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Abstract 

The aim of this project was to investigate whether primate testicular germ cells could provide 

a source of pluripotent stem cells (PSC), which may be used for cell replacement therapy. 

After removal from their testicular niche, mouse testicular germ line stem cells, called 

spermatogonial stem cells (SSC), can spontaneously dedifferentiate in vitro to a pluripotent 

embryonic stem cell (ESC)-like state. The soundness of the corresponding data on human 

SSC were, however, not as convincing as for the mouse. Therefore, the aim of this study 

was to investigate whether PSC could be derived from the common marmoset monkey 

(Callithrix jacchus) as an experimentally accessible and bio-medically important non-human 

primate model. 

Thus far, our attempts to generate PSC from cultivated marmoset monkey testicular cells 

were not successful, although we cultivated the cells according to published protocols for 

mouse and man. In order to identify possible reasons for this difference between mouse and 

primate SSC, we analyzed pluripotency marker expression in mouse and marmoset SSC. 

We found that the pluripotency factor LIN28 was strikingly differentially expressed between 

marmoset and mouse testis: in contrast to mouse testes, where LIN28 was present in all 

spermatogonia, LIN28 was only expressed in a very small subpopulation of adult monkey 

and human spermatogonia. This may provide an explanation for the difficulties in the 

generation of PSC from primate testes. 

Male neonatal marmoset germ cells (gonocytes) are very immature and express many 

pluripotency-associated genes in situ. A functional test for pluripotency is the teratoma 

formation assay. We tested the teratoma-formation potential of gonocytes in a 

heterogeneous population of testicular cells. In the setting of our study, we did not observe 

any teratoma, but a rearrangement of the injected testicular cells to structures almost 

indistinguishable from neonatal testicular tissue. Future studies should repeat culture and 

teratoma formation experiments with purified gonocyte populations in order to test their 

developmental potential. 

For human cells, the derivation of pluripotent embryonic germ cells (EGCs) from primordial 

germ cells has been shown. Therefore, we investigated the expression of the pluripotency 

factors OCT4A, NANOG, SALL4, and LIN28 during embryonic and fetal marmoset 

development. Particularly the expression of OCT4A and NANOG indicates an inherently 

pluripotent state of marmoset PGCs. Furthermore, we propose a novel model for PGC 

translocation during embryonic development which challenges the “dogma” of active long-

range PGC migration. Our model is based primarily on passive translocation of PGCs from 

the gut-surrounding mesenchyme to the prospective gonad through intercalar expansion of 

the mesenchymal tissue harboring the PGCs. The data obtained in this project indicate that 

primate PGCs are the most promising source for the generation of PSC from primate germ 

cells.
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1. Introduction 

Germ cells are unipotent. In vivo, they exclusively give rise to sperm cells or oocytes. 

However, a close relationship between primitive germ cells and pluripotent stem cells has 

been shown for the mouse. If premeiotic mouse germ cells are removed from their natural 

histological environment and cultured under appropriate conditions, they switch from a 

unipotent state to a pluripotent one. These pluripotent germ line-derived cells are hardly 

distinguishable from pluripotent embryonic stem cells. The original aim of the present thesis 

was to investigate if the marmoset testis at any developmental stage contains a cell 

population that can be reprogrammed to a pluripotent state without genetic modification. The 

following introduction provides information about the different cell types in the developing 

marmoset testis, the current knowledge in this field of study and finally a description of the 

model organism that was used in this project, the common marmoset monkey (Callithrix 

jacchus). 

1.1 Sources of pluripotent cells and their applications 

The developmental potency of a cell defines its potential to differentiate into different cell 

types. Pluripotency refers to the ability of a cell to give rise to cell types of all three germ 

layers of the embryo: endoderm, mesoderm, and ectoderm, as well as the germ line. The 

very early embryo contains cells with pluripotent capacity from blastocyst to gastrula stages. 

But none of these cells establishes in vivo a permanent pool of pluripotent stem cells in the 

later embryo. In contrast, in vivo pluripotent cells are a transient cell population. However, 

when cells from the inner cell mass (ICM) of blastocysts are isolated and cultivated as 

embryonic stem cells (ESCs) they acquire the novel characteristic of unlimited self-renewal. 

ESCs are pluripotent, but in contrast to the ICM they are theoretically able to proliferate 

unlimitedly while remaining pluripotent.  

Pluripotency of cells can be analysed in both functional and molecular terms. In mice, the 

gold standard for functional testing the pluripotency of stem cells is the chimera formation 

assay. In this assay, test-cells are injected into a recipient blastocyst. If the injected cells 

contribute to all three germ layers of the developing fetus, pluripotency has been proven. For 

ethical and biological reasons, this assay is not available for humans and non-human 

primates (NHP). Hence, pluripotency of human and NHP cells has to be demonstrated by 

another assay named the teratoma formation assay. In this assay, the test-cells are injected 

into an immunodeficient mouse, where xenogenic cells can survive, proliferate, and 

eventually differentiate for up to several weeks. The development of a teratoma – a tumor 

containing histologically normal endodermal, mesodermal, and ectodermal derivatives – from 

the injected cells provides an indication that these cells were pluripotent. This teratoma 

formation assay is the best test of pluripotency currently available for human and NHP cells. 



INTRODUCTION CHAPTER 1 

 

2 
 

The description of pluripotency using marker molecules requires the identification and 

presence of molecules that are strictly associated with the state of functionally pluripotent 

cells.  

Pluripotent stem cells hold promise for regenerative medicine, since they theoretically 

provide an unlimited source of new tissue for therapeutic intervention. The use of ESCs, 

which are the biological gold standard of pluripotent cells, is ethically controversial, since the 

isolation of the inner cell mass results in destruction of the embryo. Therefore, scientists 

search for alternative sources of pluripotent cells for future regenerative approaches in 

humans. 

Remarkably, it has been demonstrated that differentiated cells, thought being restricted in 

their developmental potential, can be induced to return to a pluripotent state (Takahashi and 

Yamanaka 2006). Besides the “classical” pluripotency transcription factors like OCT4A, 

SOX2 and NANOG, several other factors have been shown to be essential for the 

maintenance of the undifferentiated state of ESCs and / or for the induction of pluripotency 

(iPSC-generation). Among them are the transcription factors SALL4 (Elling et al. 2006; 

Tsubooka et al. 2009; Eildermann et al. 2012a), KLF4 (Jiang et al. 2008), Myc (Takahashi 

and Yamanaka 2006) as well as the RNA-binding protein LIN28 (Tomioka et al. 2010). The 

remarkable studies of Takahashi and Yamanaka were not the first which demonstrated the 

reprogramming of specialized cells into pluripotent stem cells (Matsui et al. 1992; Resnick et 

al. 1992; Stevens 1967). In fact pluripotent stem cells derived from germ cells were the first 

described in literature (Stevens 1967). In contrast to reprogramming of differentiated somatic 

cells, this process only required the addition of growth factors to the cells (Matsui et al. 1992; 

Resnick et al. 1992) and no genetic modifications. Therefore, testicular tissue is a very 

promising starting material for generation of pluripotent cells without genetic modifications. 

The following paragraph provides an overview of the current knowledge about mammalian 

germ cells as possible source of pluripotent cells. 

1.2 Testicular cells as possible source for pluripotent cells 

Cells of the germ cell lineage have the role to pass genetic information from one generation 

to the next. After the fusion of a male and a female gamete an embryo develops, that 

consists of many cells with different characteristics. This implicates that germ cells conserve 

and transmit pluripotency.  

Very early during embryonic development a small group of pluripotent cells is excluded from 

the formation of the soma. These cells are the primordial germ cells (PGCs; Figure 1) 

(Ginsburg et al. 1990).  
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Once these PGCs are specified at their extraembryonic site, they are translocated towards 

the developing gonadal ridge. When the PGCs have entered the male gonad they are 

generally referred to as gonocytes. Gonocytes represent the fetal and neonatal stages 

proceeding in the formation of spermatogonial stem cells (SSCs) (Culty 2009). They are 

considered as a transient population of germ cells disappearing prior to the onset of 

spermatogenesis when spermatogonia represent the only remaining premeiotic germ cell 

type. Gonocytes occupy the center of lumen-less seminiferous cords (Culty 2009). In the 

human and non-human primate (NHP) testis, gonocytes undergo a transformation to adult 

dark (Adark) and pale (Apale) spermatogonia that establish and later comprise the 

spermatogonial stem cell pool. Unipotent SSCs are the foundation for spermatogenesis and 

are capable of both self-renewal and production of daughter cells that differentiate into 

spermatozoa. However, since evidentiary assays and unequivocal markers are still missing 

in non-human primates and man, the identity of primate SSCs is unknown.  

After the removal from the testicular stem cell niche, mouse spermatogonial stem cells can 

spontaneously dedifferentiate, leading to a pluripotent embryonic stem cell (ESC)-like state 

(Guan et al. 2006; Kanatsu-Shinohara et al. 2008; Seandel et al. 2007; Ko et al. 2009). Since 

the spermatogonial population of the primate testis is fundamentally different from the rodent 

testis (Ehmcke and Schlatt 2006), the promising mouse data may not simply be transferred 

to the adult primate. While the derivation of pluripotent cell lines has been unequivocally 

shown in the rodent model, an intense debate is currently questioning the reports on the 

derivation of pluripotent cell lines from the human testis (Conrad et al. 2008; Kossack et al. 

2008; Chikhovskaya et al. 2012; Ko et al. 2010; Tapia et al. 2011; Eildermann et al. 2012b). 

Therefore, a non-human primate model would be useful to investigate whether the derivation 

of pluripotent cells from the primate testis is possible like in the mouse. 

Figure 1: Early development of 
the mouse embryo. 

A small group of cells, the 
primordial germ cells (PGC) is 
excluded from the formation of the 
soma. A: day 6.25 of embryonic 
development B: day 7.25 of 
embryonic development; A, 
anterior; P, posterior; Pr, 
proximal; D, distal (picture from 
Zwaka and Thomson (2005)). 
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1.3 The Common marmoset monkey as model organism 

The common marmoset monkey (Callithrix jacchus) is a new world monkey (Platyrrhini) 

belonging to the family of Callitrichidae. With a crown-rump-length (CRL) of 18-25 cm and a 

bodyweight of 300-500 g it is the smallest non-human primate commonly used in biomedical 

research. Marmosets have a high fecundity with short birth intervals (about five months) and 

a high reproductive rate (up to three neonates per litter). Their pregnancy lasts around 20 

weeks (average 144 days), ranging from 140–150 days. Marmosets normally deliver twins 

(Windle et al. 1999). The bodyweight of a neonatal marmoset ranges from 25 to 35g. 

It is known, that marmoset gonads are unusually immature at birth (Abbott and Hearn 1978; 

DeSouza 1988; Sharpe et al. 2003). The reason for this may be the fact that marmosets 

deliver twins or triplets which are often of different sex and develop a shared chorionic cavity 

and placental circulation (Hill 1932; Wislocki 1939). Therefore, co-twins of different sexes are 

XX/XY hematopoietic chimeras. Hence, it must be precluded that hormone-sensitive stages 

of gonad development occur in the presence of “wrong” sex hormones. 

Puberty occurs over several months between 8 and 12 month of age. The adult body size is 

reached at about 12 months of age and adult weight and full social and sexual maturity 

between 18 and 24 months. Marmosets have a lifespan of 10 to 15 years. 

Presently, the common marmoset is used in numerous areas of biomedical research (Okano 

et al. 2012). Since many characteristics of testicular development and histological 

appearance of the seminiferous epithelium and organization of epithelial stages closely 

resemble the situation in human (Millar et al. 2000; Weinbauer et al. 2001; Kelnar et al. 2002; 

Wistuba et al. 2003; Luetjens et al. 2005; Mitchell et al. 2008; Mitchell et al. 2009), the 

common marmoset monkey is a well-accepted model in reproductive biology and medicine 

(Li et al. 2005). Therefore, the common marmoset monkey was chosen as non-human 

primate model for the present PhD project. 

Figure 2: Common Marmoset 
Monkey (Callithrix jacchus) 

This photo shows a female 
marmoset monkey. It was taken in 
the breeding colony at the DPZ by 
Dr. med. vet. Charis Drummer, 
DPZ. 
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2. Outline of the thesis 

The working hypothesis of the project is that postnatal marmoset monkey germ cells can 

regain pluripotency after removal from their native niche within the testis. 

To investigate this working hypothesis, the specific aims of this project were originally: 

(I) The in situ identification of potentially pluripotent stem cells in embryonic, 

fetal, neonatal, pubertal and adult marmoset testis via 

immunohistochemistry: The differentiation process during the gradual 

development from a potentially pluripotent primordial germ cell (PGC) into 

unipotent spermatogonia had to be monitored. Main questions in this process 

were if and when germ cells lose their pluripotency during development, which 

cell populations arise during differentiation and if the potential of pluripotency 

remains in adult testicular stem cells.  

(II) The establishment of marmoset testicular stem cell (TSC) culture: The in situ 

identified potentially pluripotent cells needed to be functionally characterized. 

Therefore, we attempted to establish in vitro culture systems according to 

published studies that promote the derivation of pluripotent stem cell from 

marmoset testis.   

(III) Characterization of marmoset TSCs in vitro and in bioassays: The derived 

putative marmoset testicular stem cells were characterized in vitro using 

immunofluorescence, RT-PCR and western blot. As a functional bioassay to 

demonstrate pluripotency, the teratoma-formation assay should be performed. 

Extensive experiments aiming at the long-term culture of gonocytes were performed 

under several different conditions. However, the establishment of a long-term TSC 

culture was not successful. Therefore, the following additional studies were performed: 

(IV) The analysis of differences between developing mouse and marmoset 

testes: The generation of pluripotent cells from mouse spermatogonia was 

already proven, while this was not convincingly demonstrated for primate 

testicular cells. Therefore, we attempted to analyse differences between 

developing mouse and marmoset testes concerning the expression of 

pluripotency-associated genes. 

(V) The use of naïve neonatal marmoset testicular cells for the teratoma 

formation assay: Since marmoset gonocytes from the neonatal testis express 

many pluripotency-associated markers, we attempted to analyse their teratoma-

formation potential without previous culture. 
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5. Pluripotency factor expressing pre-migratory primordial germ 

cells are in very close proximity to the prospective gonadal 

ridge in the monkey embryo 

Running title: Pluripotency factors in primate PGCs 
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Abstract 

Primordial germ cells (PGCs) are the embryonic progenitors of sperm and egg cells. 

Mammalian PGCs are thought to actively migrate from the yolk sac endoderm over long 

distances across the embryo to reach the somatic genital ridge. General principles of PGC 

development were discovered in mice. In contrast, very little is known about primate PGC 

development due to extremely limited access to primate embryos. Here, we analyzed 12 

excellently preserved monkey (Callithrix jacchus) embryos covering the phase from PGC 

emergence in the endoderm to the formation of the differentiating gonad. We show that 

pluripotency factors OCT4A and NANOG specifically mark PGCs. In contrast, SALL4 and 

LIN28 were first ubiquitously expressed and only later down-regulated in somatic tissues, 

while continuously expressed in PGCs. We further show endoderm-located PGCs in E50 

embryos in unexpected and so far unknown spatial proximity to the prospective genital ridge 

making a long-range migration of PGCs dispensable. In E65, PGCs are present in the very 

primitive gonad, while significantly older stages still exhibit PGCs at their original endodermal 

site, revealing an unexpectedly wide spatio-temporal PGCs distribution window. Our findings 

challenge the “dogma” of active long-range PGC migration from the endoderm to the gonads. 

We therefore suggest an alternative model based primarily on passive translocation of PGCs 

from the gut-surrounding mesenchyme to the prospective gonad through intercalar 

expansion of the mesenchymal tissue harboring the PGCs. In summary, we (i) show 

differential pluripotency factor expression during primate embryo development and (ii) 

provide a novel model on embryonic PGC translocation.  
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Introduction 

The germ line is constituted by all cells 

that have the potential to pass (half of) 

their genetic material to an individual of 

the next generation. The mammalian germ 

line can be considered as a periodically 

reoccurring cycle of cells holding different 

states of inherent pluripotency (Leitch and 

Smith, 2013). During the premeiotic phase 

the germ line comprises cells of the 

preimplantation embryo such as the 

blastomeres of the morula and the cells of 

the embryoblast (also called inner cell 

mass) of the blastocyst. These cells are 

toti- and pluripotent, respectively, and 

express characteristic pluripotency factors 

such as OCT4A (POU5F1) (Scholer et al., 

1990) and NANOG (Chambers et al., 

2007). The diploid phase of the germ line 

is continued by as yet undefined cells of 

the epiblast during germ layer formation. 

The first clearly specified germ cells are 

the primordial germ cells. Mouse 

primordial germ cells (PGCs) are 

segregated from neighboring non-germ 

line cells by the expression of Prdm1 

(Blimp1), Prdm14, Tfap2c (AP2gamma), 

fragilis and stella (Saitou and Yamaji, 

2010), and around E7.25 a founder 

population of about 40 PGCs has been 

established (Lawson and Hage, 1994). 

Human PGCs were originally identified 

based on their morphology (Politzer, 1933; 

Witschi, 1948) and later on by 

histochemical characteristics such as 

alkaline phosphatase activity (Danziger 

and Kindwall, 1953). 

Since the invention of mouse 

transgenesis, mouse PGCs can be 

identified very impressively by germline-

specific transgenic reporter constructs 

(e.g. Yeom et al., 1996; Molyneaux et al., 

2001; Grabole et al., 2013).  However, in 

the absence of respective transgenic tools 

in primates including humans, the 

detection and localization of PGCs in 

primates still depends either on cell 

morphology, which can be a rather 

ambiguous criterion with respect to the 

heterogeneous cell populations in an 

implantation embryo, or on validated and 

reliable endogenous germ line-specific 

markers. In general, it appears to be a 

characteristic of PGCs that they express 

pluripotency factors that are otherwise 

found predominantly or even exclusively in 

the pluripotent cells of the preimplantation 

embryo and that are immediately down-

regulated in all the somatic and 

extraembryonic tissues of the implantation 

embryo (Zwaka and Thomson, 2005; 

Leitch and Smith, 2013). Embryonic stem 

cells are the prototype of pluripotent stem 

cells. Important key factors for the 

pluripotent state of cells include OCT4A 

(Nichols et al., 1998; Niwa et al., 2000; 

Boyer et al., 2005), NANOG (Chambers et 

al., 2007), SALL4 (Elling et al., 2006), and 

LIN28 (Yu et al., 2007; West et al., 2009). 

All four pluripotency factors have also 

been shown to play important roles for the 

establishment or maintenance of the 

mouse germ line (Kehler et al., 2004; 

Chambers et al., 2007; West et al., 2009; 
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Hobbs et al., 2012). Altogether, these data 

strongly indicate a close interrelationship 

between pluripotent cells and the germ 

line. In sharp contrast to the rapidly 

increasing knowledge of key events in 

mouse PGC development, only very little 

is known in humans. This is of special 

relevance since the tissues involved in 

PGC development in mice have in parts 

no clear counterpart in the human. 

Probably most important, there is no 

apparent structure in the human 

equivalent to the mouse extra-embryonic 

ectoderm (De Felici, 2013), which plays a 

crucial role for PGC specification in the 

mouse via BMP4 signaling (Hayashi and 

Saitou, 2013). Studies on human PGCs 

during their specification and migration are 

still rare (De Felici, 2013). Many studies on 

human PGC development were performed 

35 - 100 years ago (Fuss, 1911; Politzer, 

1933; Witschi, 1948; McKay et al., 1953; 

Fujimoto et al., 1977), and functional 

studies are impossible. At the time when 

the groundbreaking studies on human 

PGCs were done, even 

immunohistochemical tools for the 

detection of specific cellular epitopes were 

not available. Therefore, protein 

expression data on different stages of 

human PGC development, especially the 

early stages, are still extremely 

fragmentary (Mollgard et al., 2010; 

Mamsen et al., 2012). Moreover, it will 

also be difficult to extend such studies in 

the future due to practical and ethical 

limitations.  

Human PGCs can first be identified by the 

end of the third week post conception 

(wpc) in the caudal wall of the yolk sac (De 

Felici, 2013). At that time no gonads exist. 

The prospective gonads may be 

recognized only by a vague condensation 

of the coelomic epithelium at the 

respective sites. To develop a functional 

gonad, the PCGs must be trans-located 

from their extra-embryonic site in the yolk 

sac endoderm to the intra-embryonic 

location of the forming gonads. 

Groundbreaking studies in the first half of 

the 20th century and also a few more 

recent studies strongly suggest that PGCs 

actively migrate in an amoeboid way over 

long distances across the embryo 

(Witschi, 1948). Their suggested trail 

starts through the endodermal epithelium 

of the yolk sac and the yolk sac stalk to 

the endoderm of the primitive gut, which is 

the dorsal continuation of the yolk sac 

endoderm. PGCs present in the 

endodermal gut epithelium were seen in 

human embryos from the 5th wpc onwards  

(Witschi, 1948; Mamsen et al., 2012; De 

Felici, 2013). Thereafter, the PGCs leave 

the endodermal epithelium and invade the 

surrounding mesenchyme. Then they 

apparently move through the gut 

mesentery continuing their migration 

towards the gonadal rigde (bipotential 

gonad). Active migration of PGCs appears 

to play an important role for the 

colonization of the mouse gonadal ridge 

(Molyneaux et al., 2001; Richardson and 

Lehmann, 2010). It has been shown that 
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the SDF-1 / SDF-1 receptor and the SCF / 

c-kit system play roles for PGC migration 

in vertebrates (Molyneaux et al., 2003). 

Recently, Mollgard et al. (2010) and 

Mamsen et al. (2012) provided data 

suggesting that peripheral nerve fibers 

innervating the gut may serve as an 

anatomical guiding structure for PGCs. 

However, numerous aspects of PGC 

development and colonization of the 

primitive gonad by PGCs, especially in 

primates, are not understood. On order to 

reduce the huge gap of knowledge 

regarding primate PGCs we decided to 

investigate PGC development in the 

common marmoset monkey (Callithrix 

jacchus) embryo. The marmoset monkey 

is a small new-world primate whose 

embryonic development was described in 

part already decades ago (Phillips, 1976; 

Merker et al., 1988). Interestingly, the 

marmoset’s post-implantation embryonic 

development is, for unknown reasons, 

significantly delayed compared to the 

human (Phillips, 1976; Li et al., 2005). The 

marmoset recently gained increasing 

attention due to its frequent use in 

biomedical studies, especially in 

reproduction, stem cell research, and 

neurobiology. Moreover, the marmoset 

was the first transgenic non-human 

primate with germ line transmission 

(Sasaki et al., 2009). However, in sharp 

contrast to the relatively well-characterized 

postnatal testicular germ cell development 

(Chandolia et al., 2006; McKinnell et al., 

2009; Aeckerle et al., 2012; Eildermann et 

al., 2012; Lin et al., 2012), embryonic 

germ cell development is poorly or even 

uninvestigated (Li et al., 2005). 

Here, we studied PGC development in a 

set of 12 excellently preserved non-human 

primate embryos with special regard to 

pluripotency factor expression by and in 

situ distribution of PGCs. This study 

provides novel information on the 

expression of four pluripotency factors 

during primate embryonic development. 

We demonstrate a wide spatio-temporal 

window of PGC distribution and 

discovered an as yet unknown spatial 

proximity of endoderm-located PGCs to 

the site of the future gonad. This finding 

strongly questions the necessity of a long-

range migration of PGCs. Based on this 

we propose a novel model of PGCs 

translocation from the endoderm to the 

gonad. 

Results 

Verification of the specificity and cross-

reactivity of the antibodies  

The antibodies used in the present study 

were generated against epitopes of human 

OCT4A, NANOG, SALL4, and LIN28, 

respectively. In order to verify the cross-

reactivity and to test the specificity of the 

antibodies for the respective marmoset 

monkey pluripotency factors, we applied 

the antibodies to Bouin-fixed and paraffin-

embedded marmoset monkey embryonic 

stem cells grown on mouse embryonic 

fibroblasts (MEFs) as feeder cells. Fig. 1A 

shows a hematoxilin-eosin-stained 
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section. Marmoset monkey ES cells (red 

arrow) with a cuboidal shape can be 

clearly distinguished from mesenchymal 

mouse embryonic fibroblasts (blue arrow). 

Fig. 1B shows a negative control 

(unrelated primary antibody at high 

concentration). Fig. 1C shows very intense 

nuclear OCT4A staining of ES cells, while 

the cytoplasm of ES cells is faintly stained 

and the mouse embryonic fibroblast (MEF) 

cells are devoid of signals. Other somatic 

tissues (see below for embryos and data 

not shown) also exhibited no staining. 

Very importantly, this antibody specifically 

detects the pluripotency-associated form 

of OCT4, i.e. OCT4A. The NANOG 

antibody revealed clear nuclear but also 

some cytoplasmic staining of ES cells (Fig. 

1D). No NANOG staining was observed in 

MEFs. SALL4 showed very intense 

nuclear staining of ES cells and only very 

faint signals in MEFS (Fig. 1E). In 

contrast, LIN28 exhibited strong 

cytoplasmic staining of ES cells and also 

some nuclear signals (Fig. 1F). The LIN28 

antibody also did not bind to MEFs. These 

data demonstrate the validity of the 

antibodies for the immunohistochemical 

detection of the marmoset monkey 

pluripotency markers OCT4A, NANOG, 

SALL4, and LIN28. 



PLURIPOTENCY FACTORS IN PRIMATE PGCS CHAPTER 5 

 

39 
 

 

Figure 1: Validity of the antibodies for the marmoset monkey pluripotency factors. 
Marmoset money ES cells which were cultivated on mouse embryonic fibroblasts were used 
to verify the specificity and cross-reactivity of the antibodies used in this study. The cells 
were Bouin-fixed and paraffin-embedded. A shows a section stained with hematoxilin-eosin 
(HE): Epithelial ES cells with a cuboidal shape (red arrows) can be clearly distinguished from 
mesenchymal mouse embryonic fibroblasts (MEFs, blue arrows), B shows a negative 
control. C-F show stainings with antibodies against OCT4A, NANOG, SALL4 and LIN28, 
respectively. ES cells exhibit a clear nuclear signal for OCT4A, while the cytoplasm of ES 
cells shown only weak and the MEFs no signals (C). The NANOG antibody revealed clear 
nuclear, but also weak cytoplasmic staining of ES cells. No NANOG staining was observed in 
MEFs (D). SALL4 showed strong and specific nuclear staining of ES cells (E), while LIN28 
exhibited strong cytoplasmic and weak nuclear staining of ES cells (F). Scale bar represents 
50 µm. 
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Developmental stages of Marmoset 

monkey implantation embryos 

Callithrix jacchus specimens available for 

analysis of the morphological and 

molecular status of PGC in the present 

study were from a post-implantation period 

between E50 and E75 (Fig. 2), which is 

roughly equivalent to the embryonic period 

in human development between Carnegie 

stages 10 and 17 (O'Rahilly and Muller, 

2001). At E50, the embryo shows the first 

pharyngeal arch, an otic vesicle, 17 

somites flanking a neural tube open at 

both ends (Fig. 2A, C), a straight primitive 

heart tube contained in a large pericardial 

cavity and showing first rhythmic 

contractions, and a large yolk sac with an 

open connection to the primitive gut via 

the vitellinointestinal (omphaloenteric) duct 

(Fig. 2D, see also Fig. 3A). The region of 

the future gonad anlage is recognizable as 

a short stretch of high columnar coelomic 

epithelium near the future root of the 

mesentery (Fig. 3, see below). A sexually 

indifferent gonad is found at E65, which is 

equivalent to Carnegie stage 16 (Fig. 2E, 

arrow), and at E68 to E75 (equivalent to 

Carnegie stage 17) the gonad is sexually 

differentiated (female in the specimen 

shown) and separated from the underlying 

mesonephros by a short meso (Fig. 2F, 

arrow). 

General overview over the expression 

of OCT4A, NANOG, SALL4, and LIN28 

We tested the expression of OCT4A, 

NANOG, SALL4, and LIN28 at different 

stages of implantation embryo 

development (Fig. 3 – Fig. 6). In general, 

OCT4A was detectable exclusively in 

primordial germ cells at all stages 

analysed. Basically the same was found 

for NANOG. In sharp contrast, the E50 

embryos exhibited almost ubiquitous 

expression of SALL4 and LIN28. 

Interestingly, from E65 onwards, SALL4 

and LIN28 were undetectable in the vast 

majority of somatic cells, while still strongly 

expressed in PGCs, indicating an abrupt 

switch-off of SALL4 and LIN28 in most 

somatic cells. Details are described in the 

following paragraphs. 
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Figure 2: Characterization of marmoset monkey post-implantation embryonic 
development. Normal duration of pregnancy in marmosets is 143 days. A and B show 
external morphology of marmoset embryos at E50 (Carnegie stage 10) and E75 (Carnegie 
stage 17), respectively. White lines in A indicate plane of the sections shown in C and D. 
Image B (E75) was composed of two single pictures. C and D show sections of a male 
marmoset embryo at E50 (same embryo as shown in A). Characteristic structures are 
indicated. D highlights the duct connecting yolk sac and embryo (arrow). E and F show a 
sections of a male E65 and a male E75 (F shows the same embryo as B). The images reveal 
insights into the development of the organ primordia. At E65, the indifferent gonad is clearly 
visible (arrow). Crown-rump-length of the embryo is about 9 mm. At E75 crown-rump-length 
of the embryo is ~12 mm. Scale bar represents 1 mm in C-F. Sex of the embryos was 
determined by PCR on genomic DNA (G). Sample 1: male embryo, sample 2: female 
embryo. Skin biopsies from female and male neonatal marmosets were used as positive 
controls.
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Pluripotency factor expression at E50  

At gestational day E50, the embryo 

primarily consists of primitive derivatives of 

the three embryonic germ layers (Fig. 2 

and 3), and no Chorda dorsalis had 

formed yet. Instead, the precursor cells of 

the Chorda are still intercalated into the 

roof of the primitive gut forming the 

chordal plate (cp). The only sign of 

presumptive gonad formation was a slight 

thickening of the coelomic epithelium 

lateral to the vitellinointestinal duct but 

ventral to the paired aorta (Fig. 3A). 

Primordial germ cells, not easily 

recognized by their “typical” morphology in 

the routinely stained sections (Fig. 3B), 

were specifically labelled by the OCT4A 

antibody. PGCs had a large, roundish 

nucleus, and the cells were present in the 

caudal endoderm lining the yolk sac stalk 

and the primitive gut (Fig. 3B). PGCs 

could be distinguished from the majority of 

the surrounding somatic cells, which also 

have large, but rather oval nuclei. 

However, OCT4A-positive cells mostly 

lacked the large pale cytoplasm that was 

described as a characteristic of human 

PGCs (Witschi, 1948). No other cell type 

was found to be labelled by the OCT4A 

antibody. Similarly, the NANOG antibody 

produced a nuclear staining and, like in 

the ES cells (Fig. 1), some cytoplasmic 

staining (Fig. 3C). In sharp contrast to 

OCT4A and NANOG, SALL4 and LIN28 

did not exhibit a PGC-specific expression 

but a positive reaction in the vast majority 

of all cells of the E50 stage (Fig. 3D,E). 

Only few somatic cells were negative for 

SALL4 and LIN28, respectively. 

With regard to the topographical proximity 

to the site of the prospective gonad, 

specifically labelled PGCs in E50 embryos 

were detected in the endoderm of the yolk 

sac stalk (red arrow in Fig. 3A) and of the 

primitive gut (blue arrow in Fig. 3A) and 

some of these PGCs were present in 

basal positions of the epithelium – i.e. 

close to the basement membrane - of the 

gut tube (Fig. 3A,B,C). In this position they 

are very near to the site where the 

gonadal ridge will form (Fig. 3B,C,D, 

brackets). Importantly, the distance 

between the two sites measures only 

about 50µm. PGCs leaving the endoderm 

would probably have to migrate less than 

50µm to reach their final position in the 

genital ridge of the mesoderm at the 

dorso-medial wall of the embryonic 

coelom. 
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Figure 3: Pluripotency factor expression at E50. A shows the same embryo as Fig. 2C 
and D at a higher magnification. The red arrow highlights the endodermal epithelium lining 
the vitellinointestinal duct. The blue arrow highlights the endoderm of the primitive gut. The 
black arrow points at the site of the prospective gonadal ridge. B-E show a higher 
magnification of the area shown in A containing germ cells in the lateral wall of the primitive 
gut. Sections were stained for OCT4A (B), NANOG (C), SALL4 (D) and LIN28 (E). Brackets 
mark the coelomic epithelium of the future gonadal ridge. The OCT4A antibody specifically 
labelled nuclei of cells present in the endoderm at the junction between the yolk sac stalk 
and the primitive gut (arrowheads). The PGCs were also stained by the NANOG antibody (C, 
arrowheads). In sharp contrast to OCT4A and NANOG, SALL4 (D) and LIN28 (E) showed 
rather ubiqutious expression, including the PGCs. a: dorsal aorta, c: coelom, g: primitive gut, 
v: vitelline vessel, u: umbilical vein, x: exocoelom, cp: cordal plate. Scale bars represent 50 
µm. 
 

PGCs at E65 

At E65 the gut had developed into a 

closed tube with a proper mesentery and 

the morphologically indifferent gonad was 

recognizable as a small, but distinct 

thickening of the intermediate mesoderm 

bulging from the posterior body wall (Fig. 

4A, see also Fig. 2 for the overview) and 

covered by a single-layered epithelium, 

the future peritoneum. There is no 

histological evidence of epithelial 

organization within the gonadal 

primordium, and the male and female 

gonads are morphologically 

indistinguishable even though SOX9, a 

male (pre-) Sertoli cell-specific protein, 

was detectable in the male gonadal 

primordium, while this antigen was 

undetectable in the female (data not 

shown). OCT4A-positive PGCs were still 

detected in the endodermal gut epithelium 

(Fig. 4B) but no PGCs were detected in 

the densely packed mesenchyme 

underlying the gut epithelium. Some PGCs 

were localized in the root of the mesentery 

(Fig. 4C) as well as in the retroperitoneal 

mesenchyme. A substantial fraction of the 

PGCs had already reached the indifferent 
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gonad (Fig. 4D-G) occupying mostly the 

proximal part of the gonad, while the distal 

part contained only few scattered PGCs. 

PGCs positive for OCT4A, NANOG, 

SALL4 and LIN28 were mostly found in 

the gonads but, in addition, also at many 

extra-gonadal sites (data not shown for 

E65, but see Fig. 5 and Fig. 7). 

 

Figure 4: PGCs at E65. A shows an overview over a sagittal section through an E65. The 
gut is established as a closed tube (gu; see B for higher magnification) and the 
morphologically indifferent gonad is recognizable as a small but distinct thickening of the 
intermediate mesoderm (go; see D-G for higher magnification). OCT4A-positive PGCs were 
present in the endodermal gut epithelium, in the mesenchyme of the dorsal mesentery of the 
gut as well as in the retro-peritoneal mesenchyme. The asterisk highlights the position of an 
ectopic PGC associated with a peripheral nerve (see also Fig. 7B). B Higher magnification of 
(A) showing gut-epithelium-located PGCs. C Higher magnification of (A) showing gut-
epithelium-and mesenchyme-located PGCs. D-G A substantial fraction of the PGCs already 
reached the indifferent gonad (bipotential gonad). D OCT4A, E NANOG, F SALL4, and G 
LIN28. Scale bars represent 50 µm. 
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PGCs at E68, E72, and E75 

At E68 the gonads were still 

morphologically undifferentiated. 

Specifically labelled PGCs were detected, 

like at E65, at many parts of the 

developing gut including the mesentery, in 

retro-peritoneal tissue and in the gonads 

(Fig. 5A). At E72 PGCs were still seen in 

the gut epithelium as well as in the dense 

mesenchyme surrounding the gut 

epithelium (Fig. 5B), in the root of the 

mesentery and in the retro-peritoneal 

mesenchyme. PGCs expressed all four 

markers at all sites during all stages (Fig. 

5C-L for E75; data not shown for E68 and 

E72). The female gonad at E75 contained 

PGCs positive for OCT4A, NANOG, 

SALL4 (all nuclear), and LIN28 (mostly 

cytoplasmic). OCT4A signals appeared 

most intense in the nucleoli of the PGCs 

(inset in Fig. 5C). In the E75 male gonad 

(inset in Fig. 5E), which exhibits formation 

of the prospective testicular cords 

(indicated by the white dotted line), PGCs 

were present inside and outside the 

forming cords. Remarkably, numerous 

PGCs were still detectable outside the 

gonads in the mesenchyme (Fig. 5G, H) or 

even in the gut epithelium (Fig. 5I-L). 

Besides single PGCs, several clusters of 

PGCs were seen in the mesenchyme (Fig. 

5G, H). The wide distribution of PGCs at 

this stage is highlighted by red arrows on 

the sagittal section of the E72 in Fig. 5B. 

Sex-specific differences in PGC 

distribution or staining patterns were not 

found until the histological differentiation of 

the gonads (s. below). 
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Figure 5: Aspects of the stages E68, E72, and E75. A shows a transversal section through 
an embryo at E68. The neural tube (nt) and the morphologically still undifferentiated gonads 
(go) are clearly visible. B shows a sagittal section through an E72 stained for OCT4A. Each 
single PGC is marked with a red arrow. PGCs are present in the gut epithelium (gu), in the 
mesenchyme surrounding the gut epithelium, in the loose mesenchyme of the mesentery, in 
the retro-peritoneum and in the gonad (go). C-F show transversal sections through a female 
gonad at E75. PGCs are located in the periphery of the gonad and express OCT4A (C), 
NANOG (D), SALL4 (E) and LIN28 (F). Inset in E shows an E75 male gonad. Formation of 
the prospective testicular cords was already initiated (indicated by the white dotted line). G-H 
show clusters of PGCs expressing OCT4A (G) and LIN28 (H) present in the retroperitoneal 
compartment of the female E75. I-L show PGCs present in the gut epithelium of an E75. 
They express OCT4A (I), NANOG (J), SALL4 (K) and LIN28 (L) and show no signs of 
apoptosis. Scale bar represents 1 mm (A-B) and 50 µm (C-L). 
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The male E95 gonad is a fetal testis 

In male E95 the germ cells are generally 

enclosed in testicular cords; only few germ 

cell clusters were still located in the 

developing rete testis (Fig. 6). Intratubular 

germ cells, called gonocytes (if not in 

contact with the basal lamina of the cord) 

or pre-spermatogonia (if already in contact 

with the basal lamina) still express 

OCT4A, NANOG, SALL4, and LIN28 (Fig. 

6A-D). OCT4A as well as NANOG also 

showed faint cytoplasmic signals in 

addition to robust nuclear signals, while 

SALL4 was strictly nuclear. LIN28 was 

almost exclusively cytoplasmic. No germ 

cells were detected outside the gonads or 

the rete testis at this stage. 

 

Figure 6: The E95 gonad is a fetal testis. At E95 the vast majority of germ cells are 
enclosed in testicular cords (indicated by arrows); only few germ cell clusters were still 
located at the junction between the testis and the prospective epididymis, i.e. the forming 
rete testis (indicated by *). Intratubular germ cells, called gonocytes (if not in contact with the 
basal lamina of the cord) or pre-spermatogonia (if already in contact with the basal lamina) 
still express high levels of OCT4A (A), NANOG (B), SALL4 (C), and LIN28 (D). However, 
there were also germ cells expressing little or even no OCT4A and NANOG (not shown). No 
germ cells were detected outside the gonads. Scale bar represents 50 µm. 

 

PGCs at untypic/ ectopic sites 

The assumed PGC migration route from 

the yolk sac epithelium to the gonads 

involves the endodermal epithelium, the 

mesenchyme directly surrounding the gut, 

the dorsal gut mesentery (root of the 
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mesentery), the retroperitoneal 

mesenchyme and eventually the gonads. 

While the vast majority of the PGCs 

detected in this study were present in one 

of the tissues constituting this route, we 

also localized some PGCs at untypical, i.e. 

ectopic sites. At E65 we found an OCT4A-

positive PGC in the lumen of the gut with 

no contact to the epithelium (Fig. 7A). 

Another PGC was present in a developing 

peripheral nerve in the coccygeal region 

far “beyond” the gonad as physiologically 

final destination (Fig. 7B). In an E68 

embryo we localized a PGC in a peripheral 

nerve in the cranial region of the embryo 

(Fig. 7C). Another PGC was found in the 

female E72 to be present in the Chorda 

dorsalis (Fig. 7D). Finally, an E75 embryo 

presented a PGC in the pancreas (Fig. 

7E). 

 

Figure 7: PGCs at unexpected/ectopic sites. In E65 one OCT4A-positive PGC was 
detected in the lumen of the gut with no evident contact to the epithelium (A). Another PGC 
was present in a forming ganglion in the coccyxial region and was clearly positive for OCT4A 
(B) and NANOG (inset in B). In an E68 embryo we localized an OCT4A and LIN28-positive 
PGC in a peripheral nerve in the cranial region of the embryo (C). Another PGC (OCT4A and 
LIN28-positive) found in the female E72 was present in the Chorda dorsalis (D). An E75 
stage also presented one PGC in the pancreas (E). Scale bar represents 50 µm. 
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Discussion 

This first systematic investigation of PGC 

development in a non-human primate 

provides detailed embryological and 

morphological data and combines them 

with novel insights into the spatio-temporal 

expression of a quartet of pluripotency 

factors during primate embryogenesis. 

The timing of PGC development described 

in the present report is probably 

appreciated best in comparison with 

human gestation which is on average 267 

days while marmoset monkey gestation is 

143-145 days, the gestational period of 

marmoset monkeys amounting to only 

about 54% of the human. However, in the 

marmoset embryo, Carnegie stage 10 is 

reached at E50 while human embryos 

have reached this stage at around E23 

already. Carnegie stage 10 is the stage 

where PGCs can first be identified in the 

human embryo yolk sac (De Felici, 2013). 

Similarly, the marmoset monkey embryo at 

E75 represents Carnegie stage 17 while 

this stage is reached in the human at 

around E41. These data are supported by 

findings reported previously (Phillips, 

1976; Merker et al., 1988; Li et al., 2005) 

and indicate that the period of primordial 

germ cell specification and migration is 

significantly delayed in marmoset 

monkeys compared to the human despite 

the significantly shorter overall gestational 

period of the marmoset monkey. It 

remains to be analyzed when this delay is 

“ironed out” during further development. 

In the absence of appropriate markers, 

PGCs were described in most publications 

as histologically easily identifiable cells 

because of their large spherical or oval 

shape and their clear cytoplasm in bright 

field microscopy (Politzer, 1933; Witschi, 

1948; Fujimoto et al., 1977). They are also 

reported to have a large nucleus with 

usually one or two prominent nucleoli 

(Pereda et al., 2006). However, these 

generally accepted morphological 

characteristics of PGCs may apply only to 

later PGC stages in humans. Indeed, 

already Witschi emphasized that yolk sac-

located human PGCs “differ little from 

associated somatic cells, and it is difficult 

to identify them with certainty” (Witschi, 

1948). Our study confirmed that early 

PGCs are morphologically rather similar to 

the neighboring somatic cells and only the 

OCT4A and NANOG staining allowed us 

to certainly identify them. Interestingly, 

even the later PGCs in the marmoset 

embryos located in the mesenchyme of 

the mesentery or the retro-peritoneum are 

not always in agreement with the 

description of respective human PGCs. 

Indeed, while some PGCs exhibited the 

expected morphology, other clearly 

pluripotency factor-positive cells were 

rather small and had apparently oval 

nuclei making them morphologically hardly 

distinguishable from the neighboring 

somatic cells. A difference in the 

morphology of human PGCs during 

different phases of development and 
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migration has been also described by 

Fujimoto et al (1977). 

The OCT4 gene is alternatively spliced 

(Wang and Dai, 2010). There is an OCT4A 

and an OCT4B version. Only OCT4A is 

specifically pluripotency-associated. In a 

previous study we analysed the specificity 

of different OCT4 antibodies and found 

that at least some of them are unspecific 

(Warthemann et al., 2012). In contrast to 

our previous experiences, the OCT4 

antibody used in the present study 

produced very specific, robust and 

reproducible results in immuno-

histochemistry. Therefore, the present 

study providing OCT4A-specific data on 

primate PGCs represents a significant 

progress regarding the analysis of OCT4 

protein expression in the primate germ 

line. 

Some data on OCT4 and NANOG in 

human PGCs is already available (Rajpert-

De Meyts et al., 2004; Kerr et al., 2008). 

However, the information on LIN28 in 

primate PGCs is still very scarce (Gillis et 

al., 2011; Aeckerle et al., 2012; Childs et 

al., 2012) and that on SALL4 in PGCs to 

our knowledge even more preliminary 

(Eildermann et al., 2012). Furthermore, the 

data on the latter factors mainly refer to 

late PGCs. In contrast, we show here that 

both factors, SALL4 and LIN28, are 

already expressed during the very early 

phases of PGC development. 

Considering that SALL4 as well as LIN28 

are strongly expressed not only by 

pluripotent stem cells and PGCs, but also 

by some somatic (multipotent) progenitor 

cells, the finding of almost ubiquitous 

expression may rather reflect an 

undifferentiated progenitor stage than a 

pluripotent state of the E50 somatic cells. 

In contrast to SALL4 and LIN28, OCT4A 

and also NANOG are truly and strictly 

associated with pluripotency. Indeed, 

elegant studies in genetic mouse models 

showed that adult OCT4 does not play a 

role in adult stem and progenitor cells 

(Lengner et al., 2007). Our study extends 

this finding, at least on a descriptive level, 

to primates, since we were unable to 

detect any OCT4 protein in other cell types 

than in germ line cells of the marmoset 

monkey embryo. Hence, while all four 

factors investigated in this study are 

essential for pluripotency of ES cells, only 

OCT4A and NANOG can serve as really 

specific markers of pluripotent cells. 

In the beginning of the era of human 

pluripotent stem cell research in vitro in 

the late 90´s of the last century, Shamblott 

and colleges reported the derivation of a 

pluripotent human cell line derived from 

PGCs isolated from 5-9 weeks old human 

gonadal primordia and mesenteries 

(Shamblott et al., 1998). These cultured 

cells were called human embryonic germ 

(EG) cells. Besides ES cells and iPS cells, 

EG cells may be another very interesting 

and instructive cell type regarding the 

investigation of the regulation of 

pluripotency. The epigenetic features of 

EG cells may differ from ES and iPS cells 

(Seisenberger et al., 2012), especially 
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when derived from different sites, e.g. gut 

epithelium, mesenchyme, and gonad of 

the embryo. This need to be addressed in 

future studies. 

Upon completion of the physiological route 

and arrival in the gonad, male PGCs are 

enclosed by Sertoli cells during the 

formation of the fetal testicular cords. 

During this process, the PGCs start down-

regulating the expression of OCT4A and 

NANOG in most germ cells (which are 

now called goncytes), and at birth these 

two key pluripotency factors are only 

detectable in a minor fraction of germ cells 

(data not shown for older stages). In adult 

primate testes (including human, baboon, 

rhesus macaque and marmoset monkey) 

we were neither able to detect OCT4A nor 

NANOG (data not shown). In contrast to 

these factors, LIN28 and SALL4 are 

expressed also postnatally at significant 

levels. While SALL4 can be robustly 

detected in all diploid male germ cells up 

to the Apale spermatogonial stage 

(Eildermann et al., 2012), LIN28 is seen in 

gonocytes and a very small subpopulation 

of spermatogonia in adult testis (Aeckerle 

et al., 2012). Hence, SALL4 and LIN28 

can serve as germ cell markers from the 

migratory stage of PGCs up to the 

postnatal phase. The early down-

regulation and subsequent lack of 

expression of OCT4A and NANOG during 

testis development suggests that the 

differentiating Sertoli cells may play a 

crucial role in the transition from the 

pluripotent state of the PGCs to the 

unipotent state of the gonocytes. However, 

the specific signals provided by the 

somatic environment influencing the germ 

cell potential remain to be identified. 

Interestingly, the histological male-specific 

embryonic rearrangements of the gonads 

were not associated with a detectable 

change in the expression of OCT4A, 

NANOG, SALL4, or LIN28, neither 

compared with earlier male stages nor 

with PGCs in the corresponding female 

gonads. 

In general it was unexpected that in the 

E65 – E75 stages PGCs were seen at all 

sites analyzed (gut epithelium, root of the 

mesentery, mesenchyme of the 

retroperitoneum, gonad primordium), and 

no clear shift of the major PGC population 

from the gut endoderm to the gonad was 

really evident during PGC colonization of 

the gonad. Already in the E65 we found 

PGCs at their final destination in the 

gonadal primordium. On the contrary, we 

still found PGCs in the E75 and even the 

~E90 gut endoderm, when gonadal 

differentiation was already at advanced 

stages. The gut endoderm-positioned 

PGCs did not exhibit evident signs of 

apoptosis, although this route of PGC 

depletion was suggested for the human 

(Mamsen et al., 2012) and the mouse 

embryo (Pesce et al., 1993; Stallock et al., 

2003). Future analyses will address this 

issue also in marmoset monkey embryos. 

We found no PGCs in the coelomic 

epithelium as it was reported by McKay et 

al. (1953) for a 5 mm human embryo or by 
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Fujimoto (1977) for a human 5 wpc 

embryo. A relatively wide spatio-temporal 

distribution pattern of PGCs was also 

reported for human embryos ranging from 

the 4th week post conception (wpc) to the 

14th wpc (Fujimoto et al., 1977; Mamsen 

et al., 2012, see also Fujimoto et al. 1977). 

This appears to be a physiologically 

remarkable situation: Why are there so 

many PGCs still in the gut epithelium, 

while the gonad has already formed and 

initiated differentiation? Do these gut 

PGCs still have the chance to enter the 

gonad and to contribute to adult 

gametogenesis? If not, why did they fail to 

reach the gonads timely? Indeed, as 

recently discussed (Byskov et al., 2011), it 

is still not clear when PGCs latest may 

enter the forming gonad to contribute to 

adult gamete production. 

In contrast to the predominant opinion of a 

coordinated long-range migration of the 

PGC population from the endoderm to the 

gonad (Witschi, 1948; Fujimoto et al., 

1977), we do believe and suggest that the 

PGCs are spatially allocated to the 

different tissues (endodermal epithelium 

versus mesodermal mesenchyme) very 

early during embryonic development (in 

the marmoset between E50 and E65) and 

that they are then further distributed and 

trans-located predominantly passively by 

the growth, proliferation and 

rearrangement of the respective tissue 

harboring the PGCs in the embryo. 

Indeed, in E50 embryos, the distance 

between endodermal PGCs and the site of 

the prospective gonad is only about 50µm. 

Fig. 8 provides a simple model for our 

hypothesis. This model is also in 

agreement with careful morphological 

observations in bovine embryos (Wrobel 

and Suss, 1998). Based on their findings, 

Wrobel and Süss already concluded that 

the assumptions of a long-range chemo-

attraction of the PGCs by the gonadal 

ridge including active migration of PGCs is 

not necessary to explain the initial 

settlement of bovine primordial germ cells 

in the gonadal ridge. This view was further 

elaborated by Freeman (Freeman, 2003). 

However, future studies need to clarify 

whether the proliferation and apoptosis 

indices of PGCs and the somatic tissues 

at different sites in the embryo correspond 

to our model (Fig. 8). Nevertheless, PGC 

migration appears undoubtedly essential 

at least over short distances during the 

early embryonic phase, particularly for 

reaching the lateral position of the 

primitive gut as well as for crossing the 

basal lamina of the endodermal epithelium 

and the subsequent entry into the 

surrounding mesenchyme. The finding of 

PGCs in the Chorda dorsalis could be 

explained by PGC movements into a 

dorsal position of the primitive gut at that 

phase when the Chorda dorsalis is 

transiently intercalated into the roof of the 

gut. During re-separation of the Chorda 

from the dorsal gut PGCs may be co-

translocated from the roof of the primitive 

gut to the Chroda dorsalis and eventually 

included in this structure.  
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Based on the recent findings by Mollgard 

et al (Mollgard et al., 2010) and Mamsen 

et al (2012) and the observations in the 

present study that ectopic PGCs were also 

in close association with developing 

peripheral nerves, it should be 

investigated whether the sprouting of the 

nervous system may play an as yet 

underestimated role in PGC guidance. 

Furthermore, there is increasing evidence 

that olfactory receptors may play a role in 

PGC guidance towards the gonad 

(Diedrichs et al., 2012). 

The pluripotent state of PGCs in 

combination with a considerable chance of 

the PGCs to miss the default pathway to 

the gonad is also of clinical relevance 

since misguided PGCs are (possibly 

besides residual cells from the primitive 

streak) the progenitors of a special tumor 

entity called teratoma. Mature teratomas 

are by definition tumors exhibiting 

histologically mature derivatives of all 

three embryonic germ layers. They often 

even develop complex histological 

structures like teeth or hair. Such 

histopathological findings impressively 

illustrate the pluripotency of PGCs. 

Teratoma can be found most frequently 

intra-gonadally or extra-gonadally close to 

the body midline in the sacrococcygeal 

region or in the brain. However, other sites 

are also possible. The occurrence of 

teratoma at ectopic sites, especially in the 

brain, is difficult to explain without any 

PGC migration. Although teratomas occur 

very infrequently in primates (Haworth et 

al., 2003; Moore et al., 2003, and pers. 

comm. K. Maetz-Rensing), it may be worth 

investigating whether molecular 

differences exist between PGCs on their 

default route and those at ectopic sites. 

Finally we observed strong clustering of 

PGCs in some embryos at different sites. 

To our knowledge this has not yet been 

described in the literature. At current it 

remains unclear whether this is a 

marmoset monkey-specific phenomenon 

or whether the absence of such PGC 

clusters is a human-specific characteristic. 

It will be interesting to analyze if isolated 

and clustered PGCs are different. 
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Figure 8: Model of PGC translocation 
from the endoderm to the gonad in the 
marmoset monkey. The model is mainly 
based on the one hand on PGC 
proliferation, survival, and apoptosis and 
on the other hand on growth of somatic 
tissues surrounding the PGCs rather than 
active PGC migration. At E50 the PGCs 
are exclusively present in the endoderm. 
Between E50 and E65 some PGCs 
actively leave the endodermal epithelium 
crossing the basal lamina thereby entering 
the surrounding mesenchyme. 
Importantly, at this early stage the site of 
the prospective gonad is very close to the 
endoderm. At E65, PGCs can be seen at 
all sites constituting the “migration” route 
of the PGCs: in the endoderm, in the 
mesenchyme as well as in the gonads. 
The distance between the endoderm and 
the gonads constantly and heavily 
increases by intercalary proliferation and 
growth of the mesenchymal structures 
linking the endoderm and the gonad. 
Thereby those PGCs located close to the 

site of the prospective gonad at earlier stages are passively and relatively translocated from 
the endoderm “towards” the gonad. Those PGCs close to or within the gonad proliferate and 
survive. In contrast, the model hypothesizes that PGCs distant from the gonad at > E75 
stages are depleted by apoptosis, while gonadal PGCs survive and proliferate. At E95, only 
gonadal germ cells are left. 

 

Summary and Conclusion 

We provide the first detailed analysis of 

the expression of four key pluripotency 

factors during primate implantation embryo 

development. We show that OCT4A and 

NANOG are early and specifically 

restricted to primordial germ cells, while 

SALL4 and LIN28 are only useful for the 

detection of PGCs in later stages, since 

these factors can be detected also in 

somatic cells of E50 embryos. We further 

show that PGCs in the marmoset monkey 

can occur as clusters of PGCs. The 

spatio-temporal window of “PGC 

migration” is wide since PGCs can be 

found very early in the gonadal primordia 

and in late stages still in the gut 

endoderm. Most importantly, the distance 

between endodermal PGCs and the site of 

the prospective gonad in E50 embryos is 

very small. We interpret these findings as 

supportive of the view that there is no 

necessity for an active long-range PGC 

migration in marmoset monkey embryos. 

We suggest that predominantly intercalar 

mesenchymal tissue expansions 

contribute to the relative translocation of 

the PGCs from their origin at the 

endodermal epithelium to the gonadal 

primordium. 
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However, further detailed investigations 

are needed to better understand these 

morphogenetic processes as well as the 

molecular and cellular changes of the 

PGCs during different phases of 

development. 

Material and Methods 

Marmoset monkeys 

All animal studies were performed 

according to the German Animal 

Protection Law. Animals were obtained 

from the self-sustaining marmoset monkey 

(Callithrix jacchus) colony of the German 

Primate Center (Deutsches 

Primatenzentrum; DPZ) and housed 

according to the standard German Primate 

Center practice for common marmoset 

monkeys. Embryonic and fetal stages 

were obtained surgically by hysterotomy 

(licence number 42502-04-12/0708) or 

hysterectomy. Hysterectomy was used to 

obtain the E50 embryos since these 

embryos are too fragile to be retrieved by 

hysterotomy. All surgical work on the 

monkeys was performed by a veterinarian 

with several years of experience in 

handling and operating marmoset 

monkeys. Samples taken before 

gestational day 80 are referred to as 

embryos, older stages as fetuses 

(Chambers and Hearn, 1985). 

Pregnancy timing, hysterotomy, and 

embryo retrieval 

Timed pregnancies (n=6 yielding 12 

embryos / fetuses), were obtained from 

animals in which the stage of gestation 

was established from the post-ovulatory 

rise in progesterone (Harlow et al., 1984), 

which was determined after blood 

collection from female marmoset monkeys 

twice weekly. For hysterotomy, which 

delivers embryos/fetuses in an optimal 

histological condition, animals were 

anesthetized with an intramuscular 

injection of 0.5 ml/kg bodyweight Göttinger 

Mischung II (50 mg/ml ketamine, 10 mg/ml 

Xylazin, 10 mg/ml atropin) and 0.05 ml/kg 

bodyweight diazepam. The gravid uterus 

and the ovaries were delivered through a 

ventral midline incision in the abdominal 

wall under sterile conditions. The embryos 

or fetuses were removed through a 

horizontal incision in the uterine wall. The 

uterus and the abdominal wall were 

sutured surgically. To avoid postsurgical 

pain, 0.5 mg/kg bodyweight meloxicam 

were applied intramuscularly. In order to 

confirm the correct staging of the embryos 

before surgery, the development of the 

embryos / fetuses was observed via 

ultrasonography to ensure that the 

embryos / fetuses developed according to 

the expected growth curves. An overview 

over the embryos / fetuses used in this 

study is given in table 1. Embryos 

obtained before day 90 were immediately 

fixed in toto in Bouin’s solution to preserve 

tissue integrity. After that, fixed embryos 

were measured. E95 was cut into three 

pieces before fixation to prevent tissue 

disintegration. The crown-rump lengths 

(CRL), biparietal diameter (BPD) and 

fronto-occipital diameter (FROD) were 

taken using a caliper.  
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Table 1: Embryos/fetuses used in this study. 

No CRL [mm] BPD [mm] FROD [mm] GD/E sex 
1 ND ND ND 50 female 

2 ND ND ND 50 female 

3 ND ND ND 50 male 

4 9.1 2.5 3.9 65 female 
5 9.2 2.8 4.1 65 male 
6 10 2.9 4.4 68 female 
7 9.1 2.7 3.6 68 male 
8 10.5 3 4.7 72 male 
9 9.2 2.2 4.7 72 female 

10 ND ND ND 75 female 
11 ND ND ND 75 male 
12 ND 12.8 15.5 95 male 

CRL: crown-rump lengths, BPD: biparietal diameter, FROD: fronto-occipital diameter, GD / E: 
gestational day/ embryonic day 
 

Tissue processing and immuno-

histochemistry (IHC) 

Retrieved embryos/fetuses were fixed 

overnight in Bouin’s solution immediately 

after recovery resulting in excellent tissue 

preservation. After several washes in 70% 

EtOH for at least two days the embryos 

were embedded in paraffin and sectioned 

at 5 µm. During embedding the embryos 

were positioned to obtain either 

transversal or longitudinal sections. Tissue 

sections were deparaffinized, rehydrated 

and an antigen retrieval step was 

performed by microwaving the sections in 

10 mM citrate buffer for 10 minutes. 

Endogenous peroxidase was inhibited by 

incubation with peroxidase blocking 

reagent (DakoCytomation Carpinteria, CA, 

USA, LSAB+ system-HRP, K0679). 

Antibody specifications and dilutions are 

given in table 2. All incubation steps were 

done in a humid chamber and incubations 

with the primary antibody were performed 

overnight at 4°C. DakoCytomation 

Universal LSAB Plus-kit including 

biotinylated second antibody polymer and 

horseradish peroxidase (HRP) conjugated 

streptavidin was employed for detection of 

bound primary antibody. 3,3’-

diaminobenzidine (DAB) chromogen was 

used as substrate for the HRP and 

Mayer’s hematoxylin as counterstain. 

Control stainings were carried out using an 

unrelated primary antibody at high 

concentration instead of the specific 

antibody. Pictures were taken using a 

Zeiss microscope and the NuanceTM 

multispectral camera. 
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Table 2: Antibodies used in this study. 

antigen company order number host dilution 

OCT4A Cell Signaling Technology #2750 Rbt (monoclonal) 1:200 

NANOG Cell Signaling Technology #4903 Rbt (monoclonal) 1:100 

SALL4 abcam #ab57577 Mm (monoclonal) 1:200 

LIN28A Cell Signaling Technology #3978S Rbt (polyclonal) 1:100 

 

Marmoset monkey ES cell culture and 

ES cell samples for immuno-

histochemistry 

Marmoset monkey ES cells (line cjes001) 

were published previously (Muller et al., 

2009). In order to obtain appropriate 

positive control samples for pluripotency 

factor immunohistochemistry, 10 cm 

dishes with undifferentiated marmoset ES 

cells cultured on mouse embryonic feeder 

cells for ~ 7 days were mechanically 

detached from the culture dish together 

with the feeder cell layer. Then the cells 

were transferred to a centrifuge tube and 

gently centrifuged at 200g for 1 minute. 

After centrifugation, the supernatant was 

replaced by Bouin’s fixative, and the cells 

were fixed for one hour. Subsequent 

tissue processing is described above 

(Tissue processing and immuno-

histochemistry). Finally, paraffin-

embedded ES cells were sectioned at 5 

µm.  

Sex determination by PCR and 

immunohistochemistry 

For sex determination of the embryos, 

genomic DNA was isolated from amnion, 

tip of the tail or a limb. Primers used for 

sex determination bind to conserved sites 

in the ddx3 gene thus making them  

 

suitable for sex determination in mammals 

in general. ddx3 is located on the X and 

the Y chromosome in variants of different 

lengths. Sequences of the primers are: fw 

5’-GGWCGRACTCTAGAYCGGT-3’, re: 

5’-GTRCAGATCTAYGAGGAAGC-3’. The 

expected sizes for PCR products are 176 

bp for ddx3x (female) and 137 bp for 

ddx3y (male and female). Because of the 

cellular chimerism in twin marmosets , 

even in females a weak male-“specific” 

band can occur if the co-twin was a male, 

which is frequently the case. Therefore, 

samples from neonatal male and female 

animals (where sexing is possible based 

on the external sex organs) were used as 

controls (Fig. 2G). In embryos at 

appropriate ages (≥ E65) the sex of the 

embryo was also determined by the 

expression (or absence) of SOX9. SOX9 

is a Sertoli cell-specific protein marking 

Sertoli cells from the onset of 

differentiation till adulthood. The sexes of 

all embryos used in this study are listed in 

Table 1. 
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6. Summary and concluding remarks 

The hypothesis of this project was that postnatal marmoset monkey germ cells can regain an 

embryonic stem cell-like state after removal from their native niche within the testis. This was 

shown for mouse testis (Guan et al. 2006; Kanatsu-Shinohara et al. 2008; Seandel et al. 

2007; Ko et al. 2009). However, the reported dedifferentiations of human germ cells into a 

pluripotent state were not as convincing as in the mouse (Conrad et al. 2008; Golestaneh et 

al. 2009; Kossack et al. 2009; Mizrak et al. 2010) and the origin and developmental potential 

of cultured cells from human testis is still under debate (Chikhovskaya et al. 2012; 

Eildermann et al. 2012b; Ko et al. 2010; Tapia et al. 2011). 

In our experiments, the generation of pluripotent stem cells from marmoset monkey postnatal 

testes was not successful (Eildermann et al. 2012b, and own unpublished data). Therefore, 

we searched for biological differences between the developing mouse and primate testis and 

analyzed the expression of several pluripotency-associated factors in pre- and postnatal 

testes. In general, expression patterns were comparable in primates and mice (Eildermann et 

al. 2012a, and own unpublished data). An exception was the pluripotency marker LIN28, 

which attracted our interest because it was expressed in adult mouse spermatogonia and 

not, or only in very few adult primate spermatogonia. In detail, we demonstrated that LIN28 is 

expressed in marmoset and mouse PGCs and gonocytes. During puberty, the number of 

LIN28 positive cells decreases remarkably. Only very few LIN28-positive cells are detectable 

in the adult marmoset testis. In contrast, there were numerous LIN28 positive spermatogonia 

in the adult mouse testis. The data on LIN28 expression were published in the journal 

Molecular Human Reproduction entitled “The pluripotency factor LIN28 in monkey and 

human testes: a marker for spermatogonial stem cells?“ (Chapter 3). LIN28 is an important 

gene in gaining and retaining pluripotency. The lack of LIN28 in primate spermatogonia might 

therefore be a reason for the past failure of deriving pluripotent cells from adult primate testis. 

Exogenic expression of LIN28 in primate SSC could experimentally confirm or falsify this 

hypothesis. Nevertheless, the data obtained in this study indicates that LIN28 may be a 

suitable marker for a specific subpopulation of primate spermatogonial stem cells that 

persisted in a probably more primitive, i.e. undifferentiated state. It can be speculated that 

this very rare LIN28-positive population has a higher capability to dedifferentiate into a 

pluripotent state. At the same time it seems more likely to derive pluripotent cells from 

gonocytes of neonatal testis as these cells still strongly express LIN28. Based on these 

results, we speculate that neonatal gonocytes have a higher potential to revert to pluripotent 

state than adult spermatogionia have. 

Germ cells are kept restricted to their unipotential state by the surrounding somatic cells. Our 

hypothesis was that release of the germ cells from their native tissue may release them also 

from their restriction to unipotency eventually resulting in pluripotency. Therefore, in the 
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second part of this thesis we tested this hypothesis. We subcutaneously injected a single cell 

suspension of whole neonatal marmoset testes tissue, i.e. including pluripotency factor-

positive germ cells, into immunodeficient mice. The development of histologically normal 

endodermal, mesodermal and ectodermal derivatives in this assay indicates the pluripotency 

of injected cells. Ideally, isolated gonocytes should have been tested. Unfortunately, to our 

knowledge, there is no useful marker for the efficient and harmless enrichment of primate 

gonocytes currently available. All surface markers that have been used previously and that 

are known to us are also expressed by testicular multipotent stromal cells (Eildermann et al. 

2012b). Therefore, we were not able to test isolated gonocytes. The results have been 

summarized in the manuscript “Grafting of neonatal marmoset monkey testicular single cell 

suspensions into immunodeficient mice leads to ex situ testicular cord neomorphogenesis“ 

(Chapter 4) which has been published in the journal Cells Tissues Organs in 2013. In the 

present experimental setting and in the limited numbers of experiments we were able to 

perform, we did not observe any teratoma. This suggests that NHP gonocytes are not highly 

teratogenic. However, we cannot exclude that some soluble factors from the co-injected 

somatic cells or direct somatic cell – germ cell interaction keep the gonocytes in a non-

pluripotent and non-teratogenic state. It is conceivable that a pure fraction of gonocytes or 

cultured gonocyte- / spermatogonia-derived cells would be able to revert or dedifferentiate to 

a developmental state that is characterized by pluripotency. Interestingly, instead of teratoma 

formation we detected a reaggregation of the injected cells forming tubular structures 

resembling normal neonatal testicular tissue. These tubular structures mainly consisted of 

Sertoli cells surrounded by myoid peritubular cells, occasionally also gonocytes were 

detectable inside the tubules. All cell types expressed the cell-type specific markers (except 

SALL4 and OCT4A in the case of germ cells) that we use in our lab to determine the cellular 

identity of different cell types in the normal testis. This indicates that the rearranged testicular 

tissue highly resembles normal neonatal testicular tissue. This assay may represent a new 

system for the study of testicular morphogenesis and development. 

For humans, the derivation of pluripotent stem cells (embryonic germ cells (EGCs)) from 

primordial germ cells (PGCs) has been demonstrated (Shamblott et al. 1998). In order to 

initially evaluate, whether marmoset PGCs may have a similar potential, we morphologically 

and immunohistochemically analysed PGC development in a set of 12 excellently preserved 

non-human primate embryos from the yolk sac stage to the sexual differentiation of the 

gonads. In this third part of the thesis, we paid special attention to pluripotency factor 

expression in PGCs to test potential differences between published data on human PGCs 

and marmoset PGCs. This study, entitled “Pluripotency factor expressing pre-migratory 

primordial germ cells are in very close proximity to the prospective gonadal ridge in the 

monkey embryo“ (chapter 5) and submitted to the journal Development, provides detailed 
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morphological data and novel insights into the spatio-temporal expression of the four 

pluripotency factors OCT4A, NANOG, SALL4, and LIN28, during primate embryogenesis. 

We were able to show that OCT4A is a very robust and the most specific marker of PGCs 

when compared to SALL4 and LIN28. However, importantly, all four pluripotency factors are 

expressed by PGCs. The study strongly indicates a close interrelationship between 

pluripotent cells and the germ line on the molecular and developmental level, and the 

expression of pluripotency factors, particularly that of OCT4A and NANOG, indicates a 

pluripotent state of the cells (Boyer et al. 2005). 

In summary, it is plausible that cells that express pluripotency factors are potentially 

pluripotent. Therefore, as pluripotency factors specifically mark primordial germ cells after 

separation of the germ line from the somatic cells in post-implantation embryos, PGCs are 

potentially pluripotent (Leitch and Smith 2013). Although PGC-derived pluripotent cells will 

not provide a source for the generation of patient-specific pluripotent cells, they nevertheless 

may allow instructive insights into the regulation of pluripotency in primates. Based on our 

findings, we further suggested a novel model for the translocation of PGCs during embryonic 

development. This model challenges the “dogma” of active PGC migration from the 

endoderm to the gonads. Our model suggests a basically passive translocation of PGCs 

from the gut-surrounding mesenchyme to the prospective gonad through intercalar 

expansion of the mesenchymal tissue harboring the PGCs. 

In summary, our initial aim, namely the derivation of pluripotent stem cells from marmoset 

testis, was not achieved. Despite of that, we put the hypothesis forward that a pure fraction of 

gonocytes is able to regain pluripotency under appropriate cell culture conditions. We also 

hypothesize that isolated marmoset PGCs are a promising germ cell type to initiate 

pluripotent cell cultures since marmoset PGCs very robustly express key pluripotency 

factors.  Our studies provide an excellent basis for further analysis of testicular germ cells. 

They also provided the basis for novel experimental approaches for the derivation of 

pluripotent stem cells from primate testes. 
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