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Embryonic stem cells have demonstrated the capacity to differentiate into germ cells in vitro. Until recently, the molecular basis of

early post-meiotic germ cell development was largely unknown. Now, two reports including one published here recently, have

demonstrated the significant contribution of Dazl in the differentiation of embryonic stem cells into pre- and post-meiotic germ

cells. Although factors that Dazl influences during this process have been identified, the underlying mechanisms warrant future

studies.

The ability to generate germ cells from

embryonic stem cells (ESCs) provides a

powerful in vitro model to study germ cell

development. This is true especially in

human studies where tissue is difficult to

obtain and experimental manipulation

in vivo is not feasible. Several laboratories

have demonstrated the generation of

oocyte-like structures and post-meiotic

male germ cells from ESC. These studies

have included mouse ESCs (Hübner et al.,

2003; Toyooka et al., 2003; Geijsen

et al., 2004; Lacham-Kaplan et al., 2006;

Nayernia et al., 2006; Kerkis et al.,

2007) as well as human ESCs (Clark

et al., 2004; Aflatoonian and Moore,

2005; Kee et al., 2006; Tilgner et al.,

2008; West et al., 2008; Bucay et al.,

2009; Park et al., 2009). In both species,

it has been shown that a small number of

ESCs can differentiate spontaneously

(Clark et al., 2004; Aflatoonian and

Moore, 2005) or by growth factor-induced

culture such as BMP4, BMP7 and BMP8

into primordial germ cells (PGCs), the pro-

genitors of sperm and egg (Clark et al.,

2004; Kee et al., 2006; Tilgner et al.,

2008; West et al., 2008; Aflatoonian

et al., 2009; Park et al., 2009). In some

cases, germ cells were capable of meiosis

and in a few reports were also able to

form embryos. In one report, mouse

ESC-derived germ cells even produced

live offspring (Nayernia et al., 2006).

Overall, presumptive germ cells are

identified by morphology, gene expression

profiles, protein markers and epigenetic

methylation patterns indicative of the

germ cell lineage. In contrast, post-meiotic

cells derived from human ESCs have been

limited, and the state of development of

the derived germline progeny is difficult

to assert. For instance, several studies

have demonstrated meiosis by the gene

expression of specific markers but are

unable to identify cells with functional

synaptonemal complexes (Clark et al.,

2004; West et al., 2008; Aflatoonian

et al., 2009).

The germ cell lineage begins with PGCs

which in the mouse migrate from the prox-

imal epiblast of the developing embryo to

the extraembryonic tissue until gastrula-

tion. After gastrulation, proliferating PGCs

in both mouse and human migrate

through the hindgut into the genital

ridges whereas sexual differentiation

occurs in the somatic tissue of the

gonad. During their migration, male and

female PGCs are indistinguishable. Once

in the gonad, PGCs continue to divide but

they also begin the process of differen-

tiation which involves the erasure of

genomic imprints and establishment of

sex-specific gene methylation patterns

(Monk et al., 1987; Hajkova et al., 2002;

Lee et al., 2002; Sasaki and Matsui,

2008). In females, association with

somatic cells of the ovary eventually

induces PGCs to enter prophase of the

first meiotic division (Pinkerton et al.,

1961; Skrzypczak et al., 1981; Gondos

et al., 1986; Francavilla et al., 1990). In

males entry into meiosis is inhibited by

signals from the developing testis, and

male PGCs undergo mitotic arrest in G1

until puberty (Gondos and Hobel, 1971;

Bendsen et al., 2003). Identifying the mul-

tiple stages of germ cell differentiation has

mainly relied upon developmental studies

of mouse and human fetal tissues, which

have provided critical information regard-

ing factors associated with defining germ

cell fate.

In fact, very few factors have been

identified that regulate early germ cell

differentiation in mammals. Deleted in

Azoospermia-Like (Dazl) has been shown

to regulate germ cell development in

diverse species, from flies to men by mul-

tiple studies (reviewed in Xu et al., 2001).

In men, decreased Dazl expression has

been reported in testes which produce

little or no sperm (Lin et al., 2001) and

may be associated with primary amenor-

rhea or premature ovarian failure in

women (Dorfman et al., 1999; Tung et al.,

2006). Dazl is a member of the DAZ gene

family which encodes RNA-binding pro-

teins known to interact with other

RNA-binding proteins to regulate trans-

lation (reviewed in Reynolds et al., 2005).

In both male and female mice and

humans, Dazl is expressed early by PGCs

in the fetal gonads (Xu et al., 2001) and
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throughout gametogenesis (Seligman and

Page, 1998; Dorfman et al., 1999;

Brekhman et al., 2000; Reijo et al.,

2000). This includes the final stages of

oogenesis and in the inner cell mass of

blastocysts (Cauffman et al., 2005). Thus,

not surprisingly Dazl is also expressed by

ESCs (Moore et al., 2004; Cauffman

et al., 2005). In the male, Dazl is expressed

during spermatogenesis in gonocytes,

spermatogonia and primary spermatocytes

(Ruggiu et al., 2000). During meiosis, Dazl

is translocated from the nucleus of the

spermatogonia into the cytoplasm of sec-

ondary spermatocytes, spermatids and

spermatozoa (Reijo et al., 2000; Lin

et al., 2002). Not unique to germ cells,

Dazl transcripts are also found in somatic

Sertoli cells of the gonad (Lee et al.,

1998; Lin et al., 2001; Kuo et al., 2004).

In mice, disruption of Dazl function

leads to loss of germ cells in the gonads

of both sexes. In males, loss of Dazl

results in multiple defects including

impairment in progression from Aaligned to

A1 spermatogonia and meiotic arrest

(Schrans-Stassen et al., 2001). In female

knockout mice, loss of Dazl results in the

lack of germ cells and follicles in the

adult ovary (Ruggiu et al., 1997). Others

have also shown that the loss of Dazl

specifically increases apoptosis of late

germ cells resulting in null mice with a

higher proportion of germ cells exhibiting

chromatin configurations typical of imma-

ture germ cells after birth (Lin and Page,

2005). Together these results are consist-

ent with several recent studies which

have demonstrated that Dazl is a key

intrinsic factor in the initiation of meiosis

(Lin et al., 2008; Haston et al., 2009).

Reijo-Pera and colleagues showed that dis-

ruption of Dazl in knockout mice affected

multiple attributes of germ cell differen-

tiation including failure to erase and

re-establish genomic imprints in isolated

male and female PGCs (Haston et al.,

2009). Loss of Dazl function in

these mice also decreased the number of

post-migratory, pre-meiotic PGCs and

reduced their ability to undergo normal

meiosis.

Although the mechanism by which Dazl

regulates germ cell differentiation and

meiosis is unclear, several genes are influ-

enced by its expression. For instance, in

Dazl knockout mice, germ cell and stem

cell specific genes exhibit aberrant

expression in premeiotic germ cells includ-

ing Oct4 (POU class 5 homeobox 1;

POU5F1), Sox2, Nanog, Stella, Germ Cell

Nuclear Antigen (GCNA) and Ddx4 (DEAD

[Asp-Glu-Ala-Asp] box polypeptide 4; also

known as Mouse Vasa Homologue; MVH)

(Lin and Page, 2005; Reynolds et al.,

2005, 2007; Haston et al., 2009). Despite

some inconsistencies regarding potential

Dazl targets across studies, Dazl has

been shown repeatedly to be involved in

the translational regulation of MVH and

SYCP3 (synaptonemal complex protein 3)

in meiotic cells (Lin and Page, 2005;

Reynolds et al., 2005, 2007; Haston

et al., 2009; Yu et al., 2009). MVH is a

known pre- and post-meiotic specific

marker of germ cells although the align-

ment of SYCP3 expression is indicative of

pachytene stage of prophase I of meiosis

(Yuan et al., 2000). Indeed, the lack of

post-meiotic germ cells in Dazl2/ 2 germ

cells has been contributed to failure at

the synapses caused by reduced levels of

SYCP3 protein (Reynolds et al., 2007;

Haston et al., 2009).

The observations of Dazl influence on

germ cell development have inspired the

recent work of two laboratories using

different but complimentary approaches

to study the role of Dazl in germ cell differ-

entiation from ESCs. Yu et al. (2009) used

an over-expression model in mouse ESCs

to demonstrate the ability to generate

post-meiotic germ cells while Reijo-Pera

and colleagues studied differentiation in

ESCs from Dazl2/ 2 mice. Both studies

demonstrate strong support for the role

of Dazl not only in early PGC development

but also in late meiotic stages for male and

female gametes.

Both studies also evaluated the effects

of Dazl expression on potential germ cell-

specific targets. Yu et al. (2009) demon-

strated that transient over-expression of

Dazl induced GCNA expression although

Dazl knockdown with siRNAs resulted in

reduced expression of Stella, MVH and

Prdm1 (PR domain containing 1).

Interestingly, this study found that over-

expression of Dazl led to the suppression

of Nanog although Reijo-Pera and col-

leagues showed that disruption of Dazl in

knockout mice resulted in reduced

expression of Nanog (Haston et al.,

2009). Along with the reduction in Oct4

and Sox2 this observation appeared con-

sistent with the inability of Dazl null pre-

meiotic PGCs to establish pluripotent

embryonic germ cell lines. However, the

observations made by Yu et al. parallels

those seen in mouse ESCs over-expressing

Oct4. In fact, over-expression of Oct4 in

mouse ESCs causes differentiation into

primitive endoderm and mesoderm (Niwa

et al., 2000) with concomitant decreases

in Nanog expression (Pan et al., 2006).

Together these studies suggest that

reduction in Nanog expression provide

initial steps in regulating differentiation

from the pluripotent state.

In culture, Yu et al. (2009) characterized

differentiation of Dazl knock-in ESCs by the

temporal expression of stage specific germ

cell markers. These included Prdm1 (with

ZNF domain also known as BLIMP1) as a

marker for PGCs and Stra8 (stimulated by

retinoic acid gene 8 homolog) to indicate

pre-meiotic germ cells. Post-meiotic male

gametes were characterized by FE-J1, a

specific marker of acrosomes (Fenderson

et al., 1984) and Protamine1 (Prm1), a

nuclear protein that replaces histones

late in the haploid phase of spermatogen-

esis (Prigent et al., 1996). Mature female

gametes were identified by Growth differ-

entiation factor 9 (Gdf9) which is exclu-

sively expressed in oocytes from the

primary one-layer follicle stage until after

ovulation (Dong et al., 1996).

In Yu et al. (2009), Dazl knock-in ESCs

were able to produce motile sperm which

expressed PRM1 and FE-J1. These sperm

were able to produce blastocysts but only

by intracytoplasmic sperm injection (ICSI).

In fact, only one other study has generated

motile sperm and these were capable of

producing offspring after ICSI (Nayernia

et al., 2006). Although offspring was not

attempted in Yu et al., a small percent of

sperm appeared to bind to the surface of

ESC-derived oocytes produced by the

same culture. This formation of male and

female gametes in the same culture is con-

sistent with observations that show germ

cells differentiated in vitro may express

both the male and female genetic programs

regardless of sex karyotype of mouse

or human ESCs (Clark et al., 2004;

Lacham-Kaplan et al., 2006; Kerkis et al.,

2007; Aflatoonian et al., 2009).

Similar to the first report of ESC-derived

oocytes (Hübner et al., 2003), Yu et al. also
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demonstrated morphological structures

indicative of folliculogenesis. In fact, Yu

et al. demonstrated multilayered follicular

structures containing oocytes in cultures

that express all three zona pellucida (ZP)

proteins compared to other studies which

showed single layers of granulosa cells

(GC) surrounding oocytes. ZP proteins

(ZP1, ZP2 and ZP3) are markers of female

germ cells in post-meiotic development

which are only secreted by oocytes within

primary follicles, to form a glycocalyx

known as the ZP. During fertilization, the

role of the ZP is to initiate species-specific

activation of sperm which permits their

penetration and fusion with the oocyte

membrane. The ZP is formed by ZP3 and

ZP2 heterodimers cross linked by ZP1.

ZP3 initiates species-specific binding with

sperm, ZP2 activates sperm for ZP pen-

etration and ZP1 provides scaffolding.

Several studies have demonstrated

expression of ZP3 in ESC-derived oocytes

and one study demonstrated ZP3 and ZP2

(Lacham-Kaplan et al., 2006; Kerkis et al.,

2007; Salvador et al., 2008). However,

the results are confounded by the

expression of ZP3 in undifferentiated

mouse ESCs (Kerkis et al., 2007; Qing

et al., 2007). Although none of these

studies showed evidence of a functional

ZP, Yu et al. was able to demonstrate the

expression of all three ZP proteins by

western blots. Moreover, oocytes from

Dazl knock-in ESCs demonstrated the

ability to bind sperm derived from the

same culture. However, there was no evi-

dence of acrosomal activation or sperm

penetration. This may be explained by

the aberrant abundance of ZP1 protein

demonstrated in these cells which could

disrupt the natural architecture required

for normal sperm activation. Instead,

parthenogenetic activation occurred in

these oocytes.

The correlation between the expression

of all three ZP and the appearance of fol-

licles in culture is consistent with the only

other study that demonstrated expression

of all three ZP proteins. Qing et al. (2007)

demonstrated that ZP protein expression

occurred when mouse ESCs were

co-cultured with neonatal ovarian GC.

Interestingly, oocytes did not form if ESCs

were provided GC-conditioned media, sup-

porting evidence that direct interaction

between the gamete and follicular cells is

required for oocyte development (Qing

et al., 2007). In fact, Reijo-Pera and col-

leagues have shown that ESC-derived

oocytes when transplanted into the

mouse ovary were encased in primary fol-

licles comprised of endogenous granulosa

cells surrounded by basement membrane

(Nicholas et al., 2009).

In addition to Dazl, other factors also

influence germ cell differentiation demon-

strated by the various methods of cell

culture, cell selection and cell lines utilized

among studies. For instance, most studies

deriving germ cells from ESCs have relied

on embryoid body (EB) formation, growth

factors and/or retinoic acid (RA). In fact,

it has been suggested that germ cell differ-

entiation is reliant on spacial and temporal

cues generated by the EB. Aflatoonian

et al. (2009) have demonstrated that EB

formation produces a hormone environ-

ment conducive for spermatogenesis. In

Yu et al., gametes derived from Dazl

knock-in ESCs did not exhibit this require-

ment. In fact, this study is distinguished

from others by the ability to generate post-

meiotic germ cells without utilizing EB for-

mation, growth factors or RA (reporting 8%

post-meiotic cells). Similarly, Stice and

coworkers reported that when human

ESCs are in a continuous monolayer with

mouse feeders and FGF2, 90% expressed

SYCP3 protein in the nucleus suggesting

that these cells were peri-meiotic (West

et al., 2008).

Together these studies highlight the

need for further investigations into the

role of Dazl in generating post-meiotic

gametes from ESCs. This is especially

true for human ESCs where post-meiotic

spermatids and oocytes have not been

derived (Kee et al., 2006; Tilgner et al.,

2008; West et al., 2008).

Although the article by Yu et al. (2009)

was in press, Reijo Pera et al. reported evi-

dence for the roles of DAZL during early

PGC formation from human ESCs,

whereas DAZ and BOULE promote later

stages of meiosis and development of

haploid gametes (Kee et al., 2009).

Together these studies highlight the need

for further investigations into the role of

Dazl in generating post-meiotic gametes

from ESCs, and the possibility to generate

post-meiotic spermatids and oocytes from

human induced pluripotent stem cells as

well as ESCs.
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