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ABSTRACT 

Mammalian germ cells progress through a unique developmental program that 

encompasses proliferation and migration of the nascent primordial germ cell (PGC) 

population, reprogramming of nuclear DNA to reset imprinted gene expression, and 

differentiation of mature gametes. Little is known of the genes that regulate quantitative 

and qualitative aspects of early mammalian germ cell development both in vivo, and 

during differentiation of germ cells from mouse embryonic stem cells (mESCs) in vitro.  

Genetic and epigenetic programs that direct cellular identity are essential to embryonic 

development and the establishment of different cell types and patterning. Cells designated 

to become part of the germline face a diverse set of challenges during intertwined steps of 

embryonic development that encompasses specification, commitment, survival, 

migration, and sex-specific differentiation.  There appears to be a core conservation of 

components across diverse metazoan species, including RNA binding proteins such as 

Deleted in Azoospermia (Dazl), involved in primordial germ cell development. PGCs in 

diverse organisms appear to use these conserved components in slightly different ways, 

however, in each they are utilized to create and maintain a germ cell-specific identity that 

is dependent on cytoplasmic translational regulatory machinery. How and when Dazl 

functions during development of mouse PGCs is not fully understood.  We used a 

transgenic mouse system that enabled isolation of small numbers of Oct4ΔPE:GFP-

positive germ cells in vivo, and following differentiation from mESCs in vitro, to uncover 

quantitative and qualitative phenotypes associated with the disruption of the translational 

regulator, Dazl. We demonstrate that disruption of Dazl results in a post-migratory, pre-

meiotic reduction in PGC number accompanied by aberrant expression of pluripotency 



 v 

genes and failure to erase and re-establish genomic imprints in isolated male and female 

PGCs, as well as subsequent defect in progression through meiosis. Moreover, the 

phenotypes observed in vivo were mirrored by those in vitro, with inability of isolated 

mutant PGCs to establish pluripotent EG (embryonic germ) cell lines and few residual 

Oct-4-expressing cells remaining after somatic differentiation of mESCs carrying a Dazl 

null mutation. Finally, we observed that even within undifferentiated mESCs, a nascent 

germ cell subpopulation exists that was effectively eliminated with ablation of Dazl.  This 

work establishes the translational regulator Dazl as a molecular linker between 

pluripotency, genetic, and epigenetic programs at multiple time points of germ cell 

development in vivo and in vitro, and validates use of the ESC system to model and 

explore germ cell biology.  Furthermore, elucidation of processes in germ cell 

development is relevant to continuing studies of human infertility, a common health 

problem in men and women. 
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Germ Cell Development in vivo 

Primordial Germ Cell Specification  

There are two major mechanisms for germline specification and migration in 

metazoans. The first is preformation, or the inheritance of maternally derived 

determinants called germ plasm. Germ plasm is inherited by specific cells of the 

developing zygote which give rise to the germ cells as seen in several model organisms 

including C. elegans, Drosophila, Xenopus and Zebrafish  (Figure 1; Santos and 

Lehmann, 2004, Zhou et al., 2004). The formation of germ plasm differs to some extent 

in location and components in each of the above species; however the germ plasm is both 

necessary and sufficient for induction of germ cells (Mahowald 2001). How germ plasm 

or germ plasm components function in induction of germ cells is not fully worked out, 

however they have been shown to be involved in several functions including localization 

and translation of maternal mRNA, transcriptional silencing, and germ cell migration 

(Santos and Lehmann, 2004). 

The second major mechanism of germ cell specification is inductive signaling, 

(Figure 2) in which signals from adjacent tissues confers competence towards germline 

fate upon pluripotent cells. The inductive mode is seen in many metazoa including 

Urodela (newts) and all mammalian species examined to date (McLaren & Lawson 2005; 

Santos and Lehmann, 2004; Lawson & Hage 1994). In this mode, specification to the 

germ cell lineage appears to be dependent upon the establishment of a germ cell identity 

exemplified by gene expression of germ cell-specific genes (Saitou et al., 2002), that 

helps segregate the PGCs from somatic cells. In mouse embryos, specification towards 

the germline lineage begins at E6.25 when a small population of ~6 cells in the proximal 
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epiblast become Blimp-1 positive in response to inductive BMP signaling from the 

extraembryonic ectoderm (Okamura et al., 2005; Vincent et al., 2005; Lawson et al., 

1999). The role of Blimp-1 appears to be repression of somatic cell-specific Hox gene 

expression (Vincent et al., 2005).  It is not entirely clear if the pre-PGCs are lineage 

restricted at this point, but by E7.5 the founder population has given rise to ~40 Blimp-1-, 

Stella-, Fragilis- and TNAP-positive cells that have migrated through the primitive streak 

to the extraembryonic mesoderm and become lineage committed (McLaren & Lawson 

2005; Saitou et al., 2002).  

 

Mouse Primordial Germ Cell Migration 

Following specification, just prior to or in early stages of gastrulation, germ cell 

migration occurs.  PGCs migrate out of the embryo proper and reside in extraembryonic 

tissues until gastrulation is complete. Primordial germ cell (PGC) migration in the mouse 

occurs between E7.5 to E13.5 when the PGCs travel through the developing gut to 

become incorporated into the primitive gonad (Figure 2). Migration of PGCs is a multi-

step process where the cells migrate through different tissue types and environments 

(Molyneaux and Wylie, 2004; Santos and Lehmann, 2004; Molyneaux et al., 2001; 

Anderson et al., 2000). Both migratory and survival signals appear to be required during 

this period for successful PGC development.  After E7.5 there is a distinct population of 

cells that appear to have a germ cell-specific gene expression profile. Several factors are 

involved in germ cell survival as PGCs progress along their migratory route. For 

example, the gene Dead end (Dnd), required for initiation of migration in zebrafish, 

appears to act in the mouse as a survival factor. Mice with mutations in this gene display 
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a decrease in PGC number by E8.0 and have increased testicular germ cell tumors 

detected after birth (Youngren et al., 2005).  Another gene Tiar encodes a RNA binding 

protein necessary for PGC survival that has been implicated as a regulator of apoptosis. 

The TIAR protein is required at E11.5 during migration from the hindgut to the genital 

ridge, and mice lacking this protein fail to develop oogonia or spermatogonia (Beck et al., 

1998). Furthermore, the growth factor FGF2 and its receptor FGF2-IIIb as well as other 

genes such as the antiapoptotic gene Bax are required for survival of germ cells during 

the hindgut to genital ridge migration (Takeuchi et al., 2005; Stallock et al., 2003; Sette et 

al., 2000 ). 

While some survival signals required in the earliest stages of PGC migration have 

been identified, early migratory steps are poorly understood and few factors have been 

identified that clarify what triggers these events. However several mediators in the later 

stages of migration involving the hindgut to genital ridge transition have been resolved. 

At approximately E8.0 the PGC population migrates out of the extraembryonic 

mesoderm and enters the embryonic (definitive) endoderm. Although they display motile 

behavior, both in vivo and in vitro, they do not actively migrate at this point but are 

carried along with the endoderm as the hindgut invaginates between E8.5-9.0 and by E9.0 

PGCs are in the hindgut epithelium (Molyneaux and Wylie, 2004; Molyneaux et al., 

2001; Anderson et al., 2000). Between E9.0-E9.5 PGCs emerge from the hindgut and 

migrate into the developing genital ridge. At E10.5 the PGCs are moving towards the 

genital ridges from divergent sites, and PGCs that do not reach the genital ridge undergo 

apoptosis.  



 5 

The migration of PGCs from the hindgut to the genital ridge is an essential step in 

germ cell development. Factors involved in this step include the RNA binding protein 

Nanos3, the adhesion molecules β1 integrins, the forkhead/winged helix transcription 

factor Foxc1 and the G protein-coupled receptor (GPCR) CXCR4 and its ligand SDF-1 

(Mattiske et al., 2006; Tsuda et al., 2003;  Ara et al., 2003; Molyneaux et al., 2003; 

Anderson et al., 2000; Anderson et al., 1999).  In particular, Nanos3 is expressed in PGCs 

by E9.5 and loss of this protein leads to a decline of PGC number by E11.5 in both sexes 

(Tsuda et al., 2003). Similarly loss of B1 integrins leads to a decline in PGC number 

before they reach the genital ridges, although the mechanism for this reduction is not 

understood (Anderson et al., 1999). Foxc1 mutants also display a failure for PGCs to exit 

the hindgut (Mattiske et al., 2006). Finally the GPCR, CXCR4, is expressed on the 

surface of the PGCs and both the body wall mesenchyme and the genital ridges express 

SDF-1; loss of either the receptor or ligand leads to failure of PGCs to reach the genital 

ridge followed by cell death of ectopic PGCs in the hindgut (Ara et al., 2003; Molyneaux 

et al., 2003).  Although not an exhaustive list, it is clear from the brief overview outline 

here and in Figure 2 of factors involved in hindgut to genital ridge migration that both 

PGC autonomous and non-autonomous interactions are required for both later stages as 

well as the earlier stages of PGC survival and migration. By E11.5 the majority of the 

PGCs (~25,000) are in the genital ridges, becoming non-motile and beginning to 

aggregate into sex-specific organization with the somatic tissue (Molyneaux and Wylie, 

2004; Molyneaux et al., 2001; Anderson et al., 2000).  

 

Germ cell sex determination  
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Once the germ cells re-enter the embryo, migrate into and invade the genital 

ridges, they will colonize, proliferate mitotically, complete the process of resetting the 

genomic imprints (see section below) by erasure (E9.5-11.5) and differentiate as either 

male or female germ cells (Hajkova et al., 2002; Gomperts  et al., 1994). Prior to entry 

into the gonad, the development of male and female germ cells has been 

indistinguishable; subsequently, however, germ cell development in the male and female 

gonads will diverge (Swain, 2006).  Germ cells that colonize an ovary will enter the first 

meiotic prophase and become oogonia at approximately E13.5, whereas, those that 

colonize the testis will not progress to meiotic prophase and will mitotically divide to 

form a pool of spermatogonia that may replicate or differentiate throughout the life of the 

male (Swain, 2006).   

Several reports document early events in sex determination of mammalian germ 

cells  (Bowles et al., 2006; Koubova et al., 2006; (Menke et al., 2003).  The 

differentiation of cells to female or male germ cells occurs independently of sex 

chromosome composition and instead is dependent upon gonadal sex (Swain, 2006).  An 

early molecular marker of female sexual differentiation is expression of the Stra8 gene, 

which is expressed in an anterior-to-posterior wave in germ cells in the ovary between 

embryonic days 12.5 and 16.5 (Menke et al., 2003).  Coincident with, or just following 

Stra8 expression, downregulation of the Oct4 gene (a marker of germ cells most highly 

expressed prior to meiosis), and upregulation of Dmc1 (a gene that encodes a meiotic 

protein) ensues (Menke et al., 2003).  These observations further suggested that local 

signals might regulate sexual differentiation of the germ cells in an anterior-to-posterior 

fashion and promote meiotic entry (see below for more information on meiosis).   
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Early studies suggested that both male and female germ cells are inherently 

programmed to enter meiosis in the fetal gonad and that inhibition of meiosis via a 

hypothesized “meiosis-inhibiting factor” must be a critical event in male germ cells 

(McLaren and Southee, 1997).  Moreover, data indicated that one of the factors 

implicated in regulating the sex specific timing of meiotic initiation in mice is retinoic 

acid (RA) which may act by regulating expression of Stra8 (Koubova et al., 2006).  

Furthermore, in the male the identity of a factor that may act as the meiosis inhibiting 

factor was suggested with the disruption of a gene that encodes the retinoid-degrading 

enzyme CYP26B1; testis in which this gene is disrupted possess germ cells that enter 

meiosis precociously as expected of germ cells in the ovary (Anderson et al., 2008; 

Bowles & Koopman 2007; Bowles et al., 2006). This work, together, provides the first 

molecular handles on how germ cell sexual differentiation is regulated in mammals.   

 

Genomic imprinting 

Genomic imprinting is another fundamental property of mammalian germ cells.  

Epigenetic modifications to the genome, typically by DNA methylation, result in the 

expression of genes from only one of the two parental chromosomes.  The “instructions” 

regarding gene expression are established in the parental germ cells via differential 

methylation of the DNA.  Methylation predominantly occurs on the cytosine residue of 

CpG dinucleotides which typically cluster together to form “CpG Islands” (Reik and 

Walter, 2001).  The establishment of these imprints in germ cells is essential for fetal, 

placental, and behavioral development (Figure 3; Reik and Walter, 2001). Misregulation 

of imprinted genes, which leads to biallelic expression, has been implicated in growth 
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and neuronal disorders in multiple mammalian species including humans (Allegrucci et 

al., 2005; Kelly and Trasler, 2004). 

Interestingly, genomic imprints are altered throughout the life cycle of the 

organism (Hajkova et al., 2002; Reik and Walter, 2001).  Upon fertilization, imprinting is 

maintained through the replication and segregation of chromosomes during development.  

Although the mechanism for maintenance of specific regions of DNA is not fully 

understood, one of the five mammalian DNA methyltranferases, Dnmt1, has been 

identified as a maintenance methyltranferase, essential for maintenance of methylation 

during DNA replication (Bestor, 2000). As germ cells develop in the new organism, 

genomic imprints in PGCs are erased by a wave of demethylation, which occurs as they 

are arriving at the primitive gonadal ridge.  It is at this stage that an active erasure of 

methylation at the imprinted regions occurs by an unidentified demethylation agent.  

Imprints are then reestablished in a sex specific manner in the PGCs through de 

novo methylation by Dnmt3a, Dnmt3b, and Dnmt3L (Hata et al., 2002; Bourc’his et al., 

2001; Okano et al., 1999). The imprints are established in germ cells as they mature into 

sperm or eggs at different time points for female versus male imprints. Imprints in 

prospermatogonia are imposed before they enter meiosis, whereas imprints in oocytes are 

reestablished later at different stages of oogenesis in a gene-specific manner (Bestor and 

Bourc’his, 2004). The reestablishment of sex-specific imprints is an essential step in 

gametogenesis, completing the cycle towards a mature germ cell that is competent to give 

rise to viable offspring.  

 

Meiosis 



 9 

Meiosis is defined by a series of stages with characteristic landmark events and is 

highly conserved across species (Kleckner, 1996).  Prophase I is a defining stage of 

meiosis that encompasses many unique features including formation of the synaptonemal 

complex, pairing of homologous chromosomes, and formation of chiasmata between 

homologs.  These features are common to almost all species and are in place to ensure 

that homologous chromosomes pair and remain together until the first meiotic division 

(Kleckner, 1996).  Prophase can be divided into four stages: leptotene, zygotene, 

pachytene, and diplotene. DNA replication begins in the pre-leptotene to leptotene stages 

and sister chromatids begin to condense. Then in zygotene, sister chromatids synapse 

along their length and form lateral elements that contain synaptonemal complex proteins 

(SCP), such as SCP2 and SCP3. At pachytene, SC formation is complete and 

recombination nodules that contain proteins such as MLH1 are clearly visible. Finally, at 

the diplotene stage, homologous chromosomes begin to separate and only the chiasmata, 

the sites of the recombination machinery, hold the chromosomes together. Meiotic 

division continues to progress in an orderly fashion from meiosis I to meiosis II, unless 

errors in the recombination or chromosomal segregation machinery trigger arrest at one 

of two checkpoints, either during prophase or at the metaphase-anaphase transition 

(Roeder and Bailis, 2000; Roeder, 1997). Then following meiosis, germ cells continue to 

develop through a process called spermiogenesis in males, where they become mature 

elongated spermatids by compaction of their chromatin into the sperm head and 

production of other sperm components such as the flagellar tail and by oocyte maturation 

in females (Hunt and Hassold, 2002). 
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There are many genes involved in initiation and progression through meiosis, a 

subject of intense study for several decades in many different organisms  (Hunt and 

Hassold, 2002; Roeder and Bailis, 2000; Smith and Nicolas, 1998; Kleckner, 1996; Baker 

et al., 1976;).  Disruption of the function of meiotic genes generally leads to meiotic 

arrest and subsequent apoptosis of the germ cells or aneuploidy (Lahn and Page, 1997).  

Oogenesis is the meiotic division of a diploid oocyte into a haploid ovum, or egg. 

The process of oogenesis is dependent on the development of an ovarian follicle, or 

folliculogenesis, which is the formation of the somatic cells surrounding the developing 

oocyte that will become the functional unit of the ovary (Figure 4). The interaction 

between the oocyte and surrounding follicular structure is essential for the correct timing 

of events during oogenesis (Mehlmann, 2005). These events include the maintenance or 

release of the two periods of meiotic arrest that the oocyte experiences during its 

development, in prophase of meiosis I and metaphase arrest of meiosis II. Due to the 

critical nature of the oocyte/follicle interaction, folliculogenesis is highly regulated by 

endocrine, paracrine and autocrine factors (Roy and Matzuk, 2006).   

In vertebrates oogenesis begins during embryogenesis after the primordial germ 

cells migrate into the primitive ovary. These cells now complete mitotic divisions and 

become primary oocytes by entering meiosis and arresting in the diplotene phase of 

meiotic prophase I. The first step in follicular development is dependent upon expression 

of a basic helix-loop-helix transcription factor, Figlα (factor in the germ lineα) by the 

primary oocytes, which triggers the formation of a primordial follicle, consisting of a 

single layer of flat squamous pre-granulosa cells around the oocyte. Figlα is essential in 

the formation of the primordial follicle and Figlα null mice are infertile and do not have 
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primordial follicles (Liang et al., 1997).  In mice the majority of primary oocytes are in 

primordial follicles within one to two days of birth, while in humans primordial follicles 

form at 19 weeks of gestation (Choi and Rajkovic, 2006).  

Once primordial follicles are established further follicle development involves 

periodic recruitment of a subset of the follicles into a maturation cycle either postnatally 

in mice, or at puberty in humans. Although the mechanism of follicle recruitment is not 

well understood, the process begins with the transition of a primordial follicle to a 

primary follicle, where the granulosa cells surrounding the oocytes now undergo a 

squamous to cuboidal shape change and begin to undergo proliferation. Oocyte specific 

expression of the homeobox transcription factor Nobox is required for the primordial to 

primary transition to occur, and Nobox mutants display a block in oocyte development 

and infertility, and also have a decreased number of somatic cells surrounding the oocytes 

(Rajkovic et al., 2004). The primary oocyte also continues to express Figlα, which drives 

expression of the zona pellucida genes during primary follicle formation (Liang et al., 

1997).  The zona pellucida gene products ZP-2 and ZP-3 function at this time to form the 

zona pellucida oocyte coat that will be needed later during oocyte maturation and 

fertilization. Also important in the developing cross talk between the oocyte and its 

surrounding somatic follicle is expression by granulosa cells of the forkhead transcription 

factor FOXL2 (forkhead box L2) which is required for the squamous to cubiodal 

transition of the granulosa cells (Choi and Rajkovic, 2006). 

The primary follicle then develops into a secondary follicle through the formation 

of two or more layers of cuboidal granulosa cells surrounding the primary oocyte, 

followed by the development of theca cells around the granulose cell layer. This process 



 12 

is dependent upon oocyte-specific expression of Gdf9 (growth differentiation factor 9) 

and BMP-15 (bone morphogenetic protein-15). Both are members of the TGF-β 

superfamily of secreted proteins and are required for the primary to secondary transition. 

Without oocyte-specific expression of these genes development of the somatic cells 

surrounding the oocytes fails, which will lead to cell death of the oocyte (Carabatsos et 

al., 1998). Within the secondary follicles the primary oocytes reach their maximum size 

of ~75 µm and ~100 µm diameter in mouse and human respectively (Mehlmann, 2005; 

Mehlmann et al., 2004), and are competent to resume meiosis, however the primary 

oocyte is still arrested in meiotic prophase I. The G-protein coupled receptor GPR3 

maintains the meiotic arrest by promoting high levels of cAMP in the oocyte and Gpr3 

mutant mice undergo spontaneous oocyte maturation (Mehlmann, 2005; Mehlmann et al., 

2004), however, the ligand that activates the receptor has not been identified.  

The next step in folliculogenesis is the formation of the antral follicle, which is 

the formation of a fluid filled cavity or antrum. Furthermore, at this stage the granulosa 

layer is divided by the antrum into two separate compartments, the outer layer of 

cuboidal mural granulosa cells and the cumulus cells, which surround the ooctye 

(Mehlmann, 2005; Mehlmann et al., 2004), The stages of antral development are 

dependent upon endocrine signals from the pituitary gonadotropin hormone FSH (follicle 

stimulating hormone) and LH (lutenizing hormone). Along with triggering the growth 

and differentiation of the somatic cells surrounding the oocyte these signals also induce 

steroidogenic enzyme expression.  Growth and steroid production help bring the oocyte 

to a maturation point in the late antral/pre-ovulatory stage. However, while endocrine 

signaling has played an important part in this process, cross talk between the oocytes and 
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somatic environment is still essential as exemplified by the oocyte-specific transcription 

factor, Taf4b. Taf4b is a TBP associated factor that is required for the antral to pre-

ovulatory transition, and female mice lacking this gene are infertile (Falender et al., 

2005).  

By the late antral/pre-ovulatory stage, the oocyte responds to a surge in LH 

leading to ovulation through an interaction with LH receptors on the mural granulosa 

cells. In frogs and fish the signal is propagated by stimulation of steroid hormones 

(Haccard and Jessus, 2006), but how the mural granulosa cells transmits this signal to 

either the cumulus cells or the oocyte in mammals is currently unknown.  Other factors 

intrinsic to the follicle are also important during this period. One example in the mouse is 

the orphan nuclear receptor steroidogenic factor 1 (SF1), expressed by the somatic cells 

of the follicle. Female mice that lack this gene in their ovary have antral follicles but do 

not ovulate (Pangas et al., 2006).   

Once ovulation proceeds, it promotes a resumption of meiosis with concurrent 

extrusion of the first polar body followed by arrest in meiosis metaphase II. Now 

considered a secondary oocyte, and surrounded by cumulus cells the oocyte is able to 

undergo fertilization by sperm. Upon fertilization the oocyte will complete meiosis II and 

extrude the second polar body and be fully functional and able to support embryonic 

development.  

 

Dazl and Other Core Conserved Components of Germ 

Cell Development and Identity 
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  As outlined above, the mechanisms for germline segregation and migration are 

distinct in different species. However it appears that there is a core conservation of the 

germ plasm components that provides germ cells with a germ cell-specific identity during 

germ cell commitment, specification, migration and survival in species with both germ 

plasm and inductive mechanisms of germ cell development (Hubbard & Reijo Pera 

2003). Recent work has shown that homologs of germ plasm components play similar, 

but not identical roles in germ cell development to promote germ cell identity through a 

core translational regulation machinery. Furthermore, work in the Reijo Pera laboratory 

suggests that in both human and mouse PGCs, where germ cells form through inductive 

signals, there is a germ cell-specific complex that forms in primordial germ cells and that 

has many of the same RNA binding proteins seen in germ plasm containing species (Fox 

et al., 2007; Fox et al, 2005; Urano et al., 2005; Moore et al., 2003).   

Examples of core conservation in germ cell development include multiple 

families of RNA binding proteins including members of the DAZL (Deleted in 

Azoospermia-like; see Figure 5), NOS (Nanos) and PUM (Pumilio) families, shown to be 

required for germ cell development in multiple species 19-26 (Wickens et al., 2002; 

Houston & King 2000; Karashima et al., 2000; Forbes & Lehmann 1998; Asaoka-

Taguchi et al., 1999; Ruggiu et al., 1997; Reijo et al., 1995).  A brief consideration of 

Dazl’s role in diverse species provides context for the level of conservation of this RNA 

binding protein in germ cell development.  In the germ plasm containing species Xenopus 

laevis, Xdazl is essential for male and female germ cell production and migration 

(Houston & King 2000). Furthermore, in other species with germ plasm such as 

Zebrafish, deletion of cytoplasm containing the Dazl homolog results in a decrease in 
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gem cells (Hasimoto et al., 2004).  In C. elegans and Drosophila the ancestral DAZL 

family member Boule is required for oogenesis and spermatogenesis respectively (Collier 

et al., 2005).  Finally in the mouse (and other mammals) Dazl is required for germ cell 

development and may have different functions depending of the stage of germ cell 

development, as well as sex specific differences in localization (Reijo Pera et al., 2000). 

This brief example utilizing the DAZL family’s role in germ cell development across a 

diverse group of species exemplifies the conservation of RNA binding proteins in germ 

cell development, and supports the hypothesis that all species may share a basic germ-cell 

specific machinery (Hubbard & Reijo Pera 2003).  

Human DAZ was identified in a screen for Y chromosome genes that cause 

azoospermia (or the production of few or no germ cells) when deleted in men (Reijo et 

al., 1996; Reijo et al., 1995).  Subsequently, autosomal homologs termed Deleted in 

AZoospermia-Like (DAZL) were identified in mice and humans and also shown to be 

expressed only in germ cells (Menke et al., 1997; Cooke et al., 1996; Reijo et al., 1996; 

Yen et al., 1996).  Finally, a third homolog termed boule was identified as a meiotic 

regulator and hypothesized to be the ancestral member of this family as this gene is 

conserved in both vertebrates and invertebrates (Xu et al., 2003; Xu et al., 2001; Eberhart 

et al., 1996).  Notably all members of the DAZ gene family encode RNA-binding proteins 

that contain a highly-conserved RNA Recognition Motif (RRM) and may bind several 

different RNAs during development of male and female germ cells pre- and post-

meiotically (Collier et al., 2005; Fox et al., 2005; Reynolds et al., 2005;  Jiao et al., 2002; 

Venables et al., 2001; Houston and King, 2000; Tsui et al., 2000a; Tsui et al., 2000b; 

Venables and Eperon, 1999; Houston et al., 1998).  Loss of function of members of this 
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gene family demonstrates that they function in germ plasm, in meiosis, and post-

meiotically in different organisms (Dann et al., 2006;  Saunders et al., 2003; Karashima et 

al., 2000; Houston and King, 2000; Houston et al., 1998; Ruggiu et al., 1997).  In 

addition, studies of DAZL function in humans have demonstrated that in spite of their key 

role in germ cell development in numerous species genes, the DAZ and DAZL genes are 

among the most variable in the human genome, with variants that correlate with 

reproductive parameters in men and women (Teng et al., 2006; Tung et al., 2006a; Tung 

et al., 2006b).  

 

in vitro Germ Cell Development 

Recent studies have shown that ESCs (embryonic stem cells derived from the 

inner cell mass of the blastocyst prior to epiblast formation) are capable of differentiating 

into female and male germ cells in vitro (Figure 6; Nayernia et al., 2006; Lacham-Kaplan  

et al., 2006; Clark  et al., 2004; Geijsen et al., 2004;  Hubner et al., 2003; Toyooka et al., 

2003). Oocyte differentiation from mESCs (mouse ESCs) was obtained via spontaneous 

differentiation of adherent cultures, as indicated by analysis of germ cell-specific markers 

such as Vasa, Gdf9 and Scp3, and as corroborated by analysis of morphology and 

follicular steroidogenic enzyme production (Lacham-Kaplan et al., 2006; Hubner et al., 

2003). Similarly, male germ cell differentiation was demonstrated via differentiation of 

mESCs into embryoid bodies (EBs) and analysis of germ cell-specific markers   

(Nayernia et al., 2006; Geijsen et al., 2004; Toyooka et al., 2003). In one study, initial 

differentiation in vitro was followed by coaggregation of PGCs with cells from E13.5 

gonads and transplantation of aggregates to adult testis (Toyooka et al., 2003). 
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Remarkably, only PGCs readily formed abundant cells with morphological characteristics 

of sperm; transplantation of mESCs resulted in generation of teratomas. In a second 

study, the authors demonstrated that the imprinting status of genes such as Igfr2 was 

diagnostic of PGCs and that haploid male gametes derived from ESCs in vitro were 

capable of fertilizing oocytes and activating development to blastocysts (Geijsen et al., 

2004). Most recently, another group demonstrated that mESC-derived male gametes can 

generate offspring in mice, thus bringing the work full circle to the ultimate proof of 

functional gametogenesis in vitro (Nayernia et al., 2006).  

Like, mESCs, hESCs (human ESCs) also appear to possess the ability to 

contribute to the germ cell lineage as demonstrated by differentiation of three 

independently-derived hESC lines to EBs and assessment of germ cell development in 

vitro via analysis of RNA and protein markers diagnostic of germ cell development(Clark 

et al., 2004a; Clark et al., 2004b). Markers examined in studies of mouse ES cell 

differentiation to the germ cell lineage were included in all the human experiments ( 

(Clark et al., 2004a; Clark et al., 2004b; Geijsen et al., 2004; Hubner et al., 2003; 

Toyooka et al., 2003). Clearly, the early steps of human germ cell development were 

efficiently completed in vitro (Clark et al., 2004a; Clark et al., 2004b).  Finally, the 

process of germ cell differentiation in vitro has been shown to be responsive to growth 

factors that are implicated in germ cell development in vivo.  Previous data, primarily 

from the mouse, has demonstrated the central role of BMPs (Bone Morphogenetic 

Proteins) in germ cell specification and maintenance early in development.  Initially, as 

described above, PGCs arise in the proximal epiblast, in response to inductive signaling 

by BMP proteins (Fujiwara et al., 2002; Tam and Zhou, 1996). Analysis of mice carrying 
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null mutations of the Bmp4, Bmp7 and Bmp8b genes revealed that all three genes play an 

essential role in the initial stages of germ cell development (Zhao, 2003). Bmp4 null 

mutants have the most severe defect in germ cell development with a near complete 

absence of PGCs, whereas, Bmp7 and Bmp8b knockouts demonstrated a severe reduction 

in germ cell numbers, especially when homozygous null mutant for both genes (Zhao, 

2003; Ying et al., 2001; Ying, 2000; Zhao et al., 1996)   

Additional data has demonstrated that the role of BMPs in germ cell specification 

in vivo can be recapitulated in vitro.  For example, in mouse epiblast explant cultures, 

both human BMP4 and BMP8b proteins have been shown to induce PGC formation 

(Ying et al., 2001). In other studies, co-culturing of BMP4-producing cells with mouse 

embryonic stem cells (mESCs) similarly increased the number of PGCs formed; the 

identity of the cells was confirmed by the subsequent transplantation of the enriched 

PGCs to the mouse testis and demonstration of meiotic and postmeiotic differentiation to 

elongated spermatids (Toyooka et al., 2003). These studies strongly suggested that 

recombinant BMPs can induce germ cell differentiation in vitro, in particular from 

mESCs.  

Other studies have subsequently demonstrated that differentiation of hESCs to 

germ cells is also responsive to BMPs (Kee et al., 2006).  The addition of recombinant 

human BMP4 increased the expression of the germ cell specific markers, VASA and 

SYCP3, during differentiation of hESCs to embryoid bodies (EBs) (Kee et al., 2006).  In 

addition, BMP7 and BMP8b showed additive effects on germ cell induction when added 

together with BMP4.  Finally, it was shown that the addition of BMPs to differentiating 

embryonic stem cells also increased the percentage of cells that stained positively for 
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VASA (Kee et al., 2006).  Importantly, studies of germ cell development in vitro 

routinely include Dazl as a definitive early marker of mouse and human germ cell 

development (Clark et al., 2004a; Clark et al., 2004b; Geijsen et al., 2004 ; Hubner et al., 

2003; Toyooka et al., 2003). 

Thus, diverse mammalian ESC lines appear to possess ability to differentiate to 

the germ cell lineage, potentially providing a tractable in vitro system to study germ cell 

development. Yet a major limitation remains the lack of evidence to correlate 

differentiation in vitro with landmark events and genetic requirements in vivo (Figure 6).  

In the following chapters I describe experiments designed and conducted to correlate 

phenotypes in vivo to phenotypes in vitro.  
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HYPOTHESIS 

 

In this work, I hypothesized that Dazl is required for premeiotic germ cell 

development in vivo and in vitro.  Furthermore, I hypothesized that the loss of germ 

cell population in the absence of Dazl leads to a loss of pluripotency required to 

progress through germ cell development and differentiation.  

 

Aims 

 

  Characterize germ cell loss in vivo using Dazl Oct4∆PE:GFP double 

transgenic mice. 

 

  Derive Dazl wildtype, heterozygous and knockout mESCs of both sexes 

from double transgenic Dazl/Oct4∆PE:GFP mice.  

 

  Characterize female and male Dazl wild type, heterozygous and 

homozygous null mESC lines to utilize in comparative with in vivo 

phenotype. 



 21 

References 

Anderson, E.L., Baltus, A.E., Roepers-Gajadien, H.L., Hassold, T.J., de Rooij, D.G., 

van Pelt, A.M., and Page, D.C. (2008). Stra8 and its inducer, retinoic acid, 

regulate meiotic initiation in both spermatogenesis and oogenesis in mice. Proc 

Natl Acad Sci USA 105, 14976-14980. 

Anderson, R., Copeland, T.K., Schöler, H., Heasman, J., and Wylie, C. (2000). The 

onset of germ cell migration in the mouse embryo. Mech Dev 91, 61-68. 

Anderson, R., Fässler, R., Georges-Labouesse, E., Hynes, R.O., Bader, B.L., Kreidberg, 

J.A., Schaible, K., Heasman, J., and Wylie, C. (1999). Mouse primordial germ 

cells lacking beta1 integrins enter the germline but fail to migrate normally to 

the gonads. Development 126, 1655-1664. 

Ara, T., Nakamura, Y., Egawa, T., Sugiyama, T., Abe, K., Kishimoto, T., Matsui, Y., 

and Nagasawa, T. (2003). Impaired colonization of the gonads by primordial 

germ cells in mice lacking a chemokine, stromal cell-derived factor-1 (SDF-1). 

Proc Natl Acad Sci USA 100, 5319-5323. 

Asaoka-Taguchi, M., Yamada, M., Nakamura, A., Hanyu, K., and Kobayashi, S. 

(1999). Maternal Pumilio acts together with Nanos in germline development in 

Drosophila embryos. Nat Cell Biol 1, 431-437. 

Baker, B.S., Boyd, J.B., Carpenter, A.T., Green, M.M., Nguyen, T.D., Ripoll, P., and 

Smith, P.D. (1976). Genetic controls of meiotic recombination and somatic 

DNA metabolism in Drosophila melanogaster. Proc Natl Acad Sci USA 73, 

4140-4144. 



 22 

Beck, A.R., Miller, I.J., Anderson, P., and Streuli, M. (1998). RNA-binding protein 

TIAR is essential for primordial germ cell development. Proc Natl Acad Sci 

USA 95, 2331-2336. 

Bestor, T.H. (2000). The DNA methyltransferases of mammals. Hum Mol Genet 9, 

2395-2402. 

Bestor, T.H., and Bourc'his, D. (2004). Transposon silencing and imprint establishment 

in mammalian germ cells. Cold Spring Harb Symp Quant Biol 69, 381-387. 

Bourc'his, D., Xu, G.L., Lin, C.S., Bollman, B., and Bestor, T.H. (2001). Dnmt3L and 

the establishment of maternal genomic imprints. Science 294, 2536-2539. 

Bowles, J., Knight, D., Smith, C., Wilhelm, D., Richman, J., Mamiya, S., Yashiro, K., 

Chawengsaksophak, K., Wilson, M.J., Rossant, J., et al. (2006). Retinoid 

signaling determines germ cell fate in mice. Science 312, 596-600. 

Bowles, J., and Koopman, P. (2007). Retinoic acid, meiosis and germ cell fate in 

mammals. Development 134, 3401-3411. 

Carabatsos, M.J., Elvin, J., Matzuk, M.M., and Albertini, D.F. (1998). Characterization 

of oocyte and follicle development in growth differentiation factor-9-deficient 

mice. Dev Biol 204, 373-384. 

Choi, Y., and Rajkovic, A. (2006). Characterization of NOBOX DNA binding 

specificity and its regulation of Gdf9 and Pou5f1 promoters. J Biol Chem 281, 

35747-35756. 

Clark, A.T., Bodnar, M.S., Fox, M., Rodriquez, R.T., Abeyta, M.J., Firpo, M.T., and 

Pera, R.A. (2004a). Spontaneous differentiation of germ cells from human 

embryonic stem cells in vitro. Hum Mol Genet 13, 727-739. 



 23 

Clark, A.T., Rodriguez, R.T., Bodnar, M.S., Abeyta, M.J., Cedars, M.I., Turek, P.J., 

Firpo, M.T., and Reijo Pera, R.A. (2004b). Human STELLAR, NANOG, and 

GDF3 genes are expressed in pluripotent cells and map to chromosome 12p13, a 

hotspot for teratocarcinoma. Stem Cells 22, 169-179. 

Collier, B., Gorgoni, B., Loveridge, C., Cooke, H.J., and Gray, N.K. (2005). The DAZL 

family proteins are PABP-binding proteins that regulate translation in germ 

cells. EMBO J 24, 2656-2666. 

Cooke, H.J., Lee, M., Kerr, S., and Ruggiu, M. (1996). A murine homologue of the 

human DAZ gene is autosomal and expressed only in male and female gonads. 

Hum Mol Genet 5, 513-516. 

Dann, C.T., Alvarado, A.L., Hammer, R.E., and Garbers, D.L. (2006). Heritable and 

stable gene knockdown in rats. Proc Natl Acad Sci USA 103, 11246-11251. 

Eberhart, C.G., Maines, J.Z., and Wasserman, S.A. (1996). Meiotic cell cycle 

requirement for a fly homologue of human Deleted in Azoospermia. Nature 381, 

783-785. 

Falender, A.E., Shimada, M., Lo, Y.K., and Richards, J.S. (2005). TAF4b, a TBP 

associated factor, is required for oocyte development and function. Dev Biol 

288, 405-419. 

Forbes, A., and Lehmann, R. (1998). Nanos and Pumilio have critical roles in the 

development and function of Drosophila germline stem cells. Development 125, 

679-690. 



 24 

Fox, M., Urano, J., and Reijo Pera, R.A. (2005). Identification and characterization of 

RNA sequences to which human PUMILIO-2 (PUM2) and deleted in 

Azoospermia-like (DAZL) bind. Genomics 85, 92-105. 

Fox, M.S., Clark, A.T., El Majdoubi, M., Vigne, J.L., Urano, J., Hostetler, C.E., 

Griswold, M.D., Weiner, R.I., and Reijo Pera, R.A. (2007). Intermolecular 

interactions of homologs of germ plasm components in mammalian germ cells. 

Dev Biol 301, 417-431. 

Fujiwara, T., Dehart, D.B., Sulik, K.K., and Hogan, B.L. (2002). Distinct requirements 

for extra-embryonic and embryonic bone morphogenetic protein 4 in the 

formation of the node and primitive streak and coordination of left-right 

asymmetry in the mouse. Development 129, 4685-4696. 

Geijsen, N., Horoschak, M., Kim, K., Gribnau, J., Eggan, K., and Daley, G.Q. (2004). 

Derivation of embryonic germ cells and male gametes from embryonic stem 

cells. Nature 427, 148-154. 

Gomperts, M., Garcia-Castro, M., Wylie, C., and Heasman, J. (1994). Interactions 

between primordial germ cells play a role in their migration in mouse embryos. 

Development 120, 135-141. 

Haccard, O., and Jessus, C. (2006). Oocyte maturation, Mos and cyclins--a matter of 

synthesis: two functionally redundant ways to induce meiotic maturation. Cell 

Cycle 5, 1152-1159. 

Hajkova, P., Erhardt, S., Lane, N., Haaf, T., El-Maarri, O., Reik, W., Walter, J., and 

Surani, M.A. (2002). Epigenetic reprogramming in mouse primordial germ cells. 

Mech Dev 117, 15-23. 



 25 

Hashimoto, Y., Maegawa, S., Nagai, T., Yamaha, E., Suzuki, H., Yasuda, K., and 

Inoue, K. (2004). Localized maternal factors are required for zebrafish germ cell 

formation. Dev Biol 268, 152-161. 

Hata, K., Okano, M., Lei, H., and Li, E. (2002). Dnmt3L cooperates with the Dnmt3 

family of de novo DNA methyltransferases to establish maternal imprints in 

mice. Development 129, 1983-1993. 

Houston, D.W., and King, M.L. (2000). A critical role for Xdazl, a germ plasm-

localized RNA, in the differentiation of primordial germ cells in Xenopus. 

Development 127, 447-456. 

Houston, D.W., Zhang, J., Maines, J.Z., Wasserman, S.A., and King, M.L. (1998). A 

Xenopus DAZ-like gene encodes an RNA component of germ plasm and is a 

functional homologue of Drosophila boule. Development 125, 171-180. 

Hubbard, E.J.H., and Reijo Pera, R.A. (2003). A germ-cell odyssey: fate, survival, 

migration, stem cells and differentiation. EMBO Rep. VOL 4 | NO 4 | 2003 

Allegrucci, C., Thurston, A., Lucas, E., and Young, L. (2005). Epigenetics and the 

germline. Reproduction 129, 137-149. 

Hübner, K., Fuhrmann, G., Christenson, L.K., Kehler, J., Reinbold, R., De La Fuente, 

R., Wood, J., Strauss, J.F., Boiani, M., and Schöler, H.R. (2003). Derivation of 

oocytes from mouse embryonic stem cells. Science 300, 1251-1256. 

Hunt, P.A., and Hassold, T.J. (2002). Sex matters in meiosis. Science 296, 2181-2183. 

Jiao, X., Trifillis, P., and Kiledjian, M. (2002). Identification of target messenger RNA 

substrates for the murine deleted in azoospermia-like RNA-binding protein. Biol 

Reprod 66, 475-485. 



 26 

Karashima, T., Sugimoto, A., and Yamamoto, M. (2000). Caenorhabditis elegans 

homologue of the human azoospermia factor DAZ is required for oogenesis but 

not for spermatogenesis. Development 127, 1069-1079. 

Kee, K., Gonsalves, J.M., Clark, A.T., and Pera, R.A. (2006). Bone morphogenetic 

proteins induce germ cell differentiation from human embryonic stem cells. 

Stem Cells Dev 15, 831-837. 

Kelly, T.L., and Trasler, J.M. (2004). Reproductive epigenetics. Clin Genet 65, 247-

260. 

Kleckner, N. (1996). Meiosis: how could it work? Proc Natl Acad Sci USA 93, 8167-

8174. 

Koubova, J., Menke, D.B., Zhou, Q., Capel, B., Griswold, M.D., and Page, D.C. (2006). 

Retinoic acid regulates sex-specific timing of meiotic initiation in mice. Proc 

Natl Acad Sci USA 103, 2474-2479. 

Lacham-Kaplan, O. (2004). In vivo and in vitro differentiation of male germ cells in the 

mouse. Reproduction 128, 147-152. 

Lacham-Kaplan, O., Chy, H., and Trounson, A. (2006). Testicular cell conditioned 

medium supports differentiation of embryonic stem cells into ovarian structures 

containing oocytes. Stem Cells 24, 266-273. 

Lahn, B.T., and Page, D.C. (1997). Functional coherence of the human Y chromosome. 

Science 278, 675-680. 

Lawson, K.A., Dunn, N.R., Roelen, B.A., Zeinstra, L.M., Davis, A.M., Wright, C.V., 

Korving, J.P., and Hogan, B.L. (1999). Bmp4 is required for the generation of 

primordial germ cells in the mouse embryo. Genes Dev 13, 424-436. 



 27 

Lawson, K.A., and Hage, W.J. (1994). Clonal analysis of the origin of primordial germ 

cells in the mouse. Ciba Found Symp 182, 68-84; discussion 84-91. 

Liang, L., Soyal, S.M., and Dean, J. (1997). FIGalpha, a germ cell specific transcription 

factor involved in the coordinate expression of the zona pellucida genes. 

Development 124, 4939-4947. 

Mahowald, A.P. (2001). Assembly of the Drosophila germ plasm. Int Rev Cytol 203, 

187-213. 

Mattiske, D., Kume, T., and Hogan, B.L. (2006). The mouse forkhead gene Foxc1 is 

required for primordial germ cell migration and antral follicle development. Dev 

Biol 290, 447-458. 

McLaren, A., and Lawson, K.A. (2005). How is the mouse germ-cell lineage 

established? Differentiation 73, 435-437. 

McLaren, A., and Southee, D. (1997). Entry of mouse embryonic germ cells into 

meiosis. Dev Biol 187, 107-113. 

Mehlmann, L.M. (2005). Stops and starts in mammalian oocytes: recent advances in 

understanding the regulation of meiotic arrest and oocyte maturation. 

Reproduction 130, 791-799. 

Mehlmann, L.M., Saeki, Y., Tanaka, S., Brennan, T.J., Evsikov, A.V., Pendola, F.L., 

Knowles, B.B., Eppig, J.J., and Jaffe, L.A. (2004). The Gs-linked receptor 

GPR3 maintains meiotic arrest in mammalian oocytes. Science 306, 1947-1950. 

Menke, D.B., Koubova, J., and Page, D.C. (2003). Sexual differentiation of germ cells 

in XX mouse gonads occurs in an anterior-to-posterior wave. Dev Biol 262, 

303-312. 



 28 

Menke, D.B., Mutter, G.L., and Page, D.C. (1997). Expression of DAZ, an azoospermia 

factor candidate, in human spermatogonia. Am J Hum Genet 60, 237-241. 

Molyneaux, K., and Wylie, C. (2004). Primordial germ cell migration. Int J Dev Biol 

48, 537-544. 

Molyneaux, K.A., Stallock, J., Schaible, K., and Wylie, C. (2001). Time-lapse analysis 

of living mouse germ cell migration. Dev Biol 240, 488-498. 

Molyneaux, K.A., Zinszner, H., Kunwar, P.S., Schaible, K., Stebler, J., Sunshine, M.J., 

O'Brien, W., Raz, E., Littman, D., Wylie, C., et al. (2003). The chemokine 

SDF1/CXCL12 and its receptor CXCR4 regulate mouse germ cell migration and 

survival. Development 130, 4279-4286. 

Moore, F.L., Jaruzelska, J., Fox, M.S., Urano, J., Firpo, M.T., Turek, P.J., Dorfman, 

D.M., and Pera, R.A. (2003). Human Pumilio-2 is expressed in embryonic stem 

cells and germ cells and interacts with DAZ (Deleted in AZoospermia) and 

DAZ-like proteins. Proc Natl Acad Sci USA 100, 538-543. 

Nayernia, K., Nolte, J., Michelmann, H.W., Lee, J.H., Rathsack, K., Drusenheimer, N., 

Dev, A., Wulf, G., Ehrmann, I.E., Elliott, D.J., et al. (2006). In vitro-

differentiated embryonic stem cells give rise to male gametes that can generate 

offspring mice. Dev Cell 11, 125-132. 

Okamura, D., Hayashi, K., and Matsui, Y. (2005). Mouse epiblasts change 

responsiveness to BMP4 signal required for PGC formation through functions of 

extraembryonic ectoderm. Mol Reprod Dev 70, 20-29. 



 29 

Okano, M., Bell, D.W., Haber, D.A., and Li, E. (1999). DNA methyltransferases 

Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian 

development. Cell 99, 247-257. 

Pangas, S.A., Choi, Y., Ballow, D.J., Zhao, Y., Westphal, H., Matzuk, M.M., and 

Rajkovic, A. (2006). Oogenesis requires germ cell-specific transcriptional 

regulators Sohlh1 and Lhx8. Proc Natl Acad Sci USA 103, 8090-8095. 

Rajkovic, A., Pangas, S.A., Ballow, D., Suzumori, N., and Matzuk, M.M. (2004). 

NOBOX deficiency disrupts early folliculogenesis and oocyte-specific gene 

expression. Science 305, 1157-1159. 

Reijo, R., Alagappan, R.K., Patrizio, P., and Page, D.C. (1996). Severe oligozoospermia 

resulting from deletions of azoospermia factor gene on Y chromosome. Lancet 

347, 1290-1293. 

Reijo, R., Lee, T.Y., Salo, P., Alagappan, R., Brown, L.G., Rosenberg, M., Rozen, S., 

Jaffe, T., Straus, D., and Hovatta, O. (1995). Diverse spermatogenic defects in 

humans caused by Y chromosome deletions encompassing a novel RNA-

binding protein gene. Nat Genet 10, 383-393. 

Reijo Pera, R.A., Dorfman, D.M., Slee, R., Renshaw, A.A., Loughlin, K.R., Cooke, H., 

and Page, D.C. (2000). DAZ family proteins exist throughout male germ cell 

development and transit from nucleus to cytoplasm at meiosis in humans and 

mice. Biol Reprod 63, 1490-1496. 

Reik, W., and Walter, J. (2001). Genomic imprinting: parental influence on the genome. 

Nat Rev Genet 2, 21-32. 



 30 

Reynolds, N., Collier, B., Maratou, K., Bingham, V., Speed, R.M., Taggart, M., 

Semple, C.A., Gray, N.K., and Cooke, H.J. (2005). Dazl binds in vivo to 

specific transcripts and can regulate the pre-meiotic translation of Mvh in germ 

cells. Hum Mol Genet 14, 3899-3909. 

Roeder, G.S. (1997). Meiotic chromosomes: it takes two to tango. Genes Dev 11, 2600-

2621. 

Roeder, G.S., and Bailis, J.M. (2000). The pachytene checkpoint. Trends Genet 16, 395-

403. 

Roy, A., and Matzuk, M.M. (2006). Deconstructing mammalian reproduction: using 

knockouts to define fertility pathways. Reproduction 131, 207-219. 

Ruggiu, M., Speed, R., Taggart, M., McKay, S.J., Kilanowski, F., Saunders, P., Dorin, 

J., and Cooke, H.J. (1997). The mouse Dazla gene encodes a cytoplasmic 

protein essential for gametogenesis. Nature 389, 73-77. 

Saitou, M., Barton, S.C., and Surani, M.A. (2002). A molecular programme for the 

specification of germ cell fate in mice. Nature 418, 293-300. 

Santos, A.C., and Lehmann, R. (2004). Germ cell specification and migration in 

Drosophila and beyond. Curr Biol 14, R578-589. 

Santos, F., and Dean, W. (2004). Epigenetic reprogramming during early development 

in mammals. Reproduction 127, 643-651. 

Saunders, P.T., Turner, J.M., Ruggiu, M., Taggart, M., Burgoyne, P.S., Elliott, D., and 

Cooke, H.J. (2003). Absence of mDazl produces a final block on germ cell 

development at meiosis. Reproduction 126, 589-597. 



 31 

Sette, C., Dolci, S., Geremia, R., and Rossi, P. (2000). The role of stem cell factor and 

of alternative c-kit gene products in the establishment, maintenance and function 

of germ cells. Int J Dev Biol 44, 599-608. 

Smith, K.N., and Nicolas, A. (1998). Recombination at work for meiosis. Curr Opin 

Genet Dev 8, 200-211. 

Stallock, J., Molyneaux, K., Schaible, K., Knudson, C.M., and Wylie, C. (2003). The 

pro-apoptotic gene Bax is required for the death of ectopic primordial germ cells 

during their migration in the mouse embryo. Development 130, 6589-6597. 

Swain, A. (2006). Sex determination: time for meiosis? The gonad decides. Curr Biol 

16, R507-509. 

Takeuchi, Y., Molyneaux, K., Runyan, C., Schaible, K., and Wylie, C. (2005). The roles 

of FGF signaling in germ cell migration in the mouse. Development 132, 5399-

5409. 

Tam, P.P., and Zhou, S.X. (1996). The allocation of epiblast cells to ectodermal and 

germ-line lineages is influenced by the position of the cells in the gastrulating 

mouse embryo. Dev Biol 178, 124-132. 

Teng, Y.N., Lin, Y.M., Sun, H.F., Hsu, P.Y., Chung, C.L., and Kuo, P.L. (2006). 

Association of DAZL haplotypes with spermatogenic failure in infertile men. 

Fertil Steril 86, 129-135. 

Toyooka, Y., Tsunekawa, N., Akasu, R., and Noce, T. (2003). Embryonic stem cells 

can form germ cells in vitro. Proc Natl Acad Sci USA 100, 11457-11462. 



 32 

Tsuda, M., Sasaoka, Y., Kiso, M., Abe, K., Haraguchi, S., Kobayashi, S., and Saga, Y. 

(2003). Conserved role of nanos proteins in germ cell development. Science 

301, 1239-1241. 

Tsui, S., Dai, T., Roettger, S., Schempp, W., Salido, E.C., and Yen, P.H. (2000a). 

Identification of two novel proteins that interact with germ-cell-specific RNA-

binding proteins DAZ and DAZL1. Genomics 65, 266-273. 

Tsui, S., Dai, T., Warren, S.T., Salido, E.C., and Yen, P.H. (2000b). Association of the 

mouse infertility factor DAZL1 with actively translating polyribosomes. Biol 

Reprod 62, 1655-1660. 

Tung, J.Y., Rosen, M.P., Nelson, L.M., Turek, P.J., Witte, J.S., Cramer, D.W., Cedars, 

M.I., and Pera, R.A. (2006). Variants in Deleted in AZoospermia-Like (DAZL) 

are correlated with reproductive parameters in men and women. Hum Genet 

118, 730-740. 

Tung, J.Y., Rosen, M.P., Nelson, L.M., Turek, P.J., Witte, J.S., Cramer, D.W., Cedars, 

M.I., and Reijo Pera, R.A. (2006). Novel missense mutations of the Deleted-in-

AZoospermia-Like (DAZL) gene in infertile women and men. Reprod Biol 

Endocrinol 4, 40. 

Urano, J., Fox, M.S., and Reijo Pera, R.A. (2005). Interaction of the conserved meiotic 

regulators, BOULE (BOL) and PUMILIO-2 (PUM2). Mol Reprod Dev 71, 290-

298. 

Venables, J.P., and Eperon, I. (1999). The roles of RNA-binding proteins in 

spermatogenesis and male infertility. Curr Opin Genet Dev 9, 346-354. 



 33 

Venables, J.P., Ruggiu, M., and Cooke, H.J. (2001). The RNA-binding specificity of the 

mouse Dazl protein. Nucleic Acids Res 29, 2479-2483. 

Vincent, S.D., Dunn, N.R., Sciammas, R., Shapiro-Shalef, M., Davis, M.M., Calame, 

K., Bikoff, E.K., and Robertson, E.J. (2005). The zinc finger transcriptional 

repressor Blimp1/Prdm1 is dispensable for early axis formation but is required 

for specification of primordial germ cells in the mouse. Development 132, 1315-

1325. 

Wickens, M., Bernstein, D.S., Kimble, J., and Parker, R. (2002). A PUF family portrait: 

3'UTR regulation as a way of life. Trends Genet 18, 150-157. 

Xu, E.Y., Lee, D.F., Klebes, A., Turek, P.J., Kornberg, T.B., and Reijo Pera, R.A. 

(2003). Human BOULE gene rescues meiotic defects in infertile flies. Hum Mol 

Genet 12, 169-175. 

Xu, E.Y., Moore, F.L., and Pera, R.A. (2001). A gene family required for human germ 

cell development evolved from an ancient meiotic gene conserved in metazoans. 

Proc Natl Acad Sci USA 98, 7414-7419. 

Yen, P.H., Chai, N.N., and Salido, E.C. (1996). The human autosomal gene DAZLA: 

testis specificity and a candidate for male infertility. Hum Mol Genet 5, 2013-

2017. 

Ying, Y., Liu, X.M., Marble, A., Lawson, K.A., and Zhao, G.Q. (2000). Requirement of 

Bmp8b for the generation of primordial germ cells in the mouse. Mol 

Endocrinol 14, 1053-1063. 



 34 

Ying, Y., Qi, X., and Zhao, G.Q. (2001). Induction of primordial germ cells from 

murine epiblasts by synergistic action of BMP4 and BMP8B signaling 

pathways. Proc Natl Acad Sci USA 98, 7858-7862. 

Youngren, K.K., Coveney, D., Peng, X., Bhattacharya, C., Schmidt, L.S., Nickerson, 

M.L., Lamb, B.T., Deng, J.M., Behringer, R.R., Capel, B., et al. (2005). The Ter 

mutation in the dead end gene causes germ cell loss and testicular germ cell 

tumours. Nature 435, 360-364. 

Zhao, G.Q. (2003). Consequences of knocking out BMP signaling in the mouse. 

Genesis 35, 43-56. 

Zhao, G.Q., Deng, K., Labosky, P.A., Liaw, L., and Hogan, B.L. (1996). The gene 

encoding bone morphogenetic protein 8B is required for the initiation and 

maintenance of spermatogenesis in the mouse. Genes Dev 10, 1657-1669. 

Zhou, Y., and King, M.L. (2004). Sending RNAs into the future: RNA localization and 

germ cell fate. IUBMB Life 56, 19-27.



 35 

Figure Legends 

Figure 1. Pregastrulation specification of germline fate through inheritance of germ 

plasm. 

Oocytes from species with predetermined germ cell specification contain a 

microscopically dense complex that is enriched in RNAs, RNA-binding proteins, 

mitochondria and ribosomes.  During the earliest embryonic cell divisions germ plasm 

segregates to cells that will eventually give rise to the germ cell lineage.  Cells that do not 

contain germ plasm give rise to somatic lineages.  

 

Figure 2. Primordial germ cell development in the mouse. 

Stages of primordial germ cell development (PGCs) in the post fertilization mouse 

embryo from E6.25 to E13.5.  Displayed below the figure is PGC-specific expression of 

genes either required for, or diagnostic of, the specified stage of PGC development. PGCs 

are displayed as red dots, which are specified in the proximal epiblast (blue) at E6.25, in 

response to BMP signaling from the extraembryonic tissues (green arrows).  PGCs then 

migrate into the extraembryonic mesoderm by E7.5 and by E8.5 have entered the 

definitive endoderm and begin their migration down the developing hindgut. They 

colonize the primitive fetal gonad between E11.5-E13.5.  

Modified from Stem Cells: Scientific Progress and Future Research Directions. 

http://stemcells.nih.gov/info/scireport. 

 

Figure 3.  Gene Expression During Germ Line Stem Cell Development. 
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Diagram of germ line development from specification to sex-specific differentiation to 

sperm or egg (modified from Clark et al., 2004). In the lower half of the figure, expected 

gene expression for the given stage of development is displayed. Selected genes include 

Oct4 (Octamer 4), Blimp1, Nanog, Stella, Pum2 (Pumilio 2), Nanos, TNAP (Tissue-

Nonspecific Alkaline Phosphatase), c-Kit, Dazl (Deleted in Azoospermia-Like), Vasa, 

Sycp1 (Synaptonemal Complex Protein) 1 and 3, Tekt1 (Tektin1), a marker for adult 

spermatids, and GDF9 (Growth and Differentiation Factor 9), a marker for adult oocytes. 

‘*’ denotes the point in development as when the primordial germ cells begin to erase 

imprinting methylation marks from their DNA. ‘**’ denotes the stage in development 

when germ line stem cells diverge and begin establish a sex-specific imprinting pattern of 

DNA methylation.  

 

Figure 4. Oogenesis and folliculogenesis. 

Oogenesis and folliculogenesis are intertwined processes that form the functional unit of 

the ovary. Both processes begin when the primary oocyte, which at this point is diploid, 

or 2C, becomes surrounded by squamous granulosa cells to make up the primordial 

follicle (A). The primary oocyte enters meiosis, and becomes arrested in prophase of 

meiosis I as the granulosa cells of the follicle transition from squamous to cuboidal to 

form a primary follicle. During this process the zona pellucida or egg coat is formed 

around the primary oocyte (B). The primary oocyte maintains its meiotic arrest while the 

primary follicle develops into the secondary follicle through formation of multiple layers 

of granulosa cells surrounded by theca cells (C). Following formation of the antral 

follicle the oocyte is ovulated; it is surrounded by cumulus cells and completes meiosis I, 
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extruding the first polar body, which will degenerate. It is now a secondary oocyte and is 

arrested in metaphase of meiosis II (D). Finally, upon fertilization meiosis II is completed 

with extrusion of the second polar body, which will also degenerate, leaving an ovum, 

which is haploid, or 1C, which is fully competent to support embryonic growth (E).  

 

Figure 5: DAZ family genes. 

(A) Cartoon of DAZ family genes including DAZ, Dazl and Boule, displaying 

conserved RNA binding domain and DAZ  repeats for both human and mouse. 

(B) Description of effect of loss of Dazl, and other DAZ family member homologs in 

multiple model organism. 

 

Figure 6: Model of PGC development in vivo and in vitro.   

The top panel (A) depicts in vivo mouse development including critical steps required for 

PGC formation.  The bottom panel (B) depicts the corresponding steps necessary for 

germ cell development in vitro. 
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Chapter 2 
 

Dazl functions in maintenance of pluripotency and 

genetic and epigenetic programs of differentiation in 

mouse primordial germ cells in vivo 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Two divergent strategies for germ cell specification and maintenance are apparent 

in animals (Houston and King , 2000; Wylie, 2000; Saffman and Lasko, 1999).  First, in 



 45 

non-mammalian species, germ cell fate is determined by the inheritance of germ plasm, 

microscopically-distinct oocyte cytoplasm that is particularly rich in RNAs and RNA-

binding proteins and segregates with cells destined to become germ cells (Houston and 

King , 2000; Wylie, 2000; Saffman and Lasko, 1999).  In contrast, in mammalian species, 

both male and female germ cells are specified in a germ plasm-independent manner via 

inductive signaling from neighboring cells  (Saitou et al., 2002; Yoshimizu, 2001; Ying, 

2000; Lawson et al., 1999; McLaren, 1999; Tam and Zhou, 1996; Lawson and Hage, 

1994).  In mice, the formation of the germ line is first noted at approximately embryonic 

stage (E) 6.25, when a population of ~6 cells in the proximal epiblast first express the 

Blimp-1 gene in response to inductive signaling from extraembryonic ectoderm 

(Okamura et al., 2005; Ohinata et al, 2005; Vincent et al., 2005; Saitou et al., 2002; 

Lawson et al., 1999). Following specification, the founder population gives rise to ~40 

PGCs which migrate out of the embryo to reside in extraembryonic tissues until 

gastrulation is complete. Subsequently, the cells migrate to the nascent gonads and 

proliferate while they begin the process of erasure of genomic imprints (E9.5-11.5) 

(McLaren 2003; Hajkova et al., 2002; Gomperts et al., 1994). Following differentiation 

of the gonads to testes or ovaries, germ cell sex is determined to be male or female and 

diagnostic sex-specific imprinted gene methylation patterns are established (Saffman & 

Lasko 1999), as development diverges and male PGCs mitotically arrest while female 

PGCs enter meiosis (Swain 2006). 

Throughout early development, PGCs express the germ cell specific gene Dazl 

(Deleted in AZoospermia-Like), a member of the DAZ gene family, which encodes RNA-

binding proteins required for germ cell development in diverse organisms (Xu et al., 
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2001).  DAZ family proteins interact with several other RNA binding proteins to regulate 

translation in diverse organisms (Hasegawa et al., 2006; Collier et al., 2005; Reynolds et 

al., 2005; Moore et al., 2004; Moore et al., 2003).  A number of studies provide evidence 

that Dazl is required in diverse species for germ cell development (Tung et al., 2006a; 

Tung et al., 2006b; Lin & Page 2005; Saunders et al., 2003; Houston & King 2000; 

Ruggiu et al., 1997; Cooke et al., 1996; Eberhart et al., 1996; Reijo Pera et al., 1996; Yen 

et al., 1996). Indeed, disruption of mouse Dazl leads to loss of germ cells in the gonads of 

both sexes though timing and quantification of loss has not been well established (Ruggiu 

et al., 1997). Furthermore, recent work reported the phenotype of mutant male mouse 

embryos at the histological level and demonstrated an increased number of apoptotic 

germ cells, reduced expression of some germ cell markers, and a chromatin configuration 

typical of immature germ cells prenatally in the absence of Dazl function (on a C57BL/6 

background; Lin & Page 2005). However, to date, methods used have not allowed 

examination of isolated PGCs at multiple stages of development both in vivo and in vitro 

leading to reports of distinctly different phenotypes.  

Dazl is a member of the Deleted in AZoospermia (DAZ) gene family, which 

encodes a family of RNA-binding proteins that is required for germ cell development in 

vivo in diverse organisms (Xu et al., 2001). The DAZ gene family contains three 

members, DAZ, Boule, and DAZ-Like (DAZL), each encoding an RNA-binding protein 

with a conserved RNA Recognition Motif (RRM) and DAZ repeat (Figure 5; Xu et al., 

2001). The autosomal Dazl gene occurs only in vertebrates, and a number of studies 

provide evidence that it is required in diverse species, including mice, for pre-meiotic 

and/or meiotic germ cell development (Tung et al., 2006a; Tung et al., 2006b; Reynolds 
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et al., 2005; Saunders et al., 2003; Houston and King, 2000; Ruggiu et al., 1997; Cooke et 

al., 1996; Reijo et al., 1996; Yen et al., 1996). Recently, the phenotype of mutant male 

mouse embryos was also examined in more detail at the histological level and 

demonstrated an increased number of apoptotic germ cells, reduced expression of some 

germ cell markers, and a chromatin configuration typical of immature germ cells 

prenatally (Lin and Page, 2005).  

We set out to ascertain when the onset of germ cell depletion occurred in Dazl-/- 

mice, as well as, whether germ cell depletion was characteristic of heterozygous Dazl+/- 

mice as previously suggested (Ruggiu et al., 1997).  We also examined gene expression 

and imprinting status, as well as other hallmarks germ cell development including 

apoptosis, proliferation, entry into meiosis and ability to give rise to embryonic germ 

(EG) cell lines in FACS purified germ cell populations to determine the quantitative and 

qualitative phenotype in the absence of Dazl function in vivo.  

 

Materials and Methods 

Mice 

The Oct4∆PE:GFP transgene (Anderson et al., 2000), and Dazl null allele 

(Ruggiu et al., 1997), have previously been reported. Mice carrying the Oct4∆PE:GFP 

reporter transgene were mated to Dazl+/- mice to produce mice that were heterozygous 

for both the reporter and the Dazl-null allele. Male and female double heterozygotes were 

then mated to produce progeny for analysis. The morning that the copulation plug was 

observed was considered 0.5 days post coitum (dpc). On different embryonic days, 
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pregnant females were sacrificed and embryos removed from the uterus and placed in 

PBS for analysis.  Embryonic somatic tissues were used to genotype for Dazl, Oct4∆PE-

GFP, and Sry for sexing as previously reported (McClive & Sinclair 2001; Yoshimizu et 

al., 1999; Ruggiu et al., 1997). Care and use of experimental animals described in this 

work comply with guidelines and policies of the Administrative Panel on Laboratory 

Animal Care at Stanford University and The University of California, San Francisco. 

 

Embryonic Gonad Dissociation 

Gonads were dissected from embryos and placed in DMEM/F-12 medium with 

20% fetal bovine serum (DMEM/F-12 + FBS) and were pelleted at 2000 rpm for 3 min 

and the supernatant was removed. The samples were then dissociated enzymatically with 

1 mg/ml of collagenase/dispase (Roche Molecular Biochemicals) in PBS for 30 min at 

37°C, and pelleted. Media was replaced with PBS containing 0.25% trypsin, 0.2% 

Versene. Samples were incubated 20 min at 37°C and then treated with DNase I (Roche 

Molecular Biochemicals) at a final concentration of 1mg/ml for 10 min at 37°C. Cells 

were dissociated to a single-cell suspension by pipetting and DMEM/F-12 + FBS was 

added to inactivate trypsin. Finally, cells were pelleted, washed with DMEM/F-12 + FBS 

or differentiation medium, and resuspended in 0.5ml media for analysis. 

 

Embryonic Germ Cell Derivation 

Gonads from E12.5, E14.5, E15.5 and E16.5 wildtype, Dazl heterozygote, and 

Dazl null embryos were isolated, genotyped, and dissociated as above. Once sex and 

genotype were confirmed we combined multiple samples of the same sex/genotype 
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combination and then isolated Oct4∆PE:GFP-postivie germ cells by FACS. After sorting 

we plated the purified cell on previously plated STO-feeders in PGC defined media that 

included LIF, SCF, and Fgf2 following the protocol described by De Miguel and 

Donovan (2003). After plating daily observations were taken on a Leica DM IL HC Leica 

to determine morphology, GFP expression, and colony formation in each well.  Images 

were acquired with a Lecia DFC300FX R2 camera.  

 

Fluorescence-Activated Cell Sorting (FACS) 

For FACS, dissociated gonadal cells were resuspended in PBS + 1% bovine 

serum albumin (BSA) with propidium iodide (PI; Roche Molecular Biochemicals) at a 

final concentration of 10% to mark necrotic cells and analyzed on a CyAn ADP analyzer 

(Dako). GFP-positive cells were counted; a negative control (no GFP transgene) was 

included in all experiments. To collect germ cells for later analysis, cells were prepared 

similarly as for counting, but collected on a MoFlo High-Performance Cell Sorter (Dako), 

then stored at -80°C until use. Dissociated EBs were resuspended in differentiation media 

with 0.25µg per sample of 7-Amino-Actinomycin D (BD Biosciences) or PI to exclude 

nonviable cells. The EB suspension was analyzed and GFP-positive and GFP-negative 

cells were collected on the FACSAria Cell-Sorting System (BD Biosystems).  

To analyze cells for DNA content, dissociated germ cells were fixed overnight at 

4°C in 4% paraformaldehyde. The next day, cells were permeabilized by resuspension in 

0.2% Triton X-100 in PBS for 15 min at room temperature. Cells were then washed with 

cold PBS + 1% BSA, and resuspended in PBS with 1 unit of DNase-free RNase (Roche 
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Molecular Biochemicals) for 30 min at 37°C. Finally, 300ul of PBS + 1% BSA and 40ul 

of PI were added and cells were analyzed on a FACSCalibur analyzer (BD Biosciences). 

 

Microscopy 

To examine nuclear morphology of the germ cells, dissociated germ cells were 

fixed, permeabilized, and washed as described for analysis of DNA content. Cells were 

then resuspended in 100µl of DAPI for 15 min at room temperature. After staining, the 

cells were resuspended in 15µl of cold PBS + 1% BSA and applied drop-wise to a poly-

L-lysine slide. Slides were dried and sealed with Prolong Antifade Gold (Invitrogen).  

Cells were visualized by immunofluorescence. To examine meiotic competence we 

isolated Oct4∆PE:GFP-positive cells and performed meiotic spreads using a modified 

version of Gonsalves et al., (2004), followed by immunofluorescence staining using 

rabbit polyclonal SYCP3 antibody (Abeam) to label aligned chromosomes, and Prolong 

Antifade Gold (Invitrogen) to label the  nucleus.  

 

RNA Extraction, cDNA Construction, and Real Time PCR 

RNA was extracted from previously sorted germ cells using the Picopure RNA 

Extraction kit (Arcturus Bioscience) as previously described (Abeyta et al., 2004). cDNA 

was then constructed, according to manufacturer’s protocol, using either the iScribe 

cDNA Synthesis (BioRad Laboratories) or SuperScript II (Invitrogen) systems. For real 

time PCR, each reaction contained 2 µl cDNA, 1 µl of each primer, 10 µl of iQ SYBR 

Green Supermix (BioRad), and 6 µl water. The reactions were run and analyzed on a 

MyIQ PCR system (BioRad) with the following protocol: 95°C x 5 min; 45 cycles of 
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95°C x 30 sec, 60°C x 1 min, 72°C x 1 min; 72°C x 5 min. All reactions were also 

checked by gel electrophoresis for the presence of primer dimers. The expression of each 

gene was normalized to GAPDH expression using the following formula: 2-(gene CT value – 

GAPDH CT value).  The efficiency of GAPDH was tested at multiple cDNA concentrations 

and all real-time curves were evaluated post-run to ensure each sample had similar primer 

efficiencies. Furthermore, GAPDH maintained a steady expression across all 

developmental timepoints tested.  Primers were as indicated (Table 1).  

 

H19 Imprinting Analysis 

Genomic DNA was isolated from FACS purified GFP-positive cells using the ZR 

Genomic DNA II Kit (Zymo Research) and concentration was assessed using the 

NanoDrop ND-1000 UV-Vis Spectrophotometer (Nanodrop Technologies). 500ng of 

gDNA (or total sample if less than 500ng) per sample was used for bisulfite conversion 

and subsequent sequencing. Bisulfite conversion was performed using the EZ DNA 

Methylation Kit (Zymo Research) or EpiTect Bisulfite Kit (Qiagen). 2.5µl of bisulfite-

treated gDNA was used as a template to amplify region 1309-1726 of the H19 

differentially methylated region (DMR) containing 15 CpG sites (GenBank acc. No. 

U19619) as described previously (Lucifero et al., 2004; Lucifero et al., 2002). PCR 

product was subcloned using TOPO TA Cloning Kit pCR®2.1 (Invitrogen) and 20 

colonies per sample were sequenced. Samples with less than 95% bisulfite conversion of 

cytosine to thymine in non-CpG cytosine positions, and/or incomplete sequences were 

not considered in the analysis. To determine whether methylation had been erased in 

male germ cells, germ cells were collected from gonads of E13.5 embryos. To determine 
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if imprints had been re-established correctly, germ cells were collected from gonads of 

E16.5 embryos and 1-day post partum neonates. Wildtype, heterozygous, and 

homozygous Dazl-null individuals were assayed; heart tissue was used as a somatic 

control. For each genotype/age group in the study, analysis encompassed three 

individuals and for each unique sample, 20 clones. The methylation status at 15 CpG sites 

was scored and each clone was assigned a status of methylated (at least 75% of sites 

methylated), unmethylated (at least 75% of sites unmethylated), or hemi-methylated 

(approximately 50% methylated, 50% unmethylated). Results were averaged across 

samples in the same genotype/age group.  

 

Statistics 

Data for germ cell counts were fit to a negative binomial regression model using 

Stata v6.0 (Stata Corporation). Error bars for gene expression were calculated in Excel 

using the standard deviation function. Data for H19 imprinting analysis were analyzed 

and graphed on Prism 4.0c for Macintosh (GraphPad Software, Inc.) using 2 way 

ANOVA with Bonferroni post-tests.  

 

Results 

Dazl is Required for Germ Cell Maintenance Prior to E14.5 

The Oct4ΔPE:GFP transgene has been reported to be expressed exclusively in 

PGCs in vivo throughout fetal germ cell development in both males and females (Stebler 

et al., 2004; Molyneaux et al., 2003; Molyneaux et al., 2001; Anderson et al., 2000; 

Yoshimizu et al., 1999). We verified that Oct4ΔPE:GFP expression occurs only in germ 
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cells and not in somatic cells of wildtype and Dazl-/- mutant mice as shown (Figures 1).  

In addition, we compared gene expression in GFP-positive and GFP-negative cells and 

observed that only cells positive for GFP expressed Oct4 and other germ cell-specific 

markers such as Vasa, while the GFP-negative population was enriched for somatic 

markers such as α-fetoprotein (Figure 1G).  

We next crossed mice heterozygous for the Dazl null allele (Ruggiu et al., 1997), 

to mice carrying the Oct4ΔPE:GFP transgene (Anderson et al., 2000), to produce 

wildtype, heterozygous, and Dazl null mice with germ cells that express the GFP 

transgene. Embryonic gonads were dissected from these mice and germ cells were 

counted by fluorescent-activated cell sorting (FACS) at E12.5, E14.5, and E16.5 (Figures 

2A-1F). We observed substantial variation in native germ cell numbers between different 

mice, especially in early development; this natural variation likely reflects a combination 

of differences in the timing of the completion of migration, proliferation of initial germ 

cell populations, and arrest or entry into meiosis, as well as genetic background effects as 

previously reported (Ohinita et al., 2005; Bendsen et al., 2006; Bendsen et al., 2003; Tilly 

et al., 2003).  

To test the significance of differences in germ cell number amongst genotypes, 

we fit the data to a negative binomial regression and stratified the data by litter. At E12.5, 

the Dazl null mice appeared to have fewer germ cells; however differences were not 

significant amongst the different genotypes in either sex (Figures 2A-2B). In contrast, by 

E14.5, the number of germ cells was significantly different in homozygous Dazl-/- 

mutants relative to both wildtype mice and heterozygous Dazl+/- mice (Figures 2C-2D). 

Differences were magnified further at E16.5, with a significant deficiency in germ cell 
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numbers in the null mutant relative to both heterozygous and wildtype genotypes in both 

male and female embryos (Figures 2E-2F). We observed no significant differences in 

germ cell numbers in heterozygous embryos relative to wildtype.  

 

Dazl Mutants and Aberrant Germ Cell Specific Gene Expression 

To further examine effects of loss of function of Dazl, we analyzed gene 

expression in isolated germ cells of different Dazl genotypes (Figures 3). The Nanos2, 

Nanos3, Pumilio-2 (Pum2), Stella, Oct-4, and c-kit genes are expressed in the earliest 

stages of germ cell development in PGCs before they reach the presumptive gonad. Other 

genes, such as Vasa, Sycp3 and Sycp1, are expressed in germ cells only after they reach 

the gonad and/or initiate meiosis (reviewed in Chapter 1, Figure 2 & 3)). We observed 

clear differences in gene expression in germ cells of different genotypes emerged 

beginning at E13.5 and extending through E15.5 in both sexes.  In the male, the Dazl-/- 

mutant germ cells had decreased expression of early markers of pluripotent germ cells 

such as Nanos2, Nanos3, Pum2, Stella, and Oct-4, and even larger decreases in the 

expression of meiotic markers such as Sycp3 and Sycp1, relative to the wildtype cells at 

E13.5, 14.5 and 15.5 (Figure 3A, 3C, and 3E). In contrast at E12.5, no differences in gene 

expression across genotypes were observed in male germ cells.  

In females, a comparison of gene expression across genotypes indicated that Dazl-

/- null germ cells expressed higher levels of several early markers, including Stella, Oct-

4, and c-kit at E13.5 and E14.5, and to some extent at E12.5 relative to wildtype 

littermates (Figure 3B & 3D); indeed the elevated expression of the premeiotic marker, 

Stella, persisted until E15.5 (Figure 3D). In contrast, Pum-2 expression in the mutant was 
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significantly reduced at E15.5 (Figure 3B) and Vasa expression in the mutant germ cells 

decreased over time from E12.5 to almost negligible levels at E15.5 (Figure 3F). 

Beginning at E13.5 in females, Dazl-/- mutant germ cells also demonstrated much lower 

expression of the meiotic genes, Sycp3 and Sycp1, relative to wildtype germ cells (Figure 

3F). Notably, isolated female germ cells of all genotypes expressed much higher levels of 

these meiotic genes relative to male germ cells in keeping with the fact that female, but 

not male, germ cells enter meiosis during this developmental window. 

 

Dazl Mutants and Germ Cell Proliferation and Apoptosis  

Since we observed that the number of germ cells was significantly reduced in 

Dazl-/- mutant mice by E14.5, we next examined germ cell proliferation and apoptosis a 

day earlier (at E13.5) to assess contribution to the reduced germ cell numbers. Gonads 

from E13.5 Oct4∆PE:GFP-positive embryos were stained with propidium iodide (PI) to 

mark DNA content and analyzed by FACS. Although variation in germ cell numbers was 

observed as previously, we did not observe any significant or consistent differences 

across genotypes in the percentage of cells in G1 (with 2N DNA content) or G2/M (with 

4N DNA content) in male and female Dazl-/- mutants relative to wildtype littermates 

(Figure 4). We also examined isolated germ cells for evidence of apoptosis by staining 

with DAPI and counted the number of germ cells with canonical fragmented nuclear 

morphology associated with apoptosis (data not shown). We then turned to a FACS based 

assay using Annexin-V staining and showed that while we could detect elevated number 

of Annexin-V/GFP double positive cells in the PGCs of E11.5 Dazl mutants we could not 

detect a difference between genotypes at E14.5 (Figure 5). Therefore, although we did 
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detect an increase in cell death as early as E11.5, before our germ cell loss phenotype 

becomes statistically significant we could only observed a slight increase in the number 

of apoptotic cells in both the male and female Dazl mutant mice at E13.5 compared to the 

heterozygous and wildtype mice. Given the very modest effects of both proliferation and 

apoptosis, we could not definitively conclude that either process, alone or in combination, 

leads to the reduced germ cell numbers.  

 

Dazl and Erasure and Re-establishment of H19 DMR Imprinting 

Methylation 

We next explored whether the loss of Dazl function impacts erasure and re-

establishment of genomic imprints, a functional landmark of nuclear reprogramming 

during germ cell development (Hajkova et al., 2008; Surani et al., 2007).  For this 

purpose, we focused on analysis of male germ cells due to the more contracted timeframe 

for erasure and subsequent re-establishment of imprints in male germ cells. In particular, 

the imprinting methylation marks at the H19 differentially methylated region (DMR) are 

re-established between E15.5 to E18.5 in males (Durcova-Hills et al., 2006; Li et al., 

2004; Davis et al., 2000; Ueda et al., 2000). In contrast, methylation at imprinted loci is 

re-established over a more expanded time frame in female germ cells, continuing 

postnatally, making it difficult to assess methylation status in the few germ cells that may 

remain after fetal development.   

Previous studies demonstrated that the methylation marks at the H19 locus are 

completely erased by E13.5 in male germ cells; subsequently, the male-specific 

methylation pattern is reestablished between E15.5 to E18.5. In contrast, somatic cells 
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display a 1:1 (50%) methylated:unmethylated pattern throughout this developmental 

period, representing the contribution from each parental allele [Durcova-Hills et al., 

2006; Li et al., 2004; Davis et al., 2000; Ueda et al., 2000;  outlined in Figure 6A].  

As expected, somatic cells displayed a 1:1 ratio of methylated and unmethylated 

H19 alleles (Figure 6B).  We then examined the methylation status of H19 in germ cells 

from E13.5 embryos. As also expected, we observed that the methylation status in 

wildtype male germ cells differed substantially from that of somatic cells with only 15% 

of alleles methylated, fully 83% unmethylated (p<0.001), and the remainder hemi-

methylated (characterized by incomplete methylation on a single strand, data not shown). 

This indicated that the majority of chromosomes in wildtype germ cell populations were 

in the process of erasing H19 methylation marks. Results from Dazl heterozygous male 

germ cells were similar to those from wildtype mice (6.7% methylated and 88% 

unmethylated, p<0.001). In contrast, however, at E13.5, erasure of methylation at the 

H19 locus was not observed in Dazl-/- mutant germ cells (methylation status of 35.4% 

methylated and 49.4% unmethylated; Figure 3B). Furthermore, although both wildtype 

and heterozygous embryonic germ cells had significantly different unmethylated status 

relative to somatic tissues, germ cells from Dazl-null embryos did not differ significantly 

in methylation status from somatic tissues. These data demonstrate that wildtype and 

heterozygous male germ cells have appropriately erased methylation marks at imprinted 

loci at E13.5, whereas erasure is delayed, or completely stalled, in Dazl-/- mutant germ 

cells. 

Next, we examined methylation status at the H19 locus in germ cells obtained 

from E16.5 and neonatal mice to determine if sex-specific re-establishment of the H19 
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imprints in male germ cells had occurred.  After confirming that there were no significant 

differences between late embryonic (E16.5) and neonatal averages (data not shown), we 

combined samples by genotype. Wildtype male germ cells displayed averages of 54.5% 

methylated and 34.4% unmethylated, while heterozygous males showed averages of 

70.4% methylated and 25.4% unmethylated (p<0.05 relative to somatic; Figure 6B). As 

both wildtype and Dazl heterozygous male germ cells had significantly different 

methylation status in post-E16.5 samples relative to their respective E13.5 samples 

(p<0.001; Figure 6B), these results demonstrate that germ cells from both wildtype and 

heterozygous males are in the process of re-establishing H19 sex-specific methylation 

patterns. Again, in contrast, Dazl-/- germ cells showed averages of 34.1% methylated and 

59.7% unmethylated, with no significant difference in imprinted methylation patterns 

between Dazl-/- mutant germ cells at days E16.5 and E13.5 (Figure 3B). Taken together, 

these data indicate that wildtype and heterozygous germ cells progress along a 

coordinated sequential program of erasure and re-establishment of H19 imprints in male 

germ cells, while in sharp contrast, the erasure and re-establishment of imprints in germ 

cells that lack Dazl function is aberrant, with both erasure and re-establishment of sex-

specific imprints derailed.  Thus, the loss of function of the Dazl translational regulator 

leads to reduced numbers of germ cells, altered expression of pluripotency genes, and 

failure to execute even the earliest stages of nuclear reprogramming at the H19 imprinted 

locus.  

 

Dazl Mutants Fail to Produce Embryonic Germ Cell Lines 
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To determine if PGCs from Dazl mutants were able to produce embryonic germ 

(EG) lines we dissected gonads from wildtype, Dazl heterozygous, and Dazl null E10.5, 

E12.5, E14.5, E15.5 and E16.5 male and female embryos and isolated the Oct4ΔPE:GFP-

positive germ cells by FACS. We cultured the cells on STO-feeders in a PGC-defined 

media as previously described (De Miguel & Donovan 2003). We did not derive EG lines 

from PGCs isolated from any genotype post-E12.5, as expected, or from the GFP-

negative sorted fractions containing somatic gonadal cells.  As displayed in Figure 4, 

GFP-positive cells isolated from wildtype and Dazl null PGCs at E12.5 gonads of both 

sexes express GFP at day 2 post-plating (Figure 7A-7H, heterozygous data not shown). 

However, by day 9, all wells, regardless of sex or genotype developed flattened colonies 

with a cobblestone-like appearance (Figure 4I-4L) and exhibit no GFP expression (Figure 

7M-7P). By day 16 EG colony formation was apparent in both male and female wildtype 

samples, but not in Dazl null samples (Figure 7Q-7X; EG colonies were confirmed by 

alkaline phosphatase staining (data not shown)). We note that we saw a similar pattern of 

EG formation from wildtype male and female PGCs at E10.5 (data not shown), however, 

EG lines were never derived from Dazl heterozygous and Dazl null PGCs at any time 

point. 

 

Dazl and Meiosis 

Next we isolated GFP-positive cells by FACS from E17.5 female embryonic 

gonads and immunostained with SYCP3 (Figure 8A-8D), to determine if germ cells 

carrying a Dazl null mutation enter and progress through meiosis. Our analysis of at least 

100 cells/slide showed that 99% of germ cells isolated from wildtype gonads had SYCP3 
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alignment indicative of pachytene stage of prophase I of meiosis (8A, 8E). However, just 

87% of germ cells isolated from Dazl heterozygous gonads were in pachytene stage 

(Figure 8E). Moreover, only 59% of Dazl-null germ cells had a similar SYCP3 alignment 

to wildtype (Figure 8B), while the remaining 31% did not display appropriate SYCP3 

alignment, indicating that in the absence of Dazl function, a large percentage of female 

germ cells fail to appropriately progress through meiosis. 

 

Discussion 

Several studies have examined phenotypes associated with disruption of germ cell 

specific genes, such as Dazl, in mice but most rely on histochemical and whole tissue 

analysis as purification and analysis of small numbers of germ cells in early development 

has been difficult (Lin et al., 2008; Lin & Page 2005; Saunders et al., 2003; Ruggiu et al., 

1997).  In this study, we used the Oct4ΔPE:GFP transgene (Anderson et al., 2000), to 

isolate small numbers of germ cells in vivo and in vitro.  We demonstrate that ablation of 

a single translational factor, Dazl, disrupts a continuum of fundamental genetic and 

epigenetic events of post-migratory germ cell development both in vivo and in vitro. 

Furthermore, although previous work has documented the need for the transcriptional 

regulator Prdm14 in specification of germ cell fate and commitment to the 

reprogramming events necessary for appropriate early germ cell development (Yamaji et 

al., 2008), our data is focused on the translational (not transcriptional) factor, Dazl.  

Moreover, we show that ablation of Dazl results in a reduction in post-migratory germ 

cell numbers, aberrant expression of markers of pluripotency and differentiation, failure 

to execute nuclear reprogramming, failure to produce EG lines and inability to progress 
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through meiosis, even in the presence of Prdm14, suggesting that Dazl is genetically 

downstream of Prdm14 or functions in a parallel pathway (Figure 9).  

In this report we show a quantitative and significant decrease of germ cell 

numbers in vivo, independent of sex, by E14.5 in Dazl-/- mutant gonads relative to 

wildtype. This is in contrast to earlier characterizations of the mouse Dazl-/- mutant, 

which suggested that germ cell loss occurs only in males at E14.5 (Lin & Page 2005), or 

begins later in embryonic development at approximately E15.5 to E17.5 (Ruggiu et al., 

1997).  As our results are described on a genetic background similar to the one reported 

by Ruggiu et al (1997; with the addition of the FVB background from the Oct4ΔPE:GFP 

transgenic mice from Anderson et al., 2000), we suggest that the difference in these 

results may be due to the our use of FACS to capture and characterize PGCs, thus 

enabling us to uncover much earlier quantitative and qualitative defects in Dazl null 

PGCs. Furthermore, our results in males at E14.5 are comparable to those found by Lin et 

al. after they performed C57BL/6 backcrossing to the Dazl mutant mice used here (Lin & 

Page 2005) although the same group did not uncover similar defects in PGC number in 

Dazl null females (Lin et al., 2008). This difference may be due to an increased 

variability, or potential differences in flanking regions, often described in mixed genetic 

backgrounds (Doetschman 2009; Eisener-Dorman et al., 2009), however, we can not 

discount that differences could also arise from the increased sensitivity the use of FACS 

provides when capturing PGC data in females at these embryonic timepoints.  Here we 

report that regardless of whether the germ cell programs mandate entry into meiosis for 

female germ cells or mitotic arrest in male germ cells, germ cell numbers are diminished 

in the absence of Dazl function. Indeed, in spite of intra-genotype variation, we detected 
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statistically significant differences in germ cell numbers early in development with 

ablation of Dazl by E14.5.  The differences in the numbers of germ cells amongst mice of 

different genotypes are magnified further by E16.5.  We also note that by quantification 

we observed a more severe reduction in germ cell number at E15.5 and E16.5 in male 

Dazl mutants than in females, suggesting a sex-specific difference in the kinetics of germ 

cell loss.  

Results of quantitative analysis were mirrored by studies of gene expression.  

Beginning at E13.5, there were observable and reproducible differences in the expression 

of certain genes in wildtype versus Dazl-/- germ cells. Dazl-/- male germ cells had 

relatively low expression of early germ cell markers such as Pumilio-2, Stella and Oct-4, 

while mutant female germ cells had relatively high expression of these same markers 

relative to their wildtype littermates. We also note that the striking differences in Stella 

expression between wildtype male and female PGCs occurring at E14.5 is consistent with 

previous reports (Yamaguchi et al., 2005).  Markers that normally begin to be expressed 

after the germ cells reach the gonad, such as Vasa, SYCP3, and SYCP1, showed reduced 

expression in Dazl-/-mutants of both sexes. As the majority of migrating germ cells 

should have arrived at the gonad by E12.5, this data suggests that loss of Dazl function 

may result in defects in germ cell proliferation, differentiation and/or maintenance with 

substantial germ cell loss manifested in the gonocyte population of both sexes. 

Additionally, we explored other hallmarks of in vivo germ cell development, 

including imprinting and entry into meiosis. We found that Dazl-/- males displayed a 

delay or incomplete erasure at E13.5, and failure to properly re-establish methylation of 

genomic imprint marks at the H19 DMR, relative to wildtype and heterozygous animals. 
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We note that it is possible that disruption of Dazl may directly or indirectly impact 

imprinting status; previously, germ cell specific genes, other than components of the 

cellular enzymatic machinery such as the demethyltransferase family, have not been 

shown to impact germ cell imprinting.  Furthermore, we observed that many of the PGCs 

isolated from Dazl-null mutants were able to enter meiosis, however these cells displayed 

a significant defect in progression through meiosis relative to wildtype.  This is in 

contrast to results obtained with whole gonad gene expression and immunostaining 

suggesting that loss of Dazl blocks entry in to meiosis (Lin et al., 2008). Thus, the use of 

quantification and Oct4ΔPE:GFP to isolate germ cells at multiple timepoints allows 

uncovering of novel phenotypes relative to other methods (Lin et al., 2008; Lin & Page 

2005; Ruggiu et al., 1997).  

As illustrated in our model (Chapter 4, Figure 1), we suggest that Dazl functions 

early in vivo either directly or indirectly, to maintain germ cell pluripotency.  We further 

suggest that this RNA-binding protein may function to translationally-regulate or interact 

with key factors required to guide the germ cells through development, from stage to 

stage, and is required for the post-migratory pluripotent germ cells to begin 

reprogramming and switch from mitotic to meiotic divisions (Chapter 4 Figure 1A-D).  In 

conclusion, the data presented in this chapter shows that Dazl serves as a molecular linker 

between maintaining the pluripotent germ cell population and execution of the epigenetic 

and genetic programs that define multiple time points of germ cell differentiation in vivo.  
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Figure Legends 

Figure 1.  GFP Expression from Oct4ΔPE Promoter is Restricted to Germ cells and 

Reduced in Dazl-null Gonads.   

 (A) Whole mount from E14.5 wildtype embryonic testis. 

(B) Whole mount from E14.5 wildtype embryonic ovary. 

(C) Whole mount from E14.5 Dazl-null embryonic testis.  

(D) Whole mount from E14.5 Dazl-null embryonic ovary. 

(E) RT PCR analysis of FACS-isolated GFP-positive and GFP-negative cells 

from E14.5 gonads. 

 

Figure 2. Requirement for Dazl in Embryonic Germ Cells. 

 (A) Total germ cell counts in E12.5 testis. 

(B) Total germ cell counts in E12.5 ovary. 

(C) Total germ cell counts in E14.5 testis.  

(D) Total germ cell counts in E14.5 ovary. 

(E) Total germ cell counts in E16.5 testis.  

(F) Total germ cell counts in E16.5 ovary. 

Number of germ cells is on the y-axis. ‘*’ denotes a statistically significant difference in 

germ cell count with the Dazl-/- mutant (p<0.05). ‘**’ denotes a statistically significant 

difference in germ cell count with the Dazl-/- mutant (p<0.001). 

 

Figure 3.  Aberrant Germ Cell Gene Expression in the Germ Cells of Dazl Mutants. 
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Expression profiles are shown in isolated germ cells at E12.5, E13.5, E14.5, and E15.5. 

Males are displayed in green boxes (A), (C), and (E). Females are displayed in purple 

boxes (B), (D), and (F).  cKit, Oct4, Pum2 (Pumilio2), Stella, Nanos3, and Nanos2 

represent genes, which are expressed beginning in migrating PGCs, while Vasa, Sycp3 

(Synaptonemal complex protein 3), and Sycp1 (Synaptonemal complex protein 1) 

represent meiotic markers. Expression levels on the y-axis are normalized to the GAPDH 

housekeeping gene. Each bar on the graph represents average expression of sorted germ 

cells from the following number of embryos. Males: E12.5 +/+ (N=3),  +/- (N=13), -/- 

(N=5); E13.5 +/+ (N=4),  +/- (N=8), -/- (N=3); E14.5 +/+ (N=2),  +/- (N=17), -/- (N=3); 

E15.5 +/+ (N=7),  +/- (N=10), -/- (N=3). Females:  E12.5 +/+ (N=5),  +/- (N=7), -/- 

(N=6); E13.5 +/+ (N=3),  +/- (N=5), -/- (N=4); E14.5 +/+ (N=8),  +/- (N=15), -/- (N=4); 

E15.5 +/+ (N=7),  +/- (N=7), -/- (N=4).  

Note the Y-axis on all graphs display different scales. 

 

Figure 4. Loss of Dazl Does not Affect Proliferation in Embryonic Germ Cells of 

Dazl Mutants. 

Percentage of germ cells, at E13.5, in the G1 and G2/M stages of the cell cycle. Each bar 

indicates germ cell percentage for one embryo. Within each sex, the same embryos are 

depicted in both the G1 and G2/M graphs, although not necessarily in the same order 

within the genotype. The average percentage for each genotype is shown above the bars 

in parentheses. 
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Figure 5. Dazl Null Primordial Germ Cells Display Increased Apoptosis at E11.5 

But Not at E14.5 

FACS results of PGCs sorted for GFP or GFP/Annexin V, a marker of apoptosis. Y-axis 

displays percentage of GFP-positive and double-positive PGCs at E11.5 (left panel) and 

E14.5 (right panel). Female (F) knockout (KO) PGCs display an increase in double-

positive apoptotic cells at E11.5 relative to male (M) and female wildtype (WT) and Dazl 

heterozygote (HET) PGCs, whereas at E14.5 there is no significant difference in  levels 

of double positive cells between genotypes. 

 

Figure 6. Methylation Marks at the H19 Imprinted Locus are disrupted in Germ 

Cells of Dazl Mutants. 

(A) Schematic of expected methylation status of 15 CpG islands in region 1304-1726 of 

the H19 differentially methylated region (DMR) (GenBank acc. No. U19619) at different 

time points in the lifecycle of male germ cell development. Open circles denote an 

unmethylated status of a CpG, while filled circles denote a methylated CpG.   

(B) Results of bisulphite sequencing displaying an average percent methylation status (y-

axis) of 60 clones per datapoint (20 clones per individual sample, 3 replicates for each 

genotype/age) for both E13.5 and post E16.5 GFP-positive germ cells isolated by FACS. 

Clones that were hemi-methylated are not shown.  

‘***’ denotes a very significant difference (P<0.001) in unmethylated status relative to 

somatic. 

‘*’ denotes a statistically significant difference (P<0.05) in methylated status relative to 

somatic. 
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‘‡ ‡ ‡’ denotes an extremely significant difference (P<0.001) in methylated status with 

E13.5 Dazl+/+.  

‘†††’ denotes an extremely significant difference (P<0.001) in methylated status with 

E13.5 Dazl+/-.   

 

Figure 7. Dazl is required for Derivation of Embryonic Germ Cells Lines from 

E12.5 PGCs. 

Brightfield (BF) and GFP fluorescent images of Oct4ΔPE:GFP-positive PGCs during EG 

derivation on STO feeders from male and female E12.5 PGCs. (A-D) BF and (E-H) GFP 

expression of day 2 post-FACS wildtype and Dazl null PGCs.  (I-L) BF of flattened, 

cobblestone like colonies at day 9 with no GFP expression (M-P). (Q-T) BF and (U-X) 

GFP expression in day 16 post-FACS cells, with only wildtype wells displaying EG 

colony formation (Q, S) and GFP expression (U, W). 

 

Figure 8. Dazl is required for Meiotic Progression, but Not for Entry into Meiosis. 

Results of analysis of 100 cells/genotype FACS isolated E17.5 Oct4ΔPE:GFP-positive 

cells, immunostained for SYCP3 (red) to indicate pachytene stage chromosomal 

alignment of Prophase I, and DAPI (blue) to label the nucleus. 

(A) Wildtype germ cell in pachytene.  

(B)  Dazl-/- mutant germ cell in late zygotene/early pachytene. 

(C)  Dazl-/- mutant germ cell displaying non-aligned SYCP3 staining. 

(D)  Dazl-/- mutant germ cell displaying no SYCP3 staining. 
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Bar graph displaying percentage of cells per 100 cells/genotype showing appropriate 

SYCP3 alignment (A, B, red bars), and percentage of cells determined to be ambiguous 

or not showing SYPC3 alignment (yellow bars). 

 

Figure 9.  Prmt14 expression n E12.5 wildtype, Dazl heterozygous, and Dazl null 

PGCs. 

RT PCR on Prmt14, Prmt5, and Blimp1 confirms variation but no significant differences 

(p> 0.5) between female (F) and male (M) E12.5 wildtype (wt), Dazl heterozygous (het), 

and Dazl null (ko)  
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Table 1: Primers used in RT PCR.  

Gene Sequence 

Forward: TATCAATTAATGACAGATGTTTTTGGA Pumilio2  
Reverse: CTGATCAGAAGAAATAGATTCTAACGC 

Forward: GGAATAAGAGGAAGGTACAGGAACTA Nanos2 
Reverse: TATATTGGATGGGTAGAAGAGAGAGAA 

Forward: CTACCTTCGTCTACTGCTACACCAC Nanos3 
Reverse: ACTTTTGGAACCTGCATAGACACCT 

Forward: CTAGGAAGACCAAATAGTGAATCTGAC Vasa 
Reverse: TCCAGAACCTGTTACTACTTCTTCATT 

Forward: CTTTTCAAAGACTAAGCAATCTTGTTC Stella 
Reverse: ATGACCTTTACTAGTGTTTCTGGTTGT 

Forward: AGTCTGGAGACCATGTTTCTGAAGT Oct-4 
Reverse: TACTCTTCTCGTTGGGAATACTCAATA 

Forward: AGAATATTGTTGCTATGGTGATCTTTT c-kit 
Reverse: CATGTCCATATATTCATTTGAACTGTC 

 Forward: AGAAATGTATACCAAAGCTTCTTTCAA SYCP3 
Reverse: TTAGATAGTTTTTCTCCTTGTTCCTCA 

Forward: AAGTTTGATTCTAAAACAACTCCTTCA SYCP1 
Reverse: ACTCTTTTTAGTTGGTGTCTTCACTGT 

Forward: TTCACCACCATGGAGAAGGC GAPDH 
Reverse: GGCATGGACTGTGGTCATGA 
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Chapter 3 

 

Dazl functions in maintenance of pluripotency and 

genetic and epigenetic programs of differentiation in 

mouse primordial germ cells in vitro 
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Introduction 

Several recent reports have documented the in vitro differentiation of female 

(XX) and male (XY) germ cells from mouse embryonic stem cells (mESCs; Lacham-

Kaplan et al., 2006; Nayernia et al., 2006; Geijsen et al., 2004; Hubner et al., 2003; 

Toyooka et al., 2003).  Presumptive germ cells were identified via a combination of 

distinct morphological characteristics, germ cell-specific gene expression profiles, and 

diagnostic changes in epigenetic methylation status at imprinted loci.  Similarly, human 

embryonic stem cells (hESCs), and those of non-human primates, were shown to 

differentiate to the germ cell lineage with increased numbers of germ cells obtained with 

addition of factors such as BMP4, BMP7 and BMP8 (Teramura et al., 2007; Kee et al., 

2006; Clark et al., 2004a).  Importantly, studies of germ cell development in vitro 

routinely include Dazl as a definitive early marker of mouse and human germ cell 

development (Teramura et al., 2007; Kee et al., 2006; Clark et al., 2004a; Clark et al., 

2004b; Geijsen et al., 2004; Hubner et al., 2003; Toyooka et al., 2003).  Thus, diverse 

mammalian ESC lines appear to possess ability to differentiate to the germ cell lineage, 

potentially providing a tractable in vitro system to study germ cell development. Yet a 

major limitation remains with the lack of evidence to correlate differentiation in vitro 

with landmark events and genetic requirements in vivo.  

Here, we explore the genetic and epigenetic requirements for germ cell 

development in vitro. For this purpose, we derived wildtype, heterozygous Dazl+/- and 

Dazl-/- null mESC lines from a double transgenic mouse line carrying the Oct4ΔPE:GFP 

transgene (Anderson et al., 2000) as well as a genetic ablation of Dazl (Ruggiu et al., 
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1997) and evaluated in vitro germ cell development based on knowledge of landmark 

events and diagnostic gene expression patterns.  

 

Materials and Methods 

Mouse Embryonic Stem Cell Derivation, Maintenance, and 

Differentiation 

The Oct4∆PE:GFP transgene (Anderson et al., 2000)  and Dazl null allele 

(Ruggiu et al., 1997), have previously been reported. Mice carrying the Oct4∆PE:GFP 

reporter transgene were mated to Dazl+/- mice to produce mice that were heterozygous 

for both the reporter and the Dazl-null allele. Male and female double heterozygotes were 

then mated to produce progeny for analysis. For mESC derivation, females were 

superovulated 48 hours prior to breeding by injection with 5 units pregnant mare serum 

gonadotropin (PMSG, Sigma-Aldrich). Immediately before placing the female with a 

male they were injected with 5 units (suspended in 100µl PBS) human chorionic 

gonadotropin to hyperstimulate ovulation. The morning that the copulation plug was 

observed was considered 0.5 days post coitum (dpc). Pregnant females were sacrificed at 

3.5 dpc and the uterine horns were excised placed in mESC media (DMEH21 (Gibco) + 

10% FBS (Hyclone), 1X pen-strep (UCSF Cell Culture Facility), NEAA (Gibco), BME 

(Sigma), and LIF (Chemicon)). Blastocysts were flushed from uterine horns and 

transferred into 100ul of fresh media repeatedly until maternal blood was completely 

removed. Whole blastocysts with intact zona pellucida were plated into one well of a 6-

well plate, containing irradiated mouse embryonic fibroblasts (feeder layer) plated 24 

hours earlier, along with fresh mESC media. Blastocysts were incubated at 37°C in 5% 
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CO2 for 7-14 days, until visible outgrowths were observed.  Outgrowths were detached 

and transferred individually to one well of a 96-well plate containing 30ul of 0.25% 

Trypsin/0.025 EDTA and left at room temperature for 5-10 minutes until dissociated. 

Trypsin was neutralized using fresh mESC media and cells were transferred to one well 

of a 24-well plate onto feeders and incubated as above.  

Once expansion was obtained, cells were cryo-preserved and used in 

differentiation experiments. Each line was also passaged onto 0.01% gelatin and 

passaged repeatedly to provide feeder-free mESCs to genotype for Dazl, Oct4∆PE-GFP, 

and Sry for sexing as previously reported (McClive & Sinclair 2001; Yoshimizu et al., 

1999; Ruggiu et al., 1997). Care and use of experimental animals described in this work 

comply with guidelines and policies of the Administrative Panel on Laboratory Animal 

Care at Stanford University. We next performed metaphase spreads to karyotype our 

mESC lines as follows. Undifferentiated mESCs were treated for 1 hour with KaryoMax 

colcemid treatment (10uL/mL; Invitrogen), followed by 7 minutes in hypotonic solution 

(1:1; 0.4% KCl:0.4% Sodium Citrate), at 37°C, followed by a 50-minute fixation in 3:1, 

methanol to acetic acid solution. We then dropped the cells onto glass slides (Fischer 

Scientific) and after air-drying used a 4% Giemsa/Gurr buffer solution to stain the 

chromosomes. We used a Lecia DFC300FX R2 camera, to visualize the spreads, and a 

minimum of 20 individual cells per line were selected for karyotypic analyzed. 

Undifferentiated mESC lines were maintained and expanded in mESC media on feeder 

layers.  To differentiate the mESCs we used a suspension protocol described previously 

(Clark et al., 2004a). In brief, following enzymatic dissociation using 0.05% trypsin 
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(Invitrogen) to single cell, we placed ~250,000 cells/well in 3mL differentiation media 

(mESC media with 20% FBS, minus LIF) in low adhesion 6-well plates (Corning).  

 

Embryonic Gonad and Embryoid Body Dissociation 

EBs were harvested from 6 well plates and pelleted at 2000 rpm for 3 minutes, 

then the supernatant was removed. The samples were then dissociated enzymatically with 

1 mg/ml of collagenase/dispase (Roche Molecular Biochemicals) in PBS for 30 min at 

37°C, and pelleted. Media was replaced with PBS containing 0.25% trypsin, 0.2% 

Versene. Samples were incubated 20 min at 37°C and then treated with DNase I (Roche 

Molecular Biochemicals) at a final concentration of 1mg/ml for 10 min at 37°C. Cells 

were dissociated to a single-cell suspension by pipetting and DMEM/F-12 + FBS was 

added to inactivate trypsin. Finally, cells were pelleted, washed with DMEM/F-12 + FBS 

or differentiation medium, and resuspended in 0.5ml media for analysis. 

 

Fluorescence-Activated Cell Sorting (FACS) 

For FACS dissociated EBs were resuspended in differentiation media with 0.25µg 

per sample of 7-Amino-Actinomycin D (BD Biosciences) or PI to exclude nonviable 

cells. The EB suspension was analyzed and GFP-positive and GFP-negative cells were 

collected on the FACSAria Cell-Sorting System (BD Biosystems).  

 

Apoptosis and Proliferation Analysis 

For analysis of apoptosis and proliferation approximately 5000 cells per 

line/timepoint of differentiation were sorted in mESC (on day 0) or differentiation (all 
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other days) media and placed in individual well of a 96-well plate (Corning white-walled 

illuminometer plate for apoptosis, BD Biosciences 96-well cell culture plate for 

proliferation), left to settle for 6-12 hours, and then treated as follows. For apoptosis we 

utilized the Caspase-Glo 3/7 Assay (Promega Corporation) and followed the 

manufacture’s protocol. In brief the Caspase-Glo substrate and buffer were mixed and 

allowed to equilibrate to room temperature before being applied to the wells. 100µL of 

the mixture was applied to each well except the blank and mixed by swirling for 30 

seconds. The plate was placed in a dark location at room temperature between each 

reading of luminescence, at timepoints of 45 minutes, 2 hours, and 4 hours post-treatment 

on a Fluostar Optima (BMG).  Analysis of each time point determined the appropriate 

time point of peak luminescence and graphing and statistical analysis was performed on 

Prism as detailed below.  

To determine proliferation rates for each line we utilized the CellTitre 96 AQueous 

One Solution assay (Promega Corporation). In brief we equilibrated the reagent to room 

temperature and then pipetted 20µL into each well of our experimental wells with cells in 

100µL of media. We incubated the plate in the incubator and took colourmetric readings 

at 490nm on a Multiskan EX plate reader with Ascent software (Thermo Scientific, 

Waltham, MA) at 45 minutes, 1, 2, and 4 hours. Each time point was analyzed to 

determine the peak absorbance and then plotted and analyzed as above on Prism.  

 

Microscopy 

To examine meiotic competence we isolated Oct4∆PE:GFP-positive cells and 

performed meiotic spreads using a modified version of Gonsalves et al., (Gonsalves et al., 
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2005), followed by immunofluorescence staining using rabbit polyclonal SYCP3 

antibody (Abeam) to label aligned chromosomes, and Prolong Antifade Gold (Invitrogen) 

to label the  nucleus.  

 

RNA Extraction, cDNA Construction, and Real Time PCR 

For in vitro-derived samples, we used the BioMark Dynamic Array (Fluidigm 

Corporation) microfluidics system for RT PCR. We pre-amplified samples by treating 50 

GFP-positive cells per mESC line per time point following manufacturer’s protocol 

(Fluidigm Corporation) using 20X Taqman gene expression assays (Applied Biosystems; 

Table 1) as specified in Figure 8 and Table S2. For samples, the reaction mix contained 

2.5uL 2x Universal Master Mix (Applied Biosystems), 0.25uL Sample Loading Buffer 

(Fluidigm Corporation), and 2.25uL pre-amplified cDNA for loading into the sample 

inlets of the 48 by 48 Dynamic Array (DA)(Fluidigm Corporation). For probes, the 

reaction mix contained 2.5uL 20X Taqman Gene Assay and 2.5uL Assay Loading Buffer 

(Fluidigm Corporation) for loading into the assay inlets on the DA. Each sample had 2 

technical replicates and average CT values were calculated, and normalized to GAPDH. 

Analysis included samples for each mESC line from at least 2 independent experiments, 

for all time points, and combined results from mESC lines of similar sex/genotype 

combinations. Results are displayed on DChip (http://www.dchip.org/) in heat map 

format. 

 

H19 Imprinting Analysis 
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Genomic DNA was isolated from FACS purified GFP-positive cells using the ZR 

Genomic DNA II Kit (Zymo Research) and concentration was assessed using the 

NanoDrop ND-1000 UV-Vis Spectrophotometer (Nanodrop Technologies). 500ng of 

gDNA (or total sample if less than 500ng) per sample was used for bisulfite conversion 

and subsequent sequencing. Bisulfite conversion was performed using the EZ DNA 

Methylation Kit (Zymo Research) or EpiTect Bisulfite Kit (Qiagen). 2.5µl of bisulfite-

treated gDNA was used as a template to amplify region 1309-1726 of the H19 

differentially methylated region (DMR) containing 15 CpG sites (GenBank acc. No. 

U19619) as described previously (Lucifero et al., 2004; Lucifero et al., 2002). PCR 

product was subcloned using TOPO TA Cloning Kit pCR®2.1 (Invitrogen) and 20 

colonies per sample were sequenced. Samples with less than 95% bisulfite conversion of 

cytosine to thymine in non-CpG cytosine positions, and/or incomplete sequences were 

not considered in the analysis. To determine whether methylation had been erased and 

reestablished in mESC derived  germ cells were collected at all time points of our 

differentiation experiment, days 0-35.  Wildtype, heterozygous, and homozygous Dazl-

null male lines were assayed. Day 0, when mESCs are expected to show a 50:50: 

methylated to unmethylated pattern was used as the control for each line. For each 

genotype analysis encompassed two individual lines, from two independent experiments, 

and for each unique sample we analyzed 20 clones.  The methylation status at 15 CpG 

sites was scored and each clone was assigned a status of methylated (at least 75% of sites 

methylated), unmethylated (at least 75% of sites unmethylated), or hemi-methylated 

(approximately 50% methylated, 50% unmethylated), and results were averaged within 

genotypes.  
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Pluripotency Assay: Reprogramming of Human Somatic Cells by 

Mouse Embryonic Stem Cells 

Embryonic stem cells from multiple species have displayed the ability to 

reprogram somatic cells back to a pluripotent state (Pereira et al., 2008; Wong et al., 

2008; Cowan et al., 2007; Blau 2002;  Tada et al., 2001; Blau et al., 1983).  To determine 

the reprogramming capability of our Dazl deficient mESCs we utilized a Polyethylene 

Glycol (PEG) mediated cell fusion system previously described (Wong et al., 2008) In 

brief, we grew male and female wildtype and knockout mESCs lines on 0.1% gelatin 

using MEF conditioned media for 3 passages to remove any contaminating MEFs. We 

loaded single cell suspension of human foreskin fibroblasts (HFF; ATCC, CRL-2429 ) 

with 0.5 ml/ml Vybrant DiD (Invitrogen) in DMEM for 20 min at 37uC, washed two 

times and then plated along with the a given gender/genotype mESCs line (each at 10^5 

cells/well of a 6 well plate) and left overnight. The next day the cells were primed with 

50 mM sodium dodecyl sulphate (Sigma-Aldrich) in PBS for 3 min at 37uC before 

incubating with 1 ml 56% PEG-3350 (Sigma-Aldrich) resuspended in PBS for 1 min at 

37uC, then the PEG was diluted with DMEM to 5mL over several minutes, and then 

washed twice with DMEM.  Fusion was assessed by FACS cell counts at days 0 3, 4, 7, 

and 11.  

Statistics 

All graphing and statistical analysis was performed on Prism (GraphPad Software 

Inc.). Data for mESC derived germ cell counts, apoptosis, and proliferation were 

analyzed using 2 way ANOVA with Bonferroni post-tests.  
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Results 

Differentiation of Mouse ESCs to Germ Cells is Genetically Dependent 

on Dazl  

A critical deficit in the use of in vitro differentiation to study early germ cell 

development is the lack of data to relate requirements in vitro to those in vivo.  Thus, we 

sought to examine whether the requirement for Dazl function would be recapitulated in 

the differentiation of mESCs to germ cells in vitro. We mated 10 Dazl heterozygous 

couples, (copulation plug confirmed on the morning of E0.5), and isolated 66 blastocysts 

at E3.5.  From these we obtained and characterized 44 unique mESC lines, most of which 

carried the Oct4ΔPE:GFP transgene, and were either wildtype, heterozygous, or 

homozygous null at the Dazl locus,  with both sexes represented (Figure 1). We 

determined that the ratio of genotypes obtained from the 10 litters was very close to 

Mendilian ratios, although the Dazl null contribution was slightly lower than expected 

(Figure 2A). However, when we plotted the breeding results from our in vivo experiments 

we got the appropriate Mendilian ratios (Figure 2B), and these results together suggesting 

that Dazl ablation does not appear to affect genotype ratios during mESC line derivation. 

Furthermore, we performed metaphase spreads, and analyzed all female line to ensure 

that each maintained the correct karyotype of 40 chromosomes, with both X 

chromosomes represented (Figure 2C).  Thereafter, for each gender/genotype 

combination we used 2 uniquely derived lines, with the exception of the female Dazl null 

sample, in which we were only able to derive one line that was Oct4ΔPE:GFP-positive, 

and used these 11 lines in all further experiments. Each line was differentiated in at least 
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three independent experiments using a spontaneous differentiation protocol over a 35-day 

time course. Samples were analyzed by FACS at multiple timepoints for putative germ 

cell populations that retain Oct4ΔPE:GFP expression (results were averaged across 

gender/genotype combination after consideration of each line separately, data not shown). 

We hypothesized that if the Oct4ΔPE:GFP-positive population consisted of differentiated 

germ cells in vitro, we expected that loss of function of Dazl would reduce or eliminate 

Oct4ΔPE:GFP-positive cells relative to wildtype and/or heterozygous as observed in vivo.   

Our results indicated that at days 0 and 3, regardless of genotype or chromosomal 

sex, more than 90% of undifferentiated mESCs expressed GFP from the Oct4ΔPE:GFP 

promoter (Figure 3). In contrast to observations at days 0 and 3, we noted that by day 7 of 

differentiation, approximately 80% of wildtype cells were Oct4ΔPE:GFP-positive, 

whereas just 65% of differentiating cells from Dazl+/- and Dazl-/- mutant genotypes 

were Oct4ΔPE:GFP-positive. By day 14 of differentiation, the wildtype lines had an 

average of 32% Oct4ΔPE:GFP-positive cells, which was significantly different from the 

heterozygous average of 8% and the Dazl-null average of 11% Oct4ΔPE:GFP-positive 

cells (p<0.001 and p<0.01 respectively; Figure 3). Differences were observed throughout 

each subsequent timepoint, and by day 28, wildtype lines had an average Oct4ΔPE:GFP-

positive population of approximately 5%, while both heterozygous and Dazl-null lines 

had an average Oct4ΔPE:GFP-positive population of less than 1%. Finally, there was 

near-complete absence of Oct4ΔPE:GFP positive cells in Dazl-null lines by day 35, an 

observation that strongly supports the concept that in vitro differentiation of germ cells 

parallels that in vivo.  
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Apoptosis and Proliferation in mESC Lines with Dazl Ablation 

To determine if either apoptosis or proliferation are affected by ablation of Dazl 

we analyzed each line at days 0, 7, 14, 21, and 28 for changes in cell death or 

proliferative rate. We determined that each line had unique differences in proliferative 

rate relative to wildtype in both male and female (data not shown). However, 

consideration of these differences both individually and when averaged within 

gender/genotype combinations lines did not detect a statistically significant difference 

between any groups relative to wildtype (Figure 4).  This was true at each timepoint 

examined, however it is of note that at most timepoints Dazl null cell lines of both sexes 

displayed elevated proliferation relative to wildtype and Dazl heterozygote lines (Figure 

4), suggesting the potential that they are undergoing a differentiation process that is not 

similar to their wild type counterparts.  

To determine if loss of Dazl lead to an increase in apoptosis we utilized a 

luminescent assay at each timepoint of differentiation. Again, as above we demonstrated 

that each line had a distinct profile of cell death across days 0, 7, and 21 of differentiation 

(Figure 5). Furthermore, while we found no statistically significant difference between 

the lines there was a striking range of values at day 7, which appeared to become much 

more restricted by day 21. We suggest that this is indicative of individual line variation 

that we previously described in our in vitro germ cell differentiation (Figure 3) and 

proliferation (Figure 4) experiments.  

 

Dazl and Expression of Pluripotency and Germ Cell-Associated Genes 

in vitro 
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We next examined gene expression in the Oct4ΔPE:GFP-positive cells isolated 

from differentiating mESCs using a quantitative PCR (qPCR) microfluidics approach to 

enable interrogation of many genes from very few cells. As stated above, we used 11 

unique mESC lines and analyzed samples from 3 independent differentiation experiments 

on days 0, 3, 7, 14, 21, 28, and 35.  Data is displayed in heat map format for clarity with 

relative expression on a continuum with greatest expression indicated by red, and lowest 

expression levels indicated by blue (Figure 6). We placed genes in categories to reflect 

gene expression levels and function (Figure 6 & Table 1).  Group A contains the 

pluripotency related genes, Oct4, Sox2, Nanog, and TNAP (Tissue-non-specific alkaline 

phosphatase); Group B contains epigenetic regulators from the DNA methyltransferase 

family, Dnmt1, Dnmt3a, and Dnmt3b; Group C contains markers of primordial germ cells 

such as Blimp1, Fragilis, Stella, cKit, Pumilio1 (Pum1), Pumilio2 (Pum2), and Nanos3; 

Group D contains the gonocyte markers Vasa, Stra8, Sycp3 (Synaptonemal Complex 

Component 3), GCNF, and GDF9 (Growth Differentiation Factor 9); Group E contains 

the late germ cell markers Tdrd1 (Tudor domain containing 1), Tekt1 (tektin1), and 

Acrosin; Group F contains pro-apoptotic markers Casp6 (Caspase6) and Bax (BCL2-

associated X), as well as the anti-apoptotic marker Bcl-2; Group G contains markers of 

autophagy including Atg5 (autophagy related 5) and Beclin1. 

Male Oct4ΔPE:GFP-positive cells isolated from wildtype and Dazl heterozygous 

lines had significant expression of most genes from the pluripotency and germ cell 

specific groups (A-D) during days 0-7, followed by down-regulation in subsequent days 

of differentiation. However, while Dazl-null lines expressed pluripotency markers on 

days 0-7, expression of most epigenetic regulators and germ cell specific genes (groups 
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B-D) was greatly reduced relative to wildtype and heterozygous lines.  Remarkably, this 

was observed even in the undifferentiated state. Interestingly, Dazl heterozygous cells 

show a high level of the late germ cells marker (Group E) relative to both wildtype and 

Dazl-null cells during days 0-7; however, all genotypes appeared to maintain low levels 

of groups A-E genes on days 14-35. Furthermore, wildtype male lines maintained 

relatively low levels of the cell death markers (Groups F & G) throughout differentiation, 

whereas Dazl heterozygous and Dazl-null lines expressed high levels of the pro-apoptotic 

gene Bax (group F) and the autophagy marker Atg5 (group G) on days 0-7 (Figure 7). 

These results suggest that the male wildtype and Dazl heterozygous lines are undergoing 

an initial wave of differentiation towards the germ cell lineage, which is reduced in the 

Dazl null lines, and that relative to wildtype, male cells with Dazl ablation may have a 

slightly higher level of cell death. 

Female Oct4ΔPE:GFP-positive cells from wildtype and Dazl  heterozygous 

mESC lines displayed high levels of expression of the pluripotency associated genes 

(Group A) on days 0-14, while epigenetic regulators, PGC markers, and later gonocyte 

markers (Groups B-D) showed high expression on days 0-7. Furthermore, Group D 

expression continued through to day 21 of differentiation, particularly in wildtype lines. 

Markers of apoptosis and autophagy (Groups F & G) also showed relatively high 

expression early in the time course until day 14 in wildtype and heterozygous lines.   

Notably, wildtype and Dazl heterozygote cells down-regulated most of the genes in 

groups A-G by days 21 and 28, with a second wave of expression ensuing by day 35, 

albeit, this was much more striking in the wildtype lines. In contrast, we observed that 

Oct4ΔPE:GFP-positive cells isolated from Dazl-null samples showed dramatic 
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differences in gene expression relative to wildtype and heterozygous lines, even on day 0, 

which continued across all timepoints, and encompassed most of the expression groups 

(Figure 6A-E). We conclude that as in the male lines, wildtype and Dazl heterozygous 

female lines displayed an initial wave of germ cell development through day 14 of 

differentiation, followed by a second wave at day 35, seen more strongly in wildtype 

samples. We note that similar to Dazl null male lines, the female line lacking Dazl 

showed an elevation of apoptotic and autophagy markers around day 7, however, the 

other female genotypes displayed similar expression of these markers at this timepoint, 

therefore it is difficult to suggest the lines lacking Dazl are undergoing higher levels of 

cell death. Furthermore, our results in female lines suggest that in the absence of Dazl 

differentiation towards the germ cell lineage is impaired as early as day 0 and persists 

throughout differentiation.  

 

Dazl and H19 DMR Methylation in vitro  

To determine whether the correct cycle of germ cell imprint erasure and re-

establishment occurs in vitro in the absence of Dazl, we examined methylation at the H19 

DMR in germ cells differentiated from male wildtype and Dazl-null mESC lines. Results 

indicated that at day 0, wildtype and Dazl-/- null mutant lines have an approximately 

50% methylated, 50% unmethylated pattern, as is expected in undifferentiated mESCs 

(Figure 7, day 0). Interestingly, data for day 3 and 7 show that the wildtype lines remain 

close to the 50:50 pattern seen in undifferentiated cells, while the Dazl null cells appear 

to be undergoing demethylation, however, most of the clones from the Dazl null samples 

are not completely unmethylated, but instead 73% are hemi-methylated. Furthermore, by 
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day 21, the wildtype lines are increasingly unmethylated, until by day 28, 83% of clones 

are unmethylated, and the remaining 17% are only hemi-methylated and by day 35 

wildtype lines have initiated re-establishment of methylation with 61 % of clones fully 

methylated.  Conversely, GFP positive germ cells from Dazl -/- mutant lines, despite the 

decrease in methylation seen at day 7, never fully erase the methylation marks. Instead, at 

day 21 they display a similar percentage of methylated, unmethylated, and hemi-

methylated clones as seen at day 0, and maintain this status until day 28. Unfortunately, 

the small number of GFP-positive cells collected from Dazl null lines at day 35 negated 

ability to analyze epigenetic modifications at this time point.   

 

Dazl Null mESCs Display Reduced ability to Reprogram Human 

Foreskin Fibroblasts 

Using a cell fusion assay (Wong et al., 2008) we explored how the loss of Dazl 

impacted the mESCs’ ability to reprogram HFF somatic cells (Figure 8A).  We used the 

number of GFP/DID double-positive cells to determine the success of these cells to fuse 

and begin reprogramming the HFFs. At day 0 the unfused mESC controls show similar 

levels of GFP-positive cells, with all but the male knockout line displaying 95-100% 

GFP-positive as expected (Figure 8B & Figure 3, day 0).  Within 5 hours  following 

fusion the double positive cell populations in all gender/genotype combinations is similar, 

although the male knockout line has much lower GFP single positive cells relative to all 

other samples (Figure 8B & 8C). By day 3 & 4, 7, and continuing on to day 11 (data for 

female lines only),  the knockout lines continue to have lower double positive cell counts 

than their wildtype counterpart, (Figure 8B & 8C), although it is of note that the female 
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lines showed a higher level of double positive cells than male lines at the later timepoints. 

This data, along with preliminary data of increased expression of the human pluripotency 

genes Oct4 and Nanog in wildtype-fused heterokaryons only (data not shown) suggest 

that Dazl  null mESCs have a reduced ability to reprogram somatic cells.  

 

Discussion 

One of the critical links in establishing a robust genetic system for in vitro 

analysis of gene function has been the absence of data to relate findings to those in vivo. 

Utilizing the same unique combination of germ cell-specific reporter and Dazl knockout 

that we described in Chapter 2, we confirmed in vitro that ablation of Dazl leads to a 

reduction in Oct4ΔPE:GFP-positive putative germ cells during differentiation from 

mESCs.  Interestingly, the use of this system also uncovered a more pronounced defect in 

Dazl heterozygous ESCs than seen in Dazl heterozygous PGCs in vivo, where Dazl 

heterozygous embryos had a non-significant reduction in germ cell number and little to 

no change in gene expression or H19 imprinted status relative to wildtype. Our finding in 

vitro, that Dazl heterozygous cell lines display a similar defect in GFP-positive cell 

number as seen in homozygous mutants, suggests that in the absence of gonadal somatic 

support, one copy of Dazl may not be sufficient to support germ cell development in 

vitro, however further work is needed to determine the validity of this hypothesis. 

Furthermore, as seen in other reports (Teramura et al., 2007; Kee et al., 2006; 

Lacham-Kaplan et al., 2006; Clark et al., 2004a; Geijsen et al., 2004; Hubner et al., 2003; 

Toyooka et al., 2003), our wildtype ESC-derived germ cells show elevated expression of 

early and late germ cell markers and display appropriate erasure and re-establishment of 
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imprinted methylation at the H19 locus.  The high expression of pluripotency, epigenetic 

regulator, and early and late germ cell-associated genes at early time points of 

differentiation in both male and female wildtype and Dazl heterozygous lines suggests 

that mESC lines that contain at least one copy of Dazl are able to undergo an initial wave 

of germ cell differentiation. However, only the female wildtype lines displayed a strong 

second wave of germ cell differentiation at day 35. We note that the Oct4∆PE:GFP 

transgene has been reported to decrease in expression in germ cells undergoing 

spermatogenesis (Yoshimizu et al., 1999), therefore, lack of induction of germ cell 

markers at later stages in male wildtype lines could be due to loss of maturing germ cells 

as they down-regulate Oct4. Analysis of the Oct4∆PE:GFP-negative fraction from male 

wildtype lines at day 35 supports this suggestion (data not shown). Furthermore, we did 

not see these results in ESCs with a genetic ablation of Dazl. In these lines, in particular 

in the female line, the drastic reduction in expression of pluripotency and epigenetic 

regulating genes, as well as the early and late germ cells markers, as early as day 0, and 

persisting throughout all timepoints of differentiation, suggests that Dazl is linked to 

germ cell potential even at early fate decisions of in vitro differentiation, and supports the 

conclusion that Dazl is critical to maintaining a population of mESCs capable of germ 

cell fate.    

As illustrated in our model (Chapter 4 figure 1), we suggest that Dazl functions 

early in vivo or in differentiating mESCs in vitro, either directly or indirectly, to maintain 

germ cell pluripotency.  We further suggest that this RNA-binding protein may function 

to translationally-regulate or interact with key factors required to guide the germ cells 

through development, from stage to stage, and is required for the post-migratory 
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pluripotent germ cells to begin reprogramming and switch from mitotic to meiotic 

divisions.  

We also wish to emphasis two items of interest arising from our in vitro results. 

The first addresses a common and perplexing problem of in vitro differentiation of ESCs, 

namely the persistence of a residual Oct4-positive population that is thought to be 

tumorigenic in transplant assays following somatic differentiation (Cao et al., 2007; 

Ensenat-Waser et al., 2006; Cooke et al., 2006; Blyszczuk et al., 2003; Ying et al., 2003). 

Here we demonstrate that the use of ESCs carrying a disruption of a germ cell-specific 

gene, Dazl, significantly reduced or abolished the Oct4 residual population. Even when 

retinoic acid, shown to promote self-renewal of ESCs (Wang et al., 2008), is added to the 

media, we still see a complete reduction of GFP-positive cells in Dazl null cell lines (data 

not shown). Thus, our results suggest that the residual Oct4 population of cells is not a 

population of ESCs resistant to differentiation but instead is the population of cells that 

has differentiated to the germ cell lineage rather than the somatic lineages.  This implies 

that all differentiation of ESCs may be a balance between somatic and germ cell fates.   

Finally, we note that this is the first demonstration that a genetic ablation leads to 

failure to produce germ cells in vitro with altered gene expression beginning at Day 0 in 

undifferentiated ESCs. This observation supports the hypothesis that a Dazl-dependent 

subpopulation of cells in undifferentiated ESC colonies may be predisposed towards 

differentiation to the germ cell lineage. Interestingly, a recent report documented 

evidence of heterogeneity within undifferentiated mESC colonies based on presence or 

absence of Stella, which leads to differences in differentiation potential (Hayashi et al., 

2008). Unlike our results, this work reported a dynamic equilibrium between the Stella-
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positive and Stella-negative populations (Hayashi et al., 2008), whereas in our system, 

genetic ablation of Dazl appears to irreversibly preclude mESC differentiation to the 

germ cell lineage and/or maintenance of pluripotent germ cell identity (Chapter 4 Figure 

1A-1D). We believe our fusion assay further supports our findings, as multiple groups 

have reported the ability of ESCs to reprogram somatic cells (Pereira et al., 2008; Wong 

et al., 2008; Cowan et al., 2007; Blau 2002; Tada et al., 2001; Blau et al., 1983), yet with 

ablation of Dazl we show a reduced ability to do so.  Furthermore, several genes have 

been implicated in maintenance of pluripotency, such as Oct4 and Zic3 (Lim et al., 2007), 

or the DNA-binding protein REST may be required for maintenance of pluripotency 

(Singh et al., 2008), (although others have argued that REST is not necessary for 

pluripotency (Jørgensen et al., 2009)). However, to our knowledge this is the first report 

where loss of a germ cell specific gene influences pluripotency of mESCs. Further 

analysis utilizing this system will help uncover how fundamental decision between 

formation and maintenance of the Oct4-residual population and further elucidate how 

differentiation to the germ cell lineage is coordinated by the RNA-binding translational 

regulator, Dazl.  In conclusion, the data presented in this work shows that Dazl serves as 

a molecular linker between maintaining the pluripotent germ cell population and 

execution of the epigenetic and genetic programs that define multiple time points of germ 

cell differentiation in vitro and in vivo. 
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Figure Legends 

Figure 1. GFP Expression from Oct4ΔPE Promoter in mESC lines Becomes 

Restricted during in vitro Differentiation. 

Bright field (A, E) and Oct4ΔPE:GFP expression (B, F) in undifferentiated Dazl+/+ and -

/- mESC colonies plated on mouse embryonic fibroblasts. Bright field (C, G) and 

Oct4ΔPE:GFP expression (D, H) in D14 Dazl+/+ and -/- embryoid bodies. The Dazl-/- 

D14 embryoid bodies display a reduction in GFP-positive foci (H).  

 

Figure 2.  Dazl  Heterozygote Breeding  for mESC Derivation and in vivo  PGC 

Experiments Shows Correct Mendilian Genotype Ratios & Appropriate 

Chromosomal Composition. 

(A) Graph of genotype percentage from 10 Dazl  heterozygous crosses used to derive 44 

mESC lines.  

(B) Graph of genotype percentages from 45 Dazl  heterozygous crosses used to examine 

293 embryos at different stages of embryonic development.    

(C) Representative images of Giemsa stained metaphase spreads of  female wildtype, 

Dazl heterozygous, and Dazl null mESCs. 

 

Figure 3. Dazl is required for in vitro Germ Cell Development. 

Counts of Oct4∆PE:GFP positive cells in wildtype (+/+), Dazl heterozygotes (+/-), and 

Dazl-null (-/-) mutant cell lines during a 35-day embryoid body differentiation. Percent 

GFP positive of all live cells counted is on the y-axis. ‘***’ denotes an extremely 

significant difference (P<0.001) in percent GFP positive cells relative to wildtype.  ‘**’ 
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denotes a very significant difference (P<0.01) in percent GFP positive cells relative to 

wildtype. ‘*’ denotes a significant difference (P<0.05) in percent GFP positive cells 

relative to wildtype.  

 

Figure 4. Loss of Dazl Does Not Affect Proliferation in Undifferentiated and 

Differentiated mESCs. 

Analysis of proliferation with wildtype (WT) set as 100%. Both male and female 

knockout (KO) lines appear to show a non-significant elevation in proliferation relative to 

WT and Dazl heterozygotes (HET).  

 

Figure 5. mESC Lines Display Heterogeneous Levels of Apoptosis That Do Not 

Correlate with Genotype. 

Analysis of Caspase-3 activity (RLU, blank subtracted) in all mESC lines derived. 

Results suggest that a heterogeneous continuum of apoptosis is occurring in both 

undifferentiated and differentiating cells that is not dependent upon genotype.  

 

Figure 6. Dazl Mutant mESCs Display Aberrant Gene Expression of Pluripotency 

and Germ Cell Markers During Differentiation. 

Gene expression profiles are shown from GFP-positive cells, isolated by FACs, from day 

0, 3, 7, 14, 21, 28, and 35 of differentiation. Expression is represented by heat map 

generated on DChip displaying a continuum with high expression depicted by red to low 

expression, in blue. The numeric values are from the formula 2^(-ΔCt), with GAPDH as the 

housekeeping gene, on a log scale. Genes are classified based by functional group as 
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follows. Group A consisted of the pluripotency related genes Oct4, Sox2, Nanog, and 

TNAP (Tissue-non-specific alkaline phosphatase). Group B contains epigenetic 

regulators from the DNA methyltransferase family, Dnmt1, Dnmt3a, and Dnmt3b. Group 

C consists of the primordial germ cell specific markers Blimp1, Fragilis, Stella, cKit, 

Pumilio1 (Pum1), Pumilio2 (Pum2), and Nanos3; Group D contains the gonocyte 

markers Vasa, Stra8, Sycp3 (Synaptonemal Complex Component 3), GCNF, and GDF9.  

Group E contains the late germ cell markers Tdrd1 (Tudor domain containing 1), Tekt1 

(tektin1), and Acrosin; Group F contains pro-apoptotic markers Casp6 (Caspase6) and 

Bax (BCL2-associated X), as well as the anti-apoptotic marker Bcl-2; Group G contains 

markers of autophagy including Atg5 (autophagy related 5) and Beclin1. 

 

Figure 7.  Dazl is required for Erasure and Re-establishment of H19 DMR Imprints. 

Results of bisulphite sequencing on GFP-positive germ cells isolated by FACS, 

displaying an average percent methylation status (y-axis) and days of differentiation on 

the x-axis. Average values are from 40 clones per datapoint (20 clones per individual 

sample, 2 replicates for each genotype/timepoint).  

 

Figure 8. Dazl  Null mESCs display a reduced ability to reprogram human foreskin 

fibroblasts to a pluripotent state.  

(A) Schematic of experimental design. PEG (Polyethylene Glycol) is used to fuse 

ΔPE-Oct4:GFP mESCs to human foreskin fibroblasts loaded with DID, resulting in a 

fused heterokaryon that will be both GFP and DID-positive. 



 115 

(B) Results of 2 experiments showing FACS data from Day 0, 3/4, 7, and 11 for 

GFP+ and DBL+ (double positive) cell counts. 

(C)  Display of DBL+ (double positive) data only.
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Table 1: Taqman Probes for Biomark Microfluidics Gene Expression Analysis. 

Table S2 Taqman Primers used for in vitro real time PCR 

Gene Marker Assay ID 
Oct 4 Pluripotency / mESC / germ cell Mm00658129_gH 
Sox2 Pluripotency / mESC / germ cell Mm00488369_s1 
Nanog Pluripotency / mESC / germ cell Mm02384860_g1 
TNAP/Alp1 Pluripotency / mESC / germ cell Mm00475831_m1 
Dnmt1 Pluripotency/Epigenetic Regulator Mm00599763_m1 
Dnmt3a Pluripotency/Epigenetic Regulator Mm00432870_m1 
Dnmt3b Pluripotency/Epigenetic Regulator Mm01240113_m1 
Blimp1 / PRDM1 PGCs Mm00476128_m1 
Fragilis  / Ifitm3 PGCs Mm00847057_s1 
Stella / Dppa3 PGCs Mm00836373_g1 
cKit PGCs Mm00445212_m1 
Pum1 PGCs Mm00472886_m1  
Pum2 PGCs Mm00472902_m1 
Nanos3 PGCs Mm00808138_m1 
Vasa / Ddx4 Meiotic GCs Mm00802445_m1 
Stra8 Meiotic GCs Mm00486473_m1 
Sycp3 Meiotic GCs Mm00488519_m1 
GCNF / Nr6a 1 Meiotic GCs Mm00599848_m1 
GDF9 Meiotic GCs (female) Mm00433565_m1 
TEKT1 Meiotic GCs (males) Mm00495586_m1 
Acrosin sperm head marker Mm00496483_m1 
Tdrd1 nudge/germinal granule form Mm00459548_m1 
Bax Apoptosis Mm00432050_m1 
Bcl2 Apoptosis Mm00477631_m1 
Caspase 6 Apoptosis Mm00438053_m1 
Atg5 Autophagy Mm00504340_m1 
Beclin1 Autophagy Mm00517174_m1 
GAPDH HOUSEKEEPING Mm03302249_g1 
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Figure 1 originally published in PLoS ONE, May 2009 | Volume 4 | Issue 5 | e5654 
Published here with kind permission of Public Library of Science (PLoS). 
 

Chapter 4 

 

Conclusion 
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In this work I hypothesized that Dazl is required for premeiotic germ cell 

development in vivo and in vitro, and that the loss of germ cell population in the absence 

of Dazl leads to a loss of pluripotency required to progress through germ cell 

development and differentiation.  To address these hypotheses I utilized both an in vivo 

and in vitro double transgenic system to characterize the loss of Dazl and explore novel 

phenotypes including germ cell loss in both sexes earlier than previously described, 

altered gene expression and imprinting status in in vivo and in vitro derived germ cells. 

Furthermore, I describe a loss of pluripotency manifested by the inability to give rise to 

embryonic germ cell (EGC) lines from primordial germ cells, as well as an inability of 

mESCs to reprogram somatic cells in the absence of Dazl.  These data will provide 

further links to Dazl’s role in germ and stem cell biology, and add to the body of work 

aiming to address the greater issue of human reproduction and infertility. 

  

Dazl is Required to Maintain Germ Cell Development and 

Identity 

Work presented in this thesis has built on previous work detailing the effect on 

germ cell development with genetic ablation of Dazl in mice (Lin et al., 2008; Lin & 

Page 2005; Saunders et al., 2003; Ruggiu et al., 1997) by utilizing a unique double 

transgenic system that allowed for robust quantification of small number of primordial 

germ cells during embryonic development.  Here we report a sex-specific embryonic 

defect in germ cell development and gene expression (Haston et al., 2009), and provide 

evidence that loss of a germ cell-specific gene, Dazl, impacts other hallmarks of germ 

cell development such as imprinting. Furthermore, we show a defect in the ability to give 
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rise to EGC lines due to loss of a gene at a much later timepoint in development than 

previously reported, (Yamaji et al., 2008).  We also used FACS purified cells to further 

describe the previously reported block in meiosis (Saunders et al., 2003), showing that 

Dazl null germ cells have reduced cell numbers arriving at late zygotene/early leptotene 

of Prophase I, in contrast to another group which recently suggested Dazl null PGCs 

could not enter meiosis (Lin et al., 2008). Together the data presented in this work 

(summarized in Figure 1) supports my hypothesis that Dazl is required during of 

premeiotic germ cell development at multiple steps, and establishes Dazl’s role as a 

mediator of pluripotency in vivo.  

 

Dazl Null Blastocysts Give Rise to mESC Lines 

As detailed in Chapter 3, several recent reports have documented the in vitro 

differentiation of female (XX) and male (XY) germ cells from mouse embryonic stem 

cells (mESCs; Lacham-Kaplan et al., 2006; Nayernia et al., 2006; Geijsen et al., 2004; 

Hubner et al., 2003; Toyooka et al., 2003).  However, a major limitation in using mESC 

differentiation systems as a model for in vivo development is the lack of correlation 

between in vivo and in vitro studies.  To address this problem we made mESC lines from 

our double transgenic system, and used them in a comparative study of germ cell 

development.  Homozygous Dazl null mice are viable, but infertile, and this is the first 

report of obtaining mESC lines from Dazl heterozygote matings. The Cooke group, 

utilizing the same source of Dazl null mice (Ruggiu et al., 1997), minus the 

Oct4∆PE:GFP, FVB/N background in our breedings (Anderson et al., 2000) have 

reported an inability to obtain mESC lines (N. Reynolds, personal communication).  We 
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speculate that this could be attributed to the addition of the FVB/N background in our 

cross, however, it seems more likely that the derivation protocol utilized by our group 

was the key to our success.  Regardless, we believe this is the first report of mESC lines 

with a total genetic ablation of a germ cell-specific gene.  

 

Dazl is Required for in vitro Primordial Germ Cell Development 

and Maintenance of Pluripotency 

We next explored the requirement for Dazl in vitro both in undifferentiated and 

during spontaneous differentiation to the germ cell lineage.  In this work we report that 

mESCs deficient in Dazl show a significant reduction in ability to give rise to the germ 

cell lineage (based on Oct4∆PE:GFP expression) as early as day 7 of differentiation.  

Furthermore, by late stages of differentiation we describe a total lack of germ cells in the 

absence of Dazl.  This data is backed up by gene expression and imprinting analysis, 

confirming that loss of Dazl leads to an inability to give rise to germ cells in vitro. 

Surprisingly, this phenotype is seen in both Dazl homozygous and heterozygous lines of 

both sexes, a more severe phenotype than is seem in vivo.  One hypothesis for the 

difference in findings is the lack of appropriate somatic environment leads to a more 

severe affect from loss of Dazl.  Data from the laboratory using a ovarian transplantation 

system to mature mESCs differentiated towards the germ cell lineage (Nicholas et al., 

submitted 2009) appear to support the need for the somatic support for further maturation 

of the wildtype cells, however, this has not yet been attempted with the Dazl  

heterozygous mESCs.  Regardless, our differentiation data supports the hypothesis that 

Dazl is required for in vitro differentiation of mESCs to the germ cell lineage in a manner 
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that faithfully recapitulates our in vivo data, validating the use of mESCs to model germ 

cell development in vitro.   

Interestingly, we uncovered other surprising phenotypes from our data. One of the 

most striking is that despite similar expression of Oct4∆PE:GFP at day 0 by all mESC 

lines derived, the  Dazl  null lines, in particular the female line, showed a striking loss of 

expression of germ cell markers by RT PCR as early as day 0, and persistent throughout 

differentiation. We believe this supports the hypothesis that a sub-population of mESCs 

is predisposed to the germ cell lineage, even in the undifferentiated state (Clark et al., 

2004), and that Dazl  is required for this population.  We note that this sub-population is 

not as strongly affected at day 0 in the Dazl heterozygous lines, therefore it appears that 

one copy of Dazl  is sufficient to maintain a pluripotent germline-predisposed stem cell 

population, but not to give rise to germ cells in the absence of somatic support.  

 To further explore this loss of pluripotency in mESCs we utilized a fusion 

reprogramming assay (Wong et al., 2008) to determine if mESCs lacking Dazl could 

reprogram a human somatic cell.  Other groups have shown that fusion of a somatic cell 

with an ESC will create a pluripotent heterokaryon (Palermo et al., 2009; Pereira et al., 

2008; Wong et al., 2008; Cowan et al., 2007; Blau 2002; Tada et al., 2001).  Our FACS 

data suggests that Dazl null mESCs have a reduced ability to return a somatic cell to a 

pluripotent state.  These data support our in vitro gene expression that Dazl is needed to 

maintain programs of pluripotency in vitro (Figure 1A).  

 

In conclusion, the work presented in this thesis has further defined the role of 

Dazl in mouse germ cell development in vivo, and validated the use of ESCs in genetic 
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and epigenetic studies of germ cell development in vitro. Furthermore, this work has 

uncovered novel functions of Dazl at diverse timepoints of development, including a loss 

of pluripotent identity in mESCs, which impacts their ability to become germ cells and 

reprogram somatic cells.  Finally, the systems developed for this work lay a foundation 

for further exploration of Dazl’s role in the genetics and epigenetics of germ cell 

development and infertility, as well as fundamental issues of pluripotency shared by germ 

and stem cells.  
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Figure 1. Proposed Model Denotes Dazl as Link Between Pluripotency, 
Reprogramming and Differentiation in vivo and in vitro. 
Green signifies Oct4ΔPE:GFP  expression during the lifecycle of germ cell development. 

(A) mESCs derived from Dazl-/- blastocysts display a reduction in pluripotency and germ 

cell markers, and do not differentiate towards the  germ cell lineage as seen in wildtype 

and Dazl heterozygous mESC lines. (B) Gonocytes in vivo and putative germ cell in vitro 

show a reduction in Oct4ΔPE:GFP -positive cells, and do not display stage specific 

genetic markers of germ cell development, or erasure of imprinting methylation marks at 

the H19 locus in males. (C) Gonia isolated from Dazl-/- mutant gonads show a significant 

reduction in Oct4ΔPE:GFP -positive cells and aberrant gene expression, indicating a loss 

of pluripotency,  self-renewal, and germ cell potential. (D) Early stage oocytes and 

spermatocytes from Dazl-/- embryos display a significant loss of Oct4ΔPE:GFP -positive 

cells, aberrant gene expression, failure to re-establish  imprinting methylation marks at 

the H19 locus in males, and failure progress though meiosis.  
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Originally published in Principles of Developmental Genetics (Appendix I). Published 
here with kind permission of Academic Press, Elsevier Inc.  

 

Appendix I 

 

(Chapter 8) 

Germ line determinants and oogenesis 
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Appendix II 

 

Dazl functions in maintenance of pluripotency and 

genetic and epigenetic programs of differentiation in 

mouse primordial germ cells in vivo and in vitro 
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