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ABSTRACT OF THE DISSERTATION

Studying Niche Colonization and the Dynamics of Imprint Erasure
During In Vitro Acquisition of Pluripotency in Germ Cells

by

Marisabel Oliveros
Doctor of Philosophy in Molecular, Cell, and Developmental Biology
University of California, Los Angeles, 2014
Professor Amander T. Clark, Chair

Primordial germ cells (PGCs) are the embryonic precursors of sperm and eggs.
Scalable in vitro differentiation of PGCs from pluripotent cell types has emerged as a
model to study PGC biology. The in vitro PGCs (iPGCs) obtained from ESCs through
the embryoid body (EB) differentiation method correspond to a pregonadal stage of
PGC development. Thus, extending the applications of this model to the study of more
developmentally advanced germ cells requires maturation of iPGCs to different
developmental stages. However, the maturation potential of iPGCs is unknown. In order
to promote maturation of male iPGCs in vitro and in vivo we use a transplantable niche
model where iPGCs are aggregated with male fetal gonadal cells and cultured prior to
transplantation to induce de novo formation of the germ cell niche. Initial
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characterization of this model without iPGCs revealed that despite the different
localization of germ and Sertoli cells within gonadal aggregates before transplantation,
both of these cell types are found in physical contact inside the reconstructed germ cell
niche. Furthermore, we determined that both germ and Sertoli cells mature in the
gonadal transplants. Analyzing iPGCs in gonadal aggregates in vitro, we find that unlike
the pregonadal PGCs of the E9.5 embryo, iPGCs do not express the gonadal stage
marker MVH indicating they do not mature in vitro. Although transplantation of gonadal
aggregates did not support niche colonization by either in vitro or embryo-derived
exogenous germ cells, unlike iPGCs, PGCs from the embryo do not survive in the
transplants. The surviving iPGCs remain in the extratubular space, disrupting the
transplant morphology, and express proteins that uncommon in the germline indicating
they have acquired a different cellular identity. To further examine similarities and
differences between embryonic and ESC-derived PGCs, we analyzed their epigenetic
stability at imprinting control centers (ICCs) in a PGC reprogramming assay in vitro
using sequencing of bisulfite-treated DNA amplified by PCR. We find that both embryo
and ESC-derived PGCs erase cytosine methylation at the Snrpn ICC. However, unlike
in the PGCs of the embryo, this demethylation is faster and not stably maintained.
Furthermore, we find that ESC-derived PGCs form colonies faster than E9.5 PGCs and
this correlates with significantly less expression of Lats2, which indicates a lower barrier
to reprogramming. Our results also indicate that, compared to E9.5 PGCs, iPGCs have
significantly higher expression of the pluripotency-associated transcription factor Klf4.
Interestingly, using this in vitro PGC reprogramming assay we evaluated the dynamics
of imprint erasure during reprogramming embryonic PGCs in vitro, which to this date

	
  
iii	
  

	
  

was unknown. We determined that cytosine methylation at ICCs is erased in E9.5 PGCs
during the first four days of reprogramming. This is followed by de novo DNA
methylation during the last days of PGC reprogramming in vitro. The extent of
remethylation is locus-specific resulting in pluripotent EGCs with hypo and
hypermethylated ICCs.
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CHAPTER 1
INTRODUCTION
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The propagation of sexually reproducing species relies on the generation of functional
eggs and sperm within each individual. These gametes provide the immortal link
between all the generations of many species including our own (Surani 2007). Gametes
originate from embryonic precursors called primordial germ cells (PGCs), which in turn
arise through complex molecular mechanisms. In mammals, the PGC maturation and
differentiation process within the embryo involves multiple events including colonization
of the gonad, building important cellular connections to interact with the developing
germ cell niche, erasure of genomic imprints and commitment to a male or female
differentiation pathway. Developmental errors during these critical stages can have
grave consequences on the reproductive fitness and health of the organism, which can
extend to their progeny. For example, disturbances with imprint erasure and
establishment, which occur in fetal germ cells, have been associated with fertility
problems and can lead to abnormal development of the offspring. Furthermore, the
germline, although considered unipotent under normal circumstances, retains the
capacity to become pluripotent in vivo. This is believed to be the result of obstruction of
their differentiation and maturation programs and it leads to unfortunate consequences,
such as the formation of germ cell tumors.

The understanding of key developmental events in mammalian PGCs has been
expanded and validated using germ cells derived in vitro from pluripotent cell types.
Most of these derivatives are equivalent to PGCs of the embryo and thus have provided
very valuable models to study PGC development. For example, requirements for the
specification of the germline in mammals have been studied with germ cells derived in
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vitro. Importantly, these in vitro models also have potential applications in the study of
other areas of PGC biology including the interaction between germ cells and gonadal
cells during the formation of the fetal germ cell niche. Another facet of PGC
development where in vitro models have potential applications is the investigation of
molecular mechanisms leading to unnatural acquisition of pluripotency in the germline
under particular circumstances.

The field of mammalian germ cell biology has seen great contributions in the last 30
years, and, as a result, we have extensive knowledge of many critical molecular aspects
of PGC biology. However, remaining questions regarding PGC development during
embryonic life currently await answers. For example, our understanding of the
mechanism by which male PGCs get incorporated into their niche within the gonad is
not fully understood. Furthermore, the molecular changes occurring during the process
of reacquisition of pluripotency by PGCs also needs further investigation. In this
chapter, we will review critical areas of PGC biology relevant to the experiments
presented in this dissertation, including sex-determination, genomic imprinting,
acquisition of pluripotency and derivation of germ cells in vitro. Because our work was
done in male mouse germ cells, we will discuss these topics mainly as they relate to the
male.
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1. Specification of the germline

1.1 Modes of germ lineage specification

The germ cell lineage of different organisms is specified through two distinct
mechanisms, preformation and epigenesis. The model organism Drosophila
melanogaster displays a preformation mode of germ cell specification in which,
following fertilization of the egg, cells that inherit areas of the oocyte cytoplasm
containing certain maternal RNAs and proteins become the germ cells of the organism.
The region of the cytoplasm in which these special RNAs and proteins are localized is
referred as the germ plasm. A second method for specification of the germline used by
other organisms is that of epigenesis, which has been suggested to be the more
frequently used mode in the animal kingdom (Extavour and Akam, 2003). In
epigenesis, PGCs are induced in response to signaling from neighboring tissues. The
mouse is a model organism that displays this mode of germ lineage specification and,
since all of the work presented in this thesis is in mouse, we will devote the rest of this
section to epigenesis.

1.2 Mouse germline specification through inductive signaling

In the mouse, three critical events are involved in the emergence of germ lineage:
inductive signaling from extraembryonic tissue, activation of key germline transcriptional
regulators, and repression of the somatic program. PGCs are first detected around
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E7.25 as a population of cells expressing alkaline phosphatase in the extraembryonic
mesoderm (Ginsburg et al., 1990). These cells originate from the proximal pluripotent
epiblast, which is in close proximity to the extraembryonic ectoderm, in response to
bone morphogenetic protein 4 (BMP4) inductive signaling from the extraembryonic
ectoderm (Lawson et al., 1999). In the absence of BMP4, PGCs do not form in the
embryo (Lawson et al., 1999). The effects of this signaling are dosage dependent, as a
reduction of Bmp4 expression in heterozygote mutant mice results in a reduced
numbers of founder PGCs compared to wild-type embryos (Lawson et al., 1999).
Expression of bone morphogenetic protein 8b (BMP8b), also from the extraembryonic
ectoderm, plays a crucial role in PGC specification since, in the absence of this protein,
most embryos have no PGCs or severely reduced PGC numbers (Ying et al., 2000).
The competence of the epiblast to respond to BMP4 is mediated by WNT3 signaling
(Ohinata et al., 2009). Recently, in vivo and in vitro experiments have shown that
Blimp1 and Prdm14, two critical genes in germline specification, are directly activated
by the transcriptional regulator T (Brachyury), which is in turn activated in response to
WNT3 signaling (Aramaki et al., 2013). Furthermore, it has been proposed that the role
of BMP4 in the activation of Blimp1 and Prdm14 is either by promoting expression of a
coactivator to assist T or by antagonizing the expression of other WNT signaling target
genes that would inhibit activation of Blimp1 and Prdm14 by T (Aramaki et al., 2013).
One of these key germline genes is Blimp1, a transcriptional regulator expressed in the
proximal epiblast close to the extraembryonic ectoderm starting at E6.25 (Ohinata et al.,
2005). BLIMP1 marks the lineage restricted to become PGCs and, in its absence, the
founder population is significantly reduced and cannot appropriately repress expression
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of Hox genes and somatic transcriptional program (Ohinata et al., 2005; Kurimoto et al.,
2008). In addition to Blimp1, another transcriptional regulator, Prdm14, plays a crucial
role in germ cell specification as the founder PGC population is reduced in homozygous
mutant embryos (Yamaji et al., 2008). Although PRDM14 is not required for the
repression of the somatic mesodermal program, it plays an important role in epigenetic
reprogramming of PGCs (Yamaji et al., 2008). The role of Blimp1 and Prdm14 is so
significant in the germline that PGCs can be induced in vitro, in the absence of
cytokines, by overexpressing these transcriptional regulators in Epiblast-like cells
(EpiLCs) (Nakaki et al., 2013).

2. Migration, colonization of the fetal gonad and sex determination

2.1 PGC migration towards the developing genital ridges

The founder PGC population emerges around E7.25 in the extraembryonic mesoderm
at the base of the allantois (Ginsburg et al., 1990). Live imaging using a fluorescent
reporter driven by Oct4 has revealed that the PGCs of the E7.5 embryo are polarized
and have filopodia, which is consistent with the morphology of a migratory cell
(Anderson et al., 2000). Between E8.5 and E9.5 PGCs are observed in the hindgut
endoderm, still displaying a motile phenotype (Tam and Snow, 1981; Anderson et al.,
2000; Molyneaux et al., 2001). At E10.5 PGCs can be seen moving in the direction of
the developing gonads, which they colonize by E11.5 (Tam and Snow, 1981;
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Molyneaux et al., 2001). Germ cells that do not reach the gonad die through Baxmediated apoptosis (Molyneaux et al., 2001; Stallock et al., 2003). Several signaling
molecules have been shown to play an important role in the migration of PGCs towards
the developing gonads. For example, the Chemokine ligand 12 (SDF1), which is
expressed by the body wall mesenchyme and genital ridges, and its receptor
Chemokine receptor 4 (CXCR4), expressed in PGCs, are important for migration of
PGCs towards the genital ridges (Molyneaux et al., 2003). Without this ligand and
receptor interaction, the number of germ cells that colonizes the gonads is reduced
(Molyneaux et al., 2003). Another important interaction is that between SCF and its
receptor c-KIT. While c-KIT is expressed by PGCs, SCF is expressed by cells that
surround PGCs from the time they are specified until they have reached the gonad (Gu
et al., 2009). Interestingly, in the absence of SCF, PGCs in the embryo move at slower
velocities, and their migration before and after entering the hindgut is disturbed (Gu et
al., 2009).

2.2 Sex determination in males

At the time that PGCs begin to colonize the genital ridge, at E10.5, this developing
organ is said to be bipotential retaining the capacity to differentiate into testes or ovaries
depending on the signaling pathways that become activated. Also at this time, there are
no morphological differences between the genital ridges of males and females.
However, the process of male sex determination is initiated with the expression of the
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transcription factor Sex determining region of chromosome Y (Sry), which is expressed
in the somatic cells of the gonads in male embryos from E10.5 to E12.5 (Koopman et
al., 1990; 1991). The fact that XX females carrying an Sry transgene, although sterile,
developed as males, indicated that expression of Sry is sufficient to direct male
differentiation independent of chromosomal sex (Koopman et al., 1991). The somatic
cells expressing Sry during this time are those that are restricted to the Sertoli cell
lineage (Sekido et al., 2004). Another transcription factor that plays a very important role
in male sex determination is SRY box 9 (Sox9), an autosomal gene expressed by
Sertoli cells that becomes upregulated in male gonads starting at E11.5 (Kent et al.,
1996). Chromatin immunoprecipitation (ChIP) experiments demonstrated that SRY
binds regulatory elements of Sox9 indicating a direct role of SRY in the regulation of
Sox9 expression (Sekido and Lovell-Badge, 2008). Similarly to Sry transgenic mice,
female mice with a Sox9 transgene develop testes, although these are devoid of germ
cells (Vidal et al., 2001).

Morphological differences between male and female gonads become apparent by
E12.5. At this point, seminiferous cords containing germ and Sertoli cells have formed.
These cords will acquire a lumen after birth and transition to become the seminiferous
tubules where spermatogenesis occurs in the adult. The testicular vasculature, the
androgen producing Leydig cells and the peritubular myoid cells are all localized in the
space between the seminiferous cords. The testicular vasculature has been shown to
play a crucial role in the patterning of the fetal testis. At E11.5, endothelial cells are the
only cells that migrate from the mesonephros into the testis and this migration is
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required for testis cord formation (Combes et al., 2009). For example, in E11.5 gonads
cultured for 24 hours with an antibody recognizing cadherin 5 (VE-cadherin), the
migration of endothelial cells from the mesonephros was impaired and cords did not
form (Combes et al., 2009).

One of the key differences between males and females is the time at which their germ
cells initiate meiotic cell division. While female germ cells enter meiosis during fetal life,
between E12.5 and E13.5, male germ cells do not initiate meiosis until after birth.
Meiosis is initiated in response to retinoic acid signaling from the mesonephros (Bowles
et al., 2006). One of the mechanism utilized by male gonads to inhibit retinoic acid
signaling is through the action of the cytochrome P450, family 26, subfamily b,
polypeptide 1 (CYP26B1), a retinoid-degrading enzyme (Bowles et al., 2006). Although
CYP26B1 is expressed in both female and male gonads at E11.5, it becomes specific to
the male starting at E12.5 (Bowles et al., 2006). In the absence of this enzyme, the
germ cells of male E13.5 embryos express meiotic markers at considerably higher
levels compared to germ cells in male mice with at least one functional allele of
CYP26B1, indicating that this enzyme acts to prevent initiation of meiosis at this time
(Bowles et al., 2006; Bowles et al., 2010). The Fibroblast growth factor 9 (FGF9) is
another mechanism antagonizing entrance into meiosis independent of CYP26B1
(Bowles et al., 2010). Fgf9 is highly expressed in the male gonad relative to the female
gonad at E11.5, and its expression is detected at least until E14.5 (Bowles et al., 2010).
The gonads of E12.5 Cyp26b1-/- male mice with only one functional allele of Fgf9
expressed a marker of meiotic entrance at significantly higher levels than gonads of
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E12.5 Cyp26b1-/- male mice with two functional Fgf9 alleles (Bowles 2010). These
results provide evidence that FGF9 also acts to inhibit meiosis along with CYP26B1. In
addition to antagonizing the entrance of meiosis in fetal male germ cells, FGF9 also
induces the expression of male fate markers in both male and female germ cells in vitro
(Bowles 2010). FGF9 also plays an important role in sex determination since the
gonads of Fgf9 -/- male embryos are histological similar to ovaries (Colvin et al., 2001).

3. Epigenetic reprogramming and genomic imprinting in the germline

3.1 DNA methylation reprogramming in PGCs

The DNA methylation in newly specified germ cells is substantially erased over the
course of 5 to 6 days during fetal development, overlapping with other important events
in germline development such as migration to and colonization of the gonad, as well as
sex determination. This reprogramming of the germline epigenome, which includes loss
of methylation at cytosines and histone modifications, begins around E8 and is
completed by E13.5, resulting in a very hypomethylated genome (Guibert al., 2012;
Seisenberger et al., 2012). The loss of DNA methylation in the earlier stages of
reprogramming, although global and resulting in 30% methylation of the E9.5 PGC
genome, does not include imprinted genomic regions (Guibert et al., 2012;
Seisenberger et al., 2012) Instead, demethylation at these imprinted loci begins later in
the reprogramming process, frequently being apparent by E10.5, with full erasure
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coinciding with the end of epigenetic reprogramming at E13.5 (Guibert al., 2012;
Kagiwada et al., 2012; Hajkova et al., 2002). Despite global demethylation of the germ
cell genome during epigenetic reprogramming, intracisternal A particles (IAPs), a family
of long terminal repeat (LTR) retrotransposons, remain considerably methylated during
this period (Hajkova et al., 2002; Popp et al., 2010; Guibert et al., 2012; Kagiwada et al.,
2012; Seisenberger et al., 2012).

3.2 Genomic imprinting

Although the majority of genes in mammals are expressed from both parental
chromosomes, a few hundred genes follow a different trend being expressed from only
the maternal or paternal chromosome. These genes are said to be imprinted and many
of them are involved in the control of fetal and neonatal growth, which suggests that this
mechanism of gene expression regulation evolved to play a role in mammalian
reproduction (Barlow and Bartolomei, 2014). Evidence of this epigenetic phenomenon
came from observations in the 1980s that gynogenetic and androgenetic embryos do
not develop to term (McGrath and Solter, 1984; Surani et al., 1984). This led to the
conclusion that the parental genomes were not equivalent in their contributions and thus
they are both necessary for embryonic development (McGrath and Solter 1984; Surani
et al., 1984). Importantly, defects in genomic imprinting are associated with
developmental disorders including the Silver-Russell syndrome, which is characterized
by abnormal embryonic and postnatal growth in humans (Gicquel et al., 2005).
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Genomic imprinting is an epigenetic phenomenon that results in monoallelic expression
of certain genes depending on the parental origin of the chromosome they are on. The
epigenetic mark that distinguishes the maternal and paternal chromosomes is cytosine
methylation and is established in the germ cells of the organism during embryonic
development in males or in postnatal life in females (Barlow and Bartolomei, 2014).
Although at the time of specification, PGCs have DNA methylation patterns at imprinted
loci that differentially mark the maternal and paternal chromosomes, these imprints are
erased during the epigenetic reprogramming of the germline (Hajkova et al., 2002;
Kagiwada et al., 2012; Guibert et al., 2012; Seisenberger et al., 2012). Following imprint
erasure, methylation marks are laid on imprinted genomic loci depending on the sex of
the developing organism. For example, for loci that are paternally imprinted, both alleles
will be methylated in the germ cells of the male embryo starting at around E15.5 (Kato
et al., 2007; Henckel et al., 2012).

Imprinted genes are normally found in clusters and their expression is controlled in cis
by DNA methylation at genomic sequences called imprinting control centers (ICCs)
(Edwards and Ferguson-Smith, 2007; Barlow and Bartolomei, 2014). While most of the
imprinted genes in these clusters are protein-coding genes, many clusters also have
imprinted long non-coding RNAs (lncRNA) (Edwards and Ferguson-Smith 2007; Barlow
and Bartolomei, 2014). The lncRNA and the insulator model are two identified
mechanisms regulating the expression of imprinted genes. The Insulin-like growth factor
2 (Igf2) H19 locus provides an example of the insulator model, where the ICC has a
binding site for the CCCTC-binding factor (CTCF), acting as an insulator (Hark et al.,
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2000; Bell and Felsenfeld, 2000). Methylation of the ICC prevents binding of CTCF
(Hark et al., 2000; Bell and Felsenfeld, 2000). The genes in this imprinted cluster share
the same enhancer, and, in the absence of CTCF on the paternally methylated ICC, the
Igf2 promoter interacts with the enhancer, resulting in Igf2 expression (Barlow and
Bartolomei, 2014). In contrast, the nonmethylated ICC on the maternal chromosome
allows CTCF binding, which blocks the interaction of the Igf2 promoter with the
enhancer (Barlow and Bartolomei, 2014). As a result, the H19 promoter interacts with
the enhancer, leading to H19 expression from the maternal chromosome (Barlow and
Bartolomei, 2014).

The Igf2r imprinted cluster displays the other mechanism of imprinted gene regulation,
where the methylation imprint on the ICC represses the expression of the imprinted
lncRNA in the cluster (Plasschaert and Bartolomei, 2014). Because lncRNAs negatively
regulate expression of some of the other imprinted genes in the cluster in cis, silencing
the lncRNA results in expression of other imprinted protein-coding genes (Barlow and
Bartolomei, 2014; Plasschaert and Bartolomei, 2014). This means, for example, that the
maternal allele of a protein-coding gene is expressed from the maternal chromosome
that carries a methylated ICC.

During the developmental window in which genomic imprints are erased in germ cells,
de novo DNA methyltransferases are not actively transcribed and maintenance DNA
methylation associated with DNA replication is not operating (Kagiwada et al., 2012;
Hajkova et al., 2002). Interestingly, also during the demethylation of imprinted loci,
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PGCs express proteins associated with active removal of methylation marks on
cytosines, such as the Tet methylcytosine dioxygenase 1 and 2 (TET1 and TET2)
(Kagiwada et al., 2012; Hacket et al., 2013; Vincent et al., 2013). Therefore, imprint
erasure has been proposed to occur through either replication-dependent, passive
removal of methylation marks, or by active demethylation mechanisms involving
enzymatic activity (Kagiwada et al., 2012; Seinsenberger 2012; Yamaguchi et al., 2013;
Hajkova et al., 2002). However, a combination of both passive and active mechanisms
has also been suggested (Hacket et al., 2013; Seisenberger et al., 2012).

Once the imprints are erased in male germ cells by E13.5, methylation marks begin to
be reestablished in paternally methylated ICCs starting around E15.5, with full
methylation observed around the time of birth (Henckel et al., 2012; Kato et al., 2007).
These cytosine methylation marks result from the activity of DNA methyltransferases 3A
and 3B (DNMT3A and DNMT3B), the de novo methyltransferases, and DNA
methyltransferase 3-like (DNMT3L), which is enzymatically inactive (Kaneda et al.,
2004; Webster et al., 2005; Kato et al., 2007). To investigate potential mechanisms
distinguishing the DNA sequences that are to become maternally or paternally
methylated during establishment of imprints in the germline, histone modifications have
been studied (Henckel et al., 2012). In this study, maternally methylated ICCs, which
remain unmethylated in male germ cells, were found to be enriched in trimethylation of
lysine 4 of histone 3 (H3K4me3) (Henckel et al., 2012). Because H3K4me3 was not
found on paternally methylated ICCs in male germ cells, this histone modification may
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be involved in the protection of maternally methylated ICCs against methylation in male
germ cells (Henckel et al., 2012).

4. Germline acquisition of pluripotency in vivo and in vitro

4.1 Expression of pluripotent genes in PGCs

From the time they are specified until they have colonized the gonads, at least until
E13.5, germ cells express the transcription factors Oct4 (Pou5f1), Sox2 and Nanog
(Schöler et al., 1989; Yeom et al., 1996; Pesce et al., 1998; Chambers et al., 2003;
Western et al., 2005; Yamaguchi et al., 2005; Yabuta et al., 2006). These transcription
factors are expressed in pluripotent cell types such as the cells of the inner cell mass
(ICM) of the blastocyst and embryonic stem cells (ESCs), and play crucial roles in ESC
derivation and/or ESC self-renewal (Nichols et al., 1998; Avilion et al., 2003; Chambers
et al., 2003; Mitsui et al., 2003; Chambers 2007). Importantly, these transcription factors
also play critical roles in PGCs and their absence can affect PGC specification, survival
and/or fertility to various degrees (Kehler et al., 2004; Chambers et al., 2007; Okamura
et al., 2008; Campolo et al., 2013). However, despite expressing key players of the
pluripotency transcriptional network, PGCs are unipotent under normal physiological
conditions, and give rise to sperm and eggs exclusively. Evidence for this comes from
experiments where, unlike pluripotent cell types derived in vitro such as ESCs and
embryonic germ cells (EGCs), PGCs cannot contribute to chimeras when injected into

	
  
15	
  

	
  

blastocysts or other preimplantation stages (Bradley et al., 1984; Matsui et al., 1992;
Labosky et al., 1994; Stewart et al., 1994; Leitch et al., 2014).

4.2 Acquisition of pluripotency in vivo and testicular germ cell tumors

Although their differentiation potential in vivo, under normal circumstances, is restricted
to the production of highly specialized gametes, PGCs retain competence for
pluripotency and thus, they have potential for tumorigenesis. In fact, PGCs have been
identified as the cell of origin in teratocarcinomas (Stevens 1967). During embryonic
development, PGCs colonize the male fetal gonad and are referred to as gonocytes.
Once in the male gonad, gonocytes commit to the male fate following sex
determination, establish themselves in their niche and enter mitotic arrest. The potential
for tumorigenesis is thought to arise from disturbances during embryonic development
of PGCs and gonocytes, which result in inhibition of their maturation and differentiation.
This differentiation block causes malignant transformation of PGCs or gonocytes
resulting in carcinoma in situ (CIS) of the testis, which is the origin of testicular germ cell
tumors (TGCTs) (Skakkebaek 1972; Skakkebaek et al.,1987). The PGC or gonocyte
origin of CIS is known as the fetal origins hypothesis. CIS cells appear as atypical germ
cells in the basal compartment of the seminiferous epithelium inside seminiferous
tubules and have considerably larger nuclei and higher DNA content compared to
spermatogonia (Skakkebaek 1972). Evidence supporting a PGC or gonocyte origin of
CIS cells has been reviewed in detail (Rajpert-De Meyts et al., 2003). This evidence
includes observations of similarities in cellular morphology as well as in expression
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patterns of imprinted genes (Skakkebaek et al., 1987; van Gurp et al., 1994). There are
three types of TGCTs, of which type II is the most common and it affects adolescent
and young adults (Devesa et al., 1995; Bosl et al., 1997). Type II TGCTs are classified
as either seminomas or non-seminomas, with the non-seminoma category being further
divided into embryonal carcinoma, teratoma, yolk sac tumor and choriocarcinoma,
demonstrating the pluripotency of the cell of origin.

Very recently, misregulation of Nodal signaling in male germ cells has been proposed to
be one of the disturbances that can cause gonocyte differentiation arrest leading to CIS
(Spiller et al., 2012). Nodal signaling through CRIPTO, a receptor expressed in male
gonocytes, was shown to be most active between E12.5 and E13.5 (Spiller et al., 2012).
This signaling pathway appears to promote expression of genes associated with
pluripotency as well as to delay differentiation of gonocytes (Spiller et al., 2012).
Interestingly, CRIPTO and NODAL are also detected in human testicular samples
containing CIS cells and in some TGCTs (Spiller et al., 2012). While Nodal signaling
genes are an example of gene expression similarities between gonocytes and TGCTs,
there are gene expression differences that emerge with the formation of testicular
tumors. For example, the pluripotency-associated transcription factor Kruppel-like factor
4 (Klf4), which is expressed at higher levels in ESCs compared to PGCs, is also
upregulated in some types of TGCTs compared to normal testes (Qin et al., 2012).
Another differentially expressed gene is the Large tumor suppressor 2 (Lats2), which
displays a pattern opposite to the one for Klf4 (Qin et al., 2012). Lats2 is expressed at
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higher levels in PGCs compared to ESCs, and it is downregulated in many TGCTs
compared to normal testes (Qin et al., 2012).

Whereas acquisition of germ cell pluripotency in vivo results in TGCTs, in vitro, the
result is the formation of EGCs. Despite differences in the processes leading to these
pluripotent cell types, EGCs and TGCTs share some features. For example, Klf4 is
upregulated in both EGCs and TGCTs, whereas Lats2 is downregulated in both
(Durcova-Hills et al., 2008; Qin et al., 2012). Interestingly, in addition to its potential role
in the formation of TGCTs, Nodal signaling appears to also play a role in germ cell
transformation to pluripotent EGCs because the subpopulation of gonocytes that gives
rise to EGCs in vitro with higher efficiency also expresses higher levels of Nodal and
Cripto (Spiller et al., 2012). Another signaling pathway that has been proposed to act in
both conversion to EGC and in some TGCTs is the Leukemia inhibitory factor (LIF)
signaling pathway mediated by Signal transducer and activator of transcription 3
(STAT3) (Leitch et al., 2013b). STAT3 activity is required for EGC derivation in vitro and
gene targets of this signaling pathway are upregulated in TGCTs compared to normal
testes (Leitch et al., 2013). Given the similarities between EGCs and TGCTs with
respect to active signaling pathways and gene expression patterns, understanding the
dynamics of different processes during PGC conversion to EGC is expected to be very
informative about malignant transformations of germ cells in vivo.

4.3 Acquisition of pluripotency in vitro and EGC reprogramming
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The process by which the germline acquires pluripotency in vitro is referred as EGC
reprogramming and it occurs over a period of approximately 7-10 days in culture
resulting in the formation of large colonies resembling ESC colonies. The culture of
PGCs has been challenging due to the difficulty in promoting their survival and
proliferation in vitro for extended periods of time. Around the time that EGCs were first
reported, PGCs could be maintained in culture for about 7 days under various
conditions, with progressive loss starting between days 2 and 5 of culture (Donovan et
al., 1986; Godin et al., 1990; Godin et al., 1991; Dolci et al., 1991). Since, under all
culture conditions, PGCs displayed a halt in proliferation over the course of the culture,
it was proposed that this was due to the natural timing when PGCs cease mitotic
division in vivo (Matsui et al., 1991). In 1992, the work of two different laboratories
demonstrated that PGCs could proliferate in vitro beyond their in vivo proliferative
window if they were cultured on feeders for 6 to 9 days with medium containing serum
and the cytokines LIF, Fibroblast growth factor 2 (bFGF) and Stem cell factor (SCF)
(Matsui et al., 1992; Resnick et al., 1992). Under these conditions, a fraction of cultured
PGCs formed large colonies that morphologically resembled ESC colonies and
expressed markers also detected in ESCs (Resnick et al., 1992; Matsui et al., 1992).
Following the primary PGC culture in these cytokines, the resulting EGCs could be
passaged for at least 20 times (Matsui et al., 1992). The pluripotency of these EGCs
was demonstrated by their ability to generate teratomas as well as by their ability to
contribute to different tissues of chimeric mice (Matsui et al., 1992; Stewart et al., 1994;
Labosky et al., 1994; Durcova-Hills et al., 2001). Importantly, EGCs can also contribute
to the germline of these chimeric mice (Stewart et al., 1994; Labosky et al., 1994). Since
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EGCs were first reported in 1992, serum, feeders, SCF, bFGF and LIF have been
routinely used to derive these pluripotent cells from cultured PGCs (Labosky et al.,
1994; Stewart et al., 1994; Tada et al., 1998; Durcova-Hills et al., 2001; Durcova-Hills et
al., 2006; Leitch et al., 2010). Although addition of bFGF to the PGC culture medium,
which contained the other critical cytokines, is what led to the discovery of EGCs in
1992, there have been reports that other compounds can substitute for bFGF in the
derivation of EGCs (Matsui et al., 1992; Resnick et al., 1992; Koshimizu et al., 1996;
Durcova-Hills et al., 2008). For example, in the absence of bFGF, forskolin or retinoic
acid can be used in combination with LIF to culture PGCs leading to the formation of
colonies of EGCs that can be passaged (Kosimizu et al., 1996). Both of these
compounds promote PGC proliferation in culture (De Felici et al., 1993; Koshimizu et
al., 1995). Interestingly, another compound that can be used instead of bFGF in the
derivation of EGCs is an inhibitor of histone deacetylases called Trichostatin A
(Durcova-Hills et al., 2008). Very recently, successful derivation of EGCs, in the
absence of serum and feeders and under 2i conditions, with additional compounds, has
been demonstrated (Leitch et al., 2013a and 2013b). In this study, the authors
determined that, in 2i culture, LIF was the only required cytokine for the reprogramming
of PGCs to EGCs, and the other cytokines only increased the efficiency (Leitch et al.,
2013b). This result confirmed previous observations that without LIF, no EGC colonies
form when PGCs are cultured on feeders with medium containing serum (Koshimizu et
al., 1996). Furthermore, by culturing single PGCs per well, it was confirmed that a
fraction of the starting PGC population is capable of reprogramming to EGC (Leitch et
al., 2013b). Although we are now able to culture PGCs for prolonged periods of time in
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the form of EGCs, we still cannot keep them in long-term culture in their natural,
unipotent PGC state, as these cells appear to die over the course of the culture (Leitch
et al., 2013).

PGCs remain competent to reprogram to pluripotent EGCs from the moment they are
specified, at E7.5, through E12.5, after they have colonized the gonad and begun
commitment to a sexual fate (Leitch et al., 2013b; Labosky et al., 1994; Tada et al.,
1998). However, the efficiency of EGC reprogramming decreases as PGCs
developmentally progress towards E12.5 (Labosky et al., 1994; Durcova-Hills et al.,
2006; Durcova-Hills and Surani 2008; Leitch et al., 2013b). Interestingly, it has been
reported that male EGCs are derived at higher frequencies than female EGCs, and that
in general, male EGCs have higher methylation at imprinted loci compared to females
(Durcova-Hills et al., 2001; Tada et al., 1998; Shovlin et al., 2008). The developmental
window in which PGCs can reacquire pluripotency in vitro overlaps with the period in
which epigenetic reprogramming of the germline occurs. This epigenetic reprogramming
includes global as well as imprinted loci DNA demethylation, which occur in two phases
(Guibert et al., 2012; Seisenberger et al., 2012). Shortly after EGCs were discovered,
studies revealed that many of the derived EGC cell lines, regardless of the sex, had
reduced or no methylation at several imprinted loci including the Insulin-like growth
factor 2 receptor (Igf2r) (Labosky et al., 1994; Tada et al., 1998). An interesting
observation was that some EGC lines derived from earlier PGCs were able to retain a
methylated allele of Igf2r whereas EGC lines obtained from more developmentally
advanced PGCs had both alleles unmethylated (Labosky et al., 1994; Tada et al.,
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1994). Because DNA methylation at Igf2r was known to be erased in germ cells by
E12.5 and E13.5, it was expected that demethylation at imprinted loci occurred as
development progressed (Brandeis et al., 1993; Labosky et al., 1994). Because there
were differences in the methylation levels at imprinted loci in EGCs derived from PGCs
at different developmental stages, it was proposed that the status of methylation at
imprinted loci in EGCs reflected the status in the PGCs that gave rise to them (Labosky
et al., 1994). An exception to the generally demethylated state of imprinted loci in EGCs
was the H19/Igf2 imprinted locus, which retained methylation in EGC lines derived from
later PGCs, with male EGCs being more methylated than female EGCs (Tada et al.,
1998). Two hypotheses explaining this exception were that the imprint in the PGC of
origin, either had been completely erased and reestablished randomly, or it had never
been completely erased (Tada et al., 1998). Evidence supporting the hypothesis of
complete erasure with reestablishment of methylation came from a study showing that
EGCs derived from E9.5 PGCs had more methylation at the H19/Igf2 locus compared to
EGCs obtained from later PGCs (Durcova-Hills et al., 2001; Shovlin et al., 2008). Hence
it has been proposed that methylation at imprinted loci in EGCs is not same as that in
the PGC from which they originate (Shovlin et al., 2008). We now know that erasure of
imprinted loci gradually occurs during developmental progression of PGCs, being
complete by E13.5, with the process of demethylation having started by E9.5 for some
imprinted loci (Hajkova et al., 2002; Kagiwada et al., 2012). Although we know that
imprint methylation patterns in EGCs are not reflective of the patterns in PGCs, the
dynamics of imprint erasure in the process of PGC reprogramming to pluripotency in
vitro are still unknown. We have evidence suggesting that remethylation of completely
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erased imprints occurs during this process, but we don’t know the timing of erasure and
reestablishment for any of the genomic imprints.

Although, like ESCs, pluripotent EGCs could contribute to chimeras with germline
transmission and could generate teratomas, they differed in their ability to maintain
normal methylation patterns at imprinted loci (Labosky et al., 1994;Shovlin et al., 1998).
These abnormalities in imprinting patterns were believed to be responsible for the
skeletal defects observed in some chimeric mice (Labosky et al., 1994; Tada et al.,
1998). However, the derivation of EGC lines with intact genomic imprints using 2i
culture conditions, without serum or feeders, has very recently been reported (Leitch et
al., 2013a). Importantly, some of the EGC lines obtained in 2i did exhibit loss of
methylation at imprinted loci, indicating that, even under these new culture conditions,
imprint erasure is a persistent feature of EGC derivation (Leitch et al., 2013a).

The study of the dynamics of imprint erasure during EGC reprogramming has been
hindered by traditional EGC derivation methods, where PGCs are cultured on a feeder
layer. Undoubtedly, in order to investigate undergoing demethylation at imprinted loci in
cultured PGCs, a pure population of these cells needs to be obtained. To this end, a
purification step such as fluorescence-activated or magnetic cell sorting needs to be
performed prior to DNA extraction from PGCs. Such purification procedures would
result in a big loss of the PGC population to be analyzed, yielding little DNA starting
material. Although we now a have very sensitive PCR-based bisulfite sequencing
technique for evaluating site-specific methylation from smaller starting DNA samples,
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there is still a threshold of required starting DNA. Therefore, analyzing methylation at
imprinted loci in PGCs cultured on feeders is not practical, and may be the reason why
the kinetics of demethylation during EGC reprogramming remains unknown. Therefore,
feeder-free culture systems to derive EGCs such as the one recently reported by Leitch
et al., 2013a, 2013b, are expected to facilitate a careful study of imprint erasure in
cultured PGCs as they reacquire a pluripotent state in vitro.
5. Germ cell derivation from pluripotent cells in vitro

Mouse germ cells have been generated in vitro from pluripotent cell types such as
ESCs, induced pluripotent cells (iPSCs), and EGCs. Although some of these
pluripotent-cell derivatives were equivalent to oocytes and sperm, derivatives
developmentally equivalent to the PGCs of the embryo have been more commonly
reported (Hübner et al., 2003; Toyooka et al., 2003; Geijsen et al., 2004; Eguizabal et
al., 2009; Hayashi et al., 2011; Vincent et al., 2011; Hayashi et al., 2012; Nakaki et al.,
2013). Importantly, some of the PGCs obtained from these pluripotent cells have the
capacity to mature and differentiate into haploid gametes following transplantation
(Toyooka et al., 2003; Hayashi et al., 2011; Hayashi et al., 2012).

From the time PGCs are specified at E7.25 to the time when they have settled in the
gonads and are undergoing epigenetic reprogramming at E11.5, the PGC population
expands from approximately 50 cells to about 2600 cells per embryo (Ginsburg et al.,
1990; Kagiwada et al., 2012). These small cell numbers have limited the types of
experiments that can be done to investigate the mechanisms of the very important
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processes that occur in the germline during this time, such as specification and
epigenetic reprogramming. Because the differentiation of germ cells from pluripotent cell
types is scalable, one of the advantages of deriving germ cells in vitro is that the
problem of limited PGC numbers can be circumvented, especially if the efficiency of
differentiation is maximized. Thus, in vitro derivation of germ cells widens the spectrum
of experiments that can be performed. In fact, these pluripotent-cell derivatives have
already proven to be valuable models to study the requirements for PGC specification,
as well as the roles of enzymes in the epigenetic reprogramming of the germ lineage
(Aramaki et al., 2013; Vincent et al., 2013).

The first experiments showing differentiation of germ cells from ESCs in vitro came in
2003 (Hübner et al., 2003). In this study, ESCs were cultured without feeders in ESC
medium containing serum but no growth factors. From these cultured ESCs, putative
premigratory, migratory and postmigratory PGCs were obtained on day 7. These
populations were identified based on the expression of two markers, GFP from an Oct4
gfp reporter and the Kit oncogene (c-KIT), a surface receptor (Hübner et al., 2003). After
the formation of follicle-like structures in culture, floating oocytes surrounded by a zona
pellucida where observed on the 4th week of culture (Hübner et al., 2003). Notably,
these oocytes generated structures resembling preimplantation embryos through
parthenogenesis on the 7th week of culture (Hübner et al., 2003).

Another landmark experiment where mature gametes where obtained directly from
ESCs in vitro was reported a year later (Geijsen et al., 2004). In this experiment, haploid
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sperm was obtained from ESCs that were differentiated as embryoid bodies (EBs),
which are three-dimensional cellular aggregates that form when ESCs are cultured in
suspension without feeders (Geijsen et al., 2004; Evans and Kaufman 1981; Martin
1981). In this case, the germ cells were identified mainly based on expression of the
cell-surface protein Fucosyltransferase 4 (SSEA1) (Geijsen et al., 2004). SSEA1+ PGCs
isolated from EBs were cultured and formed colonies of cells that had lost methylation
at imprinted loci (Geijsen et al., 2004). Since these are two features of EGCs, these
results provided evidence that the SSEA1+ cells from the EB are equivalent to PGCs
from the embryo, which are capable of reprogramming to EGCs in vitro (Geijsen et al.,
2004). Interestingly, haploid cells with morphological resemblance to haploid cells of the
testis were observed in EBs between day 13 and day 20 of culture (Geijsen et al.,
2004). Importantly, although the efficiency of meiosis in the EB is very low, haploid cells
isolated from day 20 EBs, fertilized oocytes in vitro, with 20% of them reaching the
blastocyst stage (Geijsen et al., 2004).

Aside from these two groundbreaking studies showing the generation of mature
gametes from ESCs in vitro, the derivation of more immature germ cells corresponding
to embryonic PGCs is more frequent in the literature. For example, an in vitro
differentiation model where the germ cells were isolated from day 6 EBs based on
expression of SSEA1 and c-KIT was recently reported (Vincent et al., 2011). These invitro-derived PGCs (iPGCs) did not express MVH and had not undergone imprint
erasure, suggesting they developmentally correspond to a pregonadal germ cell
(Vincent et al., 2011). Notably, in the absence of BLIMP1, the yield of iPGCs was
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considerably smaller, which is similar to what happens in vivo, where the founder PGC
population is severely reduced in the absence of this transcriptional regulator (Vincent
et al., 2011; Ohinata et al., 2005). This suggests that the events involved in PGC
specification in vivo also affect PGC differentiation in vitro. Using this iPGC model, the
roles of the TET1 and TET2 proteins in epigenetic reprogramming of PGCs was
investigated (Vincent et al., 2013). Importantly, the applications of this model extend to
the investigation of the requirements for PGC maturation in vitro and in vivo, as well as
to the understanding of germ cell and gonadal somatic cell interactions that are involved
in formation of the germ cell niche.

A method for obtaining PGCs in vitro from ESCs and iPSCs through directed
differentiation has also been described (Hayashi et al., 2011; Hayashi et al., 2012). The
ESCs used for differentiation method are cultured without feeders with serum-free
medium containing inhibitors of the Mitogen-activated protein kinase (MAPK) and of
Glycogen synthase kinase 3 beta (GSK3) and LIF (2i + LIF). Using this protocol, ESCs
grown in 2i + LIF are induced to differentiate into epiblast-like cells (EpiLCs) over the
course of two days in medium without serum containing bFGF and ActivinA (Hayashi et
al., 2011). PGC-like cells (PGCLCs) are then obtained from the differentiation of EpiLCs
in serum-free medium containing BMP4, BMP8b, LIF, SCF, and epidermal growth factor
(EGF) (Hayashi et al., 2011). These PGCLCs emerge as early day 4 of differentiation,
and can be recognized based on the expression of fluorescent reporters for the PGC
genes Blimp1 and Developmental pluripotency-associated 3 (Stella), or on the cellsurface markers SSEA1 and integrin beta 3 (ITGB3) (Hayashi et al., 2011). Although
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these PGCLCs have reduced global levels of DNA methylation, imprinted loci are still
methylated suggesting they are equivalent to pregonadal PGCs (Hayashi et al., 2011).
Female PGCLCs isolated after 3 days of differentiation do not express MVH and have
methylated imprints (Hayashi et al., 2012). However, when these female PGCLCs are
aggregated with E12.5 fetal ovarian cells, they express MVH, erase methylation at ICCs
to various extents, and expressed meiotic markers typical of PGCs in meiotic prophase
(Hayashi et al., 2012). These results indicate that germ cells derived from pluripotent
cells have the potential to mature in vitro at least to the gonadal stage. Importantly, both
male and female PGCLCs differentiate into gametes upon transplantation into host mice
(Hayashi et al., 2011; Hayashi et al., 2012). However, whereas the sperm produced
from the transplanted male PGCLCs were ready for fertilization at the time of removal,
the oocytes derived from female PGCLCs needed further in vitro maturation following
removal of the host mouse (Hayashi et al., 2011; Hayashi et al., 2012). Nonetheless,
both male and female gametes derived from PGCLCs were functional and gave rise to
offspring (Hayashi et al., 2011; Hayashi et al., 2012). The PGCLC model has been used
to investigate the molecular requirements of germ cell specification in mice (Aramaki et
al., 2013).

Undoubtedly, one of the main advantages of generating immature germ cells from
pluripotent cells is that these in vitro models can be used to study the important events
occurring in the germline during embryonic development. For example, using iPGCs
equivalent to pregonadal PGCs, we can investigate the molecular processes that occur
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during germline acquisition of pluripotency in vitro, which will be very informative in field
malignant transformation of germ cells that leads to human disease.
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CHAPTER 2
DE NOVO TESTICULAR MORPHOGENESIS AND GERM CELL NICHE
RECONSTRUCTION
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Introduction

In mammals, testes and ovaries develop from a common gonadal primordium during
embryonic development. The Sry gene, which is expressed exclusively in the gonads of
XY embryos around midgestation, initiates sex determination of the bipotential gonad by
triggering the development of the testis (Koopman et al., 1990; 1991). Masculinization of
the gonad results in the formation of testis cords, a process that depends on endothelial
cell migration from the mesonephros, vascularization, and proliferation of interstitial cells
(Combes et al., 2009; Cool et al., 2011). These testis cords are the precursors of the
seminiferous tubules, which are the site of spermatogenesis in the adult. Sertoli and
germ cells are the only cell types found inside the cords, while the interstitial
compartment harbors the vasculature, Leydig cells, and peritubular myoid cells.
Although germ cells are originally located in the center of the testis cords, they migrate
towards the basement membrane around the time of birth (Nagano et al., 2000). In the
seminiferous tubules, tight junctions between Sertoli cells, which create the blood-testis
barrier, give rise to basal and adluminal compartments (Dym and Fawcett 1970). The
spermatogonial stem cell population resides in the basal compartment of the
seminiferous epithelium. The undifferentiated spermatogonia preferentially localize to
areas in close proximity to the interstitium and the vasculature suggesting these are
important components of the niche (Yoshida et al., 2007). This microenvironment is
necessary for the maintenance of the stem cell population that enables the continuous
process of spermatogenesis.
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The testicular tissue of embryonic and neonatal rodents, pigs, and sheep has the
remarkable capacity to undergo de novo morphogenesis following structural disruption
by dissociation to single cells (Dufour et al., 2002; Gassei et al., 2006; Honaramooz et
al., 2007; Kita et al., 2007; Arregui et al., 2008). De novo formation of testicular
structures occurs in vivo following transplantation into ectopic sites such as the kidney
and subcutis of immunodeficient recipient mice and it results in reconstruction of
seminiferous tubules, secretion of testosterone, localization of androgen-producing
Leydig cells to the interstitium, vascularization, and sometimes completion of
spermatogenesis (Dufour et al., 2002; Gassei et al., 2006; Arregui, et al., 2008;
Honaramooz et al., 2007; Kita et al., 2007; Matoba and Ogura 2011). The first
indications of the de novo morphogenesis capacity of immature testicular tissue came
from experiments exploring the immunoprotective activity of Sertoli cells. In this study,
pancreatic islets of Langerhans and testicular cell aggregates were transplanted under
the kidney capsule of recipient mice where Sertoli cells formed tubular structures 60
days after transplantation (Suarez-Pinzon, et al., 2000).

The kinetics of this phenomenon has been studied in detail with the neonatal porcine
testis, where reconstituted testicular cords were observed one week after
transplantation of testicular cells with random organization (Dufour et al, 2002;
Honaramooz et al., 2007). Importantly, ectopic transplants also supported the transition
from testicular cords to seminiferous tubules where spermatogenesis was evident in
histological sections (Honaramooz et al., 2007). Interestingly, the Sertoli cells in these
ectopic transplants proliferated, became polarized, and appeared to follow a pattern of

	
  
32	
  

	
  

expression of the anti-Müllerian hormone (amh) that was similar to that observed in vivo
(Dufour et al., 2002). In addition, the seminal vesicles of the castrated recipient mice
maintained a normal weight, indicating testosterone was being produced by the
reconstructed testicular tissue, thus providing further evidence of the functionality of the
transplant (Honaramooz et al., 2007). Although such detailed studies of the kinetics of
de novo testicular morphogenesis have not been carried out in rodents, reconstituted
seminiferous tubules are observed 4 weeks after ectopic transplantation (Kita et al.,
2007; Matoba and Ogura 2011). Furthermore, elongated and round spermatids capable
of in vitro fertilization can be obtained from these ectopic transplants (Kita et al., 2007;
Matoba and Ogura 2011).

Although testicular cells are typically transplanted immediately following dissociation of
the testis, some protocols to study testicular de novo morphogenesis include an in vitro
culture step prior to transplantation. This in vitro step can last two or more days and
allows the formation of testicular cell aggregates, which may give rise to cord-like
structures in vitro (Dufour et al., 2002; Gassei et al., 2006). Histological analyses of
these aggregates revealed the presence of different cell types, some of which organized
into epithelial structures (Gassei et al., 2006). However, identification of the localization
of different cell types within these aggregates at the time of transplantation has not been
reported. Furthermore, the maturation of the cell types before and after transplantation
of the aggregate based on expression of specific markers has not been assessed.
The de novo morphogenesis model allows for manipulation of individual cell types prior
to transplantation and the testing of the effect of these manipulations on testicular
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morphogenesis (Dufour et al., 2002). Furthermore, this model has potential applications
in the study of the formation of the stem cell niche (Honaramooz et al., 2007). Lastly,
the de novo morphogenesis approach enables the reconstruction of testicular structures
using testicular cell types derived from different sources (Toyooka et al., 2003; Kita et
al., 2007).

In the following experiments, we aim to establish the testicular de novo morphogenesis
model using a combination of in vitro culture followed by ectopic transplantation of
dissociated E13.5 fetal testes. Furthermore, using expression of germ and Sertoli cell
specific markers, we aim to determine the localization of these cell types within the
aggregate at the time of transplantation. Finally, using expression of markers of
developmental progression, we aim to assess the level of maturation achieved by germ
and Sertoli cells in reconstructed seminiferous tubules.

Results

Reconstruction of seminiferous tubules from transplanted E13.5 testicular
aggregates

The schematics of seminiferous tubule reconstruction following transplantation of
gonadal aggregates formed in vitro from E13.5 testes is shown in figure 1A. We
removed the testes from E13.5 CD1 embryos and carefully separated the
mesonephros. We then dissociated the gonads to single cells, plated them in low-cell-
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binding 96-well dishes and centrifuged them to form a pellet (figure 1B). A compact
cellular aggregate made from the pelleted gonadal cells had formed by 72 hours in
culture (figure 1C). Cell clusters within the aggregate were observed in histological
sections of 3-day aggregates (figure 1D). Although cells with large nuclei, reminiscent of
germ cells, were sometimes observed as single cells within the aggregate, the majority
of those cells were mainly observed in the periphery of the aggregate (figure 1D and E).
These observations suggest that there’s spatial segregation of different cell types within
3-day gonadal aggregates.

In order to conclusively determine the localization of the germ and Sertoli cells within
the 3-day aggregates, we performed immunofluorescence staining for mouse vasa
homologue (mvh) and amh, markers of germ cells and fetal Sertoli cells, respectively.
Whereas in the E13.5 fetal testis mvh+ germ cells are always found in direct contact with
amh+ Sertoli cells inside testis cords (figure 1F), in the gonadal aggregates, germ cells
are not commonly close to Sertoli cells that brightly express amh. Based on our results,
it was very clear that these two cell types were spatially segregated. In general, Sertoli
cells brightly positive for amh localized near the core of the aggregate and germ cells
mainly in the periphery (figure 1G). Our immunofluorescence data therefore indicates
that germ and fetal Sertoli cells, which make physical contact inside testis cords, reside
in different areas of the aggregate at the time of transplantation.

After 72 hours of culture, 4-10 aggregates were pooled and injected in the
subcutaneous space of the leg of a recipient, non-castrated SCID beige male mouse.
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The transplants were removed 4-5 weeks later and processed for histological analysis.
At the time of removal, transplants were found either attached to the skin or to the leg
muscle and vascularization was apparent (figure 1H). Histological sections of these
transplants confirmed that seminiferous tubules had been reconstructed (figure 1I).
Although sperm were not apparent in histological sections of the transplants, some
sections of the reconstructed seminiferous tubules contained germ cells, while other
sections resembled segments of Sertoli-cell only tubules (figure 1J and K). To
conclusively determine whether some reconstructed tubules were devoid of germ cells,
we immunostained transplant sections for mvh. As expected, we confirmed that some
sections of the reconstructed tubules contained mvh+ germ cells near the basement
membrane of the seminiferous epithelium as well as near the lumen of the tubule (figure
1L). On the other hand, some sections of the reconstructed tubules had few mvh+ germ
cells at the basement membrane only, while some sections had none (figure 1M). This
corroborates that there were Sertoli-cell only reconstructed tubules in our subcutaneous
transplants.

We have demonstrated that subcutaneous transplantation of gonadal aggregates with
spatially segregated cells supports de novo morphogenesis of the E13.5 testis. This
results in reconstruction of seminiferous tubules capable of supporting germ cell
survival.

Maturation of Germ and Sertoli cells in reconstructed tubules
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Given that sperm production in reconstructed tubules was not observed, we set out to
determine whether there had been any developmental progression of the germline in
the ectopic transplants. Because Sertoli cells are the nurturing cell type of the male
germline throughout embryonic and adult life, we wanted to determine if these cells had
also undergone developmental progression resembling Sertoli cells of the adult testis
that support the continuous cycle of spermatogenesis.

To assess developmental progression of the germline, we performed
immunofluorescence staining for the transcription factor promyelocytic leukemia zincfinger (Plzf). In the testis, this transcription factor is exclusively expressed in male germ
cells starting at E17.5, and becomes later restricted to the quiescent, nondifferentiating
spermatogonia (Costoya et al., 2004). Therefore, this marker can report developmental
progression of the E13.5 germ cells in our transplants to a later gonocyte stage or to the
spermatogonial stem cell. On the other hand, to determine whether the Sertoli cells
inside reconstructed tubules had matured, we examined the expression of amh, a
cytoplasmic protein with differential expression in fetal and adult Sertoli cells. Whereas
amh is expressed in the Sertoli cells of the fetal testis starting at E12.5, it is
downregulated over the course of the first 3 weeks after birth and it’s absent in the adult
testis (Munsterberg and Lovell-Badge 1991). Therefore, amh expression is an indicator
of Sertoli cell developmental progression. To identify Sertoli cells independently of amh
expression, we also immunostained transplant sections for Sox9, a transcription factor
expressed in the immature Sertoli cells of the fetal gonad as well as in the mature
Sertoli cells of the adult testis (Kent et al., 1996; Morais da Silva et al., 1996).
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Our results show Plzf+ germ cells localized at the basement membrane of the
seminiferous epithelium in reconstructed tubules (figure 2A). These Plzf+ cells resided in
the same area as those found in the basal compartment of the seminiferous epithelium
of the adult testis (figure 2B). Furthermore, the morphology of the Plzf+ nuclei in both the
adult testis and transplant was similar. For example, the side of the nucleus closest to
the basement membrane was flatter in shape compared to the more circular side that is
closest to the lumen (figure 2A and B). Thus, the presence of Plzf indicates
developmental progression of the germ cells in our transplants. Furthermore, the
localization of these Plzf+ cells within the seminiferous epithelium as well as the shape
of their nuclei, suggest that the germ cells in the reconstructed tubules developmentally
progressed from gonocytes to spermatogonia. In the case of Sertoli cells, our results
indicate that they have also undergone developmental progression as we found Sox9+
cells inside the tubules that did not express amh (figure 2C). This expression pattern is
consistent with that of mature Sertoli cells. Interestingly, the downregulation of amh
begins prior to transplantation resulting in two populations of Sertoli cells within the
aggregate. These two populations were made up of Sox9+ Sertoli cell clusters that
expressed amh at either high or low levels (figure 2D). For comparison, we stained
sections of fetal and adult testis for Sox9 and amh. As expected, the immature Sertoli
cells of the E13.5 testis expressed both Sox9 and amh, while the mature Sertoli cells of
the adult testis were only positive for Sox9 (figures 2E and F).
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These results thus indicate that germ and Sertoli cells developmentally progress during
de novo morphogenesis of fetal testicular tissue. Interestingly, the Sertoli cell maturation
process appears to start prior to transplantation at the level of the aggregate.

Discussion

We have shown that E13.5 germ cells can colonize and survive inside reconstructed
seminiferous tubules derived from dissociated E13.5 fetal testes upon subcutaneous
transplantation. This indicates that the germ cell niche is also reconstituted in the
process of de novo morphogenesis of the fetal testis. These results are in agreement
with previous reports on the de novo morphogenesis capacity of the newly determined
murine fetal testis following transplantation under the testis or kidney capsule of
recipient mice (Toyooka et al., 2003; Matoba and Ogura 2011).

Based on the expression of mvh and amh we determined that Sertoli cells with high
expression of amh and germ cells are mostly segregated within the gonadal aggregate
at the time of transplantation. Although in some instances, we did observe single germ
cells in direct contact with amh+ cells within the aggregate. Interestingly, Sertoli cells
positive for Sox9 that are downregulating amh expression are observed at the periphery
of the aggregate. Given that the majority of the germ cells in the aggregate also localize
to this area, we can conclude that, in fact, many germ cells are in direct contact with
Sertoli cells in the aggregate. Hence, it is likely that both, the germ cells at the periphery
as well as the few that are sometimes within the aggregate, colonize reconstructed
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tubules. At the present time, we do not know whether the Sertoli cells in reconstructed
tubules originate from the Sox9+ bright amh or the Sox9+ dim amh populations within
the aggregate. If Sertoli cells in reconstructed tubules are derived from only the Sox9+
bright amh cells, this would suggest that there is significant reorganization of spatially
segregated cell types within the aggregate following transplantation. This reorganization
would result in some of the germ cells at the periphery of the aggregate being in close
proximity to immature Sertoli cells such that they get incorporated into the reconstructed
tubules.

The downregulation of amh in some Sertoli cells prior to transplantation is interesting
because the mechanism controlling the silencing of amh in this cell type is not clear.
While it had been proposed that testosterone played a role in repression of amh
expression, there have been conflicting results. Originally, it was suggested that
expression of the androgen receptor in Sertoli cells, which in mice begins a few days
after birth, made these cells responsive to intrastesticular testosterone, which in turn
resulted in downregulation of amh (Al-Attar, et al., 1997). Supporting this idea, mice with
the androgen receptor deleted in Sertoli cells showed delayed silencing of amh (Chang
et al., 2004). However, these results were followed up by reports of temporally normal
amh downregulation in mice with Sertoli-cell-specific ablation of the androgen receptor
(Tan et al., 2005). Given that the androgen receptor is not expressed in fetal Sertoli
cells, our data suggest that amh downregulation in gonadal aggregates is independent
of testosterone, which is more in agreement with an androgen-independent mechanism
of silencing.
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Despite the presence of germ cells in reconstructed tubules, the completion of
spermatogenesis was not evident in histological sections of removed transplants. A
possible explanation is that the germ cells of the CD1 genetic background are less
amenable to mechanical manipulations compared to other genetic backgrounds, and,
as a result, they do not complete spermatogenesis in the reconstructed tubules. In
support of this, it has been reported that different genetic backgrounds show different
spermatogenic potential during the novo morphogenesis of mouse fetal testes following
ectopic transplantation under the kidney capsule (Matoba and Ogura 2011).
Alternatively, because androgens are involved in the control of spermatogenesis, a
possible explanation is that the Sertoli cells inside the tubules do not express
appropriate levels of the androgen receptor. This can decrease their responsiveness to
testosterone, and it has been shown that mice with testosterone-insensitive Sertoli cells
experience spermatogenic arrest (De Gendt et al., 2004; Chang et al., 2004). However,
these two possibilities are not mutually exclusive. Finally, we considered the possibility
that prolonging the time of transplant removal from the host mouse would allow further
progression of spermatogenesis. However, we did not find evidence of completion of
spermatogenesis in reconstituted testes removed 6 weeks after transplantation.
In conclusion, we demonstrated that the E13.5 fetal testis undergoes de novo
morphogenesis resulting in reconstituted seminiferous tubules harboring germ cells.
Further, we also showed that germ and Sertoli cells in the transplants display protein
expression patterns consistent with maturation. Therefore, this model of testicular tissue
reconstitution has potential applications in the study of maturation and niche

	
  
41	
  

	
  

colonization potential of germ cells at different developmental stages or derived from
various sources, including pluripotent cell types.
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Figure 2.1. Reconstruction of seminiferous tubules from fetal testicular
aggregates
(A) Schematic representation of the seminiferous tubule reconstruction model.
(B) Pelleted dissociated E13.5 fetal cells in low-cell binding 96-well plates (day 0 of
aggregate culture).
(C) Gonadal aggregate after 3 days of culture in low-cell binding 96-well plates.
(D) Histological section of a gonadal aggregate cultured for 3-days showing clusters of
cells in the core of the aggregate. Cells with distinct large nuclei were sometimes
observed in the core of the aggregate.
(E) Histological section of a gonadal aggregate cultured for 3 days showing cells with
distinct large nuclei localized to the periphery of the aggregate.
(F) Section of E13.5 fetal testis showing MVH+ germ cells (red) and AMH+ Sertoli cells
(green) inside testis cords.
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(G) Section of gonadal aggregate cultured for 3 days showing MVH+ germ cells (red) in
the periphery of the aggregate and AMH+ Sertoli cells (green) near the core of the
aggregate.
(H) Removed transplant showing vascularization.
(I-K) Histological section of transplant showing reconstructed seminiferous tubules.
(J) Reconstructed seminiferous tubule with germ cells.
(K) Reconstructed seminiferous tubule devoid of germ cells.
(L) Section of transplant showing MVH+ germ cells colonized the reconstructed tubules.
(M) Section of transplant showing some reconstructed seminiferous tubules did not
have any germ cells (Sertoli-cell only tubules).
Scale bars represent 20 µm (D,E,J,K), 50 µm (F,G,L,M) and 200 µm (I)
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Figure 2.2 Maturation of germ and Sertoli cells in reconstructed seminiferous
tubules.
(A) Transplant section showing PLZF+ presumptive spermatogonia (red) at the
basement membrane of the seminiferous epithelium. Asterisks point to the PLZF+ cell
nuclei.
(B) Section of adult testis showing PLZF+ spermatogonia (red) in the basal
compartment of the seminiferous epithelium. Asterisks indicate PLZF+ spermatogonial
cell nuclei.
(C) Section of transplant showing reconstruction seminiferous tubules with SOX9+
Sertoli cells (red) that do not express AMH (green) displaying a mature Sertoli cell
phenotype.
(D) Section of 3-day gonadal aggregate immunostained for SOX9 (red) and AMH
(green). Some Sertoli cells are positive for both while other Sertoli cells are
downregulating AMH.
(E) Section of E13.5 fetal testis showing all Sertoli cells inside the testis cords are
SOX9+ and AMH+, indicating an immature phenotype.
(F) Section of an adult testis with mature SOX9+ and AMH- Sertoli cells inside the
seminiferous tubules.
Scale bars represent 10 µm (A and B) and 50 µm (C-F).
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CHAPTER 3
MATURATION AND NICHE COLONIZATION POTENTIAL OF iPGCs
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Introduction

Primordial germ cells can be derived in vitro from pluripotent cells, including embryonic
stem cells (ESCs) (Toyooka et al., 2003; Geijsen et al., 2004; Vincent et al., 2011;
Hayashi et al., 2011). This has been achieved employing various in vitro differentiation
methods such as the embryoid body (EB) which is a three-dimensional floating
aggregate (Toyooka et al., 2003; Geijsen et al., 2004; Vincent et al., 2011). The PGC
population in the embryo is very limited in numbers, with about 50 cells at the time of
specification to about 2600 by the time they have all settled in the gonad at E11.5
(Ginsburg et al., 1990; Kagiwada et al., 2012). Hence, the analysis of PGCs in the early
embryo has been limited to experiments that do not require large numbers of cells.
However, ESCs can circumvent this supply problem, since the EB differentiation
method is scalable and can therefore generate far more PGCs than could be obtained
from the embryo (Vincent et al., 2011).

Embryoid bodies are cellular aggregates that spontaneously form when ESCs are
cultured in suspension in the absence of feeders (Evans and Kaufman 1981; Martin
1981). EB formation results in the differentiation of cell types normally found in the three
germ layers and PGCs have been isolated from the EB using transgenic lines that
express fluorescent proteins under the control of germ cell specific promoters, or cellsurface proteins (Toyooka et al., 2003; Geijsen et al., 2004; Vincent et al., 2011).
Isolation strategies relying on cell-surface markers are useful because transgenic ESC
lines may not be available for a given ESC line. However choosing surface receptors

	
  
47	
  

	
  

that distinguish PGCs is challenging because many of these markers are also
expressed on ESCs. However, it was recently shown that isolating cells that are positive
for the stage-specific embryonic antigen 1 (SSEA1) with high expression of the cellsurface receptor c-KIT, yields a distinct population with PGC identity (Vincent et al.,
2011). In this study, co-expression of germline signature genes was analyzed at singlecell resolution in ESCs and in in vitro PGCs (iPGCs) isolated using the SSEA1+/cKitbright
strategy. Whereas a very high proportion of single iPGCs expressed all evaluated
germline genes, only a small fraction of single ESCs expressed all the genes and at
lower levels, providing strong evidence of the distinct PGC identity of the
SSEA1+/cKitbright EB population (Vincent et al., 2011). Interestingly, these iPGCs have
methylated genomic imprints and do not express MVH protein, which are two
characteristics of pregonadal PGCs (Vincent et al., 2011; Hajkova et al., 2002;
Yamazaki et al., 2005; Toyooka et al., 2000). These results therefore suggest that
PGCs isolated from the EB using the SSEA1+/cKitbright method are developmentally
equivalent to pregonadal PGCs from the embryo.

Although PGCs in the embryo are specified before a gonad has formed, by E11.5, most
PGCs have settled in the newly formed gonad and sex determination will ensue. In the
case of testis development, PGCs survive, commit to a male pathway, and mature to
become gonocytes followed by spermatogonial stem cells with long term self-renewing
properties that give rise to sperm throughout life time. The colonization of the gonad is
so critical, that if PGCs that fail to reach the gonad, and become ectopic they will die
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(Molyneaux et al., 2001). Experiments with mice deficient for the Bax protein indicated
that death of ectopic PGCs is through Bax-mediated apoptosis (Stallock et al., 2003).

Two methods to provide a transplantable niche for immature PGC and gonocyte stage
donor germ cells have been described (Chuma et al., 2005; Toyooka et al., 2003; Kita
et al., 2007; Ohinata et al., 2009; Hayashi et al., 2011). The technically challenging
approach is the direct transplantation of PGCs into the seminiferous tubules of neonatal
W/Wv recipient mice. W/Wv mice do not exhibit spermatogenesis and have almost no
gonocytes at birth due to a genetic mutation in cKIT that causes PGCs to die during
colonization of the genital ridge, this provides empty niches for the donor germ cells to
colonize (Chuma et al., 2005; Ohinata et al., 2009; Hayashi et al., 2011; Coulombre and
Russell 1954). The seminiferous tubule testis transplant is routinely performed around
the world using adult W/Wv mice as recipients combined with the transplantation of
spermatogonia from adult donors (Brinster and Zimmermann 1994). However
transplantation of embryonic stage germ cells including PGCs from embryos as early as
E8.5 require using a neonatal recipient in order to achieve niche colonization within the
seminiferous tubules, and maturation to spermatogonia and the production of sperm
Chuma et al., 2005). Using the neonatal transplant into W/Wv mice, PGCs obtained in
vitro from the epiblast or ESCs, have also been shown to mature into sperm (Ohinata et
al., 2009; Hayashi et al., 2011). The difficulty with the W/Wv neonatal transplant is that
it requires specific expertise in surgery of newborn pups and only a small number of
laboratories in the world have this capability which takes years to perfect.
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A second transplantation approach is based on the unique de novo morphogenesis
capacity of the mammalian testis. Using this approach, dissociated fetal testes are
mixed with germ cells derived from pluripotent cells in vitro, and the mix is transplanted
into orthotopic sites of the recipient mouse (Toyooka et al., 2003; Ohinata et al., 2009).
Following transplantation, the donor testicular cells reorganize resulting in the formation
of reconstructed seminiferous tubules in which exogenous donor PGCs will colonize the
reconstructed tubules, mature, and undergo spermatogenesis (Toyooka et al., 2003;
Ohinata et al., 2009). Importantly, ectopic transplantation has also been shown to
support spermatogenesis of exogenous germ cells (Kita et al., 2007). In these
experiments, exogenous germline stem cells derived from spermatogonial stem cells in
vitro were mixed with dissociated fetal testes at E18.5 and transplanted subcutaneously
in the backs of recipient nude mice, where the transplanted exogenous germline stem
cells differentiated into round spermatids capable of in vitro fertilization (Kita et al.,
2007). Of note, meiotic germ cells, originating from the E16.5 germ cells of the
dissociated testes, were also observed inside reconstituted seminiferous tubules of the
subcutaneous transplants (Kita et al., 2007). Hence, subcutaneous transplantation
supports the reconstruction of the germ cell niche, which can be colonized by
endogenous or exogenous germ cells that can then undergo spermatogenesis. The
second approach is less technically challenging as it only requires knowledge of adult
rodent surgery. However, we hypothesize that is will serve the purpose for testing niche
colonization and maturation potential of male germ cells differentiated in vitro from
ESCs.
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The embryoid body differentiation method, in combination with the SSEA1+/cKITbright
isolation strategy, is scalable and large numbers of pregonadal PGCs can be obtained
(Vincent et al., 2011). For this reason, extending its applications to the study of
important biological processes that take place as PGCs colonize the gonad and
differentiate into MVH positive gonocytes and spermatogonia, is of very high value.
Particularly when starting from stem cells that have a genetic mutation. Because key
developmental changes in the germline occur during and after germ cells colonize the
gonadal nice, the potential to colonize this niche is an important parameter to measure
with regard to the quality of pregonadal-stage PGCs differentiated in vitro. Therefore,
with the following experiments, we aim to test the ability of XY in vitro PGCs to colonize
the male testis niche and to determine whether the ESC-differentaited germ cells will
mature to the MVH positive state. To accomplish this, we use the de novo testicular
morphogenesis approach with subcutaneous transplantation into immunodeficient
recipient mice. Upon the removal of the transplants, our goal is to determine whether
these ESC-derived PGCs were incorporated into the reconstructed seminiferous tubules
and whether they developmentally progressed towards the spermatogonial stage, from
which haploid gametes originate.

Results

In vitro PGCs do not express MVH in gonadal aggregates prior to transplantation

	
  
51	
  

	
  

The PGCs of the male and female mouse embryos do not express MVH protein until the
end of their migratory phase when they first colonize the genital ridge at E10.5 (Toyooka
et al., 2000). Expression of this cytoplasmic protein, which is the homologue of the
Drosophila vasa, is restricted to the germline, and, in males, it is expressed up until the
round spermatid stage (Fujiwara et al., 1994; Toyooka et al., 2000). Interestingly, no
expression of MVH protein is detected in pluripotent ESCs or EGCs (Fujiwara et al.,
1994). MVH expression in male germ cells is so critical that, in the absence of this
protein, no post-meiotic germ cells are produced and germ cells that are arrested in
meiosis undergo apoptosis resulting in infertility (Tanaka et al., 2000). It is hypothesized
that contact with gonadal somatic cells is necessary to induce MVH expression in germ
cells (Toyooka et al., 2000). This hypothesis is supported by data demonstrating that
when EGCs are aggregated with fetal gonadal cells the EGCs are induced to express
MVH (Toyooka et al., 2000).

The iPGCs obtained from EBs using the SSEA1+/cKITbright sorting strategy
developmentally correspond to a pregonadal PGC and do not express MVH protein
(Vincent et al., 2011). Therefore, before testing the niche colonization and maturation
capacity of iPGCs during de novo testicular morphogenesis, we set out to determine
whether the ESC derivatives express MVH prior to transplantation. To this end, we
cultured iPGCs, which constitutively express GFP, in aggregates with fetal testicular
cells for 3 days and evaluated the expression of MVH protein as a marker of maturation
to the gonadal stage. Live imaging of GFP+ iPGCs in 3-day gonadal aggregates
revealed that iPGCs survive these culture conditions, tend to form clusters, and localize

	
  
52	
  

	
  

to the periphery of the aggregate (Figure 1A). We confirmed this localization within the
aggregate based on their proximity to MVH+ endogenous germ cells (Figure 1B and
1C), which are known to localize to the periphery of the aggregate (chapter 2).
However, after approximately 84 hours of culture in gonadal aggregates, we found no
evidence of MVH protein expression (Figure 1B). This protein was still not detected in
iPGCs even when the culture in gonadal aggregates was extended to approximately
132 hours (Figure 1C). In contrast, as a control we aggregated E9.5 PGCs sorted from
the embryo with E13.5 gonadal somatic cells and discovered that E9.5 PGCs
aggregated for approximately 84 hours in in vitro initiated MVH expression (Figure 1D).
These results suggest that unlike the pregonadal PGCs from the embryo, iPGCs in
gonadal aggregates do not mature to the MVH+ gonadal stage in 3 days and remain
negative up to 5 days.

Colonization of the germ cell niche in reconstructed testes

In order to test the niche colonization potential of iPGCs and expression of MVH, we
aggregated the ESC-derived iPGCs with fetal testicular cells and transplanted the
aggregates subcutaneously to promote de novo testicular morphogenesis. The
endogenous germ cell population of the dissociated fetal testes was either left intact or
depleted prior to aggregation with iPGCs, thus generating non-germ-cell depleted or
germ-cell depleted aggregates, respectively (Figure 2A). In the following set of
experiments, only the transplant in figure 2Q-S is germ-cell depleted. Histological
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analysis of transplants containing iPGCs revealed tubular structures with significant
extratubular cellularity (Figure 2B), which was never observed in transplants without
iPGCs (Table 3-1 and chapter 2). We classify transplants with abnormal, increased
cellularity as having atypical morphology (Table 3-1). Although some of these tubules
were non-seminiferous and had ciliated cells (Figure 2C), reconstructed tubules with
seminiferous epithelium were observed in histological sections of all the transplants
containing iPGCs (Figure 2D and table 3-1). Interestingly, reconstructed tubules in
atypical transplants often appeared to be Sertoli-cell only tubules, which we confirmed
by the absence of MVH+ cells (Figure 2E). Based on histological analysis, we
determined that some of the transplants displaying more extensive atypical morphology
(Figure 2F) were teratomas as they contained tissues from the ectoderm (Figure 2G),
mesoderm (Figure 2H), and endoderm (Figure I). Interestingly, even in this highly
disorganized environment, seminiferous tubules were reconstructed. While some of
these tubules were devoid of germ cells (Figure 2J), others contained germ cells that
appeared to be in the pachytene stage of meiosis (Figure 2K). We confirmed the germ
cell identity of the cells within reconstructed tubules by immunofluorescence staining for
MVH protein (Figure 2L). Furthermore, we detected PLZF expression in some germ
cells in reconstructed tubules (Figure 2M). The localization of these PLZF+ cells within
the seminiferous epithelium together with the morphology of their nuclei suggested that
they had matured into spermatogonia (Figure 2M).

In order to determine whether iPGCs in non-germ-cell depleted transplants colonized
reconstructed tubules, we performed whole-mount staining for MVH protein of
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transplant fragments. Using this approach, reconstructed seminiferous tubules were
identified by the presence of clusters of endogenous germ cells expressing Mvh but not
Gfp. We were confident these regions represented reconstructed tubules because
clusters of endogenous germ cells were always found inside reconstructed tubules in
histological transplant sections. Although we did not detect any GFP+ cells inside
reconstructed seminiferous tubules, cells expressing Gfp were readily detected in the
interstitial compartment of the transplants (Figure 2N-P). Based on these results, we
conclude that, unlike the endogenous germ cells, iPGCs in non-germ-cell depleted
aggregates are unable to colonize their niche during gonadal reconstruction and instead
transition into a type of stromal cell that exists between the tubules. To decrease
potential competition between iPGCs and endogenous germ cells for available niches,
we made gonadal aggregates with fetal testicular suspensions that were depleted of the
endogenous germ cells by magnetic-activated cell sorting (MACS) with anti-SSEA1
MicroBeads. We generated cryosections of germ-cell-depleted transplants and stained
them with antibodies against SOX9 to detect Sertoli cells in reconstructed seminiferous
tubules and against GFP to detect the iPGCs. However, no GFP+ cells were observed
inside reconstructed tubules in these germ-cell-depleted transplants (Figure 2Q-S).
Furthermore, similarly to transplants made with non-germ-cell depleted aggregates,
GFP+ cells persisted in the extratubular compartment (Figure 2Q-S). These results
indicate that even with reduced competition from the endogenous germline, iPGCs are
still unable to colonize the germ cell niche in reconstructed seminiferous tubules. In
addition, these results reveal that the increased extratubular cellularity causing atypical
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transplant morphology is, in fact, due to iPGCs that were not integrated into the
reconstructed tubules.

Given that endogenous germ cells from the donor gonad were able to effectively
colonize the seminiferous tubule niche whereas the iPGCs were not, one alternate
hypothesis is that the age-matched tissue-mated germ cells are better equipped to
recolonize the reconstructed gonad whereas exogenous in vivo germ cells at younger
ages or even at the same age are not. To address this, we generated males with
genotype Oct4-IRES-Gfp+/+ ROSA26-LacZ+/+ and bred them to CD1 females. The
resulting embryos had PGCs that expressed GFP as a reporter of Oct4, which we used
to sort the PGC population out of the embryo prior aggregation. However, expression of
Oct4 protein in the male germline becomes restricted to the undifferentiated
spermatogonia (Pesce et al., 1998). Thus, we relied on the constitutive expression of
LacZ to be able to detect exogenous germ cells at any stage of spermatogenesis. In
our first experiment, we aggregated E9.5 Oct4-IRES-Gfp+/- ROSA26-LacZ+/- PGCs,
which are developmentally equivalent to iPGCs, with non-germ-cell depleted testicular
cell suspensions and transplanted them. At the time of removal, the transplants were
stained with X-gal and processed for paraffin embedding and sectioning. As a positive
control, we stained the epididymis of the recipient mouse because this tissue has
endogenous beta-galactosidase. Although beta-galactosidase activity was detected in
the X-gal-stained epididymis (Figure 2T), we did not observe any cells expressing LacZ
inside or outside reconstructed tubules of the transplant (Figure 2U and Table 3-1). In
fact, the reconstructed tubules appeared to be devoid of germ cells, which we confirmed
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based on the absence of MVH+ cells (Figure 2V).

This indicates that E9.5 PGCs from

the embryo when combined with E13.5 donor gonads also do not colonize the
seminiferous tubule niche similar to ESC-differentiated iPGCs. However unlike ESCderived PGCs, they E9.5 PGCs did not survive and reside in the extra-tubular space.

To test whether exogenous germ cells developmentally equivalent in age to the
endogenous germ cell population from the donor gonad were able to colonize the
reconstructed tubules, we transplanted E13.5 Oct4-IRES-Gfp+/- ROSA26-LacZ+/PGCs in gonadal aggregates. At the time of transplantation, whole-mount X-gal staining
of one these aggregates revealed blue foci, showing that E13.5 PGCs expressing LacZ
were present (data not shown). Four weeks after transplant we harvested the
aggregates and the epididymis as a control and stained for beta-galactosidase (Figure
2W). Our results show that the epididymis is positive indicating that the detection
method is working, however similar to the E9.5 PGCs, we did not observe any cells with
LacZ expression in the aggregates inside or outside the reconstituted seminiferous
tubules (Figure 2X and Table 3-1). Unlike the transplant with the exogenous E9.5
PGCs, the transplant with exogenous E13.5 PGCs did have segments of reconstructed
seminiferous tubules that were colonized by germ cells from the somatic cell donor
(Figure 2X) and these expressed MVH protein (Figure 2Y). Therefore, these control
experiments with germ cells sorted from a different donor mouse to the germ cells used
to generate the reconstructed tubules show that colonization of donor germ cells is a
very rare event and the aggregation conditions used in our study are not compatible
with colonization of the germ cell niche by exogenous PGCs regardless of the source.
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The fate of iPGCs outside the reconstructed germ cell niche

Even though germ cells do not colonize the niche, our results with ESC-differentiated
PGCs show that they still survive and their descendants become located in the extratubular spaces. In order to identify the fate of these cells, we first stained the transplant
cryosections for SOX9 with our original goal to identify any sertoli cell niches that may
house GFP+ ESC-derived PGCs. Instead, to our surprise we found that most of the
GFP+ cells in the extratubular space of the transplants expressed Sox9 (Figure 3A). In
the testis Sox9 is a marker of Sertoli cells and is not expressed in germ cells suggesting
that the iPGCs found outside the reconstructed tubules acquire an expression pattern
that is not consistent with a germline identity. However, we do not think that the ESCdifferentiated iPGCs are adopting a Sertoli cell identity as Sox9 is also expressed in
many cell types in the body (not just Sertoli cells) including neural cells, blood cells,
muscle chondrocytes, skin to name a few. Therefore we hypothesize that the ESCderived PGCs retained in the extracellular space of a transplanted aggregate adopt a
non-germ cell identity after transplantation. This is supported by the finding that 18% of
transplants with iPGCs developed teratomas. To determine whether any germ cell
identity can be identified in the extra-tubular GFP+ cells, we stained transplant sections
for MVH. Interestingly, we observed GFP+ MVH+ cells that were in close proximity to
cells expressing MVH but not GFP (Figure 3B). This result suggests that pockets of
germ cell permissive environments must exist in the reconstructed transplants, which
are capable of supporting the survival of gonadal donor germ cells as well as ESCdifferentiated germ cells. However, based on the tissue architecture of this region, we
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do not believe these germ cells are inside a reconstructed seminiferous tubule. To
determine whether there were residual pluripotent-like cells originating from the GFP+
transplanted iPGCs in the extra tubular space, we stained for OCT4 which is a marker
of undifferentiated ESCs and also of immature pregonadal PGCs. We identifed no
GFP+ OCT4+ cells (Figure 3D). Collectively, these results indicate that most of the
iPGCs that persist in the extratubular space of reconstituted testes lose OCT4 and
acquire a nongermline non-pluripotent identity and in some cases generate a fully
differentiated teratoma that has no residual OCT4+ stem-like cells. Nonetheless, very
rare iPGCs seem to retain their germ cell identity and express MVH protein. The fate of
the iPGC population in the transplants is summarized in the diagram shown in figure
3E(Figure 3F).

Discussion

In an effort to expand the applications of the EB system to the study of biological
processes in more developmentally advanced germ cells, we have attempted to
promote the maturation of the pregonadal iPGCs using the de novo testicular
morphogenesis approach which has been shown to support the colonization and
differentiation of exogenous germ cells.

Based on previous reports, we hypothesized that exposure to the somatic gonadal cells
of the fetal testis prior to transplantation would promote some level of maturation
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(Toyooka et al., 2000). However, we determined that, unlike the pregonadal PGCs from
the embryo, MVH protein was not induced in iPGCs. Notably, female primordial germ
cell-like cells (PGCLCs) equivalent to pregonadal E9.5 PGCs, which are derived from
ESCs through a method different from the EB, have been shown to express MVH
protein when aggregated with female fetal gonads and cultured for 3 days (Hayashi et
al., 2012). Furthermore, these XX PGCLCs give rise to mature oocytes that can be
fertilized to generate offspring (Hayashi et al., 2012). Therefore, the ability to express
MVH protein in response to the gonadal environment could be a unique property of
female germ cells differentiated in vitro or an indicator of the quality of ESC-derived
PGCs. Alternatively it is also possible that there is an intrinsic timing for MVH
expression in the endogenous germ line, and possibly the expression of MVH is not
linked to interaction with gonadal cells but that correctly differentiated germ cells will
intrinsically express MVH after an appropriate amount of time regardless of whether a
niche is present or not.

Our experiments with exogenous E9.5 and E13.5 PGCs indicated that the aggregation
and transplantation conditions used in this chapter do not support colonization of germ
cells of any type into the reconstructed seminiferous tubules and therefore can not be
used in the current form to assess germ cell quality based on their ability to colonize the
germ cell niche.

Why did our reconstruction approach not work whereas others have successfully used
this approach to combine donor gonadal cells with exogenous germ cells and achieve

	
  
60	
  

	
  

seminiferous tubule reconstruction together with exogenous germ cell colonization? We
believe that the inability of E13.5 PGCs sorted from the embryo were too few relative to
the remaining E13.5 PGCs that originated from the gonad used to generate the
seminiferous tubules. As a result the germ cells originating from the testis that also
contributed the somatic cells outcompeted the exogenous ones for available niches. In
our experiment, we had used a 1:10 ratio of exogenous E13.5 PGCs to fetal gonadal
cells to make the gonadal aggregates. This ratio was the same used for the aggregation
of epiPGCs with fetal gonadal cells depleted of endogenous germ cells (Ohinata et al.,
2009). These epiPGCs, which are derived in vitro from cultured epiblasts, colonized
reconstructed tubules in 50% of the transplants (Ohinata et al., 2009). Based on these
observations, in the epiPGC experiments only PGC-depleted gonadal somatic cells
were used, therefore we have no details from the previous study on the percentage of
transplants exhibiting PGC colonization if non-PGC-depleted approaches were used
such as what we used here. With that said, we used PGC-depleted gonadal somatic
cells for aggregation with iPGCs and observed no seminiferous tubule colonization in
this experiment either.

While a 1:10 ratio supported tubule colonization by epiPGCs, smaller ratios have also
been reported. For example, a 1:3 to ~1:5 ratio was used in experiments with
exogenous germline stem cells derived from spermatogonial stem cell in culture, which
colonized reconstructed tubules in about 35% of transplants (Kita et al., 2007). In
addition, a 1:4 ratio was used in the aggregation of ESC-derived MVH+ PGCs, which
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also colonized the reconstructed niche (Toyooka et al., 2003). It was not specified
whether depletion of the endogenous germ cells of the fetal testes had been performed
prior to aggregation in the above experiments. However, even if the somatic cell donor
population was contaminated with germ cells, it is clear that the heterologous germ cells
were still able to compete for colonization of the niche using these smaller ratios.
Nonetheless, this is not a perfect comparison because spermatogonia are stable long
term self-renewing stem cells and PGCs are dynamically changing progenitors.

An alternate possibility is that a 1:10 ratio of exogenous germ cells to gonadal cells may
result in decreased probability of an ectopic PGC being in the right topographical
location during reorganization of the testicular tissue following transplantation. As shown
in chapter 2 and in figure 1, the endogenous and exogenous PGCs of the aggregate
localize to the periphery at the time of transplantation, therefore, if cells at the surface of
the aggregate are routinely lost during the transplantation procedure, starting out with a
small number of exogenous PGCs is disadvantageous. The issue of low numbers of
exogenous PGCs in the aggregate was particularly significant in the case of the nongerm-cell depleted E9.5 PGC transplant, which was very technically challenging to
perform. Due to the inability to control breeding of multiple females at the same time, as
well as to the small numbers of PGCs that can obtained from one litter, only about 1000
exogenous E9.5 PGCs were aggregated with gonadal cells in a 1:70 ratio.

Pregonadal E8.5 PGCs transplanted directly into the seminiferous tubules of postnatal
mice have been reported to generate teratomas in about 31% of transplants (Chuma et
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al., 2005). Therefore, the 18% incidence of teratoma formation in iPGC transplants is
not surprising. Taken together, our experimental results indicate that our current
aggregation conditions cannot be used to test niche colonization ability of exogenous
germ cells, mostly likely as a result of inadequate numbers of exogenous germ cells. To
conclusively answer this question, the aggregation and transplantation technique needs
to be adapted to support niche colonization by exogenous germ cells.
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Figure 3.1 iPGCs do not express MVH protein in response to the gonadal
environment in vitro
(A) Live imaging of GFP+ iPGC in gonadal aggregates after 3 days of culture. iPGCs
survive the culture conditions and form clusters.
(B) GFP+ iPGC in gonadal aggregates after ~ 84 hours of culture do not express MVH
protein. iPGCs colocalize with the MVH+ endogenous germ cells in the aggregate.
(C) GFP+ iPGCs cultured for ~ 132 hours in gonadal aggregates do not express MVH
protein.
(D) GFP+ E9.5 PGCs cultured for ~ 84 hours in gonadal aggregates mature to an
MVH+ stage.
Scale bars represent 50 µm (A) and 20 µm (B-D).
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Figure 3.2 iPGCs in reconstructed testes
(A) Schematic representation of iPGC aggregation with gonadal cells and germ cell
niche reconstruction. The diagram shows iPGCs in aggregates with endogenous germ
cells as non-germ cell depleted aggregates (center) and iPGCs in gonadal aggregates
after depletion of the endogenous germline as germ-cell depleted (right).
(B) Histological sections of non-germ cell depleted transplant with iPGCs showing
tubular structures with increased cellularity in the extratubular space.
(C) Non-seminiferous tubule within transplant in (B) has ciliated cells.
(D) Reconstructed seminiferous tubule within transplant in (B).
(E) Section of transplant in (B) immunostained for MVH (red) to identify germ cells in the
transplant. Some reconstructed contained only Sertoli cells.
(F) Histological section of a non-germ cell depleted transplant containing iPGCs
showing extensive cellularity and deemed to be a teratoma with tissues from the three
germ layers.
(G) Ectoderm in transplant in (F).
(H) Mesoderm in transplant in (F).
(I) Endoderm in transplant in (F).
(J) Reconstructed tubule without germ cells in transplant in (F).
(K) Reconstructed tubule with germ cells in transplant in (F).
(L) MVH+ germ cells (red) are found inside reconstructed tubules of transplant in (F).
(M) PLZF+ presumptive spermatogonia (red) were observed in the basal compartment
of reconstructed tubule in transplant in (F). Asterisk points to PLZF+ (red) nuclei.
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(N-P) MVH whole-mount staining of non-germ cell depleted transplant containing GFP+
iPGCs. The reconstructed seminiferous tubules are identified by the presence of MVH+
(red) GFP- germ cells inside tubular structures. (N) GFP+ cells are observed outside of
reconstructed seminiferous tubules. (O-P) Only MVH+ (red) GFP- endogenous germ
cells are observed inside reconstructed tubules.
(Q-S) Cryosection of germ-cell depleted transplant containing iPGCs. Reconstructed
seminiferous tubules are identified by SOX9+ (red) GFP- cells. (Q) GFP+ cells (green)
are observed in the extratubular space. (R) SOX9+ (red) Sertoli cells. (S) GFP+ cells
are excluded from the reconstructed tubules.
(T) LacZ+ epididymis used as a positive control for LacZ stains of non-germ cell
depleted transplant containing exogenous E9.5 LacZ+/- PGCs.
(U) Histological section of non-germ cell depleted transplant obtained from
transplantation of exogenous E9.5 LacZ+/- PGCs in gonadal aggregates. No LacZ+
germ cells are observed inside or outside tubules. Nuclear fast red is used as the
counterstain.
(V) Section of transplant in (U) immunostained for MVH (red) showing that the
endogenous germline did not colonize reconstructed tubules in this transplant.
(W) LacZ+ epididymis used as a positive control for LacZ stains of non-germ cell
depleted transplant containing exogenous E13.5 LacZ+/- PGCs.
(X) Histological section of non-germ cell depleted transplant obtained from
transplantation of exogenous E13.5 LacZ+/- PGCs in gonadal aggregates. No LacZ+
germ cells are observed inside or outside tubules. Nuclear fast red is used as the
counterstain. The dotted box indicates LacZ- germ cells at the basement membrane of
the reconstructed tubules.
(Y) Section of transplant in (X) immunostained for MVH (red) showing MVH+
endogenous germ cells colonized the reconstructed seminiferous tubules in this
transplant.
Scale bars represent 10 µm (M, Q-S), 20 µm (C-D, G-K, X, U), 50 µm (E, L, N-P, Y,V),
200 µm (B) and 500 µm (F).
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Table 3-1. Summary of transplantations described in chapter 2 and chapter 3
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Figure 3.3 The fate of iPGCs outside the reconstructed germ cell niche
(A) Cryosection of germ-cell depleted transplant showing GFP+ cells (green) outside of
reconstructed tubules express SOX9 (red). This phenotype is not common of the
germline.
(B) Cryosection of germ-cell depleted transplant showing very rare GFP+ cells (green)
outside reconstructed tubules expressing MVH (red).
(C) Cryosection of germ-cell depleted transplant showing GFP+ cells (green) negative
for MVH (red).
(D) Cryosection of germ-cell depleted transplant showing GFP+ cells (green) negative
for OCT4.
(E) Diagram showing the presumptive different fates of iPGCs in gonadal transplants.
(F) Diagram depicting the fate of exogenous E9.5 and E13.5 LacZ+/- PGCs in gonadal
transplants.
Scale bars represent 10 µm (B,C) and 20 µm (A, D).
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CHAPTER 4
PGC REPROGRAMMING IN VITRO INVOLVES COMPLETE CYTOSINE
DEMETHYLATION FOLLOWED BY LOCUS SPECIFIC REMETHYLATION
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Summary
Nuclear reprogramming is essential for fate conversion in vitro and in vivo. In the
current study we used mouse primordial germ cells (PGCs) as a model to study
cytosine demethylation and remethylation during nuclear reprogramming in vitro. We
show that PGC reprogramming in vitro involves the complete erasure of cytosine
methylation from imprinting control centers (ICCs) within four days, followed by locusspecific de novo methylation leading to either complete re-methylation or stable
hypomethylation at different ICCs. Given this result we evaluated PGCs differentiated
from mouse embryonic stem cells (ESCs). In vitro differentiated PGCs also undergo
complete ICC erasure in vitro. However, these PGCs have a lower barrier to
reprogramming with repressed expression of Lats2, faster colony formation and
precocious ICC de novo methylation. Taken together nuclear reprogramming of PGCs
in vitro follows specific dynamics of cytosine demethylation that are in common with cell
of origin, followed by locus-specific de novo methylation during the second phase of
reprogramming. Applying this assay to ESC-derived PGCs reveals critical differences
in epigenetic stability between the in vitro and in vivo counterparts.

Highlights
- The dynamics of ICC demethylation during nuclear reprogramming are revealed.
- Germline cells differentiated from ESCs have a lower barrier to nuclear
reprogramming.
- Germline cells differentiated from ESCs have unstable ICC demethylation.
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Introduction
Nuclear reprogramming of somatic cells using genetic modification and over expression
of pluripotent transcription factors is essential to creating induced pluripotent stem cells
(iPSCs) in vitro (Takahashi and Yamanaka, 2006). An alternate approach without the
use of genetic modification involves starting with primordial germ cells (PGCs) from the
embryo and culture-induced conversion into embryonic germ cell (EGC) lines. Both
EGCs and iPSCs transcriptionally resemble undifferentiated embryonic stem cells
(ESCs) in vitro, and similar to ESCs, EGCs derived from PGCs reprogramming in vitro
have the capacity to contribute to chimeras with germline transmission (Labosky et al.,
1994; Leitch et al., 2013b; Matsui et al., 1992; Resnick et al., 1992; Sharova et al.,
2007; Stewart et al., 1994; Takahashi and Yamanaka, 2006). Therefore, PGC
reprogramming in vitro constitutes an important model for understanding basic
mechanisms in nuclear reprogramming, not only in the germline but also in the
generation of pluripotent stem cells in vitro.

Competency for PGC reprogramming in the mouse occurs during a six-day window
starting from the time of PGC specification at embryonic day 7.5 (E7.5) through to E13.5
after PGCs have settled in the newly formed genital ridge (Labosky et al., 1994; Leitch
et al., 2013b; Leitch et al., 2013c; Matsui et al., 1992; Resnick et al., 1992; Shim et al.,
2008; Stewart et al., 1994; Tada et al., 1998). PGC reprogramming in vitro is achieved
either on mouse embryonic fibroblasts (MEFs) with media containing serum and growth
factors such as basic fibroblast growth factor (bFGF), stem cell factor (SCF), and
leukemia inhibitory factor (LIF) or alternatively without MEFs in serum-free two inhibitor
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(2i) plus LIF media. Using either approach, PGC reprogramming in vitro is
accompanied by gene expression changes resulting in the activation of pluripotencyassociated transcription factors including Klf4 and c-Myc, and down-regulation of genes
that function as barriers to reprogramming for example Lats2 (Durcova-Hills et al., 2008;
Qin et al., 2012).

During the six-day window when PGCs are competent to reprogram into EGCs in vitro,
the germline is undergoing a unique two-stage DNA demethylation event. In the first
stage, which is completed soon after specification (from E7.5-E9.5), cytosine
methylation is removed genome-wide from more than 50% of cytosines in a CG
sequence context (Seisenberger et al., 2012). The methylated cytosines that are
protected in the first-stage include imprinting control centers (ICCs), some gonadal
stage germline genes and some repetitive elements (Guibert et al., 2012; Hajkova et al.,
2002; Seisenberger et al., 2012; Vincent et al., 2013). In the second stage, which
extends from E9.5 to E13.5 cytosine methylation in PGCs is removed in a time, and
locus-specific manner with PGCs at E13.5 considered to be in the most hypomethylated
germline epigenetic ground state (Guibert et al., 2012; Hajkova et al., 2002; Kagiwada
et al., 2013; Seisenberger et al., 2012).

Cytosine methylation in EGC lines has been extensively studied and although the
prevailing hypothesis is that ICCs are hypomethylated. However, close analysis
indicates that methylation particularly at ICCs is extremely variable not only between
lines, but also between ICC sites(Labosky et al., 1994; Leitch et al., 2013a; McLaren
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and Durcova-Hills, 2001; Shim et al., 2008; Shovlin et al., 2008; Tada et al., 1998). In
particular, one of the most well studied ICCs is the H19/ IGF2 ICC which is often
reported as being variably methylated in EGCs derived from E11.5-E13.5, whereas in
EGC lines derived from E9.5 PGCs, or in XX EGC lines, the H19/Igf2 ICC is often
reported as hypomethylated (McLaren and Durcova-Hills, 2001; Shim et al., 2008;
Shovlin et al., 2008; Tada et al., 1998). Given that PGCs prior to E10.5 retain cytosine
methylation at most ICCs, it could be hypothesized that methylation in EGC lines
derived from PGCs younger than E11.5 reflect incomplete erasure during derivation.
However, the paradoxical increase in cytosine methylation in EGCs derived from PGCs
that are E11.5 or older may suggest the possibility of de novo methylation (DurcovaHills et al., 2001). In order to address this long-standing question in the field, a critical
analysis of PGCs immediately before and during the process of reprogramming into
EGCs is required. Understanding ICC methylation erasure and/or establishment during
the process of nuclear reprogramming provides a powerful opportunity to uncover basic
principles of cytosine methylation establishment and removal in a locus-specific manner
during the process of nuclear reprogramming.

Results
Methylation at ICCs is erased within the first four days of PGC reprogramming in
vitro
In order to determine whether removal of cytosine methylation is a feature of PGC
reprogramming in vitro, we cultured E9.5 PGCs for four days under EGC derivation
conditions and evaluated cytosine methylation every day using bisulfite treatment
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followed by polymerase chain reaction (PCR) and sequencing (BS-PCR). E9.5 PGCs
were chosen for this analysis because in vivo they still exhibit cytosine methylation at
ICCs, and are poised on the brink of ICC erasure. PGCs were sorted from E9.5
embryos obtained by crossing CD1 females to Oct4-IRES-Gfp males (Figure 1A). The
Gfp+ PGCs were cultured on an acellular PET membrane to allow germ cell attachment
in EGC derivation media without MEFs or a protein substrate (Figure 1B). The EGC
derivation media used in our study is based on a previous formulation (Farini et al.,
2005), containing fetal bovine serum (FBS), plus BMP4, SCF, SDF1α, bFGF, and LIF
as well as the compounds forskolin and N-Acetyl-L-cysteine, therefore for simplicity we
will refer to the media as 7-factor (7F). Sorted PGCs in 7F media attach to the
membrane within the first day of culture, and most exhibit round (arrow head)
morphology (Figure 1B). On day 2, some PGCs acquire an elongated shape
reminiscent of migratory PGCs (arrows). These round and elongated PGCs remain as
single cells on day 3 of culture with small colonies first appearing on day 4 (Figure 1B).

To determine whether ICC erasure occurs within the first four days we used BS-PCR to
examine the maternally methylated Snrpn ICC and the paternally methylated H19/Igf2
ICC. After confirming that the ICCs were methylated in E9.5 PGCs (Figure 1C) we next
showed that cytosine methylation is completely removed by day 4 of PGC culture in
vitro (Figure 1D). Taken together, our data reveals that cultured E9.5 PGCs undergo
complete erasure of cytosine methylation from both the Snprn and the H19/Igf2 ICC. In
contrast, culture of ESCs in EGC derivation media does not result in loss of cytosine
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methylation indicating that DNA demethylation is intrinsic to the cultured PGCs and not
the media (Figure 1D).

Differential methylation of imprinted loci with extended PGC culture
Given the complete removal of cytosine methylation from the ICCs on day 4 of culture in
7F media we considered the possibility that some developmental progression of the
germline had occurred. In the mouse, germ cells express the cytoplasmic protein mouse
vasa homologue (Mvh) starting at E10.5 as they enter the genital ridge (Toyooka et al.,
2000). First, we confirmed that OCT4+ PGCs at E9.5 are negative for Mvh (Figure 2A),
as a positive control, the adult testis exhibited strong Mvh expression in the germ cells
of the seminiferous tubules (Figure 2B). After four days of culture in 7F media, the
cultured PGCs express Mvh protein specifically in the cytoplasm (Figure 2C). As a
control to identify non-specific signal we used an isotype antibody which showed no
specific cytoplasmic staining (Figure 2D). In order to confirm that the cultured PGCs are
Oct4+ and originated from the Oct4-IRES-Gfp sorted PGCs we used live imaging on
day 4 and show that both the large and small PGC colonies are positive for Gfp (Figure
2E).

To determine whether the erased ICCs remain stably demethylated or undergo de novo
methylation with additional time in culture we examined cultured PGCs at day 6 (Figure
2F) and day 8 (Figure 2G) after plating in 7F media. On day 6 (Figure 2F) the colonies
appear morphologically larger than day 4, and this was further exacerbated by day 8
(Figure 2G). In addition, the Snrpn ICC remained relatively hypomethylated at day 6
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(Figure 2F), however by day 8 we discovered that a small number of random cytosines
had acquired cytosine methylation at this ICC (Figure 2G). Similarly, the H19/Igf2 ICC
was also hypomethylated at day 6 of culture (Figure 2F). However by day 8 (Figure 2G)
we observed both fully methylated alleles, as well as some stochastic methylation
suggesting a de novo methylation response at the Snprn and especially the H19/Igf2
ICC between day 6-8 of PGC culture.

Given the large size of the PGC colonies at day 8 in 7F media, we transferred the
cultured PGCs to mouse embryonic fibroblasts (MEFs) in standard ESC culture
conditions (serum + LIF) to establish EGC lines. Under these conditions the EGCs
remained Gfp+ (Figure 3A) and using flow cytometry we determined that more than
90% of the presumptive EGCs are Gfp positive, and are also positive for stage specific
embryonic antigen 1 (SSEA1) (Figure 3B). In order to assess pluripotency we
generated teratomas by injecting EGCs into the testes of SCID mice and show that
these cells are capable of differentiating into all three germ layers (Figure 3C).

To evaluate the methylation of the Snrpn and H19/Igf2 ICCs, we examined four
independent EGC sublines at passage 10 after plating in ESC media + LIF on MEFs. In
order to prevent contamination with feeder cells we sorted the sublines for Gfp/SSEA1
and only selected the double positive EGCs for further analysis. Our results indicate
that the Snrpn ICC remains hypomethylated in the majority of EGC sublines (Figure 3D)
with one subline (K13) exhibiting a more robust de novo methylation response. In
contrast, the H19/Igf2 ICC is now almost completely methylated in every subline. Taken
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together, our results address a long standing question in the field of PGC
reprogramming and show that culture of E9.5 PGCs in vitro towards the generation of
EGC lines results in the complete loss of methylation from the Snprn and H19/Igf2 ICCs
in the first four days of in vitro culture followed by a rapid de novo methylation response
which is particularly strong at the H19/Igf2 ICC.

Culture of ESC derived PGCs in 7F results in demethylation of the Snrpn ICC
Given that culture of E9.5 PGCs in 7F media leads to sustained hypomethylation of the
Snrpn ICC, we reasoned that this could be used to monitor removal of cytosine
methylation from the Snprn ICC of PGCs differentiated from ESCs in vitro. To evaluate
this, we used two different methods of in vitro PGC differentiation (Figure 4A). Both
differentiation methods were previously shown to promote stage I of cytosine
demethylation within the first 6 days of PGC differentiation in vitro, yet retain cytosine
methylation at ICCs indicating that epigenetically the in vitro PGCs are equivalent to
PGCs at E9.5 of development (Hayashi et al., 2012; Vincent et al., 2013).

In order to differentiate PGCs in vitro we first used embryoid bodies (EBs) in hanging
drops for six days as previously published (Vincent et al., 2013). The second approach
involved differentiating ESCs into epiblast like cells (EpiLCs), followed by aggregation in
the presence of cytokines as previously published (Hayashi et al., 2012). EB
differentiation was initiated from ESCs cultured in serum in the presence of LIF on
MEFs, whereas aggregation from EpiLCs was initiated from ESCs cultured in 2i + LIF.
In both differentiation approaches the nascent PGCs are a subpopulation, therefore we

	
  
78	
  

	
  

performed FACS to isolate the PGCs at day 6 before culturing in 7F media. To
distinguish the two differentiation approaches we refer to PGCs sorted from EBs as in
vitro PGCs (iPGCs), whereas PGCs sorted from aggregates after EpiLC formation are
called PGC like cells (PGCLCs).

To sort iPGCs from EBs at day 6 we used the cell surface markers SSEA1 and c-Kit
which we refer to as ScKhigh iPGCs (Figure 4B). To sort PGCLCs from aggregates we
used the Blimp1-Venus (BV) Stella-CFP (SC) ESC line by gating on the BV and SC
double positive population (Figure 3C). To control for differences between cell lines we
adapted BVSCs ESCs from 2i+LIF to serum + LIF on MEFs for a minimum of three
passages and performed EB differentiation followed by sorting for BVSC iPGCs at day 6
(Figure 3D).

Snrpn ICC methylation analysis was performed on the starting ESC population as well
as iPGCs and PGCLCs prior to analysis in the 7F media (Figure 4E-G). All ESC lines as
well as the iPGCs and PGCLCs exhibited both methylated and unmethylated alleles as
expected. Next we assayed methylation of the Snprn ICC in iPGCs and PGCLCs
cultured in 7F media over the next four days. Our results indicate that regardless of
differentiation approach, iPGCs and PGCLCs undergo demethylation of the Snrpn ICC
during the first four days of culture in 7F media (Figure 4E-G). However, we noted
differences in the timing of erasure between approaches and also between cell lines. In
particular, ScKhigh iPGCs of the R1 and V6.5 genetic backgrounds had the fastest rate
of demethylation, undergoing almost complete demethylation within the first 2 days
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(Figure 4E). Whereas in the case of the BVSC ESC line, a fully erased Snrpn ICC was
observed by day 3 of iPGC or PGCLC culture in 7F media (Figure 4F and 4G).

Notably, unlike PGCs sorted from the embryo, the demethylated state was highly
transient with de novo methylation occurring within 24 hours of ICC erasure (Figure 4EG). The rapid de novo methylation of the Snrpn ICC from iPGCs and PGCLCs stands in
stark contrast to E9.5 PGCs, which exhibit a protracted delay in de novo methylation
before a small amount of stochastic de novo methylation (Figure 2). Taken together,
our data demonstrates that in vitro differentiated PGCs are on an accelerated course of
de novo methylation following imprint erasure.

The onset of colony formation in cultured PGCs correlates with the timing of
Snrpn ICC erasure and an EGC gene expression pattern
During the course of our ESC-to-PGC differentiation study we noticed that both iPGCs
and PGCLCs generated colonies faster than E9.5 PGCs in 7F media (Figure 5A). In
each case we noted retrospectively that colony formation was also associated with the
time of ICC erasure (Figure 5A and Figure 4E-G and Figure 1D). In order to quantify
colonies of PGCs and iPGCs cultured in 7F media, we stained colonies for SSEA1 on
day 4 and counted the total number of colonies and total number of cells within each
colony (Figure 5B). Our data shows that iPGCs differentiated from EBs always
generate more colonies than E9.5 PGCs, with larger cell numbers particularly when
starting with ScKhigh iPGCs (Figure 5B). Therefore, our data indicate that accelerated
demethylation of the Snrpn ICC together with rapid remethylation is associated with
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increased propensity for colony formation. Therefore, we hypothesize that iPGCs and
PGCLCs have a lower barrier to reprogramming.

Reprogramming of PGCs into EGCs is associated with an up-regulation of the classic
reprogramming transcription factors Klf4 and cMyc, and down-regulation of a major
barrier to reprogramming Lats2 (Durcova-Hills et al., 2008; Qin et al., 2012). To
determine whether the sorted iPGCs prior to 7F culture have increased expression of
reprogramming transcription factors and decreased Lats2, we sorted ScKhigh iPGCs and
BVSC iPGCs and compared gene expression to E9.5 PGCs, EGCs, and ESCs (Figure
5C and D). First, we confirmed germ cell identity by analyzing PGC signature genes
Blimp1 and Stella and show that iPGCs express significantly higher levels of Blimp1 and
Stella compared to EGCs (Figure 4C). However we also noted that the levels of Blimp1
and Stella were also slightly yet significantly lower than E9.5 PGCs. Next, we analyzed
the expression of Klf4, cMyc and Lats2 and determined that the transcription factor Klf4
was significantly higher in iPGCs compared to E9.5 PGCs where as cMyc was not
significantly elevated in iPGCs (Figure 5D). Finally, we determined that Lats2 was
significantly down-regulated in iPGCs relative to E9.5 PGCs from the embryo, and we
also noted that expression of Lats2 was even lower than the levels found in EGCs and
ESCs.

Given that PGCLCs were differentiated from 2i + LIF cultured ESCs were first
transitioned through an EpiLC state, we evaluated the same genes in 2i +LIF cultured
ESCs, EpiLCs and day 6 PGCLCs sorted from the aggregate (Figure 5E and F). This
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analysis revealed that PGC identity (with regard to Blimp1 and Stella) was equivalent to
E9.5 PGCs (Figure 5E). We also discovered that Klf4 and cMyc in PGCLCs was
identical to E9.5 PGCs. Finally, unlike E9.5 PGCs from the embryo and similar to
iPGCs sorted from the EB Lats2 was significantly reduced.

Taken together, based upon our new approach of PGC reprogramming from E9.5
PGCs, we propose a model where iPGCs and PGCLCs are predisposed towards more
rapid colony formation on account of repressed Lats2, and this is associated with faster
and unstable ICC demethylation when cultured in 7F media.

Discussion

In the current study we have addressed a long-standing question in the field of PGC
reprogramming in vitro by revealing that initiating reprogramming from E9.5 PGCs
results in the erasure of methylation from a maternal and a paternal ICC within four
days of in vitro culture followed by de novo methylation that is locus specific. We also
discovered that Mvh protein was also induced in the PGCs within the first four days of in
vitro culture which challenges the notion the Mvh protein expression in PGCs requires
interaction with somatic cells or a gonadal niche (Toyooka et al., 2000).

Our data supports a model that the first four days of PGC reprogramming in vitro is
associated with a memory of the cellular origin, and consequently faithful
implementation of ICC demethylation which normally occurs in germline cells in vivo
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from E10.5-E13.5 (Hajkova et al., 2002). It did not escape out notice that the kinetics of
H19/Igf2 demethylation was remarkably similar to what was previously reported for
PGCs in the embryo by (Kawasaki et al., 2013) with an initial rapid loss of cytosine
methylation. For Snprn ICC the removal of cytosine methylation was progressive, and
also similar to what was previously reported (Hajkova et al., 2002).

It is now accepted that conversion of 5mC to 5hmC is on of the major pathways to
demethylation in PGCs between E10.5-E13.5 (Hackett et al., 2013; Yamaguchi et al.,
2012; Yamaguchi et al., 2013). Loss of this mechanism can lead to abnormalities in
germ cell differentiation in females or birth defects in the next generation (Dawlaty et al.,
2013; Yamaguchi et al., 2012; Yamaguchi et al., 2013).

However despite the

importance of this mechanism in preserving the epigenetic quality of the germline, the
downstream mechanism involved in removing oxidized 5mC from the genome remains
unknown. In the current study we do not distinguish between 5mC and 5hmC, however
we did notice that invariably the loss of cytosine methylation was associated with
formation of the pioneering proliferative EGC colonies. This result agrees with the
model proposed by (Kagiwada et al., 2013), that removal of methylated cytosines from
PGCs involves a replication-coupled mechanism. Given the precise dynamics of PGC
demethylation during the first four days of in vitro PGC culture combined with the
absence of MEF cells, we hypothesize that culture of E9.5 PGCs in 7F media for four
days constitutes a new tool to examine replication-coupled demethylation, 5hmC or
alternate pathways including activation-induced cytidine deaminase (Popp et al., 2010)
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or base excision repair (Ciccarone et al., 2012; Kawasaki et al., 2013) in the removal of
cytosine methylation.

The differentiation of PGCs from ESCs enables scientists to study the earliest events in
PGC formation and in particular the global loss of cytosine methylation during stage
1(Vincent et al., 2013). In the current study, we discovered that all ESC-derived PGCs
regardless of differentiation approach or sorting strategy were capable of implementing
ICC demethylation at Snprn. However, we were surprised that the hypomethylated state
was extremely unstable relative to PGCs from the embryo. This cannot be explained by
the natural course of germline development, as all ESC lines used in the current study
were male and the Snrpn ICC is maternally methylated. Therefore if normal
development was accelerated in vitro, we would have predicted this ICC should have
remained demethylated after erasure. Therefore, we hypothesized that rapid
reacquisition of methylation at the Snprn ICC in iPGCs and PGCLCs differentiated in
vitro may be due to a lower barrier towards EGC reprogramming as indicated by the low
expression level of Lats2, and in some cases Klf4 in the ESC-differentiated PGCs at the
start of 7F culture.

Stable maintenance of the hypomethylated state at Snprn was a defining feature of in
vitro PGC culture from at least day 4-8 and in most ESC sublines. Maintaining a
hypomethylated Snprn ICC in the male germline is absolutely critical to preventing
transmission of disease epialleles to the next generation (Yamaguchi et al., 2013). As a
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result a careful analysis of ICC demethylation must be a major consideration for the
differentiation of germline cells from human pluripotent stem cells.

Taken together, we have developed a new approach for studying DNA demethylation by
studying the first four days of EGC reprogramming in vitro and used this model to
demonstrate the fragile epigenetic state of ESC-differentiated PGCs.

Experimental Procedures
Animals
All animal experiments were performed following guidelines from the Care and Use of
Laboratory Animals (Animal Welfare Assurance #A3196-01). CD1 females were
purchased from Charles River Laboratories and the Oct4-IRES-Gfp knock-in mice were
a kind gift from Konrad Hochedlinger (Lengner et al., 2007). Male SCID mice were
obtained from the UCLA Humanized Mouse Core Laboratory.

ESC Lines
R1 B5/EGFP (see JAX FVB.Cg-Tg (CAG-EGFP)B5Nagy/J) were kindly provided by
Luisa Iruela-Arispe at UCLA. V6.5 were a kind gift from Robert Blelloch at UCSF and
the H18 Blimp1-mVenus and Stella-CFP (BVSC) ESC line was a kind gift from Mitinori
Saitou of Kyoto University and was first published in (Hayashi et al., 2011). All lines
were genotyped as XY.

FACS
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Embryos were collected at E9.5 in 10% FBS on ice, their heads were discarded and the
bodies were dissociated with 0.05% Trypsin for 5-7min at 37°C. The cell suspension
was resuspended in 1% BSA, run through a 40µM cell strainer (BD Falcon) and 1µg/mL
DAPI was added as the viability dye. Gfp+ PGCs were sorted using a FacsARIA (Becton
Dickinson) into medium with 30% FBS. All embryos within a litter were pooled and
processed as n=1 sample and the PGC yield per embryo at E9.5 ranged between
approximately 150-250 cells.

PGC Culture in 7-factor (7F) medium
Sorted PGCs were cultured in 7-factor (7F) media which was based on the formulation
of (Farini et al., 2005) without the addition of retinoic acid. Therefore, 7F media includes
15% lot-tested FBS (Hyclone), DMEM high glucose (Gibco), 1X non-essential amino
acids (Gibco), 0.1mM 2-Mercaptoethanol (Gibco), 0.25mM Pyruvate (Gibco 100mM),
1X PSG [100 U/mL Penicillin, 100 µg/mL Streptomycin, 292 µg/mL L-Glutamine
(Gibco)], 50 ng/mL SCF (Peprotech), 10 ng/mL bFGF (Biological Resources Branch of
the Frederick National Laboratory for Cancer Research), 10 ng/mL SDF1 (R&D
Systems), 25 ng/mL human BMP4 (R&D Systems), 500 U/mL LIF (Millipore), 5µM
Forskolin (Sigma), 1mg/mL N-Acetyl-L-Cysteine (Sigma). Cells were plated directly on
0.4 µM PET membranes (Falcon) in 24-well plates and cultured at 37°C with 5% CO2
with daily medium changes. For some downstream experiments, cells were detached
from the membrane with 0.05% Trypsin for 5 min at 37°C.

ESC and EGC Culture and ESC Differentiation
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ESCs and EGC growth in serum + LIF on MEFs and EB differentiation was performed
as described (Vincent et al., 2011). Maintenance of BVSC ESCs in 2i+ LIF on Laminin
followed by EpiLC induction and PGCLC generation in aggregates was performed as
previously described (Hayashi et al., 2011).

Bisulfite Sequencing
Bisulfite (BS) treatment followed by PCR and sequencing of clones for Snrpn was
performed as described (Vincent et al., 2011). H19 PCR on BS treated DNA was
performed using the methods of (Kagiwada et al., 2013)

Fluorescence Activated Cell Sorting (FACS)
Single-cell suspensions were stained and sorted in Phosphate Buffered Saline (PBS)
containing 1% BSA. 7-AAD was used to exclude dead cells for iPGC and PGCLC sorts.
Primary and secondary antibody incubations were performed on ice for 10-20 min.
ScKhigh iPGCs were stained for c-Kit (CD117 1:200 and PE anti rat 1:1000) and for
SSEA1 (mouse and donkey anti mouse dye649 and cy5 1:250). PGCLC and BVSC
iPGCs were sorted based on endogenous mVenus and CFP fluorescence and were
only stained with 7-AAD prior to sorting. Gating controls for BVSC PGCLC and iPGC
were Oct4-gfp or R1 B5/EGFP mESCs for mVenus, and V6.5 mESCs or compensation
beads (BD Biosciences) stained with anti CD117 conjugated to Pacific Blue for CFP
(1:100-1:200 company). Data was analyzed using FlowJo software (Tree Star).

Immunofluorescence and microscopy
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Unless otherwise indicated, 4% paraformaldehyde in PBS was used as a fixative, 10%
FBS 0.05% Tween20 were used as a blocking agent and 0.2% Tween20 was used for
washing. Primary antibody incubations were carried out overnight at 4°C. Secondary
antibody incubations were for 1 hour at room temperature. After washing samples were
imaged in Prolong Antifade Reagent with DAPI (Invitrogen). For E9.5 embryos and
adult testes whole-mount immunofluorescence was performed after fixing in 4% PFA.
Primary antibodies were incubated overnight at 4°C using anti-Oct4 (1:100) and antimouse vasa homologue (1:100) secondary antibodies were also stained in block
solution overnight at 4°C. For Mvh staining of cultured E9.5 PGCs, cells were
harvested from the membrane and attached to a poly-L-Lysine-coated coverslips before
fixing for 15 min in 4% PFA at room temperature. Permeabilization was performed with
0.5% Triton X-100, followed by an overnight incubation in anti-mvh (1:100) or rabbit IgG.
PGCs and iPGCs cultured in 7-factor medium were stained and imaged directly on the
PET membrane starting with a 15 min fixation in 4% PFA at room temperature. A
solution of 10% FBS and 0.05% Tween 20 was used for blocking and antibody
incubations. Membranes were incubated in anti SSEA1 (1:50) overnight at 4°C and
secondary antibodies were incubated for 1 hour at room temperature. The membranes
were washed, removed with a razor blade and mounted on a slide. All cells were
imaged with an LSM 780 confocal microscope (Zeiss) using ZEN 2011 software.

Teratoma assays
Teratomas were generated in the testis as previously described (Conway et al., 2009;
Lindgren et al., 2011). Briefly, SCID mice were injected with 1 x 106 EGCs re-
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suspended in 50 µL of BD Matrigel™ (BD Biosciences) per testis. The testes were
removed 4 weeks later, processed in paraffin for sectioning and stained with H&E for
histological analysis.

Real-time RT-PCR
PGCs and iPGCs were sorted into RLT buffer (Qiagen) and their RNA isolated using the
RNeasy Micro Kit (Qiagen). EGCs and ESCs were depleted of feeders prior to RNA
isolation. Reverse transcription was performed with Superscript RT II (Invitrogen) and
the following Taqman gene expression assays were used for real-time PCR: Blimp1,
Stella, Klf4, cMyc, Lats2. Ct values were normalized to Gapdh and expressed as a fold
change relative to E9.5 PGC.

Statistics
T-test was used to determine statistical analyses.
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Figure 4.1. ICCs demethylate within 4 days of PGC reprogramming in vitro
(A) Oct4-IRES-Gfp+/- embryo at E9.5, the stage from which GFP+ PGCs are sorted.
FACS plot shows the gated GFP+ PGC population sorted from E9.5 litters.
(B) E9.5 PGCs cultured in 7F over the course of 4 days. PGCs are attached to the PET
membrane. Arrowheads point to round PGCs, arrows indicate elongated PGCs and
PGC colonies are enclosed in dotted circles.
(C) Methylation status of the Snrpn and H19/Igf2 ICCs in sorted, non-cultured GFP+
PGCs and GFP- somatic cells.
(D) The dynamics of cytosine demethyaltion at the Snrpn and H19/Igf2 ICCs over the
four-day culture of E9.5 PGCs in 7F medium on an acellular PET membrane. ESCs
cultured for the same length and under the same conditions do not lose cytosine
methylation at the Snrpn ICC.
Scale bar in (B) is 50µm.

	
  
91	
  

	
  

Figure 4.2. E9.5 PGCs express MVH and remethylate cytosines at ICCs during
reprogramming in vitro
(A) Whole-mount stain of E9.5 embryo for MVH (green) and OCT4 (red). E9.5 PGCs do
not express MVH protein. Arrow points to an OCT4+ MVH- PGC.
(B) Adult testis with MVH+ OCT4- germ cells. Arrow points to MVH+ cell OCT4- .
(C) E9.5 PGCs cultured in 7F medium for four days and immunostained for MVH on a
poly-L-lysine-coated coverslip. Arrow points to a cultured PGC with cytoplasmic
localization of MVH protein.
(D) E9.5 PGCs cultured in 7F medium for four days and immunostained with an isotype
(IgG) control on a poly-L-lysine-coated coverslip. Arrowhead indicates PGC with nonspecific signal throughout the cell.
(E) Live imaging of GFP+ E9.5 PGCs after four days of 7F culture. PGCs are attached
to the PET membrane. Arrowheads indicate single cells and colonies are enclosed in a
dotted circle.
(F) E9.5 PGCs on the PET membrane cultured for six days in in 7F medium. Colonies
are enclosed in dotted circles. The Snrpn and H19/Igf ICC remain hypomethylated at
this time.
(G) E9.5 PGCs on the PET membrane cultured for eight days in in 7F medium. A large
colony is delineated by a dotted line. Stochastic cytosine methylation is observed in
both the Snrpn and H19/Igf2 ICCs. Fully methylated alleles are observed only at the
H19/Igf2 ICC.
Scale bars represent 10µm (A-D) and 50µm (E-G).
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Figure 4.3. Pluripotent EGCs from 7F-cultred E9.5 PGCs display differential
methylation at two ICCs
(A) GFP+ EGC colonies cultured in serum + LIF on a layer of MEFs.
(B) FACS plot of EGCs showing more than 90% of cells express pluripotencyassociated markers OCT4 (GFP) and SSEA1 (right). Unstained ESCs are shown on the
left plot.
(C) Pluripotent EGCs injected into SCID-mouse testes generate teratomas with tissues
from the three germ layers: endoderm (left), mesoderm (middle) and ectoderm (right).
(D) Differential cytosine methylation at the Snrpn and H19/Igf2 ICCs in four independent
EGC sublines sorted at passage 10 of serum + LIF culture on MEFs. Three of the four
sublines exhibit hypomethylation at the Snrpn ICC. All four sublines have substantial
hypermethylation of the H19/Igf2 ICC.
Scale bars represent 50µm (A) and 20µm (C).
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Figure 4.4. Demethylation of the Snrpn ICC in ESC-derived PGCs cultured in 7F
(A) Schematic representation of the two methods of in vitro PGC differentiation used in
this study. Top: ESCs cultured in serum + LIF are differentiated as embryoid bodies and
iPGCs are sorted based on cell-surface markers c-KIT and SSEA1 or fluorescent
reporters for Blimp1 (mVenus) and Stella (CFP) (BVSC). Bottom: ESCs are cultured in
2i + LIF and directed to differentiate into PGCLCs transitioning through an EpiLC
intermediate stage. PGCLCs are sorted based on BVSC reporters. BVSC ESCs
cultured in 2i + LIF were adapted to serum + LIF prior to EB differentiation. The legend
shows the markers used for sorting PGCs using the two differentiation methods.
(B) Top: FACS plot of iPGCs sorted as SSEA1+ c-KIT bright cells (ScKhigh iPGCs).
Bottom: ESCs stained with secondary antibodies only.
(C) Top: FACS plot of PGCLCs sorted based on BVSC fluorescence. Bottom:
Unstained ESC.
(D) Top: FACS plot of iPGCs sorted based on BVSC fluorescence. Bottom: Unstained
ESC.
(E) Methylation of the Snrpn ICC over four-day 7F culture of ScKhigh iPGCs derived from
two different cell lines. Full erasure of methylation is observed in both lines within the
first 2 days. ESCs and starting iPGC populations have methylated and unmethylated
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alleles. Remethylation of cytosines is observed within the next 24 hours of
demethyation.
(F) Methylation of the Snrpn ICC over four-day 7F culture of BVSC iPGCs. A fully
demethylated ICC is observed on day 3. De novo methylated cytosines appear a day
later. The starting iPGC population has methylated and unmethylated alleles like ESCs.
(G) PGCLCs undergo full ICC erasure on day 3 of 7F culture. On day 4 fully methylated
alleles are observed. Non-cultured PGCLCs and ESCs cultured in 2i + LIF have similar
methylation levels.
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Figure 4.5. Colony formation dynamics of cultured PGCs and expression of EGC
genes
(A) Table depicting the onset of colony formation in PGCs and ESCs over four-day
culture in 7F medium. ESC and ESC-derived PGCs form colonies faster than E9.5
PGCs.
(B) Top: E9.5 PGCs and iPGCs were cultured in 7F medium for four days and
immunostained on the PET membrane for SSEA1 for quantification of colony size and
number of colonies. Colonies with SSEA1+ and SSEA1- cells were classified as
SSEA1+. Only the SSEA1+ colonies are graphed. E9.5 PGCs formed colonies in the
smallest colony categories. iPGCs formed larger colonies. There were statistical
differences in the number of colonies formed in different size categories between all
PGC populations. Three biological replicates for each PGC type were performed (mean
± SD). T-test *p<0.05. Bottom: images depicting the two extremes of the colony size
distribution. Most E9.5 PGC colonies were in the smallest category (left), whereas
ScKhigh iPGCs formed colonies in the largest category (right).
(C-F) Real-time PCR analysis of genes differentially expressed by PGC and EGC
normalized to Gapdh. E9.5 PGC set to 1. Technical duplicates analyzed as two
independent values, at least 2 biological replicates (n=2) are used for statistical analysis
(mean ± SD). T-test *p<0.05.
(C and D) Analysis of E9.5 PGC, iPGC, BVSC mESC and EGC derived from 7Fcultured E9.5 PGCs.
(E and F) Analysis of E9.5 PGCs, EpiLC and PGCLCs. Klf4: PGCLC n=1; Lats2: BVSC
mESC 2i n=1.
	
  
96	
  

	
  

References
Ciccarone, F., Klinger, F., Catizone, A., Calabrese, R., Zampieri, M., Bacalini, M., De
Felici, M., and Caiafa, P. (2012). Poly(ADP-ribosyl)ation acts in the DNA demethylation
of mouse primordial germ cells also with DNA damage-independent roles. PLoS One 7,
e46927.
Conway, A.E., Lindgren, A., Galic, Z., Pyle, A.D., Wu, H., Zack, J.A., Pelligrini, M.,
Teitell, M.A., and Clark, A.T. (2009). A self-renewal program controls the expansion of
genetically unstable cancer stem cells in pluripotent stem cell-derived tumors. Stem
Cells 27, 18-28.
Dawlaty, M.M., Breiling, A., Le, T., Raddatz, G., Barrasa, M.I., Cheng, A.W., Gao, Q.,
Powell, B.E., Li, Z., Xu, M., et al. (2013). Combined Deficiency of Tet1 and Tet2 Causes
Epigenetic Abnormalities but Is Compatible with Postnatal Development. Dev Cell.
Durcova-Hills, G., Tang, F., Doody, G., Tooze, R., and Surani, M. (2008).
Reprogramming primordial germ cells into pluripotent stem cells. PLoS One 3, e3531.
Farini, D., Scaldaferri, L., Iona, S., La Sala, G., and De Felici, M. (2005). Growth factors
sustain primordial germ cell survival, proliferation and entering into meiosis in the
absence of somatic cells. Dev Biol 285, 49-56.
Guibert, S., Forné, T., and Weber, M. (2012). Global profiling of DNA methylation
erasure in mouse primordial germ cells. Genome Res 22, 633-641.
Hackett, J.A., Sengupta, R., Zylicz, J.J., Murakami, K., Lee, C., Down, T.A., and Surani,
M.A. (2013). Germline DNA demethylation dynamics and imprint erasure through 5hydroxymethylcytosine. Science 339, 448-452.
	
  
97	
  

	
  

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.
Hayashi, K., Ogushi, S., Kurimoto, K., Shimamoto, S., Ohta, H., and Saitou, M. (2012).
Offspring from oocytes derived from in vitro primordial germ cell-like cells in mice.
Science 338, 971-975.
Hayashi, K., Ohta, H., Kurimoto, K., Aramaki, S., and Saitou, M. (2011). Reconstitution
of the mouse germ cell specification pathway in culture by pluripotent stem cells. Cell
146, 519-532.
Kagiwada, S., Kurimoto, K., Hirota, T., Yamaji, M., and Saitou, M. (2013). Replicationcoupled passive DNA demethylation for the erasure of genome imprints in mice. Embo
J 32, 340-353.
Kawasaki, Y., Lee, J., Matsuzawa, A., Kohda, T., Kaneko-Ishino, T., and Ishino, F.
(2013). Active DNA demethylation is required for complete imprint erasure in primordial
germ cells. Scientific Reports 4, 3658.
Labosky, P.A., Barlow, D.P., and Hogan, B.L. (1994). Mouse embryonic germ (EG) cell
lines: transmission through the germline and differences in the methylation imprint of
insulin-like growth factor 2 receptor (Igf2r) gene compared with embryonic stem (ES)
cell lines. Development 120, 3197-3204.
Leitch, H., McEwen, K., Turp, A., Encheva, V., Carroll, T., Grabole, N., Mansfield, W.,
Nashun, B., Knezovich, J., Smith, A., et al. (2013a). Naive pluripotency is associated
with global DNA hypomethylation. Nat Struct Mol Biol 20, 311-316.

	
  
98	
  

	
  

Leitch, H., Nichols, J., Humphreys, P., Mulas, C., Martello, G., Lee, C., Jones, K.,
Surani, M., and Smith, A. (2013b). Rebuilding pluripotency from primordial germ cells.
Stem Cell Reports 1, 66-78.
Leitch, H.G., Tang, W.W., and Surani, M.A. (2013c). Primordial germ-cell development
and epigenetic reprogramming in mammals. Curr Top Dev Biol 104, 149-187.
Lengner, C., Camargo, F., Hochedlinger, K., Welstead, G., Zaidi, S., Gokhale, S.,
Scholer, H., Tomilin, A., and Jaenisch, R. (2007). Oct4 expression is not required for
mouse somatic stem cell self-renewal. Cell Stem Cell 1, 403-415.
Lindgren, A.G., Natsuhara, K., Tian, E., Vincent, J.J., Li, X., Jiao, J., Wu, H., Banerjee,
U., and Clark, A.T. (2011). Loss of Pten causes tumor initiation following differentiation
of murine pluripotent stem cells due to failed repression of Nanog. PLoS One 6,
e16478.
Matsui, Y., Zsebo, K., and Hogan, B. (1992). Derivation of pluripotent embryonic stem
cells from murine primordial germ cells. Cell 70, 841-847.
McLaren, A., and Durcova-Hills, G. (2001). Germ cells and pluripotent stem cells in the
mouse. Reprod Fertil Dev 13, 661-664.
Popp, C., Dean, W., Geng, S., Cokus, S., Andrews, S., Pelligrini, M., Jacobsen, S., and
Reik, W. (2010). Genome-wide erasure of DNA methylation in mouse primordial germ
cells is affected by AID deficiency. Nature 463, 1101-1105.
Qin, H., Blaschke, K., Wei, G., Ohi, Y., Blouin, L., Qi, Z., Yu, J., Yeh, R., Hebrok, M.,
and Ramalho-Santos, M. (2012). Transcriptional analysis of pluripotency reveals the
Hippo pathway as a barrier to reprogramming. Hum Mol Genet 21, 2054-2067.

	
  
99	
  

	
  

Resnick, J.L., Bixler, L.S., Cheng, L., and Donovan, P.J. (1992). Long-term proliferation
of mouse primordial germ cells in culture. Nature 359, 550-551.
Seisenberger, S., Andrews, S., Krueger, F., Arand, J., Walter, J., Santos, F., Popp, C.,
Thienpont, B., Dean, W., and Reik, W. (2012). The dynamics of genome-wide DNA
methylation reprogramming in mouse primordial germ cells. Mol Cell 48, 849-862.
Sharova, L., Sharov, A., Piao, Y., Shaik, N., Sullivan, T., Stewart, C., Hogan, B., and
Ko, M. (2007). Global gene expression profiling reveals similarities and differences
among mouse pluripotent stem cells of different origins and strains. Dev Biol 307, 446459.
Shim, S., Han, D., Yang, J., Lee, B., Kim, S., Shim, H., and Lee, H. (2008). Derivation of
embryonic germ cells from post migratory primordial germ cells, and methylation
analysis of their imprinted genes by bisulfite genomic sequencing. Mol Cells 25, 358367.
Shovlin, T., Durcova-Hills, G., Surani, A., and McLaren, A. (2008). Heterogeneity in
imprinted methylation patterns of pluripotent embryonic germ cells derived from premigratory mouse germ cells. Dev Biol 313, 674-681.
Stewart, C., Gadi, I., and Bhatt, H. (1994). Stem cells from primordial germ cells can
reenter the germ line. Dev Biol 161, 626-628.
Tada, T., Tada, M., Hilton, K., Barton, S., Sado, T., Takagi, N., and Surani, M. (1998).
Epigenotype switching of imprintable loci in embryonic germ cells. Dev Genes Evol 207,
551-561.
Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126, 663-676.

	
  
100	
  

	
  

Toyooka, Y., Tsunekawa, N., Takahashi, Y., Matsui, Y., Satoh, M., and Noce, T. (2000).
Expression and intracellular localization of mouse Vasa-homologue protein during germ
cell development. Mech Dev 93, 139-149.
Vincent, J.J., Huang, Y., Chen, P.Y., Feng, S., Calvopina, J.H., Nee, K., Lee, S.A., Le,
T., Yoon, A.J., Faull, K., et al. (2013). Stage-Specific Roles for Tet1 and Tet2 in DNA
Demethylation in Primordial Germ Cells. Cell Stem Cell.
Vincent, J.J., Li, Z., Lee, S.A., Liu, X., Etter, M.O., Diaz-Perez, S.V., Taylor, S.K.,
Gkountela, S., Lindgren, A.G., and Clark, A.T. (2011). Single cell analysis facilitates
staging of Blimp1-dependent primordial germ cells derived from mouse embryonic stem
cells. PLoS One 6, e28960.
Yamaguchi, S., Hong, K., Liu, R., Shen, L., Inoue, A., Diep, D., Zhang, K., and Zhang,
Y. (2012). Tet1 controls meiosis by regulating meiotic gene expression. Nature 492,
443-447.
Yamaguchi, S., Shen, L., Liu, Y., Sendler, D., and Zhang, Y. (2013). Role of Tet1 in
erasure of genomic imprinting. Science 504, 460-464.

	
  
101	
  

	
  

CHAPTER 5
CONCLUSIONS
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One of the goals of the experiments presented in this dissertation was to promote
maturation of in vitro derived primordial germ cells (iPGCs). In order to do this we set
out to establish and characterize a transplantable niche model. In this model,
dissociated male fetal gonadal cells are cultured under low-cell binding conditions over
a period of three days to induce compact aggregation of the gonadal cells. Histological
analyses of the aggregates suggested a germ and Sertoli cell segregation within the
gonadal aggregates, with clusters of presumptive Sertoli cells in the inner part and
presumptive germ cells with large nuclei in the outer layer of the aggregate. Using MVH
as a marker of the germline and AMH as a marker of the immature Sertoli cells of the
fetal testis we conclusively determined that germ cells localize to the periphery of the
aggregate, while Sertoli cells form clusters in the inner cellular layers of the gonadal
aggregate. However, using SOX9 as another marker of Sertoli cells, we identified a
population of Sertoli cells within the aggregate that had dim expression of AMH. SOX9+
AMH dim cells localized to the outer layers of the gonadal aggregate, being closer to the
germ cells in the outermost layer.

Ectopic transplantation of the aggregate into the subcutaneous space of a host mouse
induced de novo testicular morphogenesis, where seminiferous tubules, which are the
male germ cell niche, were reconstructed. We find that during de novo formation of the
germ cell niche, both germ and Sertoli cells are found inside the reconstructed
seminiferous tubules of the transplant, indicating that the endogenous germline can
colonize the reconstructed germ cell niche. Although completion of spermatogenesis
was not observed in the reconstructed seminiferous tubules, both germ and Sertoli cells
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matured in this environment. Germ cells expressed PLZF, a marker of spermatogonia,
and Sertoli cells repressed AMH completely, which is typical of the mature Sertoli cells
of the adult testis.

We conclude that subcutaneous transplantation of dissociated fetal E13.5 and E14.5
testes supports de novo testicular morphogenesis leading to the reconstruction of
seminiferous tubules. This is consistent with previous reports of the de novo
morphogenesis capacity of the early fetal testis when transplanted into the testis or
kidney of recipient mice (Toyooka et al., 2003; Matoba and Ogura, 2011). We also
conclude that this transplantable model not only supports the colonization of the germ
cell niche by endogenous germ cells, but also supports the maturation of the Sertoli and
germ cell populations. To our knowledge, this is the first study conclusively identifying
the localization of germ and Sertoli cells in the gonadal aggregates prior to
transplantation. Furthermore, although the de novo morphogenesis capacity of E15.5E19.5 testes in subcutaneous transplants had been previously shown, to our
knowledge, this is the first demonstration of the de novo morphogenesis capacity of
more immature fetal testes in subcutaneous transplants.

Using this transplantable niche model we set out to promote the maturation and test the
niche colonization capacity of iPGCs in vitro and in vivo. iPGCs correspond to a
pregonadal PGC stage and do not express MVH protein, which in vivo is induced in
germ cells that have colonized the gonad. We aggregated iPGCs with fetal gonadal
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cells and cultured them in vitro up to 132 hours and detected no MVH protein in these
cells. Interestingly, we observed that iPGCs, like the endogenous germ cells, localize to
the outer layer of the gonadal aggregate. In contrast to iPGCs, pregonadal E9.5 PGCs
in gonadal aggregates cultured for 84 hours were positive for MVH protein. This
indicates that, unlike germ cells of the embryo, iPGCs do not mature to the MVH+ stage
in response to the gonadal environment. Transplantation of iPGCs in gonadal
aggregates led to the do novo formation of the germ cell niche, however, these
transplants had highly increased extratubular cellularity compared to transplants without
iPGCs. In fact, a small percentage of these transplants with considerably atypical
morphology were determined to be teratomas upon histological analysis. Importantly,
the iPGCs were never found inside the reconstructed seminiferous tubules even when
the endogenous germ cells of the fetal testis had been depleted prior to aggregation
and transplantation. The majority of the cells that persist in the extratubular space of the
transplant originating from the iPGCs also express SOX9, which is atypical in germ cells
and indicates a cell identity that is not consistent with that of the germline. Therefore,
these transplantation experiments suggest that iPGCs have lower barriers to cellular
reprogramming because they adopt a stromal-like, SOX9+ cell identity and can
sometimes generate teratomas.

Using pregonadal E9.5 and gonadal E13.5 PGCs expressing beta-galactosidase, we
determined that exogenous embryo-derived germ cells are also not observed in
reconstructed tubules of the gonadal transplants. However, unlike the iPGCs, we never
found LacZ+ exogenous germ cells from the embryo in the extratubular space of the
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transplants. Furthermore, transplants made with LacZ+ PGCs did not have highly
increased cellularity between reconstructed tubules and the transplant morphology was
never distorted.

We conclude that the iPGCs are unable to mature to the gonadal MVH+ PGC stage in
vitro, which might indicate a maturation block or increased requirements to induce
maturation. We also conclude that the iPGCs have enhanced survival in the
extratubular space of the transplants compared to exogenous PGCs from the embryo,
which do not persist outside reconstructed tubules. This enhanced survival leads to
morphological disruption of the reconstructed gonad, acquisition of cell identity
inconsistent with the germline and is associated with tumorigenesis. Importantly, we
also conclude that our current transplantable niche model is not compatible with
colonization of the reconstructed germ cell niche by exogenous germ cells regardless of
whether they come from the embryo or are differentiated from ESCs. We hypothesize
that the inability of exogenous E9.5 and E13.5 PGCs from the embryo to colonize the
reconstructed germ cell niche upon transplantation is due to the ratio of germ cells to
gonadal cells that we used at the time of aggregation. We followed a 1:10 ratio of
exogenous E13.5 LacZ+ germ cells to gonadal cells based on protocols used to
aggregate germ cells derived from the pluripotent epiblast in vitro with gonadal cells
previously depleted of the endogenous germline (Ohinata et al., 2009). Due to the
limited PGC numbers in E9.5 embryos the ratio of E9.5 LacZ+ PGCs to gonadal cells
was 1:70. However, smaller ratios of 1:3 ~ 1:5 have also been reported which resulted
in the colonization of reconstructed tubules by spermatogonial stem cells in
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subcutaneous transplants (Kita et al., 2007). Therefore, in the future, we predict that
using smaller ratios of endogenous germ cells to gonadal cells will make the
transplantable niche model compatible with colonization of the reconstructed niche by
exogenous germ cells.

Despite not being able to conclusively assess the niche colonization potential of ESCderived iPGCs, these findings do provide important information regarding the ability of
these cells to survive independent of the niche. In the embryo, PGCs that do not
colonize the gonads and become ectopic die through BAX-mediated apoptosis
(Molyneaux et al., 2001; Stallock et al., 2003). Our data suggest that the mechanisms
that protect against ectopic survival of PGCs in vivo are not active in the iPGCs, which
we have shown leads to enhanced survival, organ disruption and sometimes tumor
formation. Investigating the mechanisms responsible for the niche independent survival
of the iPGCs in transplants is potentially applicable to testicular germ cell tumors, where
the malignant cells leave the germ cell niche.

Another goal of the experiments performed in this study was to investigate the
epigenetic stability of ESC-derived PGCs as it compares to their in vivo counterparts. To
do this, we established and characterized an in vitro model of PGC reprogramming to
EGC, which we then used to determine the dynamics of ICC erasure in PGCs derived
through the EB or PGCLC methods. To characterize the in vitro model, we first
determined the dynamics of imprint erasure during E9.5 PGC reprogramming to
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pluripotency, which occurs over an initial culture period of 8 days. We find that E9.5
PGCs erase both maternally methylated Snrpn ICC and paternally methylated H19/Igf2
ICC during the first four days of PGC reprogramming in our model. De novo cytosine
methylation is observed at the end of culture, with the Snrpn ICC being hypomethylated
and the H19/Igf2 ICC displaying fully methylated alleles. In the pluripotent EGCs derived
from these cultured E9.5 PGCs, we find that while the Snrpn ICC remains
hypomethylated in prolonged culture, the H19/Igf2 ICC becomes hypermethylated.
Since the Snrpn ICC was stably demethylated in the germline during and after
reprogramming in vitro, we analyzed the dynamics of demethylation at this ICC over the
course of four days of reprogramming culture and find that both iPGCs and PGCLCs
undergo demethylation like the endogenous germ cells, albeit faster. However, unlike
the PGCs of the embryo, we find that ESC-derived PGCs do not stably maintain the
hypomethylated state in culture, with de novo methylation initiating within a day of full
erasure. Over the course of the four-day culture, we observed that iPGCs and PGCLCs
exhibited an earlier onset of colony formation compared to E9.5 PGCs. Since colony
formation is a feature of PGC reprogramming in vitro, we hypothesized that ESCderived PGCs are more susceptible to reprogramming compared to embryonic PGCs.
Our transcriptional analysis results show that all ESC-derived PGCs express
significantly lower levels of Lats2, a gene that functions as a barrier to reprogramming in
vitro (Qin et al., 2012). In addition, iPGCs, particularly the ScKhigh iPGCs, also express
significantly higher levels of the pluripotency-associated transcription factor Klf4
compared to E9.5 PGCs. Thus, we observed a correlation between decreased
expression of Lats2 and an earlier onset of colony formation in ESC-derived germ cells.
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It is interesting that the ESC-derived germ cell with the fastest onset of colony formation
was the ScKhigh iPGC, which also had the highest expression levels of Klf4.
Interestingly, we also found a correlation between onset of colony formation and ICC
demethylation, where the germ cells forming colonies the fastest also erased imprints
first. This is interesting because colony formation in our in vitro model may be
associated with faster cellular division and replication-coupled DNA methylation has
been proposed as the mechanism of imprint erasure in vivo (Kagiwada et al., 2012).

With the careful analysis of the dynamics of imprint erasure during E9.5 PGC
reprogramming to EGC in vitro we were able to answer a long-standing unknown in the
field. Because EGCs display hypomethylated as well as hypermethylated ICCs, it was
hypothesized that remethylation of imprints had occurred. However, this has not been
demonstrated thus far. Therefore, methylation analyses of the maternally and paternally
methylated ICCs conclusively show that full imprint erasure is a feature of EGC
reprogramming in vitro. This is then followed by de novo cytosine methylation at the
ICCs, with the extent of remethylation being locus-specific.

We conclude that the epigenetic state at ICCs is less stable in ESC-derived PGCs. This
finding is relevant in the context of developmental defects caused by abnormalities in
cytosine methylation at imprinted genomic regions in the germline, such as is the case
in the Silver-Russell syndrome (Gicquel et al., 2005). We also propose that the ESCderived germ cells have a lower barrier to reprogramming, which makes them more
susceptible to reprogramming cues. Furthermore, we conclude that genomic imprints
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are erased in the process of reprogramming and that the methylation observed at ICCs
in EGCs is the result of de novo methylation to levels that are specific to each locus.
Lastly, we propose that this PGC reprogramming model can be used to the study the
dynamics of imprint erasure during the first four days of culture.
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Materials and Methods

Animals
All animal experiments were performed following guidelines from the Care and Use of
Laboratory Animals (Animal Welfare Assurance #A3196-01). CD1 females were
purchased from Charles River Laboratories and the Oct4-IRES-Gfp knock-in mice were
a kind gift from Konrad Hochedlinger (Lengner et al., 2007). ROSA26-lacZ mice (Stock
002073) were purchased from The Jackson Laboratory and bred to the Oct4-IRES-Gfp
knock-in mice to generate Oct4-IRES-Gfp+/+ ROSA26LacZ+/+ males. Male SCID mice
were obtained from the UCLA Humanized Mouse Core Laboratory.

ESC Culture and Differentiation
ESCs were cultured in serum + LIF on MEFs and EB differentiation was performed as
described (Vincent et al., 2011). Maintenance of BVSC ESCs in 2i+ LIF on Laminin
followed by EpiLC induction and PGCLC generation in aggregates was performed as
previously described (Hayashi et al., 2011).

Chapter 2
Serum-free Medium (SFM) for Gonadal Aggregate Culture
GMEM (Life Technologies), 15%KSR, 0.1 mM NEAA, 0.1 mM Sodium Pyruvate, 1X
Penicillin-Streptomycin-Glutamine (Life Technologies), 0.1mM 2-Mercaptoethanol.

Gonadal Reconstruction
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Embryos were removed from CD1 pregnant females at E13.5 or E14.5 in cold 10%FBS
dissecting medium. The gonads were dissected out of male embryos and the
mesonephroi were removed with tweezers and discarded. The male gonads were
dissociated with TrypLE for 15 minutes at 37°C with flicking halfway through the
incubation. 70,000 to 77,000 gonadal cells in150µL of SFM medium were added per
well of a low-cell-binding 96-well plate (NUNC). To make germ cell depleted
aggregates, the gonadal cell suspension after obtained after dissociation with TrypLE
was centrifuged, resuspended in 10mL SFM and incubated in 10cm culture dishes for 4
hours at 37°C in 5% CO2. After this 4-hour incubation, the medium with non-attached
cells was gently removed and discarded. The adherent cells were detached with TrypLE
and used to make gonadal aggregates as described above.

The plate was centrifuged for 15 min at 1300 RPM (Beckman Coulter Allegra X-15 R
Centrifuge) at 4-10°C. The gonadal cells were cultured for 3 days at 37°C with 5% CO2.
For transplantation, adult male SCID mice were anesthetized and the region around the
hindlimbs was shaved. Between 3 and 10 gonadal aggregates in approximately 20µL of
SMF medium were placed in the subcutaneous space of each hindlimb using an 181/2
gauge needle using a spinal needle plunger (BD 405174). Transplants were removed 4
to 6 weeks later.

Histological Sections
Gonadal aggregates cultured for 3 days were fixed in 4% PFA, stained with
hematoxylin, and embedded in a drop of Histologel (Thermo Scientific). Removed
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transplants were fixed in 4% PFA. Paraffin embedding, tissue sectioning and H&E
staining were performed by the UCLA Translational Pathology Core Laboratory (TPCL).

Immunofluorescence
Tissue sections were deparaffinized and antigen retrieval was performed in standard
tris-EDTA or citrate buffer for 40 min at 90-95°C. 10% FBS 0.05% Tween20 were used
as a blocking agent and 0.2% Tween20 was used for washing. All primary antibody
incubations were performed overnight at 4°C. MVH (Abcam 13840, 1:100), SOX9
(Millipore AB5535, 1:200), AMH (AbD Serotec MCA2246T, 1:100) and PLZF (ZBTB16
Sigma HPA001499 1:100). Secondary antibody incubations were performed for 1 hour
at room temperature in the dark. ProLong Antifade Reagent with DAPI (Life
Technologies) was used as mounting medium.

Chapter 3

Fluorescence Microscopy
Cells were imaged with an Axio Imager D1 (Zeiss) or an LSM 780 confocal microscope
(Zeiss) using ZEN 2011 software. Imaging of live gonadal aggregates or whole-mount
stained tissues was done with the LSM 780 in glass-bottom dishes (MatTek).

Whole-mount Staining of Gonadal Aggregates and Transplants
4% PFA was used as a fixative, 1% Triton X-100 in phosphate buffered saline (PBS)
was used for permeabilization, washes were performed in 0.2% Triton X-100, 1% FBS,
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and 0.1% sodium azide, and blocking was done in 10% FBS, 0.2% Triton X-100 and
0.1% sodium azide. Primary and secondary antibody incubations were performed
overnight at 4°C. Final PBS wash was performed for 30 min before imaging. Gonadal
aggregates with iPGCs were fixed for 1 hour, permeabilized for 1 hour, blocked for 3
hours, washed for 1 hour before primary antibody. Primary antibody used was MVH
(1:100). Gonadal aggregates with E9.5 PGCs were stained as above with primary
antibodies MVH (1:100) and GFP (Aves GFP-1020, 1:1000). Transplant were removed
and fixed for 1 hour 45 min, then cut into pieces, permeabilized for 1.5 hours, blocked
for 3 hours. Primary and secondary antibody staining was overnight at 4°C. Primary
antibody MVH (1:100).

Fluorescence Activated Cell Sorting (FACS) iPGCs
Single-cell suspensions were stained, run through a 40µM cell strainer (BD Falcon) and
sorted in PBS containing 1% BSA into medium containing 30% FBS using a FacsARIA
(Becton Dickinson). 7-AAD was used to exclude dead cells. Primary and secondary
antibody incubations were performed on ice for 10-20 min. ScKhigh iPGCs were stained
for c-KIT (BD Pharmigen 553352,1:200) and for SSEA1 (DSHB MC-480,1:200). R1
B5/EGFP mESCs V6.5 mESCs for used for gating controls.

Mouse Breeding
CD1 females were bred to Oct4-IRES-Gfp males to generate E9.5 Oct4-IRES-Gfp+/embryos for E9.5 PGC sorts and culture in gonadal aggregates. CD1 females were bred
to Oct4-IRES-Gfp+/+ ROSA26-lacZ+/+ males to generate Oct4-IRES-Gfp+/-
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R26LacZ+/- embryos for E9.5 and E13.5 PGC sorts and transplantation in gonadal
aggregates. Noon of the vaginal plug was considered E0.5. Genotyping primers for
Oct4-IRES-Gfp: Primer A 5'-GATCACCTGGGGTTTGAGA-3', Primer B
5'-CAAGGCAAGGGAGGTAGACA-3', Primer C 5'-AGGAACTGCTTCCTTCACGA-3'.
ROSA26-lacZ: See JAX 002073 genotyping protocol Gt(ROSA)26Sor STD for primers
and PCR conditions.

FACS E9.5 Oct4-IRES-Gfp+/-, E9.5 and E13.5 Oct4-IRES-Gfp+/- R26 LacZ +/Embryos were collected at E9.5 in 10% FBS on ice, their heads were discarded and the
bodies were dissociated with 0.05% Trypsin for 5-7min at 37°C. The E13.5 male gonads
were dissected in 10% FBS on ice, the mesonephroi removed with tweezers and
discarded. The gonads were dissociated with 0.05% Trypsin for 7 min 37°C.The cell
suspension was resuspended in 1% BSA, run through a 40µM cell strainer (BD Falcon)
and 1µg/mL DAPI was added as the viability dye. GFP+ PGCs were sorted using a
FacsARIA (Becton Dickinson) into medium with 30% FBS. All embryos within a litter
were pooled and processed as n=1 sample.

Gonad Reconstructions with Exogenous PGCs
7000 sorted iPGCs or E13.5 PGCs were aggregated with 70,000 male fetal gonadal
cells. ~1000 E9.5 PGCs were aggregated with 70,000 male fetal gonadal cells.
Aggregations were performed as described in chapter 2 methods without the
endogenous germ cell depletion step. For germ cell depleted aggregates with iPGCs,
the male fetal gonadal cells were dissociated as described in chapter 2 methods and
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the gonadal cell suspension was stained with anti-SSEA-1 MicroBeads following
manufacturer’s protocol (Miltenyi 130-094-530). The stained cell suspension was run
through an LD column following manufacturer’s protocol (Miltenyi 130-042-901) to
deplete the endogenous SSEA1+ germ cells prior to aggregation. The flow-through
gonadal cell population was aggregated with the sorted iPGCs as described in chapter
2 methods. All transplantations were performed as described in chapter 2 methods.

Cryosectioning and Immunofluorescence
Transplants were removed and fixed in 4% PFA overnight at 4°C followed by serial
sucrose washes at 4°C: 10% 15 min, 15% 30 min, 20% 1 hour, 20% sucrose 1:1 with
with optimal cutting temperature (OCT) compound overnight at 4°C. The tissue was
embedded in OCT and frozen on dry ice. 8 µm sections were cut with a cryostat and
stained following the protocols described in chapter 2 immunofluorescence starting from
the permeabilization step. Primary antibodies were MVH (1:100), OCT4 (Santa Cruz
8628, 1:100), SOX9 (1:200) and GFP (1:500). Unless otherwise specified in the text, the
remaining transplant sections in this chapter were paraffin sections and
immunofluorescence was performed as described in chapter 2 methods.

LacZ Staining
Transplants containing exogenous E9.5 and E13.5 Oct4-IRES-Gfp+/- R26LacZ+/PGCs were removed and fixed in 4% PFA for about 25 min at 4°C and washed 3x 30
min in rinse solution (PBS, 2mM MgCl2, 0.01% sodium deoxycholate and 0.02% NP-40
at pH7.3). LacZ staining was performed overnight at 37°C in staining solution (PBS,
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2mM MgCl2, 0.01% sodium deoxycholate, 0.02% NP40, 5mM potassium ferricyanide
(III), 5mM potassium hexacyanoferrate (II) trihydrate, X-gal 1mg/ml and 20mM tris pH
7.3).
The stained transplant was washed, fixed in 4% PFA for 24 hours at room temperature,
embedded in Histogel and submitted to UCLA TPCLC for paraffin embedding. The
paraffin blocks were sectioned in-house at 5µm thickness and counterstained with
nuclear fast red (Vector Laboratories) to identify LacZ+ germ cells in reconstructed
tubules. Sections of LacZ stained transplants were also immunostained for MVH as
described in chapter 2 methods. 	
  

Chapter 4

The methods used for experiments in chapter 4 are described there.
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