors               
cells (NPC) from Bauer et al.) ​(b) ​Distribution of the allelic ratio in ESCs. Dashed lines indicate a                  
biallelic expression window from 0.3 to 0.7 ​(c) ​Distribution of the allelic ratio in NPCs. Dashed                
line represents allelic ratio of 0.135 used as a threshold for X-inactivation. Genes below the               
threshold are considered X-inactive. ​(d) Boxplots of allelic ratio (n = 294). ​Upper dashed line               
indicates the biallelic ratio of 0.5, lower dashed line indicates X-inactivation threshold of 0.13. (e)               
Xist​mus expression (see methods). NPCs from Bauer et al. Barplot indicates the mean value. ​(f)               
Circos plot showing allelic ratio for selected X-linked genes (n = 295). Outer (1), middle (2) and                 
inner (3) circles represent ESCs, EpiLCs and PGCLC XGFP-, respectively. Dotted box            
highlights clusters of genes active in all three time points, solid box highlights clusters of genes                
already undergoing X-inactivation in EpiLCs. (​g​-​i​) Violin plots quantifying ​(g) gene density, ​(h)             
linear distance from the transcription start site (TSS) of the ​Xist gene to the TSS of the other                  
X-linked genes. (i) X​mus gene expression levels in ESCs. Solid black line indicates the median. ​P                
values from a two-sided Mann-Whitney U test are shown. On the right, Pearson correlation              
coefficient (r) was calculated to indicate the correlation between ESC expression and EpiLC             
(salmon dots) or PGCLC (red dots). ​(j) Boxplots for allelic ratio of X-linked genes contained in A                 
and B compartment as defined in ESC in Bauer et al.. Dashed lines indicate biallelic ratio and                 
X-inactivation threshold, respectively. ​P​values from a two-sided Mann-Whitney U test are           
shown. The upper, centre, and lower line of the boxplots indicate 75%, 50%, and 25% quantile,                
respectively. Whiskers extend to the most extreme data point within 1.5-times the interquartile             
range.  
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Features associated with X-inactivation in EpiLCs and PGCLCs XGFP- 
Previous studies have demonstrated the association of various genomic, epigenomic          

and three-dimensional genome architecture features to X-inactivation kinetics ​(Engreitz         

et al. 2013; Simon et al. 2013; Marks et al. 2015; Borensztein et al. 2017; L. B. de A. e.                    

Sousa et al. 2019; Żylicz et al. 2019)​. We were also interested in finding out putative                

features that would possibly predict in our system the preference of certain genes to              

undergo X-inactivation or not. As the inactive genes in EpiLCs maintained an inactive             

state in PGCLCs XGFP- (except ​MageeI​), we wanted to assess whether genes to be              

inactivated first clustered together or were located randomly along the X chromosome.            

We generated a heatmap of the allelic ratio and ordered genes according to their              

location on the X chromosome. We observed that the first genes to be inactivated were               

not completely interspersed along the X chromosome but rather clustered in a few             

restricted regions.  

Since we observed that EpiLCs X-inactivation initiated within clusters of genes in close             

proximity, we wanted to know whether differences in gene density could explain            

X-inactivation timing. While we observed a trend for early inactivating genes to be             

located in gene poor regions, a considerable number of inactive genes in PGCLCs             

were found in gene rich regions as well, excluding gene density as a sole determining               

factor for X-inactivation kinetics (Fig. 3g). 

As the inactive X chromosome is coated by Xist and it has been previously shown that                

Xist initially binds to chromatin sites in close proximity that can be distal to its               

endogenous locus ​(Simon et al. 2013; Engreitz et al. 2013)​, we wanted to assess              

whether the linear distance from the ​Xist ​locus could be a defining feature of              

X-inactivation. We calculated the distance from Xist ​TSS and we found a slight             

correlation of inactive genes being situated significantly closer to ​Xist​, compared to            

active genes. However, inactive genes in PGCLCs XGFP- were also found far away             

from ​Xist​, discarding the linear distance from ​Xist ​as the main component driving             

X-inactivation (Fig. 3h). 

We next set out to investigate whether the starting levels of X​mus ​gene expression in               

ESCs, could be a possible feature influencing the timing of X-inactivation. We found a              

significant correlation between genes having a higher ESC X​mus expression and the            

persistence of an active X-status (Fig.3i). We then calculated the Pearson correlation            

and found a significant positive correlation between the expression in ESC and the             
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allelic ratio, suggesting that the silencing process might take longer if a gene is highly               

expressed (Fig. 3i).  

After having analyzed major linear genomic aspects that were reported to be influential             

in predetermining X-inactivation choice, we set out to assess whether the 3D            

architecture could explain X-inactivation kinetics observed in our system. It is known            

that chromosomes are spatially segregated into two compartments: a euchromatic          

gene dense A compartment and an heterochromatic gene poor B compartment           

(Lieberman-Aiden et al. 2009)​. Furthermore, it has been reported that Xist RNA            

spreads initially through the A compartment where the ​Xist locus itself is located ​(Wang              

et al. 2018)​. We therefore incorporated recently published Hi-C datasets from the same             

parental cell line ​(Bauer et al. 2020) to assess how compartmentalization might            

influence X-inactivation kinetics. We could not detect a significantly higher X-inactive           

status in the A compartment compared to the B compartment, suggesting that the 3D              

organization of the X chromosome does not impact the inactivation dynamics (Fig. 3j).             

Of important note, the A compartment is considerably more gene dense than B.             

Therefore, the scarce number of genes localized in the B compartment makes it difficult              

to draw conclusions. 

Taken together, our results indicate that we could not identify a unique feature dictating              

X-inactivation, besides the ESCs X​mus expression, in neither EpiLCs nor in PGCLCs            

suggesting that our phenotype might be the result of a combination of multiple traits.  

  

47 

https://paperpile.com/c/uDKSFv/KCdg
https://paperpile.com/c/uDKSFv/H0wt
https://paperpile.com/c/uDKSFv/H0wt
https://paperpile.com/c/uDKSFv/8ejM


Exploring the kinetics of X-reactivation and meiosis in PGCLCs 

Up to date, the investigation of X-linked gene activity at the scale of the entire X                

chromosome during PGCs differentiation has been quite scarce. Several questions          

remain open (i) what was the X-status preceding X-reactivation, was it partly or fully              

inactivated? (ii) how does X-reactivation occur genome-wide? (iii) is X-reactivation          

linked with germ cell maturation and meiotic entry? Shedding light on those open             

questions will be fundamental for understanding the extent of the plasticity of            

X-reactivation in PGCs.  

In our previous analysis, we have observed that in vitro derived PGCLCs exist either              

with two active X-chromosomes (PGCLCs XGFP+) or with one inactivated          

X-chromosome (PGCLCs XGFP-). We wanted to assess whether X-inactivation         

undergone by the PGCLCs XGFP- was necessary for germ cell maturation and finally if              

the X-reactivation status and the developmental stage could be related.  

To determine the X-reactivation kinetics during in vitro PGCLC reprogramming we           

combined an adapted version of the ​in vitro reconstituted Ovary (rOvary) protocol            

(Katsuhiko Hayashi and Saitou 2013) with the novel single cell RNA-seq protocol            

Smart-seq v5 (unpublished). Briefly, we aggregated ​in vitro ​derived PGCLCs (both           

XGFP+ and XGFP-) for 6 days with somatic cells isolated from E13.5 female             

embryonic gonads + mesonephros in order to mimic the urogenital environment and            

then we sorted single cells and performed scRNA-seq. We obtained as total output,             

391 million reads, meaning an average of 740 k reads per cell (data not available yet). 

As shown in Fig. 4b, both PGCLCs XGFP- and PGCLCs XGFP+ could aggregate with              

E13.5 somatic gonadal cells and, in the case of PGCLCs XGFP-, cells reactivated the              

XGFP transgene. Of notice, the rOvary obtained from PGCLCs XGFP+ was slightly            

bigger in size and contained more Xtomato+ cells, indicating a higher proliferation rate             

of PGCLCs XGFP+ compared to the PGCLCs XGFP-. 

As our aggregation protocol is a variation of previously published ones, we first wanted              

to confirm that our in vitro derived PGCLCs could mature and enter meiosis upon              

aggregation, as reported in the original protocols. Therefore, after the formation of the             

rOvary at d5, we performed immunostaining of cryosections and stained for the            

advanced germ cell marker DAZL, for the meiotic marker SYCP3 and XGFP. We             

noticed that the rOvary from PGCLC XGFP- contained the expected          

DAZL+/SYCP3+/GFP+ cells and few DAZL+/SYCP3+/XGFP- cells. In contrary, the         

48 

https://paperpile.com/c/uDKSFv/laFA


rOvary derived from PGCLCs XGFP+ contained only 2 meiotic cells, suggesting a            

severe impairment of PGCLCs XGFP+ to enter meiosis (Fig. 3c).  

Having ascertained by immunostaining that our rOvaries have the ability to properly            

develop, we generated a dataset composed of the following single-cells. Derived from            

the PGCLC XGFP- rOvary, we collected the following populations: (1)          

XTomato+/XGFP+: X-reactivated, 144 cells (2) XTomato+/XGFP~:X-intermediate, 144       

cells (3) XTomato/XGFP+:X-constitutively-inactive, 136 cells. From the PGCLC XGFP+         

rOvary we collected: (4) XTomato+/XGFP+: X-constitutively-active, 188 cells. As         

control for the downstream allelic analysis we sorted 24 single ESCs. We observed that              

in the PGCLCs XGFP- rOvary, the majority of the cells belonged to the category              

“X-constitutively-inactive” (~40%), indicating that almost half of the PGCLCs did not           

undergo X-reactivation, while ~20% of germ cells belonged to the “X-reactivated”           

category and 18% to the “X-intermediate” category. For the PGCLC XGFP+ rOvary, as             

expected, we found ~86% of the germ cells stayed active (Fig. 3d).  

By examining single PGCLCs from the different categories, representing pseudo          

developmental time points (Fig. 3e), we will be able to define candidate early             

X-reactivated genes and late X-reactivating genes. Their kinetics of reactivation will be            

eventually compared to the behaviour during X-reactivation in the ICM and will be             

correlated with important genetic and epigenetic features (ex. genomic location, local           

epigenetic landscapes, 3D architectural traits​). Currently, the bioinformatic analysis of          

the samples is ongoing.  
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Figure 4. Set up of Single-cell RNA-seq of maturing germ cells using the rOvary system 
(a) ​Schematic illustration of the single-cell RNA-seq experiment and the isolated populations            
during germ cell maturation in rOvaries. The first 24h of culture are indicated as d0. rOvary =                 
reconstituted Ovary, d = day of rOvary culture, X react. = X-reactivated, X interm. =               
X-intermediate, X const. active = X constitutively active, X const. inactive = X constitutively              
active. ​(b) Imaging of XGFP and XTomato X-reporters in rOvary d5 aggregated with E13.5              
goandal and mesonephric cells. Scale bars = 50µm. BF = bright field. ​(c) ​Expression of DAZL                
(red), SYCP3 (cyan) and XGFP (green) in rOvaries cryosections. Cells were counterstained with             
DAPI (gray). White dashed lines indicate XGFP- cells in SYCP3+ cells. Scale bars = 10 μm. ​(d)                 
FACS gating strategy for single-cell sorted XTomato+ cells against XGFP intensities. Numbers            
indicate the percentage of gated cells over the total population. Numbers in brackets indicate              
the percentage of gated cells over the XTomato+ population. ​(e) ​Schematic representation of an              
anticipated result from the dimensionality reduction of the to be obtained scRNA-seq dataset. 
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Low competency of X-active PGCLCs to enter meiosis 

Due to the scarcity of ​in vivo material and the lack of appropriate ​in vitro systems, a                 

detailed study on the interplay between X chromosome status and primordial germ            

cells developmental competence is still lacking. Nevertheless, the recent advances in           

germ cell culture reported a 2D system completely ​in vitro to expand PGCLCs and              

complete prophase I of meiosis via the addition of signaling molecules BMP2 and             

retinoic acid ​(H. Ohta et al. 2017; Miyauchi, Ohta, and Saitou 2018)​. We utilized this               

recently published protocol in combination with our tailor made ​XRep cell line in order              

to clarify the following observations: (i) confirm our previous observation by           

immunostainings of rOvaries showing that PGCLCs XGFP- were able to enter meiosis            

more efficiently than PGCLCs XGFP+ and (ii) identify the timing of X-reactivation.  

To confirm our first observation, we cultured PGCLCs XGFP+ and PGCLCs XGFP-            

separately, on m220 feeders (see methods) to monitor differences in proliferation. As            

we previously observed, after 5 days of culture, PGCLCs XGFP+ had a proliferative             

advantage and expanded in big, flat colonies, while PGCLCs XGFP- formed smaller            

colonies (Fig. 5b). However, despite the higher proliferation rate, the absolute numbers            

of SYCP3+ cells counted every 48h after meiotic induction were significantly higher in             

the expanding PGCLCs XGFP- (Fig. 5b). These results support our previous           

observation in the rOvary system.  

The precise coordination and timing between X-reactivation and meiotic prophase I still            

remains elusive. We, therefore, set out to determine whether meiotic germ cells would             

also already show X-reactivation. We again expanded and induced meiosis from           

PGCLCs XGFP+ and PGCLCs XGFP-. The resulting few meiotic cells originating from            

PGCLCs XGFP+ were, as expected, still 100% XGFP+ indicating that the X stayed             

active. The meiotic SYCP3+ cells originating from PGCLCs XGFP- were also almost            

100% GFP+ indicating X-reactivation. These results suggest that X-reactivation occurs          

concomitantly with meiotic entry (Fig. 5e). 

After having concluded that meiotic entry was possible, but with clear different            

efficiencies, for both germ cells originating from PGCLCs XGFP+ which stayed active            

during meiosis initiation and PGCLCs XGFP-, that X-reactivated while entering          

meiosis, we wondered whether the extent of prophase I progression would be different.             

We prepared chromosomal spreads from expansion culture c9 and stained for SYCP3,            

characterized by a distinctive shape according to the prophase stage. Moreover, to            
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help the correct recognition of the different phases, we stained for the double strand              

breaks marker phosphorylated form of histone variant H2AX (gammaH2AX)         

(Mahadevaiah et al. 2001)​. While the zygotene and pachytene stages were easily            

identifiable, the former characterized by the typical 40 unpaired chromosome          

homologues and the presence of gammaH2AX and the latter by 20 paired homologous             

and the disappearance of gammaH2AX, we struggled to identify cells at the diplotene             

stage, due to the more unstructured aspect of chromosomes undergoing crossover           

(Fig. 5f). Moreover, this experiment was performed only once and very few cells             

appeared to be in the pachytene stage (Fig. 5g). To conclude, we could not answer the                

question about meiotic progression due to the lack of both replication of the experiment              

and expertise in prophase I phase recognition.  

Until today, the m220 expansion protocol has only allowed the maturation of germ cells              

until prophase I. Only one protocol has successfully shown the development of in vitro              

PGCLCs beyond prophaseI and into primary follicles ​(Katsuhiko Hayashi and Saitou           

2013)​. This protocol requires the aggregation with ​ex vivo derived somatic gonadal            

cells forming a rOvary followed by the culture of the rOvary onto a transwell to allow ​in                 

vitro differentiation (IVDi) of PGCLCs. Once we observed that PGCLCs XGFP- could            

enter meiosis more efficiently than the XGFP+ and could finish prophase I, we wanted              

to confirm whether those cells could continue the developmental route and generate            

primary oocytes. To test this, we collaborated with the Hayashi lab (Kyushu University),             

who kindly sent isolated somatic gonadal cells. We were able to perform 1 single IVDi               

tissue with slight modifications of the protocol: (i) to measure the extent of             

X-reactivation in a more physiological niche, without external cues, no retinoic acid was             

added to the IVDi culture (ii) the IVDi tissue was cultured for 11 days instead of 21                 

days, to avoid the risk of cell death considering that the following step required for               

secondary follicle maturation would have been extremely delicate and challenging. We           

then stained the entire whole-mount tissue for DAZL, XGFP and SYCP3 to identify             

X-reactivating (XGFP+), meiotic (SYCP3+), mature germ cells (DAZL+) and quantified          

the number of prophase I cells and the number of those that reached the primordial               

oocyte stage. We obtained ~36 SYCP3+ primordial oocytes per tissue and ~200            

SYCP3+ prophase I germ cells. When assessing XGFP staining, as previously           

observed in the m220 expansion system, the majority of SYCP3+ cells were also             

XGFP+. However, to our surprise, the localization of the XGFP protein in the primordial              
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oocytes while still detectable, seemed to have been relocalized from the nucleus to the              

cytoplasm (Fig. 5h).  

 

Figure 5. Interplay between X-reactivation and meiotic entry using m220 system 
(a) ​Schematic representation of the PGCLC expansion system on m220 feeders. c = m220              
culture day. Orange arrow indicates the meiotic induction period. ​(b) Imaging of XTomato             
reporter in the indicated samples. Figures indicate representative images of the experiment.            
Scale bars = 1000 µm. ​(c) ​Representative images for the expression of XGFP (green) and               
SYCP3 (red) in germ cells at c5, c7 and c9 coming from the indicated PGCLC conditions. Cells                 
were counterstained with DAPI (gray). Scale bars = 10 μm. ​(d) ​Number of SYCP3+ cells per                
m220 culture day originating from the indicated PGCLC conditions. Each white dot represents             
an independent experiment (n=3). Y axis is in square root scale. ​P values shown are from a                 
two-sided Mann-Whitney U test. n.s. = not significant. ​(e) ​Percentage of XGFP+ cells among              
SYCP3+ cells at the indicated m220 culture day, originating from the indicated PGCLC             
conditions. Green lines represent X-reactivation. Each white dot is an independent experiment            
(n=3). ​(f) ​Representative images showing the substages of meiotic prophase I in c9 cultured              
germ cells from the indicated PGCLC conditions. C9 germ cells were spread and             
immunostained for SYCP3 (red), and γH2AX (gray). A question mark (?) indicates the             
non-identifiable stages. Scale bar = 10 µm. (g) ​Percentages of meiotic stages at culture day c9,                
from the indicated PGCLC conditions. L, leptotene; Z, zygotene; P, pachytene; D, diplotene.             
(n=1). ​(h) ​Immunofluorescence images of GFP (green), SYCP3 (red), DAZL (yellow) and DAPI             
at Agg11 of IVDi tissue. IVDi = in vitro differentiation. White squares indicate the positions of                
zoomed-in section shown below. Top panel scale bar = 100 µm. Lower panel scale bar = 10                 
µm. (n=1). Quantification shown on the right. 
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Signalling pathways involved in X-reactivation and meiosis 

After the specification of germ cell fate, in vivo ​PGCs migrate towards the gonads and               

differentiate in a sex-dependent manner in response to signals from the somatic niche             

(see Introduction)​. ​As presented in the results above, the signals between ​germ cells             

and the surrounding somatic cells are, to date, known to be necessary for the complete               

development of ​in vitro PGCLCs into oocytes. However, the difficulty in analyzing the             

complex interactions between germ cells and somatic gonadal cells have impaired the            

investigation of which signals and mechanisms are driving two prominent events in            

germ cells development: epigenetic reprogramming regulating X-reactivation and        

meiotic entry. 

First, we wanted to assess whether the signals driving X-reactivation and meiosis are             

shared. Therefore, we cultured PGCLCs XGFP- in 3 different conditions, without           

retinoic acid to exclude external signals: (i) with somatic gonadal cells from E12.5             

female embryos (ii) with mesonephric cells from E12.5 female embryos (iii) and with a              

combination of both gonadal and mesonephric cells. When observing the Xrep reporter            

signals, we observed that the condition including only the mesonephric cells was the             

condition with the highest X-reactivation by XGFP transgene re-expression. The          

reactivated cells appeared concentrated in defined regions suggesting an increased          

proliferation of those cells (Fig. 6a.ii)  

Once we assessed that the signals from the mesonephros were sufficient for            

X-reactivation, we set out to determine whether the X-reactivated cells had undergone            

meiosis. We performed immunostaining of cryosections for DAZL, SYCP3 and XGFP           

and could not identify germ cells in the aggregate formed solely with mesonephric cells              

(Fig. 5c) while in the aggregates where the gonadal cells were present could             

successfully enter meiosis. Moreover, most of the meiotic cells were also X-reactivated.            

Taken together these results indicate that on the one hand, the mesonephros is             

releasing signals that can push a non-germ cell type into X-reactivation at the expense              

of meiotic entry. On the other hand, the gonadal niche signals are required for meiotic               

entry but can be dispensable for X-reactivation. 
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DISCUSSION 

PGCLCs come in two flavors: X-active and X-inactive 

In this study, we describe a modified PGCLC induction protocol in combination with a              

tailor-made cell line for the induction of germ cells from ESCs with the aim of               

generating an ​in vitro model to study X-reactivation. Our adapted protocol first drives             

X-inactivation along ~10 days from the beginning of the induction, followed by the             

initiation of X-reactivation and meiosis. This approach allowed us to closely follow            

X-inactivation initiating in EpiLCs as they differentiate into PGCLCs, a process that was             

only poorly characterized.  

Furthermore, as our protocol is based on the overexpression of germ cells specific             

transcription factors, there is no requirement for the addition of cytokines to recapitulate             

the germ cell fate. Whereas the majority of data available regarding in vitro ​PGCLC              

formation has been ​generated using the cytokine induction system ​(Hu et al. 2017;             

Hackett et al. 2018; Nagaoka et al. 2020; Hamada et al. 2020; Shimamoto et al. 2019)​,                

these studies were neither focusing on recapitulating the physiological X-status nor           

monitoring it and in fact, proved to be unsuitable to describe X-reactivation in PGCLCs.              

In our hands, the cytokine system did allow the expression of PGCLC surface markers              

but it impaired X-inactivation and led to a retention of the expression of naive              

pluripotency markers such as ​Klf4 and a lack of upregulation of germ cell genes such               

as ​Dnd1​. Two active X-chromosomes and the continuation of the pluripotency network            

have previously been related in ESCs culture systems ​(Schulz et al. 2014)​, however             

not in PGCLCs. Moreover, if the cytokines are affecting X-inactivation, they might            

potentially play a role in X-reactivation as well, opening up the opportunity to study the               

cytokine cocktail formed of BMP4, SCF, LIF and EGF as putative X-reactivation            

signals.  

While we observed an increased number of X-inactive PGCLCs in our TF-based            

PGCLC induction system in combination with a prolonged period of EpiLC           

differentiation, we could still identify a minor population bearing two active X            

chromosomes in PGCLCs. This provided us with the opportunity to assess differences            

in terms of PGCLC X-status and gene expression, to ultimately relate X status and              

germ cell maturation. We found that X-active PGCLCs showed an aberrant expression            
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of late germ cells genes and meiotic genes. We could speculate that the genome-wide              

methylation levels of X-active PGCLCs were lower than those of X-inactive PGCLCs            

given that it is has been previously reported that genome-wide demethylation appears            

to trigger the transcription of late germ cell specific genes, such as ​Ddx4 ​, ​Dazl ​, and               

Sycp3 ​(Yanfeng Lin and Page 2005; Maatouk 2006; Toyooka et al. 2000)​. 

X-inactivation reflects correct PGCLC specification 

The first ​in vivo ​investigations regarding the X-status during epiblast development           

reported that by E6.5 all epiblast cells had undergone random X-inactivation ​(Rastan et             

al. 1980; Rastan 1982)​. However, a more complete in vivo ​study was missing.             

Recently, ​X dynamics ​in vivo ​have been ascertained during pre-gastrula development           

and revealed heterogeneity in the X-inactivation states ​(Mohammed et al. 2017) in            

contrast with the previously reported homogeneity. While previous studies have          

focussed on the X-status during epiblast development, little attention has been given to             

the dynamics of the X chromosome during the further transition of the epiblast into the               

germ cell lineage. The only available studies were performed ​in vivo and have been              

utilizing imagine techniques and small scale gene expression analysis ​(Chuva de           

Sousa Lopes et al. 2008; Sugimoto and Abe 2007)​.  

We therefore wanted to assess X-linked gene activity at the scale of the entire X               

chromosome, during ​in vitro PGCLC differentiation. First, we wanted to initiate           

X-inactivation in EpiLCs. In all original protocols, EpiLCs were differentiated only for            

two days before PGCLC induction. Since it has been observed that female cells,             

carrying two X active chromosomes, take longer to exit pluripotency and therefore            

show a delay in differentiation ​(Schulz et al. 2014)​, it could explain the necessity to               

extend the duration of EpiLC differentiation from 2 to 4 days for the main X-inactivation               

markers to appear, while still allowing PGCLC specification.  

In this study, we show that the EpiLC d4 we utilize to generate PGCLCS are               

heterogeneous: some EpiLCs bear an active X chromosome and naive pluripotency           

markers and one other portion starts to X inactivate, pointing to a significant             

asynchrony in X-inactivation among EpiLCs. Our findings are in line with ​in vivo             

single-cell datasets which describe the E6.5 epiblast as a heterogeneous tissue           

composed of cells that have completed random X-inactivation and cells that have not             

yet initiated X-inactivation. We therefore conclude that in our system PGCLC induction            
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initiates from a heterogeneous population of EpiLCs that has not completely undergone            

X-inactivation. However, genome-wide transcriptional profiling will be required for us to           

confirm the different identities of the EpiLC populations observed in our system.  

As the X-inactivation route from EpiLCs continues into PGCLCs XGFP-, as expected,            

the number of inactive X-linked genes increased. Thanks to our system, we could             

explore the features defining the genes that did or did not X-inactivate. As presented in               

the results, the feature that appeared to be mainly influencing the timing of             

X-inactivation was the starting point of gene expression in ESCs. In addition, we found              

that while the X-inactivation machinery was inducing gene silencing, the levels of            

lncRNA Xist were unexpectedly not increasing. This could be due to the intrinsic robust              

pluripotency landscape that characterizes PGCLCs, which has been shown to          

completely suppress Xist expression ​(E. J. Sousa et al. 2018)​. Therefore, we could             

speculate that only regions that are either easily accessible or must be suppressed will              

be preferentially coated by Xist. Conversely, the genes that appear to have escaped             

X-inactivation, we could speculate that are either lagging behind in X-inactivation or            

that their repression has been prevented to allow further developmental processes. 

X-inactivation followed by X-reactivation safeguards meiosis  

The entry into meiotic prophase, together with the generation of offspring, are the gold              

standards to evaluate proper ​in vitro ​germ cell formation. Two ​in vitro methods currently              

exist to promote meiosis: one recreates the female gonadal niche using ​in vivo ​derived              

somatic gonadal cells, whereas the other relies on specialized stromal feeders and the             

addition of cytokines. We utilized both methodologies and induced meiosis from both            

X-active (XGFP+) and X-inactive (XGFP-) PGCLCs. We observed that when culturing           

PGCLCs using either method, XGFP- cells could enter meiosis more efficiently           

compared to XGFP+ cells. This difference in efficiency might be explained by the             

distinct transcriptional landscape of XGFP+ PGCLCs, characterized by the increased          

expression of late germ cell markers and meiotic genes. Taken together, these results             

indicate that XGFP+ PGCLCs are not ​bona fide germ cells but rather a byproduct of               

our culture system. This suggests that X-inactivation is essential for proper germ cell             

differentiation as by bypassing the X-inactivation step, cells might acquire an aberrantly            

advanced germ cell identity, which might be incompatible with the meiotic induction            

cues.  
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X-reactivation and meiosis: separated processes coordinated in time 

Together with meiosis, X-reactivation is a hallmark of female PGC development and            

their associated global epigenetic reprogramming. It has been observed that by E14.5,            

in vivo PGCs have not completed X reactivation ​(Sugimoto and Abe 2007)​, while             

already having initiated meiosis. We have demonstrated that X-reactivation and          

meiosis occur concomitantly. In fact, our data shows extremely few X-inactive meiotic            

cells (<97%, which might rather be explained by X-loss). However, whether or not             

X-reactivation is a requirement for meiosis will need further mechanistic investigation. 

It is widely believed that retinoic acid synthesized by the mesonephros and diffusing             

into the ovary, represents an essential paracrine trigger for meiotic entry ​(J. Bowles             

and Koopman 2007; Spiller and Bowles 2019)​. However, more recent findings showed            

that retinoic acid and its receptors can be dispensable for meiotic entry ​(Vernet et al.               

2020; Chassot et al. 2020; Nagaoka et al. 2020)​.  

In addition to these findings, we observed that upon aggregation of XGFP- PGCLCs             

with ​mesonephric somatic cells ​, PGCLCs could not enter meiosis, while maintaining           

their capability to reactivate the X and proliferate, possibly due to the lack of essential               

meiotic inducing cytokines from the gonadal niche. However, when aggregating          

PGCLCs with ​gonadal cells only ​, or with a combination of ​gonadal cells and             
mesonephric cells, we observed meiotic entry in both conditions. Nevertheless, while           

X-reactivation and meiosis were mostly observed together, the combination of          

mesonephric and gonadal cells created tubular structures and included a considerable           

amount of X-reactivated cells that did not undergo meiosis. 

This indicates that the signals required for meiosis and X-reactivation are distinct.  

Nevertheless, whether X-reactivation is directed by the mesonephric signals instructing          

a passive dilution of DNA methylation or whether PGCLCs had reverted to embryonic             

gonadal cells (EGCs) and therefore reprogrammed into an ES-like state, still remains            

unknown. 

Furthermore, the excess of retinoic acid produced by the mesonephric cells, could            

create a supraphysiological concentration of retinoic acid, which has been recurrently           

emphasized to alter physiological processes ​(Mark, Ghyselinck, and Chambon 2009;          

Cunningham and Duester 2015)​, possibly causing the activation of a reprogramming           

cascade of PGCLCs into EGCs, compromising the oogenic programm. In agreement           
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with this, it has been previously reported ​in vivo that EGCs are able to reactivate the X.                 

(Resnick et al. 1992; Stewart, Gadi, and Bhatt 1994)​.  

Taken together, we observed that the different urogenital niches can provide distinct            

signals acting on proliferation, X-reactivation and meiosis, highlighting the complex and           

sensitive signaling network underlying germ cell maturation.  
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Figure Dis1. Working model of the interplay between X-status and germ cell specification 
Graphical representation of the effects of X-status on germ cell developmental stages.
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CONCLUSIONS 
1. We created a tailor-made primordial germ cell-like cell induction system that           

facilitates the efficient generation of PGCLCs while simultaneously allowing the          

tracing of X chromosome dynamics during their specification.  

2. PGCLCs are induced from a heterogeneous population of epiblast-like cells,          

with varying degrees of X-inactivation, which influences PGCLC differentiation         

downstream 

3. While the majority of PGCLCs undergo X-inactivation, PGCLCs harboring two          

active X can be isolated. 

4. However, even X-inactive PGCLCs do not undergo complete genic         

X-inactivation. 

5. Maintenance of germ cell identity and meiotic potential is only preserved when            

PGCLCs undergo X-inactivation followed by X-reactivation. 

6. Nevertheless X-reactivation can occur independently from meiosis as the         

combinatorial signals driving them seem to be distinct. 

7. Taken together, these results show that X-inactivation during PGCLC formation,          

followed by X-reactivation, is essential to recapitulate the oogenic fate when           

proper conditions for meiotic entry are provided. 
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OUTLOOK 
The X-inactivation/reactivation cycle in germ cells represents a complex and dynamic           

process influenced by a multitude of players. While some of the events characterizing             

the reactivation of the X chromosome have been explored, many are yet to be              

identified. 

 

In the search for the optimal culture system to trace the X-chromosome while             

stimulating oogenesis, our system gave us valuable insights for the future development            

of even more powerful induction systems. First, additional reporters for either germ cell             

fate or meiosis should be implemented to readily isolate proper germ cells at different              

stages of differentiation. This will be an additional improvement since germ cells            

isolated via surface markers only were reported to lack 100% purity. Second, a FACS              

sorting step to isolate X-inactivating EpiLCs might increase the number of germ cells             

entering meiosis, potentially simplifying the downstream analysis. Third, an inducible          

system to facilitate the targeted degradation of known players of X-inactivation would            

allow the mechanistic elucidation of what has been, so far, only possible as             

correlations. Last, fully functional oocytes will have to be tested via offspring            

generation.  

 

Taken together, although further improvements are still necessary to confer optimal           

experimental conditions, we constructed a reproducible system that will serve as a            

powerful tool to elucidate the complex dynamics of the chromosome during oogenesis            

in mammals. 
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METHODS 

Cell culture 

Embryonic stem cell culture: Serum condition  

Embryonic Stem Cells (ESCs) were maintained and expanded on 0.2% gelatin-coated           

dishes in DMEM (Thermo Fisher Scientific, 31966021) supplemented with 10% Fetal           

Bovine Serum (FBS) (ES-qualified, Thermo Fisher Scientific, 16141079), 1,000 U/ml          

LIF (ORF Genetics, 01-A1140-0100), 1 mM Sodium Pyruvate (Thermo Fisher          

Scientific, 11360070), 1x MEM Non-Essential Amino Acids Solution (Thermo Fisher          

Scientific, 11140050), 50 U/ml penicillin/streptomycin (Ibian Tech, P06-07100) and 0.1          

mM 2-mercaptoethanol (Thermo Fisher Scientific, 31350010). Cells were cultured at          

37°C with 5% CO​2​. Medium was changed every day and cells were passaged using              

0.05% Trypsin-EDTA (Thermo Fisher Scientific, 25300054) and quenched 1:5 in          

DMEM supplemented with 10% FBS (Life Technologies, 10270106). Cells were          

monthly tested for mycoplasma contamination by PCR. 

Embryonic stem cell culture: 2inhibitors (2i) condition 

ESCs were cultured for 24h prior to the start of the primordial germ cell like cell                

induction in 2i/LIF medium. Briefly, a homemade version of the N2B27 medium was             

prepared based on previous reports ​(Ying et al. 2008) with additional modifications            

reported in ​(Katsuhiko Hayashi and Saitou 2013) containing two chemical inhibitors 0.4            

µM PD032591 (Selleck Chemicals, S1036) and 3 µM CHIR99021 (SML1046,          

SML1046) together with 1,000 U/ml LIF (ORF Genetics, 01-A1140-0100). ESCs were           

seeded on a dish coated with 0.01% poly-L-ornithine (Sigma-Aldrich, P3655) and 500            

ng/ml laminin (Corning, 354232). 

XRep cell line generation 

We used the female F2 ESC line EL16.7 TST, derived from a cross of ​Mus musculus                

musculus with ​Mus musculus castaneus ​(Ogawa, Sun, and Lee 2008)​. As a result,             

cells contain one X chromosome from ​M.m musculus (X​mus​) and one from ​M.m             

castaneus (X​cas​). Moreover, EL16.7 TST contains a truncation of Tsix on X​mus (Tsix​TST/+​),             
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which abrogates ​Tsix expression and leads to the non-random inactivation of X​mus upon             

differentiation.  

XGFP and XtdTomato dual color reporter 

A GFP reporter construct ​(H. Wu et al. 2014) was targeted in the second exon of Hprt                 

on X​mus as described in ​(Bauer et al. 2020)​. The same strategy was used to               

simultaneously target a tdTomato reporter construct in the second exon of Hprt ​on X​cas              

and a GFP reporter on X​mus​. Briefly, 5x10 ​6 EL16.7 TST ESCs were nucleofected with              

the AMAXA Mouse Embryonic Stem Cell Nucleofector Kit (LONZA, VPH-1001) using           

program A-30 with 1.6 µg each of GFP and tdTomato circularised targeting vectors and              

5 µg single gRNA vector PX459 (5'-TATACCTAATCATTATGCCG-3') (Addgene,        

48139, a gift from Feng Zhang). Homology arms flanking the target site were amplified              

from genomic DNA and cloned into pBluescript II SK(+) (Addgene, 212205) by            

restriction-enzyme based cloning and the cHS4-CAG-nlstdTomato-cHS4 and       

cHS4-CAG-nlsGFP-cHS4constructs, kindly provided by J. Nathans ​(H. Wu et al. 2014)           

were cloned between the two homology arms. 7.5 µM of RS-1 (Merck, 553510) was              

added to enhance homology-directed repair. To select for the homozygous disruption           

of ​Hprt​, cells were grown in the presence of 10 µM 6-thioguanine (Sigma-Aldrich,             

A4882-250MG) for 6 days, and GFP+ / tdTomato+ cells were isolated by FACS using a               

BD Influx (BD Biosciences). Single clones were screened by Southern blot           

hybridization as described in ​(Bauer et al. 2020)​. 

Rosa26 rtTA  

1 µg of R26P-M2rtTA targeting vector (Addgene, 47381) and 5 µg of PX459 gRNA              

vector (5’-GACTCCAGTCTTTCTAGAAGA-3’ ) were nucleofected with the AMAXA        

Mouse Embryonic Stem Cell Nucleofector Kit (LONZA, VPH-100) using program A-30           

in the XRep. Cells were selected with 3 μg/ml puromycin (Ibian tech., ant-pr-1) for 5               

days, with medium being changed daily. Clones were selected for rtTA expression            

gDNA was digested with EcoRV and then screened by Southern blot hybridization. 

Transcription factors transfection and selection of clones 

PB-TET vectors containing key germ cell factors Blimp1, Tfap2c and Prdm14 ​(Nakaki            

et al. 2013) were kindly given by F. Nakaki. The XRep cell line was generated by                

transfecting the R26rtTA XRep cell line under serum/LIF condition with 3 µg each of              
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PB-TET vectors, pPBCAG-hph and a PiggyBac Transposase vector using AMAXA          

Mouse Embryonic Stem Cell Nucleofector Kit (LONZA, VPH-1001). Transfected cells          

were selected with 200 μg/ml hygromycin B Gold (Ibian tech., ant-hg-1) for 10 days and               

genotyped with PCR for transgenes. The primer sequences for the genotype are            

shown in Table 1.  

Copy number integration was estimated with Southern blotting. Briefly, 15 µg of            

genomic DNA were digested with BamHI. DNA fragments were electrophoresed in           

0.8% agarose gel and transferred to an AMersham Hybond XL membrane (GE            

Healthcare, RPN303S). The b-geo probe was designed downstream of the BamHI site,            

generated by digesting the PB-TET-Avi-Blimp1 with CpoI/​SmaI​, labeled with dCTP          

[α-32P] (Perkin Elmer, NEG513H250UC) using High Prime (Roche, 11585592001),         

purified with illustra ProbeQuant G-50 Micro Column (GE Healthcare, 28903408) and           

hybridization performed in Church buffer. Radioisotope images were captured with a           

Phosphorimager Typhoon Trio. 

 

Table 1. Primer sequences used in this study 
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Target Transcript Forward (5’-3’) Reverse (5’-3’) 

Arbp CAAAGCTGAAGCAAAGGAAGAG AATTAAGCAGGCTGACTTGGTTG 

Xist mus/cas 
ATCATACTAAAGGCCACACAAAGAA​T/

C ATTTGGATTGCAAGGTGGAT 

Amot mus/cas TTTGCTCCCACTTGGTCA ​CA/AG GACACGTTTGGAGAGGGAAC 

Prdx4 mus/cas TGAGTCTTCAAGGTATACAC ​TA/AG TGAAGTGGTAGCATGCTCTGTT 

Prkx mus/cas TGCAGAATGAGAAAGCAG​GC/CT CCACGATTACGCAGGTAGGT 

Klf4 TGGTGCTTGGTGAGTTGTGG GCTCCCCCGTTTGGTACCTT 

Dnd1 GCTGCTCAAGTTCAGTACGCAC GAAGTGCTGCTTTAGGTCTGGC 

Zfp42 (Rex1) CCCTCGACAGACTGACCCTAA TCGGGGCTAATCTCACTTTCAT 

Dnmt3b CTCGCAAGGTGTGGGCTTTTGTAAC CTGGGCATCTGTCATCTTTGCACC 

Dnmt3l CCAGGGCAGATTTCTTCCTAAGGTC TGAGCTGCACAGAGGCATCC 

Blimp1 AGCATGACCTGACATTGACACC CTCAACACTCTCATGTAAGAGGC 

Prdm14 ACAGCCAAGCAATTTGCACTAC TTACCTGGCATTTTCATTGCTC 

Tfap2c GGGCTTTTCTCTCTTGGCTGGT TCCACACGTCACCCACACAA 

Avi-Blimp1 TGGTGCCTGTAAAGGTCAAAC GGCGGAATTAGCTTATCGAC 

3xFLAG-Prdm14 TCCTGGATCAAGAGGCTTTC ACTAGCTAGAGCGGCCATCAC 

V5-Tfap2c ATTCCAGCAAGACGATGGAG GGCGGAATTAGCTTATCGAC 

rtTA CTACCACCGATTCTATGCCCC CGCTTTCGCACTTTAGCTGTT 



Epiblast-like cell and primordial germ cell-like cell induction 

XRep ESCs were induced into primordial germ cell-like cells (PGCLCs) as described            

previously ​(Katsuhiko Hayashi and Saitou 2013) with the following modifications: ESCs           

were thawed on 0.2% gelatin in serum/LIF and after 24h seeded at a density of 0.6                

x10 ​5 cells/cm​2 in 2i/LIF medium on a dish coated with 0.01% poly-L-ornithine            

(Sigma-Aldrich, P3655) and 500 ng/ml laminin (Corning, 354232). 24h later, ESCs           

were dissociated with TrypLE Express for 5 mins at 37°C and induced into EpiLCs.              

After 48h, EpiLCs were split using TrypLE Express (Life Technologies 12604013) and            

re-seeded at 0.2 x 10 ​5 ​cells/cm​2 ​on 16.7 µg/ml human plasma fibronectin coated plates              

(Merck Millipore, FC010). After an additional 48h, EpiLCs were aggregated in U-bottom            

96-well Lipidure-Coat plate (Thermo Fisher Scientific, 81100525) at 2,000 cells per           

aggregate in GK15 medium (GMEM (Life Technologies, 11710035), 15% KnockOut          

Serum Replacement (KSR) (Thermo Fisher, 10828028), 0.1 mM nonessential amino          

acids (NEAA) (Thermo Fisher Scientific, 11140050), 1 mM sodium pyruvate (Thermo           

Fisher Scientific, 11360), 2 mM GLutamax (Life Technologies, 35050061), 0.1 mM           

2-mercaptoethanol (Thermo Fisher Scientific, 21985-023), and 100 U/ml penicillin and          

0.1 mg/ml streptomycin (Thermo Fisher Scientific, 15140) with 1.5 µg/ml doxycycline           

(Tocris, 4090/50) for 5 days. 

PGCLCs mitotic expansion  

PGCLC mitotic expansion culture was performed as previously described ​(H. Ohta et            

al. 2017) with few modifications. Briefly, five days after PGCLC induction,           

SSEA1+/CD61+ PGCLCs were sorted by flow cytometry onto m220 feeder cells, which            

constitutively express a membrane-bound form of mouse Stem Cell Factor ​(Dolci et al.             

1991; Majumdar et al. 1994) on 0.1% gelatin-coated optical bottom plates (Nunc,            

165305). The expansion culture was maintained for a total of 9 days. The first 3 days in                 

GMEM containing 100 ng/ml SCF, 10 µM forskolin (Sigma- Aldrich, F3917), 10 µM             

rolipram (Abcam, ab120029), 2.5% FBS (Capricorn Scientific, FBSES12B), 10% KSR,          

0.1 mM NEAA, 1 mM sodium pyruvate, 2 mM GLutamax (Life Technologies,            

35050061), 0.1 mM 2-bME, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 100 nM             

all-trans Retinoic Acid (RA) (Enzo Life Sciences, BMLGR100).  
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PGCLCs meiosis induction  

Meiosis was induced after 3 days of mitotic expansion culture as previously reported             

(Miyauchi et al. 2017; Miyauchi, Ohta, and Saitou 2018) by a combined treatment of              

300 ng/ml BMP2 (R&D Systems, 355-BM) and 100 nM RA. Medium was replaced             

completely every two days until the end of the culture period.  

rOvary reconstitution 

5,000 sorted SSEA1+/CD61+ PGCLCs were mixed with 75,000 freshly thawed E12.5           

female somatic gonadal cells (courtesy of the Hayashi Lab) and cultured in 1 well of a                

Lipidure-Coat plate at 37°C in a 5% CO​2 incubator for 2 days as described in               

(Katsuhiko Hayashi et al. 2017)​. 

Oocyte ​in vitro ​ differentiation (IVDi) culture 

IVDi culture was performed as previously described ​(Katsuhiko Hayashi et al. 2017)​.            

Briefly, one single rOvary was placed in the middle of a 24-well Transwell-COL             

membrane (Corning, CLS3470-48EA) and cultured in alpha-MEM (Life Technologies,         

12571063) with 0.15 mM ascorbic acid (Sigma-Aldrich, A7506), 2% FBS, 2 mM            

GLutamax (Life Technologies, 35050061), 0.1 mM 2-bME, 50 U/ml         

penicillin/streptomycin under normoxic condition (20% O​2 and 5% CO​2 at 37°C) for 11             

days, changing IVDi medium every other day.  

Fluorescence-activated cell sorting (FACS)  

After 5 days of culture, PGCLC aggregates were dissociated using TrypLE Express            

(Thermo Fisher Scientific, 12604021) for 8 min at 37°C, with periodical tap-mixing. The             

reaction was quenched 1:5 with wash buffer DMEM/F12 (Thermo Fisher Scientific,           

11320-082) containing 0.1% bovine serum albumin (BSA) fraction V (Thermo Fisher           

Scientific, 15260-037) and 30 mM HEPES (Gibco 15630-056) containing 0.1 mg/mL of            

DNAse I (Sigma-Aldrich, Sigma-Aldrich) . The cell suspension was centrifuged at 1200            

rpm for 5 min, re-suspended in FACS buffer (0.1% BSA in PBS) and passed through a                

70 µm cell strainer (Corning, 352350). Cell were stained with 1:100 SSEA1-eFluor 660             

(Thermo Fisher Scientific, 50-8813-42) and 1:10 CD61-PE-Vio770 (Miltenyi Biotec,         

130102627) for 1h at 4°C. Cells were washed thrice with FACS Buffer, stained with              

1:1000 DAPI and then FACS sorted using a BD FACSAria IIsorp or a BD Influx. Double                
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positive population of PGCLC was collected in GK15 medium. Data was analysed with             

Flowjo (Tree Star) software. 

Cell cycle analysis 

Identification of G​1​, S, G​2 cell cycle phases was based on DNA content and performed               

as described previously ​(Bonev et al. 2017) with minor modifications. Briefly, ESCs,            

EpiLC, PGCLCs were dissociated and quenched as described above. Cells were then            

fixed for 10 min at room temperature with freshly prepared 1% formaldehyde in PBS              

(Sigma-Aldrich, F8775-4X25ML) and the reaction then quenched by addition of 0.2M           

glycine (NZYTech, MB01401). 1x10 ​6 cells/ml were permeabilized using 0.1% saponin          

(Sigma-Aldrich, 47036-50G-F). 10 µg/ml DAPI (Thermo Fisher Scientific, D1306) and          

100 µg/ml RNase A (Thermo Fisher Scientific, EN0531) were added and samples            

incubated for 30 min at room temperature protected from light with slight agitation. After              

washing once with cold PBS, samples were resuspended in cold 0.5% BSA in PBS at a                

concentration of 1x10 ​6 cells/ml and immediately FACS analyzed using a BD           

LSRFortessa.  

Immunofluorescence  

Immunofluorescence of PGCLCs bodies and rOvaries 

Immunofluorescence analysis of PGCLC bodies or rOvaries was performed on          

cryosections prepared as follows: aggregates were fixed with 4% paraformaldehyde          

(PFA) (Electron Microscopy Science, 15713) in PBS at room temperature for 30 min,             

followed by three washes in PBS and submerged in serial concentrations of 10% and              

30% of sucrose (Sigma-Aldrich, S0389) in PBS, 15 mins and overnight at 4°C             

respectively. The samples were embedded in OCT compound (Sakura Finetek, 4583),           

snap-frozen in liquid nitrogen, and cryo-sectioned at a thickness of 10 µm at -20°C on a                

cryostat (Leica, CM1850). The sections were placed on a coated glass slide (MAS-GP             

type A; Matsunami, S9901) and dried completely. 

For immunostaining, the slides were blocked with PBS containing 10% normal goat            

serum (NGS) (Abcam, ab7481), 3% BSA (Sigma-Aldrich, A3311), and 0.2% Triton           

X-100 (Sigma-Aldrich, T9284) for 1 hr at room temperature, followed by incubation with             

the primary antibodies diluted in a 1:1 solution of blocking buffer to PBS with 0.2%               

Tween (PBST) (Sigma-Aldrich, P7949) overnight at room temperature. The slides were           
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washed three times with PBST, then incubated with the secondary antibodies diluted            

as the primary, with DAPI at 1 µg/ml for 1 hr at room temperature. Following three                

washes in PBST, the samples were mounted in VECTASHIELD with DAPI (Vector            

Laboratories, H1200) and observed under a Leica SP8 confocal microscope. All           

images were analyzed using Fiji/Image J software ​(Schindelin et al. 2012)​. All            

antibodies used in this study are listed in Table 2. 

 

 

Immunofluorescence of cultured PGCLC-derived cells 

Immunofluorescence analysis of cultured PGCLC-derived cells was performed as         

described in ​(Nagaoka et al. 2020)​. Briefly, PGCLCs were cultured on m220 feeder             

cells seeded on a 0.1% gelatin-coated plate used specifically for imaging (Nunc,            

165305). PGCLC-derived cells were fixed at c5, c7 or c9 with 4% PFA (Electron              

Microscopy Science, 15713) in PBS at room temperature for 30 min, followed by three              
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Table 2. Antibodies used in this study    

Name Description Dilution Company Catalog# 

Primary antibody     

anti-Sox2 Rabbit polyclonal 100x Abcam ab97959 

anti-Tfap2 (6E4/4) Mouse monoclonal 300x Santa Cruz SC12762 

anti-cleaved PARP1 Rabbit monoclonal 100x Abcam ab32064 

anti-Sycp3 Mouse monoclonal 100x Abcam ab97672 

anti-γH2A.X S139 Rabbit polyclonal 100x Abcam ab11174 

anti-Dazl Rabbit polyclonal 200x Abcam ab34139 

anti-GFP Chicken polyclonal 500x Abcam ab13970 

anti-RFP Mouse monoclonal 100x Rockland 200301379 

Surface markers     

SSEA1-eFluor 660 Mouse monoclonal 50x Thermos 50-8813-42 

CD61-PE-Vio770  Hamster monoclonal  10x Miltenyi Biotec 130-102-627 

Secondary antibody     

Anti-chicken IgY Goat polyclonal / Alexa488 500x Life Technologies A11039 

Anti-rabbit IgG Goat polyclonal / Alexa488 500x Life Technologies A11034 

Anti-mouse IgG Goat polyclonal / Alexa555 500x Life Technologies A21424 

Anti-rabbit IgG Donkey polyclonal/Alexa647 500x Life Technologies A31573 

https://paperpile.com/c/uDKSFv/kXn8
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washes in PBS. Fixed cells were blocked in PBS containing 10% NGS, 3% BSA, and               

0.2% Triton X-100 for 1 hr, then incubated with the primary antibodies diluted in a 1:1                

solution of blocking buffer to PBS with 0.2% Tween (PBST) at room temperature             

overnight. After three washes in PBST, cells were incubated with the secondary            

antibodies and DAPI at room temperature for 2 hr and washed three times in PBST.               

Finally, the well was filled with VECTASHIELD without DAPI (Vector laboratories,           

H1000). Immunostained samples were observed with a Leica SP8 confocal          

microscope. 

Meiotic cell spreads from germ cells 

Cultured PGCLC-derived cells were harvested by TrypLE Express at 37°C for 5 min,             

quenched with 1:1 TrypLE wash buffer (DMEM/F12 containing 0.1% BSA fraction V, 30             

mM HEPES), filtered through a 70 µM strainer and centrifuged at 1200 rpm for 5 min.                

Cell pellets were dislodged by tapping and washed once in PBS. Cells were then              

treated with a hypotonic solution (30 mM Tris-HCl, 50 mM sucrose (Sigma, S0389), 17              

mM trisodium citrate, 5 mM ethylenediaminetetraacetic acid (EDTA), 2.5 mM          

dithiothreitol (DTT) (Sigma, D0632), 0.5 mM phenylmethylsulfonylfluoride (PMSF)        

(Sigma, P7626), pH 8.2-8.4 at room temperature for 20 min. Cells were spun down 3               

min at 1200 rpm, resuspended in 100 mM sucrose and the cell suspension distributed              

onto slides (Matsunami, S9901) covered with 1% PFA in H​2​O (Electron Microscopy            

Science, 15713) with 0.2% Triton X-100 (pH 9.2-9.4). The slides were incubated at             

room temperature overnight in a humidified chamber. Finally, the slides were air-dried            

and washed with 0.5% Kodak Photo-Flo 200 (Kodak, B00K335F6S) for 2 min at room              

temperature. The spread slides were blocked in PBS containing 10% NGS, 1% BSA for              

1 hr, then incubated with the primary antibodies diluted in a 1:1 solution of blocking               

buffer to PBS with 0.2% Tween (PBST) at room temperature overnight. After three             

washes in PBST, cells were incubated with the secondary antibodies and DAPI at room              

temperature for 2 hr, washed three times in PBST and mounted in VECTASHIELD             

mounting medium with DAPI (Vector Laboratories, h1200). Immunostained cells were          

observed under a Leica SP8 confocal microscope. 

Immunofluorescence of IVDi tissues  

Day 11 IVDi tissues were treated while still attached to the transwell member as follow:               

culture medium was carefully removed from the transwell and the whole membrane            
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was fixed in 4% PFA (Electron Microscopy Science, 15713) in PBS for 30 min at room                

temperature, washed twice with PBS and blocked overnight at room temperature in            

10% NGS, 1% BSA, 0.2% Triton X-100. Primary antibodies were diluted in a 1:1              

solution of blocking buffer to PBS with 0.2% Tween (PBST) and incubated overnight.             

After 3 washes with PBST, secondary antibodies and DAPI diluted as the primary,             

were incubated an additional overnight, washed thrice and the whole membrane           

mounted on VECTASHIELD with DAPI (Vector Laboratories, H1200). Immunostained         

tissues were observed under a Leica SP8 confocal microscope. 

RNA-fluorescent​ in situ​ hybridization and immunofluorescence 

Cells were fixed with 3% paraformaldehyde PFA (Electron Microscopy Science, 15713)           

for 10 min with 2 mM Ribonucleoside-Vanadyl Complex RVC (New England Biolabs,            

S1402S) at room temperature and then permeabilized for 5 min on ice in 0.5% Triton-X               

with 2mM RVC. Cells were then blocked in 3% BSA/PBS with 2mM RVC for 1h at room                 

temperature, incubated with primary antibodies diluted in blocking solution with 2mM           

RVC overnight at 4°C. The secondary antibodies were diluted in blocking buffer and             

incubated 1h at room temperature. Cells were then again fixed in 3% PFA for 10 min at                 

room temperature. Strand-specific RNA FISH was performed with fluorescently labeled          

oligonucleotides (IDT) as described previously ​(Del Rosario et al. 2017)​. Briefly, probe            

mix was prepared by mixing 10 ng/ml equimolar amounts of Cy5 labeled Xist probes              

BD384-Xist-Cy5-3' (5'-ATG ACT CTG GAA GTC AGT ATG GAG /3Cy5Sp/ -3'),           

BD417-5'Cy5-Xist-Cy5-3' (5'- /5Cy5/ATG GGC ACT GCA TTT TAG CAA TA /3Cy5Sp/           

-3'), 0.5 µg/µL yeast t-RNA (Life Technologies, 15401029) and 20 mM RVC. Probe mix              

was pre annealed at 80°C for 10 min followed by 30 min at 37°C and hybridized in 25%                  

formamide, 10% dextran sulfate, 2xSSC pH 7 at room temperature overnight. Slides            

were then washed in 25% formamide 2xSSC pH 7 at room temperature, followed by              

washes in 2xSSC pH 7 and then mounted with Vectashield (Vector Laboratories,            

H1200). Images were acquired using a Zeiss Cell Observer.  

RNA extraction, cDNA synthesis and qPCR analysis 

RNA was isolated using phenol-chloroform extraction (Sigma Aldrich, P2069) followed          

by ethanol precipitation and quantified by Nanodrop. cDNA was produced with a            

High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific, 4387406) and was used for           
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qRT-PCR analysis in triplicate reactions with Power SYBR Green PCR Master Mix            

(Thermo Fisher Scientific, 4367659). The gene expression levels are presented as           

∆∆Ct normalized with the mean Ct values of one housekeeping gene, Arbp, in a              

normalization sample (ESCs). The primer sequences used this study are listed in Table             

2. 

mRNA-Seq analysis 

RNA libraries were prepared using the TruSeq Stranded Total RNA Library Preparation            

Kit (Illumina, 20020596) followed by 125 bp paired-end sequencing on an Illumina            

HiSeq 2500. FastQ files that passed quality control were aligned to the mm10             

reference genome containing CAST/EiJ and 129S1/SvImJ SNPs positions masked.         

The positions of all 36 mouse strains SNPs were downloaded from           

ftp://ftp-mouse.sanger.ac.uk/REL-1505-SNPs_Indels/mgp.v5.merged.snps_all.dbSNP1

42.vcf.gz.tbi. 

From here, we generated a VCF file containing only the SNPs information for the              

strains of interest, CAST/EiJ and 29S1/SvImJ. Reads were then aligned using STAR            

(Dobin et al. 2013) implementing the WASP method ​(van de Geijn et al. 2015) for               

filtering of allele specific alignments. The generated bam files were used for counting             

reads using the HTseq tool (v0.6.1) ​(Anders, Pyl, and Huber 2015)​. All of the steps               

above were performed using a customized Nextflow pipeline ​(Di Tommaso et al. 2017)​.             

We obtained between 50*10 ​6 ​and 75*10 ​6 reads. Coherence between samples, time           

points and replicates was verified by principal component analysis (PCA). Batch effects            

in principal component analysis (PCA) were corrected using the R package limma            

(Ritchie et al. 2015)​. Differential expression analysis was performed using the R            

package DESeq2 (v1.16) ​(Love, Huber, and Anders 2014)​. Briefly, differentially          

expressed genes were called by comparing PGCLCs XGFP+ and PGCLCs XGFP- or            

PGCLCs XGFP+ to ESCs. The ​DESeqDataSet ​(dds) was generated considering the           

dataset in its entirety while the DEseq analysis was conducted on dataset filtered as              

follows: Read counts were ​normalized by library size using ​estimateSizeFactors​, were           

filtered for having a mean across the samples >10 (a more stringent cut off than the                

sum across the samples >10 ) and poorly annotated genes on chromosomal patches             

were removed. The resulting 17089 genes were kept for downstream analysis. Log2            

fold change was shrinked using the “normal” parameter.  

75 

https://paperpile.com/c/uDKSFv/j8h8
https://paperpile.com/c/uDKSFv/WjNk
https://paperpile.com/c/uDKSFv/JAnt
https://paperpile.com/c/uDKSFv/b05W
https://paperpile.com/c/uDKSFv/UP3V
https://paperpile.com/c/uDKSFv/sjku


We took a list of X-linked genes for which a clear distinction of A and B compartment                 

could be observed in the published ESCs and overalayed it with the allelic ratio of our                

X-linked genes. 

Gene Ontology enrichment analysis performed on top and bottom differentially          

expressed genes defined as FDR < 0.001 e log2 fold change > |1| using the Gorilla.                

Over-represented categories were simplified using Revigo ( ​http://revigo.irb.hr/​) using a          

similarity of 0.4 as threshold. As background, all identified genes were used.  

SC RNA-seq analysis 

Single cell RNA libraries were prepared using the SMARTseq V5 protocol           

(unpublished), followed by 75 bp paired-end sequencing on an Illumina HiSeq 2500.  
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