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1. Abstract 

Mammalian oogenesis consists of two genetically distinct events. One is meiosis, which 

starts in germline cysts in embryonic ovaries, and the other is folliculogenesis occurred 

after birth (Fig.1). The latter process is initiated by the event termed primordial follicle 

formation in neonatal ovaries, by which germline cysts are separated and oocytes are 

enclosed by their supporting somatic cells, pre-granulosa cells. The interaction between 

germ cells and granulosa cells is known to be important to generate functional oocytes. 

However, the underlying mechanisms remain elusive.  

 In my thesis study, I addressed the mechanisms of oogenesis after birth via two 

different perspectives regarding germ cells and somatic cells. In Chapter I, I described 

my investigation of the function of a germ cell-specific factor, DAZL, in the postnatal 

ovary, and in Chapter II, I discussed my analysis of gene expression changes in somatic 

cells focusing on the pre-granulosa cell lineage during primordial follicle formation. 

 In Chapter I, I focused on an RNA-binding protein implicated in the 

translational promotion, DAZL, which is known to be a critical factor for meiotic 

progression and is expected to play a role in folliculogenesis. First, I examined Dazl 

function in the postnatal ovary by generating postnatal oocyte-specific Dazl knockout 

mice. However, I unexpectedly found that the Dazl gene is dispensable for oocyte 
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differentiation in postnatal ovaries as mutant females were fertile and produced a 

normal number of pups. In addition, DAZL protein expression was not detected in the 

postnatal ovary, whereas Dazl mRNA was continuously observed, suggesting that 

DAZL is post-transcriptionally suppressed after birth. 

 Next, I asked whether DAZL translation was suppressed via its 3’-UTR 

sequence. To address this question, I removed the Dazl 3’-UTR sequence and examined 

DAZL expression. As a result, DAZL expression was increased in the 3’-UTR-deleted 

transgenic ovaries, even postnatally, suggesting that DAZL translation is suppressed in a 

3’-UTR-dependent manner. Furthermore, the increased DAZL expression caused the 

mothers to have a reduced litter size due to the failure of pre-implantation development, 

indicating that the 3’-UTR-dependent suppression of DAZL in postnatal oocytes may be 

required for pre-implantation mouse development. Based on these results, I concluded 

that the proper switching of DAZL expression from “on” in the embryonic stage to “off" 

in the postnatal stage is essential to produce the next generation.  

 In Chapter-II, I described my transcriptome analyses of pre-granulosa cell 

progenitors in wild-type and germ cell-deficient ovaries using a FACS method that 

selectively isolated Lgr5-positive developing pre-granulosa cells. Through these 

comparative analyses, I identified increased and decreased genes associated with 
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pre-granulosa cell differentiation. The most marked changes I found during primordial 

follicle (PF) formation were the significant downregulation of Wnt and TGF-β signaling 

pathway genes, and the upregulation of Notch and PI3K pathway genes. Although 

Lgr5-positive pre-granulosa progenitors developed in the absence of germ cells, the 

timing of pre-granulosa cell differentiation is influenced by oocytes, suggesting that 

crosstalk between germ cells and Lgr5-positive cells is important for the differentiation 

of pre-granulosa cells. Thus, I further classified the genes showing increased or 

decreased expression during PF formation as germ cell-dependent or -independent. 

Based on this classification, gene upregulation was largely dependent on germ cells, 

whereas the downregulated genes, which comprised putative factors involved in the 

retention of germline cysts, were regulated in both germ cell-dependent and 

-independent manners. These results provide insight into the gene regulatory networks 

functioning in differentiating pre-granulosa cells during primordial follicle formation. 

Moreover, they will help further analyses to identify unknown factors required for 

pre-granulosa cell differentiation.  

 Taken together, my study revealed dynamic changes from the embryonic to 

postnatal stages during oocyte development such as DAZL expression regulation in 

oocytes and gene expression changes during pre-granulosa cell differentiation in 
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somatic cells. By focusing on different events related to oocyte development, as 

described in Chapters I and II, my study helps clarify the complicated regulatory 

mechanisms at the transcriptional and post-transcriptional levels necessary for 

generating a functional oocyte. 
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2. Gene Symbols and Abbreviation 

 

Gene Symbols: 

Chapter I 

Cpeb1: Cytoplasmic polyadenylation element binding protein 1 

Pumilio1: Pumilio RNA-binding family member 1 

Maskin: CPEB-associated factor Maskin 

Msy2: Minisatellite Y 2 

Dazl: Deleted in azoospermia-like 

Foxl2: Forkhead box L2 

Gdf9: Growth differentiation factor 9 

Nanos2: Nanos C2HC-type zinc finger 2 

Tex19.1: Testis expressed gene 19.1 

Tpx2: TPX2, microtubule-associated 

Cdc20: Cell division cycle 20 

Arid1a: AT rich interactive domain 1A 

Bub1b: BUB1B, mitotic checkpoint serine/threonine kinase 

Suz12: SUZ12 polycomb repressive complex 2 subunit 

 

Chapter II 

Rac1: Rac family small GTPase 1 

Stat3: signal transducer and activator of transcription 3 

Jag1: jagged 1 

Bmp15: bone morphogenetic protein 15 

Nobox: NOBOX oogenesis homeobox 

Kit: KIT proto-oncogene receptor tyrosine kinase 

Figla: folliculogenesis specific basic helix-loop-helix 

Lgr5: leucine rich repeat containing G protein coupled receptor 5 

Nanos3: nanos C2HC-type zinc finger 3 

Mvh: DEAD (Asp-Glu-Ala-Asp) box polypeptide 4 

K8: keratin 8 

Igf1r: insulin-like growth factor I receptor 

Notch2: notch 2 

Notch1: notch 1 

Hey1: hairy/enhancer-of-split related with YRPW motif 1 

Dmrta1: doublesex and mab-3 related transcription factor like family A1 
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Heyl: hairy/enhancer-of-split related with YRPW motif-like 

Nrarp: Notch-regulated ankyrin repeat protein 

Smad3: SMAD family member 3 

Bmp2: bone morphogenetic protein 2 

Fst: follistatin 

Id2: inhibitor of DNA binding 2 

Id3: inhibitor of DNA binding 3 

Nog: noggin 

Snai2: snail family zinc finger 2 

Acvr1c: activin A receptor, type IC 

Wnt2b: wingless-type MMTV integration site family, member 2B 

Gprc5b: G protein-coupled receptor, family C, group 5, member B 

Cthrc1: collagen triple helix repeat containing 1 

Scyl2: SCY1-like 2 

Caprin2: caprin family member 2 

Shisa6: shisa family member 6 

Mycl: v-myc avian myelocytomatosis viral oncogene lung carcinoma derived 

Arnt2: aryl hydrocarbon receptor nuclear translocator 2 

Klf13: Kruppel-like factor 13 

Nr0b1: nuclear receptor subfamily 0, group B, member 1 

Bhlhe41: basic helix-loop-helix family, member e41 

Pbx3: pre B cell leukemia homeobox 3 

Sp5: trans-acting transcription factor 5 

Zfp52: zinc finger protein 52 

Rfx5: regulatory factor X, 5 (influences HLA class II expression) 

Tcf12: transcription factor 12 

Sox11: SRY (sex determining region Y)-box 11 

Zfp503: zinc finger protein 503 

Grk5: G protein-coupled receptor kinase 5 

Tiam1: T cell lymphoma invasion and metastasis 1 

Daam1: dishevelled associated activator of morphogenesis 1 

Cela1: chymotrypsin-like elastase family, member 1 

 

Abbreviation 

Chapter I 

RT-qPCR: quantitative reverse transcription-polymerase chain reaction  
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ICBs: intercellular bridges 

PF: primordial follicle 

PrF: primary follicle 

SF: secondary follicle 

AF: antral follicle 

cKO: conditional knockout  

BAC: bacterial artificial chromosome  

RBPs: RNA-binding proteins  

MII: meiosisII 

ZFN: Zinc Finger Nuclease 

TALEN: Transcription activator-like effector nuclease 

CRISPER/Cas9: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated 

nucleases 

 

Chapter II 

PF: primordial follicle 

Pre-G: pre-granulosa cells 

Lgr5-GFP: Lgr5-GFP-Ires-CreERT2  

OE: ovarian epithelial 

FACS: fluorescence-activated cell sorter  

DEGs: differentially expressed genes  

FSH: follicle stimulating hormone 
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Chapter I: Requirement of the 3′-UTR-dependent suppression of DAZL in oocytes 

for pre-implantation mouse development 

 

3. Introduction 

The production of functional oocytes is an essential process in the female ovary, by 

which genetic information is passed to the next generations. For successful oocyte 

development, gene expression needs to be precisely regulated according to the 

developmental stages and environmental cues such as gonadotropic hormones. Oocytes 

that fail to regulate proper gene expression are degenerated during their development or 

are unable to proceed with embryonic cleavage even if they are fully developed [1]. 

Therefore, unveiling mechanisms controlling the quality of oocytes is a crucial issue to 

understand the molecular basis of female reproduction.  

 Post-transcriptional gene regulation mediated by RNA-binding proteins is an 

important molecular mechanism involved in this process. An evolutionarily conserved 

and well-documented post-transcriptional event is the translational suppression and 

storage of maternal mRNAs with shorter poly (A) tails [2]. Although the genome is 

actively transcribed and proteins are produced during oocyte growth, transcription 

become inactive in full-grown oocytes and stored maternal mRNAs are used for protein 
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synthesis in early zygote development [3]. These processes are orchestrated by a battery 

of relevant RNA-binding proteins, including cytoplasmic polyadenylation element 

binding proteins (CPEB), maskin, and other germ cell-specific RNA-binding proteins 

[4,5,6,7]. In addition to the oocyte maturation process, germ cell-specific RNA-binding 

proteins are also responsible for multiple processes in oogenesis. For instance, CPEB1 

and Pumilio1 are involved the progression of meiotic prophase I in the embryonic 

ovary[8,9], and MSY2 is involved in follicle development after birth in mice [10,11], 

suggesting the significant contribution of post-transcriptional gene regulation 

throughout oogenesis. 

 Deleted in azoospermia-like (DAZL) is a member of the evolutionarily 

conserved DAZ family of RNA-binding proteins that acts as a translational activator in 

mice [12]. Biochemical and structural analyses showed that DAZL binds to the U-rich 

sequences of its target’s 3′-UTR [13,14,15]. Genetic analyses revealed that DAZL is 

indispensable for gametogenesis in both males and females [16,17,18]. As DAZL is 

reportedly required for sexual differentiation of primordial germ cells, progression of 

meiotic prophase I in embryonic female germ cells [19], and for the progression of 

meiosis in maturating oocytes [20], it is believed that DAZL is involved in female germ 

cell development throughout oogenesis. However, the role of DAZL in follicular 
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oocytes remains unknown, because Dazl-deficient oocytes die due to the failure of 

meiotic initiation in the embryonic ovary [16,21]. Moreover, although the previous 

immunohistochemical analysis demonstrated that DAZL was expressed in both 

embryonic and follicular oocytes in postnatal ovaries [16], it was also noted that DAZL 

signals were not detectable by western blotting in ovaries 1 to 2 weeks after birth [22]. 

Therefore, further analysis is required to clarify contradiction of DAZL function and 

expression in postnatal ovary.  

 In this study, I investigated DAZL expression in embryonic and postnatal 

ovaries, and found that DAZL was translationally suppressed in a 3′-UTR-dependent 

manner in follicular oocytes. Genetic analysis by knocking out the Dazl gene in a 

follicular oocyte-specific manner indicated that Dazl is dispensable for follicular growth, 

maturation, and fertilization. On the other hand, the 3′-UTR-dependent suppression of 

DAZL in follicular oocytes is required for the progression of normal pre-implantation 

development. Our data clarify the previously ambiguous expression pattern of DAZL in 

the postnatal ovary, and simultaneously demonstrate the significance of the 

post-transcriptional suppression of DAZL in follicular oocytes. 
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4. Results 

DAZL is post-transcriptionally suppressed in postnatal oocytes 

To examine Dazl/DAZL expression in detail, I performed quantitative reverse 

transcription-polymerase chain reaction (RT-qPCR) and western blotting analyses using 

ovaries from embryos until juvenile stages (Fig. 2A and B). RT-qPCR data showed that 

Dazl mRNA was constantly expressed and expression fluctuations were less than 

1.6-fold among all stages investigated (Fig. 2A). On the other hand, the amount of 

DAZL protein markedly changed during oocyte development (Fig. 2B). Although it was 

abundant in embryonic ovaries, with the strongest expression at embryonic day (E) 15.5, 

the expression declined in newborn ovaries. Afterwards, DAZL expression further 

declined and was hardly detectable in 1- and 2-week ovaries, which is consistent with 

previous descriptions in one paper [22].  

 As DAZL expression significantly decreased in the newborn ovary and onward, 

I next asked whether this reduction in DAZL was correlated with the formation of 

primordial follicles. In the embryonic ovary, oocytes are connected each other by 

intercellular bridges (ICBs). Within a few days after birth, ICBs are broken and each 

oocyte is enclosed by pre-granulosa cells, resulting in the formation of primordial 

follicles [23]. Thus, I examined the expression changes of DAZL in perinatal ovaries by 
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immunostaining DAZL together with a granulosa cell marker, forkhead box protein L2 

(FOXL2), from E18.5 to 1week (W) ovaries. Strong DAZL signals were observed in 

most oocytes until the day of birth (P0), when a large number of oocytes were still 

connected each other. However, at one day after birth (P1), its expression began to 

decrease in some oocytes (Fig. 2C, open arrowheads). The expression of DAZL was 

further decreased at two days after birth (P2), at which point, many oocytes formed 

primordial follicles (Fig. 1C, yellow arrowheads) and exhibited weaker DAZL 

expression than cystic-oocytes (Fig. 1C, white arrowheads). Thereafter, the weakened 

DAZL expression was observed in 1-week ovaries. These data suggest that DAZL is 

decreases in oocytes coinciding with the development of primordial follicles.  

 

DAZL is not required for oogenesis in the postnatal ovary  

Both immunostaining and western blotting analyses revealed that DAZL was decreased 

in oocytes shortly after birth, which raised the possibility that DAZL is dispensable for 

follicular development. To test this possibility, I used conditional Dazl knockout (cKO) 

strategy (Fig. 3A). Dazl
flox

 mice were crossed with a postnatal oocyte-specific Cre 

mouse line, Gdf9-iCre, which expresses improved Cre recombinase from P2 oocytes 

[24]. The Dazl gene was successfully disrupted by Gdf9-iCre, as evidenced by 
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RT-qPCR and western blotting, in which both Dazl mRNA and DAZL protein were 

hardly detectable in Dazl cKO ovaries (Fig. 3B and C). I also confirmed that our Dazl 

KO (Dazl 
1lox

) allele was a exon-deleted and non-functional allele, since the phenotype 

of (Dazl 
1lox/1lox

) females showed similar defect to previously reported Dazl-null mice 

(Fig.4A and B)[16]. On histological analysis, Dazl cKO ovaries as well as control 

ovaries contained both primordial and growing follicles (Fig. 5A). Notably, cKO ovaries 

did not have any significant differences in the number of primordial or growing follicles 

(Fig. 5B). These data suggest that DAZL is dispensable for the survival and growth of 

follicular oocytes. 

 In order to evaluate the reproductive capability of Dazl cKO oocytes, I next 

crossed Dazl cKO females with wild-type (WT) males. I found that Dazl cKO females 

were fertile and produced a normal number of pups (Fig. 5C). The average litter size 

delivered from Dazl cKO females (11.3±0.62) was almost identical with that from WT 

(12.0±2.83). I also confirmed that all progeny delivered by Dazl cKO females were 

heterozygotes for the Dazl
1lox

 allele (n=258). These results were surprising because a 

previous report stated that Dazl knockdown in MII oocytes results in the defective 

progression of the oocyte to zygote transition due to the defective formation of meiotic 

spindle [20]. However, MII oocytes derived from Dazl cKO females did not have 
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abnormal spindle morphology (Fig. 5D). These data indicate that DAZL is not required 

for the maturation of oocytes or subsequent fertilization. 

 

DAZL is suppressed in a 3′-UTR dependent manner  

In embryonic male germ cells, Dazl is post-transcriptionally suppressed in a 3′-UTR 

-dependent manner by a male-specific RNA-binding protein, NANOS2 [25]. As DAZL 

decreases in postnatal ovaries, it is possible that Dazl is also post-transcriptionally 

suppressed in a 3′-UTR-dependent manner by unidentified mechanisms in follicular 

oocytes. In order to test this possibility, I used our bacterial artificial chromosome 

(BAC)-carrying transgenic mouse line, in which the FLAG tag was inserted at the 

C-terminus of Dazl and the Dazl 3′-UTR was flanked with Frt sequences (Dazl 3F, Fig. 

6A upper) [25]. The significance of the Dazl 3′-UTR for its expression was assessed by 

crossing the BAC transgenic female with a Rosa-Flp male (Dazl 3F;Flp, Fig. 6A lower). 

RT-qPCR showed that the amount of Flag-Dazl mRNA was increased in both Dazl 3F 

and Dazl 3F;Flp ovaries in P0 to 3W (Fig. 6B), in which the effect of removing the 

3′-UTR was observed. Similarly, the total Dazl expression level (Flag-Dazl 

+endogenous Dazl) was increased after birth although the difference between Dazl 3F 

and Dazl 3F;Flp was not significant except for the P0 ovary (Fig. 6B and C). In contrast, 
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FLAG-DAZL expression analyzed by western blotting was greatly increased after birth 

only in Dazl 3F;Flp (Fig. 6D). FLAG-DAZL (filled arrowheads) decreased in Dazl 3F 

ovaries from P0 onward, which was consistent with the reduction in endogenous DAZL 

(open arrowhead), its expression was continuously observed in P0, 1W, and 2W ovaries 

when the 3′-UTR was removed. Quantification of FLAG-DAZL expression revealed 

that its expression increased 20-fold in Dazl 3F;Flp at P0 (Fig. 6E). Although it is 

possible that FLAG-DAZL expression observed in P0 ovary in Dazl 3F;Flp could be 

due to the increased or stabilized mRNA expression, the FLAG-DAZL expression at 

1W and 2W may be caused by the efficient translation of DAZL. The results of western 

blotting were also supported by immunostaining. Both total- and FLAG-DAZL 

expression was strongly observed in Dazl 3F; Flp ovaries (Fig. 6F and Fig. 7), whereas 

their expression levels in WT and Dazl 3F ovaries were comparable with those in Dazl 

cKO ovaries. Furthermore, strong DAZL expression was observed in all stages of 

follicular oocytes in Dazl 3F; Flp ovaries (Fig. 7). These data indicate that DAZL is 

post-transcriptionally suppressed in a 3′-UTR-dependent manner in follicular oocytes.  

 

Role of DAZL suppression in female reproduction 

To investigate the role of 3′-UTR-dependent DAZL suppression in female reproduction, 
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I crossed BAC transgenic females with WT males when female mice reached 6 weeks 

old. Each pair was kept in a breeding cage until female mice became 30 weeks old, and 

the number of pups delivered during this period was counted. I found that BAC 

transgenic females were fertile regardless of the presence or absence of the Dazl 3′-UTR 

(Fig. 8A). The number of total pups delivered by Dazl3F females (39.8±5.5, n=5) was 

slightly lower compared with that by control females (53.1±9.1, n=7). Interestingly, 

Dazl 3F; Flp females produced less than half the number of pups compared to control 

and Dazl3F females (18.6±11.3, n=5). Thus, these results suggest that DAZL 

overexpression results in litter size reduction. We next analyzed the number of 

deliveries and the number of pups in each delivery. The number of pups in each delivery 

was fewer in mutants than WT females but much clear difference was observed in Dazl 

3F; Flp mice (Fig. 8B). On the other hand, the number of deliveries was not 

significantly different among genotypes (Fig. 8C). In addition, there were no biases in 

sex ratio of delivered pups (Fig.8D). These results suggest that the reduced female 

fecundity was due to defects during follicular development, fertilization, or zygote 

development after fertilization, but not the shortened reproductive lifespan. 

 

Excess DAZL is deleterious for pre-implantation development 
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To determine the cause of the litter size reduction in the DAZL overexpressing females, 

I examined the development of oocytes, fertilization, and pre-implantation development. 

Histological analysis revealed that DAZL overexpressing ovaries did not have 

significantly different numbers of primordial, primary, secondary or antral follicles 

compared with WT ovaries (Fig. 9A and B). I next asked whether ovulation normally 

occurs by counting the number of ovulated one-cell embryos. However, the number was 

not significantly different among the genotypes (Fig. 9C). These data suggest that 

folliculogenesis and subsequent ovulation proceeds normally even in DAZL 

overexpressing females. Thus, to examine whether these ovulated eggs developed 

normally, I measured the proportion of blastocysts by flushing E3.5 embryos from 

oviducts. I cultured the collected embryos for a further two days and then counted the 

embryos to avoid the lower number only due to the different timing for fertilization (Fig. 

10A). I found that only 56.1% of embryos derived from Dazl 3F; Flp females 

developed into blastocysts, whereas more than 97.3 and 97.1% embryos derived from 

control and Dazl 3F females became blastocysts, respectively. The development of the 

remaining 43.9% of Dazl 3F; Flp embryos stopped at the 1-cell to morula stages. These 

observations were reproduced in 1-cell embryo culture experiments, in which 

development was strongly disrupted in embryos from Dazl 3F; Flp females (Fig. 10B). 
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Statistical analysis revealed that development was arrested during 1- to 4-cell and 8-cell 

to blastocyst stages in embryos from Dazl3F; Flp mother because number of survived 

embryos were significantly reduced compared to number of 1 cell embryos (Fig. 10C). 

Besides, the spindle morphology was normal in Dazl3F; Flp oocytes (Fig. 11). These 

results indicate that the reduction of pups in Dazl 3F; Flp females was due to defective 

pre-implantation development. As strong DAZL expression was observed in Dazl 3F; 

Flp until the MII oocyte stage but decreased in 1-cell embryos and was no longer 

detectable in 2-cell embryos (Fig. 12A, B and C), it is likely that the stronger expression 

of DAZL until MII oocytes causes the defect in pre-implantation development.   

 

Effect of DAZL overexpression on its target mRNAs 

As Dazl is implicated in translational promotion in mice, excess DAZL expression in 

Dazl 3F; Flp oocytes may abnormally induces protein expression of its target genes and 

may make deleterious effects for pre-implantation development. To test this possibility, 

I examined the mRNA and protein expression of a well-known DAZL target gene 

Tex19.1 in MII oocytes [26]. On the contrary to my speculation, the expression levels of 

Tex19.1 is reduced and the TEX19.1 protein expression did not show significant change 

in Dazl 3F; Flp oocytes (Fig. 13A and B). From this result, I speculated that the excess 
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DAZL may abnormally suppress its target RNAs because DAZL also work as a 

component of stress granules, cytoplasmic RNP granules involved in translational 

suppression or mRNA storage in the testis [27]. Thus, I investigated the mRNA 

expression of the other putative DAZL targets shown in previous study [20,28]. 

However, there were no significant expression changes among the genotype (Fig. 13C). 

Although more analysis is required, it is unlikely that excess TEX19.1 protein 

production which shown here is responsible for pre-implantation developmental defects.  
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5. Discussion 

In this study, I demonstrated that DAZL expression is post-transcriptionally suppressed 

in a 3′-UTR-dependent manner in postnatal oocytes. Although DAZL has been thought 

to function in postnatal oocytes, our data suggest that DAZL is not required for 

postnatal oocyte development. As support for this idea, analysis of conditional Dazl 

knockout mice revealed that DAZL is dispensable for postnatal oocyte development. 

Furthermore, excess DAZL expression results in litter size reduction. These data 

indicate that post-transcriptional suppression of Dazl plays a crucial role in normal 

female reproduction. 

 It was previously reported that DAZL was expressed in growing oocytes [16], 

but a later study stated that DAZL was not detectable in the postnatal ovary [22]. 

Therefore, it has been unclear whether DAZL plays a role in follicular oocytes. Our 

results answered this question; DAZL expression is suppressed in follicular oocytes and 

is dispensable for oogenesis after birth. Interestingly, this suppression coincides with the 

formation of primordial follicles. As Dazl mRNA was continuously expressed in 

oocytes regardless of developmental stages, it is likely that post-transcriptional gene 

regulatory mechanisms shift between cystic oocytes and follicular oocytes. Importantly, 

DAZL suppression requires its 3′-UTR, suggesting the presence of some mechanisms 
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regulating DAZL expression via recognizing the Dazl 3'-UTR sequence in postnatal 

oocytes. In many developmental processes, post-transcription is regulated by 

microRNAs and RNA-binding proteins [29]. However, it was reported that the function 

of microRNA is globally suppressed in oocytes and early embryonic development [30]. 

Thus, it is possible that Dazl expression is regulated by some RNA-binding proteins 

(RBPs). One possible candidate RBP for DAZL suppression is CPEB1, a mammalian 

ortholog of Xenopus CPEB. CPEB acts as both a translational activator and suppressor 

of its target mRNAs depending on its phosphorylation state [31,32]. CPEB1 is 

expressed in postnatal oocytes and promotes the translation of Dazl in MII oocytes[20], 

thus it may also suppress Dazl in follicular oocytes. Further expression and functional 

analyses, including those of the phosphorylation state of CPEB1 are required to address 

this question. 

 Our oocyte-specific Dazl KO females exhibited no ovarian developmental 

defect and the MII oocytes had no spindle abnormalities. Furthermore, the Dazl cKO 

females produced normal numbers of pups. These observations were inconsistent with 

Chen and colleague’s results that DAZL depletion in MII oocytes results in defective 

spindle formation in meiosis II [20]. One possible explanation for this contradiction is 

the method of gene depletion. I used the Cre-loxP system for Dazl cKO in vivo, whereas 



 

 

23 

 

Chen et al. used morpholino knock-down in MII oocytes. A recent zebrafish report 

found that approximately 80% of phenotypes induced by morpholino do not correlate 

with mutant phenotypes induced by ZFN, TALEN or CRISPER/Cas9; therefore, the 

above-mentioned knock-down phenotype may result from indirect effects [33]. 

Alternatively, it is possible that some system that compensates for DAZL function 

works in Dazl-cKO MII oocytes because a previous study reported that the activation of 

a compensation system rescued deleterious mutations, which was not observed after 

translational or transcriptional knockdown [34]. Further analysis is required to evaluate 

the contribution of RNA-binding proteins for the progression of meiosis II. 

 Introducing the BAC transgenic allele in the Dazl
+/+

 background reduced litter 

size even in the presence of the 3′-UTR (Fig. 8). As a previous study reported that Dazl

＋/−
 females produced more pups than Dazl＋

/＋ females [22], the slight reduction in litter 

size by our Dazl 3F mice may be attributed to the dosage effect of the Dazl gene. 

However, our histological and embryo culture experiments did not reveal any 

abnormalities in Dazl 3F mice. In addition, I was unable to observe obvious differences 

in resorption after implantation (data was not shown). One possible explanation is that 

insertion of the BAC transgene influences female reproduction.   

 Our results suggest that the suppression of Dazl translation in follicular oocytes 
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is required for producing the proper number of progenies. However, why excess DAZL 

expression causes defective pre-implantation development remains unclear. As DAZL 

has been implicated in the positive regulation of translation [14,35,36], it is possible that 

the observed defect may be due to abnormal translational promotion. However, our 

RT-qPCR and western blotting analyses failed to support the idea. Alternatively, it is 

also possible that excess DAZL abnormally suppresses its target RNAs because DAZL 

works as a component of stress granules, cytoplasmic RNP granules involved in 

translational suppression or mRNA storage, in the testis [27,37]. This might explain the 

Tex19.1 reduction in in Dazl 3F; Flp oocytes. Thus, downregulation of DAZL may be 

required for the promotion rather than suppression of some target translation. In any 

cases, further analysis is required for downstream event which caused pre-implantation 

defects in Dazl3F; Flp. 
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Chapter II: Analysis of pre-granulosa cell progenitor differentiation in primordial 

follicle formation 

 

6. Introduction 

Primordial follicle (PF) formation is the first important step of folliculogenesis. During 

fetal development, female germ cells proliferate with incomplete cytokinesis and 

constitute germline cysts, in which oocytes are connected each other via intercellular 

bridges (Fig. 14) [38,39]. From prenatal embryonic stage, germ cells start to separate 

each other and are finally enclosed by pre-granulosa cells, resulting in the formation of 

PFs around birth (Fig. 14) [40,41]. Afterward, some PFs start to grow and/or die while 

the others retain their dormant state, which regulates female reproductive life span 

[23,42]. As follicles develop, the pre-granulosa cells become cuboidal granulosa cells in 

the primary follicle and proliferate into multilayers in the secondary and antral follicles. 

If serious defects occurred in either oocytes or granulosa cells during the PF formation, 

female may become infertile.  

 To accomplish PF formation, reciprocal interactions between oocytes and 

granulosa cells must be required (Fig. 15). It is reported that RAC1 facilitates the 

nuclear import of STAT3 to activate the expression of Nobox in oocytes [43]. 

Up-regulated transcriptional factor NOBOX may further activate transcriptions of Jag1, 
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Gdf9 and Bmp15, which promotes pre-granulosa cell development, germline cysts 

breakdown, and PF formation [43]. Other than STAT3-dependent pathway, KIT and 

JNK signaling are involved in this step [44,45]. In addition, FIGLA, a germ cell-specific 

transcription factor regulating the expression of oocyte-specific genes, has been 

implicated in PF formation [46,47].  

In ovarian development, all granulosa cell lineages originate from GATA4+ 

cells (blue cell in Fig. 16). Some of them directly differentiate into FOXL2+ cells 

(magenta in Fig. 16) in early embryonic stage, which become medullary follicle and 

contribute to the follicle development in young adulthood (not focused on this study). 

The other cells that localize to cortical region marked by Lgr5 (green in Fig. 16) 

contribute to the primordial follicle formations, whereas a part of Lgr5+ cells 

differentiate into FOXL2+ during embryonic stage as a medullary follicle. The other 

Lgr5+ cells that contribute to primordial follicle formation finally differentiate into 

FOXL2+ cell (focused on this study). Therefore, it has been shown that Lgr5-positive 

cells are the major source of pre-granulosa cells.  

LGR5 is known to enhance the WNT/β-catenin signaling pathway, which may 

be pivotal for ovarian pre-granulosa cell differentiation and various morphogenetic 

processes [48,49]. Lgr5-positive cells (Fig. 14 shown as green cells) emerge from E13.5 
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and are distributed in the cortical region of ovary and ovarian surface epithelium in the 

late embryonic stage [50]. Around birth, Lgr5-positive cells locating in the cortical area 

differentiate into pre-granulosa cells marked by FOXL2 expression (Fig. 14 shown as 

magenta cells), which enclose single oocyte to form PF [50,51,52]. FOXL2 is a 

transcription factor crucially required for granulosa cell differentiation [53,54,55,56,57]. 

In the FOXL2 positive pre-granulosa cells, the NOTCH2 signaling pathway is activated 

by binding with oocyte-derived ligand protein JAG1 [47,58]. The activation of the 

NOTCH2 signaling pathway up-regulates downstream transcription factors, which are 

necessary for germ cell cyst breakdown and PF formation [59].  

To accomplish PF formation, differentiation of Lgr5-positive cells to 

Foxl2-positive pre-granulosa cells is one of fundamental event. However, it is still 

unclear what is the difference between Lgr5-positive progenitor and pre-granulose cells 

at molecular level and how germ cells contribute to the differentiation of pre-granulosa 

cells. To address these questions, I decided to perform transcriptome analysis of 

differentiating granulosa cells in a different time point along developmental timeline. I 

also analyzed transcriptomes of Lgr5-positive cells derived from two distinct mutant 

ovaries; Nanos3-KO lacking germ cells and Figla-KO exhibiting abnormal PF 

formation.  
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My transcriptome analyses revealed that the perinatal period from E17.5 to P1 

is a critical period for pre-granulosa cell differentiation, in which mutual interaction 

with germ cells are required. I also found that cell-autonomous program may exist for 

the initial development and maintenance of pre-granulosa progenitors. These results 

help the deep understanding of gene regulatory network in differentiating pre-granulosa 

cell during PF formation.  
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7. Result 

Isolation of Lgr5-positive pre-granulosa progenitors  

To investigate gene expression profile of pre-granulosa cells (hereafter we refer pre-G 

cells) during PF formation, it is required to isolate pre-G progenitors from perinatal 

ovaries. Recent study reported that Lgr5 was expressed in pre-G progenitors (Fig. 

17A)[51,60]. Thus, I took advantage of Lgr5-GFP-Ires-CreERT2 (Lgr5-GFP) mice to 

identify pre-G progenitors [61]. However, Lgr5 is also expressed in ovarian epithelial 

(OE) cells. To distinguish pre-G progenitor and epithelial cells, I developed a method to 

isolate only Lgr5-GFP-positive pre-G progenitor by using Mito tracker, an orange 

fluorescent dye, which labels mitochondria in living cells. By culturing perinatal ovaries 

from Lgr5-GFP mice with Mito tracker for a short time, I could label only OE cells as 

the dye does not penetrate inside of ovary (Fig. 17B). Then, Lgr5-GFP single-positive 

cells and Lgr5-GFP/Mito tracker double-positive cells were separately isolated by 

fluorescence-activated cell sorter (FACS) (Fig. 17C). I confirmed successful isolation of 

each population by direct fluorescence observation (Fig. 17D) and RT-qPCR using 

specific marker genes for germ cells (Mvh) and pre-granulosa cells (Foxl2) (Fig. 17E). 

Lgr5-GFP single positive cells exhibited stronger Foxl2 expression whereas both 

Lgr5-GFP single and Lgr5-GFP/Mitotracker double positive cells showed weaker 
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expression of Mvh, respectively (Fig. 17E). These results indicate that the method I 

developed works effectively for the isolation of pre-G progenitors.  

  

Gene expression profile of pre-G progenitors during PF formation 

I collected Lgr5-GFP single-positive cells from E17.5, P1, and P3 ovaries by FACS 

sorting (green square shown in Fig. 18A). Density plot analysis showed that signal 

intensities of Lgr5-GFP single-positive cells was gradually decreased as ovarian 

development proceeded (Fig. 18A). These observations are consistent with previous 

reports showing that Lgr5-positive cells differentiate to FOXL2-positive pre-G cells 

[50,51]. As previously reported, oocytes that were connected each other and surrounded 

by Lgr5-positive cells at E17.5 (we refer this structure as germ line cyst) were mostly 

separated each other and developed to PFs at P3 (Upper panel in Fig. 18A). I found that 

each oocyte was surrounded by Lgr5-weak positive cells at P3 ovaries (Upper panel in 

Fig. 18A). These data suggest that Lgr5-GFP single-positive cells collected from E17.5, 

P1 and P3 correspond to the pre-G lineage. I also collected Lgr5-GFP/Mitotracker 

double-positive cells (OE cells) from P1 ovaries for the comparison.  

 To examine gene expression changes in pre-G lineages involved in PF 

formation, I performed RNA-seq analyses for triplicated each sample. The clustering 
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analysis indicated that individual Lgr5-GFP single-positive samples (pre-G lineages) 

derived from each time point were closely associated except one P1 and P3 samples, 

and OE samples were clearly separated as an outgroup (Fig. 18B). To gain more insight 

into cell-type and developmental difference, I performed principal component analysis 

(PCA). I found that pre-G lineages and OE samples were separated in PC1 axis (Fig. 

18C), indicating that PC1 represents cell-type difference. Furthermore, pre-G lineages 

aligned with PC2 axis (Fig. 18C), indicating that PC2 represents developmental stages.  

Importantly, the distance between pre-G lineages were greatly separated 

between E17.5 to P1 in PC2 axis (Fig. 18C). Differential gene expression analysis 

revealed that 537 and 363 genes were up- and down-regulated, respectively between 

E17.5 to P1 (adjusted p-value < 0.01) (Fig. 19A blue dots, Table 1), whereas 39 and 46 

genes were up- and -down-regulated, respectively between P1 to P3 (adjusted p-value < 

0.01) (Fig. 19B blue dots, Table 2). Furthermore, the differentially expressed genes 

(DEGs) between E17.5 to P1 representing more than 2-fold changes (489 and 319 of 

up- and down- regulated genes, respectively, Table1) included Foxl2 as up-regulated 

and Lgr5 as down-regulated genes (Fig. 19A and B red dots, Fig. 19C). These data 

suggest that the time period between E17.5 to P1 is crucial in pre-granulosa cell 

differentiation.  
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To explore molecular or cellular events during PF formation, enrichment 

analysis of the DEGs was performed (Fig. 19D and E). I found that terms related to 

extracellular matrix and cell adhesion (extracellular matrix organization, cell-cell 

adhesion, cell-substrate adhesion, and laminin interactions and positive regulation of 

cell migration related genes) were included in the top of the list of the up-regulated 

DEGs (Fig. 19D, Table 3). As pre-granulosa cells become to attach to oocytes, genes 

involved in these terms may play important roles during PF formation. I also found that 

genes involved in signal transduction (transmembrane receptor protein tyrosine kinase 

signaling pathway including Igf1r, Notch signaling related factors Notch1, Notch2, 

Nrarp, Hey1, Heyl and TGF-β signaling mediator, Smad3) and a putative transcription 

factor, Dmrta1, were up-regulated. As some of these genes were reported to play roles 

in PF formation or folliculogenesis [62,63,64,65,66,67] (Fig.19D), our RNA-seq data 

provide reasonable candidate genes involved in PF formation.  

On the other hands, I found that results of enrichment analyses for the 

down-regulated genes between E17.5 to P1 contain “regulation of response to external 

signal” and “negative regulation of cell differentiation and proliferation” (Fig. 19E, 

Table 4). These results are consistent with the fact that Lgr5-positive progenitor cells do 

not actively proliferate [51]. Furthermore, down-regulated genes enrolled in GO term 
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“endocardial cushion development” include factors involving TGF-β signaling pathway 

(Bmp2, Fst, Id2, Id3, Nog, Acvr1c). One of TGF-β signaling antagonist, FST 

(Follistatin) is known to be expressed in both granulosa cell and germ cell at different 

timing. Previous study showed FST expressed in germ cells prevented germ cell cyst 

breakdown by suppressing somatic cell Notch signaling expression [37]. In addition, 

BMP2 enhances Fst expression in the downstream of WNT4 together with FOXL2 to 

suppress coelomic vessel formation, a feature of testis [68]. It is possible that these 

TGF-β signaling related genes may be involved in the maintenance of ovarian 

morphology. Besides, genes involved in the regulation of Wnt signaling pathway (Lgr5, 

Nog, Snai2, Wnt2b, Gprc5b, Cthrc1, Daam2, Scyl2, Caprin2 and Shisa6) were highly 

expressed in pre-G cells at E17.5. As one of pre-G cell marker, LGR5, facilitates 

Wnt/β-catenin signaling and RSPO1/WNT4/β-catenin signals act at multiple critical 

steps in bipotential gonad formation, such as granulosa cell differentiation and ovarian 

cortex formation in fetal ovaries [69,70,71], Wnt signaling may have a role in pre-G 

progenitor cells..  

To gain further insights into gene regulatory network during PF formation, I 

extracted transcription factors (TFs) from up- and down- regulated DEGs. Up-regulated 

DEGs contains Smad3, Foxl2, Mycl, Dmrta1, Hey1, Arnt2, Klf13 and Heyl, among 
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which Smad3, Foxl2, Dmrta1 are involved in folliculogenesis (Fig.20) [55,66,67]. 

Besides, TFs in down-regulated DEGs were Nr0b1, Bhlhe41, Snai2, Pbx3, Sp5, Zfp52, 

Id2, Rfx5, Id3, Tcf12, Sox11 and Zfp503 (Fig. 21). Notably, Nr0b1 and Snai2 are known 

to be important for male fertility, implying that down regulation of male differentiation 

gene occurred during PF formation [72,73,74]. Taken together, the transcriptome 

analyses identified the global gene expression changes putatively involved in 

differentiation and maintenance of pre-G lineages.  

 

Crosstalk between germ cell and pre-G lineages is required for pre-granulosa cell 

differentiation 

Interaction between germ cells and granulosa cells is required for PF formation. 

However, it is largely unknown how germ cells contribute to the pre-G differentiation 

during PF formation. To address this question, I examined the differentiation of pre-G 

lineages in two types of germ cell defective mutants, Nanos3-KO and Figla-KO. 

Nanos3-KO causes complete germ cell loss in embryonic gonads before E13.5 [75], 

whereas Figla-KO causes germ cell death within few days after birth due to the 

defective cyst breakdown [46].  

  First, I investigated Nanos3-KO ovaries to ask whether pre-granulosa cell 
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progenitors exist even in the absence of germ cells. Interestingly, Lgr5-positive cells 

were observed in both OE cells and cortical region of the ovary even in Nanos3-KO 

ovaries like the intact ovary at E16.5, indicating that the appearance of Lgr5-positive 

cells is independent of germ cells (Fig. 22A). Consistently, Lgr5-positive cells were 

observed normally in Figla-KO ovaries. Next, I asked whether pre-G differentiation is 

affected in these mutants after birth. Strong Lgr5 expression was restricted in ovarian 

epithelial cells in P1 ovaries and most of Lgr5-positive pre-G progenitors already 

started to differentiate to FOXL2-positive cells after P4 in the control. On the other 

hand, Lgr5-strong-positive cells were retained in cortical region in both Nanos3-KO at 

1W and Figla-KO at P4 (Fig. 22A and B). Though Lgr5-positive pre-G cells in 

Figla-KO differentiated into FOXL2-positive cells by 7 days after birth (1W in Fig. 

22B), those cells were retained longer in the Nanos3-KO (Fig. 22A right panel) 

although they also finally differentiated to FOXL2-positive cells by 2W (Fig. 22A). 

These results suggest that pre-G cell differentiation was delayed in both mutants. In 

addition, the timing of pre-G cell differentiation is influenced not only by the presence 

of germ cells but also by the developmental progression of oocytes. Figure 22C 

summarized the results. My data suggest that proper pre-G cell development requires 

crosstalk with germ cells. Furthermore, as pre-G progenitors finally differentiate into 
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FOXL2 positive cells even in the absence of germ cells, it is likely that both germ 

cell-dependent and -independent mechanisms for pre-granulosa cell differentiation exist 

in the ovary. 

 

Classification of pre-granulosa cell differentiation related gene as germ 

cell-dependent and -independent candidates 

From the investigation of germ cell defective mutants, I expected that the appearance of 

Lgr5-positive pre-G progenitor is independent of germ cells but its differentiation 

timing is largely dependent not only on presence of germ cells but also on their 

differentiation because Lgr5-GFP expression was prolonged even in Figla knockout 

ovaries. To explore genes possibly influenced by the germ cells during PF formation, I 

performed transcriptome analysis of pre-G lineage in Nanos3-KO and Figla-KO at P3 

and compared with those from control ovaries. In the PCA analysis, PC1 represents 

developmental stages of pre-G cells (Fig. 23A). Interestingly, Figla- and Nanos3-KO 

data were plotted close to those of control at E17.5, which was consistent with the 

prolonged expression of Lgr5-GFP in Figla- and Nanos3-KO ovaries shown in Fig. 22. 

These data indicate that Lgr5-positive cells in both mutants retained undifferentiated 

states. Besides, Nanos3-KO appeared to retain more undifferentiated state than Figla 
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KO as Nanos3-KO data were plotted more right side along PC1 (Fig. 23A).  

 Based on these results, I hypothesized that genes increasing from E17.5 to P1 

in the wildtype and decreasing in the germ cell defective mutants contain the genes 

involving differentiation of PF. As mutant pre-G cells retain more immature state similar 

to those in E17.5 wildtype (Fig23A), transcriptome data from mutants were compared 

to those from P1 wildtype to extract genes affected by germ cell defects. The strategy 

for the extraction of candidate genes was summarized in Figure 23B. I compared the 

DEG obtained from the comparison between P1 vs E17.5 of the control embryos (① in 

Fig. 23B) to DEGs obtained from the comparison between P3 Figla- or Nanos3-KO vs 

P1 control (②and ③ in Fig. 23B, Table 5 and 6). Venn diagram in Fig. 23B right side 

and 24A showed the overlaps between genes up-regulated in P1 in wildtype (I in Fig. 

23B) and down-regulated genes in P3 germ cell defective mutants (down regulated 

genes in ② and ③ in Fig. 23B). The overlapped 266 genes were the genes whose 

expression was up-regulated from E17.5 to P3 in wildtype but their expression was not 

increased in germ cell defective mutant. I classified the 266 genes as germ 

cell-dependent genes (III in Fig. 23B). On the other hands, non-overlapped 117 genes 

were classified as germ cell-independent genes because their expression was not 

influenced in germ cell defective mutants (IV in Fig. 23B). To explore the molecular or 
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cellular events associated with germ cell-dependent and -independent pathway, I 

performed enrichment analysis for the extracted DEGs (Fig. 24B and C, Table 7 and 8). 

The terms enriched in germ cell-dependent genes contained extracellular matrix 

organization, regulation of cell adhesion, and cell-cell adhesion, regulation of epithelial 

cell proliferation, and cell division (Fig. 24B), suggesting that germ cell development 

affects cell adhesion, motility, and proliferation in pre-G progenitors for PF formation. 

In addition, these 266 genes contained important genes for follicle formation (Notch 

related genes, Dmrta1, and Smad3).  

On the other hands, enrichment analysis for germ cell-independent genes 

contained terms related to negative regulation of apoptosis (“regulation of mitochondrial 

outer membrane permeabilization involved in negative regulation of apoptotic signaling 

pathway” and “apoptotic signaling pathway”), suggesting that survival of pre-G 

progenitor is regulated by a germ cell-independent manner (Fig. 24C). Moreover, terms 

related to cell-cell adhesion, cell-matrix adhesion and focal adhesion were also enriched. 

Thus, adhesive properties between germ cells and pre-G progenitor may be controlled 

by both germ cell-dependent and -independent pathways.  

I also classified TFs shown in Fig. 20 based on the germ cell dependency. I 

found that Heyl, Arnt2, Hey1, Mycl, Smad3, Dmrta1 were classified as germ 
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cell-dependent and Klf13 were classified as germ cell-independent factors (Fig. 25). 

However, Klf13 expression level in P3 control is strongly higher than that of germ cell 

defective mutant, suggesting that Klf13 is up-regulated in a germ cell dependent 

pathway after P1 stage. Taken together, these results suggest that germ cell have crucial 

role in gene regulatory network of differentiating pre-G cells. 

 

Classification of pre-granulosa progenitor related gene as germ cell-dependent or 

independent candidates 

Conversely, I hypothesized that genes down-regulated in the normal PF development 

but retained higher expression in the germ cell defective mutants play important roles in 

pre-G progenitors. I expected that these genes must be repressed after birth mainly 

depending on germ cell status, as germ cell defective mutants maintained Lgr5-positive 

pre-G cells longer than wildtype. Venn diagram in Fig. 23B right side and Fig. 26A 

showed the overlap between genes down-regulated in the control P1 (II in Fig. 23B) and 

up-regulated genes in germ cell defective mutants (up regulated genes in ② and ③ in 

Fig. 23B). The overlapped 133 genes were regarded as reliable germ cell-dependent 

genes (V in Fig. 23B). On the other hands, non-overlapped 111 genes were regarded as 

germ cell-independent genes (VI in Fig. 23B).  
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Enrichment analysis for germ cell-dependent genes contained terms for 

“response to hormone”, “regulation of hormone levels”, “hormone-mediated signaling 

pathway”, suggesting that hormonal regulation mediated by oocytes are involved in 

retaining the feature of pre-G progenitors (Fig. 26B, Table 9). In addition, I found that 

genes involved in Wnt signaling pathway (Bmp2, Lgr5, Grk5, Tiam1, Gprc5b, Cthrc1, 

Daam2, Cela1, Scyl2, Shisa6) were included in this category. Therefore, Wnt signaling 

pathway genes including Lgr5 are regulated in a germ cell-dependent manner, which is 

consistent with the fact that Lgr5 expression was maintained in the germ cell defective 

mutants but not in the wild-type (1W in Fig. 22A and P4 in Fig. 22B). Furthermore, 

consistent with the negative regulation of cell proliferation in Lgr5-positive cells, 

Cyclin Dependent Kinase Inhibitor 1C (Cdkn1c), a cell proliferation inhibitor, was 

enriched in Lgr5-positive cells. 

Meanwhile, enrichment analysis for 111 germ cell-independent candidates 

included “alpha-amino acid metabolic processes” and “vitamin metabolic process” (Fig. 

26C, Table 10). It suggests that genes involved in the metabolism process required for 

survival of the cells could be expressed in a germ cell-independent manner. Besides, 

germ cell-independent candidates contain Fst, one of TGF-β antagonist and putative 

candidate gene involved in pre-G progenitor maintenance.  
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Moreover, TFs shown in Fig. 21 were classified based on the germ-cell 

dependency. Nr0b1, Bhlhe41, Sp5, Id2, Zfp503 were categorized as germ cell-dependent 

and Snai2, Pbx3, Rfx5, Tcf12, Sox11 were germ cell-independent factors. However, 

some of germ cell-independent TFs showed higher expression levels in both mutants 

than that of P3 control, implying that these genes expression were affected by germ cell 

(Fig. 27). These results suggest not only germ cell-dependent but also germ cell 

-independent pathways contribute to gene regulatory network in pre-G progenitor. 

 

Pre-G differentiation genes influenced by germ cells in the embryonic stage  

In addition to overlapped genes III and V in Fig.23B as germ cell-dependent candidates, 

genes which enclosed in red and blue line of Fig. 28A and B are also germ 

cell-dependent candidates, but only in the embryonic stage, because those gene 

expressions were only influenced by Nanos3-KO but not in Figla-KO ovaries. The 

up-regulated 96 genes contain female-type sex-differentiation genes such as Bmp4, Esr2, 

Foxl2 and Nupr1, MAPK cascade and positive regulation of ERK1/ERK2 cascade, 

Igf1r and Notch2, implying that these pathways were regulated in a germ cell-dependent 

mechanism in the embryonic stage (Fig. 28C, Table 11). 

 On the other hands, 65 down regulated genes were up-regulated only in 
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Nanos3-KO (Fig. 28B). Enrichment analysis for 65 genes showed metabolism related 

terms (“Biosynthesis of amino acids”, “small molecule biosynthetic process”, 

“Metabolism of carbohydrates”) (Fig.28D and Table 12). It suggests that germ cells may 

provide some cue to influence metabolic status of Lgr5-positive cells. 
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8. Discussion  

Although PF formation is a fundamental event for folliculogenesis, gene expression 

changes associating with PF formation is poorly understood. Utilizing Lgr5-EGFP mice 

with Mito tracker, I succeeded to develop a method to isolate granulosa cell precursors 

during PF formation. As far as I know, this is the first report on transcriptome analyses 

of differentiating pre-G lineage. By combining with data obtained from germ cell 

defective mutants, I also demonstrated a significant contribution of germ cells in 

regulating PF formation.  

  The most significant changes I noticed during PF formation was 

down-regulation of Wnt and TGF-βsignaling related genes, and up-regulation of Notch 

and PI3K signaling pathway genes and TFs known to be involved in folliculogenesis 

(Dmrta1, Smad3) (Fig. 29). In addition, previous studies suggested that Wnt signaling 

inhibits FSH target genes and steroid production associated with maturation and 

differentiation of rat ovarian follicles [76], while FSH is also implicated in promoting 

cyst breakdown and PF formation in mouse organ culture study [77], implying that Wnt 

signaling related genes in my data may have a role in retaining pre-G cells by 

suppressing FSH related pathways. Therefore, I expect that Wnt signaling related 

factors are major regulators required for protecting germ line cyst from the cyst 
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breakdown. Though Wnt signaling factors were classified as germ cell-dependent, I 

think that germ line cyst may be retained via both internal and external signals because 

Lgr5 positive cells were emerged in germ cell less mutants.  

Other than PF formation promoting genes, the up-regulated genes include 

important genes for follicle development such as Smad3 and Igf1r. IGF1R recruits the 

Ras/MAPK and phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathways [78] 

and also is known to have the cross-talk with the EGFR pathway [79]. As factors 

included in PI3K and EGFR pathway were contained in my list, it is possible that these 

signaling pathways also have roles in PF formation in the downstream of IGF1R. 

Besides, the number of germ cell-dependent genes was approximately twice in 

up-regulated gene during PF formation than that of germ cell-independent ones, 

supporting the idea that differentiation of pre-G is strongly affected by the interaction 

with germ cells.  

To investigate transcriptional regulatory network in pre-G progenitor 

differentiation, I extracted TFs from up- and down-regulated DEGs in wildtype which 

contains well known factor for PF formation and folliculogenesis (Notch 

signaling-related genes, Dmrta1, Foxl2, Smad3). Other than these factors, I found TFs, 

Arnt2 and Mycl as up-regulated genes and Id2, Id3, Nr0bi, Sp5 and Pbx3 as 
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down-regulate genes. Among them, Mycl and Sp5 knockout mice are known to be 

viable and fertile though the detailed function in the ovary is unknown. DNA-binding 

protein inhibitors, Id2 and Id3, are targets of TGF-β signaling [80], suggesting that 

TGF-β signaling works in pre-G progenitor cells. In addition, down regulation of Nr0b1 

is shown to be important for male gonad development, suggesting that this male 

pathway related regulator may be suppressed during female somatic cell differentiation. 

According to the Mouse Genome Informatics (MGI, http://www.informatics.jax.org/) 

data, Pbx3 heterozygous mutant shows ovarian defect. I expect that Pbx3 might involve 

in the appearance or the maintenance of pre-G progenitor cells to allow functional ovary 

development in a germ cell-independent pathway.  

 In early embryonic ovaries, GATA4 positive cells are precursors for all 

granulosa cell lineages and differentiate to FOXL2 and Lgr5-positive cells which 

become localized in medullary and cortical region, respectively (Fig. 29) [49]. Some 

Lgr5-FOXL2-double positive cells exist at the medullar region during embryonic stage, 

indicating that parts of FOXL2-positive cells are derived from Lgr5-positive cells as 

shown previously [50,51]. I found that Lgr5-positive pre-G progenitors in cortical 

region emerged even in the absence of the germ cells. Therefore, I speculate that 

Lgr5-positive cells can be separated into two cell groups based on their developmental 
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fates; one can differentiate to FOXL2-positive cells in the embryonic stage, which is 

germ cell-independent, while others maintain Lgr-5 expression until PF formation and 

finally differentiate to FOXL2-positive cell after birth, which process must be germ 

cell-dependent. My transcriptome analyses using mutant ovaries identified possible 

candidate genes involved in each process. I indicated that Wnt signaling may involve in 

pre-G progenitor in a germ cell-dependent pathway, but it is still largely unknown how 

Wnt signaling works besides the fact that WNT4 have a role in maintaining E-cadherin 

junctions between oocytes inside cyst [45]. Although I mainly focused on Lgr5-positive 

cells, LGR5 function during PF formation is still unknown, because Lgr5-KO causes 

neonatal lethality [81]. For further analysis, I like to identify pre-G progenitor-specific 

genes to use as markers and to create specific Cre-expressing mouse lines. As 

candidates, I extracted 55 genes including Lgr5 among 171 down regulated genes by 

removing contaminating germ cell genes and genes showing lower expression level 

(Table 13). I expect that those contain genes not only useful as the pre-G marker but 

also have important roles in the maintenance of pre-G progenitor because these genes 

expression is decreased during PF formation.  

 In conclusion, my transcriptome data unveiled up- and down-regulated genes 

during PF formation. Furthermore, these genes were classified into germ cell-dependent 
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and -independent candidates, which will help further analyses to uncover gene 

regulatory networks between somatic cells and germ cells. As defective formation of 

PFs cause germ cell death or multiple oocyte follicles, my data will provide useful 

resources for revealing the cause of female infertility.  
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9. Material and Methods of Chapter I 

Ethics Statement 

All mouse experiments were approved by the Animal Experimentation Committee at the 

National Institute of Genetics (approval number 30-5) and Yokohama National 

University (approval number 2017-09) and conducted under the Regulations for Animal 

Experiments at the National Institute of Genetics, Research Organization of Information 

and Systems and the guideline at Yokohama National University. 

 

Mice 

Mice were housed in a specific-pathogen-free animal care facility at the National 

Institute of Genetics (NIG). All experiments were approved by the NIG Institutional 

Animal Care and Use Committee and the animal experimental committee at Yokohama 

National University. The genetic background of mice used in this study was C57BL/6N 

(Clea Japan), except in the DAZL expression analysis and conditional Dazl knockout 

mice (mixed genetic background of ICR and C57BL/6N). The BAC-carrying transgenic 

mouse line was generated in a previous study [25]. The BAC transgenic mice were 

backcrossed with C57BL/6N at least 3 times. Dazl flox mice were generated from an ES 

cell line produced by the Knock Out Mouse Project (KOMP, Dazl
tm2a (KOMP) Wtsi

).  
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Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 

Total RNAs were isolated from whole gonads of wild-type and BAC transgenic mice at 

each stage by RNeasy Mini Kit (Qiagen). One hundred ng (1W to 5W) and 40 ng 

(E12.5 to P0) of total RNA were used for cDNA synthesis using Prime Script RT 

Reagent Kits with gDNA Erase according to the manufacturer’s protocol (Takara). Real 

time PCR was performed with KAPA SYBR FAST qPCR kits using a thermal cycle 

dice real time system (Takara). The obtained data was normalized by Mvh or Hprt. 

The following primers were used for PCR amplification: 

Dazl 

Forward: 5′−CACGCCTCAGTGACTCGGCGAC−3’ 

Reverse: 5′−CGAAGCATACAGACAGTGGTC−3’ 

Mvh 

Forward: 5′−GTTGAAGTATCTGGACATGATGCAC−3’ 

Reverse: 5′−CGAGTTGGTGCTACAATAATACACTC−3’ 

G3pdh 

Forward: 5′−ACCACAGTCCATGCCATCAC−3’ 

Reverse: 5′−TCCACCACCCTGTTGCTGTA−3’ 

FLAG tagged Dazl 
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Forward: 5′−CACGCCTCAGTGACTCGGCGAC−3’ 

Reverse: 5′−CACCGTCATGGTCTTGTAGTC−3’ 

Dazl cKO 

Forward: 5′−GACTTACATGCAGCCTCCAACCATG−3’ 

Reverse: 5′−AACAGGCAGCTGATATCCAGTGATG−3’ 

Tex19.1 

Forward: 5′−AAAATGGGCCACCCACATCTC−3’ 

Forward: 5′−CCACTGGCCCTTGGACCAGAC−3’ 

Tpx2 

Forward: 5′−CATCAAAGATGAGGAAGAGGA−3’ 

Forward: 5′−GGGTATCAAAGGAGAACGG−3’ 

Cdc20 

Forward: 5′−TACAGTCAGAAAGCCACGC−3’ 

Forward: 5′−AGATTCAGGTAGTAGTCATTCCG−3’ 

Bub1b 

Forward: 5′−TTACAACCTCTTGACAATCGTG−3’ 

Forward: 5′−GTCGTGGATTCTGTTTCGT−3’ 

Suz12 
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Forward: 5′−AACTATTGCTGTTAAGGAGACG−3’ 

Forward: 5′− CTGGCTTCTGTCTGTTGTC−3’ 

Arid1a 

Forward: 5′−TCCCAGCAAACTGCCTATTC−3’ 

Forward: 5′− CATATCTTCTTGCCCTCCCTTAC−3’ 

Hprt 

Forward: 5′− TCGAAGTGTTGGATACAGGCCAG−3’ 

Forward: 5′− TCAACTTGCGCTCATCTTAGGC−3’ 

 

Western blotting 

Ovaries were lysed in RIPA buffer (50 mM Tris-HCl (pH8.0), 150 mM NaCl, 0.5% 

Sodium deoxycholate, 0.1% Sodium dodecyl sulfate, 1% NP-40) and sonicated. After 

removing the debris by centrifugation, lysates were dissolved in 2xSDS sample buffer, 

and heated. MII oocytes and 1-cell zygotes were lysed in 10μl 2xSDS sample buffer. 

Each sample was applied to gels for SDS-PAGE and transferred to nitrocellulose 

membranes. The membranes were blocked in 5% skim-milk in TBST (50mM Tris-HCl 

(pH7.5), 150mM NaCl, 0.1% Tween-20) for 1 hour at room temperature (RT). 

Membranes were incubated with primary antibodies (Abcam, rabbit anti-DAZL 
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antibody, 1:2000 for ovarian sample or 1:500 for MII, 1-cell and 2-cell zygote / Abcam, 

rabbit anti-DDX4 antibody, 1:1000/Santa Cruz, mouse anti-βactin, 1:2000/Sigma, 

anti-FLAG antibody,1:2000/ Given from Jeremy Wang, rabbit anti-TEX19.1, 1:500) 

diluted in 3% skim-milk in TBST or Can Get Signal immunoreaction Enhancer Solution 

(TOYOBO) overnight at 4
o
C. After washing the membranes with TBST, membranes 

were incubated with anti-rabbit HRP-conjugated secondary antibody (Cell signaling, 

1:5000) and anti-mouse HRP-conjugated secondary antibody (Cell signaling, 1:5000) in 

TBST or Can Get Signal immunoreaction Enhancer Solution, respectively, at RT for 90 

min. The signals were detected by Super Signal West Femto Maximum Sensitivity 

Substrate (Thermo Scientific) and AE-9300H EZ-CAPTURE MG (ATTO). Western 

blotting results were quantified by Gel Analysis with ImageJ software. 

 

Immunostaining for paraffin embedded samples 

Ovaries were fixed in 4% PFA (paraformaldehyde) at 4
o
C overnight and embedded in 

paraffin wax. Each sample was sliced at 6-μm thickness and placed on glass slides. 

After removing the paraffin wax and autoclaving in antigen unmasking solution/high 

pH (Vector Laboratories), glass slides were washed in PBST (PBS, 0.1%Tween-20) and 

pre-incubated in 3% skim milk in PBST blocking solution at RT for 1 hour. The slides 
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were reacted with primary antibodies (Anti-DAZL antibody, Abcam, 1:200 / 

Anti-FOXL2 antibody, Abcam, 1:200/ Anti-FLAG antibody, SIGMA, 1:10000) at 4
o
C 

overnight. Then, slides were washed with PBST and incubated with second antibodies 

(Alexa 488 Donkey anti-Rabbit, Life technologies, 1:1000 /Alexa 594 Donkey 

anti-Mouse, Life technologies, 1:1000/Alexa 594 Donkey anti-Goat, Life technologies, 

1:1000 / Cy5 Donkey anti-goat, Rockland, 1:1000) at RT for 60 min. DNA was 

counter-stained with DAPI, and fluorescent images were obtained using confocal 

microscopy FV1200 (Olympus). 

 

Immunostaining for frozen samples 

Ovaries were fixed with 4% PFA (paraformaldehyde) at 4
o
C overnight, which was then 

graded to 30% sucrose, and ovaries were then embedded in O.C.T compound (Sakura 

Fine tek). Each sample was sliced at 6-μm thickness. After removing the O.C.T 

compound, slides were incubated with 3% skim milk in PBST (PBS, 0.1% Tween-20) 

for 1 hour. Primary antibody reactions were performed with the following dilutions 

(Anti-DAZL antibody, Abcam, 1:200 / Anti-FOXL2 antibody, Abcam, 1:200) at 4
o
C 

overnight. After washing with PBST, secondary antibody reaction was performed with 

the following dilutions (Alexa 488 Donkey anti-Rabbit, Life technologies, 1:400 /Alexa 
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594 Donkey anti-Goat, Life technologies, 1:400) at RT for 90 min. Slides then were 

counter-stained by DAPI at RT for 15 min. Fluorescent images were obtained by 

confocal microscopy FV1200 (Olympus). 

 

Immunostaining of MII oocytes 

MII oocytes were fixed with MeOH at -20
o
C for 3 minutes, washed with PBS-TX 

(0.1%TritonX, PBS), and were then incubated with blocking solution (3%BSA, 

0.1%TritonX, PBS) at 4
 o

C for 3 hours. Primary antibody reactions were performed with 

the following dilutions (Anti- -tubulin antibody, Sigma, 1:1000) at 4
o
C overnight. 

After washing with PBS-TX, secondary antibody reaction was performed with the 

following dilutions (Alexa 488 Donkey anti-Rabbit, Life technologies, 1:1000) and 

DAPI at RT for 60 min. Then, oocytes were washed with PBS-TX. Fluorescent images 

were obtained using confocal microscopy FV1200 (Olympus). 

 

Histological analysis 

Histological analysis was carried out by PAS (Periodic acid-Schiff) staining according 

to the standard protocol. Briefly, ovaries were fixed in Bouin solution, embedded in 

paraffin wax, and sliced at 6-μm thickness. The sections were submerged in xylene, 
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100%, 90%, 70% ethanol, and distilled water at RT, and stained with PAS solution. 

Ovarian images were obtained with an inverted microscope BX 51 and 61(Olympus). 

Follicle stages were counted on every 5 sections. 

 

Litter size investigation  

Dazl
+/+

, Dazl 3F, and Dazl 3F;Flp females at 6 weeks old were crossed with C57BL/6N 

males, and kept together until female mice reached 30 weeks old. The number of pups 

and deliveries was recorded. Pups were removed after counting the number and sex. 

Females that killed their pups were excluded from the analysis. 

 

Collection of MII oocytes, 1-cell, 2-cell embryos 

To obtain MII, 1-cell and 2-cell oocytes for western blotting, female mice were injected 

with PMSG (ASKA Pharmaceutical). Forty-eight hours after PMSG injection, mice 

were stimulated with hCG (ASKA Pharmaceutical) for 14 h and MII oocytes were 

collected. To obtain western blotting samples of 1-cell and 2-cell embryos, each female 

was crossed with a WT male after hCG injection. Eggs with obvious abnormalities were 

removed from experiments.  
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Ovulation number and survival rate analysis 

One-cell embryos for investigation of ovulation number and pre-implantation 

development investigation were obtained from the ampulla of pregnant females at E0.5. 

Obtained 1 cell embryos were cultured in KSOM medium (Ark resource) and checked 

survival rate at each stage. Blastocysts for examining progression of early embryonic 

development were obtained by flushing oviducts at E3.5. Collected blastocysts were 

cultured for two days in KSOM medium because some of embryos delayed its 

development depends on fertilization timing.  

 

Statistical analysis 

Significance was assessed by the Student’s t-test for differences between two samples. 

For quantitative analyses among multiple samples, significance was assessed using 

one-way ANOVA followed by Tukey HSD (Honest Significant Difference) test. 

Asterisks in figures indicate significance: *P < 0.05, **P < 0.005. 
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10. Material and Methods of Chapter II] 

Mice 

Mice were housed in a specific-pathogen-free animal care facility at the National 

Institute of Genetics (NIG). All experiments were approved by the NIG Institutional 

Animal Care. Lgr5-GFP mouse line was kindly provided from Dr. T. Sato’s group in 

Keio University. Nanos3-KO mouse line was established in our lab [75]. Figla-KO 

mouse line was established in our laboratory by using CRIPR/Cas9 and the phenotypes 

were confirmed to be similar to those of previously reported Figla-KO mice [46]. 

 

Immunostaining for ovaries 

Ovaries were fixed with 4% PFA (paraformaldehyde) at 4℃ overnight, which was then 

graded to 30% sucrose, and ovaries were then embedded in O.C.T compound (Sakura 

Fine tek). Each sample was sliced at 6-μm thickness. After removing O.C.T compound, 

slides were autoclaved with Target Retrieval Solution (TRS) (Dako) to antigen retrieval 

and cooling. Then slides were pre-incubated in 3% skim milk in PBST blocking 

solution at RT for 1 hour. Primary antibody reaction was performed with the following 

dilutions (Anti-GFP antibody, Aves Labs, 1:400 / Anti-MVH antibody, abcam, 1:200/ 

Anti-FOXL2 antibody, abcam, 1:200) at 4℃ overnight. After washing with PBST, 
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secondary antibody reaction was performed with the following dilutions (Alexa 594 

Donkey anti-Rabbit, Life technologies, 1:1000/ Alexa 488 Donkey anti-chick, Jackson 

ImmunoResearch, 1:1000/ Cy5 Donkey anti-Goat, Rockland, 1:1000) at RT for 60 min. 

After washing with PBST, Slides were counter-stained by DAPI at RT for 15 min. 

Fluorescent images were obtained by confocal microscopy FV1200 (Olympus). 

 

Mitotracker treatment and whole mount observation of Mitotracker treated ovary 

Ovaries were treated with Mito Tracker Orange (ThermoFisher) which was diluted in 

culture medium to a final concentration of 1 μM for 5min and washed them with PBS 

5min three times. Whole mount investigation of treated ovary was performed by 

multi-photon microscope, Zeiss LSM7MP (Zeiss). 

 

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)  

Total RNAs were isolated from sorted Lgr5-EGFP or Lgr5-EGFP/ Mitotracker positive 

cells prepared from Lgr5-EGFP ovaries at P1 by RNeasy Mini Kit (Qiagen). Total 

RNAs were used for cDNA synthesis using Prime Script RT Reagent Kits with gDNA 

Erase according to the manufacturer’s protocol (Takara). Real-time PCR was performed 

with KAPA SYBR FAST qPCR kits using a thermal cycle dice real time system 
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(Takara). The obtained data was normalized by Hprt. 

The following primers were used for PCR amplification: 

Hprt 

Forward: 5′− TCGAAGTGTTGGATACAGGCCAG−3’ 

Forward: 5′− TCAACTTGCGCTCATCTTAGGC−3’ 

Mvh 

Forward: 5′−GTTGAAGTATCTGGACATGATGCAC−3’ 

Reverse: 5′−CGAGTTGGTGCTACAATAATACACTC−3’ 

K8 

Forward: 5′− TGGAAGGACTGACCGACGAGAT −3’ 

Reverse: 5′− GGCACGAACTTCAGCGATGATG −3’ 

Foxl2 

Forward: 5′− GCCTCAACGAGTGCTTCATCAAGGT −3’ 

Reverse: 5′− AGTTGTTGAGGAACCCCGATTGCAG−3’ 

 

Oocyte labeling and RNA-seq sample collection 

Genotyping was performed for each sample before dissection. Gonads used for 

RNA-seq analyses were treated by Mito Tracker Orange (ThermoFisher) for 5min to 
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stain most outer layer of the gonads. Next, gonads were treated by collagenase for 10 

min at 37℃ and followed by trypsin treatment for 10 min at 37℃. Then, same amount 

of FBS containing medium were added for each sample to stop enzyme reaction. After 

pipetting to disperse the gonads and dispersed cells were collected by centrifugation. 

These cells were sorted by Desktop cell sorter (JSAN). After removing supernatant, 

samples were stored at -80℃ until enough samples for RNA-seq were collected. 

 

Preparation of RNA for RNAseq 

Total RNA was extracted from sorted somatic cells by using RNeasy Micro kit (Qiagen). 

Then, amplification of total RNA was performed by Target Amp 1-Round aRNA 

Amplification Kit103 (epicentre). These amplified samples were utilized for making 

library of RNA-seq using KAPA Stranded mRNA-Seq Kit Illmina platform (KAPA) and 

barcoded with DNA adapters using KAPA single-indexed adaptor kit (KAPA). I used 

AMpure XP (Beckman coulter) to cleanup synthesized library. Quality check of library 

was performed by using Agilent DNA1000 Kit (Agilent). The libraries were sequenced 

pair end 100 on an illumine Hiseq2500 (illumina).  

 

Bioinformatic Analysis of RNA-Seq 
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For pre-processing, quality control (QC) of raw paired end reads was performed in 

3step to trim/remove poor quality sequences or technical sequences like adapters. In 

step1, reads were trimmed poly-A/T tails and filter out sequence shorter than 36 nt by 

PRINSEQ-lite (v0.20.4) with parameters "-out_format 3 -trim_tail_right 5 -ns_max_p 

20 -min_len 36"[82]. In Step2, removing adapters and other Illumina-specific sequences 

from the reads by step1, and, for performing a sliding-window based trimming of low 

quality bases from each read were performed by using TrimmomaticPE (trimmomatic 

v0.38) with parameters "-threads 14 -phred33 

ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:1:TRUE LEADING:3 TRAILING:3 

SLIDINGWINDOW:4:15 MINLEN:36"[83]. In Step3, process same as step1 was 

performed to trim the remaining poly-A/T tails and filtered out sequences shorter than 

36 nt. Before each of the above steps, QC of reads was performed using FastQC 

(v0.11.7) (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). 

A fasta file contains adapter sequences (TruSeq3-PE-2.fa) were downloaded from 

trimmomatic/adapters page of github 

(https://github.com/timflutre/trimmomatic/tree/master/adapters). After QC, Reads were 

mapped to the mouse reference genome (mm9) by using HISAT2 (v2.1.0) with 

parameters "-p 4 -q --dta --no-discordant --no-mixed" [84]. By this mapping, properly 

https://github.com/timflutre/trimmomatic/tree/master/adapters
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paired reads were output to sam format file. Uniquely mapped reads were selected and 

the sam format file were converted into bam format file using SAMtools (version 1.7) 

"view" command with parameters "-@ 6 -q 4 -b" [85]. The obtained bam files were 

sorted by genomic coordinates using the SAMtools "sort" command. Detection of 

differentially expressed genes and statistical analysis were performed by using the R 

Bioconductor/DESeq2 package (www.bioconductor.org) [86]. Principal component 

analysis was performed using plot PCA function in DEseq2. Heatmap of sample to 

sample distance were represented by RColorBrewer and pheatmap for data I obtained. 

DEGs were cut off by criteria log2 (fold change) > 1 or <-1 and adjusted p value < 0.01. 

Mouse TFs information was obtained from AnimalTFDB [87]. TFs in DEGs were cut 

off by criteria base mean >1000. Venn diagram was made by using BioVenn 

[88].Enrichment analysis was performed by Metascape (http://metascape.org) [89].  

  

http://www.bioconductor.org/
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11. Table Legends (only attached in electric file) 

Table 1. DEGs from E17.5 to P1 stage of pre-G progenitor cells 

This table contains genes which represent padj <0.01 in RNA seq analysis between P1 

vs E17.5 pre-G progenitors. DEGs which represent fold change >1 or <-1 were shown 

in red and blue highlight. 

 

Table 2. DEGs from P1 to P3 stage of pre-G progenitor cells 

This table contains genes which represent padj <0.01 in RNA seq analysis between P3 

vs P1 pre-G progenitors. DEGs which represent fold change >1 or <-1 were shown in 

red and blue highlight. 

 

Table 3. Enrichment analysis for up-regulated DEGs from E17.5 to P1 

The result of enrichment analysis by metascape for up-regulated DEGs from E17.5 to 

P1  

 

Table 4. Enrichment analysis for down-regulated DEGs from E17.5 to P1 

The result of enrichment analysis by metascape for down-regulated DEGs from P1 to 

P3  
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Table 5. DEGs between Figla-KO vs P1 control pre-G progenitor cells 

This table contains genes which represent padj <0.01 in RNA seq analysis between 

Figla-KO vs P1 pre-G progenitors. DEGs which represent fold change >1 or <-1 were 

shown in red and blue highlight. 

 

Table 6. DEGs between Nanos3-KO vs P1 control pre-G progenitor cells 

This table contains genes which represent padj <0.01 in RNA seq analysis between 

Nanos3-KO vs P1 pre-G progenitors. DEGs which represent fold change >1 or <-1 were 

shown in red and blue highlight. 

 

Table 7. Enrichment analysis for up-regulated DEGs classified as germ 

cell-dependent 

The result of enrichment analysis by metascape for germ cell-dependently up-regulated 

DEGs. 

 

Table 8. Enrichment analysis for up-regulated DEGs classified as germ 

cell-independent 
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The result of enrichment analysis by metascape for germ cell-independently 

up-regulated DEGs. 

 

Table 9. Enrichment analysis for down-regulated DEGs classified as germ 

cell-dependent 

The result of enrichment analysis by metascape for germ cell-dependently 

down-regulated DEGs. 

 

Table 10. Enrichment analysis for donw-regulated DEGs classified as germ 

cell-independent 

The result of enrichment analysis by metascape for germ cell-independently 

down-regulated DEGs. 

 

Table 11. Enrichment analysis for up-regulated DEGs classified as germ 

cell-dependent in early stage 

The result of enrichment analysis by metascape for up-regulated DEGs merged with 

down-regulated genes in Nanos3-KO. 
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Table 12. Enrichment analysis for down-regulated DEGs classified as germ 

cell-dependent in early stage 

The result of enrichment analysis by metascape for down-regulated DEGs merged with 

up-regulated genes in Nanos3-KO. 

 

Table 13. Candidate gene having a role in pre-G progenitor  

Down-regulated DEGs which showed lower expression in oocytes and higher 

expression in pre-G progenitor (baseMean >1000) were listed as candidate gene having 

a role in pre-G progenitor. 
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