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On the origins of pluripotent cells
Background
Mammalian embryonic stem (ES) cells are derived from preimplantation embryos and can
be propagated indefinitely without loss of pluripotency; i.e. the potential to develop into any
embryonic cell type [1]. For several reasons, ES cells are powerful research tools in the field
of developmental biology. They offer the opportunity to study mammalian differentiation processes in a culture dish. Furthermore, ES cells can be transplanted into host embryos and
participate in their development. Labeling of the cells before transplantation can give insight
in cell contribution to specific organs and tissues. Another major advantage of ES cells is the
opportunity they provide for targeting genes and the creation of knock-out and knock-in animals (Fig. 1)[2].
Moreover, ES cells hold great potential in future regenerative medicine, especially since
the derivation of ES cell lines from human embryos [1]. The capacity of ES cells of infinite
self-renewal combined with the potency to develop into any cell type evokes that ES cells
can regenerate damaged organs and cure a variety of diseases that are caused by malfunction
of certain cell types. Candidate diseases for ES based cell therapy are muscular dystrophies,
ischaemic heart disease, juvenile-onset diabetes mellitus, and neuro-degenerative diseases
such as Parkinson’s, and Alzheimer’s [1, 3]. Various hurdles need to be overcome before ESbased therapy can be practiced. A major safety concern is the potential risk of not fully differentiated cells that cause tumor formation after transplantation [4]. Another barrier is the risk of
immunerejection after allogeneic transplantation. This can be circumvented by the generation
of patient specific pluripotent cells through therapeutic cloning; i.e. the derivation of patient
specific ES cells from embryos that were obtained upon somatic cell nuclear transfer. However, there are obvious ethical issues to cloning humans [5]. Moreover, this technique requires
the use of donor oocytes, availability of which is limited [6].
Because of obvious ethical reasons, research with human ES cell lines has its limitations,
when compared to their murine counterparts. The potential risks and long-term capacity of human ES cells to regenerate damaged tissues should be investigated before ES-based therapies
can be applied in human medicine. ES-based regeneration should first be examined in a proper
model organism. Since the mouse falls short as a good model for humans in terms of life span
and organ sizes, the pig has been proposed as a candidate model organism for ES cell-based
therapy [4, 7-9]. Furthermore, pig ES cell lines, but also bovine ES cell lines, could allow genetic engineering of these livestock species to enhance production efficiencies or to promote
disease resistance [10]. For these reasons, multiple groups have tried to generate porcine and
bovine ES cell lines, but so far no cell lines have been described that can be cultured for a long
period without loss of pluripotency [7, 9].
Another source of pluripotent cells are mouse and human primordial germ cells from
which pluripotent embryonic germ (EG) cell lines can be derived. Recently, ES-like pluripotent cell lines have also been described that originate from murine neonatal and adult male
germ cells. Pluripotent cells that originate from mouse testis are called multipotent germ stem
(mGS) cells. EG and mGS cell lines are in many respects similar to ES cell lines and therefore
share the advantages of ES cells. Primordial germ cells and male germline stem cells are in-
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teresting alternative sources of pluripotent cell lines from animals other than mouse and man
that have scarcely been explored. Here, we will briefly discuss the origin of various pluripotent
cell types and the molecular mechanisms that are involved in the development or maintenance
of these cell types.

The first segregation:
the formation of trophectoderm and inner cell mass
The developmental potential of mammalian cell types is reflected by the morphology of the
chromatin. Loosely packed chromatin is called euchromatin and a more condense appearance is called heterochromatin. In general, cells with high plasticity have more euchromatin,
which permits active transcription, and cells with limited developmental potential have more
heterochromatin, which constrains transcription. Numerous covalent modifications of histone
tails have been described that influence the density of chromatin, for instance methylation,
acetylation, phosphorylation, sumoylation, and ubiquitination. These and other heritable nongenetic alterations that affect cellular phenotypes are called epigenetics [11]. Through epigenetic programming of cells a fertilized oocyte can give rise to all different cell types of an adult
organism even though these cells share the same genome.
The first phases in mammalian development are similar between species. Fusion of a haploid sperm cell with a haploid oocyte results in the formation of a diploid zygote. After fertilization, zygotes first go through several successive cleavage divisions. Zygotes and individual
cells of the first cleavage stages are totipotent, which means they can form all extraembryonic
and embryonic cell types including new germ cells. In later stages of mammalian development, cells become more specialized and differentiation plasticity is reduced.
From around the 16-cell stage, embryos are mulberry-shaped and therefore called morulae (Latin: morus = mulberry). At subsequent stages, it is more difficult to recognize individual
cells due to a process known as compaction. The transition of the compacted morula stage to
the blastocyst stage is marked by the formation of a cavity named blastocoel. By cavitation,
two morphologically distinct cell populations are segregated. The first population is called
Figure 1: Schematic representation for the derivation of an embryonic stem cell line and production of a
knockout mouse
(1) The inner cell mass of a blastocyst stage embryo is isolated and put into culture conditions that favour self
renewal; (2) under favourable culture conditions, cells will proliferate and cell numbers will expand; (3) through
electroporation, cell membranes are temporarily permeabilized, which allows gene constructs (in this case a neomycin resistance gene cassette which is depicted in red), to enter the cells. The yellow boxes of the gene construct
represent regions that are homologous to the gene of interest. In a number of cells (in the cartoon the single red cell
in the dish), this homology will allow genetic recombination to occur and the gene of interest will be substituted
by the gene construct (depicted in the box with the dashed line). Subsequent culture of the cells in presence of
neomycin will positively select for those cells in which recombination has occurred (petri dish will only red cells).
Next, gene targeted ES cells can be introduced in preimplantation embryos, which are allowed to develop in a foster
mother (5). Since ES cells are pluripotent, they will contribute to all embryonic tissues, including the germ cells.
The foster mother will give rise to chimaeric animals. Breeding of a germline chimaera with a normal mouse will
result in normal offspring and in offspring heterozygous for the gene target. Further crossing of animals heterozygous for the targeted gene will result in animals homozygous for the knock out. This figure was adapted from a
freely useable scalable vector graphics file.
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the trophectoderm and consists of the outer epithelial cells that surround the blastocoel. The
second group of cells is called the inner cell mass (ICM), which is composed of a cluster of
pluripotent cells that sit on the inside of the trophectoderm layer.
Specification of cell lineages in early mouse development depends largely on transcription factors that influence gene expression patterns and, as a result, cell character (Fig. 2). A
key player in specification of the ICM is transcription factor OCT4 that has a bipartite DNA
binding domain referred to as the POU domain. OCT4 expression is restricted to the ICM of
early blastocysts and the epiblast of later blastocyst stages [12]. Although the trophectoderm
of Oct4 null embryos is functional and embryos implant at the blastocyst stage, Oct4 null
embryos fail to develop an ICM or any of its derivatives; resulting in embryos that are entirely
composed of trophectoderm cells instead. As a consequence, Oct4 null embryos are embryonic lethal and die shortly after implantation [13]. The key role of Oct4 in lineage specification
is reinforced by studies in which conditional repression of Oct4 in mouse ES cells resulted in
formation of trophectoderm-like cells [14].
A key transciption factor involved in specification of the trophectoderm lineage is caudalrelated homeodomain protein CDX2. Expression of CDX2 in mouse blastocysts is the inverse
of OCT4 expression and is restricted to the trophectoderm [15]. Embryos deficit of Cdx2
cannot maintain the trophectoderm lineage after its initial formation and as a result, Cdx2 null
embryos fail to implant [16, 17]. Early blastocysts of Cdx2-/- embryos have trophectoderm
cells with an ICM character, as demonstrated by ectopic expression of OCT4 in the outer cells
[18]. From the trophectoderm lineage, trophectoderm stem (TS) cell lines can be isolated.
When cultured under the appropriate conditions, the individual cells can self-renew without
losing the capacity to differentiate within the trophectoderm lineage [19]. However, TS cells
cannot be established from Cdx2 mutant embryos. The key role of CDX2 in trophectoderm
specification is also emphasized by the conversion of ES cells to TS cells after forced expression of Cdx2 [20].
OCT4 and CDX2 are mutually expressed in all cells of 8-cell stage embryos. Remarkably,
these transcription factors repress the expression of each other [20] and it has been hypothesized that mutual repression in early morulae results in segregation of CDX2 expressing- and
OCT4 expressing- cells and specification of the inner cell mass and trophectoderm lineages as
a consequence (Fig. 2)[17, 20, 21].

The second segregation:
the formation of primitive endoderm and pluripotent epiblast
At embryonic day 3.5 (E3.5), ICM cells of mouse blastocysts are largely restricted in their fate
and can develop into primitive endoderm or into epiblast, which is the second lineage segregation event in mouse development [18]. This heterogeneity is reflected by a complementary
mottled expression of GATA6 and NANOG (Fig. 2). GATA6 contributes to specification of
primitive endoderm, since imposed expression of Gata6 in mouse ES cells is sufficient to
direct these cells to a primitive endoderm fate [22]. However, Gata6 is not essential as demonstrated by primitive endoderm formation in Gata6 null embryos [23]. The primitive endoderm
can give rise to extraembryonic endoderm (XEN) stem cell lines [24]. Comparable to ES and
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Figure 2: Two successive differentiation events in early mouse embryonic development result in the segregation of three committed lineages that together form the blastocyst.
The first segregation occurs at the compacted morula stage. In this model, mutual repression of OCT4 and CDX2 in
early morulae results in CDX2- expressing and OCT4-expressing cells, with loss of CDX2 expression in the ICM
as a primary event, and with consequent segregation of the inner cell mass and trophectoderm lineages. The second
segregation of lineages divides the inner cell mass into the primitive ectoderm and the primitive endoderm (PE).
Before the PE is formed, its precursors can already be detected by expression of Nanog and Gata6, which show a
so-called “pepper-and-salt” distribution. NANOG-positive cells become epiblast cells and GATA6-positive cells
become PE. This model was adapted from a review by A. Ralston [21].

TS cell lines, the cells from XEN cell lines have the capacity of self-renewal and the differentiation potential of their in vivo counterparts.
Specification of the pluripotent epiblast in mouse embryos requires Nanog, which is a
homeobox transcription factor named after a mythical Celtic land of the forever young. Expression of NANOG in peri-implantation embryos is restricted to the pluripotent epiblast and
its precursors [25-27]. Nanog -/- embryos lack pluripotent epiblast cells and ICM cells of E3.5
Nanog mutants differentiate into parietal endoderm-like cells when cultured in vitro [26]. ES
cells also express Nanog and loss or inhibition of Nanog expression increases the propensity
of ES cells to differentiate [25, 26, 28]. Moreover, forced expression of Nanog reduces responsiveness of ES cells to differentiation signals [25].
Embryos in which the gene that encodes signal adapter protein GRB2 has been disrupted
fail to develop a primitive endoderm and lack GATA6 expression, but have a homogeneous
ICM that consists of cells equally expressing NANOG [18, 29, 30]. The Grb2-/- phenotype
mimics that of embryos in which the genes Fgf4 and Fgfr2 have been disrupted [31-33].
FGF4, FGFR2, and GRB2 are components of the receptor tyrosine kinase-Ras-MAP kinase
(MAPK)-signaling pathway. Therefore, a model has been proposed in which FGF4 binding
to FGFR2 activates the GRB2-MAPK pathway, which then initiates GATA6 expression [30].
The onset of GATA6 expression serves as a switch that puts an end to NANOG dominance.
Activation of GATA6 target genes further specifies primitive endoderm formation. The shift
in transcription factor dominance from NANOG to GATA6 also affects genes involved in cell
adhesion, which physically allows the newly formed primitive endoderm cells to segregate
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from the epiblast [30].
The differentiation potential of embryo-derived stem cells is most clearly demonstrated
by experiments with chimaeras (from Greek: χίμαιρα = monster). Chimaeric embryos can
be made by transplantation of cultured stem cells into host blastocyst stage embryos. The
developmental contribution of transplanted cells can be easily examined if the cells have been
marked with a label beforehand. Such experiments in combination with classical lineage tracing experiments have established the paradigm that the three cell types present in late mouse
blastocysts are three committed lineages with separate fates [18]. Trophectoderm cells form
the major embryonic contribution to the placenta and donor TS cells exclusively contribute to
the fetal portion of the placenta [19]. Primitive endoderm cells give rise to the yolk sac and donor XEN cells solely participate in extra-embryonic endoderm development in chimeras [24].
The extra-embryonic tissues derived from trophectoderm and primitive endoderm support the
growth and development of the fetus that originates from the epiblast. Donor ES cells, similar
to epiblast cells, contribute to all fetal tissues and the extra-embryonic mesoderm, but colonize
trophectoderm and primitive endoderm at low frequency [34].
The pluripotent epiblast of mouse embryos is defined by two segregation events that
principally depend on the transcription factors OCT4, CDX2¸GATA6 and NANOG. The lack
of success in generating porcine and bovine ES cell lines has been attributed to differences in
early embryonic development [7, 9]. Morphologically, there are no major differences between
mammals in the development from fertilized oocyte to blastocyst, but from the blastocyst
stage onwards, there is more variation between species. Implantation of mouse and human
embryos occurs at the blastocyst stage and results in a haemochorial placenta [35]. Conversely, porcine and bovine blastocysts implant at later stages in development. In these species, the
trophectoderm first elongates to a long, thin filament before the embryos implant, giving rise
to a loose diffuse non-invasive epitheliochorial placenta [36].
At the molecular level, bovine and porcine blastocysts differ from their murine counterparts in OCT4 expression, which is not restricted to the ICM [37, 38]. This indicates that pigs
and cows do not share the interplay between OCT4 and CDX2 that is supposed to cause the
first lineage segregation in mouse embryos. However, little is known about the other molecular mechanisms that define the pluripotent cell population in bovine and porcine embryos and
if NANOG, CDX2, or GATA6 are involved in this process. An increase of our understanding
on the mechanisms that define the pluripotent cell populations in cows and pigs could facilitate the derivation of pluripotent cells from these species. A first step would be to study the
differences and similarities between different species in the expression patterns of the key
transcription factors. In comparison with a model organism as the mouse, porcine and bovine
genome sequence information is more fragmented and availability of species-specific antibodies, valuable tools in studies on protein expression, is limited. Therefore, development of the
appropriate molecular biological tools is a challenging aspect of studies on the factors that
determine porcine and bovine pluripotency.
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Primordial germ cells
From mouse embryos, pluripotent cell lines can also be established from primordial germ
cells. In a diversity of animals, such as sea urchins [39, 40], ascidians [41], flies [42, 43], and
nematodes [42], developmental fate of germ cells in embryonic development is regulated by
maternal components that are inherited differentially. Mammalian development seems more
regulative, with germ cell fate established dynamically through cell interactions. In mouse
embryos, PGCs are specified in the proximal pluripotent epiblast between E6.25 and E7.25.
In a classic transplantation experiment, embryonic tissue from the distal epiblast that would
otherwise have a somatic fate, contributed to the germ cell population after transplantation to
the proximal epiblast [44]. This clearly demonstrates that in the mouse, the formation of PGCs
is not the result of inherited maternal determinants but by local interactive signals instead.
Instructive bone morphogenetic protein - (BMP) signalling from the extraembryonic ectoderm [45] and visceral endoderm [46] triggers the expression of fragilis/Ifitm3 in adjacent
proximal epiblast cells at E5.5/E6, which thereby acquire primordial germ cell competence. At
E6.25, approximately six fragilis/Ifitm3-positive cells become also positive for B-lymphocyte
maturation-induced protein 1 (Blimp1), which are the first PGC ancestors [47]. In the following period, more Blimp1-expressing cells are recruited that eventually become the PGC
founder population of approximately 40 PGCs that express Stella and are positive for alkaline
phosphatase. Blimp1-positive cells initially have a mesodermal character as demonstrated by
the expression of mesodermal genes Hoxb1, T brachyury, Fgf8, and Snail [48]. Upon Blimp1
expression, PGC precursors escape the somatic fate of the surrounding cells that do not express Blimp1. As a consequence, the preliminary mesodermal character becomes repressed and
is gradually replaced by an expression pattern that, through the expression of pluripotencyassociated genes Nanog [25, 27], Oct4, and Sox2, is reminiscent of ES cells and the pluripotent
epiblast. Transciptional similarities between PGCs and ES cells are maintained between E8.5
and E11.5. In this developmental period, when PGCs migrate through the hindgut towards the
developing gonads, embryos are permissive for the derivation of pluripotent cell lines from
primordial germ cells [49, 50].
In porcine embryonic development, presumptive PGCs have been detected as a small
population of OCT4 expressing cells in the endoderm of the primitive streak stage at 13 days
post-insemination (d.p.i.) [51]. Alleged PGCs have also been observed in the allantoic endoderm and mesoderm of 14-15 d.p.i. somite stage embryos [51], in the dorsal mesentery of the
hindgut of day 18 and 20 embryos, and in the primordium of the gonad at day 23 [52]. In the
bovine embryo, PGCs primordial germ cells can be detected in the caudal wall of the proximal
yolk sac of day 18 embryos. As in pigs, bovine PGCs also migrate through the hindgut and
arrive at the mesonephros before the gonadal ridges start to develop [53]. Thus, porcine and
bovine trajectories of PGCs seem to correspond largely to that of migratory PGCs in mouse
development. Remarkably, porcine PGCs show little alkaline phosphatase activity before
reaching the gonads, but murine and bovine migrating PGCs have high alkaline phosphatase
activity. Our knowledge on bovine and porcine PGCs is too limited to conclude that these cells
are similar to or fundamentally different from murine PGCs.
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Spermatogenesis
After migration through the hindgut, male PGCs colonize the genital ridges where they become gonocytes and after temporal mitotic activity enter a dormant stage in the G0 phase of
the cell cycle [54]. In mouse, a short burst of activity in somatic cells of a single gene on the
Y chromosome, Sex-determining region of the Y-chromosome (Sry), results in testis development and from E12.5 the first morphological signs of sexual differentiation are visible by the
appearance of seminiferous cords [55]. After birth, mouse gonocytes resume the cell cycle and
give rise to spermatogonial stem cells (SSCs) that reside at the basal membrane of seminiferous tubules [54].
Recently, mammalian spermatogonial stem cells (SSCs) have joined PGCs and cells from
the epiblast as a source of pluripotent cells [56-60]. While female germ cells stop proliferation
before birth, male spermatogonial stem cells display self-renewal throughout adult life until
senescence. Transplantation of SSCs to a host testis that has been depleted of stem cells by
chemical treatment or irradiation can restore fertility of infertile mouse similar to how bonemarrow derived hematopoietic stem cells can restore function when production of blood cells
is impaired. An important difference, however, is that haematopoietic stem cells are multipotent and can develop into multiple cell types, whereas SSCs are unipotent and can only differentiate into sperm cells. The group of Shinohara was the first to describe a method for the
long-term culture of unmodified mouse SSCs that maintained the capacity to colonize a testis
[61]. Additionally, the same group were the first to derive multipotent germline stem cells
from their spermatogonial stem cell cultures [58]. Colonies of mGS cells occasionally arose
under standard SSC culture conditions and these colonies displayed long term self renewal
when transferred to ES-cell culture conditions. Moreover, cells of these colonies proved to be
pluripotent, as demonstrated by their somatic and germline contribution to chimaeric embryos
[58]. SSC colonies and mGS colonies can be derived from a single spermatogonial stem cell
[59], however, the mechanism that causes SSCs to switch to a pluripotent state remains to be
elucidated.
There is a strong connection between the testis and pluripotency. First of all, the testis can
harbor malignant tumors called teratocarcinomas that are composed of pluripotent cells and
differentiated progeny of numerous cell types [62]. In fact, the first pluripotent cell lines were
derived from teratocarcinomas and are called embryonal carcinoma (EC) cell lines.
The second association of the testis with high plasticity of cells is more straightforward;
i.e. in a process known as spermatogenesis the testis produces sperm cells that can fertilize
oocytes and thereby contribute to the formation of a whole new organism. Mammalian spermatogenesis is a lengthy, highly orchestrated, intricate process of differentiation that takes
place in the tubular compartment of the adult testis. Three distinct consecutive phases in spermatogenesis can be recognized: mitosis, meiosis and cellular differentiation. Here, the mouse
model is used to briefly illustrate the principles of spermatogenesis. In the mouse, SSCs are
called As (single) spermatogonia that, upon differentiation, first go through a number of successive spermatogonial stages. In consecutive order, these stages are as follows: type As, Apr (pair),
Aal4 (4 cells aligned), Aal8, Aal16, A1, A2, A3, A4, In (Intermediate), and type B spermatogonia.
Type Apr and Aal spermatogonia are two and more cells respectively that are connected by
cytoplasmic bridges. From type As to type B spermatogonia, nuclear material progressively
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Figure 3: The seminiferous epithelial cycle of murine spermatogenesis.
Each column represents the combination of different cell types that are present in seminiferous tubules that are at that
specific stage. Roman figures = stage of the epithelial cycle, In = intermediate spermatogonia, B = type B spermatogonia, Pl = pre-leptotene stage, L = leptotene stage, Z = zygotene stage, P = pachytene stage, D = diplotene stage, 2nd =
generation of secondary spermatocytes,1-16 = steps in spermiogenesis.

condenses from a loose euchromatic state to a dense heterochromatic state and, as the name
suggests, type In spermatogonia have a chromatic state in between. Transitions from one stage
of type A spermatogonia to the next are marked by mitotic events, with the exception of the
transition from Aal16 to A1. Together, these stages represent the proliferative phase of spermatogenesis [54, 63]. Next, Type B spermatogonia leave the basal membrane and develop into
primary spermatocytes, which marks the transition from the proliferative phase of spermatogenesis to the meiotic phase of spermatogenesis [54].
An estimated 90% of male meiosis is consumed by prophase of the first meiotic division
[64], in which distinct phases can be recognized. At preleptotene, spermatocytes synthesize
DNA resulting in a cell with double the somatic number of chromosomes (4n) [65] that will
subsequently condensate at leptotene. At zygotene, homologous chromosomes pair through
so-called synaptonemal complexes, which are completed at pachytene. Separation of chromosomes is then initiated in the diplotene phase of meiosis followed by the first meiotic division,
which results in two secondary spermatocytes (2n). Shortly thereafter, both spermatocytes go
through the second meiotic division and 4 haploid (n) round spermatids are produced [64].
With the establishment of spermatids, spermatogenesis enters the phase of cellular differentiation called spermiogenesis. Cellular and morphological modifications lead to the gradual
maturation of round spermatids to highly specialized elongated spermatozoa that can fertilize
oocytes and contribute to totipotent embryos. Formation of the acrosome, tight packing of
DNA in protamines, and the development of a flagellum are some of the processes that are
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involved [64].
In cross-sections of seminiferous tubules, spermatogonia, spermatocytes, and spermatids
are organized in concentric layers, with the spermatids nearest to the lumen [65]. Routine
microscope techniques have revealed that certain steps in spermiogenesis are always closely
associated with particular phases in meiosis and also with specific stages of spermatogenesis. For example, in mouse spermatogenesis, intermediate spermatogonia are associated with
pachytene spermatocytes and spermiogenic steps 2-4 and 14-15. As such, 12 consecutive stages in mouse spermatogenesis can be identified that are denoted with roman figures and which
collectively are referred to as the cycle of the epithelium (Fig.3).
Xeno-transplantation experiments have revealed that spermatogonia from most mammals
are able to colonize mouse testes. However, only when closely related donor species are used,
can transplanted spermatogonia participate in spermatogenesis. This indicates that the mechanism of spermatogonial stem cell self-renewal is conserved and the mechanism of spermatogenesis diverges between mammalian species. Consequently, culture systems that support
self-renewal of mouse SSCs probably support self-renewal of SSCs from other species.
The generation of SSC lines from other species than the mouse, such as pigs and cows,
could offer an alternative route to pluripotent cell lines in these species. Moreover, porcine and
bovine SSC cultures could be used to create transgenic livestock by targeting genes followed
by the transplantation assay. Furthermore, SSC cultures provide an excellent in vitro model to
study the biology of these cells, such as the mechanism of self-renewal and spermatogenesis.

Thesis outline
The main themes of this thesis are pluripotency of cells, the molecular mechanisms that determine pluripotency, and interspecies similarities or differences in these molecular mechanisms. The practical work described in this thesis covers the next five chapters and focuses
on preimplantation embryos, SSCs, and testis function in the light of pluripotency. Chapter
2 describes the identification of a set of reference genes that can be used to normalize gene
expression in early porcine development. Through this set of reference genes, gene expression
levels can be compared between different porcine developmental stages ranging from germinal vesicle stage oocytes up until the expanded blastocyst stage. In chapter 3, it is described
how key factors that are involved in early mouse lineage segregation events show dissimilar
expression patterns in porcine and bovine embryos, which suggests that the mechanisms of
the first lineage segregations are not conserved between mammals. In the next chapter, a study
is presented on the isolation and culture of porcine male germline stem cells. A characterization is presented of the different cell types and colonies that were derived from these cultures
as well as an analysis of the effect of different growth factors on newly initiated cultures of
porcine testis cells. The following chapter describes an RNAi study on cultures of mouse germline stem cells, which was performed to gain more insight in the mechanisms that insulate
male germ cells from pluripotency. Finally, in chapter 6, the findings of a comparative study
are presented on the expression of pluripotency factor NANOG in testes of mouse, dog, pig,
and human. Primordial germ cells are not the principal subjects of investigation in the experiments that are described in this thesis. Nevertheless, primordial germ cells are discussed in this
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introduction and in the discussion section, because of the significant contributions these cell
types have made to our understanding of pluripotency.
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Validation of reference genes for quantitative
RT-PCR studies in porcine oocytes and
preimplantation embryos.
Abstract
In the developing embryo, total RNA abundance fluctuates caused by functional RNA
degradation and zygotic genome activation. These variations in the transcriptome in
early development complicate the choice of good reference genes for gene expression
studies by quantitative real time polymerase chain reaction.
In order to identify stably expressed genes for normalisation of quantitative data,
within early stages of development, transcription levels were examined of 7 frequently
used reference genes (B2M, Bact, Gapdh, H2A, Pgk1, S18, and UBC) at different
stages of early porcine embryonic development (germinal vesicle, metaphase-2, 2-cell,
4-cell, early blastocyst, expanded blastocyst). Analysis of transcription profiling by
geNorm software revealed that Gapdh, Pgk1, S18, and UBC showed high stability in
early porcine embryonic development, while transcription levels of B2M, Bact, and
H2A were highly regulated.
Good reference genes that reflect total RNA content were identified in early embryonic development from oocyte to blastocyst. A selection of either Gapdh or Pgk1,
together with S18, and UBC is proposed as reference genes, but the use of B2M, Bact,
or H2A is discouraged.

Background
Preimplantation development is a highly dynamic process including phenomena such as oogenesis, oocyte maturation, fertilization and lineage segregation. Not surprisingly, early embryonic development is characterized by dramatic changes in transcription. To start with, at
the diplotene stage of an oocyte’s first meiotic prophase, numerous genes are transcribed and
translated, resulting in storage of mRNA and proteins that support early embryonic development. After completion of maturation, oocytes arrest at the metaphase of the second meiotic
division, where transcription is halted and translation of mRNA is reduced [1]. Transcription
is restored after fertilization, which can be detected by incorporation of labelled nucleotides in
mRNA of embryos [2,3]. In mammals, the start of zygotic genome activation varies between
1- and 8-cell stage embryos, dependent on the species [4].
The main part of our knowledge on the transition from maternal to zygotic transcipts has
been derived from studies in mouse, but also from studies in rabbits, cattle and pigs. In the
mouse, early embryonic development shows wave-like gene activation patterns and two major transitions in gene expression can be recognized. The first major wave of gene activation
peaks at the 2- to 4-cell stage. This corresponds to the well-known zygotic genome activation,
by which embryonic transcripts replace maternally inherited transcripts. The second major
wave of gene activation, the so-called mid-preimplantation genome activation, peaks at the
8-cell stage and precedes the obvious morphological changes in subsequent stages: compac-
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tion and blastocyst formation. These major waves of activation are followed by two minor
waves, one at the morula stage and another at the blastocyst stage [5]. In addition to these
bursts in transcription, maternal mRNA is actively degraded during early embryonic development, restricting the time window in which these transcripts can function. In the mouse, the
amount of total RNA at the 2-cell stage is reduced to ~10% compared to that of an unfertilised
oocyte [5-7]. These temporal changes in transcriptome are considered to fulfil the need of
the embryo for particular classes of proteins at the appropriate phases in development. Minor
genome activations, prior to the major zygotic genome activation, have been observed during
the first cleavage stages of rabbit, human, and bovine embryos, which suggests a conserved
mechanism of sequential acquisition of transcriptional control in mammals [8-13].
Dynamic changes in the transcriptome take place in the developing porcine embryo as
well. In this species, loss of maternal transcripts in zygotes is demonstrated by decreasing levels of CYCLIN B1 and CDC25C in early embryonic development [14,15]. At the 4- cell stage
of porcine embryos the first synthesis of extra-nucleolar RNA was observed by using uridine3H labelling techniques, which is an indication that from the third cell cycle onwards the
porcine embryonic genome is reactivated. [16]. Activation of the porcine embryonic genome
at this stage of development is also confirmed by fluorescent in situ hybridisation of rRNA
transcripts at the 4-cell stage but not in earlier embryonic stages [17]. CDC25C transcription is
also observed in 4-cell stage pig embryos [14], another indication that the porcine embryonic
genome is active in these embryos. In other words, early porcine embryonic development is
characterized by significant changes in the transcriptome.
Studying alterations in gene expression is essential to understand the processes that are
important for preimplantation development. Presently, the method of choice to quantify mRNA
levels is quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR), particularly when small amounts of mRNA are present [18]. In gene expression studies, there are
several sources of variation, such as the amount of starting material, enzymatic efficiencies,
and differences between tissues or cells in overall transcriptional activity. In an ideal situation,
transcript numbers are standardized to the number of cells [19]. However, during preimplantation development, cell numbers and cell sizes are constantly changing. Alternatively, gene
expression is normalized by the amount of starting material, but RNA yield from preimplantation embryos is too low for reliable quantification and variation in its reverse transcription
cannot be excluded. Also for proper use of external controls, quantification of starting material
is indispensable [20], and therefore not the preferred method when using small amounts of
material. An elegant way to control for all variables, including the amount of input material, is
normalization against internal control genes, on the condition that these internal control genes
are stably expressed [19]. Traditionally, mRNA levels in Northern blots and RNAse protection
assays have been quantified by normalisation to a reference gene that shows constant expression levels between samples with similar RNA content. In the present study, a similar line is
followed; a stably expressed gene is defined as a gene of which its quantity is an indication of
the total amount of RNA. In other words, a good reference gene for early embryonic development reflects the fluctuating transcriptomes by its expression. Commonly used reference genes
are beta-actin (Bact), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), and 18S ribosomal RNA (S18). However, it is unknown whether these genes are stably expressed in early
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developmental stages ranging from immature oocytes to expanded blastocyst stage embryos.
Most gene expression studies in preimplantation development have focused on murine
models, but where mouse embryos form an egg cylinder, human and porcine embryos have
a planar morphology [21], and where human and murine embryos show invasive implantation at the blastocyst stage, porcine embryos have a loose diffuse non-invasive placenta [22].
There are also some clear differences between preimplantation embryos at the molecular level.
Human embryos differ in surface specific antigens expression compared to mouse [23], and
in pigs, expression of the pluripotency marker OCT4 is, contrarily to human and mouse, not
restricted to the inner cell mass [24]. These clear differences in mammalian early embryonic
development could also have an effect on the validity of reference genes between species.
Such species dependency of good reference genes has lately been demonstrated in differentiating mouse and human embryonic stem cells, cells that are closely related to preimplantation
embryos [25]. To validate candidate reference genes in a non-mouse model, the potential
of seven genes to be used as internal controls during early porcine embryonic development
was investigated, using three separate pools of developmental stages ranging from germinal
vesicle stage oocytes to blastocyst stage embryos.

Results
RT-PCR
For each developmental stage, porcine oocytes and embryos with good morphology [26] were
collected from three independent in vitro cultures (Fig. 1), and RNA was isolated separately
from these biological replicates . β-2-microglobulin (B2M), beta-actin (Bact), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), histone 2α (H2A), phosphoglycerate kinase 1
(PGK1), 18S ribosomal RNA (S18), and ubiquitin (UBC) were chosen as candidate reference
genes and used for RT-PCR on oocytes. These genes are regularly used to normalise mRNA
transcript levels and at least five of the genes
have previously been used as reference genes
in early development (Bact [27], Gapdh
[28], H2A [29], S18 and UBC [30]). Amplicons were of the expected sizes (Figure 2)
and their specificity was confirmed by sequence analysis (data not shown). Optimal
annealing temperature was determined using
a temperature gradient ranging from 50 to 65
ºC (Table 1). For each biological replicate,
three technical replicates were run in all qRTPCR experiments, and all samples for one
Figure 1: Representative pictures of porcine oocytes and embryos collected for qRT-PCR.
gene product were run on one 96-well plate
(A) Germinal vesicle stage, (B) metaphase-2 stage,
to minimize inter-experimental variation.
(C) 2-cell stage, (D) 4-cell stage, (E) early (cavitatDilution curves of all candidate reference
ing) blastocyst, (F) expanded blastocyst. Scale bar =
50µm.
genes showed an average amplification ef-
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ficiency of 100.2% (min. 86%, max 113.3%)
and an average coefficient of determination
(R2) of 0.992. Single distinctive peaks in the
melt curves confirmed specific amplification
of the gene of interest. All reference genes
were consistently detected in all samples
except one metaphase-2 sample, which was
excluded from further analysis. This reliable
Figure 2: PCR results of candidate reference
genes.
detection indicates integrity of the cDNA
Amplicons were of the expected sizes (B2M 166 bp,
samples. Starting quantities were based on
BACT 141 bp, GAPDH 219 bp, H2A 83 bp, PGK1
the gene specific standard curves and calcu126 bp, S18 149 bp, UBC 186 bp). 100 bp = 100 base
pair ladder.
lated with MyIQ software. The –RT levels of
B2M, Bact, Gapdh, and Pgk1, were below detectable levels. S18 was detected at an
average level of 0.05% in –RT samples, UBC was detected at an average of 0.007% and H2A
was detected at an average of 1.27% compared to their RT counterparts. The –RT values were
subtracted from their RT counterparts.

GeNorm analysis

Several statistical tools are available to identify stably expressed genes, but since studies have
not found large differences between statistical tools such as geNorm, NormFinder, and Bestkeeper [25,31], only one of these applications was used here to calculate gene expression stability [19]. For each gene, Ct values of unknown samples were transformed into the log of the
starting quantities with the formula obtained from the standard curve, thereby taking into account the efficiency of the PCR reaction. Raw starting quantities were analysed with geNorm
Table 1: Primer details used for qRT-PCR
F = forward, R = Reverse, Ta = optimal annealing temperature
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Gene

Genbank
Accession

Primer Sequences

Ta (ºC)

B2M

NM_213978

F: 5’-TTCACACCGCTCCAGTAG-3’
R: 5’-CCAGATACATAGCAGTTCAGG-3’

59.5

BACT

AY550069

F: 5’-CATCACCATCGGCAACGAGC-3’
R: 5’-TAGAGGTCCTTGCGGATGTC-3’

55.8

GAPDH

AF017079

F: 5’-TCGGAGTGAACGGATTTG-3’
R: 5’-CCTGGAAGATGGTGATGG-3’

51.1

H2A

BX921568

F: 5’-GCTGTTGGGCAAAGTCAC-3’
R: 5’-GGCTCTCCGTCTTCTTGG-3’

54.3

PGK1

AY677198

F: 5’-AGATAACGAACAACCAGAGG-3’
R: 5’-TGTCAGGCATAGGGATACC-3’

56.4

S18

NR_002170

F: 5’-GGCTACCACATCCAAGGAAG-3’
R: 5’-TCCAATGGATCCTCGCGGAA-3’

58.7

UBC

M18159

F: 5’-TTCGTGAAGACCTTGACTG-3’
R: 5’-GGACTCCTTCTGGATGTTG-3’

51.1
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to determine gene expression stability over the different Table 2: Ranking of genes by exdevelopmental stages, which resulted in a gene expression pression stability; less stable genes
have higher M-values.
stability measure M for each gene (Table 2). Stepwise excluGene
M
sion of unstable genes and subsequent recalculation of the
1.278
1: GAPDH
average M-values, results in a ranking of the genes based on
1.300
2: UBC
their M-values, with the two most stable genes, with the low1.312
3:
PGK1
est M-values, leading the ranking (Fig. 3)[19]. This stepwise
1.352
4:
S18
elimination of the least stable genes revealed that Gapdh,
1.650
5: H2A
Pgk1, S18, and UBC were the 4 most stable genes.
The geometric mean of the expression levels of the 2
1.912
6: BACT
best reference genes, GAPDH and UBC, was used to calcu2.540
7: B2M
late normalisation factors. To reveal the optimum number
of reference genes, it was determined whether stepwise inclusion of less stable genes significantly affected the normalisation factors. This pair wise
variation (V) showed that inclusion of a fourth reference gene had a significant effect on the
normalisation factors, but including a fifth gene did not improve the normalisation factors
(Fig. 4). Therefore, the least stable genes B2M, Bact, and H2A were not very suitable for
normalisation. Gapdh and Pgk1 play important roles in the glycolytic pathway and are
potentially co regulated, but removal of either of these genes from the analysis did not affect
the ranking of the genes by stability (Table 3). In vitro produced porcine embryos are vulnerable to polyspermy. In this study, the susceptibility to polyspermy was minimized by using
sow oocytes instead of those from pre-pubertal gilts, [32,33] and by addition of porcine fol-

Figure 3: Average expression stability M after stepwise exclusion of the least stable gene.
On the left-most side is the average expression stability
M for all genes, with the least stable gene within that
group on the x-axis. Exclusion of this gene from the analysis generates the next data point. After stepwise exclusion of the least stable genes, the two best genes, which
cannot be further ranked, remain and are depicted on the
rightmost side of the graph.
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Figure 4: Optimal number of reference genes.
.
Pair wise variation of normalization factors after successive inclusion of less stable genes determined the optimal
number of reference genes. On the left-most side is the
pair wise variation when the number of genes is enlarged
from 2 to 3 (V2/3). Stepwise inclusion of less stable
genes generates the next data points. Inclusion of a 4th
gene has a significant effect on the normalization factors.
Inclusion of a 5th, 6th, or 7th gene has a negative effect
on the pair wise variation value and reflects the average
expression stability M of these genes.
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Table 3: Ranking of genes by expression stability.
All genes included

Minus Gapdh

Minus Pgk1

Minus H2A

Minus Blastocysts

1: GAPDH

2: UBC

2: UBC

1: GAPDH

1: GAPDH

2: UBC

3: PGK1

1: GAPDH

3: PGK1

3: PGK1

3: PGK1

4: S18

4: S18

4: S18

2: UBC

4: S18

5: H2A

5: H2A

2: UBC

4: S18

5: H2A

6: BACT

6: BACT

6: BACT

5: H2A

6: BACT

7: B2M

7: B2M

7: B2M

7: B2M

7: B2M

X

X

X

6: BACT

In the first column, all genes and developmental stages were included in the analysis, and in the following columns the
genes GAPDH, PGK1, or H2A were excluded, and in the last column, blastocyst stage embryos were excluded. The
numbers represent ranking position of that gene when all genes are included

licular fluid to the in vitro maturation medium [34]. Exclusion of the transcriptionally active
blastocyst stages from the analysis resulted in merely minor influences on gene ranking (Table
3). Therefore, the same panel of reference genes can be used to normalize gene expression
from the germinal vesicle stage oocyte to the 4-cell stage embryo, with GAPDH, PGK1, UBC,
and S18 as the best four genes for normalisation, to be preferred over H2A, B2M, and BACT.
Amplification of a large product might influence PCR efficiency and the final ranking of a
gene. In this study however, there was not a correlation between product size and M-value or
between product size and efficiency (Fig. 5), indicating that the ranking of genes by stability
was not a methodological artefact. Since the –RT levels for H2A were relatively high in some
samples, the ranking of reference genes was also calculated when this gene was excluded, but
exclusion of this gene left the ranking intact except for UBC, which was repositioned from
first to fourth in rank (Table 3).

Gene expression patterns

In porcine early developmental stages B2M, Bact, and H2A, were not expressed at consistent
levels. The expression pattern of these genes was studied by normalising the qRT-PCR data of
these genes with the normalisation factors calculated by geNorm and based on the four most
stable genes (Figure 6, top row). B2M expression levels in GV, M2, 2-cell, and 4-cell stage
embryos were similar. Early blastocysts showed an increase in B2M expression, and highest
expression levels were seen in expanded blastocysts. Bact showed stable expression in the
oocyte stages, was downregulated at the 2-cell stage, showed up regulation at the 4-cell stage
and was downregulated again in the blastocyst stages. H2A expression was upregulated in the
M2 stage compared to the GV stage. The M2 and the 2-cell stage showed similar levels of
H2A expression, and at the 4-cell stage, H2A expression was downregulated. Early blastocysts
showed increased expression and expression was highest in expanded blastocyst stage embryos. Expression patterns of stably expressed genes are also presented (Figure 6, bottom row).
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Figure 5: No correlation was found between product size and M-value or between product size
and amplification efficiencies of the PCR-reactions; left: Product size is plotted against the stability factor M. M-values of the genes are not correlated to the product size of the PCR reactions (R2 = 0.0196).
right: Product size is plotted against efficiency of the PCR reaction as an the average of the plus RT and the minus RT
run. Average efficiencies are not correlated to the product size (R2 = 0.0199).

Figure 6: Relative expression of BACT, H2A, B2M, GAPDH, PGK1, S18, and UBC at different stages of porcine
embryonic development; Top row: regulated genes; bottom row: stably expressed genes; X-axis: developmental stage
(GV = germinal vesicle stage, M2 = metaphase-2 stage, 2C = 2-cell stage, 4C = 4-cell stage, CB = early cavitating blastocyst, EB = expanded blastocyst). Y-axis: normalized relative expression. Data was normalized to the geometric mean
of 4 stably expressed genes (18S, PGK1, GAPDH, UBC) as determined by geNorm analysis. For each developmental
stage, the normalized expression value was subsequently divided by the normalized expression value of the germinal
vesicle stage. Error bars represent SEM.
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Discussion
Gene expression studies often rely on an internal standard that shows stable expression in the
cell types or tissues examined, independent of the differentiation or biological state of the
cell. Identifying a good reference gene in preimplantation embryonic development is however
hindered by significant fluctuations in the transcriptomes. Moreover, within mammals there is
clear morphological and molecular biological variation between embryos of different species
such as mouse, pig and human. In the present study, the usefulness of genes as reference genes
in early porcine development was tested. Gapdh and Pgk1 were identified as the genes with
the most stable expression, followed by S18 and UBC, whereas B2M, Bact, and H2A demonstrated to be inferior reference genes in this non-mouse model. In vitro produced porcine
embryos are susceptible to polyspermy. In this study, sow oocytes were used instead of those
from pre-pubertal gilts, in order to minimize the generation of polyspermic embryos [32,33].
Moreover, exclusion of the transcriptionally active blastocyst stages from the analysis resulted
in merely minor influences on gene ranking. There was not a correlation between product size
and M-value, or between product size and PCR efficiency, indicating that the ranking of genes
by expression stability is not a methodological artefact, as described previously for amplicons
below 200 base pairs [35].
Several studies have attempted to identify good reference genes in mammalian oocytes
and preimplantation embryos [36-39]. Goossens et al. used geNorm to test reference genes in
bovine preimplantation embryos, but unfortunately this study excludes oocytes and starts the
developmental range from the 2-cell stage onwards [36]. Other studies have included oocytes
in their ranges of developmental stages, and in those studies, the approaches were highly
similar in that the numbers of oocytes/embryos were kept equal in RNA isolations. The RNA
was subsequently used as a template for cDNA synthesis, and a fixed volume of cDNA was
used in each PCR reaction. The best reference genes were considered those genes that showed
least variation between developmental stages [37-39]. However, due to the nature of preimplantation development the quantity of RNA differs between stages. For example, 2-cell stage
mouse embryos have less total RNA than germinal vesicle stage oocytes, since ~90% of maternal RNA will be degraded and the embryonic genome is mostly inactive. Genes that show
constant expression throughout all stages are genes that somehow escape mRNA degradation
from the GV stage to the 2-cell stage and are barely transcribed at later stages. Normalisation with such a gene will result in the absolute value that a gene is up- or downregulated.
However, it is unclear whether this up- or downregulation is biologically significant, because
the entire transcriptome might show a similar up- or downregulation. Therefore, in this study,
appropriate reference genes were defined as those genes that represent the total RNA content,
which is in line with methods such as Northern Blotting and RNAse protection assays. This
difference in method partly explains the discrepancy in findings between previous studies and
the current one. For example, H2A has previously been advocated as a good reference gene
in bovine and murine preimplantation development, because of its unaffected mRNA levels
during preimplantation development [37,38]. In contrast, in this study, the average expression
stability M of H2A was high and this gene was therefore excluded from the set of reference
genes on which the normalisation factors were based. Moreover, Gapdh, Pgk1, S18, and
UBC have previously been rejected as good reference genes for the reason that their gene
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products show high fluctuations in absolute copy numbers in early development [37-39]. In
this study, however, these genes are advocated as reference genes, because their fluctuations
reflect the fluctuations in the transcriptomes. With this method, it should be kept in mind that
apparent up- or downregulation of a certain gene might be caused by changes in total RNA
abundance and not reflect increased or decreased transcription.
The four best candidate reference genes Gapdh, Pgk1, S18, and UBC were stably expressed in spontaneously differentiating human embryonic stem cells as well. Moreover, these
genes showed stable expression in differentiating mouse embryonic stem cells, with the exception of S18 [25]. Although thorough testing of reference genes in any new experimental
set-up is advocated, it is not unlikely that these genes can also be used to normalise gene
expression data of preimplantation embryos and embryonic stem cells, enabling a comparison
between these two closely related systems. In mouse peri-implantation embryos ranging from
3.5 days post coitum (dpc) blastocysts to 9.5 dpc neurulating embryos Gapdh, Pgk1, and
S18 show unstable expression [25], which is an indication that these genes should not be used
to study post-implantation development.
By pair wise variation the optimal number of reference genes was determined at four.
Therefore, normalisation factors were derived from the best four reference genes and these
factors were subsequently used to calculate the gene expression patterns of regulated genes.
B2M plays a role in expression of MHC class I antigen on cells. B2M showed increased expression in blastocyst stages, which is consistent with the role that B2M has in the proper
expression of blastocyst Major Histocompatibility Complex, to protect fetal trophoblast cells
from maternal NK cells [40]. Expression of Bact, a major component of microfilaments of
the cytoskeleton of eukaryotic cells, was downregulated at 2-cell stage embryos compared
to the oocyte stages, indicating that Bact mRNA is actively degraded or translated between
these stages. Bact mRNA peaked at the 4-cell stage, which coincides with the porcine embryonic genome activation and might reflect the cytoskeletal changes when embryos switch from
cleavage divisions to cell proliferation in later stages. H2A is one of the 5 main histone proteins, which are involved in the structure of chromatin. Chromatin structure has an important
role in epigenetic gene regulation and is probably involved in coordinating gene activity in
early embryonic stages [41]. H2A expression increased in expanded blastocyst stages, which
suggests changes in chromatin structure and possibly nuclear reprogramming at that stage of
development. In summary, mRNA abundance of B2M, Bact, and H2A showed distinct temporal regulation from oocyte maturation to early embryo development.
Analysis of transcription profiles of 7 candidate reference genes in early porcine embryonic development revealed that Gapdh, Pgk1, S18, and UBC showed stable expression and
can therefore be used as reference genes. Since Gapdh and Pgk1 both have roles in glycolysis, it is advised not to use both genes for normalisation, unless independent stability of these
genes is made clear. Therefore, a selection of either Gapdh or Pgk1 together with S18 and
UBC is proposed. To our knowledge, this is the first evaluation of reference genes that reflect
total RNA content in early mammalian embryonic development from oocyte to blastocyst.
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Materials and Methods
Oocyte maturation, IVF, embryo culture
All incubations described below took place in a humidified atmosphere of 38.5ºC and 5% CO2. Recovery,
in vitro maturation and fertilization of porcine oocytes and subsequent in vitro culture of porcine embryos
proceeded as previously described [42]. In short, sow ovaries were collected from a regional slaughterhouse and cumulus oocyte complexes (COCs) were aspirated from antral follicles of 2-6 mm. Oocytes
of equal size and three or more layers of compact cumulus were selected and transferred to maturation
medium, containing NCSU-23 medium [43], supplemented with 10% porcine follicular fluid, 0.57 mM
cysteine, 25 mM β-mercaptoethanol, 10 IU/ml eCG (Chorulon, Intervet, Boxmeer, the Netherlands) and
10 IU/ml hCG (Folligonan, Intervet). After 24 hr culture, the COCs were transferred to maturation medium excluding eCG and hCG and cultured for an additional 18 hr. After culture, COCs were denuded and
transferred to Tris-buffered IVF-medium, containing 113.1 mM NaCl, 3 mM KCl, 20 mM Tris, 11 mM
D-glucose, 1 mM caffeine, 5 mM sodium pyruvate, 7.5 mM CaCl2, 0.1% (w/v) bovine serum albumine
(BSA; Sigma-Aldrich Chemie, Zwijndrecht, the Netherlands) and 1% pen/strep. IVF was performed
with fresh semen from two randomly selected boars at a concentration of 1000 cells/oocyte. Next day, the
presumptive zygotes were cultured in IVC medium, which contained NCSU-23 and 0.4% BSA.

RNA extraction and reverse transcription
Total RNA was isolated from denuded germinal vesicle stage oocytes, denuded metaphase 2 stage oocytes (as confirmed by the presence of one polar body), 2-cell stage embryos, 4-cell stage embryos, early
blastocysts and expanded blastocysts, using the RNeasy minikit (Qiagen, Venlo, the Netherlands). RNA
yield is lower in oocytes and cleavage stage embryos compared to blastocyst stage embryos and therefore, 40 oocytes/embryos per sample were collected for the early stages and 10 blastocysts were pooled
for every sample. First-strand cDNA was synthesised with Superscript II (Invitrogen, Groningen, the
Netherlands) and random primers were used to prime reverse transcription of RNA. As negative controls,
mixtures were prepared without reverse transcriptase. Reaction mixtures with samples were incubated for
1 hr at 42ºC and subsequently for 5 min at 80ºC, chilled on ice and stored at -20ºC.

Quantitative RT-PCR
Preceding qRT-PCR amplification, primers were designed using Primer Select software (DNAstar, Madison, WI, USA) and Beacon Designer 4 (PREMIER Biosoft International, Palo Alto, CA, USA)(Table 1).
Primers were tested on cDNA of in vitro produced embryos. The amplicons were run on a 2% agarose
gel and products were sequenced to test the specificity of the primers. Subsequent PCR was performed
in a Bio-Rad iCycler (Bio-Rad, Veenendaal, the Netherlands). Gene transcripts were quantified using iQ
SYBR Green supermix (Bio-Rad). The optimal annealing temperature of the primers was tested experimentally with a temperature gradient. A separate reaction was run for each gene and a standard curve of
tenfold dilution ranging from 10pg to 1ag supplemented each run. All points of the standard curve and
all samples were run in triplets as technical replicates. In each run 1 μl of cDNA was used as template for
amplification per reaction. The sample was added to 24 μl of reaction mixture, containing 12.5 μl H2O,
11.25 μl iQ SYBR Green supermix (Bio-Rad), and 0.5mM of both forward and reverse primers (Isogen,
Maarssen, the Netherlands). The thermal cycling profile started with a 3-min dwell temperature of 94ºC,
followed by 40 cycles of 30 sec at 94ºC, 30 sec at the primer specific annealing temperature, 30 sec at
72ºC, and a final step at which fluorescence was acquired. After 40 cycles, the program continued with
a post-dwell of 1 min at 94ºC. Finally, a melt curve was generated by temperature increments of 0.1ºC
starting from 65 to 100ºC, with fluorescence acquisition after each step. Data was analysed with My-IQ
software (Bio-Rad), which for all samples calculated the starting quantities of all candidate reference
genes, based on the standard curves for these genes.
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Differences in early lineage segregation between
mammals
Abstract
Two lineage segregation events in mammalian development form the trophectoderm,
primitive endoderm, and pluripotent primitive ectoderm. In mouse embryos, Oct4,
Cdx2, Nanog, and Gata6 govern these events, but it is unknown whether this is conserved
between mammals. Here, the expression patterns of these genes and their products were
determined in porcine oocytes and embryos and in bovine embryos. CDX2 and GATA6
expression in porcine and bovine blastocysts resembled that of mouse indicating conserved functions. However, NANOG expression was undetectable in porcine oocytes and
embryos. Some inner cell mass cells in bovine blastocysts expressed NANOG protein.
OCT4 protein was undetectable in porcine morulae, but present in both the trophectoderm and the inner cell mass of blastocysts, suggesting that downregulation of OCT4 in
the trophectoderm does not precede trophectoderm formation. Combined, the results
indicate differences in lineage segregation between mammals.

Background
In the mouse, there is considerable knowledge on the molecular mechanisms of early development, with the transcription factors Oct4, Cdx2, Nanog and Gata6 as key players. Two successive differentiation events in early embryonic development result in the segregation of three
committed lineages that together form the blastocyst. The first segregation occurs at the compacted morula stage with the outer layer of cells forming the epithelial trophectoderm (TE),
which becomes the embryonic part of the placenta, and the inner layer of cells forming the inner cell mass (ICM), which produces embryonic cells and the extra-embryonic mesoderm and
primitive endoderm. Embryos that lack Oct4 fail to form an ICM that can differentiate along
embryonic lineages and cells are restricted to differentiation along the extraembryonic trophoblast lineage [13], whereas embryos that lack Cdx2 are unable to maintain the TE lineage [17].
Furthermore, Oct4 and Cdx2 mutually inhibit each other’s expression and both transcription
factors are detected in all nuclei of 8-cell stage embryos [20]. These findings have resulted
in a model in which mutual repression of these transcription factors in early morulae results
in Cdx2 expressing- and Oct4 expressing- cells, with loss of Cdx2 expression in the ICM as
primary event, and with segregation of the inner cell mass and trophectoderm lineages as a
consequence [17, 20, 21].
The second segregation of lineages divides the inner cell mass into the primitive ectoderm, which gives rise to the embryo proper and the primitive endoderm (PE) that forms the
extra-embryonic endoderm layer of the visceral yolk sac and in rodents also the parietal endoderm. Before the PE is formed, its precursors can already be detected by expression of Nanog
and Gata6, which shows a so-called ´pepper-and-salt’ distribution, with Nanog positive cells
destined to become epiblast and Gata6 positive cells destined to become PE [30]. The mosaic
distribution of these precursors is considered to depend on Grb2-Ras-MAP kinase signaling,
because inactivation of Grb2 results in Nanog expression in all cells of the ICM and loss of
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Gata6 expression [30]. Embryonic stem (ES) cells in which Gata6 or a close family member
Gata4 are over-expressed develop into PE cells [22], whereas ES cells that lack Gata6 or
Gata4 fail to develop visceral endoderm in in vitro differentiation experiments such as embryoid body cultures [23, 66]. Mouse embryos that lack Nanog develop TE and PE, but fail to
form an epiblast and loss of Nanog in ES cells results in extra-embryonic endoderm-like cells
[26]. As a consequence, the murine epiblast is defined by two segregation events that depend
on expression of respectively Oct4 and Nanog, whereas Cdx2 specifies the trophectoderm, and
Gata6 the primitive endoderm.
Stem cells can be derived from all three lineages [21]. Only ES cells derived from the
ICM of blastocysts that express Oct4 [14] and Nanog [25] are pluripotent, which means they
have the potential to become any specialized cell of all three embryonic germ layers even after
prolonged culture. Therefore, these cells are important for differentiation studies and future
regenerative medicine [1]. Thus the mechanism of early lineage segregation also defines the
pluripotent cell population in blastocysts.
Recently, it was demonstrated that fibroblasts can be reprogrammed to a pluripotent state
by retroviral induction of just four factors, that is Oct4, c-Myc, Klf4, and Sox2 [67]. If these
cells were selected for expression of Nanog, these induced pluripotent stem cells could colonize the germline, thereby unraveling an important part of the mechanism behind pluripotency
[68, 69]. Still, the efficiency of reprogramming was rather low and it is unclear why only
some cells were reprogrammed to the pluripotent state. Interestingly, an oocyte has the same
capacity to reprogram differentiated cells to the pluripotent state, as made evident by cloning
through somatic cell nuclear transfer [70]. Therefore, it is important to study the dynamics of
oocyte and early embryo development, to increase our knowledge on processes that contribute
to pluripotency of cells.
Preimplantation development in mammals shows remarkable differences between species, possibly influencing the mechanism responsible for the formation of a pluripotent cell
population. For instance, mouse embryos form an egg cylinder after implantation, whereas
human, bovine, and porcine embryos have a planar morphology [35]. Furthermore, mouse and
human embryos invasively implant at the blastocyst stage, which results in a haemochorial
placenta. However, porcine and bovine blastocysts elongate before implantation, transforming
from a sphere of a few mm diameter to a long thin filament that in pigs can reach up to 100 cm
in length at the time of implantation. This results in a loose diffuse non-invasive epitheliochorial placenta [36]. Moreover, OCT4 expression in bovine and porcine embryos is not limited
to the ICM [37, 38], which suggests a difference in mechanism of the earliest lineage segregation between species. As a consequence, species differ in the factors that contribute to the
establishment of the pluripotent cell population in embryos, which could explain why ES cell
lines from species such as cow and pig have not been established yet [10]. Therefore, a better
understanding of the mechanisms underlying pluripotency in these species is needed [71]. In
order to obtain more insight in early lineage segregation events and the establishment of the
pluripotent cell population in these species, the expression patterns of NANOG, OCT4, CDX2,
GATA4, and GATA6 were studied during early porcine and bovine embryonic development.
The expression patterns of porcine and bovine orthologs of key genes in lineage segregation
indicate diversity in early lineage segregation between mammals.
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Results
Gene expression patterns
Porcine oocytes and embryos with good
morphology [72], ranging from germinal
vesicle stage oocytes to blastocysts, were
collected from three independent porcine in
vitro cultures. These samples were used to
study gene expression patterns using quantitative RT-PCR (QPCR) of genes important
for pluripotency (NANOG and OCT4), for
the development of the TE (CDX2), and for
the development of the primitive endoderm Figure 1: PCR results on cDNA of porcine oocytes and
embryos of genes that were used in the QPCR study.
(GATA4 and GATA6). PCR products were of Genomic DNA served as template for Nanog primers.
the anticipated sizes (Fig. 1) and sequencean- Amplicons were of the expected sizes (see also Table 1).
alysis confirmed amplification of the desired GATA6 product is not shown, because the primers have
been described previously by Gillio-Meina et al. [91].
product (data not shown).
100 bp = 100 base pair ladder.
In the case of NANOG, genomic DNA
served as a positive control. All samples, except for one 4-cell stage embryo, showed very late
threshold cycles, which indicates low starting quantities. In 9 samples, expression levels did
not exceed background levels from their corresponding –RTs, which surprisingly included all
expanded blastocysts. This suggests that NANOG does not play an important role in porcine
embryos at this time of development. Therefore, NANOG was excluded from the quantitative
PCR analysis. For all other genes, expression levels were normalized to the geometric mean
of GAPDH, PGK1, S18, and UBC. These reference genes allow direct comparison of gene
expression levels in early porcine developmental stages ranging from oocytes to blastocysts
[73]
OCT4 expression showed a 5-fold up-regulation from the germinal vesicle (GV) stage
to the metaphase 2 (M2) stage (Fig. 2), indicating that OCT4 could be involved in oocyte
maturation. At the 2-cell stage OCT4 expression had dropped drastically and at the 4-cell
stage OCT4 expression was restored to GV stage levels. OCT4 expression was significantly
higher in blastocysts than in cleavage stage embryos, which indicates a more prominent role
for OCT4 at these stages. CDX2 expression was upregulated more than 10-fold in blastocysts
when compared with GV stage oocytes.
Of those genes that in mouse embryos are important for PE formation, GATA4 expression showed a 4-fold higher expression in M2 stage oocytes than in GV stage oocytes, which
suggests that GATA4 plays a role in oocyte maturation. Blastocysts showed significantly less
GATA4 expression than cleavage stage embryos. GATA6 expression was more than 20-fold
upregulated in blastocysts when compared with 4-cell embryos and expression of this gene
was significantly higher in blastocysts than at earlier stages.
Additionally, the expression pattern of UTF1, which is a protein correlated with pluripotency in mouse embryos [74, 75] and the expression pattern of CK18, an intermediate filament protein highly expressed in blastocysts [76, 77], were investigated by QPCR in porcine
oocytes and embryos (Fig. 2). UTF1 expression was comparatively low in both oocytes and
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Figure 2: Relative expression of genes specific for the ICM, TE, or PE in porcine oocytes and preimplantation embryos.
X-axis: developmental stage (GV = germinal vesicle stage, M2 = metaphase-2 stage, 2C = 2-cell stage, 4C = 4-cell
stage, CB = early cavitating blastocyst, EB = expanded blastocyst). Y-axis: normalized relative expression. For
each developmental stage, the normalized expression value was divided by the normalized expression value of the
germinal vesicle stage. Asterisks denote significant differences between the stages that are within the brackets. a
denotes significant differences between GV stage and M2 stage oocytes. Error bars represent standard deviation.

cleavage stages and was significantly higher in both blastocyst stages, with more than six-fold
up-regulation compared to GV stage oocytes (Fig. 2). This induction in expression correlates
with previously observed specific expression of UTF1 in cells of the ICM of mouse blastocysts [74]. The expression of CK18 showed more than 10-fold higher expression in blastocyst
stage embryos.
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Figure 3: Immunofluorescence results on in vitro produced porcine blastocysts.
(A-C) embryo, NANOG stain, and overlay of NANOG
with DNA stain respectively; (D-F) embryo, CDX2
stain, and overlay of CDX2 with DNA stain respectively.
Dashed line denotes ICM. Arrow = CDX2 negative ICM
cell; (G-I) embryo, GATA4 stain, and overlay of GATA4
with DNA stain respectively. Scale bar = 50μm.

Whole Mount Immunofluorescence
Porcine embryos: In vitro and in vivo produced porcine embryos were used in imFigure 4: Immunofluorescence results on in vivo promunofluorescence studies to examine the
duced porcine morulae and blastocysts.
(A-C) morula, NANOG stain, and overlay of NANOG
expression and localization of factors aswith DNA stain respectively; (D-F) blastocyst, NANOG
sociated with lineage segregation. Of those
stain, and overlay of NANOG with DNA stain respecproteins that are involved in formation of
tively; (G-I) morula, OCT4 stain, and overlay of OCT4
with DNA stain respectively. Arrow denotes aspecific
pluripotent primitive ectoderm cells in the
binding of antibody to zona pelucida; (J-L) blastocyst,
mouse, NANOG was neither detectable in in
OCT4 stain, and overlay of OCT4 with DNA stain revitro produced porcine blastocysts (Fig. 3),
spectively. Arrow denotes aspecific binding of antibody
to zona pelucida. Arrowhead denotes OCT4 positive TE
nor in in vivo produced morulae and blascell; (M-O) blastocyst, GATA6 stain, and overlay of GAtocysts (Fig. 4). This is compatible with the
TA6 with DNA stain respectively. Dashed line denotes
QPCR data and suggests a lack of NANOG
ICM. Arrowhead = GATA6 negative ICM cell. Scale bar
= 50μm.
contribution to lineage segregation processes
at these stages. In concordance with previous findings [37] and in line with the gene
expression levels, OCT4 was expressed in all cells of in vitro (Fig. 5) and in vivo produced
blastocysts, whereas in vivo produced morulae lacked OCT4 expression (Fig. 4).
Expression of CDX2, a transcription factor involved in the development of murine TE,
was also restricted to TE cells of in vitro produced porcine embryos, which is in agreement
with its mRNA levels and suggests that CDX2 contributes to the formation of porcine TE.
Of those proteins that are associated with mouse PE, GATA4 was not detected in in vitro
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Fig. 5: Immuno-fluorescence results
on in vitro produced porcine blastocysts; (A) OCT4 stain; (B) Mouse
IgG isotype control (MIGG). Scale
bar = 50μm.

produced porcine blastocysts, whereas sections of paraffin
embedded testicular tissue, which served as a positive control, showed positive staining for GATA4 in Sertoli cells (Fig.
6)[78]. This is in line with its mRNA expression and suggests
GATA4 is not involved in PE formation in pigs. In contrast to
mRNA expression levels, GATA6 protein could not be detected in in vitro-produced blastocysts (data not shown), which
suggests that transcripts are not translated yet. On the other
hand, some cells of the ICM of in vivo produced blastocysts
expressed GATA6 (Fig. 4), what indicates that this factor is
involved in establishing porcine PE. All signals were detected
above background levels of isotype controls (Fig. 6).

Figure 6: Immunofluorescence results on porcine
blastocysts and paraffin embedded testicular tissue.
(A-C) blastocyst, GATA4 stain, and overlay of GATA4
with DNA stain respectively. Embryos were processed
according to the paraffin embedded tissue protocol;
(D-E) GATA4 stain, and overlay of GATA4 with DNA
stain respectively on paraffin embedded testicular tissue.
(F-H) Blastocyst, rabbit IgG isotype control (RIGG), and
overlay of rabbit IgG isotype control with DNA stain respectively. (I-K) Blastocyst, mouse IgG isotype control
(MIGG), and overlay of mouse IgG isotype control with
DNA stain respectively. Scale bar = 50μm.
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Figure 7: Immunofluorescence results on in vitro produced bovine blastocysts.
(A-C) blastocyst, NANOG stain, and overlay of NANOG
with DNA stain respectively; dashed line denotes ICM.
Arrowhead denotes NANOG negative ICM cell (D-F)
blastocyst, GATA6 stain, and overlay of GATA6 with
DNA stain respectively; dashed line denotes ICM. Arrowhead denotes GATA6 negative ICM cell; (G-I) blastocyst, GATA6 stain, and overlay of GATA6 with DNA
stain respectively; dashed line denotes ICM with GATA6
positive cells aligning the ICM; (J-L) blastocyst, CDX2
stain, and overlay of CDX2 with DNA stain respectively.
Dashed line denotes CDX2 negative ICM. Scale bar =
50μm.
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Bovine embryos: In order to determine
whether the expression patterns of key players in murine early lineage segregation behave differently in other mammals, the spatial
expression of these proteins was also studied
in blastocysts of another ungulate species, Figure 8: Immunofluorescence results on bovine blasthe cow. As in mouse embryos but contrary tocysts; (A-C) blastocyst, rabbit IgG isotype control
to pig embryos, several cells of the ICM of (RIGG), and overlay of rabbit IgG isotype control with
in vitro produced bovine blastocysts were DNA stain respectively. Scale bar = 50μm.
positive for NANOG expression, while others were negative (Fig. 7), which indicates NANOG is expressed in cells of the ICM that will
contribute to the primitive ectoderm. CDX2 was detected in TE cells of bovine blastocysts, but
it was not detected in cells of the ICM, which suggests a role of this factor in the formation of
the bovine TE. Also in line with mouse development, GATA6 displayed a mottled expression
pattern in the ICM of bovine blastocysts (Fig. 7). Occasionally, GATA6 positive cells aligned
the ICM in a PE like fashion (Fig. 7). This suggests a role for GATA6 in PE development in
cows. All signals were detected above background levels of isotype controls (Fig. 8).

Discussion
Most of our molecular knowledge on early embryonic development comes from studies on
mouse embryos and ES cells. These studies have resulted in a model for the first two differentiation events: firstly, segregation of the TE from the ICM as a consequence of reciprocal
inhibition of Oct4 and Cdx2 [17, 20, 21] and secondly, Grb2 mediated mosaic expression of
Nanog and Gata6 in the ICM which causes subsequent segregation of the primitive ectoderm
from the primitive endoderm [30]. These events define the embryonic pluripotent cell population that in the case of mouse [79] and human [1] can be isolated and cultured without loss of
pluripotency. A somatic cell that is not pluripotent, but can obtain such a trait by transfer of
its nucleus into an enucleated oocyte by which the genome is reprogrammed to a pluripotent
state [70]. Knowledge on oocytes and early lineage segregation events will help to resolve the
mechanism of pluripotency. Embryonic differences between mammals indicate that the pluripotent cell population is established differentially between species. For example, expression
of OCT4 in TE of pigs and cows demonstrates that this factor is not involved in the segregation of TE and ICM in these species [37, 38].
In vitro fertilized oocytes are susceptible to polyspermy leading to abnormal embryo
formation. In this study, sow oocytes were used instead of those from pre-pubertal gilts, in
order to minimize the occurrence of polyspermy [80, 81]. Of those factors that play a part
in formation of the primitive ectoderm, NANOG mRNA levels did not exceed background
levels in in vitro-produced porcine embryos. In support of the mRNA expression levels in the
current study, NANOG protein was also not detected in in vitro- and in vivo-produced porcine
embryos, even though the antibody used in this study was able to detect porcine NANOG
protein in gonocytes of neonatal pig testis (data not shown). Some cells of the ICM of bovine
blastocysts expressed NANOG. A recent study described detection of NANOG mRNA in
isolated ICM from in vivo-derived day 8 pig embryos [71]. However, the author’s used RNA
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amplification and the relative quantity was
significantly less than in isolated ICMs after 24 hrs of culture [71]. In another study,
low levels of NANOG mRNA have been detected in in vitro-produced porcine embryos,
whereas in vivo-produced embryos and embryos produced by nuclear transfer showed
higher expression levels [82]. However, in
the same study, NANOG mRNA levels in in
vivo-derived blastocysts were approximately
equal to in vivo derived 4 cell stage embryos.
Moreover, differences in mRNA levels were
less than 2-fold between all in vivo derived
stages, which included 4-cell stage embryos,
8-cell stage embryos, morulae, and blastocysts. These observations, in combination
with those from the present study, do not
support a large role for NANOG in early lineage segregation events or in defining the
pluripotent cell population in pig embryos.
On the other hand, the heterogeneous distribution observed in ICMs of bovine blastocysts, which resembles that of mouse [30],
suggests a conserved function of this gene
between these species.
From germinal vesicle- to metaphase
2-stage oocytes, OCT4 showed up regulation, but at the 2-cell stage mRNA levels
were reduced again below those of the germinal vesicle stage. Oct4 is one of the four
factors that can reprogram somatic nuclei
Figure 5: Early lineage segregation in mouse, pig, and
[67]. Moreover, the peak observed in its
cattle; See text for details.
expression profile coincides with the stage
at which oocytes can reprogram a somatic
nucleus [83]. Possibly high levels of OCT4 in metaphase 2-stage oocytes indicate a role for
OCT4 in oocyte maturation, preparing the oocyte for totipotency. An alternative explanation
could be the building up of maternal mRNA stores. The potential role of OCT4 at these early
stages can be studied by interfering with OCT4 expression in oocytes. Do this affect the ability
of oocytes to reprogram somatic nuclei and what is the effect on the epigenetic status of the
maternal genome?
Porcine blastocysts showed increased mRNA expression of OCT4 and, in line with previous findings [37], in vitro- as well as in vivo-produced blastocysts expressed OCT4 protein in
nuclei of both the ICM and the TE. Remarkably, and in contrast with mouse embryos [12, 20],
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in vivo produced porcine morulae lacked such nuclear OCT4 expression, which is another indication that this protein is not involved in inhibition of TE formation as it is in the mouse [14].
Proliferation of TE stem cells depends on fibroblast growth factor 4 (FGF4) [19], the expression of which is under the control of a complex formed by OCT4 and SOX2, a member of the
Sry-related Sox factor family [84]. It has been suggested that for species with an epitheliochorial placenta continued OCT4 expression in TE cells is essential to stimulate FGF4 mediated
self-renewal of TS stem cells, which allows elongation and prevents premature differentiation
of the trophectoderm [85, 86]. This idea is supported by the finding that OCT4 expression is
not restricted to the ICM in caprine embryos [85].
CDX2, which is involved in formation of the mouse TE [17, 20], was expressed at higher
levels in porcine blastocysts compared to earlier developmental stages, and congruous with
this CDX2 was expressed in TE cells of pig blastocysts as well as bovine blastocysts. Therefore, CDX2 is likely to be involved in the formation of the TE in these species.
Surprisingly, expression of GATA4, important for the formation of the PE in mouse, was
significantly reduced in pig blastocysts compared with earlier developmental stages, which
suggests that it is not involved in major processes that occur in blastocysts. Indeed, GATA4
protein was not detected in porcine blastocysts. GATA6 on the other hand, was expressed at
significant higher levels in blastocysts. In porcine in vivo produced blastocysts and in bovine
blastocysts GATA6 was localized to a subset of cells of the ICM. As a consequence, GATA6
is expected to play a role in PE formation in porcine and bovine embryos similar to its function in mouse embryos [30]. Absence of GATA6 in in vitro produced porcine embryos could
indicate differences in embryos as a result of their origin, but could also be a reflection of differences in developmental age.
UTF1 and CK18 are specifically expressed in blastocyst stages [74, 76, 77]. These genes
served as positive controls for the QPCR and conform the expectations, UTF1 and CK18
showed significant increased expression in blastocysts.
In summary, OCT4 and NANOG behave differently in pig embryos (Fig. 9) than in mouse
embryos, where these factors play a role in the formation of the pluripotent primitive ectoderm. This makes it unlikely that OCT4 and NANOG are involved in the specification of the
primitive ectoderm or defining the pluripotent cell population. In bovine embryos however,
the protein NANOG showed a similar random-like distribution in the cells of the ICM as in
mouse embryos, which indicates a role for NANOG in the development of the PE in bovine
embryos. CDX2 expression in porcine and bovine embryos resembled that of mouse embryos,
suggesting a conserved role for CDX2 in the formation of the TE between mammals. A random distribution of GATA6 in porcine and bovine cells of the ICM, comparable to that found
in mouse, also implies a conserved function of GATA6 in PE formation in mammalian development. From these experiments it can be concluded that mammals differ in early lineage
segregation, which potentially influences the formation and characteristics of the pluripotent
cell population. Functional studies such as siRNA-mediated knockdown are needed to further
elucidate the roles of factors such as OCT4, NANOG, CDX2, GATA4, and GATA6 in other
species than the mouse.
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Materials and Methods
Oocyte maturation, IVF, embryo culture, and collection of in vivo produced embryos
All incubations described below took place in a humidified atmosphere of 38.5ºC and 5% CO2, unless
noted otherwise. Oocyte retrieval, in vitro oocyte maturation, in vitro fertilization, and subsequent in
vitro culture of porcine embryos proceeded as previously described [87]. In short, cumulus oocyte
complexes (COCs) were aspirated from 2-6 mm antral follicles of sow ovaries, which were collected
at a regional slaughterhouse. Equally sized oocytes with at least three layers of compact cumulus were
selected and placed in maturation medium, containing NCSU-23 medium [88], supplemented with
10% porcine follicular fluid, 0.57 mM cysteine, 25 mM β-mercaptoethanol, 10 IU/ml eCG (Chorulon,
Intervet, Boxmeer, the Netherlands) and 10 IU/ml hCG (Folligonan, Intervet). After 24 hr culture, the
COCs were transferred to hormone free maturation medium and cultured for an additional 18 hr. After
culture, denuded oocytes were placed in Tris-buffered IVF-medium, containing 113.1 mM NaCl, 3
mM KCl, 20 mM Tris, 11 mM D-glucose, 1 mM caffeine, 5 mM sodium pyruvate, 7.5 mM CaCl2,
0.1% (w/v) bovine serum albumine (BSA; Sigma-Aldrich Chemie, Zwijndrecht, the Netherlands) and
1% pen/strep. Oocytes were fertilized in vitro with fresh semen from two randomly selected boars
at a concentration of 1000 cells/oocyte. From one day after IVF onward, presumptive zygotes were
cultured in IVC medium, which contained NCSU-23 and 0.4% BSA.
An estrous sow was artificially inseminated 5 days after weaning and sacrificed at day 5 of pregnancy. Subsequently, the genital tract was removed and flushed with PBS to collect in vivo-derived
embryos. The Institutional Animal Care and Use Committee of Utrecht University approved of this
animal experiment.
Bovine embryos were retrieved from in vitro cultures, using the following methods. COCs were
retrieved from 3 to 8 mm follicles of ovaries that were supplied by a local slaughterhouse. Groups of
35 COCs with an intact cumulus oophorus were incubated in 500 μl M199 (Gibco BRL, Paisley, UK)
supplemented with 10% fetal calf serum (Gibco BRL), 0.2 IU/ml bovine FSH (Sioux Biochemical
Inc., Sioux Center, IA, USA), 0.2 IU/ml bovine LH (Sioux Biochemical Inc.), 15.42 μg/ml cysteamine
(Sigma-Aldrich), and 1% (v/v) penicillin-streptomycin (Gibco-BRL). In vitro fertilization was performed 23 hr after oocyte maturation according to the procedure previously described by Parrish et al.
[89] with a few modifications [90]. In short, oocytes were transferred to fertilization medium (FertTalp) supplemented with 1.8 IU/ml heparin (Sigma-Aldrich), 20 μM d-penicillamine (Sigma-Aldrich), 10 μM hypotaurine (Sigma-Aldrich), and 1 μM epinephrine (Sigma-Aldrich). Frozen-thawed
semen from a fertile bull was centrifuged over a Percoll gradient and sperm cells were added to a final
concentration of 5x105 spermatozoa/ml. After 20 h of incubation, presumptive zygotes were denuded
by vortexing for 3 min and subsequently placed in synthetic oviduct fluid (SOF) medium. Incubation
took place at 39ºC in a humidified atmosphere with 7% O2 and 5% CO2. On day 5 of embryo culture
cleaved embryos were transferred to fresh SOF medium and blastocysts were collected on day 8.

RNA extraction and reverse transcription
Total RNA was isolated from denuded germinal vesicle stage oocytes, denuded metaphase 2 stage
oocytes (as confirmed by the presence of one polar body), 2-cell stage embryos, 4-cell stage embryos,
early blastocysts and expanded blastocysts, using the RNeasy minikit (Qiagen, Venlo, the Netherlands). RNA yield is higher in blastocyst stage embryos compared to oocytes and cleavage stage
embryos and therefore, 40 oocytes/embryos per sample were collected for the early stages and 10
blastocysts were pooled for every sample. Primed with random primers, RNA was reverse transcribed
to first-strand cDNA with Superscript II (Invitrogen, Groningen, the Netherlands). For each sample,
mixtures were also prepared without reverse transcriptase to serve as negative controls. Synthesis of
cDNA was carried out for 1 hr at 42ºC, after which samples were placed at 80ºC for 5 min, chilled on
ice, and stored at –20ºC.
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Quantitative RT-PCR
Prior to quantitative reverse transcription-polymerase chain reaction (QPCR) amplification, primers were
designed using Primer Select software (DNAstar, Madison, WI, USA) and Beacon Designer 4 (PREMIER
Biosoft International, Palo Alto, CA, USA) (Table 1). Primers were tested on genomic DNA, cDNA of
porcine oocytes, and in vitro produced embryos. The amplicons were run on 2% agarose gels and primer
specificity was confirmed by sequencing of the products. Subsequent PCR was executed in a Bio-Rad
iCycler (Bio-Rad, Veenendaal, the Netherlands). The reaction and quantification of the transcripts was
performed with iQ SYBR Green supermix (Bio-Rad). With a temperature gradient, the optimal annealing
temperature of each primer pair was determined. Every gene was run separately and a standard curve of
tenfold dilutions ranging from 10 pg to 1 ag supplemented each run. Three technical replicates were run
of all points of the standard curve and all samples, and 1 μl/ reaction of cDNA was used as template. This
sample was added to 24 μl of reaction mixture, containing 12.5 μl H2O, 11.25 μl iQ SYBR Green supermix (Bio-Rad), and 0.5mM of both forward and reverse primers (Isogen, Maarssen, the Netherlands).
The thermal cycling profile started with a 3-min dwell temperature of 94ºC, which was followed by 40
cycles with 4 steps/cycle; 30 sec at 94ºC, 30 sec at the primer specific annealing temperature, 30 sec at
72ºC, and finally a step at which fluorescence was acquired. These cycles were followed by a post-dwell
of 1 min at 94ºC and finally, a melt curve was generated by temperature increments of 0.5ºC starting from
65 to 100ºC, with fluorescence acquisition after each step.
Data was analyzed with IQ5 software (Bio-Rad), with which the starting quantities of all candidate
genes were calculated, based on their standard curves. QPCR data was normalized to GAPDH, PGK1,
S18, and UBC, which have been demonstrated as a good set of reference genes for QPCR studies in porcine oocytes and preimplantation embryos [73].
Dilution curves of all candidate reference genes showed an average amplification efficiency of
93.6% ± 10.3 and an average coefficient of determination (R2) of 0.986 ± 0.013. Single distinctive peaks
Table 1: Primers used for RT-PCR and Q-PCR
F = Forward, R = Reverse, bp = base pairs
Gene

Primers

Ta
(°C)

Size
(bp)

NANOG
(AY596464)

F: 5’-CCTCCATGGATCTGCTTATTC-3’
R: 5’-CATCTGCTGGAGGCTGAGGT-3’

63.0

210

OCT4
(AJ251914)

F: 5’-GTTCTCTTTGGGAAGGTGTT-3’
R: 5’-ACACGCGGACCACATCCTTC-3’

55.4

313

UTF1
(CN028152)

F: 5’-CCGCGGGCCCGACCTCACG-3’
R: 5’-GAACGCCGCCCTCCTGCAGACCTT-3’

66.0

216

CDX2
(EU137688)

F: 5’-GTCACCAGAGCTTCTCTGGG-3’
R: 5’-AGACCAACAACCCAAACAGC-3’

52.9

144

CK18
(EU131884)

F: 5’-ATGAAGAAGAACCACGAGGAGGAA-3’
R: 5’-TGTCTGCCATGATCTTGCTGAGG-3’

54.8

118

GATA4
(NM_214293)

F: 5’-ATGAAGCTCCATGGTGTCCC-3’
R: 5’- ACTGCTGGAGTTGCTGGAAG -3’

55.8

162

GATA6
(NM_214328)

F: 5’-GAGCAGCCGGAGGAGATGTACCAGAC-3’
R: 5’-GGCTCAGGCCAGGGCCAGGGCGCACC-3’

59.5

110

OCT4 primers were based on primers specific for bovine OCT4, which has been previously described by Van Eijk et
al.[38]. The sequence of this gene was blasted against porcine nucleotide sequences, which resulted in one sequence
with high query coverage. After alignment of this porcine with the bovine sequence, bovine specific primers were redesigned by nucleotide substitution of any mismatching nucleotides. UTF1 primers were designed on a pig sequence
that has 91% coverage with the coding sequence of Homo sapiens mRNA for UTF1. CDX2 was detected with E-PCR
primers from the UniSTS database on the NCBI website (UniSTS code: RH48331). GATA6 primers have been
described by Gillio-Meina et al. [91].
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Table 2: Antibodies used for immunofluorescence. AA = Amino Acids.
Immunogen

Source

Concentration

Description

Full length mouse
NANOG fusion protein

AB21603 (Abcam)

2 ug/ml

Rabbit
polyclonal

AA 1-134 of human Oct4

SC5279 (Santa Cruz)

4 ug/ml

Mouse
monoclonal

Synthetic peptide (AA 234248) of human CDX2

AB4123 (Chemicon)

2 ug/ml

Rabbit
polyclonal

C-terminal AA 328-439
of human GATA-4

SC9053 (Santa Cruz)

4 ug/ml

Rabbit
polyclonal

C-terminal AA 358-449
of human GATA-6

SC9055 (Santa Cruz)

4 ug/ml

Rabbit
polyclonal

Rabbit IgG control

SC2027 (Santa Cruz)

4 ug/ml

Rabbit

Mouse IgG control

SC2025 (Santa Cruz)

4 ug/ml

Mouse

in the melt curves verified specific amplification of the gene of interest. Integrity of the cDNA samples
was confirmed by consistent detection of all reference genes in all samples, except for one metaphase-2
sample, which was excluded from further analysis. Genomic DNA contributions, as determined by –RT
levels, were 0 in the case of OCT4, and detected at an average level of 0.44% for CDX2, 0.63% for CK18,
0.012% for GATA4, 0.033% for GATA6, and 0.64% for UTF1. If –RT levels were higher than 5% of the
+RT levels, samples were excluded from the analysis for that particular gene, which resulted in exclusion
of 5 samples for CDX2, 3 samples for CK18 and 3 samples for GATA6, without loss of a developmental
stage for any of these genes.
For each developmental stage, normalized values were divided by the normalized value of the germinal vesicle stage for that particular gene. As a consequence, gene expression levels are relative to the
amount of expression in oocytes. Values for blastocyst stages were compared with the mean expression
level and corrected standard deviation of all earlier stages. For OCT4, blastocyst stages were compared
with cleavage stages. Statistical differences between both groups were tested by Students’ t-test and
a probability value <0.05 was considered significant. For OCT4 and GATA4, a Bonferroni correction
was applied for multiple comparisons and for these genes a probability value of <0.025 was considered
significant.

Whole mount immunofluorescence
In vitro and in vivo derived embryos were fixed overnight with 4% paraformaldehyde in PBS with 0.2%
Tween (ICN biomedicals, Aurora, USA). Subsequently, embryos were permeabilised in methanol at
–20ºC overnight and Tris buffered saline with 0.05% Tween (TBST) and 0.1% TritonX (Sigma-Aldrich)
for 10 min, after which the embryos were blocked for 1 hr in TBST with 0.5% BSA. Next, the embryos
were incubated in primary antibody 3-4 days, followed by another 2 days of incubation in the secondary
antibody. Antibodies were diluted in blocking solution and rabbit and mouse isotypes served as negative
control. Embryos were counterstained with ToPro (Invitrogen) and mounted in Vectashield (Vectorlab,
Burlingame, CA, USA) before observation. Fluorescent signals were visualized using a Confocal Laser
Scanning Microscope (Bio-Rad) and on an Olympus BH2 epifluorescence microscope.
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Isolation, culture, and characterization of porcine
germ cells
Abstract
In this study, cell lines from neonate porcine testis were cultured and characterized, and
the effects of growth factors were investigated, in order to determine the requirements
for the establishment of porcine spermatogonial stem cell (SSC) lines. In the isolated
cells, germ cells could be identified by the detection of NANOG and by reactivity of cells
to DBA-lectin. In primary cultures, three different colony types with distinctive morphologies could be recognized. From SSC-like colonies, two cell lines were derived and
maintained for 9 passages after which proliferation stopped. Growth of these cell lines
depended on the growth factors LIF, EGF, GDNF, and FGF. In both cell lines NANOG,
PLZF, and EPCAM, were expressed at higher levels and GFRα1, INTEGRINα6, and
THY1 were expressed at lower levels than in neonate porcine testis. Furthermore, primary cultures of neonate pig testis were subjected to a factorial design of the growth
factors LIF, GDNF, EGF, and FGF. Addition of EGF and FGF to primary cell cultures
of neonate pig testis affected the expression of NANOG, OCT4, and GATA4, whereas an
effect of LIF or GDNF could not be detected. FGF decreased the expression levels of
NANOG, a marker for pluripotency also expressed in porcine gonocytes. FGF enhanced
the expression levels of Sertoli cell marker GATA4 and pluripotency-related gene OCT4.
EGF counteracted the positive effect of FGF on GATA4 expression. These results suggest
that FGF can impede successful derivation of porcine SSCs from neonate pig testis.

Background
In developing mouse embryos, primordial germ cells (PGCs) originate from the proximal
epiblast. PGCs concentrate at the base of the allantois and migrate via the hindgut mesentery
towards the genital ridges [92]. After colonizing the genital ridges, male germ cells become
gonocytes and, after birth, gonocytes migrate to the basement membrane and differentiate
into spermatogonial stem cells [93]. Spermatogonial stem cells (SSCs) have a capacity of
self-renewal and the potential to give rise to cell types that are committed to differentiate to
spermatozoa in a complex process called spermatogenesis [93]. In mammals, SSCs are unique
because they are the only adult stem cells that can contribute to the next generation. Recent
developments have shown that mouse SSCs can be isolated from pre-pubertal and adult testes,
and cultured long-term in vitro without losing the capacity to restore fertility of infertile mice
by transplantation into testes depleted of germ cells [61, 94]. It has also been demonstrated
that in these cells, prior to transplantation, genes can be targeted through homologous recombination, which is an alternative to embryonic stem (ES)-cell-based gene targeting for directed
genetic modification in mice [95]. In mammalian species other than mouse and human, where
ample attempts to generate ES cell lines have had limited success, SSC based gene targeting
is a promising technique for the production of transgenic offspring. Gene targeting would
particularly mean a highly valuable tool in pigs because of their importance in agriculture
and because the organ sizes and life span make pigs valuable model organisms for medical

proefschrift.indd 55

24/12/2008 13:30:35

56 |

Germ Cells and the Origins of Pluripotent Cells

purposes.
Another interesting aspect of mouse SSC cultures is that in these cell lines ES-like cells
are formed spontaneously. Pluripotency of these ES-like cells has been demonstrated by their
capacity to contribute to germ-line chimaeras [56, 58]. Potentially, a similar approach could
result in pluripotent ES-like cells from other species, such as pigs, from which pluripotent cell
lines are not available yet.
Xenografting of testicular cells from a diversity of species has shown that porcine and
other alien SSCs can colonize a recipient mouse testis [96]. This suggests a conserved mechanism of self-renewal for these cell types between mammals [96]. In the adult testis, Sertoli
cells, Leydig cells, and peritubular myoid cells define a major part of the niche of spermatogonial stem cells. This microenvironment supports SSCs by providing essential external stimuli
such as growth factor stimulation [63]. In the testis, FSH stimulates Sertoli cells to produce
glial derived neurotrophic factor (GDNF), an essential growth factor that supports SSC function [97, 98]. In mice, spermatogonial stem cell self-renewal depends on GDNF signaling
through the RET tyrosine kinase/GFRA1 receptor complex [98]. Self-renewal of SSCs in in
vitro cultures depends on GDNF in combination with either basic fibroblast growth factor
(FGF) or epidermal growth factor (EGF) [99]. Leukemia inhibitory factor (LIF), an important
growth factor in mouse embryonic stem cells, has also been reported to be an essential growth
factor that supports SSC-self renewal [56]. Proliferation of SSCs in vitro cultures is enhanced
by the addition of FGF [94]. For these reasons, SSCs are generally cultured in presence of LIF,
GDNF, EGF, and FGF. However, the presence of FGF, EGF, and LIF for the initial culture of
testicular cells may also result in the overgrowth of somatic cells, such as ﬁbroblasts, endothelial cells and Sertoli cells [56]. Furthermore, little is known about the contribution of these factors to stem cell function in other species than the mouse, and if the presence of these factors in
primary cell cultures enhances the success in establishing spermatogonial stem cell lines.
The aim of the current study was to culture and characterize porcine SSCs and to increase
our knowledge on the growth factors required for the successful establishment of porcine SSC
lines. Neonate porcine testis cells were cultured for 9 passages and expression of SSC-specific
and somatic genes and proteins were analyzed by quantitative PCR and immunofluorescence.
A factorial design of in which the presence of commonly used growth factors was tested on
primary cell cultures revealed that basic FGF had considerable influence on the gene expression patterns and its presence potentially impedes successful derivation of porcine SSC lines.

Results
It has been demonstrated that, after transplantation, porcine gonocytes from neonate testis can
colonize a mouse testis that has been depleted of spermatogonia by busulphan treatment [100].
This demonstrates the stem cell potential of porcine gonocytes and therefore neonate testes
were regarded as a valid source for the current study. Seminiferous tubules from neonatal pig
testes were dissociated and Nomarski-microscopy revealed the presence of gonocytes in the
cell suspension, which could be recognized by their high nuclear to cytoplasm ratio and the
presence of prominent nucleoli (Fig. 1 A,B). Cells were then cultured under conditions that
have previously been shown to be suitable for the establishment and long term culture of
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Figure 1: Isolation, culture, and characterization
of primary cell cultures of porcine neonate testis.
(A) seminiferous tubules from neonate pig testis after
isolation by two-step enzymatic digestion; (B) gonocyte in single cell suspension after enzymatic treatment
of seminiferous tubules; (C) expression of NANOG in
gonocytes of porcine neonate testis, arrowheads denote
NANOG-positive gonocytes; (D) expression of NANOG
in a group of cells in cell culture of neonate porcine testis,
arrowheads denote NANOG-positive cells; (E) specific
binding of DBA lectin to gonocytes in neonate porcine
testis, arrowheads denote DBA-lectin-positive gonocytes; (F) specific binding of DBA lectin to cells in culture, arrowheads denote DBA-lectin-positive gonocytes;
(G) expression of GATA4 in Sertoli cells in neonate porcine testis, arrowhead denotes GATA4-negative gonocyte; (H) expression of GATA4 in cell culture of neonate
porcine testis, most cells were negative; (I) expression of
alpha smooth muscle actin (ASMA) in peritubular myoid
cells in porcine neonate testis; (J) expression of ASMA in
cell culture of neonate porcine testis, arrowheads denote
ASMA negative-cells. Scale bars represent: 250 µm (A),
5 µm (B), 50 µm (C,D,F,H,J), 100 µm (E).

mouse SSC lines [61, 99]. Porcine cell cultures were characterized by investigating the
expression of germ cell markers and somatic
cell markers of which the expression patterns
in testis were known. Porcine gonocytes of
the neonate testis express the pluripotencyrelated transcription factor NANOG (Fig.
1C)[100]. In the current study, cells that
expressed NANOG were also observed in
primary cell cultures that originated from neonate testis (Fig. 1D). Dolichos biflorus agglutinin (DBA) is a lectin with carbohydrate
specificity towards α-linked N-acetyl-galactosamine and is known to bind specifically
to porcine gonocytes and primitive spermatogonia in neonatal pig testis (Fig. 1E)[52, 101].
Primary cultures of porcine neonate testis cells also contained DBA lectin positive cells (Fig.
1 F). Contrary to gonocytes, Sertoli cells express transcription factor GATA4 (Fig. 1G)[78,
102], but most cells in the culture were negative for GATA4 (Fig. 1 H), which suggests that
these cells are not Sertoli cells. Peritubular myoid cells express Alpha Smooth Muscle Actin
(ASMA) (Fig. 1I)[103], expression of which was also observed in primary cultures of porcine
neonate testis cells, but cells that did not express ASMA were also observed (Fig. 1 J). These
results demonstrate heterogeneity in the cell culture, which was also demonstrated by the
presence of three different types of cell colonies, each with distinct morphology that could be
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Figure 2: Morphology and characterization of colonies in primary cell cultures of porcine neonate testis.  
(A) Morphology of polygonal cells growing in a monolayer reminiscent of Sertoli cells; (B) primordial germ
cell-like colony in cultures of neonate porcine testis cells;
(C) alkaline phosphatase activity in primordial germ celllike colony; (D) negative control (with 5 mM levamisol)
for alkaline phosphatase activity in primordial germ celllike colony; (E) morphology of SSC-like colony in primary cultures of neonate pig testis; (F) morphology of
primary neonate porcine testis cells, cultured in ES medium with a high serum concentration, colonies were not
observed; (G) morphology of cells of individually picked
colonies after growth on laminin-coated plates; (H) morphology of cells of individually picked colonies after
growth on laminin-coated plates in absence of growth
factors. Scale bars represent: 100 µm (A,B,G), 50 µm
(C,E,F,H), 75 µm (D)
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observed after approximately 8 to 14 days of
culture (Fig. 2 A, B, E). These colonies were
not observed when cells were cultured in ES
medium, which in contrast with the SSC medium contains a high serum concentration
(Fig. 2 F) or when the cells were cultured on
mitomycin C treated mouse embryonic fibroblasts (data not shown). One type of colonies
consisted of polygonal cells growing in a
monolayer reminiscent of Sertoli cells (Fig.
2A)[104]. Cells of these colonies stopped
proliferating shortly after transplantation
of the colonies to new plates and could not
be cultured further (data not shown). It was
more difficult to recognize individual cells
in another type of cell colony, which grew
as compact structures that were morphologically comparable to colonies derived from
primordial germ cells (Fig. 2 B). However,
most cells of these colonies did not have alkaline phosphatase activity, which suggests
that cells of these colonies are not equivalent
to cell cultures derived from PGCs (Fig. 2 C,
D). The morphology of yet another colony
type of round proliferating cells on top of a
monolayer of cells (Fig. 2 E) most closely
resembled that of previously described SSC
lines [61, 94] and these colonies were individually picked, dissociated, and cultured
on laminin-coated plates (Fig. 2 G). Two of
such colonies, which originated from different isolations, were both subsequently cultured for 9 passages, and were referred to as
pGS4 (#4) and pGS6 (#6). Every 4-6 days,
approximately 1/3 of the cells were transferred to new laminin-coated plates when
cultures reached 50-70% confluency. After 9
passages, proliferation was reduced and cell
culture was stopped.
The cell lines were further characterized
by their gene expression patterns using quantitative RT-PCR. Both cell lines expressed
genes that are also expressed by porcine
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Figure 3: Relative mRNA expression levels of genes (known to be expressed in mouse male germ cells) in two
cell lines (#4 and #6) derived from neonate porcine testis.
For each gene, relative expression in neonate testis (NT) was set to 1.

gonocytes and spermatogonial stem cells (Fig. 3). NANOG is a transcription factor important
for pluripotency of cells and expression has been demonstrated in gonocytes of neonate porcine testis [25, 26, 28, 100]. NANOG, expression levels were higher in PGS4 and PGS6 than in
whole neonate testis as determined by quantitative RT-PCR (Fig. 3). Promyelocytic leukemia
zinc-finger (PLZF) is a transcriptional repressor expressed in gonocytes and undifferentiated
spermatogonia with a role in stem cell self renewal and maintenance of the stem cell pool
[105]. PGS4 and PGS6 expressed PLZF at higher levels than whole neonate testis (Fig. 3).
EP-CAM is a homophilic adhesion molecule expressed by undifferentiated germ cells [106].
EP-CAM expression levels were higher in PGS4 and PGS6 than in whole neonate testis (Fig.
3). In the mouse, GDNF signaling through the receptor GFRα1 mediates self-renewal of SSCs
[98]. Expression levels of GFRα1 were lower in PGS4 and PGS6 than in whole neonate testis.
ITGα6, ITGβ1, and THY1 are cell surface markers that can be used to enrich for SSCs [107,
108]. ITGα6 expression levels were lower in PGS4 and PGS6 than in neonate pig testis and
ITGβ1-expression levels were approximately equal between testis and cell cultures. In PGS6,
THY1 expression was higher than in testis but in PGS4, THY1 expression was lower (Fig. 3).
When cells were transferred to medium without the growth factors LIF, FGF, EGF, and
GDNF, these cells attached, but proliferation was not observed (Fig. 2 H). To further determine the effects of different commonly used growth factors in primary cell cultures of porcine
testis cells a factorial design experiment was performed. For LIF, GDNF, EGF, and FGF (16
combinations; Table 1) the effects were determined on the expression of pluripotency gene
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Figure 4: Effects (in estimated marginal means) of the growth factors LIG, GDNF, EGF, and FGF on the
expression of NANOG, GATA6 and OCT4 in primary cell cultures from neonate porcine testis.
- = absence of growth factor, + = presence of growth factor, asterisks denote significant differences between absence or presence of the growth factor on the expression of that particular gene.

NANOG, which was used as an indication of gonocyte proliferation. In pigs, the expression
of OCT4, which is commonly used as marker for pluripotency, is absent in gonocytes [100].
Therefore, the expression of this gene was used to determine if a combination of growth
factors would establish a pluripotency program in porcine germ cells. Expression levels of
GATA4 were determined and used as indicator for Sertoli cell proliferation. Morphology
of the cells was also examined, but no correlation was found between the combinations
of growth factors and cell morphology. Basic
FGF had a significant negative effect on the
expression of the pluripotency gene and pig
gonocyte marker NANOG (p<0.001). Remarkably, expression of pluripotency related
OCT4 was enhanced by FGF (p<0.001) (Fig.
4). FGF also had strong positive effects on
the expression of Sertoli cell marker GATA4
(p<0.001). A two-way interactive effect was
detected between EGF and FGF on the expression of GATA4, with EGF counteracting
Figure 5: Two way interactive effect (in estimated
the positive influence of FGF on the expresmarginal means) between EGF and FGF on the expression of GATA4 in primary cell cultures from neosion of this gene (p<0.05; Fig. 5). No other
nate porcine testis.
interactive effects of the four growth factors
- = absence of growth factor, + = presence of growth
on the expression levels of NANOG, GATA4,
factor, asterisk denotes significant effect on the expression of GATA4 of EGF in combination with FGF when
and OCT4 were observed. Rather surprisingcompared with separate presence of EGF or FGF.
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ly, LIF, GDNF, and EGF did not have detectable effects on the expression levels of NANOG,
GATA4, and OCT4 (Fig.5).

Discussion
In mammals, gene targeting is largely restricted to rodents, for the reason that in these species
germline stem cell lines are available such as embryonic and spermatogonial stem cell lines.
If germline stem cell lines could be established from non-rodent mammals that would greatly
facilitate gene targeting in these species. Particularly in pigs, targeted mutagenesis would open
up manifold opportunities, because of the evident importance of pigs in agriculture but also
since pigs are valuable model organisms. However, currently embryonic or spermatogonial
stem cell lines are not available from this species.
Here, neonate porcine testis cells were cultured under several conditions and characterized. Based on the expression of germ and somatic cell markers it can be concluded that
primary cell cultures were composed of mixtures of germ cells and somatic cells. Mouse SSC
cultures are also characterized by their heterogeneity. Even though several surface markers
have been identified in the mouse that can be used to enrich the number of spermatogonial
stem cells using FACS or MACS, e.g. ITGα6, ITGβ1, and THY1 [107, 108], none of these
markers are restricted to SSCs. As a result, pure populations of SSCs have not yet been described [63].
From two independent primary cell cultures, spermatogonial stem cell like colonies gave
rise to two morphologically similar cell lines. These lines were cultured for 9 passages on
laminin-coated plates and expressed various spermatogonial stem cell markers. Especially in
PGS4, expression levels of NANOG, PLZF, and EP-CAM were markedly higher than in testis,
which indicates that this culture was relatively enriched for germ cells. On the other hand,
GFRα1 was expressed at lower levels in both cell lines when compared with the expression
levels in neonate testis. In mouse SSCs, it is known that GFRα1 mediates GDNF signaling and
thereby supports SSC self-renewal [98]. The relatively low expression levels of GFRα1 in the
porcine cell cultures could indicate that stem cell numbers are low. However, expression of
GFRα1 is not restricted to the stem cell population in rat testis [109]. The expression pattern
of GFRα1 in pig testis is unknown and therefore it is necessary to cautiously use of this gene
as a marker for SSCs in pigs.
Cells from neonate mouse testes can give rise to SSCs and to pluripotent ES-like cells
[58, 59]. Successful derivation of such cell lines will greatly depend on the culture conditions. However, the effect of various growth factors on germ cells and somatic cells of heterogeneous primary cultures is largely unknown. Therefore, a factorial design experiment
was performed to test the effect of commonly used growth factors on primary cell cultures
derived from neonate pig testis. As determined by this factorial design experiment, FGF had
a positive effect on the expression of OCT4 in cell lines derived from neonate pig testes. FGF
is an essential ingredient for the establishment of pluripotent EG cell lines from primordial
germ cells [110]. Furthermore, recent developments have shown that various combinations
of the factors C-MYC, SOX2, KLF4, OCT4, LIN28, and NANOG, can reprogram somatic
cells to a pluripotent state. OCT4 has been a key ingredient for this reprogramming to occur
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[67-69, 111-113]. The effect of FGF on the levels of OCT4 expression in primary cell cultures
of neonate porcine testis indicates that the threshold for germ cells to make the transition to
pluripotent ES-like cells is lowered.
In the current study, FGF had a negative effect on the expression levels of NANOG, a
gene that is expressed in porcine gonocytes. This suggests that FGF impairs self-renewal of
gonocytes in primary cell cultures of neonate pig testis. The decrease in expression could be
a reflection of the progressive loss of NANOG in gonocytes with increasing age [100], even
though germ cell numbers increase. Alternatively, it could indicate that proliferation of male
germ cells is not supported by FGF and that decreasing NANOG levels are a reflection of a
decrease in the proportion of germ cells. However, the latter possibility is less likely, because
in primary cultures of neonate testis cells from the rat, FGF had a positive effect on gonocyte
proliferation [114].
Although NANOG was used as a marker for gonocytes in this study, in the mouse, Nanog
is not expressed in gonocytes, but closely associated to pluripotent cell populations [25, 26,
28]. If NANOG plays a similar role in pluripotency of porcine cells remains to be determined,
because in contrast with embryos from the mouse, NANOG does not seem to be expressed
in the pluripotent inner cell mass of early porcine blastocysts [115]. Furthermore, NANOG
expressing porcine gonocytes can colonize a recipient mouse testis without formation of teratocarcinomas, which is another indication that expression of NANOG in porcine cells does
not necessarily reflect pluripotency of these cells [100]. Nevertheless, the observed decrease
in expression levels of NANOG in primary cell cultures with FGF indicates that an expression
program related to pluripotency is abandoned upon FGF signaling.
FGF also enhanced the expression of Sertoli cell marker GATA4. In a previous study, FGF
has been identified as a potent mitogen of Sertoli cells [114, 116]. Therefore, the enhanced
levels of GATA4 expression are most likely caused by increased proliferation of Sertoli cells.
EGF has also been described as a weak mitogen of Sertoli cells [116]. In the current study, a
one-way effect of EGF on GATA4 expression was not detected. Cells cultured in the presence
of EGF and FGF expressed lower levels of GATA4 than cells cultured with FGF alone. In other
words, EGF partially eliminated the positive influence of FGF on GATA4 expression. These
findings suggests that for the isolation and culture of germ cells in the presence of FGF, addition of EGF can partially prevent the mitogenic effect of FGF on Sertoli cells, thereby limiting
the contribution of this somatic cell type to the culture.
Remarkably, despite the power of using factorial designs in determining possible effects,
GDNF did not affect the expression of NANOG, OCT4, and GATA4 in primary cell cultures of
pig neonate testis. This is rather surprising, because GFRα1, the receptor that mediates GDNF
signaling, is expressed in neonate testis. The lack of effect suggests that the initial increase of
germ cells and Sertoli cells that can be observed in pig testis from birth onwards [117], does
not depend on GDNF signaling. Porcine gonocytes express PLZF and NANOG and are positive for DBA lectin shortly after birth, but expression of PLZF and NANOG and DBA lectin
affinity are progressively lost within the first few weeks after birth [100, 101]. The correlation
between age and the expression of PLZF and NANOG demonstrates that porcine germ cells
experience dynamic changes between birth and puberty. Likewise, the responsiveness of male
porcine germ cells towards GDNF might also increase between birth and puberty. A recent
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report describes the positive effects of GDNF on germ cell numbers in bovine SSC cultures.
[118]. The sources of these bovine SSC cultures were testes from calves aged 4-6 months.
Given the close relationship between cow and pig, it would be interesting to determine if
GDNF has an effect on porcine germ cells that are derived from animals of an older age than
used in the current study.
In conclusion, if the aim of the cell culture is to establish pluripotent ES-like cells from
porcine neonate testis, it could be advantageous to add EGF and FGF. However, if the goal is
to establish porcine SSC lines, FGF could have negative effect on the proliferation of porcine
gonocytes.

Materials and Methods
Cell isolation and cell culture
Pig (Sus scrofa) testes of a mixed breed were obtained from neonate piglets that underwent routine
castration under local anesthesia at the farm ‘De
Tolakker’ of the Faculty of Veterinary Medicine,
Utrecht University. After collection in Hank’s
Balanced Salt Solution (HBSS; Invitrogen, Groningen, The Netherlands), the tunica was removed
and minced testis sections were treated for 15-30
min with 1mg/ml hyaluronidase, 1mg/ml collagenase type IV, and 1.4 mg/ml DNAse (all from
Sigma-Aldrich, Zwijndrecht, The Netherlands) in
HBSS at 37°C. After washing with HBSS, the cells
were treated for an additional 15 min with 1mg/
ml collagenase type IV and 1.4 mg/ml DNAse at
37°C. Again, the cells were washed with HBSS
and subsequently treated for 4 min with trypsin
EDTA (Invitrogen) supplemented with 1.4 mg/ml
DNAse. Next, enzymatic activity was blocked by
addition of Iscove's modified Dulbecco's medium
(Sigma) with 0.5% bovine serum albumin (BSA;
Sigma-Aldrich). The resulting cell suspension was
filtered with a 40μm filter (BD Falcon, Erembodegem, Belgium) before culture. Cells were cultured
in previously described culture medium, which
contained 1% bovine serum and the growth factors
murine LIF (103 U/ml), GDNF (10 ng/ml), EGF (20
ng/ml), and bFGF (10 ng/ml)[61] on autologous
feeders, MEFs or laminin-coated plates [99]. Porcine cells from neonate testes were also cultured in
mouse embryonic stem cell medium, which consisted of GMEM (Invitrogen), supplemented with
2mM L-glutamine, 1x non-essential amino-acids
(Invitrogen), 0.1mM β-mercaptoethanol, 1mM sodium pyruvate, 10% fetal bovine serum and LIF.
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Table 1: Factorial design: 16 combinations of growth
factors were used in primary cell cultures of neonate
pig testis.
condition

a

b

c

d

1

0

0

0

0

0

2

a

a

0

0

0

3

b

0

b

0

0

4

ab

a

b

0

0

5

c

0

0

c

0

6

ac

a

0

c

0

7

bc

0

b

c

0

8

abc

a

b

c

0

9

d

0

0

0

d

10

ad

a

0

0

d

11

bd

0

b

0

d

12

abd

a

b

0

d

13

cd

0

0

c

d

14

acd

a

0

c

d

15

bcd

0

b

c

d

16

abcd

a

b

c

d

In this study the factorial design was as follows: a = LIF;
b = GDNF; c = EGF; d = FGF; 0 = growth factor not
added.
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Table 2: Antibodies used for immunofluorescence on porcine cells. AA = Amino Acids.
Immunogen

Source

Dilution

Full length mouse
NANOG fusion protein

Abcam, AB21603 1:100

AA328-439 of human GATA4

Santa Cruz,
sc-9053

1:100

N-terminal human ASMA

DAKO, M0851

1:70

Description
Rabbit
polyclonal
Rabbit
polyclonal
Mouse
monoclonal

For the factorial design experiment, freshly isolated cells were plated on gelatin-coated plates in
standard SSC medium without growth factors or with any combination of LIF, GDNF, EGF, or FGF
(Table 1). The following day, unattached cells were transferred to uncoated plates. Every other day, half
of the medium was replaced by fresh medium supplemented with the same combination of growth factors. After ten days, cultures were terminated and RNA was isolated with Trizol as described below. The
entire factorial design experiment was repeated once.

Immunohistochemistry, Immunofluorescence, Confocal Laser Scanning Microscopy, and AP
staining
For immunofluorescence on testis sections, testis tissue was fixed overnight (o/n) in 4% PFA and embedded in paraffin the following day. Sections were cut at 5-7 µm and mounted on superfrost plus slides
(Menzel, Braunschweig, Germany), which were dried o/n at 37°C. For immunofluorescence, slides were
Table 3: Primers used for RT-PCR and Q-PCR on porcine cells
Gene
NANOG
PLZF
EPCAM
GFRα1
ITGα6
ITGβ1
THY1
B2M
BACT
GAPDH
PGK1

Primers
F: 5’-CCTCCATGGATCTGCTTATTC-3’
R: 5’-CATCTGCTGGAGGCTGAGGT-3’
F: 5’-AAAGCGGTTCCTGGATAGTTTG-3’
R: 5’-GGTCTGCCTGTGTGTCTCC-3’
F: 5’-ACCAGAGAATGCTATCCAGAAC-3’
R: 5’-CTCACTCGCTCCAAACAGG-3’
F: 5’-ATAGACTCTAGTAGCCTCAG-3’
R: 5’-AGGGACTTGTTCTTGACC-3’
F: 5’-AAACGAGAAATTGCTGAAAGAC-3’
R: 5’-CACTAGAATGATCCACCAAGG-3’
F: 5’-ATGAGGAGGATTACTTCAGACTTC-3’
R: 5’-GCAGCCGTGTCACATTCC-3’
F: 5’-TCTCTTGCTAACAGTCTTG-3’
R: 5’-GGTAGTGAAGCCTGATAAG-3’
F: 5’-TTCACACCGCTCCAGTAG-3’
R: 5’-CCAGATACATAGCAGTTCAGG-3’
F: 5’-CATCACCATCGGCAACGAGC-3’
R: 5’-TAGAGGTCCTTGCGGATGTC-3’
F: 5’-TCGGAGTGAACGGATTTG-3’
R: 5’-CCTGGAAGATGGTGATGG-3’
F: 5’-AGATAACGAACAACCAGAGG-3’
R: 5’-TGTCAGGCATAGGGATACC-3’

Optimal
Annealing T
63.0
54.4
53.0
53.8
54.5
53.2
54.4
59.5
55.8
51.1
56.4

Primers for NANOG, B2M, BACT, GAPDH, and PGK1 have also been used in previous studies [73, 115]; F =
forward primer, R = reverse primer.
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deparaffinized in xylol and subjected to antigen retrieval by boiling the slides for 10 min in citrate buffer
at pH6. Following antigen retrieval, slides were permeabilized in TBS with 0.05% tween (TBST) and
with TritonX100 (0.1%). Permeabilized slides were blocked for 1 hr in TBST with 0.5% BSA (SigmaAldrich) followed by o/n incubation with the primary antibody (Table 2) in blocking solution at 4°C. The
following day, slides were incubated in the secondary antibody in blocking solution for 1hr at 4°C, after
which the slides were counterstained with TOPRO-3 (Invitrogen) and mounted in Vectashield. Cells were
cultured on chamberslides (LabTek/Nunc, Roskilde, Denmark) and subsequently fixed in cold methanol
for 5 min, washed for 5 min in ice-cold acetone, and from there on, the above described staining procedure was continued from the permeabilization step onwards. Fluorescent images were retrieved with a
digital camera mounted on an epifluorescence microscope and with a Confocal Laser Scanning Microscope (Bio-Rad).
The presence of cells reactive to DBA lectin was determined by incubating slides with FITC-labeled
DBA lectin (Sigma) immediately after antigen retrieval. Cultured cells were incubated in FITC-labeled
DBA lectin immediately after fixation with 4% PFA. For alkaline phosphatase activity detection, cells
were fixed for 30 min in 4% PFA and subsequently incubated in 2% NBT/BCIP (Roche, Mannheim, Germany) diluted in 0.1M Tris-HCl (pH 9.5) with 0.1M NaCl. As negative controls, cells were incubated in
2% NBT/BCIP diluted in 0.1M Tris-HCl (pH 9.5) with 0.1M NaCl and 5 mM levamisole (Sigma).

RNA extraction, reverse transcription, and Quantitative RT-PCR
RNA from neonate testis and cell cultures was isolated with Trizol (Invitrogen, Groningen, The Netherlands), according to the manufacturer’s instructions. In an additional purification step immediately
following phase separation, one volume of phenol:chloroform:isoamyl alcohol (Fluka, Sigma-Aldrich,
Zwijndrecht, The Netherlands) was added to the aqueous phase. Subsequently, samples were mixed,
incubated at room temperature (RT) for 5 min, centrifuged and incubated at RT for an additional 5 min.
The aqueous phase was transferred to a new tube and put on ice. From here, the Trizol RNA isolation
procedure was resumed, from the RNA precipitation step onwards. RNA was treated with 2 µl DNAse
(2.75 Kunitz units/µl; Qiagen, Venlo, The Netherlands) for 20 min at 37°C, after which the enzyme was
inactivated by incubation at 65°C for 10 min. Synthesis of cDNA was primed with random primers and
RNA samples were reverse transcribed with Superscript III (Invitrogen) according to the company’s
instructions. For each RNA sample an equivalent mixture was prepared, from which Superscript III
was omitted, to control for genomic DNA contamination. After cDNA synthesis, samples were stored at
–20°C before they were used in polymerase chain reactions. Relative quantification of transcript levels
was performed as previously described [73]. Primers were designed with Beacon Designer 4 (PREMIER
Biosoft International, Palo Alto, CA, USA; Table 3). In all samples, the expression levels of four housekeeping genes (BACT, B2M, GAPDH, and PGK1) were examined with geNorm, to determine which of
these housekeeping genes were stably expressed in all conditions [119]. BACT was the least stable gene
and B2M and PGK1 were the most stable genes. Therefore, these latter two genes were used as reference
genes for the normalization of quantitative PCR data. For each sample, -RT negative controls were used
in all reactions to exclude the possibility of mistaking genomic DNA for transcripts. The amplicons (10
µl) were run on 1% agarose gels and primer specificity was confirmed by sequencing of the products.

Statistical Analysis
Data obtained with the factorial design were analyzed with SPSS. A square root transformation was carried out on the expression data of NANOG, GATA4, and OCT4, after which these values displayed a
normal distribution. Subsequently, a mixed model analysis determined the effects of the different growth
factors on the expression levels of the different genes. The effects were visualized by displaying the estimated marginal means for the absence and presence of each growth factor.
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PTEN and TRP53 independently suppress Nanog
in spermatogonial stem cells
Abstract
Mammalian spermatogonial stem cells (SSCs) are the only adult stem cells that can contribute to the next generation. Knock-out studies have indicated a role for TRP53 and
PTEN in insulating male germ cells from pluripotency, but the mechanism by which this
is achieved is largely unknown. To get more insight in these processes, an RNAi experiment was performed on the mouse spermatogonial stem cell line GSDG1. Lipofectaminemediated transfection of siRNAs directed against Trp53 and Pten resulted in decreased
mRNA expression levels of these genes, as determined by quantitative RT-PCR. A decrease in TRP53 protein levels because of the knockdown was also observed, using immunoblotting. The effects of knockdown were examined by determining the expression
levels of genes that are involved in reprogramming and pluripotency of cells, specifically
Nanog, Eras, c-Myc, Klf4, Oct4, and Sox2. Additionally, the effect of TRP53- or PTENknockdown on Plzf expression was measured, which is a SSC-associated transcription
factor required for stem cell maintenance. An effect of TRP53 and PTEN knockdown
on the expression level of Ddx4, expressed in primordial germ cells, spermatogonia, and
at high levels in differentiating male germ cells, was also analyzed. The main finding of
this study is that knockdown of TRP53 and PTEN independently resulted in significant
higher expression levels of the pluripotency-associated gene Nanog. The findings of this
study demonstrate that Nanog is independently suppressed by TRP53 and PTEN, suggesting that this TRP53- and PTEN-mediated repression is important for the insulation
of male germ cells from pluripotency.

Background
In mammals, spermatogonial stem cells (SSCs) are the only adult stem cells that can contribute to the next generation. In the seminiferous tubules of the adult testis, SSCs display selfrenewal or differentiation by the complex process of spermatogenesis [54]. SSCs are unipotent, which means that their developmental potential is limited to one cell type: spermatozoa.
Despite the highly restricted developmental potential of SSCs, spermatozoa can contribute to
the formation of a totipotent zygote that can differentiate to all embryonic and extraembryonic
tissues. In in vitro cultures, mouse SSCs can be maintained long-term while retaining the capacity to restore fertility following transplantation to the testis of infertile mice [61].
In contrast with SSCs, in vitro cultured embryonic stem (ES) cells, derived from preimplantation embryos, are pluripotent and can give rise to all the various specialized cell types
that make up the body. Subcutaneous injection of these cells in immuno-compromised mice
results in the formation of teratomas; tumors that consist of cell types from all three embryonic germ layers. After injection in blastocyst stage embryos, ES cells can participate in host
embryonic development and contribute to the formation of all fetal cell types including germ
cells. Interestingly, under normal culture conditions, SSCs can spontaneously form ES-like
colonies with enhanced expression of pluripotency genes and decreased expression of genes
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characteristic of SSCs. Pluripotency of these ES-like cells has been confirmed by their contribution to germline chimaeras following injection into blastocysts [58]. A subsequent study
verified that a single lineage-specific spermatogonial stem cell could give rise to pluripotent
ES-like daughter cells and to colonies of spermatogonial stem cells [59]. Interestingly, after
transplantation these ES-like cells had lost the capacity to restore fertility in testis of infertile
mice, but instead formed teratomas, reminiscent of true ES cells that are unable to restore
fertility after transplantation [59].
The capacity of SSCs to spontaneously convert from a unipotent to a pluripotent state
implies that these cells provide a tool to study the mechanism behind pluripotency and nuclear
reprogramming. Moreover, improving our understanding of the mechanism by which SSCs
acquire pluripotency and how to induce this could provide new opportunities to obtain pluripotent cells from species such as cow and pig in which attempts to derive ES cell lines have
failed [7, 10]. However, it is still unclear what causes the shift from unipotency to pluripotency
and how to induce this transition. Interestingly, an increased susceptibility to testicular teratomas has been observed in mice deficient in Transformation related protein 53 (Trp53), that
codes for a transcription factor and tumor suppressor that can arrest cells for repair of DNA
damage [120]. SSCs isolated from neonatal and adult testis of Trp53 knockout mice convert
more easily to ES-like cells [58, 121]. Trp53 has also been shown to suppress the pluripotency-associated gene Nanog and thereby induces the differentiation of ES cells into cell types
that undergo efficient Trp53 -dependent cell cycle arrest and apoptosis [122]. Moreover, pluripotent embryonic germ cells are more easily established from primordial germ cells of Trp53deficient embryos than from wildtype and heterozygous embryos [123]. These results suggest
an involvement of TRP53 in insulating germ cells and SSCs from pluripotency and that loss
of this single gene can be sufficient for SSCs to acquire pluripotency.
The association of pluripotency with oncogenic transformation is also seen with loss of
Phosphatase and tensin homolog (Pten), coding for a tumor suppressor and agonist of the
PI3K/AKT pathway, which leads to testicular teratoma [124]. Downregulation of PTEN enhances the transformation of primordial germ cells into pluripotent embryonic germ cells and
a similar phenotype is observed after hyperactivation of AKT, an effect that is probably exerted by inactivation of Trp53 [123, 125].
In the current study, the mechanism was investigated by which TRP53 and PTEN insulate
SSCs from pluripotency. Therefore, expression levels of TRP53 and PTEN were downregulated in in vitro cultured SSCs and changes in expression of candidate target genes were examined. The effect of transient RNAi-mediated knockdown of TRP53 and PTEN was studied
by measuring expression levels of factors that play a role in pluripotency of ES cells (Nanog
[25, 26], Eras [126], c-Myc, Klf4, Oct4, and Sox2 [67-69, 112, 127]). Furthermore, the effect
of TRP53- or PTEN-knockdown was measured on Plzf expression, a spermatogonia-specific
transcription factor required for stem cell maintenance [105, 128]) and on Ddx4 (DEAD (AspGlu-Ala-Asp) box polypeptide 4), which is expressed in primordial germ cells, spermatogonia, and at high levels in differentiating male germ cells of the adult testis [129, 130]. In this
study, it is demonstrated that independent knockdown of TRP53 and PTEN, leads to a significant increase in the expression of ES marker Nanog. The results of this study suggest that
TRP53 and PTEN insulate unipotent spermatogonial stem cells from pluripotency primarily
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through suppression of Nanog.

Results
Expression levels of pluripotency
and SSC factors in ES cells and
SSCs
In routinely cultured SSCs and ES cells, expression levels were determined for factors
related to pluripotency or spermatogonial
stem cells by quantitative RT PCR. ES cells
showed distinctively higher expression levels
of genes involved in pluripotency and reprogramming than SSCs (Fig. 1). Klf4, Sox2, and
Eras were approximately 10 times higher expressed in ES cells than in SSCs. The expression level of Oct4 was approximately 400
times higher in ES cells than in SSCs, and
Nanog expression level was approximately
500 times higher in ES cells compared with
SSCs. An inverse pattern was observed for
SSC-marker Plzf, of which the expression
level was almost 600 times lower in ES cells
compared with SSCs. Ddx4 was expressed at
a more than 10-fold lower level in ES cells
than in SSCs. It was presumed that RNAimediated knockdown of TRP53 or PTEN in
SSCs would affect the mechanism by which
these cells are insulated from pluripotency,
and consequently, enhance the expression
levels of pluripotency factors. Before knockdown, Trp53 expression was approximately
equal in ES cells and SSCs and levels of Pten
expression were 2-fold lower in ES cells than
in SSCs (Fig. 1).

Efficiency of Trp53 and Pten
knockdown experiments
Transfection efficiency of SSCs was determined with FITC-labeled oligos. Eight
hour after transfection, siRNA transfection
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Figure 1: Relative mRNA expression levels in ES cells
and SSCs of genes that are characteristic for pluripotent ES cells (c-Myc, Klf4, Oct4, Sox2, Eras, and
Nanog), of genes that are characteristic for SSCs
(Plzf, Ddx4), and of the RNAi targets (Trp53, Pten).
SSCs = SSC line GSDG1 [61], mES = mouse ES cells.
Relative expression levels in SSCs were set to 1.
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Figure 2: Transfection efficiency and cell morphology
after knockdown of Trp53 and Pten.
(A) Bright-field view and (B) fluorescent image of transfected cells; Morphology of (C) untreated cells, (D)
negative control (mock transfected) cells, and cells transfected with siRNAs against (E) Trp53 and (F) Pten.

efficiency was estimated between 95 and
100% (Fig. 2) and fluorescent signal could
be detected up to four days after transfection. Trp53 mRNA levels were significantly
knocked down at 48 hr, 72 hr, and 96 hr after
transfection, as compared to mock transfected
controls (Fig. 3) and the efficiency of Trp53
knockdown was respectively 80%, 70%, and
60%. A significant reduction in Pten mRNA
levels of 75% and 70% was also achieved at
respectively 72 hr and 96 hr after transfection
with Pten-specific siRNAs (Fig.3). Knockdown of Trp53 also resulted in a significant
reduction of TRP53 protein levels in SSCs,
when compared to mock-transfected controls
(Fig. 4). Knockdown of Pten did however
not result in a detectable decline in PTEN
protein levels (Fig. 4). Cell morphology was
monitored before and after transfection. A
change in cell morphology was not observed
in siRNA-transfected cells when compared
to untreated or mock-transfected cells (Fig.
2).

Effects of TRP53 and PTEN
knockdown on expression levels of
pluripotency and SSC factors

At 72 hr and 96 hr after transfection, expression levels of pluripotency factors were measured to determine if TRP53 knockdown influenced the insulation of SSCs from pluripotency.
Knockdown of TRP53 resulted in elevated levels of Nanog at 72 hr after transfection, and
an approximately 2-fold increase at 96 hr after transfection, as assessed by RT-PCR (Fig.
5). Expression levels of the ES-specific genes c-Myc, Klf4, and Eras were unaffected by the
knockdown. For most samples, expression levels of Sox2 and Oct4 did not reach the threshold
cycles, which impeded a quantitative assessment of the effect of knockdown on the expression
of these genes. However, Sox2 expression was detected in 4 out of 6 samples (2 at 72 hr and
2 at 96 hr), in which TRP53 was downregulated, and in just 1 out of 6 mock control samples
(data not shown). Surprisingly, expression of the SSC factor Plzf significantly increased 2-fold
at 96 hr after transfection. Ddx4 expression levels were unaffected by TRP53 knockdown.
At 72 hr after transfection with siRNA oligonucleotides against Pten, expression levels of Nanog were similar between siRNA treated cells and mock transfected controls (Fig.
6). However, at 96 hr after transfection, Nanog was more than 4 times upregulated in cells
in which PTEN was knocked down. Expression levels of pluripotency factors c-Myc, Klf4,
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Figure 3: Relative mRNA expression levels of Trp53 and Pten at 48, 72, and 96 hr after transfection with Stealth
siRNAs against Trp53 and Pten.
Expression levels in negative controls (mock) were set to 1. Levels are expressed as mean ± s.e.m. (n = 3). Asterisks
denote significant differences in expression levels between negative controls (mock transfected cells) and siRNA transfected cells.

and Eras were unaffected by the knockdown.
The expression levels of pluripotency factors Sox2 and Oct4 were below background
levels and an effect of knockdown on the
expression of these genes could not be determined (data not shown). The level of expression of SSC factor Plzf was also unaffected
by knockdown of PTEN (Fig.6). However, at
96 hr after transfection, Ddx4 was expressed
at significantly lower levels in cells with decreased Pten levels. Important for both experiments is that TRP53 knockdown did not
influence Pten expression and, vice versa,
PTEN knockdown did not influence Trp53
expression in SSCs (Fig. 7).
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Figure 4: Representative immunoblots (top) and relative protein expression (bottom) of TRP53 and PTEN
after transfection with Stealth oligos against Trp53
and Pten.
Expression levels in negative controls (mock) were set
to 1. Levels are expressed as mean ± s.e.m. (n = 9). Asterisks denote significant differences in expression levels
between negative controls (mock transfected cells) and
siRNA transfected cells.
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Figure 5: Relative mRNA expression levels of pluripotency genes (c-Myc, Klf4, Oct4, Sox2, Eras, and
Nanog) and of genes that are characteristic for SSCs
(Plzf, Ddx4) at 72 hr and 96 hr after transfection with
siRNAs against Trp53.
Expression levels in negative controls (mock) were set
to 1. Levels are expressed as mean ± s.e.m. (n = 3). Asterisks denote significant differences in expression levels
between negative controls (mock transfected cells) and
siRNA transfected cells.

proefschrift.indd 74

Figure 6: Relative mRNA expression levels of pluripotency genes (c-Myc, Klf4, Oct4, Sox2, Eras, and
Nanog) and of genes that are characteristic for SSCs
(Plzf, Ddx4) at 72 hr and 96 hr after transfection with
siRNAs against Pten.
Expression levels in negative controls (mock) were set
to 1. Levels are expressed as mean ± s.e.m. (n = 3). Asterisks denote significant differences in expression levels
between negative controls (mock transfected cells) and
siRNA transfected cells.
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Discussion
Under certain pathogenic or in vitro culture
conditions, germ cells can acquire pluripotency as demonstrated by teratoma formation in gonads [62] and by the derivation of
pluripotent cell lines from primordial germ
cells and spermatogonial stem cells [56-58,
60, 110, 131]. Tumor suppressors TRP53 and
PTEN and the PI3K-AKT signaling pathway
have emerged as key players in refraining
germ cells from pluripotency [58, 121, 123,
124]. In the current study, the molecular
mechanisms that trigger the conversion of
male germ cells towards pluripotency were
investigated by RNAi-mediated knockdown
of Trp53 and Pten mRNA levels. TRP53 protein levels were significantly reduced by the Figure 7: Relative mRNA expression levels of Pten
mRNA-knockdown, but a decline in PTEN and Trp53 at 72 hr and 96 hr after transfection with
siRNAs against Trp53 and Pten respectively.
protein levels could not be detected. PTEN, Expression levels in negative controls (mock) were set to
which has a similar calculated protein stabili- 1. Levels are expressed as mean ± s.e.m. (n = 3).
ty as TRP53 [132], showed an approximately
20% less efficient mRNA knockdown at day
2 as compared to Trp53, what may have caused the lack of detectable protein knockdown.
Lack of detection could also be caused by the limited resolution of immunoblot analysis.
Nevertheless, clear specific effects were observed at the gene expression level after the PtensiRNA treatment, as for the Trp53-siRNA treatment.
In this study, is demonstrated that TRP53 and PTEN suppressed expression of the pluripotency factor NANOG in spermatogonial stem cells and that inhibition of either TRP53 or
PTEN resulted in significantly elevated Nanog expression. It has previously been shown that
PTEN protein antagonizes PI3K function and consequently inhibits downstream signaling
through AKT [133], leading to the inhibition of TRP53 degradation. Evidently, knockdown of
PTEN releases AKT from its inhibition, initiating the degradation of TRP53 via MDM2 [134].
This suggests that the observed increased Nanog expression after TRP53 and PTEN downregulation are part of the same mechanism. However, there are two indications that TRP53
and PTEN suppress Nanog in SSCs independently from one another: firstly, knockdown of
either gene did not influence the expression of the other, and secondly, different effects were
observed on Ddx4 and Plzf expression levels between the TRP53-knockdown and the PTENknockdown.
NANOG is also expressed in differentiating male germ cells (manuscript submitted elsewhere) in an expression pattern that is reminiscent of DDX4 expression [130]. DDX4 is an ATP
dependent RNA helicase of the DEAD-box protein family, expression of which is restricted to
the germ lineage [129, 130, 135, 136]. Ddx4 expression was unaffected by decreased TRP53
levels, which indicates that elevated Nanog levels were not caused by differentiation of germ
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cells. Likewise, Ddx4 expression was expressed at significant lower levels in cells with decreased Pten levels, which excludes the possibility that the increase in Nanog expression reflects the presence of differentiating male germ cells. A decrease in expression levels of Ddx4
upon PTEN downregulation is in line with the progressive loss of Ddx4 expression in primordial germ cells of Pten null embryos [124]. Posttranscriptional processing of RNA could be
one component of the mechanism by which germ cells are insulated from pluripotency.
The degree of upregulation of Nanog after knockdown of TRP53 or PTEN was still much
less than the difference in Nanog expression between ES cells and GS cells (Fig.1). Moreover,
forced expression of Nanog or Sox2 in Trp53-/- SSCs is not sufficient to induce the conversion
of these cells to pluripotency [59], what suggests that more factors than Nanog are necessary
for a full conversion. The increase in Nanog expression upon TRP53 knockdown is probably
a direct effect as TRP53 suppresses the expression of Nanog by binding to its promoter [122].
It is therefore remarkable that expression levels of Nanog and other pluripotency related genes
in Trp53-/- SSCs are comparable to wildtype SSCs [59], what could indicate that in these cells
other mechanisms are involved in suppression of Nanog and insulating SSCs from pluripotency. This is in agreement with the findings of the current study that PTEN suppresses Nanog
separately from TRP53.
Forced expression of c-Myc, Klf4, Oct4, and Sox2 can reprogram somatic cells towards
a pluripotent state [67-69, 112]. Interestingly, acquisition of Nanog expression can be used to
distinguish between fully reprogrammed cells and incomplete reprogramming [111], which
supports the thought that the observed increase in Nanog expression upon knockdown of
TRP53 and PTEN is the first step towards reprogramming of SSCs.
In the current study, no major effects were observed of TRP53 or PTEN knockdown on
expression of the reprogramming factors c-Myc, Klf4, and Oct4, which suggests that these factors are not involved in the initial transition from unipotent spermatogonial stem cell towards
a pluripotent ES-like cell. Sox2 expression was observed in more samples in which TRP53
was knocked down than in mock control samples. This could indicate that Sox2 participates
as a reprogramming factor in the initial events of the transition of spermatogonial stem cells
towards ES-like cells.
A surprising finding was the increase in expression of SSC-marker Plzf after TRP53
knockdown. PLZF is a transcriptional repressor that regulates the epigenetic state of undifferentiated cells and is required for self-renewal and maintaining the stem cell pool [105, 128].
Interestingly, a PLZF-RARα (retinoic acid receptor alpha) fusion protein has been shown to
inhibit TRP53-dependent transcription and leads to degradation of TRP53 [137]. Consequently, increased Plzf expression would further reduce TRP53 protein levels in a feed-forward
manner. Little is known about Plzf expression in the germline, and therefore it is difficult to
interpret what the observed increase in expression implies, but intermediate expression of Plzf
in the transitional state from SSCs towards ES-like cells is feasible.
In summary, the current study indicates that TRP53 and PTEN are involved in insulating
male germ cells from pluripotency. Furthermore, TRP53 and PTEN appear to act separately in
the suppression of expression of the pluripotency gene Nanog in spermatogonial stem cells.
The results from this study enhance our understanding of the mechanism that insulates
pluripotency in spermatogonial stem cells. These findings can be used for the development of
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a strategy for the generation of ES-like cells from other species than mice and men, or for the
generation of patient specific stem cells in regenerative medicine.

Materials and Methods

Cell culture and transfection
The mouse spermatogonial stem cell line GSDG1 [61], was obtained from the RIKEN BioResource
Center Cell Bank in Japan. The cells were cultured under feeder free conditions in 12 well plates coated
with 1 ug/cm2 laminin (Sigma-Aldrich Chemie, Zwijndrecht, The Netherlands), as previously described
[61, 99]. Culture medium was supplemented with 0.1% pen/strep (Invitrogen, Breda, The Netherlands)
and 0.1% Fungizone (Invitrogen). Cells were routinely cultured from passage 16 up to passage 44 by
reseeding every 3 to 4 days at 1.0 x 105 cells per well. Mouse ES cells were a kind gift from Stieneke van
den Brink of the Hubrecht Laboratory in Utrecht. ES cells were cultured under standard mouse ES cell
culture conditions on mitomycin C treated STO cells.
Three different Stealth / siRNA duplex oligoribonucleotides (Invitrogen) against both Trp53 and
Pten were tested for their efficiency of knockdown. Quantitative Real Time-PCR (RT-PCR) for Trp53
and Pten expression resulted in the selection of one Trp53 siRNA (5’-GCCAAGUCUGUUAUGUGCACGUACU-3’) and one Pten siRNA (5’-GGAAAUCGAUAGCAUUUGCAGUAUA-3’) for the
knockdown experiments. Universal Control siRNAs (Invitrogen) with GC contents similar to the specific
oligos were used as negative controls. BLOCK-iT Fluorescent (FITC-labeled) oligos (Invitrogen) were
used to assess transfection efficiency. One day before transfection, 1.2 x 105 cells were plated uniformly
across the wells of laminin-coated 12-well plates. On the day of transfection, cells were at 40 to 50%
confluence, allowing a long interval between transfection and final assay time, and minimizing the loss
of cell viability due to cell overgrowth. All transfections were performed in triplicate with lipofectamin
2000 transfection reagent (Invitrogen) in final siRNA concentrations of 36 nM according to manufacturers instructions. In brief, per well 2 μl lipofectamin was diluted in 48 μl OPTI-MEM-I reduced serum
medium (Invitrogen) and incubated for 5 min at room temperature. Next, 2 μl 20 μM siRNA, mock and
fluorescent oligos were diluted in 48 μl medium each, added seperately to 50 μl diluted lipofectamin and
incubated for 20 min at room temperature. The resulting volume of 0.1 ml transfection solution/well
was dispensed into the wells of the culture plates containing 1 ml StemPro-34 SFM (Invitrogen) culture
medium supplemented [61, 99] without fetal calf serum and antibiotics. Cells were incubated at 37°C for
6 hr, after which the transfection medium was replaced with 1 ml culture medium with fetal calf serum,
and antibiotics. Transfection efficiency was assessed visually by means of FITC-labeled negative control
oligos and knockdown efficiency was measured quantitatively by RT-PCR. For fluorescence microscope
analysis of FITC-labeled control transfected cells, cells were imaged using an Olympus IMT 2-F inverted
microscope.

Quantitative RT-PCR
For quantitative RT-PCR, total RNA was isolated from samples with TRIzol Reagent (Invitrogen), according to manufacturer’s instructions, and subsequently treated with RNase-Free DNase (Qiagen, Venlo,
The Netherlands) to remove genomic DNA. Next, cDNA was prepared using SuperScript III Reverse
Transcriptase (RT; Invitrogen) according to the manufacturer’s instructions. In brief, every 40 μl of reaction mix contained 20 μl DNase-treated RNA, 150 ng Random Primers (Invitrogen), 8 μl 5x First
Strand Buffer (Invitrogen), 2 μl 0.1M DTT (Invitrogen), 2 μl 10 mM dNTPs, 0,2 μl RNasin Ribonuclease
Inhibitor (Promega, Madison, WI), and RNAse/DNAse free water was used to adjust the reaction volume. A cDNA synthesis reaction was also performed without RT to obtain –RT controls for the detection of potential genomic DNA contamination. Amplification and detection was performed with a MyIQ
single-color real-time PCR detection system (Bio-Rad, Veenendaal, The Netherlands). PCR primer pairs
(Isogen, Maarssen, The Netherlands) were designed using Beacon Designer 4 (PREMIER Biosoft In-
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ternational, Palo Alto, CA). Primer nucleotide sequences are provided in Table 1 and sequence analysis
confirmed amplification of the genes of interest. Quantitative RT-PCR amplifications were performed
with iQ-SYBR Green Supermix (Bio-Rad) and the optimal annealing temperatures of the primer pairs
were determined experimentally with a temperature gradient. RT-PCR conditions were: 3 min at 95°C,
followed by 40 cycles of 20 sec at 95°C, 30 sec at the specific annealing temperature (Table 1), and 10
sec real time detection at 80-82°C. Finally, a melt curve was generated. For each gene, a separate reaction was performed and standard curves of 10-fold dilutions (10 pg to 1 ag) supplemented each run.
The threshold cycle (Ct) was set within the exponential phase of the PCR and standard curve efficiencies were between 90 and 110%. After absolute quantification, expression levels were normalized to the
housekeeping genes Rpl22 and Rpl27 [138], which showed stable expression between the samples as
verified by Genorm analysis [139]. Relative gene expression levels between siRNA transfected cells and
mock-transfected cells were determined at 72 hr and 96 hr after transfection and the expression levels are
presented as fold increase compared to mock.

Immunoblot Analysis
TRP53 and PTEN protein knockdown in Trp53 and Pten siRNA and mock transfected cells was tested
at three time points, which were chosen based on protein half-life predictions (http://www.expasy.org)
[132]. Total protein was extracted from each condition 48hr, 72hr, and 96 hr after transfection by lysing
the cells with 0.5 ml cold lysis buffer, containing 25 mM MES (2-(N-Morpholino) ethanesulfonic acid),
150 mM NaCl, 1 mM EGTA, 1 tablet/50 ml protease inhibitors (Roche, Almere, The Netherlands) and
1% Triton X-100. The amount of protein was measured by DC protein assay (Bio-Rad), and boiling for 5
min with 0.1 M DTT and 0.5 M β-mercaptoethanol was used to reduce 5 μg of total protein. Reduced protein lysates were separated on 12% Tris–HCl PAGE gels accompanied by a SeeBlue Plus2 Pre-Stained
Standard (Invitrogen). Size separated proteins were transferred to a Trans-Blot nitrocellulose transfer
membrane (Bio-Rad). Membranes were blocked overnight at 4°C with 2.5% Blotting Grade Blocker
non-fat dry milk (Bio-Rad) in 1x PBS-0.1% Tween, and subsequently probed with 1:200 dilution of
TRP53 monoclonal anti-mouse IgG2 (Santa Cruz Biotechnology, Santa Cruz, CA, sc-71817) or PTEN
mouse monoclonal IgG1 antibody (Santa Cruz Biotechnology, sc-7974) in 2.5% non-fat dry milk for 1 hr
at room temperature. Membranes were washed in 1x PBS-0.1% Tween, and subsequently probed with
1:5000 dilution of goat anti-mouse IgG secondary antibody, horseradish peroxidase-conjugated (Santa
Cruz, sc-2005) in 2.5% non-fat dry milk for 1 hr at room temperature. Subsequently, membranes were
washed and signals were visualized using SuperSignal West Dura Extended Duration Substrate (Pierce,
Rockford, IL), after which the blots were exposed to film (Kodak). To obtain a quantitative assessment of
the protein levels, films were scanned and band intensities were measured using ImageJ software (v1.40;
NIH, USA).

Statistical analysis
Data is presented as mean ± s.e.m. of at least three independent experiments and the two-tailed unpaired
Student’s t test was used to determine the significance of differences. A p < 0.05 was considered to be
statistically significant.
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Table 3: Primers used for Quantitative RT-PCR.
Gene
c-Myc

*

Eras
Klf4*
Nanog
Oct4*
Plzf
Pten
Rpl22
Rpl27
Sox2*
Trp53
*

Primers
5’-TAACTCGAGGAGGAGCTGGA-3’
5’-GCCAAGGTTGTGAGGTTAGG-3’
5’-TAGCATCTTGGACCTGAG-3’
5’-TCTTTCACGAAGCATTGG-3’
5’-AACATGCCCGGACTTACAAA-3’
5’-TTCAAGGGAATCCTGGTCTTC-3’
5’-AGATGCGGACTGTGTTCTC-3’
5’-TGCGTTCACCAGATAGCC-3’
5’-TAGGTGAGCCGTCTTTCCAC-3’
5’-GCTTAGCCAGGTTCGAGGAT-3’
5’-GGTAGAGCAGTGGCAGGAG-3’
5’-CGAAGTTATAGGTTGTGGAGAGG-3’
5’-GCTGAAGTGGCTGAAGAG-3’
5’-GCTGGAGATGGTGTATGG-3’
5’-CTGGGCTGCTGCTCCTTTG-3’
5’-AATCACCTGTCTGCTTCTGAGG-3’
5’-TCCAACGCCCTCCTTTCCTTTCTG-3’
5’-CCAGGACCAGCACCACTTTCCC-3’
5’-AGGGCTGGGAGAAAGAAGAG-3’
5’-CCGCGATTGTTGTGATTAGT-3’
5’-GCTGCTCCGATGGTGATG-3’
5’-AGTGTGATGATGGTAAGGATAGG-3’

Primers for c-Myc, Klf4, Oct4, and Sox2 have been described previously [113].
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NANOG expression in mammalian testes
Abstract
Expression of the pluripotency transcription factor NANOG is restricted to cells of the
ICM, the epiblast and to primordial germ cells, but no definitive expression in other tissues has been described. Spermatogenesis is the process by which spermatogonial stem
cells differentiate, complete meiosis, and subsequently develop into highly specialized
haploid sperm cells that can contribute to a totipotent embryo. Despite the apparent
connection between testis function and pluripotency, a role for NANOG in any of the
processes that ultimately lead to a competent sperm cell has not been established yet.
In the current study, NANOG expression was examined in testes of mouse dog, pig, and
man using RT-PCR, immunoblot analysis, immunohistochemistry, immunofluorescence,
and analysis of a Nanog eGFP reporter mouse. Here we describe that Nanog mRNA and
NANOG protein are expressed in maturing gametes in the testis of mouse, dog, pig, and
man. Although NANOG has previously mainly been attributed to undifferentiated cells
with stem cell potential, expression was observed in pachytene spermatocytes and in the
first steps of spermiogenesis. The findings of the present study suggest a conserved role
for NANOG in meiotic and post-meiotic stages of male germ cells.

Background
NANOG, named after a mythical Celtic land of the ever young, is a homeobox transcription
factor and a key player in pluripotency; i.e. the ability of a cell to differentiate into any other
cell type [25, 26]. The role of NANOG in pluripotency is illustrated by expression of NANOG
in pluripotent cell lines like embryonic stem (ES) cells and embryonic germ (EG) cells. Loss
of NANOG in pluripotent cell lines increases the tendency to differentiate [25, 26, 28]. Moreover, mouse ES cells that constitutively express Nanog are less sensitive to differentiation signals and do not require LIF to maintain an ES cell identity [25]. Fusion of somatic cells with
ES cells that express elevated levels of NANOG facilitates reprogramming of the restricted
somatic genome to a pluripotent state [140].
In vivo expression of NANOG is restricted and essential to the embryonic sources of pluripotent cell lines, namely the pluripotent epiblast and primordial germ cells (PGCs) [25-27].
Cells of the inner cell mass (ICMs) of Nanog -/- embryos do not develop to pluripotent epiblast
cells and differentiate entirely when put into culture [26]. Remarkably, however, Nanog-/- ES
cells can participate in chimaeric embryonic development and contribute to all three embryonic germ layers, which demonstrates that NANOG is dispensible for maintenance of somatic
pluripotency. However, in these chimaeras, Nanog-/- cells become allocated to the primordial
germ cell lineage but do not survive beyond E11.5, indicating that Nanog is indispensable for
completion of the embryonic germ cell program [28].
The testis appears to be an important source of cells that are directly linked to pluripotency. Teratocarcinomas, for example, are malignant testicular tumors that are composed of
pluripotent cells and differentiated progeny of numerous cell types [62]. Moreover, a number of recent reports describes the derivation of pluripotent cells from neonatal and adult

proefschrift.indd 83

24/12/2008 13:30:56

84 |

Germ Cells and the Origins of Pluripotent Cells

Figure 1: Expression of Nanog in testis of various species as determined by RT-PCR.
(A) Expression of Nanog in testis of two different mouse
strains, (B) Expression of NANOG in dog and pig testes, (C) Expression of eGFP in testis of a reporter mouse
in which eGFP is knocked in to the Nanog locus (D,E)
Expression of NANOG in human testis as determined
by RT-PCR with 2 different primer pairs. In all RT-PCR
experiments, amplicons were of the expected sizes (see
also Table 1) and products were identified by sequence
analysis. Abbreviations: 100 bp = 100 base pair DNA
ladder, BL/6 = Mus musculus (mouse) Black 6 strain,
-RT = minus reverse transcriptase control, SV129 = Mus
musculus SV129 strain, Cf = Canis familiaris (dog), Ss
= Sus scrofa (pig), Rep. = reporter mouse, gDNA = genomic DNA from the same reporter mouse, H20 = water
blank, Hs = Homo sapiens (human), L1R1 = primer pair
1, L2R2 = primer pair 2.

Figure 2: Composite image of immunoblot results
for NANOG on testis lysates of mouse, dog, and pig.
On the right is a Benchmark protein ladder (Invitrogen)
and the indicated molecular weights for each band. Abbreviations: mES = mouse embryonic stem cells, Mm =
Mus musculus (mouse), Cf = Canis familiaris (dog), Ss =
Sus scrofa (pig).
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testes [56-60]. However, the immediate link
between testis and pluripotency is evidently
spermatogenesis: the production of sperm
cells that can fertilize oocytes and thereby
contribute to the formation of completely
new organisms.
Spermatogonial stem cells (SSCs), that
can either self-renew or differentiate, support
spermatogenesis throughout adulthood. The
differentiation of SSCs to functional sperm
cells is a complex process that occurs in the
tubular compartment of the adult testis facilitated by somatic Sertoli cells. In rodents,
SSCs are called Asingle spermatogonia that develop through proliferation and differentiation and through multiple consecutive stages
of type A spermatogonia into intermediate
spermatogonia. Subsequently, intermediate spermatogonia divide into type B spermatogonia. In general, Asingle spermatogonia
have relaxed chromatin whereas type B spermatogonia are characterized by heterochromatin [63]. This initial period in spermatogenesis that is characterized by an increase in
cell numbers by mitotic divisions ends with
the division of type B spermatogonia into
preleptotene spermatocytes.
After the proliferative phase, the newly
formed spermatocytes leave the basal membrane and enter meiosis. Prophase of the first
meiotic division encompasses an estimated
90% of male meiosis and is subdivided in
four components: at leptotene, chromosomes condensate, at zygotene synaptonemal complexes are formed, at pachytene
synaptonemal complexes are completed, and
at diplotene separation of chromosomes is
initiated [141]. When prophase is completed,
spermatocytes fulfill the subsequent phases
of the first meiotic division. Two secondary
spermatocytes (2n) are formed that enter the
second meiotic division, thereby producing
four haploid (n) spermatids [141]. Meiosis is
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Figure 3: Expression of NANOG and GFP in mouse testes sections as detected by immunohistochemistry.
(A-C) Expression of NANOG in mouse testis at different stages of spermatogenesis. Roman figures in seminiferous
tubules represent the stage of the epithelial cycle. Abbreviations: AS = type A spermatogonia, P = Pachytene spermatocyte, T = Spermatid, ET = elongating spermatids, S = Sertoli cell, (D) Negative control section from which the primary
antibody was omitted in the staining procedure, (E,F) Expression of eGFP in testis sections of a mouse eGFP reporter,
(G,H) eGFP staining on testis sections of a non-transgenic mouse, which served as a negative control for the staining in
figures 3 E,F. Arrowheads in panels F,G, and H denote non-specific binding of the antibody to interstitial cells. Sections
displayed in panels A-D were fixed in Bouins fixative; sections in panels E-G were fixed in formalin. Formalin fixation
impeded accurate staging of the seminiferous tubules.
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Figure 4: Expression of NANOG in dog testis as determined by immunofluorescence.
(A-I) NANOG expression in differentiating male germ cells; the top right panel of I is an enlargement of the indicated
area. Arrowhead in panel I denotes binding of the antibody to the neck region of elongated spermatids, (J-L) high magnification image of section in which the primary antibody was replaced by blocking solution, to control for non-specific
binding of the secondary antibody, (M-O) image of testis section that was incubated with a rabbit IgG isotype control,
to control for non-specific binding of the primary antibody.
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Fig 5: Top to bottom scan through nuclei of canine round spermatids confirms nuclear localization of NANOG.
(A-L) grey images for NANOG stain at different heights, z1-z12 = slice number on z-axis, (M-O) stack of z-series.
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Figure 6: Binding of NANOG antibody to neck region of canine spermatids and sperm cells as determined by
immunofluorescence; (A-C) (Enlargement of figure 4 A-C) Arrowheads: binding of NANOG antibody to the neck
region of developing dog spermatids, (D-F) Binding of NANOG antibody to neck region of sperm cells from dog
ejaculate, (G-I) image from sperm cells in which the primary antibody was replaced by blocking solution in the staining
procedure, to control for non-specific binding of the secondary antibody, (J-L) image from sperm cells in which a rabbit
IgG isotype control was used to control for non-specific binding of the primary antibody.

followed by spermiogenesis, in which round spermatids mature to highly specialized spermatozoa [54, 141].
Despite the obvious link between testis function and pluripotency, little is known about
the involvement of NANOG in any of the processes that ultimately lead to a competent sperm
cell. The aim of the current study was to determine if NANOG is expressed in the testis and
whether a possible expression pattern of NANOG in the testis is conserved between species.
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Therefore, the expression of NANOG was examined in adult testis of mammals ranging from
mouse, dog, and pig, to man. Nanog transcripts and NANOG protein were detected and expression was mainly observed in pachytene spermatocytes and round and elongating spermatids. The patterns described here, suggest a conserved role for NANOG in male meiosis and
spermiogenesis.

Results
Nanog mRNA and NANOG protein are expressed in testes of multiple
species
Nanog mRNA transcripts were detected in mouse, dog, and pig whole testes by reverse transcriptase-polymerase chain reaction (RT-PCR; Fig.1). In the mouse, two pseudogenes and two
retrotransposed genes have been described for Nanog [142, 143]. To determine, for that reason, whether the observed expression in mouse testis originated from the actual Nanog gene,
expression of eGFP in testis tissue of a Nanog eGFP-reporter mouse derived from ES cells
with GFP targeted to Nanog (TNG cells) [28] was analyzed. Transcripts of eGFP were detected by RT-PCR, which confirms that the locus of Nanog is transcribed in mouse testis (Fig.1).
NANOG gene expression was also detected in human testis (Fig.1) and sequence analysis confirmed the authenticity of the NANOG transcripts in human testis. Sequences that correspond
to pseudogenes NANOGP4 and NANOGP8 were also detected in cDNA of human testis.
Subsequently, the presence of NANOG protein in testis was studied by immunoblot analysis (Fig.2). A distinctive band of approximately 40 kDa was observed for mouse embryonic
stem (mES) cell lysate and for lysates of dog and pig testes, but not for mouse testis lysate. In
the present study, an additional band was observed at approximately 80 kDa in mES cells and
in mouse, dog, and pig testes (Fig.2).

NANOG is expressed at pachytene
of male meiosis and in the first
steps of spermiogenesis
In order to verify the presence of NANOG
protein and to get more insight in its localization in mouse testis, immunofluorescence
(IF) and immunohistochemistry (IHC) was
performed on sections. A distinctive temporal expression pattern in the spermatogenic
stages of seminiferous tubules [144] was
observed. NANOG was detected in nuclei
of pachytene spermatocytes from epithelial stage IV onwards. Expression was maintained throughout meiosis and NANOG was
detected until spermiogenic step 10. At sper-
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Figure 7: Immunoblot results for NANOG on canine
sperm; On the right is a Benchmark protein ladder (Invitrogen) and the indicated molecular weights for each of
the bands. mES = mouse embryonic stem cells, Cf sperm
= Canis familiaris sperm.
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Figure 8: Expression of NANOG in pig testis as determined by immuno- fluorescence.
(A-C) NANOG expression in differentiating male germ cells, (D-F) image of section in which the primary antibody
was replaced by blocking solution, to control for non-specific binding of the secondary antibody, (G-I) representative
high magnification image of testis section that was incubated with a rabbit IgG isotype control, to control for nonspecific binding of the primary antibody. Dashed lines in panels A-F mark the boundaries of the tubules.

miogenic step 10, NANOG expression was distinctly localized to nuclear regions (Fig.3) and
from spermiogenic step 10 onwards, expression faded. NANOG was also expressed in type
A spermatogonia in all stages of the epithelial cycle (e.g. Fig.3 A), but NANOG was not
detected in intermediate spermatogonia (data not shown). Weak staining of Sertoli cells was
also observed. Control sections in which the primary antibody solution was replaced by blocking solution did not show these patterns (Fig.3 D). In the testis of a Nanog eGFP reporter
mouse, eGFP expression was detected in pachytene spermatocytes and round spermatids, as
determined by IHC (Fig.3 E-H). The expression pattern of eGFP in the Nanog eGFP reporter
mouse thus corresponds to the expression of NANOG in mouse testis as determined by IHC
(Fig.3 A-C).
Subsequently, NANOG expression was analyzed in dog testis. As in mouse testis,
NANOG was mainly detected in maturing gametes (Fig.4). NANOG was specifically expressed in round spermatids and pachytene spermatocytes of dog testis with a dynamic temporal expression pattern in the spermatogenic stages of seminiferous tubules [144]. At canine
epithelial stage VI, at which spermatids initiate elongation [144], NANOG was expressed
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Figure 9: (A-C) Non-specific binding of NANOG antibody to the acrosome of sperm cells in adult pig testis (arrowhead). Dashed circles denote NANOG positive cells located at the basal membrane.

in pachytene spermatocytes, but not in spermatids (Fig.4 A-C). Meiosis in dogs occurs at
epithelial stage VIII and metaphase configurations and newly formed round spermatids were
positive for NANOG at this stage. NANOG expression was localized to round spermatids
until stage V (Fig.4).
Nuclear localization of NANOG in dog testis was confirmed by scanning from top to
bottom 12 confocal planes through the nuclei of round spermatids (Fig.5). A strong signal
was also observed in the neck and tail region of a subset of elongating spermatids (Fig.4 G-I),
which corresponds to the location of the chromatoid body [145], and in the neck region of
ejaculated sperm cells (Fig.6). However, NANOG could not be detected in ejaculated sperm
cells by immunoblot analysis (Fig.7). Therefore, it was concluded that labeling in the neck
and tail region of sperm cells was most likely due to non-specific binding of the primary
antibody.
NANOG expression was also detected in maturing gametes in adult porcine testis, as determined by IF on paraffin embedded sections (Fig.8). Expression was detected in pachytene
spermatocytes (Fig. 8 A-C) and in a number of cells located at the basal membrane (Fig. 9).
The antibody also showed strong non-nuclear and therefore presumably non-specific affinity
for the developing acrosome (Fig. 9). The intensity of this non-specific signal impeded careful
analysis of the expression in round spermatids.
Finally, NANOG expression was detected in differentiating human male germ cells as
determined by IF on paraffin embedded testicular sections (Fig. 10). NANOG was detected in
meiotic pachytene spermatocytes. In summary, expression of Nanog was observed in mouse,
dog, pig, and human testes. Nanog transcripts and NANOG protein were detected and expression was primarily localized to differentiating germ cells.

Figure 10: Expression of NANOG in human testis as determined by immuno-fluorescence on paraffin embedded
sections; (A-C) NANOG expression in differentiating male germ cells; dashed lines mark the boundaries of tubules.
Arrowheads denote non-specific non-nuclear binding to interstitial cells.
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Discussion
Epiblast cells and primordial germ cells are important sources of pluripotent cells. This is
evident by their in vivo behavior: epiblast cells contribute to the formation of an entire embryo, including germ cells, and primordial germ cells have the potential to develop a new
organism. Additionally, from both cell types, pluripotent cell lines can be generated. NANOG
has emerged as a major factor in determining pluripotency and its expression is generally
restricted to pluripotent cells such as epiblast cells and PGCs [25-27]. Even though loss of
Nanog does not prevent ES cells from developing into any somatic cell type, its absence is
fatal to the development of germ cells [28].
Although gametes by themselves are not pluripotent, the testis can also harbor pluripotent cells, which is dramatically exemplified by formation of teratomas; tumors, composed of
pluripotent cells and numerous differentiated cell types, which have most likely been derived
from germ cells that by accident were not insulated from pluripotency [62]. Furthermore, it
has recently been described that cultured male germ cells from neonatal and adult mouse testis
can gain pluripotency and express Nanog [56-60].
In the current study, Nanog transcripts were present in whole testis samples of all four
investigated mammalian species, as determined by RT-PCR. This is in line with some previous studies, that have also detected Nanog transcripts in testis of mouse [146] and man [147].
In the SV129 mouse strain, four retrotransposed copies of Nanog have been described [142]
and in man a total of eleven NANOG pseudogenes have been described [143]. RT-PCR based
detection of genes that have a large number of pseudogenes holds a potentially high risk
of amplifying genomic DNA or of amplifying pseudogene-derived transcripts [142]. In this
study, –RT controls did not amplify products, which excludes the possibility that the observed
amplicons were of genomic origin derived from retrotransposed genes or pseudo genes. Furthermore, eGFP mRNA was detected in testis of a TNG Nanog reporter mouse [28], which is
strong evidence that the Nanog gene is transcribed in mouse testis. Likewise, sequence analysis of human testis derived transcripts confirmed testicular expression of the human NANOG
orthologue. Transcripts that correspond to pseudogenes NANOGP4 and NANOGP8 were also
identified in cDNA of human testis.
In dog and pig testes, NANOG protein could be identified with immunoblot analysis
(Fig. 2). A band of approximately 40 kDa was considered specific because mES cell lysate
that served as a positive control displayed a band at the same height. In mouse testis lysate,
NANOG expression was not detected by immunoblot analysis (Fig.2). Since whole testis
lysates were used for immunoblotting, dilution by more abundant proteins could have rendered NANOG undetectable by this method. Remarkably, prominent additional bands of 80
kDa were observed in immunoblots of mouse ES cells and of mouse, dog, and pig testes.
These bands do not correspond to NANOG dimers, because similar bands were also observed
in samples treated with fresh DTT as reducing agent (data not shown). The origin of these 80kDa bands is unknown.
In testes of mouse, dog, pig, and man, expression of NANOG was observed in differentiating male germ cells. The expression dynamics of NANOG in mouse and dog testes at
the various epithelial stages in spermatogenesis are summarized in figure 11. The observed
expression pattern for NANOG in dog testis corresponds well to that observed in mouse testis.
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Figure 11: Models for the dynamic expression of NANOG in the epithelial cycle of murine (top) and canine (bottom) spermatogenesis.
Each column represents the combination of different cell types that are present in seminiferous tubules that are at that
specific stage. Roman figures = stage of the epithelial cycle, In = intermediate spermatogonia, B = type B spermatogonia, Pl = pre-leptotene stage, L = leptotene stage, Z = zygotene stage, P = pachytene stage, D = diplotene stage, 2nd =
generation of secondary spermatocytes,1-16 = steps in spermiogenesis. Cell types that express NANOG are outlined in
red and cell types that do not express NANOG have black and grey symbols.
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In both species, early pachytene spermatocytes did not express NANOG, but at later stages
NANOG expression in pachytene spermatocytes was initiated. Expression was maintained
after completion of meiosis and expression was progressively lost in the course of spermiogenesis. Expression of NANOG was also observed in mouse type A spermatogonia throughout
the epithelial cycle, but not in intermediate spermatogonia. This could indicate that NANOG is
involved in maintaining a transcriptionally active state in type A spermatogonia.
A recent report describes expression of NANOG in porcine testis in spermatocytes, round
spermatids, and occasionally in spermatogonia [100]. NANOG expression has also been reported in spermatogonia, spermatocytes, and spermatids of human testis [147]. Importantly,
the two latter reports independently describe expression of NANOG in similar cell types as
in the current study. Moreover, the antibody that was used by Ezeh et al. was raised against a
distinct epitope from those that were used in the present study.
In some previous studies, Nanog expression was not detected in testis, even though expression was observed in cells of the ICM, the epiblast, and in primordial germ cells [26, 27],
which suggests that expression levels are probably relatively low in differentiating male germ
cells. The sensitivity of the various approaches in the current study could have been decisive for the successful detection of NANOG in testis. Multiple antibodies of different origins
showed specific staining for NANOG in different species. Consequently, it is unlikely that the
signals described here originate from non-specific binding.
Clear immunofluorescent staining for NANOG was observed in the neck region of canine
sperm cells, but not in sperm cells of other species. Expression of NANOG protein in canine
sperm cells could not be confirmed by immunoblot analysis. Strong reactivity was observed
to several low molecular weight proteins, although these could not be identified as truncated
forms of NANOG. Therefore, and because of the described function of NANOG as a transcription factor, we do not know the nature of the observed patterns in the neck region of
canine sperm cells.
The capacity of cells, e.g. pluripotent or more restricted, is largely determined by epigenetic programs, which are heritable non-genetic alterations that affect cellular phenotypes,
such as histone modifications and DNA methylation [148]. NANOG is considered an epigenetic modifier of the germ line [28] and its embryonic expression coincides with two major
reprogramming events that are intimately linked with pluripotency. The first event is the formation of the pluripotent epiblast in late blastocysts, a source of ES cells. The second period
of reprogramming is established in migrating PGCs, a source of EG cells [149, 150]. Nanog
null cells can participate in the development of chimaeric embryos, but primordial germ cells
that are derived from these cells are lost from embryonic day 11.5 [28]. Therefore, NANOG is
considered a key player in setting these epigenetic cell states with minimal epigenetic control
[28].
In the course of spermatogenesis, male germ cells undergo vast and critical epigenetic
changes intended for successful progression through meiosis, meiotic sex chromosome inactivation, post-meiotic sex-chromosome repression, and chromatin remodeling [141]. The
fundamental role of histone and DNA methyltransferases and other epigenetic modifiers in
male meiosis is exemplified by various knockout studies that result in arrest and/or apoptosis
of early to late pachytene spermatocytes [141, 150].
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A candidate epigenetic event in spermatogenesis that NANOG could be involved in is
histone deacetylation. NANOG is known to interact with histone deacetylases [151, 152] and
inhibition of histone deacetylase-1 results in male infertility through apoptosis in spermatogonia and spermatocytes [153]. The different techniques and the rigorous controls that were
used in the present study clearly demonstrate that Nanog is expressed in differentiating male
germ cells of mouse, dog, pig, and man. The reported meiotic and spermiogenic association
of NANOG in male germ line cells, which seems to be conserved between species, suggests a
role for NANOG as epigenetic modifier in spermatogenic reprogramming.

Materials and Methods
Sources of testes

Bl/6 mouse testes were surplus material left over from fertile mice that were offered for an experiment
that was approved of by the Institutional Animal Care and Use Committee of Utrecht University. Testes
from reporter mice with eGFP driven by the Nanog promoter were obtained from MRC Center Development in Stem Cell Biology, Institute for Stem Cell Research, School of Biological Sciences, University
of Edinburgh, and had Bl/6 and SV129 backgrounds. Canine testes were obtained from healthy dogs
that underwent elective gonadectomy at the clinic of the Department of Clinical Sciences of Companion
Animals, Faculty of Veterinary Medicine, Utrecht University. Adult pig testes were collected at a local
slaughterhouse. Human testis samples for RNA isolation were obtained at the Center for Reproductive Medicine, Academic Medical Center, Amsterdam, from 2 patients undergoing bilateral castration
as part of prostate cancer treatment in the Academic Medical Center, Amsterdam. Spermatogenesis in
both patients was normal as determined by testis morphology. Sections embedded in paraffin of human
testes were obtained from the Biobank at the Department of Pathology of the University Medical Center
in Utrecht. There were no indications that this material was derived from infertile men or men suffering
from testicular diseases as determined by testis morphology.

RNA extraction, reverse transcription, and PCR
From human testes, mRNA was extracted using the MagNA Pure LC (Roche, Basel, Switzerland) according to the manufacturer’s protocol. For cDNA synthesis 0.03 µg of mRNA of human testis tissue was used
in a reverse transcriptase reaction with random primers and M-MLV reverse transcriptase (Invitrogen,
Groningen, The Netherlands). For mouse, dog, and pig, total RNA was isolated from 50-100 mg testis
sections with Trizol (Invitrogen), according to the manufacturer’s protocol with an additional purification
step immediately following phase separation. In this extra step, one volume of phenol:chloroform:isoamyl
alcohol (Fluka, Sigma-Aldrich, Zwijndrecht, The Netherlands) was added to the aqueous phase and samples were mixed, incubated at room temperature (RT) for 5 min, and centrifuged. Subsequently, samples
were incubated at RT for an additional 5 min, after which the aqueous phase was transferred to a new
tube and put on ice. From here, the Trizol RNA isolation protocol was resumed, from the RNA precipitation step onwards. The presence of Nanog pseudogenes asks for rigorous negative controls in RT-PCR
experiments [142]. Therefore, RNA was treated with 2 µl DNAse (2,75 Kunitz units/µl; Qiagen, Venlo,
The Netherlands) for 20 min at 37°C, after which incubation at 65°C for 10 min inactivated the enzyme.
Next, RNA was reverse transcribed to first strand cDNA with Superscript III (Invitrogen) according to
the company’s instructions. Random primers were used and for each sample an equivalent mixture was
prepared, from which Superscript III was omitted, to control for genomic DNA contamination. Reverse
transcribed cDNA samples were stored at –20°C before they were used in a polymerase chain reaction.
Species-specific primers for Nanog were designed with Beacon Designer 4 (PREMIER Biosoft International, Palo Alto, CA, USA; Table 1) Complementary DNA amplification was performed with HotStarTaq (Qiagen) according to the manufacturer’s protocol. The reaction mixture contained 2nM MgCl2 and
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Table 4: Primers used for RT-PCR and sequence analysis
Gene
Mouse
Nanog
Canine
NANOG
Porcine
NANOG

Genbank
number
NM_028016
XM_543828
NM_001129971

Human
NANOG

NM_024865

eGFP

EU541500

Primers
F: 5’-AGATGCGGACTGTGTTCTC-3’
R: 5’-TGCGTTCACCAGATAGCC-3’
F: 5’-CCGTCTCTCCTCTTCCTTC-3’
R: 5’-CACTGTTGCTCTCCTTTGG-3’
F: 5’-CTCTCCTCTTCCTTCCTC-3’
R: 5’-ATCACACTGTTGCTATTCC-3’
F1: 5’-CCTCCAGCAGATGCAAGAACTC-3’
R1: 5’-GTAAAGGCTGGGGTAGGTAGGTG-3’

Ta
(°C)

Amplicon

58

281

54,3

348

58

345
F1R1: 172

58
F2R2: 262

F2: 5’-TACCTACCCCAGCCTTTACTCTTC-3’
R2: 5’-AGGAGAATTTGGCTGGAACTGC-3’
F1: 5’-CTGGTCGAGCTGGACGGCGACG-3’
R1: 5’-CACGAACTCCAGCAGGACCATG-3’

size

59

630

F = forward primer, R = reverse primer. Ta = annealing temperature used in PCR reaction.

0.5 µM of each primer. To 24 µl of mixture, 1 µl of sample was added, after which the PCR was run in a
MyCycler (Bio-Rad). Each PCR started with a 15-min dwell at 94ºC, followed by 40 cycles with 3 steps/
cycle; 30 sec melting of double strands at 94ºC, 30 sec annealing at the primer specific annealing temperature (see table), and finally 30 sec elongation at 72ºC. For each sample, -RT negative controls were
used in all reactions to seclude the possibility of mistaking genomic DNA for transcripts. The amplicons
(10 µl) were run on 1% agarose gels and sequence analysis confirmed Nanog transcripts were amplified
by the primer pairs in testis cDNA of mouse, dog, pig, and human,.

Sequence analysis
Sequence reactions were performed on 10- to 20-fold dilutions of PCR products with Terminator Ready
Reaction mix (Applied Biosystems, Foster City, USA) according to the manufacturer’s instructions and
with the same primers that were used in the original amplification. Sequence reaction products were then
analyzed on an ABI prism 3130xl genetic analyzer (Applied Biosystems). Alternatively, PCR products
of the appropriate sizes were excised from the gel and purified with a gel purification kit, according
to the manufacturer’s instructions (Qiagen). Next, purified products were ligated into a pCRII plasmid
vector (pCRII; Invitrogen), which was subsequently transformed into competent E. coli. Transformants
were selected and plasmid DNA was isolated, after which inserts were further amplified by PCR using
M13 primers (Table 1). Next, a 10-fold dilution of these products was used in sequence reactions. The
sequence reaction mix included Sp6 primers (5’-ATTTAGGTGACACTATAG-3’) or T7 primers (5’GGGATATCACTCAGCATAAT-3’).

Immunoblot analysis
Total protein was extracted with lysis buffer containing 25 mM Mes, 150 mM NaCl, 1mM EGTA, protease inhibitors (Roche), and 1% tritonX100. The amount of protein was determined by a DC protein
assay (Bio-Rad) and 5-20 μg of total protein, was boiled for 5 min in Laemmli buffer (Bio-Rad) with
0.5 M β-mercaptoethanol and separated by electrophoresis on a 12% Tris–HCl PAGE gel. To determine
protein sizes, a benchmark pre-stained protein ladder was run on each gel. After electrophoresis, proteins
were transferred to a Trans-Blot nitrocellulose transfer membrane (Bio-Rad). Subsequently, membranes
were blocked overnight at 4°C with 5% Blotting Grade Blocker non-fat dry milk (Bio-Rad), in PBST and
incubated with 1ug/ml rabbit polyclonal anti-mouse NANOG (Chemicon) in 5% non-fat dry milk for 1
hr at room temperature. Membranes were washed in PBST, and subsequently incubated for 1 hr at RT in
a horseradish peroxidase-conjugated goat anti-rabbit IgG (Pierce, Rockford, USA) secondary antibody
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Table 5: Antibodies used for immuno applications.
Immunogen

Source

AA1-50 mouse
NANOG
Full length mouse
NANOG fusion protein
Synthetic peptide
mouse NANOG

A300-398A
(Bethyl)
AB21603
(Abcam)
AB5731
(Chemicon)
14-5768 (eBioscience)
SC9996
(Santa Cruz)

Human NANOG
GFP (B-2)
Rabbit IgG

31460 (Pierce)

Concentration
10 µg/ml
1-2 µg/ml
1 µg/ml
1-2 µg/ml
1:500
0.16 µg/ml

Description
Rabbit
polyclonal
Rabbit
polyclonal
Rabbit
polyclonal
Mouse
monoclonal
Mouse
monoclonal
Goat polyclonal,
peroxidase
conjugated

Application
IHC mouse
IF Dog, human
IB,
IF pig
IF human
IHC reporter
mouse
IB

AA = Amino Acids, IHC = immunohistochemistry, IF = immunofluorescence, IB = immunoblotting.

solution diluted 1:5000 in 5% non-fat dry milk. Specific binding of the antibodies was visualized using
SuperSignal West Dura Extended Duration Substrate (Pierce, Rockford, IL) after which the blots were
exposed to film (Kodak). The primary antibody is known to bind non-specifically to a 55 kDa protein and
therefore, bands detected at that height were considered non-specific.

Immunohistochemistry, Immunofluorescence, and Confocal Laser Scanning Microscopy
After collection, testes were fixed overnight (o/n) in 4% PFA or Bouins fixative and embedded in paraffin
using standard procedures the following day. Sections were cut at 5-7 µm and mounted on superfrost plus
slides (Menzel, Braunschweig, Germany), which were dried o/n at 37°C and stored at 4°C until further
use. For IHC with the NANOG antibody (Table 2) on mouse sections, endogenous peroxidases were
blocked with 1.5% H2O2 (Merck) in 40mM Citric Acid and 120 mM Na2HPO4 for 15 min at RT. After
antigen retrieval with 10mM EDTA buffer (20 min, pH 9), non-specific binding sites were blocked with
1% bovine serum albumin in PBS for 30 min at RT. After blocking, sections were incubated with rabbit
anti-nanog (Bethyl, Montgomery, USA) in blocking solution overnight at 4°C. Slides were incubated
with a Powervision poly-HRP-anti-rabbit conjugated secondary antibody (ImmunoVision Technologies)
for 1 hr at RT. Subsequently, sections were incubated in Fast 3,3’-diaminobenzedine (Sigma-Aldrich)
and counterstained with heamatoxylin. Slides were mounted with Pertex (Klinipath, Duiven, The Netherlands).
For immunohistochemistry with the GFP antibody (Table 2), PFA fixed mouse sections were deparaffinized after which endogenous peroxidases were blocked with methanol/ 0.3% H2O2. Next, antigen
retrieval was performed by boiling the slides for 10 min in EDTA buffer at pH9. Endogenous biotin was
blocked by incubation of the sections with avidin and biotine respectively. Subsequently, non-specific
binding was blocked with 10% normal goat serum in 0.05% Tween in PBS (PBST) for 30 min at RT
after which the blocking solution was replaced by primary antibody solution diluted in 2% normal goat
serum (NGS) in PBST (60 min at RT). Sections were then incubated in biotinylated goat anti-mouse
IgGs (1:100; Dako, Heverlee, Belgium) in 2% NGS in PBST for 30 min at RT. After 20 min incubation
with horseradish peroxidase (HRP)-conjugated streptavidin (DAKO) in 2% NGS in PBST, slides were
incubated in AEC solution (Sigma-Aldrich) and counter stained with hemaelin.
For immunofluorescence, slides were deparaffinized in xylol and subjected to antigen retrieval by
boiling the slides for 10 min in citrate buffer at pH2 or pH6. For canine testis sections, additional antigen
retrieval was performed by putting the slides in methanol for 10 sec. Following antigen retrieval, slides
were permeabilized in TBS with 0.05% tween (TBST) and with TritonX100 (0.1%). Permeabilized slides
were blocked for 1 hr in TBST with 0,5% BSA (Sigma-Aldrich) followed by o/n incubation with the
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primary antibody (Table 2) in blocking solution at 4°C. The following day, slides were incubated in the
secondary antibody in blocking solution for 1hr. at 4°C, after which the slides were counterstained with
TOPRO-3 (Invitrogen) and mounted in Vectashield. DNA could not be visualized after antigen retrieval
at pH2.
For immunofluorescence on sperm cells, semen was fixed in 2% PFA and washed with PBS. Droplets of sperm cell suspension were placed on Poly-L-Lysine coated slides and allowed to dry. From there
on, above described staining procedure was continued from the permeabilization step onwards.
Fluorescent images were retrieved at the Center for Cell Imaging at the Faculty of Veterinary Medicine in Utrecht. Fluorescent signals were visualized using a Confocal Laser Scanning Microscope (BioRad) and on an epifluorescence microscope from which pictures were captured with a CCD camera.
Within each session, identical settings were used to image NANOG stains and negative controls. For
post-capture analysis, only brightness and contrast were used to enhance signals and negative control
images were treated in an equal manner.
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Major reprogramming events and pluripotency of
cells
Early lineage segregation
Mouse pluripotent cell lines can be derived from a few distinct instances of the germline: i.e.
the inner cell mass of preimplantation embryos (ES cells), from migrating PGCs (EG cells),
and from neonate and adult testis (SSCs and ES-like cells). However, cows and pigs have
been resilient to the derivation of pluripotent cell lines. Most attempts in these species have
focused on the generation of ES cell lines and the lack of success has been attributed to the
differences in embryology between livestock species and the mouse. There are indeed clear
morphological differences between these species, but it has been unclear how these contribute
to the difference in ES cell derivation or to culture differences necessary for self-renewal. Our
knowledge on factors that contribute to lineage segregation and the origin of pluripotent cells
in mouse blastocysts has considerably increased over the past few years and OCT4, CDX2,
NANOG, and GATA6 have emerged as key players.
As described in chapter 3, careful analysis of the expression of CDX2 and OCT4 in bovine and porcine development demonstrated that these factors are co-expressed in the trophectoderm [37, 38, 115], which suggests that reciprocal inhibition of these two factors does
not underlie the first lineage segregation in these two species as it has been suggested for the
mouse [17, 20, 21].
Recently, it has been hypothesized that the first lineage segregation of inner cell mass
(ICM) and trophectoderm (TE) depends on Ras-mitogen-activated protein kinase (MAPK)
signaling [154]. In support of this, ES cells tend to transform to TE cells after constitutive
activation of Ras. Furthermore, in ES cells with constitutively activated Ras, expression levels
of CDX2 are elevated and expression levels of NANOG are decreased. Remarkably, in this
study the previously reported reciprocal inhibition of CDX2 and OCT4 [20] could not be replicated and the authors hypothesize that lineage segregation depends on reciprocal interaction
between CDX2 and NANOG instead [154].
In the same study, it is reported that Erk2, a critical downstream intermediate of MAPK
signaling, is asymmetrically distributed in 8-cell stage mouse embryos. An apical restriction
of Erk2 could promote CDX2 expression and consequently trophectoderm formation in the
apically derived daughter cell. In support of this hypothesis, embryos cultured in presence of
an inhibitor of the MAP kinase MEK (PD98059) did express decreased levels of CDX2 and
were less able to develop to blastocysts when PD98059 was added before the 8-cell stage
[154]. However, in contrast, an effect of this inhibitor on mouse blastocyst development was
not found in another study [155]. We conducted a pilot study to examine the role for MAPK
signaling in in vitro-produced bovine embryos, which were cultured in the presence of 25μM
PD98059 (dissolved in DMSO) or in DMSO alone (negative control). An effect of the MEK
inhibitor PD98059 on blastocyst development was not observed, and blastocyst rates were
approximately equal between the control group and the inhibitor group (unpublished results).
These data indicate that in bovine development, segregation of ICM and TE does not depend
on the MAP kinase MEK.
Another important finding described in chapter 3 is that NANOG transcripts and protein
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were not detected in expanded in vitro- and E5.0 in vivo-derived porcine blastocysts, but clear
expression of NANOG protein was observed in a few cells of the ICM of bovine blastocysts.
Again, this demonstrates variance between mammals in the expression pattern of a transcription factor that is important for pluripotency in murine cells. The group of dr. I. Chambers has
demonstrated transgene expression of NANOG, as determined by immunofluorescence, in a
cell line that was transfected with porcine NANOG. However, NANOG expression was not
detected when that same antibody was used for whole mount immunofluorescence on in vivoderived early porcine blastocysts (Ian Chambers, personal communication). Elevated expression levels of NANOG mRNA can be detected in the epiblast of porcine embryos from E6.5
of development until E10.5 (Leonie du Puy, personal communication). If NANOG protein is
also expressed at these later stages of pig development remains to be determined. These findings suggest that temporal expression of NANOG is differently regulated in porcine embryos,
with the consequence that in this species expression of NANOG is no longer correlated with
the segregation of primitive endoderm and epiblast.
In mouse blastocysts, the ICM consists of precursors of primitive endoderm and primitive
ectoderm that express the transcription factors GATA6 and NANOG respectively. This mosaic
expression depends on Grb2-Ras-MAP kinase signaling [30]. Mouse Grb2-/- embryos fail to
develop primitive endoderm and have a homogenous ICM of which all cells express NANOG
but do not express GATA6 [29, 30]. The Grb2-/- phenotype is similar to that of mouse embryos
lacking Fgf4 or FgfR2, which also fail to develop primitive endoderm [31-33]. Consequently,
a model has been proposed in which GRB2 activation through FGF signaling leads to suppression of Nanog and activation of Gata6 [30, 156]. This model has been confirmed by functional
studies with chemical inhibitors in mouse ES cells. For example, tyrosine phosphorylation of
FGFR2 attenuates FGF signaling, a process that is inhibited by sodium vanadate, a general
inhibitor of tyrosine phosphatases [156]. In ES cells treated with sodium vanadate, expression
of primitive endoderm markers are increased and expression levels of NANOG are decreased.
This effect can be counteracted by treatment with the inhibitor PD98059, which specifically
inhibits the MAP kinase MEK [156]. These results suggest that embryos will homogenously
express NANOG in the ICM, when cultured in presence of the MEK inhibitor PD98059. To
test this hypothesis, we conducted a pilot study in which in vitro produced bovine embryos
were cultured in the presence of 25μM PD98059 or in DMSO alone. After 7 days of culture,
blastocysts were fixed in 4% PFA and subjected to double labeling with whole mount immunofluorescence as described elsewhere [157], with a mouse monoclonal antibody against
NANOG (eBioscience) and a rabbit polyclonal against GATA6 (Santa Cruz). Embryos that
were cultured in presence of the MEK inhibitor (n = 6) showed a pepper and salt distribution
of NANOG and GATA6 expressing cells, similar to embryos in the negative control group
(DMSO; n = 6; Fig. 1). However, the number of NANOG positive cells was significantly
higher in the embryos cultured in presence of the MEK inhibitor compared to the negative
control group (Fig.1). In contrast with these findings, mouse embryos that were cultured in
the presence of the MEK inhibitor did not have different numbers of NANOG positive cells
compared to control embryos [154]. The findings of this preliminary study suggest that in bovine development, segregation of epiblast and primitive endoderm is influenced by the MAP
kinase MEK.
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Figure 1: Left: Mottled expression pattern of NANOG and GATA6 in bovine embryos that were cultured in presence
of DMSO (negative control; top panels) or in presence of 25µM MEK-inhibitor PD98059, dissolved in DMSO (lower
panels). Scale bar = 50 µm; Right: Number of NANOG positive cells in bovine embryos that were cultured in presence of DMSO (n = 6; negative control) or in presence of 25µM MEK-inhibitor PD98059 (n = 7; dissolved in DMSO).
Asterisk denotes significant difference (2-tailed Student’s T-test; p < 0.05).

The results described in chapter 3 and in above discussion section clearly demonstrate
that parts of the molecular mechanism(s) behind lineage segregation are still obscured. Increasing knowledge on the signaling pathways involved in mouse lineage segregation facilitates the use of functional studies in early development of non-rodent species such as above
pilot experiment. These types of studies could provide valuable contributions to the putative
establishment of pluripotent ES cell lines from livestock species.

Spermatogonial stem cells and reprogramming
In chapter 4, cell cultures of neonate pig testis are described that express various spermatogonial stem cell markers and somatic cell markers. Furthermore, it is demonstrated that of four
commonly used growth factors (LIF, GDNF, EGF, FGF) in mouse SSCs, FGF had the largest
influence on the expression of NANOG, GATA4, and OCT4 in primary cell cultures derived
from porcine neonate testis cells. Presence of FGF negatively influenced NANOG expression
levels, whereas GATA4, and OCT4, expression levels were enhanced in cultures with FGF.
The findings in this chapter could facilitate the establishment of long-term cultures of porcine
male germ cells.
In chapter 5, it is described how TRP53 and PTEN independently suppress Nanog in
mouse spermatogonial stem cells. Little is known about the mechanism of pluripotency and
how developing germ cells are insulated from pluripotency, while maintaining the capacity to
contribute to a totipotent zygote. The observations described in chapter 5 give more insight in
some of these molecular processes in SSCs. Control of this process would allow induction of
pluripotency in SSCs, which could also be applied to future SSC lines from livestock species
to obtain an alternative source of pluripotent cells in these species.
The field of stem cell research was revolutionized by the finding that mouse somatic cells
can be reprogrammed to a pluripotent state upon retroviral induction of a combination of the
factors c-Myc, Klf4, Oct4, and Sox2 [67]. Shortly thereafter, other studies reported the derivation of induced pluripotent stem (iPS) cells in mouse and human [69, 113, 127]. The generation of patient-specific iPS cell lines should overcome the problem of immune rejection when
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these cells are used in cell therapy. Another major advantage of iPS cells is that it circumvents
many of the ethical issues that are associated with therapeutic cloning. Since retroviruses are
retro-transcribed into the host-genome, questions were raised whether the integration site was
important for reprogramming to take place. Furthermore, because of the genomic insertions,
the suitability of these cells for cell therapy was questioned. These issues have been addressed
by a recent study in which it was demonstrated that pluripotency could be induced without
insertional mutagenesis by lentiviral transfection of mouse fibroblasts and mouse liver cells
with c-Myc, Klf4, Oct4, and Sox2 [158].
The approach of iPS cell-research will most certainly be applied to livestock species as
yet another source of pluripotent cells. Nevertheless, independent of the source, pluripotency
of cells is just one side of the coin in the process of deriving pluripotent cell lines. The other
side of the coin is self-renewal; the culture conditions should support proliferation without
differentiation. Long-term culture of mouse ES cells depends on the cytokine LIF, that signals through heterodimers of LIFR and GP130. Therefore, it is surprising that embryos that
lack LIF, LIFR or GP130, can develop a normal epiblast [159-163]. However, GP130 mutant
embryos fail to develop an epiblast if implantation is delayed by diapause; i.e. delayed implantation common to lactating females [164]. It has been hypothesized that LIF signaling
suppresses differentiation of epiblast progenitors to epiblast cells, which is consistent with the
function of LIF signaling in diapause and mouse ES cells [157].
Human ES cell propagation does not require LIF signaling, but depends on FGF and activin instead [165]. Activin signaling is also essential for self renewal of pluripotent stem cells
derived from the epiblast (EpiSCs) of pre-gastrulating mouse embryos [166]. The similarities
in requirements, growth characteristics, expression patterns, and developmental potential between EpiSCs and human ES cells have led to the hypothesis that hES cells are akin to late
epiblast cells [166]. These observations could implicate that attempts to generate pluripotent
cell lines from livestock have a higher chance of success when cells from the pluripotent
epiblast are maintained under defined hES cell culture conditions. If pluripotent cells from
livestock species will self-renew under these conditions remains to be investigated. A potential strategy could be the generation of induced pluripotent cells that constitutively express
the reprogramming factors from doxycycline-inducible transgenes. Removal of doxycycline
from the culture medium will result in differentiation of the cells, unless the requirements for
self-renewal are fulfilled. With such cells, the effect of culture conditions on self-renewal can
be systematically investigated.

Pseudogenes
A remarkable finding of chapter 6 is the expression of NANOG pseudogenes in human testes.
Retrotransposed genes and more degraded pseudogenes have been considered as fossils of
protein encoding genes [167]. Pseudogene sequences that do not code for functional proteins,
because of frameshifts or premature stop codons, have been termed junk for the lack of apparent function. This view has changed since the discovery that, in mouse and fruit fly, pseudogene transcripts can regulate transcript levels of closely related protein coding genes through
RNA interference [168-172]. Long double stranded RNAs are formed when reversely oriented
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transcripts of pseudogenes hybridize to transcripts of the parent genes. These double-stranded
RNAs are processed by Dicer, which results in 21-nucleotide siRNAs. Subsequently, the RISC
complex and the siRNAs interact to degrade transcripts with complementary sequences such
as the parent gene. Alternatively, transcripts of pseudogenes that have a nearby duplication
and inversion of the parent gene can fold into a hairpin, which will then enter the RNAi pathway [167].
A large number of retrotransposed copies have been identified of the ES cell-specific
genes Nanog, Oct4, and Stella [173]. In the mouse, two retrotransposed genes (NanogPc and
NanogPd) and two more degraded pseudogenes (NanogPa and NanogPb) have been described
for Nanog, and in man a total of ten NANOG pseudogenes (NANOGP1-NANOGP10) and a
remnant of an eleventh pseudogene have been described [142, 143]. At the 5’ end of NanogPa,
the 3’ half of the region homologous to Nanog exon 4 has inverted and integrated [143]. A
blast search of the 3’UTR of mouse Nanog demonstrates that this sequence has also inverted
and integrated in the pseudogene NanogPa sequence. Since NanogPa is the evolutionary oldest of mouse Nanog pseudogenes [142], the high number of identities with the 3’UTR of its
ancestor suggests that selective forces have maintained a large part of the sequence. Human
NANOG and NANOGP1 are located on chromosome 12 and have the same orientation [143].
Part of the terminal exon and 3’UTR of NANOGP1 has been duplicated and inserted into
the second intron in the reverse orientation [143]. Furthermore, the 3’UTR region of Homo
sapiens NANOG is 99.07% conserved in NANOG pseudogene 8 on chromosome 15, which
indicates that this sequence has been subjected to selective pressures. In addition, the reversed
orientation of parts of the pseudogenes in mouse and human, suggests that transcripts derived
from these pseudogenes can form hairpins, long double-stranded RNAs with transcripts from
the actual gene, or long double-stranded RNAs with transcripts from other pseudogenes. Since
these products can enter the RNAi pathway, Nanog pseudogenes in mouse and human have
the potential to regulate expression of the parental Nanog gene.
To investigate the expression of pseudogenes in testis further, we performed a single base
extension experiment. A single base extension experiment is very similar to a sequencing
reaction, but with the difference, that the reaction mixture contains only fluorescently labeled
di-deoxynucleotides. As a result, only one base can be added to the primer. Primers were designed that were used to amplify mouse Nanog and each Nanog pseudogene. Subsequently, a
single base extension was performed with four primers that were developed to flank base pairs
not conserved between the pseudogenes. The combination of the resulting four bases allowed
identification of the origin of the transcripts. In testis cDNA of mouse from the Bl6 strain,
Nanog transcripts originated from the actual Nanog gene and pseudogene-derived transcripts
could not be detected. However, in the SV129 background, transcripts originated from Nanog,
NanogPa, and Nanog Pd (unpublished results).
Biogenesis of endogenous siRNAs depends on Dicer and a component of the RISC complex called Argonaute2 [168, 169, 171, 172, 174]. A pilot study was conducted to determine
if Nanog transcript levels are regulated by endogenous siRNAs in mouse testis. Expression
levels of Nanog were examined in knockout mouse with Dicer specifically deleted in the
germline, kindly provided by Dr Katsuhiko Hayashi [175]. Expression levels of Nanog in
testis of 2 week-old animals or in FACS sorted Mvh-positive spermatocytes were not different
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from control animals that carry an undeleted copy of the transgene. These preliminary findings suggest that Nanog transcripts are not degraded by endogenous siRNAs in mouse testis.
Nevertheless, the genetic architecture strongly suggests that Nanog-pseudogenes could play a
regulative role in the expression of their ancestor. To further examine the function of Nanogpseudogenes, a next step could be the constitutive expression of pseudogenes in mouse ES
cells. If pseudogene transcripts can down regulate their parental genes, such an experiment
should lead to a decrease in Nanog expression levels and consequently differentiation.

The common denominator:
pluripotency and epigenetic governance
Cellular phenotypes depend largely on histone modifications and other heritable epigenetic
alterations [11, 148]. The cell types from which mouse pluripotent cell lines can be generated
are intimately linked with major epigenetic reprogramming events [149, 150]. The cells of the
epiblast experience reactivation of the paternal inactive X-chromosome, which is achieved by
repression of Xist through binding of the pluripotency-associated transcription factors Nanog,
Oct4, and Sox2 to intron 1 of Xist [176, 177]. X-chromosome reactivation is accompanied by
a genome-wide increase in trimethylation marks at lysine 27 of histone 3 (H3k27me3) [176,
177]. The resulting epigenetic signature is a prerequisite for successful generation of mouse
embryonic stem cells [178].
In mouse PGCs, reprogramming extends from E7.5 to E13.5. PGCs of early embryonic
day 7 embryos are at first similar to neighboring somatic cells of the extra-embryonic mesoderm. From E7.5 to E9.5, PGCs experience progressive reprogramming through erasure and
acquisition of repressive histone modifications [179]. Epigenetic reprogramming is continued between E10.5 and E13.5, when PGCs colonize the genital ridges, during which the Xchromosome is reactivated [180]. In the same period, differentially methylated regions show
rapid genome-wide demethylation [181] and from around E11.5 imprinted genes commence
bi-allelic expression [182]. As a consequence of the epigenetic processes, chromatin and expression patterns of reprogrammed PGCs broadly resemble those of ES cells, which is demonstrated by the potential to establish pluripotent cell lines from PGCs and by the renewed
expression of pluripotency-associated genes Nanog, Oct4, and Sox2 [27, 110, 149, 150, 179,
183].
In the adult mammalian testis, male germ cells undergo major reprogramming in their development towards functional spermatozoa [141]. The fundamental role for various epigenetic
modifiers in male germ cells and spermatogenesis has been illustrated by various knockout
studies [141, 150, 184]. During the early phases of spermatogenesis, spermatogonia and spermatocytes experience de novo methylation and demethylation of DNA [185]. Interestingly,
a genome wide analysis revealed a high correlation of global methylation patterns between
promoter regions of sperm cells and ES cells, which suggests that the sperm cells epigenome
resembles a pluripotent state [186].
In summary, the cells of the epiblast, developing PGCs, and male germ cells from neonate
and adult testis have in common that they experience major reprogramming events. This suggests that these cell types are more liable to acquire pluripotency, because epigenetic gover-
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nance is minimal during these reprogramming events. Furthermore, pluripotency associated
factors such as NANOG and OCT4 that are involved in reprogramming and pluripotency are
expressed in epiblast, developing PGCs, and male germ cells from neonate and adult testis.
OCT4 and NANOG are essential for the development of the epiblast and for primordial germ
cell survival [13, 26, 28, 187]. The role for these factors at later stages of the germ line remains
to be investigated.
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Summary in Dutch
Hoofdstuk I
Embryonale stam-(ES)cellen van zoogdieren zijn afkomstig van preïmplantatie-embryo’s. Ze
hebben de eigenschap dat ze langdurig gekweekt kunnen worden zonder verlies van pluripotentie, wat inhoudt dat ze zich nog tot alle celtypen kunnen ontwikkelen. Tot dusverre zijn
zulke cellijnen alleen nog maar beschreven bij muizen, mensen en rhesusapen. ES cellen zijn
een belangrijk hulpmiddel in de ontwikkelingsbiologie. Zo bieden ES cellen de mogelijkheid
om differentiatieprocessen in vitro te onderzoeken en om knock-out en knock-in dieren te
maken, waarin respectievelijk een gen onschadelijk is gemaakt of juist toe is gevoegd aan het
genoom. Humane ES cellen genieten veel belangstelling vanuit de geneeskunde vanwege de
potentiële rol die ze kunnen spelen in de regeneratie van beschadigde weefsels. Het vermogen
van ES cellen om beschadigde weefsels te repareren en de daaraan verbonden risico’s moeten
eerst onderzocht worden in een geschikt modeldier. De muis schiet daarin tekort vanwege
de grote verschillen met de mens en voor niet-humane primaten gelden veelal vergelijkbare
ethische afwegingen als voor de mens. Het varken is wel een geschikte kandidaat; vanwege de
overeenkomsten met de mens in orgaangrootte, de fysiologische levensduur en de fysiologie.
Bovendien zijn er minder ethische bezwaren voor het gebruik van het varken als proefdier.
ES cellen van het varken zouden dus een belangrijke rol kunnen hebben bij het ontwikkelen van celtherapieën. Daarnaast kunnen ES cellen van landbouwhuisdieren zoals het varken,
maar ook het rund, in theorie gebruikt worden voor het doelmatig genetisch modificeren van
deze soorten, bijvoorbeeld om ziekteresistentie te bevorderen. In het verleden hebben diverse groepen geprobeerd om ES cellen te genereren van het varken of het rund, maar tot op
heden zijn er voor deze soorten nog geen cellijnen beschreven die langdurig gekweekt kunnen
worden zonder verlies van pluripotentie.
Primordiale kiemcellen (geslachtscellen in een ontwikkelend embryo) en spermatogoniale stamcellen zijn ook potentiële bronnen van pluripotente cellen, mits gekweekt onder de
juiste omstandigheden. In veel opzichten zijn deze pluripotente cellen vergelijkbaar met ES
cellen. Deze alternatieve bronnen van pluripotente cellen zijn weinig onderzocht in andere
soorten dan de mens en de muis.
De belangrijkste thema’s van dit proefschrift zijn pluripotentie van cellen, moleculaire
mechanismen betrokken bij pluripotentie, en overeenkomsten en verschillen tussen soorten
in deze mechanismen. Het praktisch werk in dit proefschrift richt zich met name op preïmplantatie-embryo’s (hoofdstuk 2 en 3), spermatogoniale stamcellen (hoofdstuk 4 en 5), en de
functie van de testis met betrekking tot pluripotentie (hoofdstuk 6).

Hoofdstuk II
Moleculair biologisch onderzoek berust veelal op sequentie informatie en de beschikbaarheid
van soortspecifieke antilichamen. Beiden zijn slechts beperkt beschikbaar in het varken en het
rund. Met name bij onderzoek aan genen die betrokken zijn bij pluripotentie is dit lastig, omdat de expressie van deze genen zich veelal beperkt tot de vroegembryonale ontwikkeling. De
ontwikkeling van de juiste gereedschappen is dan ook een uitdagend aspect bij het onderzoek
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naar de factoren die een rol spelen bij pluripotentie van varken en rund.
Een belangrijke techniek bij onderzoek naar genexpressie is de kwantitatieve RT-PCR.
Met deze techniek kan bepaald worden wat de mate van expressie van een gen in een weefsel
is ten opzichte van een ander weefsel. Daarbij is het belangrijk dat de mate van genactiviteit
gecorrigeerd wordt voor eventuele verschillen in uitgangshoeveelheid en behandeling tussen
de weefsels. De gangbare methode is door de genexpressie te corrigeren met behulp van de
expressie van een interne controle of referentiegen. Expressie van een goed referentiegen reflecteert de totale mate van genactiviteit in een weefsel. Met name tijdens de vroegembryonale
ontwikkeling van eicel tot en met blastocyst zijn er grote verschillen in genactiviteit tussen de
ontwikkelingsstadia. In eicellen worden grote voorraden maternale RNA moleculen geproduceerd, waarvan een belangrijk gedeelte een rol vervult tijdens de vroege ontwikkeling. In de
eerste klievingstadia wordt veel van dit maternale RNA afgebroken terwijl het zygotisch genoom nog amper getranscribeerd wordt en vervolgens neemt de totale hoeveelheid RNA weer
sterk toe als het zygotisch genoom geactiveerd wordt. Het is onbekend welke genen gedurende
de vroege ontwikkeling van eicel tot blastocyst goed weergeven wat de omvang van het transcriptoom is. Het ontbreken van deze referentiegenen maakt het lastig om de genactiviteit van
een gen van interesse tussen verschillende ontwikkelingsstadia te vergelijken, wat vervolgens
een studie naar de eventuele rol van deze genen in de ontwikkeling bemoeilijkt.
Het doel van de studie zoals beschreven in hoofdstuk 2 was het identificeren van referentiegenen in het varken die stabiel tot expressie worden gebracht van immature eicel tot
blastocyst stadium.
Daartoe werden de expressieniveaus van 7 veelvuldig gebruikte referentiegenen (B2M,
BACT, GAPDH, H2A, PGK1, S18, en UBC) vergeleken op verschillende stadia van de embryonale ontwikkeling van het varken (Germinal vesicle (GV)-stadium, Metaphase 2 stadium,
2-cellig stadium, 4-cellig stadium, vroege blastocysten, en geëxpandeerde blastocysten). De
stabiliteit van de referentiegenen in deze stadia werd onderzocht met behulp van het daartoe
ontwikkelde programma geNorm. Na analyse van de transcriptieprofielen bleek dat GAPDH,
PGK1, S18, en UBC stabiel tot expressie werden gebracht tijdens de vroege ontwikkeling van
het varken. Daarentegen was er een sterke regulatie van de transcriptie van B2M, BACT, en
H2A tijdens de vroege ontwikkeling. Het wordt aangeraden om in genexpressiestudies van
vroege ontwikkelingsstadia van het varken gebruik te maken van de drie referentiegenen S18,
UBC, en GAPDH of PGK1. Het wordt afgeraden om B2M, BACT, of H2A als referentiegenen
te gebruiken in vroege ontwikkelingsstadia van het varken.

Hoofdstuk III
De oorzaak voor het gebrek aan succes in het genereren van ES cellen van varkens en runderen kan gezocht worden in het verschil in embryologische ontwikkeling tussen varkens en
runderen enerzijds en muizen en mensen anderzijds. Muizen- en mensen- embryo’s implanteren invasief in de baarmoederwand kort na het blastocystenstadium waarna er een zogeheten
haemochoriale placenta wordt gevormd. Runder- en varkens- blastocysten vertonen een elongatie van het trofectoderm alvorens non-invasief te implanteren, waarna een epitheliochoriale
placenta wordt gevormd.
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Deze duidelijke morfologische verschillen verklaren echter nog niet waarom het genereren van ES cellen van embryo’s van de ene soort moeilijker is dan dat van de andere soort.
Om daar inzicht in te krijgen is het noodzakelijk vergelijkend onderzoek te doen op moleculair
biologisch niveau.
Bij muizen zijn al een aantal moleculair biologische factoren bekend die een rol spelen
bij de ontwikkeling van peri-implantatie embryo’s zoals de twee segregaties die tot de vorming van het trophectoderm (TE), het primitieve endoderm (PE) en het pluripotente primitieve
ectoderm leiden. Bij deze segregaties zijn hoofdrollen weggelegd voor de transcriptiefactoren
OCT4, CDX2, NANOG en GATA6. Volgens het huidige model worden OCT4 en CDX2 in
alle cellen van een morula tot expressie gebracht. Omdat beide factoren elkaar wederzijds onderdrukken zullen sommige cellen dominant OCT4 tot expressie brengen en anderen CDX2.
De expressie van CDX2 leidt vervolgens tot de ontwikkeling van cellen met kenmerken van
het trophectoderm terwijl de OCT4-positieve cellen de inner cell mass (ICM) en vervolgens
de epiblast zullen vormen. Volgens het huidige model vindt er na deze eerste segregatie van
celtypen een soortgelijk proces plaats tussen de factoren NANOG en GATA6. Wederzijdse onderdrukking zou leiden tot GATA6-dominante cellen die zich ontwikkelen tot PE en NANOGpositieve cellen die zich ontwikkelen tot de pluripotente epiblast. Bij de muis wordt de pluripotente epiblast dus gevormd door achtereenvolgens selectie voor OCT4 positieve cellen en
NANOG-positieve cellen.
Omdat bekend is vanuit de literatuur dat runder- en varkens-blastocysten ook OCT4 tot
expressie brengen, kan worden verwacht dat de eerste segregatie van celtypen bij deze soorten
niet berust op wederzijdse onderdrukking tussen CDX2 en OCT4. De studie in hoofdstuk 3
was erop gericht om meer inzicht te krijgen in hoeverre de andere factoren (CDX2, GATA6 en
NANOG) betrokken zijn bij de eerste segregaties tijdens de vroegembryonale ontwikkeling
van het varken en het rund. Daartoe werden de expressiepatronen van deze factoren onderzocht met behulp van kwantitatieve PCR in in vitro-geproduceerde varkensembryo’s en met
behulp van immunofluorescentie in in vitro-geproduceerde varkens- en runderembryo’s en in
vivo-geproduceerde varkensembryo’s.
Varkens- en runderembryo’s vertoonden een met de muis vergelijkbaar expressiepatroon
van CDX2 en GATA6, wat suggereert dat deze factoren een geconserveerde functie hebben
tussen soorten. Het expressiepatroon van NANOG in runderblastocysten was ook vergelijkbaar met dat van de muis. In blastocysten van het varken was NANOG echter niet detecteerbaar. Het is onwaarschijnlijk dat dit een technische oorzaak heeft, want met het gebruikte
antilichaam werd wel varkens-NANOG gedetecteerd in gonocyten in de testis van neonate
biggen.Verder werd OCT4 niet tot expressie gebracht in het morula stadium van het varken.
Op het blastocysten-stadium, werd OCT4 zowel in de ICM als in het trofectoderm tot expressie gebracht.
Op het niveau van belangrijke transcriptiefactoren verschilt de vroege ontwikkeling van
het varken met dat van de muis in de expressie van OCT4 en NANOG. Het verschil in expressie van transcriptiefactoren tussen rund en muis beperkte zich tot de al eerder beschreven
expressie van OCT4. Hiermee kunnen we concluderen dat de eerste segregatie van ICM en
trofectoderm in rund en varken niet zoals bij de muis berust op een wederzijdse inhibitie tussen OCT4 en CDX2, omdat OCT4 samen met CDX2 in het trofectoderm tot expressie wordt
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gebracht. Verder geven aan dat de expressiepatronen van GATA6 en NANOG in runderblastocysten dat deze factoren bij het rund een vergelijkbare rol spelen in de ontwikkeling van het
PE en het primitief ectoderm als bij de muis. Daarentegen lijkt NANOG niet betrokken te zijn
bij de segregatie van PE en het primitief ectoderm bij het varken. Bovengenoemde bevindingen indiceren dat het pluripotente primitieve ectoderm bij het rund en het varken anders tot
stand komt dan bij de muis. Dit kan gevolgen hebben voor het genereren en het karakteriseren
van pluripotente ES cellen in deze diersoorten.

Hoofdstuk IV
Muizen kunnen relatief eenvoudig gericht genetisch gemodificeerd worden, omdat er voor
deze soort cellijnen beschikbaar zijn die deel kunnen nemen aan de kiembaan, zoals embryonale stamcellen en spermatogoniale stamcellen. Varkens vervullen een belangrijke agrarische
rol en zijn goed als modeldier voor de mens. Derhalve zou het waardevol zijn indien gerichte
mutagenese op het varken toegepast zou kunnen worden op een vergelijkbare manier als bij de
muis. Cellijnen die deel kunnen nemen aan de kiembaan zijn echter nog niet beschreven voor
het varken. Het onderzoek dat beschreven staat in hoofdstuk 4 richt zich op het isoleren en
karakteriseren van testiculaire cellen van het varken met het doel meer inzicht te krijgen welke
kweekcondities zelfvernieuwing van spermatogoniale stamcellen van het varken bevorderen.
In primaire celkweken van testiculaire cellen van het varken konden gonocyten gedetecteerd
worden aan de hand van immunokleuringen voor NANOG en door middel van reactiviteit met
DBA lectine. In de primaire celkweek werd een drietal typen kolonies waargenomen, elk met
karakteristieke morfologie. Kolonies die morfologisch gelijkenis vertoonden met kolonies
van muizen-spermatogoniale stamcellen werden individueel overgezet en verder gekweekt
op platen met een coating van laminine. Op deze wijze werden twee cellijnen verkregen die
9 passages gekweekt konden totdat proliferatie stopte. Proliferatie was afhankelijk van de
aanwezigheid van de groeifactoren LIF, EGF, GDNF, en FGF. Met behulp van kwantitatieve
PCR werd vastgesteld dat beide cellijnen verhoogd NANOG, PLZF, en EPCAM, tot expressie
brachten. Expressieniveaus van GFRα1, INTEGRINα6, en THY1 waren verlaagd ten opzichte
van die in neonate varkenstestis. Met behulp van een factorieel schema werd vervolgens het
effect onderzocht van een viertal groeifactoren (LIF, EGF, GDNF, FGF) op de expressie van
een marker voor gonocyten (NANOG), een pluripotentiemarker (OCT4) en een marker voor
Sertoli cellen (GATA4). FGF had een negatieve invloed op de expressie van NANOG, maar een
positieve invloed op de expressieniveaus van OCT4 en GATA4. Bij aanwezigheid van EGF
werd de positieve invloed van FGF op GATA4 tenietgedaan. Er werden geen effecten waargenomen van LIF of EGF op de expressieniveaus van NANOG, OCT4, of GATA4. Bovenstaande
resultaten geven aan dat FGF nadelig kan zijn voor kweek van mannelijke geslachtscellen van
het varken.
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Hoofdstuk V
Gekweekte spermatogoniale stamcellen kunnen spontaan ES-achtige kolonies vormen waarvan de cellen pluripotent zijn. De tumoronderdrukkers TRP53 en PTEN lijken betrokken te
zijn bij het afschermen van spermatogoniale stamcellen van pluripotentie, omdat de stap van
unipotente spermatogoniale stamcellen (d.w.z waarvan het ontwikkelingspotentieel beperkt
is tot slechts 1 celtype: de spermacel) naar pluripotente ES-achtige cel makkelijker genomen
wordt bij afwezigheid van TRP53 of PTEN. Het is onduidelijk hoe TRP53 en PTEN spermatogoniale stamcellen afschermen van pluripotentie. Om meer inzicht te krijgen in dit mechanisme, werd een RNAi experiment uitgevoerd in een spermatogoniale stamcellijn van de muis.
Door middel van lipofectamine werden de cellen getransfecteerd met siRNAs gericht tegen
het mRNA van Trp53 of Pten, wat in beide gevallen resulteerde in een significante afname van
het mRNA van het doelgen. Vervolgens werd het effect van deze afname gemeten op genen
die specifiek zijn voor pluripotente cellen (Nanog, Eras, c-Myc, Klf4, Oct4, en Sox2) of voor
spermatogoniale stamcellen (Plzf) en differentiërende spermatogoniale stamcellen (Ddx4). De
belangrijkste bevinding van deze studie is dat knockdown van TRP53 en PTEN onafhankelijk
van elkaar resulteerde in een toename in expressie van Nanog. Het lijkt er dus op dat mannelijke geslachtscellen onder meer afgeschermd worden van pluripotentie door middel van
onafhankelijke onderdrukking van Nanog door de tumor onderdrukkers TRP53 en PTEN.

Hoofdstuk VI
In de muis beperkt de expressie van de met pluripotentie geassocieerde factor NANOG zich
tot cellen van de pluripotente ICM en tot primordiale kiemcellen. Spermatogenese is het complexe proces van differentiatie van mannelijke geslachtscellen en bestaat onder andere uit de
meiotische deling en de daaropvolgende differentiatie tot een zeer gespecialiseerde haploïde
spermacel die deel uit kan maken van een totipotent embryo met ontwikkelingspotentieel
tot alle embryonale en extraembryonale weefsels. Hoewel er een duidelijke link is tussen de
functie van de testis en pluripotentie enerzijds en NANOG en pluripotentie anderzijds, is er tot
op heden nog geen overtuigende beschrijving van NANOG expressie in de testis. In hoofdstuk
6 wordt een vergelijkende studie naar de expressie van NANOG in testes van verscheidene
zoogdieren (muis, hond, varken en mens) beschreven. Expressie van NANOG in testis werd
onderzocht met behulp van PCR, immunblot, immunohistochemie, immunofluorescentie en
met behulp van een zogeheten NANOG reporter muis, waarvan de expressie van het groen fluorescente eiwit eGFP onder controle staat van de promotor van NANOG. Hoewel NANOG tot
op heden geassocieerd werd met ongedifferentieerde stamcellen, werd NANOG gedetecteerd
in differentiërende mannelijke geslachtscellen in de testes van muis, hond, varken en mens.
Expressie werd waargenomen in spermatocyten in het pachyteen-stadium en in de eerste fase
van de spermiogenese. De bevindingen van deze studie suggereren dat er een geconserveerde
rol is weggelegd voor NANOG in de meiotische en post-meiotische fase van de spermatogenese.
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Hoofdstuk VII
In de muis zijn GATA6 en NANOG betrokken bij de segregatie van epiblast en primitief endoderm. Signalering via Grb2-Ras-MAP leidt tot mozaiek expressie van GATA6 en NANOG
in de ICM. NANOG wordt in alle cellen van de ICM tot expressie gebracht in embryo’s in
afwezigheid van Grb2.Dit phenotype lijkt op dat van embryo’s zonder Fgf4 of Fgfr2. Tyrosine
phosphorylering van FGFR2 vermindert FGF signaaltransductie. Dit kan geremd worden met
behulp van sodium vanadaat, een remmer van tyrosine phosphatases. ES cellen die behandeld
worden met sodium vanadaat vertonen een verlaging in het expressieniveau van NANOG
en een verhoging in de expressieniveaus van genen die karakteristiek zijn voor het primitief
endoderm. Dit effect kan tegengewerkt worden door toevoeging van de inhibitor PD98059,
waarmee specifiek de activiteit van de MAP-kinase MEK geremd kan worden. Dit geeft aan
dat embryo’s die gekweekt worden in aanwezigheid van de MEK inhibitor PD98059, homogeen NANOG tot expressie zullen brengen. We hebben dat getoetst door runderembryo’s te
kweken in aanwezigheid van 25µM PD98059, gevolgd door immunofluorescente labeling
van GATA6 en NANOG. In beide groepen werd mozaiek expressie van NANOG en GATA6
waargenomen, maar er waren wel significant meer NANOG positieve cellen in de groep die
bij de inhibitor gekweekt werden. Deze resultaten geven aan dat signallering via MEK een rol
speelt bij de segregatie van epiblast en primitief endoderm in runderembryo’s. Toekomstige
vergelijkbare experimenten kunnen een waardevolle bijdrage leveren aan ons inzicht in vroegembryologische processen met betrekking tot de pluripotente celpopulatie, wat vervolgens het
genereren van ES cellen kan faciliteren.
Spermatogoniale stamcellen zijn ook een bron van pluripotente cellen. In hoofdstuk 5
wordt onderzocht welke mechanismen ten grondslag liggen aan de conversie van unipotente
spermatogoniale stamcel naar pluripotente stamcel. Mogelijkerwijs, kunnen toekomstige spermatogoniale stamcellijnen een bron vormen van pluripotente cellen bij dieren als het varken
of het rund.
Een recente revolutionaire ontwikkeling in stamcelonderzoek is de mogelijkheid om gedifferentieerde cellen te herprogrammeren naar een pluripotente cel met behulp van de factoren c-Myc, Klf4, Oct4, Sox2. Het induceren van pluripotentie zal ongetwijfeld ook toegepast
worden op het varken en het rund. Een belangrijke vraag is of geherprogrammeerde cellen
van het rund en het varken ook zichzelf vernieuwen zoals embryonale stamcellen van de muis
dat doen. Een mogelijke oplossing voor dit probleem is het gebruik van transgenen waarvan
de expressie gereguleerd wordt door doxycycline. Bij afwezigheid van doxycycline zullen
de geherprogrammeerde cellen differentieren, tenzij de kweekcondities gunstig zijn voor de
zelfvernieuwing van de cellen. Op deze wijze kunnen de kweekcondities onderzocht worden
die de zelfvernieuwing van pluripotente cellen bevorderen.
In hoofdstuk zes wordt de opmerkelijke bevinding beschreven dat pseudogenen van
NANOG in de testis tot expressie worden gebracht. Tot voor kort werden pseudogenen als junk
beschouwd, omdat ze door frameshifts en premature stopcodons over het algemeen niet voor
functionele eiwitten coderen. Recente bevindingen wijzen echter uit dat transcripten afkomstig van pseudogenen het aantal transcripten van verwante eiwitcoderende genen kan reguleren. Een transcript van de sense-strand van het pseudogen kan bijvoorbeeld hybridiseren met
een transcript van de antisense-strand van het eiwitcoderende gen, resulterend in een lang
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dubbelstrengs RNA-molecuul, wat vervolgens via RNA interferentie leidt tot degradatie van
mRNA moleculen met vergelijkbare sequentie. Omdat we ook expressie van het pseudogen
NanogPa hebben waargenomen in muizentestis (hoofdstuk 7), vermoeden we een rol voor
pseudogenen in de regulatie van het echte gen voor Nanog in testes van muis en mens. Voor
Nanog en andere factoren die geassocieerd worden met pluripotentie (zoals Oct4) zijn in muis
en mens meerdere pseudogenen beschreven. De bijdrage van pseudogenen aan pluripotentie
of differentiatie moet toekomsmstig onderzoek uitwijzen.
Het ontwikkelingspotentieel en het fenotype van een cel, b.v. pluripotent of beperkt tot
enkele celtypen, worden voor een groot gedeelte bepaald door epigenetische programma’s.
Dat zijn niet-genetische programma’s die wel erfelijk zijn en van moedercel op dochtercel
worden doorgegeven. De cellen van de epiblast, migrerende primordiale kiemcellen en mannelijke geslachtscellen ondervinden aanzienlijke herprogrammering van het epigenoom. We
postuleren dat verminderde epigenetische controle tijdens het herprogrammeren ten grondslag
ligt aan de mogelijkheid om van deze celtypen pluripotente cellijnen te genereren.
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