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Human and mouse embryonic stem cells (ESCs) are pluripotent stem cells derived from the 
inner cell mass (ICM) of  blastocyst embryos. ESCs have the capacity of  indefinite self-renewal 
while retaining the ability to give rise to derivatives of  the three embryonic germ layers. Despite 
their blastocyst origin, human and mouse ESCs seem to exist in different pluripotent states. 
Identifying the identity and nature of  ESCs would increase our understanding of  genes and 
growth factors important for the pluripotent state and may facilitate the derivation of  stable ESC 
lines from different species. Although ESCs originate from the blastocyst ICM, experimental 
evidence suggests that ESCs stem from a subpopulation of  emerging germ cells that develops 
within the explanted ICM. In this thesis I will investigate different hypotheses about the nature 
of  ESCs and the interconvertability of  different pluripotent states. 

Epigenetic reprogramming to pluripotent cells during development

During mammalian development there are two major epigenetic reprogramming waves in which 
differentiated cells are globally reset to a pluripotent state. DNA methylation is an essential for epigenetic 
control mechanism in mammals. 

Methylated cytosines are maintained during cell division by the methyltransferase DNMT1 that acts 
together with its binding partner NP95 (UHRF1) to restore hemimethylated CpGs to methylation 
on both DNA strands1-2. DNA demethylation can occur via active and passive mechanisms. Passive 
replication dependent loss of  DNA methylation is achieved by downregulation of  DNMT1 or NP95 
or their exclusion from the nucleus resulting in the slow dilution of  global DNA methylation during 
subsequent cell proliferation3. Active DNA demethylation is regulated by Tet enzymes that catalyze the 
conversion of  5-methylcytosine to 5-hydroxymethylcytosine (5hmC). 5hmC can subsequently be actively 
demethylated by its oxidation into 5-formylcytosine (5fC) and 5-carboxymethylcytosine (5caC) or passively 
by replication dependent passive demethylation since 5hmC is not recognized by DNMT1 and NP954-6.

The first reprogramming wave starts after fertilization in the zygote where both parental genomes are 
demethylated prior to the first cell division. Passive gradual loss of  DNA methylation from the maternal 
genome in the early embryo is achieved by nuclear exclusion of  DNMT17. However, the paternal genome 
undergoes mainly active demethylation mediated by Tet3, which is highly expressed in oocytes and 
zygotes8. Once global demethylation starts, core pluripotency factors are induced and the pluripotent 
ICM is established9. Upon implantation of  the blastocyst, the epiblast cells initiate de novo methylation of  
the genome generated by de novo DNMTs, DNMT3a and 3b10. 

The second wave of  reprogramming takes place when primordial germ cells (PGCs) are specified from 
the proximal epiblast around E6.25 and migrate to the gonadal ridges. During this second wave of  DNA 
demethylation, the parental imprints are also reset, and later replaced by parent-relevant imprints on both 
alleles. PGC development coincides with repression of  the somatic program, the sustained expression 
of  pluripotency genes and epigenetic reprogramming. Genome-wide DNA methylation in PGCs occurs 
mainly via passive demethylation. Upon PGC specification, DNMT3a, 3b and 3l are repressed by Blimp1 
and Prdm14 as well as NP95, thereby minimizing both de novo and DNA methylation maintenance10-13. 
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When PGCs arrive at the gonadal ridges at E12.5-E13.5 parental imprints are removed by Tet1 and 
Tet2-mediated hydroxymethylation. In addition, the X-chromosome is reactivated in PGCs of  female 
embryos10-11.  

Naïve and primed pluripotent stem cells

Embryonic stem cells are pluripotent cells that have the capacity to self-renew indefi nitely while retaining 
the ability to differentiate into derivatives of  all three somatic germ layers, including the germline. ESCs 
were fi rst isolated from the ICM of  pre-implantation mouse blastocyst embryos14-15. Mouse embryonic 
stem cells (mESCs) are quickly proliferating cells that form tight dome-shaped colonies and require the 
growth factors LIF and Bmp4 to maintain their pluripotency16. Human embryonic stem cells (hESCs) 
are similarly derived from human blastocysts but, in contrast to murine ESCs, form fl at two-dimensional 
colonies dependent on bFGF and Activin/Tgfβ signaling17. The differences in morphology, growth 
factor dependency, and epigenetic status between mESCs and hESCs were initially thought to be species-
specifi c variations of  comparable pluripotent populations.  This idea was challenged by the derivation 
of  epiblast stem cells (EpiSCs) from post-implantation mouse epiblasts, which exhibit strikingly similar 
morphological, molecular and epigenetic characteristics when compared to hESCs18-19. Based on these 
fi ndings, it seems that two distinct pluripotent states exist for pluripotent mouse cells: a naïve ICM-like 
state represented by mESCs and a primed post-implantation epiblast-like state represented by EpiSCs16. 
Despite their blastocyst origin, similarities with EpiSCs suggest that hESCs exist in a primed pluripotent 
state as well. Several groups have since attempted to derive and maintain naïve human pluripotent stem 
cells 20-22, but the stable maintenance of  naïve human pluripotent stem cells has long been unsuccessful. 
Recently, three groups reported the derivation and long-term maintenance of  transgene-independent 
naïve human ESCs23-25. A better understanding of  the nature of  naïve pluripotent murine ESCs would 
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Figure 1: Pluripotent cells in the developing embryo.
Schematic representation of  the sites of  pluripotency in the developing murine embryo. The pluripotent cells are 
displayed in green. The fi rst pluripotent cells in the embryo appear as pre-ICM cells in the morula that will develop into 
the ICM of  the blastocyst by E3.5, in which Oct4 expression is sustained. This is followed by ICM segregation into the
primitive endoderm and epiblast in the late blastocyst and the appearance of  Nanog expression in the pluripotent 
epiblast cells. ESCs can be derived from morula until late blastocyst stage embryos. EpiSCs are derived from the post-
implantation epiblast embryo at E5.5. After implantation, the pluripotent cells become restricted to the germ line when
they develop into primordial germ cells (PGCs) and fi nally migrate to the gonads to become germ line stem cells.
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provide insight into the biology of  naïve pluripotent states in other species, including humans.

A relationship between germ cell development and embryonic stem cells?

Murine ESCs express several genes that are required for germ cell development. Moreover, germ cells 
are the only post-implantation cell type that continues to express key pluripotency genes including Oct4, 
Nanog and Sox2. In fact, prior to ESC derivation from ICM of  pre-implantation blastocyst embryos, 
pluripotent embryonic carcinoma cell lines (EC cells) were derived from teratocarcinomas, a tumor of  
germ cell origin26 27. EC cells, similarly to ESCs, are pluripotent, can generate derivatives of  the three 
embryonic germ layers in vitro and in vivo, and can contribute to the formation of  chimeras28. Since then, 
pluripotent stem cell lines have been derived from explant cultures of  primordial germ cells (PGCs) from 
embryonic (E) day E8.5-E12.5 embryos29-30, and even from post-natal and adult testes (Figure 1)31. These 
embryonic germ cell lines (EGCs), germline stem cells (GS cells)31-32 or germline-derived pluripotent stem 
cells (GPs cells)33 display striking similarities to ESC morphology, gene expression profile, and functional 
ability to form chimeras when injected into pre-implantation embryos. 

Interestingly, the 129 mouse strain displays an elevated incidence of  germ cell tumors and is also 
permissive for the generation of  ESC lines.  Species where teratocarcinomas formation is rare, such as 
the rat and other mouse strains, are remarkably 6resistant to ESC derivation, but do allow the derivation 
of  EpiSCs18-19, 34. This leads to the hypothesis that genes responsible for increasing susceptibility to 
spontaneous germ cell tumors also increase the efficiency of  ESC derivation, and prompted the idea that 
perhaps ESCs have a germ cell origin27, 35.  

The unique germ cell signature of  mESCs clearly distinguishes these cells from EpiSCs. At the molecular 
level, the gene expression profile of  mESCs reveals the expression of  several genes that are specifically 
expressed in developing germline stem cells. Stella (Dppa3), one of  the earliest germ cell markers in 
the proximal epiblast (E7.5), marks the classic founder PGC population36. Oct4 and Nanog, normally 
expressed throughout the whole ICM of  the blastocyst, become restricted to the germline between E7.75 
and E8.5, once migration of  PGCs towards the gonads starts36. Finally, ESCs express Dazl, a late germ 
cell marker that is expressed at the start of  PGC migration to the future gonads 37. 

What therefore is the relationship between the blastocyst ICM, germ cells, and ESCs? Several studies 
suggest that in vitro development of  germ cells from a subset of  cells in the explanted ICM precedes 
ESC derivation27, 35. In other words, ESCs may be derived from very early PGCs. Indeed, during ICM 
outgrowth in vitro, expression of  Oct4 is only maintained in a subset of  cells 38, which could resemble 
Oct4-expressing germ cell precursors from proximal epiblast cells soon after implantation. PGC-specific 
genes such as Fragilis, Prdm14, Nanos3 and Blimp1 are upregulated in these Oct4-expressing cells during 
ESC derivation, and this could indicate that a germ cell differentiation program is activated during the 
establishment of  ESCs (Figure 2)39. 

A recent study from Chu et al. directly addressed ESC ontology using an elegant genetic approach40. 
Upon derivation of  ESCs from blastocysts carrying a Blimp1-Cre/lox-stop-lox reporter system, Chu 
and colleagues demonstrated that >80% of  the derived ESCs arise from Blimp1-expressing precursors, 
demonstrating that ESC derivation involves transition through a Blimp1-positive PGC-like state. 
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Interestingly, the combination of  the germ cell factors, Klf2 and Prdm14, a family member of  Blimp1 
(Prdm1), was subsequently shown to accelerate the reprogramming of  EpiSCs into ESCs by promoting 
X-reactivation and demethylation, whereas the expression of  germ cell genes is fi rmly suppressed in 
EpiSCs 18-19. The reactivation of  germ cell gene expression, together with epigenetic changes similar to 
those during PGC development, is a hallmark feature of  EpiSC conversion to a naïve pluripotent state 
(Figure 2)41-43.

From the studies above it seems that ESC derivation from explanted blastocysts, as well as via EpiSCs 
conversion, transiently activates a transcriptional program that is typically associated with PGC 
development. Both Blimp1 and Prdm14 are critical for the early specifi cation of  PGCs in vivo by initiating 
epigenetic reprogramming and repression of  the somatic program in early germ cells 44-45. However, 
Bao and colleagues demonstrated the derivation of  ESCs from Blimp1-/- embryos as well as Blimp1-
/- EpiSCs, indicating that Blimp1 is not required for ESC derivation41. It is possible that Prdm14 might 
have a redundant role during the establishment of  ESCs from Blimp1-/- embryos. Indeed, ESCs cannot 
be derived and maintained in the absence of  Prdm14, a member of  the Blimp1 family13. Prdm14 inhibits 
the activation of  signaling pathways leading towards differentiation and represses DNMT to keep the 
epigenome in a naïve state13, 46. Thus, the upregulation of  genes involved in germ cell development may 
not necessary indicate that a PGC-like program is activated, but that the activation of  these genes is crucial 
for the inhibition of  differentiation towards somatic lineages and maintenance of  the pluripotent state. 
This is supported by recent data demonstrating that Prdm14 is not required when ESCs are derived under 
conditions of  MEK and GSK3 inhibition (“2i” culture conditions), in which somatic differentiation is 
suppressed, which will be discussed later in this introduction13.
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Figure 2: The establishment of  ESCs through a transient PGC-like state.
The ESC transcription profi le is highly similar to that of  developing germline stem cells. Interestingly, the conversion 
of  EpiSCs to a naïve pluripotent state that is also accompanied the induced expression of  germ cells markers and 
epigenetic changes similar to those during PGC development. Therefore, it seems a transcriptional program that is 
typically associated with PGC development is transiently activated during the formation of  ESCs from ICM as well 
as EpiSCs.
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Naive pluripotency and a diapause state

During diapause, late blastocyst embryos are arrested during development and their implantation is 
prevented. This process occurs naturally in lactating females or can be induced experimentally by removal 
of  the ovaries47. Diapause embryos remain in an unimplanted, non-progressive state until activated by 
estrogen48. LIF signaling plays a critical role in the recovery of  embryos from diapause, and embryos 
mutant for the LIF receptor, GP130, display reduced cell numbers in the ICM, and lose their epiblast 
component after more than 6 days in diapause49. 

Although LIF signaling is dispensable for normal peri-implantation development, it appears to be a 
unifying property of  both ESC maintenance and blastocyst diapause49-50. The common LIF-dependence 
has been a persistent argument for a diapause-like state of  naïve ESCs, and this is further supported by 
the fact that entering diapause increases the efficiency of  ESC derivation from blastocyst embryos51. 
Diapause is best characterized in rodents and it is striking that true naïve pluripotent stem cell lines have 
only been derived from mice and rats. Although there is some contradictory evidence52, generally it is 
thought that a diapause-like state does not exist in humans. If  the molecular wiring underlying diapause is 
required for maintaining a naïve pluripotent state, this may mean that the derivation of  naïve ESCs from 
human and other non-diapause species is biologically impossible. Recent evidence suggests however that 
diapause can be induced in embryos of  species that do not normally undergo this phenomenon. A recent 
paper from Ptak et al. reported that sheep blastocysts can enter diapause when transferred into mouse 
uteri in which diapause conditions were induced47. The diapausing ovine blastocysts were able to resume 
growth in vitro and develop into normal lambs after transfer to surrogate ewe recipients, These results 
could indicate that it might be possible to induce diapause in other mammalian species when exposed 
to adequate uterine conditions, and this creates opportunities for studying the effect of  diapause on the 
efficiency of  ESC derivation of  non-rodent mammals.

However, vast differences between naive ESCs and the diapause embryo do not fully support the idea 
that ESCs resemble a diapause-like state. For one, ESCs proliferate at an astounding rate, with a culture 
doubling time of  approximately 12h, whereas cells of  the ICM of  the diapause embryo are arrested at the 
G0/G1 phase of  the cell cycle48. In addition, the derivation and maintenance of  naïve ESCs from non-
permissive mouse strains and rats is inefficient regardless of  their ability to undergo diapause indicating 
that there are differences in the molecular programs underlying both processes.

A final argument against the diapause hypothesis is that Stat3, the key downstream effector of  LIF 
signaling, is also activated by many other cytokines, which are equally capable of  supporting long-term 
ESC self-renewal53-54. Although LIF may be dispensable for early development, proliferation of  the 
peri-implantation epiblast is severely reduced in Stat3-/- embryos55. Thus, while LIF is essential for the 
recovery from diapause, it is merely one of  a number of  redundant factors that lead to Stat3 activation in 
naïve ESC cultures. A similar redundancy in cytokine signaling may mediate Stat3 activation during early 
embryonic development as well, where perhaps another, as of  yet unknown cytokine serves to activate 
Stat3 and drive the rapid expansion of  the pluripotent epiblast. Together, a relationship between diapause 
blastocysts and naïve ESCs seems unlikely.
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ESCs and the peri-implantation epiblast

Are naïve ESCs therefore purely an in vitro artifact, or do they reflect the biology of  a specific stage in 
embryonic development? ESCs are typically derived from the epiblasts of  early blastocyst-stage embryos, 
but can also be derived earlier from the morula stage. ESCs are able to reintegrate with the embryo at all 
the above stages and contribute to chimera formation. Does this mean that the in vivo equivalent of  ESCs 
exists at any of  these stages, or is it merely an indication of  the ability of  ESCs to contribute to different 
stages of  embryo development?

Tang and colleagues recently analyzed the changes in gene expression that occur during the conversion 
of  ICM cells into ESCs39. As expected, there is a high degree of  similarity between ICM and ESCs at 
the level of  pluripotency gene expression and epigenetic status, with two active X chromosomes and 
an open chromatin structure56. Remarkably, ESCs display higher expression levels of  genes involved 
in epigenetic inactivation and differentiation, such as DNA methyltransferases (DNMTs) and histone 
deacetylases (HDACs), and a downregulation of  epigenetic modifiers that support an active change in 
epigenetic status, such as histone acetyltransferases and histone demethylases. This may indicate that 
ESC are gearing up to start a specific developmental program and perhaps represent a slightly more 
progressed developmental stage than cells in the preimplantation ICM. Nevertheless, at the same time, 
genes associated with development and lineage specification are repressed in ESCs compared to the 
ICM. This may be due to the specific conditions of  ESC culture, or may be a consequence of  greater 
heterogeneity of  cells in the preimplantation ICM. Another profound transcriptional difference observed 
between ICM and ESC is that in genes associated with metabolism. This is perhaps expected, since cells 
in the preimplatation  ICM proliferate slowly, if  at all, whereas ESCs display a high proliferation rate. 
Although technically quite challenging, it would be interesting to compare the transcriptional program of  
ESC with that of  peri-implantation epiblast, between the late blastocyst stage and E5.5, at which stage the 
pluripotent epiblast has adopted a primed pluripotent state.

Transcription factors associated with pluripotency are expressed heterogeneously in both the ICM and 
ESCs. In the late ICM, a mutually exclusive pattern of  Nanog- and GATA6- expressing cells emerges, 
giving rise to the epiblast and primitive endoderm, respectively57-58. Similarly, ESCs display a heterogeneous 
expression pattern of  key regulators of  pluripotency and differentiation, with single cell gene expression 
patterns similar to the ICM, epiblast or post-implantation epiblast (Figure 3). For example, approximately 
80% of  ESCs express the pluripotency factor Nanog, while Gata6 is exclusively expressed in a fraction 
of  the Nanog-negative cells59-60. The Gata6-positive cells are prone to differentiation, and indeed some 
are lost from the ESC culture by a failure to maintain their pluripotency whereas others recover by 
re-expressing Nanog60. Thus, ESC culture continually fluctuate between a naïve Nanog+ ICM-like state 
biased towards self-renewal and an epiblast-like state that is biased towards differentiation. 

Similar heterogeneous gene expression in ESCs has also been demonstrated for Rex1, Pecam1 and 
Stella37, 61-62. It appears therefore that ESCs teeter on the brink between the pre-implantation and the 
post-implantation epiblast. Indeed, many key properties of  the peri-implantation epiblast are preserved in 
ESCs, including the reactivation of  the silenced X-chromosome56, 63, and proliferation rate (8-12h in ESC 
cultures and 11.5h in the blastocyst ICM)64.
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The heterogeneity of  ESCs could be the answer to the initial question of  whether ESCs refl ect any of  
the stages between morula and late blastocyst; the fl uctuating expression of  genes associated with early or 
late preimplantation development may allow subpopulations of  the ESC culture to integrate at different 
stages upon transfer to embryos. For example, the rare contribution of  ESCs to extraembryonic tissues 
can be attributed to a small fraction of  ESCs that appear to exist in a transcriptional state akin to the two-
cell stage embryo65. Despite culture heterogeneity, most ESCs appear to exist in a pluripotent state that is 
most similar to the peri-implantation blastocyst. The signifi cance of  a germ cell signature in ESCs, with 
expression of  late germ cell markers such as Stella and Dazl, remains to be determined but could result 
from serum culture induced differentiation signals towards to the postimplantation epiblast. 

The elimination of differentiation cues by a MEK/ERK and GSK3 inhibitor 

In recent years, a combination of  small-molecule inhibitors has been identifi ed that greatly facilitates 
murine ESC derivation and maintenance. This so-called 2i inhibitor cocktail consists of  a MEK/ERK 
inhibitor and a GSK3 inhibitor. Furthermore, in the presence of  2i inhibitors, naïve ESCs can be derived 
from non-permissive mouse strains such as non-obese diabetic (NOD) mouse66-67 as well as from the rat68-

69. 2i culture conditions promote naïve pluripotency 70 by blocking the differentiation-promoting effect of  
the FGF4-MEK-ERK signaling pathway and simultaneously inhibiting GSK3β, thereby promoting Wnt/
β-catenin signaling, which is followed by destabilization of  Tcf3 and activation of  Esrrb, promoting ESC 
self-renewal71. In contrast to standard culture in serum, factors associated with lineage-specifi cation are 
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Figure 3: ESCs exist in a heterogeneous state.
ESC cultures consist of  cells with subsets of  different gene expression that exist in an equilibrium and can convert into 
each other. These subsets continuously fl uctuate between a state that is equivalent to the Nanog-positive cells in the 
ICM of  blastocyst embryos on one side, characterized by the expression of  pluripotency and germ cell markers and 
a state that resembles the post-implantation epiblast accompanied by the expression of  early differentiation markers.
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repressed under 2i culture conditions72-73. At the epigenetic level, 2i culture conditions result in a reduction 
of  bivalent domains at the promoters of  many genes72, 74. Bivalent domains are present at promoters 
of  key developmental regulators and interestingly, it is the repressive histone mark H3K27me3 that is 
reduced at these promoters under 2i conditions72. Additionally, increased promoter-proximal pausing by 
RNA polymerase II at these lineage-specifying genes was found in 2i cultured cells72 and could indicate 
that this mechanism plays an important role in preventing ESC differentiation and maintenance of  naïve 
pluripotency. In addition to histone modification, DNA methylation of  ESCs in 2i is highly similar to the 
level of  methylation in the ICM (~30% methylated CpGs), while ESCs in serum have methylation levels 
similar to somatic cells (~70%)46, 75. 

In addition to the epigenetic changes discussed above, 2i culture conditions induce a more homogeneous 
expression of  key pluripotency regulators, and in particular, affect allelic expression of  the key 
pluripotency regulator Nanog76-77. When ESCs are grown in serum, Nanog is predominantly expressed 
mono-allelically, while under 2i culture conditions, Nanog is expressed by both alleles78. Interestingly, 
during epiblast development, Nanog expression switches from mono- to bi-allelic expression. In contrast, 
Nanog+/- embryos, in which bi-allelic expression is impaired, display increased apoptosis in the ICM and 
delayed primitive endoderm formation, demonstrating that bi-allelic Nanog expression is important for 
the survival of  the peri-implantation ICM.

As outlined above, one of  the hallmark characteristics of  naïve murine ESCs is the expression of  a 
distinct germ cell signature, and ESCs have been shown to develop from a subpopulation of  cells in 
the epiblast that transiently express the early germ cell marker Blimp1, suggesting an early germ cell 
ontology40. However, the derivation of  ESCs in 2i conditions occurs via a Blimp-1 independent route40-41. 
No major gene expression are observed between conventional or 2i derived ESCs meaning that the routes 
of  derivation do not influence the characteristics of  the established ESCs. Although ESCs derived in 2i 
conditions do not seem to transit through an early Blimp1-positive PGC-like state, they too express many 
genes associated with (late) PGC development, including Dazl, Stella, Rex1 and Nanog. The elimination 
of  differentiation signals during the derivation of  ESCs in 2i conditions bypasses the need for Blimp1 
and Prdm14 to repress somatic differentiation. Indeed Prdm14-/- ESCs can be successfully grown in 2i 
culture conditions whereas transfer to serum induces differentiation13. These results suggest that there 
may be two pathways via which the naïve ESC state can be acquired in vitro: one that involves transition 
through an early PGC identity and a second pathway in which 2i inhibition allows direct establishment of  
naïve ESCs from the pluripotent epiblast. 

Homogeneous naïve pluripotency or heterogeneous totipotency?

A recent study by Macfarlan and colleagues discovered that ESC cultures contain a small subfraction 
of  cells that express high levels of  transcripts found in two-cell (2C) stage embryos65. Despite the lack 
of  expression of  pluripotency genes such as Oct4, Sox2, and Nanog, these 2C-like cells appear to be 
totipotent because they contribute to the formation of  both embryonic and extra-embryonic tissues. 
ESC cultures depleted of  2C-like ESCs were still capable of  self-renewal and contribution to chimaeras, 
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but these cultures displayed a differentiation bias towards mesoderm and ectoderm in vitro, indicating 
that 2C-like cells may be required for the maintenance of  a pluripotent ESC culture. 2C cells suggest that 
factors other than the core pluripotency factors Oct4, Sox2, and Nanog can maintain pluripotency or 
even totipotency in ESC cultures. 

In line with these findings, two recent reports describe changes in gene expression at various stages 
during the reprogramming process process79-80. As it turns out, neither Oct4, Sox2, nor Nanog are good 
predictors of  progression to induced pluripotent stem cells (iPSCs) during early reprogramming phases, 
and they are also not among the factors that activate the pluripotency circuitry in the late hierarchical 
phase. Instead, Esrrb, Nr5a2, Utf1, Lin28, and Dppa2 were identified as factors that accurately mark 
the rare cells that will become iPSCs79-80. Although Oct4 is very efficient in the reactivation of  the core 
pluripotency circuitry, reprogramming was shown to be possible by various combinations of  factors, 
and even in the absence of  the ‘Yamanaka’ factors. Interestingly, Glis1, which is enriched in unfertilized 
oocytes and in one-cell stage embryos, enhances the generation of  iPSCs by activating pro-reprogramming 
pathways including Myc, Nanog, Lin28, and Essrb81. In addition, Ronin, which is expressed during the 
earliest stages of  embryonic development, was suggested as a candidate pluripotency factor because 
it is essential for the maintenance of  pluripotent stem cells both in vitro and in vivo, supports ES cell 
selfrenewal even in the absence of  LIF, and can compensate for Oct4 knockdown in ESCs82. It would be 
interesting to study whether genes such as Lin28, Essrb, Glis1, and Ronin are expressed in 2C-like cells 
and whether (any combination of) these genes mark a totipotent cell in vitro and in vivo. 

Thus, the capacity of  ESCs to form chimeras with embryos at different stages of  preimplantation 
development could be a consequence of  different developmental stages that exist within the ESC 
culture itself. Interestingly, ICM-like 2i-cultured ESCs can also integrate both morula and blastocyst 
stage embryos69. If  2i culture conditions specifically capture the naive pluripotent cell population, are 
there 2C-like cells present under these conditions? If  so, the truly naïve pluripotent stem cell may be 
characterized by other factors than the core Oct4, Sox2, Nanog pluripotency team.

Pluripotent states in human ESCs: lessons from mice

Determining the nature of  naïve murine ESCs will be important for the derivation of  naïve pluripotent 
stem cells from other species, including humans. Although murine and human embryonic stem cells 
(hESCs) are both derived from the pluripotent ICM cells of  the pre-implantation blastocyst, they exhibit 
fundamental differences and it appears that human ESCs exist in a ‘primed’ post-implantation state 16, akin 
to murine EpiSCs18-19. Recently, the derivation of  naïve human ESCs was reported by several groups23-25. 
Strangely, while all three groups utilized a combination of  MEK- and GSK3β inhibitors, the cocktail of  
additional inhibitors required to maintain a naïve pluripotent state was highly divergent between these 
three laboratories. The question remains whether these naïve hESCs reflect a naïve pluripotent state 
found in the human preimplantation embryo, or whether the naïve properties of  these cells are merely 
the result of  artificial manipulation of  the stem cell culture conditions. 

It is possible that human ICM cells develop into hESCs via an epiblast-like state in vitro. Indeed, the 
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derivation of  pluripotent stem cell lines from murine pre-implantation blastocyst embryos under 
epiblast stem cell conditions has been shown to yield epiblast stem cells83. A recent study following 
the conversion of  human ICM to hESCs shows that several molecular and epigenetic changes occur 
during this transition84. O’ Leary and colleagues identified PICMIs (post-ICM intermediates), epiblast-like 
structures occurring within 7 days after blastocyst plating, as the cells that ultimately give rise to hESCs. 
The gene expression profile of  the PICMI structure displays the expression of  both early and late epiblast 
genes. Similarly to the epiblast, PICMI cells have undergone X-inactivation. However, the absence of  
E-cadherin, a typical epiblast marker, and the presence of  Rex1, Nanog and Klf4 in PICMI structures and 
hESCs suggest that they do differ from mouse EpiSCs. Beacause the PICMI also expressed some PGC 
markers, the possibility that hESCs are derived from germ cell precursors cannot be eliminated. Together, 
it is possible that PICMI resembles the in vivo epiblast in human blastocysts and that this state is artificially 
converted to hESCs that can be maintained indefinitely in vitro. 

Outstanding questions

The discovery that two different pluripotent states exist for the mouse has triggered a search for the factor 
cocktail that can maintain a naïve pluripotent state in human cells as well16, 85. While a primed pluripotent 
state can directly be established from human blastocyst embryos, only recently the derivation of  naïve 
human ESCs was reported24. Insight in the molecular mechanisms important for naïve pluripotency in 
murine ESCs could shed more light on the understanding of  the derivation and maintenance of  naïve 
human ESCs.

A hallmark of  naïve ESCs is the expression of  several germ cell genes, which are absent in primed 
EpiSCs18-19. In this thesis we investigated the role of  the germ cell markers during PGC development 
and on naïve pluripotency in mESCs, specifically focusing on Dazl (Chapter 2 and 3). Using Dazl as a 
marker for naïve ESCs, we explored which pathways could facilitate the rapid conversion of  EpiSCs to 
a pluripotent ground state (Chapter 4). To understand the differences that were reported between the 
maintenance and acquisition of  a naïve state in mouse and human ESCs, we evaluated the molecular 
changes during the conversion of  hESCs to a naïve pluripotent state (Chapter 5). 

A better understanding of  the nature of  both murine and human ESCs will determine whether in vivo 
and in vitro pluripotent states are comparable. Its properties will ultimately teach us the characteristics and 
perhaps culture requirements of  the naive pluripotent stem cells in those species.

Acknowledgements

The authors thank Stefan van der Elst for help with the figures. MW is supported by a grant from the 
Netherlands Institute for Regenerative Medicine.



1

20

Chapter 1

References 

1. Bestor, T.H., Cloning of  a mammalian DNA methyltransferase. Gene, 1988. 74(1): p. 9-12.
2. Okano, M., S. Xie, and E. Li, Cloning and characterization of  a family of  novel mammalian DNA (cytosine-5) 

methyltransferases. Nat Genet, 1998. 19(3): p. 219-20.
3. Wu, H. and Y. Zhang, Reversing DNA methylation: mechanisms, genomics, and biological functions. Cell, 2014. 156(1-

2): p. 45-68.
4. Hashimoto, H., et al., Recognition and potential mechanisms for replication and erasure of  cytosine hydroxymethylation. 

Nucleic Acids Res, 2012. 40(11): p. 4841-9.
5. Inoue, A., et al., Generation and replication-dependent dilution of  5fC and 5caC during mouse preimplantation 

development. Cell Res, 2011. 21(12): p. 1670-6.
6. Ito, S., et al., Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science, 2011. 

333(6047): p. 1300-3.
7. Branco, M.R., M. Oda, and W. Reik, Safeguarding parental identity: Dnmt1 maintains imprints during epigenetic 

reprogramming in early embryogenesis. Genes Dev, 2008. 22(12): p. 1567-71.
8. Gu, T.P., et al., The role of  Tet3 DNA dioxygenase in epigenetic reprogramming by oocytes. Nature, 2011. 477(7366): 

p. 606-10.
9. Guo, G., et al., Resolution of  cell fate decisions revealed by single-cell gene expression analysis from zygote to blastocyst. Dev 

Cell, 2010. 18(4): p. 675-85.
10. Seisenberger, S., et al., The dynamics of  genome-wide DNA methylation reprogramming in mouse primordial germ cells. 

Mol Cell, 2012. 48(6): p. 849-62.
11. Hackett, J.A., et al., Germline DNA demethylation dynamics and imprint erasure through 5-hydroxymethylcytosine. 

Science, 2013. 339(6118): p. 448-52.
12. Kagiwada, S., et al., Replication-coupled passive DNA demethylation for the erasure of  genome imprints in mice. EMBO 

J, 2013. 32(3): p. 340-53.
13. Yamaji, M., et al., PRDM14 Ensures Naive Pluripotency through Dual Regulation of  Signaling and Epigenetic Pathways 

in Mouse Embryonic Stem Cells. Cell Stem Cell, 2013. 12(3): p. 368-82.
14. Evans, M.J. and M.H. Kaufman, Establishment in culture of  pluripotential cells from mouse embryos. Nature, 1981. 

292(5819): p. 154-6.
15. Martin, G.R., Isolation of  a pluripotent cell line from early mouse embryos cultured in medium conditioned by teratocarcinoma 

stem cells. Proc Natl Acad Sci U S A, 1981. 78(12): p. 7634-8.
16. Nichols, J. and A. Smith, Naive and primed pluripotent states. Cell Stem Cell, 2009. 4(6): p. 487-92.
17. Thomson, J.A., et al., Embryonic stem cell lines derived from human blastocysts. Science, 1998. 282(5391): p. 1145-7.
18. Brons, I.G., et al., Derivation of  pluripotent epiblast stem cells from mammalian embryos. Nature, 2007. 448(7150): p. 

191-5.
19. Tesar, P.J., et al., New cell lines from mouse epiblast share defining features with human embryonic stem cells. Nature, 

2007. 448(7150): p. 196-9.
20. Buecker, C., et al., A murine ESC-like state facilitates transgenesis and homologous recombination in human pluripotent 

stem cells. Cell Stem Cell, 2010. 6(6): p. 535-46.
21. Hanna, J., et al., Human embryonic stem cells with biological and epigenetic characteristics similar to those of  mouse ESCs. 

Proc Natl Acad Sci U S A, 2010. 107(20): p. 9222-7.
22. Wang, W., et al., Rapid and efficient reprogramming of  somatic cells to induced pluripotent stem cells by retinoic acid receptor 

gamma and liver receptor homolog 1. Proc Natl Acad Sci U S A, 2011. 108(45): p. 18283-8.
23. Chan, Y.S., et al., Induction of  a human pluripotent state with distinct regulatory circuitry that resembles preimplantation 

epiblast. Cell Stem Cell, 2013. 13(6): p. 663-75.
24. Gafni, O., et al., Derivation of  novel human ground state naive pluripotent stem cells. Nature, 2013. 504(7479): p. 

282-6.
25. Ware, C.B., et al., Derivation of  naive human embryonic stem cells. Proc Natl Acad Sci U S A, 2014. 111(12): p. 

4484-9.
26. Hochedlinger, K., Embryonic stem cells: testing the germ-cell theory. Curr Biol. 21(20): p. R850-2.
27. Zwaka, T.P. and J.A. Thomson, A germ cell origin of  embryonic stem cells? Development, 2005. 132(2): p. 227-33.
28. Brinster, R.L., The effect of  cells transferred into the mouse blastocyst on subsequent development. J Exp Med, 1974. 

140(4): p. 1049-56.
29. Matsui, Y., K. Zsebo, and B.L. Hogan, Derivation of  pluripotential embryonic stem cells from murine primordial germ 

cells in culture. Cell, 1992. 70(5): p. 841-7.
30. Tada, T., et al., Epigenotype switching of  imprintable loci in embryonic germ cells. Dev Genes Evol, 1998. 207(8): p. 



1

21

General Introduction

551-61.
31. Guan, K., et al., Pluripotency of  spermatogonial stem cells from adult mouse testis. Nature, 2006. 440(7088): p. 1199-

203.
32. Donovan, P.J. and M.P. de Miguel, Turning germ cells into stem cells. Curr Opin Genet Dev, 2003. 13(5): p. 463-

71.
33. Ko, K., et al., Induction of  pluripotency in adult unipotent germline stem cells. Cell Stem Cell, 2009. 5(1): p. 87-96.
34. Batlle-Morera, L., A. Smith, and J. Nichols, Parameters influencing derivation of  embryonic stem cells from murine 

embryos. Genesis, 2008. 46(12): p. 758-67.
35. Nichols, J. and A. Smith, The origin and identity of  embryonic stem cells. Development, 2011. 138(1): p. 3-8.
36. Saitou, M., S.C. Barton, and M.A. Surani, A molecular programme for the specification of  germ cell fate in mice. 

Nature, 2002. 418(6895): p. 293-300.
37. Hayashi, K., et al., Dynamic equilibrium and heterogeneity of  mouse pluripotent stem cells with distinct functional and 

epigenetic states. Cell Stem Cell, 2008. 3(4): p. 391-401.
38. Buehr, M., et al., Rapid loss of  Oct-4 and pluripotency in cultured rodent blastocysts and derivative cell lines. Biol 

Reprod, 2003. 68(1): p. 222-9.
39. Tang, F., et al., Tracing the derivation of  embryonic stem cells from the inner cell mass by single-cell RNA-Seq analysis. 

Cell Stem Cell, 2010. 6(5): p. 468-78.
40. Chu, L.F., et al., Blimp1 expression predicts embryonic stem cell development in vitro. Curr Biol, 2011. 21(20): p. 1759-

65.
41. Bao, S., et al., The germ cell determinant Blimp1 is not required for derivation of  pluripotent stem cells. Cell Stem Cell, 

2012. 11(1): p. 110-7.
42. Gillich, A., et al., Epiblast stem cell-based system reveals reprogramming synergy of  germline factors. Cell Stem Cell, 

2012. 10(4): p. 425-39.
43. Hajkova, P., et al., Chromatin dynamics during epigenetic reprogramming in the mouse germ line. Nature, 2008. 

452(7189): p. 877-81.
44. Ohinata, Y., et al., Blimp1 is a critical determinant of  the germ cell lineage in mice. Nature, 2005. 436(7048): p. 207-

13.
45. Yamaji, M., et al., Critical function of  Prdm14 for the establishment of  the germ cell lineage in mice. Nat Genet, 2008. 

40(8): p. 1016-22.
46. Leitch, H.G., et al., Naive pluripotency is associated with global DNA hypomethylation. Nat Struct Mol Biol, 2013. 

20(3): p. 311-6.
47. Ptak, G.E., et al., Embryonic diapause is conserved across mammals. PLoS One, 2012. 7(3): p. e33027.
48. Lopes, F.L., J.A. Desmarais, and B.D. Murphy, Embryonic diapause and its regulation. Reproduction, 2004. 

128(6): p. 669-78.
49. Nichols, J., et al., Physiological rationale for responsiveness of  mouse embryonic stem cells to gp130 cytokines. 

Development, 2001. 128(12): p. 2333-9.
50. Stewart, C.L., et al., Blastocyst implantation depends on maternal expression of  leukaemia inhibitory factor. Nature, 

1992. 359(6390): p. 76-9.
51. Brook, F.A. and R.L. Gardner, The origin and efficient derivation of  embryonic stem cells in the mouse. Proc Natl Acad 

Sci U S A, 1997. 94(11): p. 5709-12.
52. Tarin, J.J. and A. Cano, Do human concepti have the potential to enter into diapause? Hum Reprod, 1999. 14(10): p. 

2434-6.
53. Conover, J.C., et al., Ciliary neurotrophic factor maintains the pluripotentiality of  embryonic stem cells. Development, 

1993. 119(3): p. 559-65.
54. Rose, T.M., et al., Oncostatin M (OSM) inhibits the differentiation of  pluripotent embryonic stem cells in vitro. Cytokine, 

1994. 6(1): p. 48-54.
55. Takeda, K., et al., Targeted disruption of  the mouse Stat3 gene leads to early embryonic lethality. Proc Natl Acad Sci U 

S A, 1997. 94(8): p. 3801-4.
56. Okamoto, I., et al., Epigenetic dynamics of  imprinted X inactivation during early mouse development. Science, 2004. 

303(5658): p. 644-9.
57. Chazaud, C., et al., Early lineage segregation between epiblast and primitive endoderm in mouse blastocysts through the 

Grb2-MAPK pathway. Dev Cell, 2006. 10(5): p. 615-24.
58. Rossant, J., C. Chazaud, and Y. Yamanaka, Lineage allocation and asymmetries in the early mouse embryo. Philos 

Trans R Soc Lond B Biol Sci, 2003. 358(1436): p. 1341-8; discussion 1349.
59. Chambers, I., et al., Nanog safeguards pluripotency and mediates germline development. Nature, 2007. 450(7173): p. 

1230-4.



1

22

Chapter 1

60. Singh, A.M., et al., A heterogeneous expression pattern for Nanog in embryonic stem cells. Stem Cells, 2007. 25(10): p. 
2534-42.

61. Furusawa, T., et al., Gene expression profiling of  mouse embryonic stem cell subpopulations. Biol Reprod, 2006. 75(4): 
p. 555-61.

62. Toyooka, Y., et al., Identification and characterization of  subpopulations in undifferentiated ES cell culture. Development, 
2008. 135(5): p. 909-18.

63. Silva, J., et al., Promotion of  reprogramming to ground state pluripotency by signal inhibition. PLoS Biol, 2008. 6(10): 
p. e253.

64. Snow, M.H. and D. Bennett, Gastrulation in the mouse: assessment of  cell populations in the epiblast of  tw18/tw18 
embryos. J Embryol Exp Morphol, 1978. 47: p. 39-52.

65. Macfarlan, T.S., et al., Embryonic stem cell potency fluctuates with endogenous retrovirus activity. Nature, 2012. 
487(7405): p. 57-63.

66. Nichols, J., et al., Validated germline-competent embryonic stem cell lines from nonobese diabetic mice. Nat Med, 2009. 
15(7): p. 814-8.

67. Hanna, J., et al., Metastable pluripotent states in NOD-mouse-derived ESCs. Cell Stem Cell, 2009. 4(6): p. 513-24.
68. Buehr, M., et al., Capture of  authentic embryonic stem cells from rat blastocysts. Cell, 2008. 135(7): p. 1287-98.
69. Li, P., et al., Germline competent embryonic stem cells derived from rat blastocysts. Cell, 2008. 135(7): p. 1299-310.
70. Ying, Q.L., et al., The ground state of  embryonic stem cell self-renewal. Nature, 2008. 453(7194): p. 519-23.
71. ten Berge, D., et al., Embryonic stem cells require Wnt proteins to prevent differentiation to epiblast stem cells. Nat Cell 

Biol. 13(9): p. 1070-5.
72. Marks, H., et al., The transcriptional and epigenomic foundations of  ground state pluripotency. Cell, 2012. 149(3): p. 

590-604.
73. Wray, J., T. Kalkan, and A.G. Smith, The ground state of  pluripotency. Biochem Soc Trans, 2010. 38(4): p. 1027-

32.
74. Bernstein, B.E., et al., A bivalent chromatin structure marks key developmental genes in embryonic stem cells. Cell, 2006. 

125(2): p. 315-26.
75. Ficz, G., et al., FGF Signaling Inhibition in ESCs Drives Rapid Genome-wide Demethylation to the Epigenetic Ground 

State of  Pluripotency. Cell Stem Cell, 2013.
76. Grun, D., L. Kester, and A. van Oudenaarden, Validation of  noise models for single-cell transcriptomics. Nat 

Methods, 2014.
77. Silva, J., et al., Nanog is the gateway to the pluripotent ground state. Cell, 2009. 138(4): p. 722-37.
78. Miyanari, Y. and M.E. Torres-Padilla, Control of  ground-state pluripotency by allelic regulation of  Nanog. Nature, 

2012. 483(7390): p. 470-3.
79. Buganim, Y., et al., Single-cell expression analyses during cellular reprogramming reveal an early stochastic and a late 

hierarchic phase. Cell. 150(6): p. 1209-22.
80. Polo, J.M., et al., A molecular roadmap of  reprogramming somatic cells into iPS cells. Cell, 2012. 151(7): p. 1617-32.
81. Maekawa, M., et al., Direct reprogramming of  somatic cells is promoted by maternal transcription factor Glis1. Nature, 

2011. 474(7350): p. 225-9.
82. Dejosez, M., et al., Ronin is essential for embryogenesis and the pluripotency of  mouse embryonic stem cells. Cell, 2008. 

133(7): p. 1162-74.
83. Najm, F.J., et al., Isolation of  epiblast stem cells from preimplantation mouse embryos. Cell Stem Cell, 2011. 8(3): p. 

318-25.
84. O’Leary, T., et al., Tracking the progression of  the human inner cell mass during embryonic stem cell derivation. Nat 

Biotechnol, 2012. 30(3): p. 278-82.
85. De Los Angeles, A., et al., Accessing naive human pluripotency. Curr Opin Genet Dev, 2012. 22(3): p. 272-82.



1

23

General Introduction





2
Dazl limits pluripotency, differentiation and 

apoptosis in developing primordial germ cells

Hsu-Hsin Chen1*, Maaike Welling2*, Donald B. Bloch3, Javier Muñoz5, Edwin Mientjes4, 
Xinjie Chen6, Cody Tramp1, Jie Wu7, Akiko Yabuuchi8, Yu-Fen Chou1, Christa Buecker2, 

Adrian Krainer7, Rob Willemsen4, Albert Heck5 and Niels Geijsen2,9

1 Harvard Stem Cell Institute, Harvard University, Cambridge, MA, 02138, USA
2 Hubrecht Institute and University Medical Center, Uppsalalaan 8, Utrecht 3584CT, the Netherlands

3 Department of Rheumatology, Allergy and Immunology, Center for Immunology and Inflammatory Diseases, Department of Rheumatol-
ogy, Boston, MA 02114

4 Erasmus Medical Center, Dept. of Clinical Genetics, Rotterdam, the Netherlands
5 Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular Research and Utrecht Institute for Pharmaceutical 

Sciences and Netherlands Proteomics Center, Utrecht University, Utrecht, The Netherlands
6 Key Laboratory for Major Obstetric Diseases of Guangdong Province, The Third Affiliated Hospital of Guangzhou Medical College, 

Guangzhou, 510150, PR China
7 Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 11724, USA

8 Division of Pediatric Hematology/Oncology, Children’s Hospital Boston and the Dana-Farber Cancer Institute, Boston, Massachusetts 
02115 USA

9 Utrecht University, Faculty of Veterinary Medicine, Department of Companion Animals

*equal contribution

Stem Cell Reports, October 2014



2

26

Chapter 2

The scarcity of  primordial germ cells (PGCs) in the developing mammalian embryo hampers 
robust biochemical analysis of  the processes that underlie early germ cell formation. Here we 
demonstrate that DAZL, a germ cell specific RNA binding protein, is a robust PGC marker 
during in vitro germ cell development. Using Dazl-GFP reporter ESCs, we demonstrate 
that DAZL plays a central role in a large mRNA/protein interactive network that blocks 
the translation of  core pluripotency factors, including Sox2 and Sall4, as well as of  Suz12, a 
polycomb family member required for differentiation of  pluripotent cells. Thus, DAZL limits 
both pluripotency and somatic differentiation in nascent PGCs. In addition, we observed that 
DAZL associates with mRNAs of  key Caspases and similarly inhibits their translation. This 
elegant fail-safe mechanism ensures that while loss of  DAZL results in prolonged expression 
of  pluripotency factors, teratoma formation is avoided due to the concomitant activation of  the 
apoptotic cascade.

Introduction
In the mouse, germline specification begins around E6.25, when the expression of  PR domain proteins 
(PRDM1 and PRDM14) mediates the transcriptional suppression of  the somatic differentiation program 
in the nascent primordial germ cells (PGCs)1-2. Shortly after the specification period, the importance of  
post-transcriptional regulation in germ cell maintenance becomes evident. For example, in mice lacking 
Dnd1 or Nanos3, both of  which are germ cell specific RNA binding proteins, PGCs are gradually lost by 
apoptosis starting at E8.5, when PGCs start to migrate toward the future gonads3-4. Upon arrival in the 
gonad, DAZL (Deleted in azoospermia-like), a germ cell specific RNA-binding protein, is essential for 
developing PGCs5 and loss of  Dazl expression again results in apoptosis of  the post-migratory germ cells.  
The DAZ (Deleted in Azoospermia) gene family is comprised of  the germ cell specific genes Boule, Dazl 
and DAZ. The encoded proteins all contain RNA recognition motifs (RRM) in the N-terminal domains, 
which presumably interact with target RNAs, and one or multiple DAZ repeats in the C-terminal domain, 
of  which the function is still unknown. Dazl is conserved in all vertebrates and the transcripts of  Dazl 
are germ plasm components in both Xenopus6 and zebrafish7. While a germ plasm analog was never 
identified in mammalian PGCs, loss of  Dazl expression results in infertility in both sexes in mice, with 
germ cell loss during development and a final block at meiosis8-9. In the C57Bl/6 background, apoptosis 
of  Dazl knockout germ cells is observed at the early gonocyte stage 5. 

Given the importance of  DAZ family proteins in germ cells, much effort has been invested in elucidating 
the molecular mechanisms of  Dazl function. Lin and colleagues demonstrated that DAZL is a meiosis-
promoting factor in developing germ cells10. Indeed, in the absence of  DAZL, the germ cells fail to 
develop beyond the PGC stage as shown by continued expression of  pluripotency markers. These findings 
gave rise to the idea that DAZL is a “licensing factor” that is required for PGC sexual differentiation11. 
However, the mechanism by which DAZL promotes meiotic entry remains unclear.  To elucidate the 
function of  DAZL in germ cell development, several groups have identified mRNA binding partners 
in co-immunoprecipitation experiments12-14, and yeast 3-hybrid assays15. Potential mRNA targets include 
Mvh14, Scp316 and Tex19.117. In most of  these studies, DAZL was shown to function as a translational 
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enhancer. Yet, the ablation of  Tex19, Mvh or Scp3 in mice results in fertility phenotypes that are patently 
less severe and arise much later in development than the Dazl knockout phenotypes, suggesting that 
DAZL may have additional roles during the PGC stage of  mammalian gametogenesis.  

Unfortunately, exploration of  the biochemical mechanisms that underlie germ cell specification and early 
PGC formation in the mammalian embryo is hampered by the scarcity of  cells at these early embryonic 
time points. In vitro derivation of  PGCs from embryonic stem cells (ESCs) allows the generation of  
sufficient cell numbers to perform robust biochemical analysis of  protein-protein and protein-mRNA 
interactions18-21. To explore the role of  DAZL during PGC development, we have generated a Dazl-GFP 
reporter ESC line that allows the prospective isolation and biochemical analysis of  in vitro developing 
PGCs. Using this in vitro assay, as well as conformational analysis in vivo, we demonstrate that DAZL acts 
as a translational repressor to simultaneously suppress pluripotency, somatic differentiation and apoptosis 
in nascent PGCs. 

Results 

A Dazl-GFP reporter marks developing PGC-like cells in vitro and PGCs in vivo 

In order to study the function of  DAZL in the germ cell context, we generated a recombinant BAC clone 
in which GFP-V5 was placed immediately in front of  the stop codon, thus creating  a Dazl-GFP-V5 
fusion that is controlled by Dazl promoter and enhancer sequences as well as post-transcriptional 
regulatory sequences present in the untranslated regions (Figure 1A, 1B). Transgenic mice were generated 
by blastocyst transfer of  ESCs and subsequent cross-breeding of  chimeras.  Dazl-GFP transgenic mice 
are normal in gross appearance and are fertile, and the expression of  Dazl-GFP is confined to the 
germline in all developmental stages examined. During embryonic development, GFP+ cells are found in 
hallmark patterns of  male and female germ cells in the gonad (Figure 1C), while GFP expression is absent 
in the rest of  the embryo at this stage. In adult mice, Dazl-GFP is detected only in the testicular germ cells 
and in oocytes (data not shown). A previous study by Nicholas et al. describes in which GFP is expressed 
under control of  a 1.7Kb Dazl promoter region22. Unfortunately, this reporter did not recapitulate early 
Dazl expression, as Dazl-GFP expression could only be observed after E17.5. Possibly, this promotor-
based reporter lacks essential regulatory elements for the early expression of  Dazl in developing PGCs. 
Our Dazl-GFP reporter includes all 5’ and 3’ regulatory elements, reliably reports endogenous Dazl 
expression, even during early PGC development.

The derivation of  PGC-like cells in vitro, through differentiation of  ESCs, allows biochemical analyses 
of  the molecular pathways during mammalian embryonic germ cell development (reviewed in Ko et al. 
201023). To test if  the Dazl-GFP reporter is suitable for this purpose, we characterized the Dazl-GFP+ 
cells during germ cell differentiation of  ESCs. In vitro, the Dazl-GFP reporter gene is expressed at low 
levels in 5-10% of  embryonic stem cells under standard LIF/MEF conditions. Similar heterogeneous 
expression of  germ-cell and pluripotency markers in ESCs was previously reported for Stella24, Nanog25, 
Zfp4226 and Zscan4c27. Upon ESC differentiation towards PGC-like cells, Dazl-GFP expression rapidly 
wanes and at day 4 of  differentiation there are almost no GFP expressing cells present in the culture 
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to generate transgenic ES lines and chimaeric mice. The fl oxed cassette was excised in vitro by transient transfection 
of  an expression construct containing CRE-IRES-tdtomato and in vivo by mating with CMV-CRE mice (Jackson 
Lab, B6.C-Tg(CMV-cre)1Cgn/J). B) Southern blot analysis of  mouse genomic DNA.  A probe against a 500-bp 
region in the 3’ end of  intron 10 was used to detect fragments fl anked by NcoI sites in each genotype. WT, wildtype, 
Floxed, transgenic fl oxed, Tg, transgenic Dazl-GFP (CRE-excised). C) Fluorescent microscopy of  embryonic gonads 
(g) with mesonephros (m) attached from Dazl-GFP-V5 reporter mice. Dazl-GFP embryos showed germ-cell specifi c 
patterns in both male and female gonads. D) Comparison of  Stella-GFP and Dazl-GFP expression during in vitro 
differentiation. The reporter cell lines were plated in differentiation condition at Day 0, and the percentages of  GFP+ 
cells in culture was monitored by FACS analysis over 12 days. Data are represented as mean ± SEM. N=2 biological 
replicates for each cell line. E) Gene expression microarray analysis of  in vitro PGCs, in vivo PGCs and germ cells 
from juvenile testis. The expression profi les of  germ-cell signature genes in in vitro germ cells from two different 
reporter cell lines. Stella: Stella-GFP BAC reporter cell line, Dazl: Dazl-GFP reporter cell line, +/-: FACS sorted 
GFP+/GFP- cell populations. PGCs were Dazl-GFP+ cells sorted from E13.5 gonads, and testicular germ cells were 
Dazl-GFP+ cells sorted from juvenile male mice (<2 weeks old). See also Supplementary fi gure S1.
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(Figure 1D). Starting from day 4 a Dazl-GFP positive cell population re-emerges and at day 12 of  
differentiation, typically 50% of  the cells are Dazl-GFP positive and express the reporter at high levels 
(Figure 1D). When Stella-GFP reporter ESCs 24 are differentiated under the same conditions, we observed 
a similar decline of  Stella-GFP positive cells during the first two days of  ESC differentiation as seen with 
the Dazl-reporter, followed by transient emergence Stella-GFP positive cells (Figure 1D). These results 
are in line with the expression of  Stella and Dazl in the early embryo, where Stella transiently marks early 
PGCs in the proximal epiblast at E7.5-E8.5 and is downregulated upon arrival at the gonads by E11.524. In 
contrast, Dazl expression is initiated during PGC migration and continues to be expressed in developing 
germ cells up to the initiation of  meiosis. Thus, the expression of  Stella- and Dazl-reporter genes during in 
vitro differentiation recapitulates the gene expression changes observed during in vivo PGC development.

Gene expression microarray analysis showed upregulation of  germ cell specific transcripts in the in vitro 
derived PGCs from both Stella-GFP and Dazl-GFP ESCs (Figure 1E, Supplementary figure 1).  In line 
with these findings, Stella+ in vitro PGCs express markers of  early PGC specification, including Dnd1, 
Prdm1 and Nanos3. In contrast, the transcriptome of  Dazl+ PGCs is reflective of  late-stage germ cell 
development, including the expression of  Gtsf1, Maelstrom, Tdrd7, Tex19, Taf7l and Rec8, all of  which 
are absent in ESCs (Figure 1E, Supplementary figure 1). Thus, at the transcriptional level, the emerging 
Dazl+ cells are PGC-like cells. Juvenile testis was included as control for the expression levels of  germ-
cell specific genes in diploid germ cells, since at this post-natal stage meiosis has not been initiated yet. As 
shown, germ cell specific genes are expressed at comparable levels in in vitro PGC-like cells and juvenile 
germ cells (≤ 2 weeks old) (Figure 1E).

DAZL localizes in P-bodies in developing germ cells but not in ESCs

The ability to generate Dazl+ PGC-like cells in vitro provided us with a unique opportunity to generate 
sufficient material for biochemical analysis of  this otherwise rare cell population. We focused in 
these assays on day 11-13 of  in vitro differentiation since at these time points Dazl was consistently 
expressed at high level in the in vitro PGC-like cells. Aside from reporting the expression of  Dazl, the 
GFP-Dazl fusion gene allowed us to analyze the subcellular localization of  DAZL during germ cell 
differentiation in vivo and in vitro. Previous studies showed that DAZL is localized to the cytoplasm in 
porcine oocytes and in murine testis8, 28. In our transgenic system, the Dazl-GFP fusion protein was 
also cytoplasmic in adult spermatogonia, PGCs and in vitro PGCs, distributed both diffusely as well as 
in granules (Figure 2, Supplementary figure 2A). The Dazl-GFP granules appear to be heterogeneous, 
as they partially co-localizes with RNA processing body (P-body) markers EDC4 (GE-1) and DCP1a 
(Figure 2, Supplementary Figure 2A). We also monitored DAZL localization in live PGC-like cells 
generated in vitro. As shown in Supplementary figure 2B, DAZL reveals a punctate staining in live cells 
as well, demonstrating that the granular localization of  DAZL is not the result of  the fixation and/or 
immunofluorescent staining procedures.  While P-bodies are also present in ESCs, Dazl-GFP does not 
localize in granules in undifferentiated ESCs, but instead is homogeneously distributed in the cytoplasm 
(Supplementary figure 2C). DAZL granular localization is not the result of  the fusion with GFP, but 
rather, depends on the presence of  the C-terminal DAZ-domain of  the protein (Supplementary figure 
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2D and 2E). Together, our results demonstrate that DAZL dynamically co-localizes with P-body markers 
in cytoplasmic granules, specifically in PGC-like cells in vitro and PGCs in vivo. 

Protein binding partners of DAZL-granules

To further interrogate the role of  DAZL during germ cell differentiation, we identified DAZL-interacting 
proteins by affinity capture-mass spectrometry from in vitro PGCs (Figure 3A, Supplementary Figure 3). 
Dazl-GFP interacting proteins were co-immunoprecipitated using anti-V5 antibody and resolved by two-
dimensional gel electrophoresis. Immunoprecipitations using the same antibody from wild-type ESCs not 
expressing the Dazl-GFP fusion protein served as negative control. Specific DAZL-interacting proteins 
were excised from the gel and identified by mass spectrometry analysis. A list of  proteins specifically 
associating with Dazl-GFP is provided in Supplementary Table S1. Figure 3A shows the functional analysis 
of  the DAZL protein complex using STRING 9.0 (http://string-db.org/), a database of  known and 
predicted protein interactions which include direct (physical) and indirect (functional) associations29 30-32 
. As shown, the identified proteins are predominantly RNA-binding proteins. In fact, 72% of  the DAZL 
interacting proteins were recently identified as RNA binding proteins in poly-A pulldown experiments 

Figure 2: 
Subcellular localization of  
Dazl-GFP in germ cells. 
Granular localization of  Dazl-
GFP. Left panel: adult Dazl-GFP 
testis cryosection, middle panel: 
PGCs from male E12.5 embryos, 
dissociated and cytospun, right 
panel: Day 13 in vitro Dazl-
GFP+ PGCs, FACS sorted and 
cytospun. 
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from human somatic cell lines31-32, suggesting the highly germ cell specific DAZL associates may act to add 
a germ cell specific function to a more broadly expressed RNA regulatory network.  Indeed, many of  the 
DAZL-interacting proteins have been reported as components of  the IGF2BP1 RNP complex33-34.  The 
IGF2BPs (Zipcode binding proteins, ZBPs) are RNA binding proteins known to form RNP structures 
that function in translational inhibition or RNA stabilization in neurons, fibroblasts and other cell lines33, 

35. Since IGF2BPs have been shown to interact with other proteins in an RNA-dependent fashion33, 
we next analyzed whether the DAZL protein complexes are also RNA-dependent. As demonstrated 
in Figure 3B, DAZL interactions with IGF2BP1 and other known components of  the IGF2BP1 RNP 
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Figure 3: A network of  DAZL-interacting protein partners.
A) DAZL interacting proteins identified by MS were subjected for functional analysis using STRING 9.0 (http://
string-db.org/). STRING is a database of  known and predicted protein interactions which include direct (physical) 
and indirect (functional) associations; they are derived from four main sources: genomic context, high-throughput 
experiments, co-expression and previous knowledge (Snel et al. 2000). Protein links found by STRING were loaded in 
Cytoscape 2.8 (Smoot et al. 2011) as binary interactions. An organic layout was then applied to the resulting network. 
The size of  the nodes is displayed as a function of  the number of  interaction present in each node. Protein nodes were 
further functionally categorized using Panther Classification System (http://www.pantherdb.org). B) Immunoblot 
analysis of  DAZL-interacting proteins from Day 11 differentiated culture.  IgG: Normal mouse IgG control, V5+I: 
anti-V5 IP with RNase inhibitor, V5+R: anti-V5 IP with RNase A treatment. C. The Dazl-GFP cells were sorted from 
adult testes, cytospun and stained with anti-IGF2BP1 (Panel I) ,FXR1 antibodies (Panel II) or FMRP antibodies (Panel 
III) for confocal imaging. White arrows denote foci of  co-localization.
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are abolished by RNase treatment of  the sample prior to co-immunoprecipitation, suggesting that the 
proteins either complex through common RNA targets or interaction with RNA targets is required for 
the proteins to adopt a specific conformation required for protein-protein interaction.

In addition to components of  the IGF2BP1 RNPs, we also identified Fragile-X Mental Retardation 
Protein (FMRP) and two of  its related proteins, Fragile X Related 1 and 2 (FXR1 and FXR2), in the co-IP 
complex. Interestingly, FMRP has been shown to interact directly with IGF2BP1 36, and has an established 
role in RNA transport and translational inhibition in neuronal dendrites. Using immunofluorescence 
microscopy, we further analyzed the subcellular localization of  these proteins in vivo and as shown in 
Figure 3C, Dazl-GFP co-localizes with IGF2BP1, FXR1 and FMRP in cytoplasmic granules in adult 
testicular germ cells. The co-IP of  in vitro PGC-like cells and cell-imaging results of  germ cells in vivo 
together indicate that DAZL locates to RNA-protein granules together with known inhibitors of  mRNA 
translation.

Identification of DAZL-interacting mRNAs in PGCs

Thus far, several labs have suggested DAZL functions as an enhancer of  mRNA translation in the 
germline14, 16, 37-38. We were therefore surprised to find DAZL interaction with RNP structures that are 
known to regulate translational inhibition. To uncover the molecular pathways downstream of  DAZL in 
the PGCs and a possible role for DAZL in stabilizing specific mRNAs in the germline, we first analyzed 
changes in global transcription upon Dazl knockdown. For this, we utilized Oct4-GFP reporter ESC 
lines, since the Dazl-shRNAs would also affect the expression of  our Dazl-GFP reporter. Oct4-GFP 
ESCs were infected with shRNA lentiviruses targeting Dazl. In the in vitro PGCs, we observed >95% 
knockdown of  Dazl mRNA with two different short hairpin RNAs. Global gene expression analysis 
of  the Dazl knockdown revealed very limited changes in the transcriptome in in vitro PGC-like cells 
(Supplementary Figure 4). Only one mRNA, Asb9, was found to be significantly affected by Dazl 
knockdown (Supplementary Figure 4), yet further analysis described below revealed that this gene is 
not directly downstream of  DAZL and therefore likely a secondary consequence of  the loss of  Dazl 
expression. These results demonstrate that loss of  DAZL does not profoundly affect the stability of  
specific RNAs in in vitro developing PGC-like cells. 

Next we identified the specific mRNA targets of  DAZL in the developing PGC-like cells. Using standard 
RNA-IP protocols as described in the methods, we isolated RNAs associated with Dazl-GFP-V5 from 
in vitro PGCs and identified them using gene expression microarrays. For comparison, we also analyzed 
the RNA transcripts co-immunoprecipitated with Dazl-GFP-V5 from juvenile testis (postpartum day 
14), which contain mostly diploid germ cells at this stage. The DAZL-interacting mRNA candidates 
were filtered based on folds of  enrichment in IP compared to input and mock IP (IgG or anti-PABP1) 
and on the basal expression levels in the input cell lysates, using cutoffs at 3-fold in native condition IPs 
and 4-fold in UV-crosslinked IPs and Signal/Noise>10. Importantly, Asb9 transcript, the sole gene of  
which the expression was altered upon loss of  Dazl expression, was not enriched in any of  the DAZL 
co-precipitants, indicating that Asb9 is not a direct mRNA target of  DAZL and that the effect of  DAZL 
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on Asb9 expression is therefore indirect. We used both native IP conditions and UV-crosslinking to 
exclude the possibility of  experimental artefact that can occur with either method alone. Under native 
conditions the wash conditions are less stringent which can result in false positives. UV-crosslinking prior 
to the immunoprecipitation allows stringent wash conditions with strong detergents, but can yield false 
positives due to the UV-crosslinking process itself. Juvenile testes were included as a control for DAZL-
mRNA targets in vivo. We therefore identified mRNA targets that were specifically enriched in both the 
UV-crosslinking experiments as well as native IP conditions in two independent experiments in vitro 
PGC-like cells, and narrowed down potential DAZL target RNA transcripts to 453 genes. Gene Ontology 
analysis of  the targets revealed over-representation of  genes involved in RNA processing, RNA splicing, 
protein degradation and transcriptional regulation (Supplementary Table S2). 120 of  these genes were 
also identified in RNA-IPs from Dazl-GFP juvenile testes. We conducted in silico searches for sequence 
motifs in the RNAs co-precipitated with Dazl-GFP. The only motif  identified with significant enrichment 
is the 8mer UUUGUUUU located in 3’UTRs of  the Dazl-associated transcripts (p=3.55E-15). As this 

Figure 4: DAZL regulates 
pluripotency genes by 
translational inhibition. 
A) Identification of  DAZL-
interacting mRNAs. Microarray 
analysis of  two independent 
native RNA-IP experiments 
from in vitro PGCs are shown. 
Input:  total RNA in lysate, 
IgG: mock IP with normal 
mouse IgG, α-GFP: RNA-IP 
with rabbit-anti-GFP, α 
-V5: RNA-IP with mouse-
anti-V5. All genes shown are 
expressed at signal/noise >20 
in input RNA control. B) 
Expression of  pluripotency 
genes in the absence of  DAZL. 
Immunofluorescence staining 
of  SOX2, SUZ12, SALL4 and 
Ki67 on cryosections of  E16.5 
embryonic testes from Dazl-
/- and Dazl+/- littermates are 
shown.
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sequence motif  is consistent with those identified in previous reports, we considered target genes 
containing this motif  with higher priority.  

DAZL directly suppresses specific pluripotency gene expression

Among the mRNA targets of  DAZL identified by RNA-IP, we noticed a panel of  genes known to be 
important for the maintenance of  pluripotency in embryonic stem cells. These include Sox2, Sall4, Suz12, 
Zfp42 and Zic3 (Figure 4A), all of  which contain the archetype Dazl-binding motif  in their 3’UTRs 
of  both mouse and human transcripts (Supplementary Table S3). To further explore the functional 
role of  the DAZL interaction with these mRNA targets, we analyzed the expression of  these genes by 

Figure 5: DAZL associates with transcripts of  pro-apoptotic genes. 
A) Left panel: RIP-microarray experiment from UV-crosslinked in vitro PGC culture. Input RNA and PABP 
RNA-IP were used as negative controls. Middle panel: RIP-microarray experiment from in vitro PGC culture without 
crosslinking. Antibodies against GFP and V5 were used to immuniprecipitate DAZL, and input RNA and normal 
mouse IgG were used as negative controls. Right panel: RIP-microarray experiment from juvenile (P14) Dazl-GFP 
testis lysate without crosslinking. Results for Pou5f1 are also shown for comparison. N=2 for each IP. B) Schematic 
analysis of  putative DAZL-binding sites in transcripts of  Caspase family members. C) Immunohistochemistry 
analysis of  CASPASE7 expression (green) in embryonic gonads of  E13.5 mice. Left panel: Dazl-/- mice, Right panel: 
heterozygous littermates. LIN28 staining (red) was used to identify developing PGCs. Arrows show areas with both 
LIN28 and CASPASE7 staining.
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immunofluorescence in E16.5 embryonic testes of  Dazl-/- mice 5, 8 and heterozygous littermates. In 
the Dazl knockout gonads, SOX2, SALL4 and SUZ12 proteins are aberrantly expressed in the residual 
germ cells, whereas these proteins are undetectable in germ cells from Dazl+/- littermates (Figure 4B,). 
In contrast, OCT4, another key pluripotency gene, but not a DAZL mRNA target, was detected in all 
germ cells in Dazl-/- embryonic testes wile OCT4 expression was heterogeneous in Dazl+/- germ cells, 
suggesting the effect of  DAZL on OCT4 expression, if  any, is likely to be indirect (Figure 4B). Indeed, 
SOX2 has been shown to associate with the Oct4 promoter and regulate Oct4 expression39. The expression 
of  these pluripotency genes was also quantified by counting the number of  positive cells in equal numbers 
of  sections of  Dazl-/- and Dazl +/- gonads as shown in Supplementary figure 5A .

We further explored SOX2 protein expression at an earlier developmental stage in E12.5 male gonads. 
Using confocal microscopy we quantified SOX2 protein in Dazl-/- PGCs and heterozygous controls, by 
normalizing the SOX2 signal to that of  LIN28A in the same cells. We observed a 2-fold increase in the 
normalized SOX2 protein levels in the Dazl-/- PGCs compared to wild-type/heterozygotes, whereas at 
the RNA level, Sox2 transcript was upregulated 1.2-fold (Supplementary figure 5B). This indicates that 
already at E12.5, DAZL exerts its role, predominantly as a translational inhibitor of  SOX2. 

DAZL suppresses apoptosis in developing PGCs

We also observed that the Dazl-/- germ cells in embryonic testes failed to enter mitotic arrest, as 
previously reported (Figure 4B, bottom panel, Supplementary figure 5A)11. This, however, does not 
result in an increased number of  germ cells; quite to the contrary, the majority of  seminiferous tubules 
in Dazl-/- embryonic testes were empty, since in the absence of  Dazl expression, germ cells are lost 
to apoptosis beginning at E14.55. Interestingly, in addition to mRNAs related to pluripotency, we 
observed that DAZL-IP also enriched for mRNAs of  pro-apoptotic genes. Caspase 2, 7 and 9 specifically 
co-immunoprecipitated with DAZL from in vitro PGC cultures and testicular lysates while Caspase 4 
and 6, which are also expressed in embryonic gonads, did not (Figure 5A). Analysis of  the 3’UTRs 
of  these Caspases revealed that Caspase 2, 7 and 9 mRNAs indeed contain archetypical DAZL binding 
sites, whereas DAZL binding sites are rare or absent in other members of  the Caspase family (Figure 
5B). The interaction between DAZL and Caspase mRNAs suggests that DAZL may directly regulate 
apoptosis in PGCs by suppressing the translation of  Caspase RNAs. Caspase 7 is particularly intriguing, 
since this is a pivotal caspase in the execution stage of  apoptosis. To explore the functional role of  DAZL 
in regulating Caspase expression, we performed immunohistochemistry on E13.5 embryonic gonads 
of  Dazl-/- mice and control heterozygous littermates. As shown in Figure 5C, CASPASE7 protein is 
abundantly expressed in PGCs of  Dazl-/- gonads and it co-localizes with LIN28 positive germ cell 
clusters. In contrast, CASPASE7 was found only sporadically in control gonads but it is absent from 
cells expressing the PGC marker LIN28 (Figure 5C). Together, these data demonstrate that CASPASE7 
is a specific mRNA target of  DAZL and loss of  DAZL expression releases CASPASE7 translational 
inhibition, thereby allowing PGCs to enter apoptosis. 
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Discussion
In this study we utilized in vitro generation of  PGC-like cells from ESCs and identifi ed a network of  
DAZL interacting proteins and mRNAs that plays a central role in controlling pluripotency, differentiation 
and apoptosis. We demonstrate that the in vitro PGC-like cells recapitulate many aspects of  in vivo PGC 
development, including the developmental timing of  germ cell marker expression (Stella vs. GFP). In 
vitro PGC-like cells are clearly distinct from the ESCs in terms of  their gene expression profi le as well 
as the subcellular localization of  DAZL, which is homogeneously distributed in the cytoplasm in ESCs, 
but localized to P-bodies in nascent PGCs, both in vitro and in vivo. Nonetheless, the in vitro generated 
PGCs exist outside the context of  the embryonic gonad and as such lack control by the stromal 
microenvironment, which may limit their in in vitro development to stages beyond the PGC-state. The 

lack of  stromal control may also account for the fact that the in vitro PGC-like cells are developmentally 
more heterogeneous than their in vivo counterparts. We therefore call these cells PGC-like, to refl ect this 
important difference with in vivo PGCs. Nonetheless, the in vitro generation of  large numbers of  PGC-
like cells from ESCs provides an important tool to perform robust biochemical analysis on this otherwise 
inaccessible cell population. 

Silencing of key pluripotency factors

Contrary to previous reports, DAZL was found to target mRNAs for translational inhibition in embryonic 
gonads. Furthermore, the identities of  proteins co-immunopurifi ed with DAZL also indicated that DAZL 
has a more complex role in regulating its downstream mRNAs than as a recruiter for poly-A binding 
proteins as previously believed.

The transition of  PGCs into germ cells that is followed by sexual differentiation to the gametes (around 
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Figure 6: Schematic representation of  DAZL regulation of  pluripotency, somatic differentiation and 
apoptosis. 
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E13.5) marks a key developmental milestone in germ cell development. We demonstrated that at this 
transition, DAZL is required for the down-regulation of  pluripotency genes Sox2, Sall4 and Suz12, the 
transcripts which physically interact with DAZL. Our data reveals that in nascent PGCs, Dazl acts as a 
translational inhibitor. Sox2 and Sall4 are part of  the core pluripotency transcriptional network required 
for embryonic stem cell self  renewal40 and therefore their inhibition would put PGCs at risk of  somatic 
differentiation. Interestingly, Suz12, a core component of  the polycomb repressor complex 2, is a DAZL 
target as well. Suz12 has been shown to be essential for ESC differentiation. In the absence of  the 
polycomb repressor complex, ESCs are stuck in a perpetual state of  pluripotency41-42. Thus, DAZL-
mediated silencing of  both pluripotency factors and the polycomb complex, allows PGCs to reduce the 
risk of  teratoma formation by inhibition of  the pluripotent program whilst simultaneously preventing 
somatic differentiation. 

Silencing of pro-apoptotic factors

PGCs that fail to develop into oocytes and spermatogonia are the cause of  germ cell tumors such as 
testicular teratomas in the adult animal. The requirement of  DAZL in limiting pluripotency in PGCs 
implicates that the absence of  DAZL may lead to an increase in teratoma incidences in mice. This is, 
however, not observed in the Dazl-/- mice in either C57Bl6 or mixed background. The lack of  germ cell 
tumors in the C57Bl6 Dazl-/- mice is likely due to the drastic reduction in germ cell numbers starting at 
embryonic stages. Lin and Page  showed that the loss of  PGCs in the Dazl-/- embryo is due to increased 
apoptosis, indicating a role of  DAZL in repressing programmed cell death in PGCs5. Our finding that 
DAZL regulates the expression of  key Caspases reveals an elegant fail-safe mechanism that prevents stray 
PGCs from forming teratomas by sensitizing them to apoptotic cell death. While Caspase expression 
is required for cells to enter apoptosis, it is in itself  not sufficient, as the inactive Caspase needs to 
be triggered by the apoptotic cascade to become active. We hypothesize that a ubiquitous pro-apototic 
signal may be presented to PGCs around E12.5/E13.5, but that this signal is only effective in cells in 
which translation of  the pro-apoptotic proteins is released, providing a powerful selective mechanism to 
eliminate aberrant PGCs.

Conclusions 
Based on these observations, we propose a model as shown in Figure 6, in which DAZL recruits and traps 
mRNAs encoding specific pluripotency factors to cytoplasmic granules for translational suppression. 
Inhibition of  SOX2 and SALL4 translation affect the pluripotency network directly, whereas translational 
inhibition of  SUZ12 has a dual effect and suppresses somatic differentiation as well. In addition to its 
role as a suppressor of  pluripotency and differentiation, DAZL is also a gatekeeper of  apoptosis in PGCs. 
This incorporates an elegant fail-safe mechanism into the PGC system, in which the loss of  pluripotency 
regulation simultaneously triggers germ cell death and prevents germ cell tumor formation.     
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Experimental Procedures

Cell Culture and In vitro PGC differentiation

Mouse ES cells were derived and maintained in standard ES+Lif  medium on g-irradiated feeder MEFs. 
For in vitro PGC differentiation, mouse ES cells were grown to confluency, trypsinized, resuspended in 
Differentiation Medium: Modified IMDM (Invitrogen 12440-053) containing 15 %  heat inactivated fetal 
bovine serum (Invitrogen), 2 mM L-Glutamate (Invitrogen), 1X penicillin/streptomycin (Invitrogen), 1X 
non-essential amino acids (Invitrogen), 1mM sodium pyruvate (Invitrogen), 0.2 mg/ml holo-Transferrin 
(Sigma T1283), 0.1 mM 1-thioglycerol, 25 mg/ml ascorbic acid (Sigma A4403), 2.5 mg/ml plasmocin 
(InVivogen) and plated on 100mm dishes (Greiner Bio-One). The feeder MEFs were depleted by 
incubation on tissue culture plastic. The ES cells were then seeded onto gelatin coated tissue culture 
plates at 2X105 cells/cm2. Media was refreshed 2 days after seeding (D2) and then every day afterwards. 
The cells were harvest by digestion with trypsin (0.25%, Invitrogen) and collagenase IV (0.25 mg/ml, 
Invitrogen). In both Stella-GFP and Dazl-GFP lines, GFP+ cells are visible in culture at D5. In Dazl-
GFP lines, GFP+ cells can been seen as clusters on the ridges in the differentiation culture, which at this 
point is multi-layer and highly heterogeneous. 

Generation of Dazl-GFP ES cell lines and transgenic mouse

Construction of  the targeting vector is described in Supplementary Experimental Procedures. The Dazl-
GFP/Puro/Zeo BAC was linearized by PmeI digestion, purified by phenol/chloroform extraction and 
electroporated into V6.5 mouse ES cells. The ES cells were selected in 2mg/ml puromycin, and the 
resulting colonies were screened by Southern blotting. New Dazl-GFP ESC lines were also generated 
from transgenic blastocysts on 129/Bl6 mixed background using standard methods. The confirmed 
floxed clone prior to CRE excision was used to generate chimaeric mice by blastocyst injection. The 
transgenic mice used in this study were on a mixed 129/Bl6 background. All animal experiments were 
approved by the IACUC committee and conform to regulatory standards.

QPCR gene expression analysis

Total RNA was extracted with Trizol reagent (Invitrogen) and treated with DNA-free kit (Ambion) and 
first strand cDNA was synthesized with SuperScript III reverse transcriptase using random primers 
(Invitrogen). Q-PCR was performed using SYBR Green master mix in a StepOne Plus cycler (Applied 
Biosciences).  The primer sequences are listed in Supplementary Experimental Procedures. 

Microarray analysis

For genome-wide expression analysis, total RNA was extracted using Trizol reagent (Invitrogen) and 
labeled and hybridized to Agilent Whole Mouse Genome Oligo 4X44K Microarrays (one-color platform) 
according to the manufacturer’s protocols. The gene expression results were analyzed using GeneSifter 
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microarray analysis software, the DAVID bioinformatics tools and MATLAB programs developed in 
house.

Fluorescence Activated Cell Sorting 

ESCs, in vitro PGC-like cells and in vivo PGCs from dissected gonads were sorted in fractions with GFP-
positive and GFP-negative cells using a Beckton-Dickinson FACS Diva cell sorter or analyzed on a 
Becton-Dickinson FACS Calibur cell analyzer.

Immunofluorescence microscopy

Murine gonads and testes were fixed in 4% paraformaldehyde (PFA), soaked in sucrose steps, embedded 
and cryosectioned at 8-10 mm. Cells in suspension were cytospun onto Superfrost plus slides and fixed in 
4% PFA. Tissue sections were treated with citrate buffer for antigen retrieval. The fixed cells and tissues 
were permeabilized in 0.1% Triton X 100/PBS, blocked in 1% BSA in 0.5% Triton X 100 in PBS for 
30 min at RT. The cells/tissue were then incubated in primary antibodies for 16 hrs at 4C, washed and 
incubated with secondary antibodies for 30 min at RT, washed and mounted in Vectashield with 1ng/
ml DAPI. Cells and tissues were imaged with the NIKON A1 confocal system. Fluorescence signals 
were quantitated using ImageJ tools, and statistical analyses were computed in GraphPad. The antibody 
sources are listed in Supplementary Experimental Procedures.

Immunoprecipitation of protein-RNA complexes

Two methods were used to co-immunoprecipitate RNA species interacting with Dazl-GFP-V5. For 
the UV-crosslinking method, 10 cm plates of  2D-differentiated cultures were washed twice in ice cold 
phosphate buffered saline (PBS) and UV irradiated twice at 400 mJ/cm2 (Stratalinker 1500). Cells were 
lysed in 750 ml Lysis Buffer (150 mM NaCl, 50 mM Tris pH 7.5, 0.5% Igepal) supplemented with 2 mM 
vanadyl ribonucleotide complex (NEB), 100 U/ml RNaseOUT (Invitrogen), 1 mM PMSF, 1 mg/ml 
pepstatin, 5 mg/ml leupeptin and 1 mM DTT. Cell lysates were cleared by centrifugation and 3mg of  total 
protein lysates were precleared and then incubated with Dynabeads protein A (Invitrogen) with anti-V5 
antibody (Invitrogen), anti-GFP (Abcam ab6556), anti-PABP1(Abcam ab21060) or normal mouse IgG at 
4C for 2-3 hrs with rocking. The beads were then washed 3 times in PXL buffer (1X PBS, 0.1% sodium 
dodecyl sulfate, 0.5% Igepal, 0.5% sodium deoxycholate) with all supplements, 2 times in high salt PXL 
buffer (0.5M NaCl) and 1 time in Wash Buffer (150 mM NaCl, 50 mM Tris pH 7.5, 0.05% Igepal) with 
supplements, resuspended in 100 ml Wash Buffer with supplements and treated with proteinase K (20 
mg per reaction, Invitrogen) at 37C for 20 min. The coprecipitated RNA was isolated using the Trizol 
reagent (Invitrogen) following the manufacturer’s protocols. For the non-crosslinking method, the cells 
were lysed in buffer containing 150 mM NaCl, 50 mM Tris pH 7.5, 5 mM MgCl2, 0.5% Igepal with all 
supplements listed above. Immunoprecipitation was similarly performed, and the beads were washed 5 
times in Wash Buffer with all supplements, 1mM DTT and all supplements. The RNA was extracted from 
the beads using Trizol reagent (Invitrogen).



Motif identification from RNA-IP data 

DRIM43 was used to discover motif  in 3”UTR sequences from RefSeq database. The fold change of  
each gene was used for ranking and background 3’UTR sequences were randomly selected from RefSeq 
entries, with a ranking score 0. For parameters, “-rank” and “-RNA” were specified. As a control, we also 
randomized the ranking scores in the list (including both foreground and background sequences) and 
recomputed the motif. Motifs in individual mRNAs were scored and identified using SFmap44.

ShRNA knockdown

Target sequences for shRNA knockdown were selected using the pSicoOligomaker program (Dr. A. 
Ventura) and cloned into pLentiLox3.7 with a GFP marker or with a tdTomato marker (a gift from Dr. L. 
Daheron). The target sequences are listed in Supplementary Experimental Procedures. 

Affinity capture protein mass spectrometry

Dazl-GFP and associated proteins were immunoprecipitated with anti-V5 antibody (Invitrogen) as 
described above from day 12 differentiated cells. Parental V6.5 cells in matched conditions were used as 
negative control. The immunoprecipitants were resolved by two-dimensional gel electrophoresis following 
the manufacturer’s protocols (ZOOM pH 3-10 nonlinear strips, NuPAGE 4-12% Bis-Tris ZOOM gel, 
Invitrogen) and the immunoprecipitated proteins were visualized by SyproRuby (Sigma) staining. Protein 
spots specific to Dazl-GFP cell lines were excised and identified by micro-capillary LC/MS/MS analysis 
(Taplin Biological Mass Spectrometry Facility, Harvard Medical School). Immunoprecipitants or 25 
ug of  whole cell lysates were used per sample in immunoblotting. The antibody sources are listed in 
Supplementary Experimental Procedures.

Accession numbers
All RNA-IP microarray data have been deposited at the NCBI Gene Expression Omnibus (GEO) under 
accession number GSE39547. 
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Dazl in vivo

Supplementary Figure S1: Gene expression microarray analysis of  in vitro PGCs, in vivo PGCs and germ cells 
from juvenile and adult testis. 
The expression profiles of  germ-cell signature genes in in vitro germ cells from two different reporter cell lines in 
individual experiments. Stella: Stella-GFP BAC reporter cell line, Dazl: Dazl-GFP reporter cell line, +/-: FACS sorted 
GFP+/GFP- cell populations. PGCs were Dazl-GFP+ cells sorted from E13.5 gonads, and testicular germ cells were 
Dazl-GFP+ cells sorted from juvenile male mice (<2 weeks old).
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Supplementary Figure S2: Cell type specifi c granular localization of  Dazl-GFP. 
A) Dazl-GFP+ cells were FACS sorted from adult testis and from Day 13 differentiated culture. The cells were cytospun, 
stained with processing body marker DCP1a and visualized by confocal microscopy. B) Live confocal imaging of  in 
vitro PGCs. Arrows indicate the presence of  granules C) Dazl-GFP ESCs grown in 2i conditions were PFA-fi xed and 
stained with processing body marker DCP1a. D. Schematic representation of  the Dazl deletion mutants. E) Subcellular 
localization of  Dazl domains. Full-length and truncated forms of  Dazl-mCherry fusion constructs, as illustrated, were 
introduced into Dazl-GFP ES cells by lentivirus. GFP+mCherry+ cells were FACS sorted from differentiated cultures, 
cytospun and imaged by confocal microscopy. Arrows indicate the presence of  granules.
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Supplementary Figure S3: DAZL-interacting proteins in germ cells. 
Identification of  DAZL-interacting proteins germ cells.  Protein complexes immunopurified from Day 11 Dazl-GFP 
differentiated cultures were resolved with 2-dimensional gel electrophoresis and visualized with SyproRuby staining 
(shown in green). Immunoprecipitants from differentiated V6.5 ES cells were used as negative control (shown in red). 
The dotted boxed regions from both experiment and control were analyzed by microcapillary LC/MS/MS. The gene 
names in red were confirmed by co-IP-western blotting or immunofluorescence studies. The gene names underlined 
are known components of  IGF2BP1 RNPs. Gene names with asterisk are known to interact with Fmrp. H, IgG 
heavy chain, L, IgG light chain, A, actin (pI=5.3, MW=42), T, tropomyosin (pI=4.7, MW=33), M, myosin light chain 
(pI=4.9, MW=21).

Supplementary Figure S4: Global transcriptional profile of  Dazl-knockdown germ cells. 
Scatter plot of  expression microarray data from in vitro Oct4-GFP+ PGCs expressing shRNAs against Dazl and 
tdTomato. Control was transduced with empty tdTomato vector. D9, Day 9 in differentiation, D12, Day 12 in 
differentiation.  
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Gene Genotype # germ cells (DAPI) # positive staining % positive 
SOX2 +/- 49 0 0% 

 -/- 55 53 96% 
SALL4 +/- 41 0 0% 

 -/- 37 33 89% 
SUZ12 +/- 54 0 0% 

 -/- 25 23 92% 
OCT4 +/- 36 27 75% 

 -/- 25 23 92% 
 

Genes Genotype # LIN28+ cells LIN28+ and Ki67+ % LIN28+/Ki67+ 
LIN28/Ki67 +/- 35 0 0 

 -/- 15 12 80 
 

A.

B.

10 µm

A

B

Supplemental Figure S5: DAZL regulates SOX2 via post-transcriptional mechanisms. 
A) Upper panel: Quantification of  pluripotency gene expression in germ cells in cryosections of  E16.5 embryonic 
testes from Dazl-/- and Dazl+/- littermates. Lower panel: Quantification of  the number of  proliferating (Ki67+) 
germ cells in cryosections of  E16.5 embryonic testes from Dazl-/- and Dazl+/- littermates. Three embryos per 
genotype and two sections per embryo were used for quantitative analyses. B) Cryosections of  E12.5 male gonads 
from Dazl KO and WT/Het littermates were co-stained with SOX2 and LIN28 as a germ cell marker. The relative 
intensities of  SOX2/LIN28 quantified with the ImageJ software are shown in scatter plot with mean+/-SEM. Sox2 
mRNA levels in E12.5 gonads from Dazl+/+, Dazl+/- and DazI-/- embryos were quantitated by Q-PCR, normalized 
to Mvh expression. Three embryos per genotype and two sections per embryo were used for quantitative analyses.
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Embryonic stem cell (ESC) cultures display a heterogeneous gene expression profile, ranging 
from a pristine naïve pluripotent state to a primed epiblast state. While it is known that the 
addition of  inhibitors of  GSK3β and MEK (so-called 2i conditions) push ESC cultures towards a 
more homogeneous naïve pluripotent state, the molecular underpinnings of  this naïve transition 
are not completely understood.  Here we demonstrate that Dazl, a RNA-binding protein 
known to play a key role in germ cell development, marks a subpopulation of  ESCs that is 
actively transitioning toward naïve pluripotency. Moreover, Dazl plays an essential role in the 
active reprogramming of  cytosine methylation. In the absence of  Dazl expression, ESCs fail 
to induce proper expression of  Tet enzymes required for hydroxylation of  5-methylcytosine. As 
a result, when Dazl-knockout ESCs are cultured in 2i conditions, active 5-hydroxymethylation 
is impaired and cytosine demethylation occurs solely through passive mechanisms.  Dazl is 
known to stabilize associated mRNAs and enhance their translation. We demonstrate that Tet1 
and Tet2 are mRNA targets of  Dazl, indicating that Dazl regulates cytosine methylation by 
regulating Tet RNA translation. Our results provide insight in the regulation of  the acquisition 
of  naïve pluripotency and demonstrate that Dazl is required for active TET-mediated cytosine 
hydroxymethylation in ESCs that are actively reprogramming to a pluripotent ground state. 

Introduction
Embryonic stem cells (ESCs) are derived from the inner cell mass (ICM) of  pre-implantation blastocyst 
embryos 1. ESCs possess broad developmental potential and are able to generate every cell type in the 
developing embryo. While both cells in the blastocyst ICM as well as in ESCs at the single cell level display 
a heterogeneous gene expression profile, in serum cultured ESCs heterogeneity takes more extreme 
forms and stretches well outside the developmental boundaries of  the blastocyst embryo 2-3. For example, 
Stella, a marker of  early germ cell development which, in vivo, is typically expressed no sooner than post-
implantation stage E7.0 in the murine embryo. Yet 30% of  ESCs express this germ cell marker. In fact, 
the expression of  genes typically associated with germ cell development is a hallmark property of  murine 
embryonic stem cells and sets them apart from other pluripotent stem cell types such as the Epiblast Stem 
Cells (EpiSCs) derived from post-implantation epiblast embryos 4-5. To date, the significance of  this germ 
cell profile for ESC biology remains elusive.

 A so-called “2i inhibitor cocktail,” consisting of  a MEK and GSK3β inhibitor, has been shown to facilitate 
ESC derivation and maintenance 6. 2i culture conditions enhance ESC homogeneity by suppressing 
lineage differentiation gene expression 7, and induce genome-wide DNA demethylation in murine ESCs 
8-10. Consequently, ESCs in 2i conditions are epigenetically and transcriptionally more similar to naïve cells 
in the blastocyst inner cell mass (ICM) from which these cells are derived. 

We explored the molecular changes that accompany the transition to this naïve pluripotent state. To this 
end, we used several ESC lines expressing fluorescent reporter genes for naïve pluripotency, including 
Nanog, Stella and Dazl. We demonstrate that Dazl, an RNA-binding protein and a marker for late PGC 
development, is expressed in 5-10% of  serum-cultured ESCs, and induced to approximately 80% upon 
prolonged 2i culture. We explored the significance of  Dazl in ESC biology and observe that in addition to 
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its expression in developing PGCs and ESC cultures, Dazl is also expressed in vivo in a subpopulation of  
cells in the blastocyst ICM indicating that Dazl may have a biologically relevant function in ESCs. Under 
serum culture conditions, Dazl-positive ESCs exhibit a gene expression pattern that is more similar to 
that of  2i cultured ESCs and clearly distinct from Dazl-negative ESCs. In addition, Dazl-positive cells 
in serum express high levels of  5-hydroxymethylation, whereas 5-hydroxymethylation is low in Dazl 
negative ESCs. 5-hydroxymethylation results from the hydroxylation of  methylated cytosine residues by 
Tet1 or Tet2 enzymes, and is an important step in the opening of  heterochromatic regions 11. As a result, 
Dazl-positive ESCs transition to a naïve pluripotent state faster upon culture in 2i conditions than their 
Dazl-negative counterparts, as witnessed by their global DNA methylation status. Finally, we observed 
that Dazl is an essential component of  this active Tet-mediated methylation reprogramming, since in 
the absence of  Dazl expression, the induction of  Tet hydroxylases is impaired. Instead, Dazl knockout 
ESCs undergo passive demethylation by abrogating the expression of  DNA methyltransferase enzymes 
(DNMTs). Although in Dazl knockout ESCs DNA methylation is ultimately lost, Dazl-null ESCs fail to 
upregulate several key markers of  naïve pluripotency, including Nanog. Additionally, we found that Tet1 
and Tet2 mRNA molecules are complexed with Dazl protein in mESCs. Since Dazl has been reported to 
function as a translational enhancer during germ cell development, it likely has a similar role for Tet genes 
during mESC transition to a naïve pluripotent state 12-13.

Our findings shed important light on the mechanism by which ES cells transition to a naïve pluripotent 
state, and demonstrate that the global cytosine demethylation characteristic for naïve pluripotent stem cells 
can proceed via two different routes; Dazl-mediated active 5-hydroxylation and passive demethylation by 
downregulation of  DNA methyltransferases. 

Results 

Dazl is heterogeneously expressed in mESCs and induced by 2i culture conditions

During the culture of  Dazl-GFP reporter ESC lines derived from Dazl-GFP transgenic mice14 we 
noticed that in serum culture conditions, a small subpopulation of  ESCs express the Dazl-GFP reporter 
transgene (Figure 1A). Dazl was previously shown to be expressed at the start of  PGC migration toward 
the future gonads and Dazl RNA expression has been used as a specific marker of  naïve pluripotent stem 
cells in murine ESCs2, 4-5, 15. However, to-date its role in ESC biology remains unknown. The Dazl-GFP 
transgene is heterogeneously expressed in 5-8% of  mESCs in LIF/MEF/serum and N2B27/LIF culture 
conditions (Figure 1A, 1B). Upon FACS separation of  Dazl-GFP-positive from the Dazl-GFP-negative 
cells, the sorted cells re-establish the original equilibrium within a few days. A similar heterogeneous 
equilibrium has been reported for other ESC genes such as Stella, Nanog and Rex1 (Supplementary 
Figure S1A)2-3, 16. The heterogeneous gene expression of  ESCs is thought to result opposing effects of  the 
LIF signaling pathway, which simultaneously promote ESC self-renewal through activation of  Jak-Stat3 
signaling as well as early lineage differentiation through activation of  the MEK-ERK signaling pathway. 
Addition of  an inhibitor of  MEK-ERK signaling and a GSK3β inhibitor to the ESC culture media, 
so-called 2i conditions, promotes a more homogeneous state of  ESC self-renewal17-19. 
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We analyzed the effect of  2i addition to the culture media on our Dazl-GFP reporter cells as well as on 
Nanog-GFP and Stella-GFP reporter ESCs20-21. As reported previously, Nanog is expressed in 80-90% of  
ESCs in serum culture conditions16 and while 2i induction does not profoundly change the total percentage 
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Figure 1: Dazl is upregulated in 2i culture conditions. 
A) FACS analysis showing Dazl-GFP expression in serum or N2B27 cultured ESCs in LIF (upper panel) and 10 days 
in 2i + LIF (lower panel). B) Expression profiles of  germ cell reporter ESCs Dazl-GFP, Nanog-GFP and Stella-GFP 
at day 0, 3 and 10 after 2i induction analyzed by fluorescent microscopy. C) mESCs were profiled for mRNA (RNA) 
and protein (PRO) expression at day 3 and 12 after addition of  2i inhibitors to the culture media. We focused on 
those genes that demonstrated a minimum twofold change in protein levels at one of  the time points (day 3 and/or 
day 12). mRNA and protein expression profiles were clustered based on the expression pattern of  the genes and their 
corresponding proteins. D) Gene members of  each cluster were analyzed with the X2K analysis tool24 to predict the 
upstream transcription factors. Heat map output demonstrates 2i induced genes are highly enriched for downstream 
targets of  the pluripotency network. 
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of  Nanog+ cells, we did observe the emergence of  an additional Nanog-bright population (Figure 1B). 
This is in accordance with a recent paper of  Miyanari et al. that showed that Nanog is predominantly 
expressed mono-allelic when ESCs are grown in serum, while under 2i culture conditions, Nanog is 
expressed from both alleles18. During early 2i conversion, we also noticed an increase in the percentage 
Stella-GFP positive cells, as reported previously22, but we observed that Stella expression wanes upon 
prolonged 2i culture and by day 10 the expression of  this marker is almost completely abrogated (Figure 
1B, Supplementary Figure S1B). Stella is known to be a specific marker of  nascent PGCs around E7.5 of  
post-implantation development23. The expression of  this marker in serum cultured ESCs demonstrates 
that the heterogeneous gene expression profile observed in ESCs stretches beyond the developmental 
boundaries of  the blastocyst ICM from which these cells are derived, and 2i culture appears to limit this 
promiscuous gene expression. We were therefore surprised to find that 2i culture conditions increased the 
expression of  Dazl-GFP, a marker reported to be expressed at even later stages of  germ cell development 
(Figure 1A, 1B, Supplementary figure 1B). By day 10 of  2i culture approximately 80% of  the ESCs were 
Dazl-GFP positive and the inductive effect of  2i-culture on Dazl-GFP expression was independent of  
the presence of  serum (Figure 1A). 

To further explore the temporal molecular changes that accompany the transition of  heterogeneous ESC 
cultures to 2i-induced naïve pluripotency, we analyzed mRNA and protein levels of  Dazl-GFP ESCs 
grown in conventional culture medium and subsequently cultured for 3 and 12 days in 2i conditions by 
microarray and mass spectrometry. In total, 4368 genes were identified at both protein and mRNA levels. 
We focused on genes that demonstrated at least a twofold change in protein levels at one of  the time 
points. We identified 563 genes with corresponding changes in mRNA and protein levels (Supplementary 
table 1). GO-analysis of  these genes revealed a role in broad cellular functions, including enrichment for 
metabolic processes in 2i culture conditions, which is in agreement with a recent publication analyzing 
RNA expression in 2i-induced cells (Supplementary Figure S1C)17. However, none of  these processes 
point to a clear role in stem cell pluripotency. 

We subdivided the differentially expressed genes into 6 clusters based on their expression pattern (Figure 
1C). Gene members of  each cluster were analyzed with X2K software24, which identifies upstream 
transcription factors responsible for the observed changes in gene expression (Figure 1D). Interestingly, 
genes in cluster 3, which contains genes that are sustainably upregulated in 2i culture conditions, reveal 
a significant enrichment for key transcriptional regulators of  pluripotency, Oct4, Sox2, Nanog and Klf4 
(Figure 1D). Indeed, 2i culture results in an upregulation of  Nanog and Klf4. As such these factors appear 
to reduce heterogeneity of  genes that are important for the maintenance of  the naïve pluripotent state, 
thereby making the pluripotency network more robust. In contrast, we find that a series of  germ-cell 
related genes, including Stella, Lefty1 and Tcfap2c, are transiently expressed at day 3 of  2i induction, and 
almost absent upon sustained 2i culture. The heterogeneous expression of  these in serum-cultured ESCs 
falls outside the developmental boundary of  the blastocyst ICM and therefore appears to result from 
serum-mediated signals that drive differentiation toward the post-implantation epiblast. 

The only PGC-specific gene that was continuously upregulated under 2i conditions was Dazl, thought 
to be a marker for late PGC development23, which is expressed in approximately 80% of  the ESCs after 
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2i induction. While the importance of  Dazl PGC development is known, its expression appeared out of  
context in ESCs.

Dazl is expressed in late blastocyst embryos

To further examine the role of  Dazl in ESC biology, we explored the expression of  Dazl during pre-
implantation development. Dazl-GFP embryos were isolated at the morula stage and cultured in KSOM 
for 96 hours. While we did not observe Dazl-GFP expression at the morula and early blastocyst stages, 
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C Figure 2: Dazl is expressed in late 
blastocyst embryos. 
A) DazlGFP embryo cultured in vitro 
in KSOM from E2.5 morula stage to 
late blastocyst stage. Scale bar, 100µm. 
B) Single molecule FISH experiment 
showing single Dazl and Oct4 mRNA 
molecules in E3.5 blastocyst embryos. 
Right panel, artifi cial visualization of  
single mRNA molecules. Scale bar, 50µm. 
C) The top panel of  this GSEA plot 
shows a rank-sum based score which is 
calculated depending on the correlation 
of  the differentially expressed genes in 

DazlGFP ESCs in 2i conditions with its expression in embryos cultured in 2i conditions vs. control embryos. The 
enrichment score refl ects the degree to which the examined gene set is overrepresented at the extremes. The middle 
panel shows vertical lines corresponding to the rank of  the genes in the examined gene set. Here, most of  the black 
lines are clustered to the left meaning that the genes in DazlGFP 2i dataset are among the most up-regulated in the 
embryo 2i measurements. The bottom panel shows the actual expression difference scores from the embryos cultured 
in 2i conditions vs. control embryos. The overall p-value (shown on the top) is determined based on the value of  the 
rank-sum statistics (top-plot) at its extreme point (marked by a vertical red line). 
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late blastocyst cultures revealed a subpopulation of  Dazl-GFP-positive cells in the ICM (Figure 2A). 
Late blastocyst Dazl-GFP embryos flushed at E4.5 demonstrated a similar GFP expression in the ICM 
confirming that the Dazl-GFP expression was not the result of  the in vitro maturation of  the embryos 
(Supplementary figure S2A). To validate that the observed Dazl-GFP expression was not the result of  
aberrant expression of  the transgenic reporter, we performed single molecule RNA FISH on wild-type 
blastocyst embryos to visualize the expression of  Dazl and Oct4 mRNA25. As shown in Figure 2B, Dazl 
mRNA is co-expressed with Oct4 in a subpopulation of  cells in the blastocyst ICM, demonstrating that 
Dazl expression is restricted to pluripotent cells in the early embryo. We therefore conclude that Dazl-
expression in cultured ESCs is not the result of  aberrant gene expression, but reflects the expression of  
this gene in the late pre-implantation blastocyst.

Embryos grown to the blastocyst stage in the presence of  2i inhibitors express high uniform levels 
of  Oct4 and Nanog in the ICM while the hypoblast is absent26. To explore how 2i culture conditions 
affect gene expression in developing blastocysts just prior to ESC derivation, morula-stage embryos were 
cultured with or without 2i inhibitors until the late blastocyst stage. mRNA sequencing was performed 
on single blastocyst embryos. At the single gene level, we observed similar changes to those we observed 
when ESCs are cultured in 2i conditions, including an increase in the expression of  Dazl, Klf8 and Id3 
(Supplementary Figure S2B), suggesting that the transcriptional changes observed upon 2i culture of  
ESCs are similar to those observed during 2i expansion of  the naïve pluripotent cell population in the 
blastocyst ICM.

Indeed, this was confirmed when we compared the changes in gene expression induced by 2i culture in 
ESCs and blastocysts at the global level by Gene Set Enrichment Analysis (GSEA)27. GSEA ranks genes 
according to their expression in 2i vs. control embryos and compares whether these defined sets of  genes 
are randomly distributed throughout the ranked genes in the embryos or whether they cluster primarily 
at the top or the bottom. Figure 2C demonstrates that the majority of  gene expression changes observed 
in ESCs cultured in 2i conditions demonstrate similar changes in expression levels in the 2i embryos 
compared to controls (Figure 2C, Supplementary figure S2B). These data demonstrate that blastocyst 
embryos in 2i conditions, as well as in ESCs cultured in 2i conditions, reflect similar biological states.

 

Dazl marks actively reprogramming ESCs

The experiments above demonstrate that Dazl is expressed in the ICM of  late, pre-implantation blastocyst 
embryos, as well as in ESCs. Furthermore, 2i-induced expansion of  the pluripotent epiblast enhances 
Dazl expression in pre-implantation embryos and induces the percentage Dazl-positive cells in ESC 
cultures. Together, these data suggest that Dazl marks unique naïve cells within the heterogeneous ESC 
population akin to the cells in the naïve ICM. Indeed, Comparison of  Dazl negative and positive cells 
cultured in serum with Dazl-positive cells cultured in 2i by proteomic analysis, shows that Dazl positive 
cells in serum cluster together with Dazl positive cells in 2i (Figure 3A, Supplementary figure S3A)10, 28-29. 
This means that Dazl positive cells in serum already display a gene expression pattern that is more related 
to ESCs in 2i conditions than to the 90-95% Dazl negative cells in conventional serum culture. 
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Figure 3: Dazl positive cells are highly hydroxymethylated and reprogram effi ciently to a naïve pluripotent 
state 
A) Proteomic analysis of  genes expressed in Dazl negative ESCs, Dazl positive ESCs and Dazl positive ESCs cultured 
for 12 days in 2i conditions. B) Dot blot analysis for 5meC and 5hmeC in Dazl positive and Dazl negative ESCs FACS 
sorted from serum cultured cells or ESCs cultured in 2i + LIF for 12 days. C) mRNA expression levels of  the indicated 
genes in Dazl positive and Dazl negative ESCs FACS sorted from serum cultured cells or ESCs cultured in 2i + LIF 
for 12 days. *P < 0.05, n ≤ 3. D) Dot blot analysis for 5meC and 5hmeC in Dazl positive and Dazl negative cells FACS 
sorted at day 0 and cultured in 2i + LIF conditions for several days. E) Boxplot showing the distribution of  single Oct4 
and Sox2 mRNA molecules in ESCs that were sorted for Dazl-GFP+ and Dazl-GFP- followed by 3 day culture in 2i 
conditions. The right panel shows the coeffi cient of  variation (or normalized variance) of  the single Oct4 and Sox2 
transcripts within each cell population. *P < 0.05, ** P < 0.001.
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One of  the hallmark events that occur in the pluripotent ICM is genome-wide demethylation. DNA 
methylation of  CpG dinucleotides (5meC) in mammalian cells is associated with gene silencing. The 
maintenance methyltransferase DNMT1 is responsible for copying these patterns during DNA replication 
and DNMT3a and -3b set up de novo DNA methylation during development (reviewed by Bagci et 
al.)30. 5-methylcytosine can be oxidized to 5-hydroxymethylcytosine (5hmC) by the Tet enzymes (Tet1–3) 
preceding loss of  DNA methylation11, 31. Genome wide DNA demethylation occurs in early embryos up to 
the blastocyst stage and during primordial germ cell development and is associated with pluripotency32-33. 
A recent study analyzing changes in gene expression that occur during the conversion of  ICM into ESCs 
observed that the conversion of  ICM to ESCs in serum is accompanied by the upregulation of  genes 
important for DNA methylation (DNMTs) and histone deacetylases (HDACs) 34. In accordance with our 
microarray and proteomics data, it was demonstrated that DNMT3s are downregulated in ESCs in 2i 
conditions, resulting in DNA demethylation making them more reminiscent of  the ICM8, 33, 35. 

Since our observed changes in Dazl expression coincided with the timing of  changes in global DNA 
methylation, we explored the methylation state of  Dazl-positive cells in serum-cultured ESCs. To 
investigate the DNA methylation status of  Dazl positive and negative cells in serum and 2i conditions, we 
performed dot blot analysis on genomic DNA isolated from these cells. As expected based on previous 
reports, 5meC levels are globally decreased in 2i cultured cells while no clear difference in observed 
between Dazl positive and negative ESCs in these conditions (Figure 3B)9, 36. Interestingly, Dazl positive 
ESCs in serum are highly hydroxymethylated compared to Dazl negative ESCs in serum and they also 
express Tet1 and Tet2 genes at significantly higher levels (4- and 2-fold difference respectively) (Figure 
3B,C). Tet-mediated conversion of  5meC to 5hmeC can result in passive replicative loss of  methylation 
since hydroxymethylated CpGs are not recognized by DNMT1, or its further oxidation to 5-formylcytosine 
and 5-carboxymethylcytosine followed by active removal of  the methylated base31, 37. While mice deficient 
of  both Tet1 and Tet2 can develop post-natally, they display many epigenetic abnormalities and increased 
5meC levels highlighting the importance of  Tet proteins in regulating cytosine methylation38.  

The observation that protein expression levels of  Dazl positive cells in serum cluster with those in 2i 
conditions, together with high basal level of   5hmeC in Dazl positive ESCs suggests they would convert 
more quickly to a fully naïve pluripotent state that Dazl-negative cells. To investigate this, we FACS sorted 
Dazl-GFP positive and Dazl-GFP negative ESCs and analyzed 5hmeC levels over time during transition 
to a naïve state in 2i conditions. As shown in Figure 3D Dazl-GFP positive cells already show a loss 
of  5meC after 3 days in 2i comparable to levels of  ESCs that were cultured in 2i conditions for several 
passages. In contrast, Dazl-GFP negative cells are still highly methylated at day 3 and show a dramatic 
increase in 5hmeC at this time point (Figure 3D). In this same timeframe, the upregulation of  the naïve 
genes Prdm14, Tfcp2l1 and Dazl and the downregulation of  Gata6 indicate that transcriptionally, Dazl-
GFP positive cells cultured in 2i conditions for 3 days are also more similar to naïve ESCs than Dazl-GFP 
negative cells by day 3 of  2i culture (Supplementary figure S3B). 

While global expression levels of  the core pluripotency factors Oct4 and Sox2 are unchanged in 
serum vs. 2i culture conditions, a more homogeneous gene expression pattern is induced in mESCs17, 

19, 39. To test if  mRNA transcripts are more equally distributed among the cells in Dazl positive cells 
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Figure 4: Dazl knockout ESCs show low 5hmeC levels
A) Dot blot analysis for 5meC and 5hmeC in Dazl knockout and Dazl heterozygous ESCs cultured in 2i + LIF 
conditions for several days. B) mRNA expression levels of  Tet1 and Tet2 genes in Dazl knockout and Dazl heterozygous 
ESCs cultured in 2i + LIF conditions for several days. *P < 0.05, ** P < 0.001. n ≤ 2. C) mRNA expression levels of  
DNMT1 in Dazl knockout and Dazl heterozygous ESCs cultured in 2i + LIF conditions for several days. C) qRT-PCR 
analysis of  DNMT1, DNMT3a and DNMT3b genes involved in maintenance and establishment of  DNA methylation 
in Dazl knockout and Dazl heterozygous ESCs cultured in 2i + LIF conditions for several days. *P < 0.05, ** P < 
0.001. n ≤ 2. D) qRT-PCR results for Tet1 and Te2 enrichment in both native as well as UV-crosslinked RNA-IP 
experiments in Dazl-GFP mESCs. Antibody against V5 was used to immunoprecipitate Dazl and normal mouse IgG 
was used as a negative control. *P < 0.05, ** P < 0.001.
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cultured in 2i for 3 days than in Dazl negative cells at day 3 in 2i, we performed single molecule RNA 
FISH for Oct4 and Sox2 in these cells (Supplementary figure S3C).  As shown in Figure 3E, the 
distribution of  Oct4 as well as Sox2 mRNA transcripts is smaller in the Dazl positive cells at day 3 in 2i 
conditions meaning that they are more homogeneously expressed among the cells. Indeed the coefficient 
of  variation (cv) in Dazl negative cells for Oct4 as well as Sox2 is significantly different from the cv 
in Dazl positive cells cultured for 3 days in 2i conditions (Figure 3E, right panel). Thus, Dazl marks 
a subpopulation of  ESCs that is more akin to 2i-induced naïve pluripotent stem cells, as measured by 
their global gene expression level, their more homogeneous expression of  core pluripotency factors and 
their enhanced levels of  Tet hydroxylases and 5-hydroxymethylation, resulting in more rapid genome 
demethylation upon 2i induction.

Dazl is required for Tet-mediated hydroxymethylation

Finally, we explored whether Dazl, aside from being a marker for more naïve ESCs within the culture, 
also had a functional role in the establishment of  the naïve pluripotent state. To this end, we examined 
the effect of  loss of  Dazl expression on DNA cytosine methylation- and 5-hydroxycytosine methylation 
levels upon 2i induced transition to a naïve pluripotent state. We cultured Dazl -/- ESCs and Dazl +/- 
ESCs in 2i conditions for several days and investigated DNA methylation and gene expression levels at 
different time points40. As shown in figure 4A, global 5meC levels decrease upon induction of  2i culture, 
and upon prolonged 2i culture, both Dazl -/- and Dazl +/- cells display similarly low DNA methylation 
levels. However, 5-hydroxymethylation was only detected at day 1 and to a lesser extend at day 3 in Dazl 
knockout ESCs while the heterozygous ESCs show higher 5hmeC levels to a similar pattern as previously 
shows for the (wild-type) Dazl-GFP ESCs (Figure 4A). In addition, the expression of  Tet1 and Tet2 
genes is significantly lower in Dazl -/- ESCs at day 0 and upon conversion to 2i culture conditions (Figure 
4B).  Despite these low 5hmeC levels, Dazl knockout ESCs do acquire a demethylated state. Instead of  
a combination of  active DNA demethylation via 5hmC, we hypothesized that Dazl -/- ESCs could also 
undergo replication dependent demethylation by the downregulation of  DNMTs31, 41. Indeed, qRT-PCR 
analysis of  the expression of  DNA methyltransferases demonstrates a significant downregulation of  
DNMT1 and DNTMT 3a and 3b upon conversion to 2i culture conditions in Dazl-null ESCs, but not in 
the heterozygous control cells (Figure 4C). 

Thus, while cytosine demethylation occurs through a different route in Dazl-/- ESCs, the cells ultimately 
reach the same demethylated status. In addition, Dazl mutation has no effect on restricting the expression 
of  developmentally promiscuous genes such as Stella, which is rapidly downregulated upon 2i induction 
(Supplementary figure S4). However, Dazl knockout ESCs express significantly lower levels of  Nanog, 
Rex1 and Tfcp2l1 upon sustained culture in 2i conditions compared to their heterozygous counterparts 
(Supplementary figure S4), demonstrating that in the absence of  Dazl expression the ESCs fail to reach 
a full naïve pluripotent state. 

In the adult testis, Dazl has been shown to stabilize associated mRNA targets thereby functioning as 
an enhancer of  mRNA translation12-13. The observation that Tet1 and Tet2 genes are highly expressed 
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in Dazl positive ESCs and their expression signifi cantly lower expression in Dazl knockout ESCs 
compared to heterozygous cells, suggests that Dazl could have a role in stabilization of  Tet genes. Dazl is 
a RNA-binding protein and was previously reported to function as a translational enhancer during PGC 
development (Reynolds 2005, 2007, Chen 2011). To investigate whether Tet1 and Tet2 are mRNA targets 
of  Dazl, we performed RNA-immunoprecipitation experiments followed by qRT-PCR.  We found that 
mRNAs associated with Dazl-GFP-V5 are enriched for both Tet1 and Tet2 transcripts compared to IgG 
control RNA-IP in UV-crosslinked IP experiments as well as in native IPs (Figure 4D). These results 
suggest that Dazl could have a direct effect on the stabilization or promotion of  translation of  Tet genes. 

Together, the above data demonstrate that Dazl plays an essential role in the active ESC reprogramming 
to a naïve pluripotent state by mediating the 2i induced hydroxylation of  5-methylcytosine. In the absence 
of  Dazl expression, ESCs undergo DNA demethylation through downregulation of  methyltransferases, 
resulting in passive loss of  methylation during cell proliferation. In this case, the induction of  several key 
markers of  naïve pluripotent stem cells is impaired, demonstrating that Dazl is required for the active 
reprogramming to a naïve pluripotent state. 

Discussion
Embryonic stem cells in conventional culture conditions display a heterogeneous gene expression pattern 
and are highly methylated compared to their origin, the ICM of  blastocyst embryos33. Upon conversion 
to 2i culture conditions, ESCs undergo DNA demethylation and display a more homogeneous gene 
expression profi le akin to the naïve pluripotent cells in the blastocyst ICM 6. We found that Dazl, a 
RNA binding protein essential for PGC development, is highly induced in 2i conditions. While Dazl has 
long been known to be expressed in ESCs, its signifi cance was thus far unknown15, 40, and appeared out 
of  context since Dazl expression was previously reported to be exclusive for germline stem cells. We 

Welling et al. _ Figure 5

Figure 5: Dazl marks a population of  cells 
actively reprogramming to a more naïve 
pluripotent state
Model showing the transition of  serum 
cultured embryonic stem cells to a 2i-cultured 
naïve ICM-like state. Embryonic stem cells 
in conventional culture conditions display 
a heterogeneous gene expression pattern 
and are highly methylated compared to 
their origin, the ICM of  blastocyst embryos. 
Upon conversion to 2i culture conditions, 
ESCs undergo DNA demethylation to 
reach a homogeneous naïve ICM-like 
pluripotent state. Dazl expressing ESCs are 
transcriptionally already more similar to 
ESCs in 2i conditions, show an upregulation 
of  Tet genes and accordingly are highly 
hydroxymethylated. Therefore, Dazl positive 
ESCs can rapidly be reprogrammed to a naïve 
pluripotent state.
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observed that Dazl is also expressed in vivo in the naïve pluripotent cells in the ICM of  late blastocyst 
embryos, suggesting that Dazl expression in ESC cultures reflects the ICM nature of  these cells. When 
ESCs are cultured with serum, Dazl marks 5-10% of  ESCs that are actively reprogramming to a naïve 
pluripotent state. Dazl plays an essential role in this process by binding to and regulating Tet1 and Tet2 
mRNAs, thereby controlling active reprogramming of  cytosine methylation.  Thus, Dazl regulates a 
mechanism for rapid and active transition of  ESCs to a more naïve state. Indeed, in the absence of  Dazl 
expression, 5-hydroxymethylation is severely stunted, and upon 2i induction, cytosine demethylation is 
passively achieved through downregulation of  DNA methyltransferases (Figure 5). 

Together, our results demonstrate that Dazl marks actively reprogramming pluripotent stem cells in 
ESC cultures and is itself  privy to this reprogramming process. Loss of  global cytosine demethylation, 
which takes place when ESCs transition to a naïve pluripotent state, can proceed via two different 
routes; Dazl-mediated active 5-hydroxylation and passive demethylation by downregulation of  DNA 
methyltransferases.

Materials and Methods
Cell culture

Mouse embryonic stem cells were cultured on γ-irradiated feeder MEFs in DMEM containing 15% FBS 
or serum-free B27N2 medium both supplemented with leukemia inhibitory factor (LIF) (Ying 2008). 
For the 2i experiments, 1µM MEK inhibitor PD0325901 (Axon Medchem), and 5 µM GSK3β inhibitor 
Kenpaullone (Tocris), were used. 

Dazl-GFP ESCs were made by electroporating V6.5 mESCs with a linearized Dazl-GFP/Puro/Zeo 
BAC. The ES cells were selected in 2ug/ml puromycin, and the resulting colonies were screened by 
Southern blotting. New Dazl-GFP ESC lines were also generated from transgenic blastocysts on 129/Bl6 
mixed background using standard methods. Dazl -/- and Dazl +/- ESCs were isolated from blastocysts 
from Dazl-heterozygous crossings 40.

Microarray analysis

For genome-wide expression analysis, total RNA was extracted using Trizol reagent (Invitrogen) and 
labeled and hybridized to Agilent Whole Mouse Genome Oligo 4X44K Microarrays (onecolor platform) 
according to the manufacturer’s protocols. The gene expression results were analyzed using GeneSifter 
microarray analysis software, the DAVID bioinformatics tools and MATLAB programs developed in 
house.

Mass spectrometry based proteomics analysis

Sample preparation was performed as in Munoz et al.42. Peptides were chemically labeled with stable 
isotope dimethyl labeling43. Briefly, peptides were labeled with a mixture of  formaldehyde-H2 and sodium 
cyanoborohydride (“light” reagent for “Day 0”), formaldehyde-D2 with cyanoborohydride (“intermediate” 



3

62

Chapter 3

reagent for “Day 12”) and 13C-D2-formaldehyde with cyanoborodeuteride (“heavy” reagent for “Day 3”). 
In a second biological replica experiment, these reagents were swapped. Prior to the MS analysis, both 
replicates were fractionated using strong cation exchange (SCX) systems according to (Pinkse et al,)44. 
Peptides were further separated and analyzed by nanoflow LC-MS/MS using an LTQ-Orbitrap Velos 
mass spectrometer (Thermo Electron, Bremen, Germany) coupled to an Agilent 1200 HPLC system 
(Agilent Technologies, Waldbronn, Germany). MS data was acquired, processed and quantified with 
Proteome Discoverer (version 1.3, Thermo) using identical workflows as described in Munoz et al 42.

Immunofluorescence microscopy

ESCs on coverslips were fixed in 4% paraformaldehyde (PFA), permeabilized in 0.1% Tween20/PBS or 
methanol and blocked in 20% donkey serum in 0.1% Tween20/PBS for 10 min at 4°C. The cells were 
then incubated in primary antibodies overnight at 4°C, washed and incubated with secondary antibodies 
for 1 hour at 4°C, washed and mounted in Vectashield with 1ng/ml DAPI. Cells and embryos were 
imaged with the Leica SPE or Nikon A1 confocal microscope.

Q-PCR gene expression analysis

Total RNA was extracted with Trizol reagent (Invitrogen), treated with DNase I (Promega) and first strand 
cDNA was synthesized with SuperScript III reverse transcriptase using random primers (Invitrogen). 
Q-PCR was performed using SYBR Green master mix in a Biorad CFX thermocycler (Bio-Rad).

Single molecule FISH

E3.5 embryos were fixed in 4% formaldehyde and permeabilized with 0.5% Triton X-100. ESCs were 
fixed in 4% paraformaldehyde and permeabilized in 100% ethanol. Probe libraries were designed and 
fluorescently labeled as previously described45. The Dazl, Oct4 and Sox2 probe libraries consist of  48 
oligonucleotides of  20 bp length (Supplementary table S4) complementary to the coding sequence of  
the genes. Embryos and ESCs were hybridized overnight with Dazl-TMR, Oct4-Cy5 or Sox2-A594 
probes at 30oC, as previously described45. DAPI and Phalloidin-Alexa488 (Life-Technologies) were added 
during washes. Images were acquired on a Perking-Elmer Spinning Disc confocal microscope with a 100x 
oil-immersion objective (numerical aperture 1.4) using Perking Elmer Volocity software. Images were 
recorded as stacks with a z spacing of  0.3 µm. Diffraction-limited dots corresponding to single mRNA 
molecules were automatically detected using custom Matlab software, based on previously described 
algorithms45. Briefly, the images were first filtered using a three-dimensional Laplacian of  Gaussian filter, 
followed by selection of  the intensity threshold at which the number of  connected components was least 
sensitive to the threshold.
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Dot blot analysis

Genomic DNA (50ng per sample) was denatured in 0.4M NaOH at 95°C and neutralized with 1M 
NH4OAc on ice. DNA was spotted on a Hybond-N+ nitrocellulose membrane (GE Healthcare) using a 
Bio-Dot SF apparatus (Bio-Rad). The membrane was washed in 2× SSC, dried on Whatman 3MM paper 

UV cross-linked 120,000 μJ cm−2. The membrane was blocked in 5% BSA, incubated with primary mouse 
anti-5-methylcytosine antibody (Abcam 1:2000) or rabbit anti-5-hydroxymethylcytosine antibody (Active 
motif  1:10000) overnight at 4°C. The membrane was washed in PBS-T and incubated with secondary 
HRP-conjugated goat anti-mouse antibody (BD Biosciences 1:5000) or HRP-conjugated goat anti-rabbit 
(Santa Cruz 1:5000) for 1 hour at room temperature. The membrane was visualed by chemiluminescence 
with Pierce ECL (Fisher).

RNA-sequencing of blastocyst embryos

This procedure is based on the protocol of  Tang et al.46. Single blastocysts were transferred into a lysis 
buffer, followed by reverse transcription carried on the whole blastocyst lysate. cDNAs are then amplified 
by 18 + 9 cycles of  PCR and the resulting amplified cDNAs are used to construct a sequencing library, 
which were used for deep sequencing using the SOLiD system. Q-PCRs for spike RNAs were added to 
the lysis buffer in known quantities differing by the factor of  10 (40 copies, 400 copies etc) to make sure 
that despite increasing the amount of  starting material the spike RNAs/cDNAs were proportionally 
amplified 36. Differential expression was analyzed using the Bayesian method according to the protocol 
of  Kharchenko and collegues 47.

RNA immunoprecipitation

Two different methods were used to co-immunoprecipitate RNA complexes interacting with Dazl-
GFP-V5 in mESCs. For the UV-crosslinking IP (CLIP), 10cm dishes of  Dazl-GFP mESCs were washed 
with cold PBS and UV irradiated at 400 mJ/cm2. Cells were lysed in CLIP lysis buffer (120mM NaCl, 
50mM Tris pH7.5, 1% Igepal, 0,1% SDS, 0,5% sodium deoxycholate) supplemented with protease 
inhibitor cocktail (Sigma), 40U/ml RNasin (Promega), 2mM vanadyl ribonucleotide complex (Sigma) and 
1mM DTT. Cell lysates were cleared by centrifugation, precleared and incubated with anti-V5 antibody 
(Invitrogen), or normal mouse IgG (Sigma) for 2-3 hours at 4°C. Dynabeads protein A (Invitrogen) were 
preblocked in 2% BSA and added to the cell lysates with antibodies for 1-2 hours at 4°C. The beads 
were washed 3 times in PXL buffer (1x PBS, 0,1% sodium dodecyl sulfate, o,5% Igepal, 0,5% sodium 
deoxycholate) with protease inhibitors and RNase inhibitors, followed by 2 times washing in high salt 
PXL buffer (0,5M NaCl) and 1 time in Wash buffer (150mM NaCl, 50mM Tris pH 7.5, 0,05% Igepal). 
Beads were resuspended in 100ul wash buffer and incubated with proteinase K (20ug per sample) for 20 
min at 37°C. RNA was extracted from the beads using Trizol reagent (Invitrogen). For the native RNA-IP, 
mESCs were lysed in RIP lysis buffer (150mM NaCl, 50mM Tris pH 7.5, 5mM MgCl2, 0,5% Igepal) with 
all supplements. IP was performed similarly and beads were washed 5 times in Wash buffer.
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Supplemental Information

A

GO Term 1 2 3 4 5 6 7 8 9 10 11
TGFBR pathway 0.0011

negative regulation of cell proliferation 0.0011

heart development 0.0010

extracellular matrix organization 0.0000

collagen fibril organization 0.0000

fatty acid beta-oxidation 0.0046

regulation of ATPase activity 0.0046

iron ion homeostasis 0.0039

cellular iron ion homeostasis 0.0034

protein metabolic process 0.0004

negative regulation of programmed cell death 0.0012

negative regulation of apoptosis 0.0011

cellular alcohol metabolic process 0.0009

cellular amino acid and derivative metabolic process 0.0003

carbohydrate metabolic process 0.0000

DNA repair 0.0022

regulation of cell cycle 0.0015

DNA damage checkpoint 0.0010

induction of apoptosis by intracellular signals 0.0010

DNA damage response, signal transduction 0.0004

hexose biosynthetic process 0.0068

endosome organization 0.0057

DNA methylation 0.0093

positive regulation of foam cell differentiation 0.0093

fructose metabolic process 0.0004

positive regulation of glucose metabolic process 0.0006

Welling et al. _ Supplemental figure S1
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Supplementary Figure S1: 
A) FACS plots of  Dazl-GFP+ and Dazl-GFP- sorted populations showing that Dazl-GFP ESCs quickly restore their 
original equilibrium after a few days. B) Expression of  Dazl-GFP, Nanog-GFP and Stella-GFP between day 0 and 
day 12 after 2i induction. C) GO analysis of  6 clusters of  differentially expressed genes at day and day 12 of  ESCs 
in 2i culture conditions. Cluster 1: genes unregulated at day 3, Cluster 2: genes unregulated at day 12, Cluster 3: genes 
sustainably unregulated, Cluster 4: genes downregulated at day 3, Cluster 5: genes downregulated at day 12, Cluster 6: 
genes sustainably downregulated.
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Supplementary Figure S2: 
A) Dazl-GFP expression in an E4.5 flushed late blastocyst embryo B) Six examples of  377 differentially expressed 
genes (Z-score >3) from RNA sequencing data from control and 2i cultured blastocyst embryos. Left panel: Genes 
with a significantly higher expression in control than in 2i cultured embryos. Right panel: Genes with a significantly 
higher expression in 2i cultured embryos than control embryos.
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Welling et al. _ Supplemental figure S3

Supplementary Figure S3: 
A) qRT-PCR analysis of  the naïve pluripotent genes Prdm14 and Tfcp2l1 in Dazl-GFP+ and Dazl-GFP- cells sorted 
from serum cultured ESCs or 2i-cultured ESCs. *P < 0.05,  n ≤ 3. B) qRT-PCR analysis of  the indicated genes in Dazl 
positive and Dazl negative ESCs FACS sorted from serum cultured cells or ESCs cultured in 2i + LIF for 12 days. *P 
< 0.05, n ≤ 2. C) Representative smFISH images showing single Oct4 and Sox2 mRNA molecules in ESCs that were 
sorted for Dazl-GFP+ and Dazl-GFP- followed by 3 day culture in 2i conditions.
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Welling et al. _ Supplemental figure S4

Supplementary Figure S4: 
qRT-PCR analysis of  genes associated with naïve pluripotency in 
Dazl knockout and Dazl heterozygous ESCs cultured in 2i + LIF 
conditions for several days. *P < 0.05, ** P < 0.001. n ≤ 2.
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Murine pluripotent stem cells can exist as primed epiblast stem cells (EpiSCs), derived from the 
post-implantation epiblast, and naïve embryonic stem cells (ESCs) derived from the inner cell 
mass (ICM) of  blastocyst embryos. While mESCs can effectively transit to a primed epiblast 
state, the conversion of  EpiSCs without the use of  transgenes is very inefficient. Here, we 
studied the reprogramming of  EpiSCs to a naïve pluripotent state. Using a Dazl-GFP reporter 
line, which is only expressed in ESCs and absent in EpiSCs, we facilitated the detection of  naïve 
rESCs among reprogramming cells. We found that the simultaneous inhibition of  self-renewal 
and differentiation together with the activation of  reprogramming, allows the rapid (< 2day) 
conversion of  EpiSCs. 

Introduction
Pluripotent stem cells have indefinite self-renewal capacity and can differentiate into all embryonic lineages 
including the germ line. For the mouse, different pluripotent stem cells exist that reflect the different 
stages of  their developmental origin. Murine embryonic stem cells (ESCs) are derived from the inner 
cell mass (ICM) of  pre-implantation blastocysts (E3.5) and exist in a pluripotent ground state whereas 
epiblast stem cells (EpiSCs) are isolated from post-implantation (E5.5-E6.5) epiblast embryos and exist in 
a primed pluripotent state1-3. ESCs and EpiSCs differ in morphology, gene expression and growth factor 
dependency to maintain their pluripotent state. ESCs grow as compact dome shaped colonies and are 
dependent on LIF/Stat3 signaling4. ESCs have a robust expression profile of  pluripotency genes together 
as well as genes involved in germ cell development. Also, they can contribute efficiently to chimaeras 
by integration in the ICM from which they are originally derived. In contrast, EpiSCs are dependent 
on bFGF/Activin to maintain their pluripotent state, grow as flat colonies and cannot integrate into 
blastocyst embryos to contribute to chimaeras3. While EpiSCs do express the core pluripotency factors 
Oct4, Sox2 and Nanog, they lack the typical germ cell gene expression signature observed in ESCs, which 
includes Rex1, Stella and Dazl. Instead, EpiSCs display low expression levels of  genes associated with 
early lineage differentiation, such as FGF5, Gata4, and Sox172-3. 

Remarkably, ESCs can only be derived from so called “permissive” inbred mouse strains whereas Epiblast-
like pluripotent stem cells can be derived from multiple species including the human, rat and “non-
permissive” mouse strains2, 5-6. Indeed, human ESCs show many similarities in morphology, growth factor 
dependency and gene expression with EpiSCs despite their origin form pre-implantation blastocysts4, 7. 

Besides ESC-derivation from the ICM, the naïve pluripotent state can be accessed from somatic cells 
via induced pluripotent stem cells (iPSC) reprogramming using the ectopic factors Oct4, Sox2, Klf4 
and c-Myc as well as by reversion of  EpiSCs8-11. EpiSCs can be converted to ESCs upon exposure to 
LIF/Stat3 signaling or by culturing cells in the presence of  inhibitors of  MEK and GSK3β signaling 
(2i conditions) that promote naïve pluripotency in ESCs, although this process was shown to be very 
inefficient10. Nevertheless, the ectopic expression of  reprogramming factors that induce the generation 
of  iPSCs or a subset of  pluripotency factors such as Klf2/Klf4, c-Myc, Klf2/Prdm14 and Nr5a2 
improves reprogramming efficiency to a naïve pluripotent state to a maximum of  2-5% within 6-8 
days5, 11-13. However, while cells from a “permissive” genetic background are stable in LIF once they are 
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converted, cells from a “non-permissive” background are dependent on the continuous expression of  
ectopic factors to prevent differentiation to the EpiSC-like state5.   

The different characteristics of  mESCs and EpiSCs and their interconvertability, makes these murine 
pluripotent stem cells a good model to study the derivation of  naive ESCs for other “non-permissive” 
species. The induction of  a naïve pluripotent state from EpiSCs using growth factors and small molecule 
inhibitors was reported previously, but using this method it takes several weeks before a stable ESC-like 
cell line is established14. In addition, Hou and colleagues recently reported the derivation of  iPSCs from 
murine fibroblasts using small molecule inhibitor cocktail15. Chemical reprogramming has the obvious 
advantage that it allows the generation of  pluripotent stem cells without the risk of  introducing foreign 
and potentially oncogenic genetic elements into the stem cell genome and would facilitate therapeutic use 
of  pluripotent stem cells. Unfortunately, the chemical reprogramming procedure is still inefficient and 
requires lengthy culture of  cells in the presence of  the inhibitor cocktail, which could potentially have 
adverse effects in itself  16. 

Using EpiSCs carrying a Dazl-GFP reporter, which we previously identified as a stringent marker for naïve 
pluripotency, we explored the effect of  small molecule inhibitors and agonists on the reprogramming of  
these cells to a naïve pluripotent ESC-like state. We demonstrate that a conversion cocktail consisting 
of  a Wnt-inhibitor and two Nr5a2 ligands, drives the rapid (2 day) conversion of  Dazl-GFP EpiSCs to 
an ESC-like state. Together, these findings provide insight in the differences between primed and naïve 
pluripotent states and which pathways are important for their pluripotent reprogramming. 

Results

The derivation of Dazl-GFP reporter EpiSCs

EpiSCs were derived from Dazl-GFP reporter ESCs by culturing them in the presence of  the epiblast 
growth factor bFGF and omitting LIF. As has been reported previously, ESCs can differentiate into 
EpiSCs upon changing culture conditions to EpiSC medium 11. After 3-5 passages colonies appeared 
bigger and more flattened like EpiSCs derived from post-implantation epiblast embryos. By manually 
picking the colonies that acquired an EpiSC-like morphology we established stable Dazl-GFP reporter 
EpiSCs (Figure 1A). FACS analysis of  the Dazl-GFP EpiSCs revealed that these cells do not express the 
Dazl-GFP reporter (~0,001% GFP-positive cells), while Dazl-GFP is expressed in 5-10% of  the cells 
in ESCs (Figure 1B, C). Furthermore, transcriptionally the Dazl-GFP EpiSCs demonstrated a typical 
EpiSCs profile maintaining the expression of  key pluripotency genes but absence of  markers of  naïve 
pluripotent stem cells including Klf4, Rex1 and Stella and a high expression of  the epiblast marker FGF5 
(Figure 1C).

Inhibition of primed pluripotency enhances reprogramming to a naïve pluripotent state

The combination of  a MEK- and GSK3β inhibitor (so-called 2i conditions) has been reported to allow 
conversion of  EpiSCs into reverted ESCs (rESCs) albeit at a very low efficiency10.  Dazl is a stringent 
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marker of  naïve pluripotent stem cells, and is induced to ~70-80% of  the cells in ESCs cultured in 2i 
conditions (Chapter 3). To further explore the conditions required for the conversion of  EpiSCs into 
naïve rESCs, we used a Dazl-GFP EpiSC reporter cell line. While upon culture of  Dazl-GFP EpiSCs 
in 2i media for 10 days, the colony morphology of  the cells became more compact similar to ESCs, we 
did not observe an induction of  Dazl expression in the cells (Figure 2A, Supplementary fi gure S1B), 
demonstrating that at the molecular level these cells did not yet reprogram to a naïve pluripotent state. 
The cell surface marker c-Kit is another marker that can be used to differentiate between ESCs and 
EpiSCs. Although not as stringent as the Dazl-GFP reporter, c-Kit is consistently expressed at higher 
level in ESCs compared to EpiSCs (Unpublished data, Supplementary fi gure S1A). As shown in Figure 
2A, exposure of  EpiSCs to 2i culture conditions does induce some c-Kit expression, but expression levels 
remain low compared to ESCs (Figure 2A). Together, we conclude that the conversion of  EpiSCs to 
naïve pluripotency by the 2i culture conditions is ineffi cient and requires prolonged maintenance of  the 
cells in these conditions.

Figure 1: The derivation of  Dazl-GFP EpiSCs
A) Morphology of  Dazl-GFP ESCs and Dazl-GFP EpiSCs derived from these ESCs after several passages in the 
presence of  bFGF. B) Dazl-GFP expression in Dazl-GFP ESC and Dazl-GFP EpiSCs. C) qRT-PCR for genes 
associated with naïve and primed pluripotency in Dazl-GFP ESCs, Dazl-GFP EpiSCs and WT EpiSCs. Scale bar 
500µm.
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We argued that while 2i + LIF conditions can induce and maintain a naïve pluripotent state in established 
ESC cultures, these inhibitors target pathways that are not necessarily relevant for either the maintenance 
or differentiation of  EpiSCs and may therefore not elicit a rapid conversion, but rather allow selection 
for cells that acquire naïve properties during sustained cell culture. Recent reports have demonstrated 
that the iPSC reprogramming of  cells from so-called “non-permissive” mouse strains is supported 
by small molecules inhibitors promoting naïve pluripotency5, 17-18. For example, the use of  an ALK5 
inhibitor blocking TGFβ/Activin signaling has been reported to aid in the derivation of  naïve rat iPS Cs6. 
We therefore tested whether modulators of  FGF and TGFβ signaling, two pathways essential for the 

Box 1
Signaling pathways in naïve and primed pluripotency

Primed and naïve pluripotent stem cells require different growth factors for the stable maintenance 
of  their pluripotent state. Maintenance of  pluripotency in naïve murine ESCs is mainly mediated 
by signaling via the cytokine LIF. LIF stimulates the Jak2-STAT3 pathway resulting in the 
activation of  KLF4 and Nanog, while TBX3 is induced by LIF via the PI3K-AKT pathways 
together driving self-renewal. BMP4 activates the expression of  inhibitor of  differentiation (ID) 
that counterbalance the differentiation inducing signals via LIF from the MEK-ERK pathway. 
Also, activation of  PKA signaling can stabilize the naïve pluripotent state by maintaining Nanog 
expression levels. 

In primed pluripotent stem cells such as EpiSCs, LIF does not contribute to the maintenance of  
the pluripotent state. Instead, EpiSCs are dependent on bFGF and TGFβ/Activin A signaling. 
TGFβ/Activin A induces SMAD2/3 which in turn promotes Nanog expression while bFGF 
stabilizes the primed pluripotent state by dual inhibition of  differentiation as well as reversion to 
a naïve state by inhibiting KLF2. 

Wnt/β-catenin signaling is important in both primed and naïve pluripotent stem cells. β-catenin, 
which can be targeted by GSK3β for degradation, destabilizes Tcf3 upon arrival in the nucleus and 
can activate Esrrb thereby promoting self-renewal. Targeting different signaling pathways using 
small molecules can stabilize distinct pluripotent states and can also induce the interconversion of  
primed and naïve states. 
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maintenance of  EpiSCs, would have a positive effect on the conversion of  these cells to an ESC state. 
Addition of  a combination of  MEK-, GSK3β, LIF, TGFβR- and FGFR inhibitors (2i+LIF+FGFi+TGFi) 
for 4-6 days resulted in a modest induction of  Dazl-GFP expression demonstrating that inhibition of  
signaling pathways required for EpiSC maintenance can enhance the conversion of  these cells to a naïve 
pluripotent state (Supplementary fi gure S2). 

cAMP has been shown to induce Oct4 expression via activation of  PKA signaling15. The importance of  
cAMP/PKA signaling for reprogramming to naïve ESC cultures was highlighted with the demonstration 
that forskolin can facilitate the reprogramming of  human ESCs to a naïve pluripotent state17. Thereby, 
while cAMP signaling has little effect on ESCs cultured in the presence of  LIF, cAMP levels have been 
shown to be able to rescue ESC self-renewal when they are triggered by differentiation cues19. We therefore 
tested whether the addition of  the cAMP analog 8Br-cAMP, could enhance the reprogramming of  EpiSCs 
to rESCS. As shown in fi gure 2B, the addition of  cAMP analog a cocktail of  2i+LIF+FGFi+TGFi 
resulted in a profound increase of  Dazl-GFP positive cells (~4%) after 2 passages (Figure 2B).  

Thus, inhibition of  signals required for the maintenance of  primed pluripotency (FGFi + TGFi) to the 
2i+LIF cocktail allows the reprogramming of  EpiSCs into rESCs in approximately 6-8 days. Addition of  
the cAMP analog 8Br-cAMP further enhances reprogramming effi ciency, but does not further speed-up 
the reprogramming timeframe.

Figure 2
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Figure 2: Inhibition of  pathways important for primed pluripotency induces Dazl expression in EpiSCs
A) Dazl-GFP and c-Kit-APC expression in EpiSCs cultured in conventional bFGF conditions and with 2i + LIF. B) 
Dazl-GFP and c-Kit-APC expression in EpiSCs cultured in LIF or FGFi +, TGFi + MEKi + GSK3i + cAMP analog 
+ LIF.
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Temporal acceleration of reprogramming

While inhibition of  primed pluripotency facilitated the reprogramming of  EpiSCs to anive rESCs, the 
process was still ineffi cient and it took more than a week for Dazl-GFP positive cells to emerge. Instead, 
reprogramming of  EpiSCs into rESCs using exogenous reprogramming factors is accomplished in 6-8 
days5, 13. Nr5a2 (liver receptor homolog1, Lrh1) is an orphan receptor that was recently identifi ed in a 
screen for factors that can substitute Oct4 during iPSC reprogramming 20. In addition, Nr5a2 profoundly 
enhances the derivation of  murine and human iPSCs as well as human iPScs with naïve characteristics 
when combined with the standard Oct4, Sox2, Klf4 and cMyc (OSKM) reprogramming factors and it 
facilitates the conversion of  EpiSCs to ESCs8, 12, 21.
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Figure 3: A 2-day conversion cocktail induces Dazl expression in EpiSCs 
A) Dazl-GFP and c-Kit-APC expression in EpiSCs cultured with a FGFRi, TGFβRi, two Nr5a2 ligand lipids and a 
retinoic acid agonist (CD437 or AM580). B) qRT-PCR for genes associated with naïve and primed pluripotency in 
Dazl positive and negative EpiSCs after a 2-day conversion with FGFRi, TGFβRi and lipids, Dazl-GFP EpiSCs and 
Dazl-GFP ESCs. 
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The natural ligand for Nr5a2 is unknown, but recently Lee and colleagues demonstrated that two unusual 
phosphatidyl-choline lipids can activate this orphan receptor22. We investigated whether addition of  
DUPC and DLPC two phosphatidyl-choline lipids agonists of  Nr5a could accelerate small-molecule 
mediated reprogramming of  EpiSCs. Culturing EpiSCs in FGFi and TGFi with and without two Nr5a2 
ligand lipids resulted in the differentiation of  the majority of  the EpiSCs, likely due to the inhibition of  
EpiSC selfrenewal pathways. However, we noticed that the Dazl-GFP reporter was induced in ~2% of  
the EpiSCs after only two days of  culture in FGFi+TGFi+lipids (Figure 3A). FACS sorting Dazl positive 
cells after a two day conversion of  Dazl-GFP EpiSCs followed by culturing them in the presence of  LIF, 
resulted in homogenous ESCs-like cultures indicating that this population indeed underwent conversion 
to a naïve state whereas FACS sorted Dazl negative cells differentiated (Figure 4A, left panel).

In addition to the orphan receptor Nr5a, retinoic acid (RA) has been shown to promote reprogramming 
of  iPSCs21. We therefore tested whether addition of  retinoic acid agonists (CD437 or AM580) to the 
conversion cocktail containing Nr5a2 ligand lipids, FGFi and TGFi, could further enhance EpiSC 
reprogramming efficiency. As shown in Figure 3A addition of  RA agonists resulted in a high percentage 
of  Dazl-GFP (~7-11%) positive cells (Figure 3A, right panels). However, the addition of  RA agonist 
to the reprogramming cocktail also resulted in significant cell death and was therefore impractical as an 
experimental tool.

To investigate whether converted Dazl-GFP positive cells also transcriptionally mark the converted naïve 
population after 2 days, we sorted Dazl positive and Dazl negative cells and compared their expression 
of  naïve en primed markers to those their EpiSC origin and ESCs. Indeed, two-day converted Dazl-
GFP positive cells show an increased expression of  naïve markers such as Pecam1, Klf4 and Dazl, a 
stable expression of  Oct4 and decrease in the EpiSC marker FGF5 all similar to expression values in 
ESCs (Figure 3B). On the other hand, while two-day converted Dazl-GFP negative cells do show some 
upregulation of  Klf4 and Pecam1 compared to EpiSCs, they also express core pluripotency genes Oct4 
and Nanog at much lower levels explaining their differentiation upon subsequent culture in LIF medium 
(Figure 3B). Together, these results indicate that the inhibition of  self-renewal in primed EpiSCs in 
combination with Nr5a2 mediated reprogramming provides an efficient method for the derivation of  
naïve Dazl-GFP positive ESCs.

2-day conversion of wild-type EpiSCs to a naïve pluripotent state

The above observation that a combination of  an FGFR inhibitor and a TGFβ inhibitor and two lipid 
ligands of  Nr5a2 drive the rapid reprogramming of  EpiSCs to a naïve pluripotent state utilized a Dazl-
GFP reporter EpiSC line originally derived from Dazl-GFP ESCs. We could therefore not exclude the 
possibility that the rapid conversion was the result of  some epigenetic (ESC) memory in the reporter 
EpiSCs. We therefore explored whether our experimental setup also allowed the conversion of  EpiSCs 
derived from post-implantation embryos3.  

We noticed that a major drawback of  our conversion cocktail was the induction of  significant 
differentiation in the EpiSC cultures, which makes it difficult to identify the nascent naïve rESC 
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colonies. We hypothesized that reprogramming efficiency would further increase by reducing EpiSC 
differentiation during the conversion that is probably the result of  FGFR and TGFβ inhibition. However, 
the use of  only Nr5a2 ligand lipids does not result the formation of  morphologically naïve colonies 
(Figure 4B, left panel).
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Figure 4: EpiSCs can be converted to naïve pluripotent state by culturing them with small molecule 
compounds for two days
A) Morphology of  Dazl-GFP EpiSCs before conversion (bFGF) after two-day culture with a FGFRi, TGFβRi and 
two Nr5a2 ligand lipids and after culturing converted Dazl-GFP positive cells in LIF. B) Morphology of  Dazl-GFP 
EpiSCs after a 2-day conversion with lipids and a Wnt inhibitor, followed by 4 days in mESC medium supplemented 
with LIF. C) Model showing targeting pathways for small molecules to induce efficient reprogramming of  EpiSCs to 
a naïve pluripotent state. 
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While Wnt signaling improves self-renewal in ESCs it induces differentiation in primed pluripotent stem 
cells23-26. We therefore explored whether addition of  an inhibitor of  Wnt signaling would block the EpiSC 
differentiation induced by our reprogramming cocktail. Indeed, culturing EpiSCs with an inhibitor of  
Wnt signaling in combination with two Nr5a2 ligand lipids for two days followed by conventional ESC-
medium with LIF, resulted in the appearance of  compact dome-shaped ESC-like colonies (Figure 4B). 

To test whether the dome-shaped ESC-like really represent naïve pluripotent cells, colonies should be 
manually picked and expanded to derived homogenous ESC-lines. Future experiments should point out 
whether these converted ESCs are transcriptionally similar to established ESC lines and if  they are truly 
pluripotent by blastocyst injections.

Discussion
Insight in the signaling pathways important for maintenance of  primed and naive pluripotent states has 
provided us with strategies to interconvert these states into each other. The simultaneous inhibition of  
MEK- and GSK3β signaling is routinely used to maintain mESCs in a naïve pluripotent state and was also 
shown to induce the conversion of  EpiSCs to rESCs10. However, we and others have observed that the 
conversion of  EpiSCs into rESCs using 2i+LIF conditions is very inefficient and requires long-term (>3 
week) culture and/or the addition of  ectopic reprogramming factors5, 10.

In the present study we show the efficient conversion of  EpiSCs to a naïve pluripotent state using small 
molecule modulators of  signaling pathways. The concurrent inhibition of  epiblast self-renewal pathways 
and inhibition of  Wnt-mediated differentiation of  EpiSCs together with the induction of  Nr5a2-
mediated reprogramming is sufficient to induce naïve pluripotency in EpiSCs within only two days. The 
naïve ESCs can be identified using reporter lines with ESC-specific markers or can be manually selected 
by picking dome-shaped colonies.

Our results provide insight into the signaling requirements for reprogramming of  cells into naïve pluripotent 
stem cells (Figure 4C). Reprogramming is facilitated by the simultaneous inhibition of  EpiSC self-renewal 
and EpiSC differentiation and is temporally accelerated if  lipid activators of  the reprogramming factor 
Nr5a are added (Figure 4C). The concurrent inhibition of  self-renewal, differentiation and activation 
of  reprogramming allows the rapid (< 2day) reprogramming of  EpiSCs to naïve rESCs and may be a 
paradigm for the conversion of  other cell types as well.

Materials and Methods
Cell culture

Dazl-GFP mouse embryonic stem cells (ESCs) were derived from blastocysts from heterozygous 
crossings of  Dazl-GFP mice. ESCs were cultured on γ-irradiated feeder MEFs in DMEM containing 
15% FBS, 1% nonessential amino acids (Invitrogen), 1mM L-Glutamine (Invitrogen), LIF and 0,1 mM 
β-mercaptoethanol in 60mm dishes or 6-wells plates (Greiner Bio-One). The cells were passaged every 
second day using 0.05% trypsin/EDTA.
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The WT epiblast stem cells (EpiSCs) from post-implantation epiblast embryos were described earlier 
by Tesar et al. EpiSCs were maintained on γ-irradiated feeder MEFs in DMEM/F12 containing 20% 
knockout serum replacement (KOSR, Invitrogen), 1% nonessential amino acids (Invitrogen), 1mM 
L-Glutamine (Invitrogen), 5ng/ml bFGF (Peptrotec) and 0,1 mM β-mercaptoethanol. The cells were 
passaged every third or fourth day using 1mg/ml collagenase IV (Invitrogen) or manual picking.

EpiSCs derivation from ESCs

Dazl-GFP ESCs were plated on γ-irradiated feeder MEFs in EpiSC-medium containing KOSR and 
bFGF. They were passaged manually by picking the colonies with an EpiSC-like morphology for the first 
6-8 passages. Afterwards these were either passaged using 1mg/ml collagenase IV (Invitrogen) or manual 
picking.

2-day conversion of EpiSCs to ESCs

EpiSCs were trypsinized and plated on γ-irradiated feeder MEFs in EpiSC-medium without bFGF but 
supplemented with LIF and the indicated small molecules for 2 days followed by sorting Dazl-GFP+ cells 
or direct culture in medium supplemented with LIF only.

Small molecule compounds

The following chemical compounds were used and indicated are final concentrations: MEK inhibitor 
PD0325901 (Axon Medchem, 1µM), GSK3β inhibitor CHIR99021 (Axon Medchem, 3µM), FGFR 
inhibitor PD173074 (Sigma, 0,1µM), TGFβR/ALK5 inhibitor A83-03 (Tocris, 0,5µM), cAMP analog 
8Br-cAMP (Sigma, 1mM), Retinioc acid agonist AM580 (Santa cruz, 0,01µM), Retinioc acid agonist 
CD437 (Tocris, 0,1µM), Wnt inhibitor XAV939 (Stemgent, 1µM), Wnt inhibitor Iwp2 (Stemgent, 2µM), 
Nr5a2 ligand lipids DLPC and DUPC (Avanti, 100µM).  

Q-PCR gene expression analysis

Total RNA was extracted with Trizol reagent (Invitrogen), treated with DNase I (Promega) and first strand 
cDNA was synthesized with SuperScript III reverse transcriptase using random primers (Invitrogen). 
Q-PCR was performed using SYBR Green master mix in a Biorad CFX thermocycler (Bio-Rad).

FACS 

Cells were incubated with antibodies against the indicated surface antigens in PBS containing 0,5% FBS 
for 15-30 minutes at 4°C. Cells were washed three times in PBS and analyzed on a Becton-Dickinson 
FACS Calibur cell analyzer or sorted on a Beckton-Dickinson FACS Diva cell sorter. The following 
conjugated antibodies were used for staining: SSEA1-PE, c-Kit-PE, c-Kit-APC (Biolegend).
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Mouse embryonic stem cells (ESCs) are derived from the inner cell mass (ICM) of  blastocyst 
embryo’s and exist in a naïve pluripotent state. Although human ESCs have a blastocyst origin as 
well, they exist in a primed pluripotent state more reminiscent of  the post-implantation epiblast. 
Recently, the derivation of  stable, transgene independent, naïve human ESCs was reported1-3. 
To improve our understanding of  the mechanisms underlying the outgrowth of  primed hESCs 
from naïve ICM cells, we studied the molecular changes during the conversion from primed 
to a naïve pluripotent state in hESCs. We discovered that the transition a naïve state coincides 
with changes in cell morphology and global DNA demethylation soon after implementing 
naïve culture conditions. However, key pluripotency gene expression oscillates profoundly 
before a stable naïve state is achieved after ~20 days. During this transition, the upregulation 
of  Dazl coincides with the induction of  Tet genes but the temporal downregulation of  the key 
pluripotency factor Oct4.

Introduction
When cultured in vitro, the pluripotent inner cell mass (ICM) of  blastocyst embryos can give rise to 
embryonic stem cells (ESCs) that have to capacity of  indefinite self-renewal and can differentiate in all 
three germ layers including the germ line 4-5. While mouse ESCs grow as dome-shaped colonies, are 
dependent on LIF/Stat3 signaling to maintain pluripotency, have two active X-chromosome in female 
cells and contribute efficiently to chimaera formation, human ESCs are dependent on Activin/bFGF, 
grow as flattened epithelial colonies and have only one active X-chromosome4-5. These differences in 
morphology and signaling requirements were initially thought to reflect species specific differences in 
otherwise equivalent pluripotent cells. This idea changed when another type of  pluripotent stem cells 
was derived from mouse post-implantation epiblast embryos, called epiblast stem cells (EpiSCs)6-7. 
Despite their different origin, EpiSCs are remarkably similar to hESCs in growth factors dependency, 
morphology and X-inactivation status and they contribute very poorly to chimaeras upon injection in 
blastocyst embryos. Therefore, pluripotent stem cells were classified in two categories: “naïve” ICM-like 
pluripotent stem cells resembled by mouse ESCs and “primed” pluripotent stem cells corresponding to 
the later post-implantation epiblast (Table 1)8. 

Property Naïve pluripotent stem cells Primed pluripotent stem cells
In vivo equivalent ICM Post-implantation epiblast

Morphology Dome shaped colonies Flattened colonies
Growth factors maintaining 

pluripotency
LIF/STAT3 Activin/TGFβ/bFGF

Chimaera formation Yes Very poorly
X-inactivation status XaXa XaXi

Naïve markers Dazl, Klf2, Tbx3 Absent or low
Lineage markers Absent FGF5, Sox17, Otx2

Differentiation bias No differentiation bias Variable per cell line
DNA methylation status Globally hypomethylated Globally methylated

Table 1: Characteristics of  naive and primed pluripotent stem cells
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Despite the differences of  their pluripotent equivalents in vitro, mouse and human pre-implantation 
development were shown to share key transcriptional programs but differ in timing9. The ICM of  human 
embryos expresses many core pluripotency genes at similar levels as hESCs, but show elevated levels 
of  typical naïve pluripotency markers such as Esrrb, Stella, Klf4 and Pecam110. The question remained 
whether human naïve pluripotency can be captured in vitro as well.

The inhibition of  MEK- and a GSK3β signaling (known as 2i+LIF) in mouse ESCs eliminates 
differentiation cues resulting in a more homogeneous ESC-population similar to cells from the ICM11. 
EpiSCs can be converted to a naïve pluripotent state by the ectopic expression of  transcription factors 
associated with pluripotency as well as with a combination of  small molecules followed by their stable 
maintenance in 2i + LIF conditions12-15. In contrast to EpiSCs, 2i conditions have not been shown to 
be suffi cient for the establishment and maintenance of  a true naïve pluripotent state in human ESCs16. 
The past few years, naïve hESCs have been derived using a combination of  different transcription 
factors including the OKSM reprogramming factors combined with Nanog or Nr5a2 and Klf2/Klf416-

19. However, these naive hESCs were metastable and required continuous expression of  transgenes to 
maintain the naïve pluripotent state limiting their use in downstream applications. 

Recently, a few groups published the derivation of  naïve human ESCs using only small molecules 
excluding the need for continuous expression of  transgenes1-3. The fi rst report by Gafni et al. found 
that a cocktail consisting of  a MEKi/GSK3βi/JNKi/p38i in combination with LIF, bFGF and TGFβ is 
essential for the establishment and long-term maintenance of  naïve hESCs. Furthermore, the addition of  
a Rock inhibitor and PKC inhibitor further optimized the naïve human culture conditions. These naïve 
hESCs clustered transcriptionally with naïve mESCs and not with primed hESCs and showed typical 

B

 Figure 1

A H1 bFGF H1 2i LIF p3

H1 3-day conversion 
lipids > LIF d6

H1 3-day conversion
 lipids + XAV > LIF d6

B

A Figure 1: Derivation of  
metastable naïve hESCs
A) Bright fi eld images of  
H1 hESCs in conventional 
bFGF medium (Left panel) 
and H1 hESCs grown in 2i 
+ LIF for 3 passages (Right 
panel). B) Bright fi eld images 
of  H1 hESCs cultured for 
3 days in the presence of  
Nr5a2 lipid ligands (DLPC 
and DUPC, 100µM) and an 
inhibitor of  Wnt (XAV939, 
1µM) followed by medium 
supplemented with LIF for 6 
days. Scale bar 500µm.
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hallmarks of  naïve pluripotency including global DNA demethylation, absence of  X-inactivation and 
Oct4 being driven by its distal enhancer. Strikingly, the establishment of  a true naïve pluripotent state 
was validated by the generation of  cross-species chimaeras when naïve hESCs were injected in mouse 
embryos2. 

Two additional reports have since demonstrated the derivation of  ground state hESCs using slightly 
different inhibitor cocktails consisting of  a MEKi/GSK3βi/BMPi and a HDACi/MEKi/GSK3βi. 
Apparently, naïve pluripotency in human ESCs can be achieved via different pathways but in all 
protocols the MEK and GSK3β signaling pathways seem to play a central role in shielding naïve cells 
from differentiation. However, in contrast to their murine counterparts, it also appears that naïve hESCs 
remain dependent on FGF signaling since the small molecule inhibition of  the FGF-receptor kinase 
results in naïve hESC differentiation2 3 1. This corresponds to the role of  FGF signaling in primed hESC 
cultures where it supports Nanog and Klf4 expression while is does not in EpiSCs indicating that primed 
and naïve states are not identical in human and mouse ESCs20. 

To get more insight in the regulation of  primed and naïve pluripotent states in hESCs, we examined 
the molecular changes underlying the conversion from primed to naïve hESCs. We chose to follow the 
prococol described by Gafni et al. since the derivation of  naïve ESCs according to the other conditions 
was only shown in a limited number of  hES cell lines and derivation of  naïve hESCs from blastocyst 
embryos was very inefficient1, 3. Despite the fact that dome-shaped colonies appear soon after the switch 
to naïve culture conditions, we found that at the transcriptional level, naïve pluripotent state is only 
reached after prolonged culture in these conditions (approx. 20 days). Meanwhile, we observed a strong 
downregulation of  Oct4 together with an upregulation of  Dazl after 8-10 days of  naïve culture. Dazl 
is a RNA-binding protein and essential for late primordial germ cell (PGC) development21, where it 
simultaneously suppresses the expression of  pluripotency factors as well as differentiation, maintaining 
the nascent germ cells in a state of  suspended pluripotency (Chapter 2). However, Dazl is also expressed 
in murine ESCs where it is required for appropriate Tet-mediated conversion to a naïve pluripotent state 
(Chapter 3). Our findings that Dazl is upregulated during the conversion to a naïve pluripotent state could 
indicate that Dazl has a similar role in human ESCs.  

Results
Transient inhibition of Wnt signaling and culture with Nr5a2 ligands induces a metastable 
naïve human pluripotent state

Until recently, naïve hESCs could only be derived with the use of  continuous expression of  transgenes. 
We wanted to investigate whether it was also possible to derive naïve hESCs with only small molecules. 
Since murine EpiSCs can be converted to a naïve pluripotent state by culturing them with a MEK and 
GSK3β inhibitor (2i conditions, See chapter 3), we explored the effects of  these compounds on the naïve 
transition of  human ESC cultures. While several passages of  hESCs in 2i conditions resulted in smaller 
clusters of  cells, which could be passaged as single cells using trypsin, a real naïve pluripotent state was 
not achieved (Figure 1A), since colonies did not show a clear dome-shaped morphology and could be 
cultured independent of  LIF. 
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In a previous study we have investigated conversion from primed EpiSCs to naïve mESCs (Chapter 4). 
Here we identifi ed a cocktail of  inhibitors which could effi ciently induce a naïve pluripotent state from 
EpiSCs. A combination an inhibitor of  Wnt signaling and lipid ligands of  Nr5a2, a nuclear receptor 
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Figure 2: Molecular changes during the transition to naïve hESCs 
A) Morphology of  HUES6 hESCs at different time points in naïve human stem cells medium (NHSM). B) Dot blot 
analysis for 5meC and 5hmeC in HUES6 hESCs during the transition to a naïve state in NHSM. C) qRT-PCR for Oct4 
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which was previously shown to be able to replace Oct4 during iPS reprogramming and to support 
EpiSC conversion to ESCs, added to EpiSCs for only two days were sufficient to convert them to a 
naïve pluripotent state15, 22. Wnt signaling has been shown to promote differentiation of  hESCs, whereas 
inhibition of  Wnt makes hESC gene expression more homogeneous23-24.

Continuous culture with the Nr5a2 lipid ligands and a Wnt inhibitor induced differentiation in hESCs 
while transient stimulation with these small molecules was sufficient to induce the formation of  
morphologically naïve colonies (Figure 1B). However, we were not able to stably maintain these colonies 
after picking and additional passages in medium with LIF. Similar problems with metastable naïve hESCs 
that would differentiate upon withdrawal of  ectopic factors have been encountered by other groups16, 18-19. 

A stable naïve human pluripotent state is induced with MEKi/ERKi/p38i/JNKi 

A recent paper by Gafni et al. showed the combination of  2i + LIF, bFGF, TGFβ, a p38 inhibitor and 
JNK inhibitor were essential for the derivation and maintenance of  a naïve human pluripotent state 
independent of  transgenes2. This cocktail was optimized by the addition of  a ROCK inhibitor and PKC 
inhibitor to boost cell viability and growth and together this medium was termed naïve human stem cells 
medium (NHSM)2. We decided to examine whether we could derive naïve human ESCs using NHSM 
culture. Human ESC lines (H1, HUES5 and HUES6) were trypsinized, plated on vitronectin or irradiated 
embryonic fibroblasts (MEF) feeder cells and dome shaped colonies appeared between day 1 and day 3 
which could be picked and further expanded (Figure 2A). DNA dotblot analysis revealed global DNA 
demethylation in hESCs during NHSM culture, indicating that at the epigenetic level, the cells are indeed 
converting to a demethylated naïve pluripotent state in about 5 days (Figure 2B). 

To investigate gene expression changes during the conversion to a naïve pluripotent state, we performed 
immunostaining and qRT-PCR analysis for several genes at different time points in NHSM. We noticed 
that pluripotency genes are dynamically expressed during the first 15 days of  conversion and that the gene 
expression profile is stabilized from day 20-25 onwards (Supplementary figure S1). 

Remarkably, we observed that the expression of  the core pluripotency factor Oct4 declines to less 
than 5% of  its original expression in primed hESCs halfway during its conversion in NHSM (Figure 
2C, Supplementary figure S2). While Oct4 is uniformly distributed among cells in primed and stable 
naïve ESC colonies, it is irregularly expressed between day 8 and 15 in NHSM as demonstrated by 
immunofluorescence staining (Figure 2D). Oct4 expression in primed hESCs is controlled by a proximal 
Oct4 enhancer which is also observed in primed EpiSCs while in murine ESCs Oct4 is controlled by a 
distal enhancer6-7, 25. Indeed, Gafni et al. report that Oct4 is controlled by a distal enhancer as well in naïve 
hESCs2. Therefore, the temporal downregulation of  Oct4 during the transition to a naive pluripotent 
state might be caused by the switch in Oct4 enhancer activation.

Interestingly, Dazl expression peaks exactly at the time points at which Oct4 is low (Figure 2C, 
Supplementary figure S2). Immunofluorescence staining suggests that Dazl is more highly expressed in 
cells that are devoid of  Oct4 (Figure 2D). Dazl is a RNA-binding protein, which inhibits translation of  
several key pluripotency factors during late primordial germ cell (PGC) development while preserving 
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pluripotency in nascent PGCs (Chapter 2). In murine ESCs, Dazl can function as a marker for naïve 
pluripotency since it is highly expressed in ground state mESCs while it is absent in EpiSCs (Chapter 3). 
It is possible that Dazl marks hESCs that are actively transitioning to a naïve pluripotent state. However, 
its expression level in stable naïve pluripotent hESCs is comparable to its levels in primed hESCs (Figure 
2C, 2D).

The transition to a naïve human pluripotent state coincides with a temporal upregulation of 
Dazl and Tet genes

In chapter 3, we demonstrated that Dazl is involved in Tet-mediated reprogramming to a naïve pluripotent 
state in mESCs (Chapter 3). Tet enzymes convert 5-methylcytosine (5mC) to 5-hydroxymethylcytosine 
(5hmC) preceding DNA demethylation while DNA methyltransferases are responsible for de novo DNA 
methylation and methylation maintenance26-28. To investigate the expression of  genes regulation DNA 
(de)methylation during the transition to a naïve human pluripotent state, we performed qRT-PCR for 
Tet genes and DNMTs. It appears DNMT3 expression is globally decreased from day 1 onwards while 
both Tet1 and Tet2 expression transiently rise starting from day 8 in NHSM until day 13-15 (Figure 3). 
Interestingly, this happens simultaneously with the temporal elevation of  Dazl expression. Moreover, 
these observations were done in other hESC lines transitioning to a naïve state in NHSM as well 
(Supplementary fi gure S2). Whether Tet-mediated hydroxymethylation precedes Dazl expression during 
the transition to a naïve pluripotent state of  whether Dazl has a role in the activation of  Tet expression 
as is murine ESCs, is an intriguing question that remains to be investigated. 

Dazl functions as a marker for naïve mESCs since it is absent in EpiSCs while we do observe Dazl at 
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Figure 3: DNA methylation dynamics during the transition to naïve hESCs 
qRT-PCR for DNMT3a and DNMT3b involved in DNA methylation (left panel) and Tet1 and Tet2 involved in DNA 
hydroxymethylation at different time points in NHSM.  
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a low level in primed hESCs albeit its expression varies between different lines (Supplementary figure 
S3A). Also, in contrast to mouse blastocysts, we could not detect Dazl positive cells in the ICM of  human 
blastocyst embryos (Supplementary figure S3B). Thereby, we observed that Dazl mRNA levels are low in 
established naïve hESCs. Together, this indicates that in human ESCs, Dazl has, rather than being a naïve 
marker, a potential transient role in the establishment of  naïve pluripotency. 

Discussion
The past few years, many groups have attempted to derive naïve human ESCs without the use of  
transgenes. The derivation of  naïve human ESCs would eliminate their differentiation bias that currently 
exists in hESCs, making individual lines more comparable and results from different laboratories more 
reproducible. In addition, naïve human ESC have practical advantages, such as tolerance to passaging as 
single cells using trypsin which aids both automation processes and homologous recombination mediated 
gene targeting. Characterization of  the gene expression changes could improve our understanding of  
the mechanisms underlying the outgrowth of  naive ICM cells in human blastocyst embryos to primed 
hESCs. In this study, we followed a recently published protocol to derive naïve hESCs2. We observed that 
the transition of  primed hESCs to a naïve pluripotent state coincides with changes in cell morphology, 
gene expression and epigenetic changes that are in part associated with a transition to a naïve state. 
Morphological changes occur soon after hESC culture in NHSM and global DNA methylation decreases 
within the first 7 days as well, suggesting that the naïve transition of  the human ESCs is rather fast 
and efficient. However, the expression of  key pluripotency genes shows profound fluctuations and only 
stabilizes after prolonged (20 day) culture of  the ESCs in NHSM conditions. This effect is even more 
profound at the single cell level, where the upregulation of  Dazl, a marker for naïve pluripotent stem cells, 
is associated with a downregulation of  the key pluripotency factor Oct4. Dazl is a RNA binding protein, 
which acts as a translational enhancer in PGCs, but we have also observed its translational inhibition 
of  key pluripotency genes when PGCs migrate to the gonads29-30 (Chapter 2). While Oct4 is not among 
the targets of  Dazl during PGC development, Dazl does inhibit Sox2 translation, thereby restricting 
pluripotency in the germline. The abrupt expression of  Dazl simultaneous with Oct4 downregulation 
during the transition to naïve hESCs could indicate that Dazl has a (indirect) role in regulating Oct4 by 
targeting other pluripotency factors during the transition to naïve ESCs as well. On the other hand, the 
brief  decrease in Oct4 expression could also be caused by the switch from proximal to distal enhancer 
activation. Future research should point out which underlying mechanisms regulate Oct4 expression 
during the conversion to a naïve state in hESCs and whether Dazl has a role in inducing naïve pluripotency.

Dazl is also important for Tet-mediated conversion to a naïve state in mESCs (Chapter 3). Interestingly, we 
observed that during reprogramming to naïve hESCs, Tet1 and Tet2 genes show an elevated expression in 
exactly the same time frame as Dazl (Figure 2D, 3A). Dazl expression and demethylation of  its promoter 
have been reported to follow Tet-driven hydroxymethylation during murine PGC development and 
during reprogramming to naïve mESCs31-33. However, since in vivo expression of  both Tet and Dazl starts 
at similar time points during germ cell development 32, the possibility that Dazl precedes and regulates Tet 
expression should not be excluded.



95

5

The transition to naive human ESCs

Apparently, Dazl can have multiple roles during development. Whether its transient expression results in 
the inhibition of  Sox2 and thereby also Oct4 expression or whether Dazl has a similar role in the induction 
of  Tet genes in both mESCs and hESCs requires more insight in the molecular changes underlying the 
transition to a naïve human pluripotent state. 

Methods

Cell culture

Human ESCs (H1, H9, HUES1, HUES5, HUES6) were cultured on γ-irradiated feeder MEFs in DMEM/
F12 containing 20% knockout serum replacement (KOSR, Invitrogen), 1% nonessential amino acids 
(Invitrogen), 1mM L-Glutamine (Invitrogen), 5ng/ml bFGF (Peptrotech) and 0,1 mM β-mercaptoethanol 
in 60mm dishes or 6-wells plates (Greiner Bio-One). The cells were routinely passaged every 5-7 days 
using 1mg/ml collagenase IV (Invitrogen) or manual picking. For the generation of  metastable naïve 
hESCs, bFGF was withdrawn from the tissue culture medium and replaced with LIF. The Wnt inhibitor 
XAV939 (Stemgent, 1µM) and Nr5a2 ligand lipids DLPC and DUPC (Avanti, 100µM) were added for 3 
days followed by culture medium supplemented with LIF only.

Derivation and maintenance of naïve hESCs in NHSM 

Human ESCs were plated on γ-irradiated feeder MEFs or 1ng/ml vitronectin coated plates in naïve human 
stem cell medium (NHSM) including knockout DMEM, 20% knockout serum replacement (Invitrogen), 
1% nonessential amino acids (Invitrogen), 1mM L-Glutamine (Invitrogen), 12,5ug/ml recombinant 
human insulin (Sigma), 8ng/nl bFGF (Peprotech), 1ng/ml TGFβ (Peprotech), human LIF, 0,1 mM 
β-mercaptoethanol and small molecule inhibitors MEK inhibitor PD0325901 (Axon Medchem, 1µM), 
GSK3β inhibitor CHIR99021 (Axon Medchem, 3µM), JNK inhibitor SP600125 (Tocris, 10µM), p38 
inhibitor SB202190 (Axon Medchem, 5µM), PKC inhibitor Go6983 (Tocris, 5µM) and ROCK inhibitor 
Y27632 (Axon Medchem, 5µM). After 2-5 days dome shaped colonies appear which are manually picked 
followed by routinely passaging by trypsinization in single cells every 3-5 days.  

Dot blot analysis

Genomic DNA (50ng per sample) was denatured in 0.4M NaOH at 95°C and neutralized with 1M 
NH4OAc on ice. DNA was spotted on a Hybond-N+ nitrocellulose membrane (GE Healthcare) using a 
Bio-Dot SF apparatus (Bio-Rad). The membrane was washed in 2× SSC, dried on Whatman 3MM paper 
UV cross-linked 120,000 μJ cm−2. The membrane was blocked in 5% BSA, incubated with primary mouse 
anti-5-methylcytosine antibody (Abcam 1:2000) or rabbit anti-5-hydroxymethylcytosine antibody (Active 
motif  1:10000) overnight at 4°C. The membrane was washed in PBS-T and incubated with secondary 
HRP-conjugated goat anti-mouse antibody (BD Biosciences 1:5000) or HRP-conjugated goat anti-rabbit 
(Santa Cruz 1:5000) for 1 hour at room temperature. The membrane was visualized by chemiluminescence 
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with Pierce ECL (Fisher).

 

Q-PCR gene expression analysis

Total RNA was extracted with Trizol reagent (Invitrogen), treated with DNase I (Promega) and first strand 
cDNA was synthesized with SuperScript III reverse transcriptase using random primers (Invitrogen). 
Q-PCR was performed using SYBR Green master mix in a Biorad CFX thermocycler (Bio-Rad).

Immunofluorescence microscopy

ESCs on coverslips or E6.5 human blastocysts were fixed in 4% paraformaldehyde (PFA), permeabilized 
in 0.1% Tween20/PBS or methanol and blocked in 20% donkey serum in 0.1% Tween20/PBS for 10 
min at 4°C. The cells were then incubated with α-Oct4 (Santa-Cruz sc-5279), α-Dazl (Peter Vogt lab) 
primary antibodies overnight at 4°C, washed and incubated with Alexa 488 donkey anti-rabbit or Alexa 
568 donkey anti-mouse (Invitrogen) secondary antibodies for 1 hour at 4°C, washed and mounted in 
Vectashield with 1ng/ml DAPI. Cells and embryos were imaged with the Leica SPE confocal microscope.
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Supplementary fi gure S1:
qRT-PCR for markers of  pluripotency markers and markers specifi c for naïve pluripotency 
during the transition to a stable naïve pluripotent state. 
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Supplementary fi gure S2: Gene expression dynamics in other naïve hESC lines
qRT-PCR for Dazl, Oct4, Tet1 and DNMT3b in H1 and HUES5 hESCs lines at different time 
point during their transition to a naïve pluripotent state. 
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Supplementary Figure S3
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Supplementary figure S3: Dazl expression in primed hESCs and in human embryos
A) Immunostaining for Dazl and Oct4 in H1 hESCs. B) Immunostaining for Dazl and Oct4 in E6.5 human 
blastocyst embryos.
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Mouse pluripotent stem cells can exist in naïve and primed pluripotent states. While both have 
the potential differentiate in all three germ layers, naïve pluripotent stem cells offer several 
technical and practical advantages. Most importantly, naïve pluripotent stem cells do not 
have a differentiation bias toward a particular lineage and can be clonally cultured. These two 
key properties enhance reproducibility of  experimental protocols between different stem cell 
lines and/or labs and facilitate automation of  expansion and differentiation protocols. Naïve 
embryonic stem cells (ESCs) exhibit a germ cell signature which is absent in primed epiblast 
stem cells (EpiSCs). Here, we used the germ call marker Dazl in a Dazl-GFP reporter line for 
a High Content Screening to identify compounds that can induce a naïve pluripotent state. We 
identified six compounds that upregulate Dazl. Defining their molecular targets will contribute 
to our understanding of  naïve pluripotency.

Introduction
Mouse embryonic stem cells (ESCs) are uniquely totipotent. They are derived from pre-implantation 
blastocyst embryos and exist in a naïve ICM-like pluripotent state. Interestingly, another type of  
pluripotent stem cell exists, called Epiblast stem cells (EpiSCs), which are isolated from post-implantation 
epiblast embryos and resemble a primed pluripotent state1-3. Human ESCs are not completely totipotent, 
and their characteristics resemble those of  mouse EpiSCs. Because of  this, human ESCs are not a cost-
effective viable option for scientific discovery and therapeutic approaches, as discussed below. 

Both pluripotent cell types, naive (mouse ESCs) and primed (EpiSCs or human ESCs; from here on both 
are referred to as EpiSCs), can contribute to all three germ layers including the germ line, however, the 
naïve pluripotent state offers technical and practical advantages over primed pluripotent stem cells. In 
general, murine ESCs better retain pluripotency, can be easily trypsinized and passaged as single cells, 
offer great potential for gene targeting experiments and efficiently contribute to chimaera formation. In 
contrast, EpiSCs demonstrate a differentiation bias, which causes inconsistency between individual cell 
lines, do not tolerate trypsin, and their contribution to chimaeras is rarely reported.

A characteristic hallmark of  ESCs in serum is the presence of  a germ cell signature; this is absent in 
EpiSCs2, 4. ESCs exist in a heterogeneous equilibrium, consisting of  cells that are more ICM-like and 
express germ cell genes such as Klf4, Nanog and Rex15-6; and cells that are more post-implantation 
epiblast-like and express early differentiation markers. When ESCs are cultured under “2i conditions” 
with a MEK inhibitor and GSK3b, the absence of  differentiation cues results in more homogenous gene 
expression of  the naïve state7. Interestingly, in we noticed that the germ cell signature did not become 
more profound in these naïve ESCs (discussed in Chapter 3). The only germ cell marker significantly 
upregulated was Dazl and until recently, not much was known about its function. 

We have previously determined that Dazl is a stringent marker for naïve pluripotency in serum-cultured 
ESCs and that it has an important role in the acquisition of  a pluripotent state in 2i conditions (Chapter 
3). If  we can understand the mechanisms underlying naïve pluripotency in 2i conditions, we will also 
gain insight into the regulation of  pluripotency in the ICM of  murine blastocysts and other species. 
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In this study, we used a Dazl-GFP reporter ESC-line to identify chemical compounds that induce 
Dazl expression. Our understanding of  the molecular mechanisms dictating the conversion of  murine 
EpiSCs to murine ESCs (therefore indicating a shift from primed to naïve pluripotency) will enable us 
to determine how to do the same for human ESCs and enable us to properly exploit human ESCs for 
potential therapeutic investigation. 

Results
A chemical compound screen reveals a correlation between Dazl-GFP expression and cell 
number

In order to identify small molecules that induce naïve pluripotency in murine cells, we set up a high-
throughput screen to determine which novel compounds can induce Dazl expression in ESCs. By 
performing a High Content Screening (HCS) using the Array scan, we were able to test the Prestwick 
Chemical Compound Library, on Dazl-GFP ESCs. The Prestwick Library consists of  1200 chemically 
and pharmacologically diverse compounds which are FDA approved drugs. 

The Array Scan is a fl uorescent microscope-based system that identifi es cell nuclei using nuclear 
fl uorescent dyes in the fi rst channel, while GFP is measured in the second channel, within close proximity 
to the boundaries of  the nuclei. To facilitate the detection of  Dazl-GFP and nuclei in live cells, we 

Chapter	  6	  _Figure	  1	  

Control	  DMSO	  

Dazl-‐GFP	  
H2B-‐mRFP	  

Prestwick	  compound	  “Hits”	  

NegaGve	  control	  

PosiGve	  controls	  

Figure 1: A High Content Screen revealed that Dazl-GFP expression is correlated to a decrease in cell 
number. 
A) Live image of  Dazl-GFP H2B-mRFP ESCs. B) Cell count versus % Responder Total Intensity-GFP was plotted 
in the graph in Log scale for all 1200 compounds. C) Examples of  live images made by Array Scan for Dazl-GFP 
ESCs. Right panel: healthy control ESCs. Middle panel: healthy ESCs with compound. Left panel: dying ESCs with 
compound.
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generated Dazl-GFP-H2B-mRFP ESCs by targeting Dazl-GFP ESCs with an H2B-mRFP construct 
using nucleofection (Figure 1A). These Dazl-GFP-H2B-mRFP ESCs were subsequently be used in Array 
Scan experiments.

Dazl-GFP-H2B-mRFP ESCs were plated in 96-well plates and the compounds from the library plates 
were added in eight different concentrations to the cells at via an automated system. At Day3 after 
compound addition, the cells were analyzed by the Array Scan. Positive controls previously shown to 
induce Dazl expression in ESCs (2i conditions, NaClO3) and negative controls (DMSO), were also added 
to each plate at Day 0. 

The total cell count versus % Responder Total Intensity-GFP (in log scale) was plotted as an outcome 
in Figure 1B for all 1200 compounds. Interestingly, a negative correlation (R2=0.785) was identifi ed: 
higher levels of  GFP expression were consistent with a lower cell number. This could indicate that the 
compounds increasing Dazl-GFP expression may also have an inhibitory role in proliferation or that their 
toxicity leads to cell death.

We decided to consider compounds that can increase GFP expression (Log [% total responder total 

2i	  

Chapter	  6	  _Figure	  2	  

Figure 2: Dazl-GFP levels in ESCs with different compounds. 
Dazl-GFP ESCs were cultured in the presence of  the indicated compounds. Every graph shows the effect of  the 
compound (Blue line) compared to control ESCs in LIF only (Orange line). 2i conditions were included as a positive 
control and DMSO as a negative control. N=4.
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Intensity-GFP] > 0.5) without majors effects on cell counts as potential candidates that influence Dazl 
expression (Figure 1B). To filter out the toxic and false positive compound images made by the Array 
Scan, we analyzed our results for autofluorescence and high levels of  apoptosis (Figure 1C). As a result, 
we used 59 compounds for subsequent testing on mESC cultures. 

Six compounds were found to induce Dazl-GFP expression in mESCs

The effects of  all 59 compound hits were further explored on Dazl-GFP mESCs for several passages and 
analyzed by FACS. Of  the total, 33 compounds were either toxic or decreased proliferation dramatically 
and 13 compounds did not show any effect on Dazl-GFP levels. There were seven compounds that 
did increase Dazl-GFP expression, however, simultaneously inhibited proliferation such that expansion 
was unfeasible. Finally, six compounds were found to increase Dazl-GFP expression without inhibiting 
proliferation: Apomorphine, Rifampicin, Reserpine, Rifapentine, Vidarabine or Zidovudine. The rise in 
Dazl-GFP expression in the presence of  one of  these six compounds varied from 2-10% compared to 
control ESCs without additional compounds (Figure 2).

Next, we investigated the influence of  the six compounds on the expression of  naïve (Dazl, Klf4, Pecam1, 
Nanog) as well as primed (Sox17, FGF5) pluripotency markers by qRT-PCR (Supplementary Figure S1). 
ESCs in 2i conditions were used as a control for naïve pluripotency. 

Apomorphine was the only compound exhibiting an increased expression of  all naive markers and 
decreased expression of  the primed marker, Fgf5. In addition, we noticed that its effects on gene 
expression were comparable to 2i conditions. Another compound, Rifapentine, demonstrated similar 
results, however FGF5 levels remained comparable to control ESCs. We did not observe obvious 
up-regulation or significant differences of  naïve pluripotency genes observed for the other four tested 
compounds, yet FGF5 was down-regulated indicating that gene expression may have become more 
homogeneous with those compounds. As a result, we decided to further investigate Apomorphine, as 
described below.

Apomorphine does not influence Dazl-GFP expression via dopamine, adrenergic and 
serotonin receptors

Apomorphine is well-known as a non-selective dopamine agonist8-9. It has also been reported that 
Apomorphine is an agonist for α-adrenergic receptor 2A and an antagonist for 5-hydroxytryptamine 
(serotonin) receptors 9-10. The role of  Apomorphine in pluripotency has not been reported before so we 
therefore investigated whether this compound activates Dazl-GFP via its known pathways in pluripotency. 

To test whether Apomorphine can increases Dazl-GFP expression by activating dopamine or adrenergic 
receptors, or by repressing serotonin receptors, we investigated whether different types of  dopamine, 
adrenergic and serotonin receptors were expressed in three conditions: 1) ESCs in serum + LIF; 2) in 
ESCs in 2i conditions; and 3) in EpiSCs. As a positive control we used cDNA from differentiated neurons 
(H9 and ALS A18).  

Dopamine receptor subtypes Drd1A, 3 and 5 are expressed in ESCs or EpiSCs and could be potential 
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targets for Apomorphin (Supplementary figure S2A). We tested several agonists for these dopamin 
receptors and also combinations of  different agonists as well as antagonists as control on Dazl-GFP 
ESCs, but no significant increase in Dazl-GFP expression was observed (Figure 3A). 

Instead of  working via dopamine receptors, Apomorphine might activate adrenergic receptors. We found 
that adrenergic receptor andra1D and 2B are expressed in pluripotent stem cells and the high expression 
of  andra2B in 2i conditions could indicate that Apomorphine might work via activating this receptor 
(Supplementary figure S2B). However, the addition of  adrenergic receptor agonists and antagonist to 
Dazl-GFP ESCs did not result in a change in Dazl-GFP expression suggesting that Apomorphine also 
does not increase Dazl expression via adrenergic receptors (Figure 3B).

The last category of  receptors that Apomorphine was reported to target are serotonin receptor of  
which subtype Htr1B and 2A are highly expressed in ESCs and EpiSCs (Supplementary figure S2C). 
Nonetheless, the introduction of  different antagonists as well as agonists of  serotonin receptors did not 
affect Dazl-GFP expression in ESCs (Figure 3C). Together, it seems that Apomorphine does not enhance 
Dazl-GFP expression though its separate actions on either dopamine, adrenergic or serotonin receptors.
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Figure 3: Dazl-GFP levels 
in ESCs with dopamine, 
adrenergic and serotonin 
receptor agonists and 
antagonists
A) The percentage increase in 
Dazl-GFP relative to control 
ESCs during 10 day culture with 
dopamine receptor agonists and 
antagonists. B) The percentage 
increase in Dazl-GFP relative 
to control ESCs during 10 day 
culture with adrenergic receptor 
agonists and antagonists. C) The 
percentage increase in Dazl-GFP 
relative to control ESCs during 
10 day culture with serotonin 
receptor agonists and antagonists. 
D) The percentage increase in 
Dazl-GFP relative to control 
ESCs during 10 day culture in 
a combination of  two or three 
of  the following compounds: a 
non-selective dopamine receptors 
agonist, an adrenergic receptors α1 
agonist, and either a non-selective 
serotonin receptors agonist or 
antagonist.
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To eliminate the chances that the induction of  Dazl-GFP expression by Apomorphine is caused by 
its combined actions on different receptor types, we investigated the effects of  different combinations 
of  dopamine receptor agonists, adrenergic receptor agonists and serotonin receptor antagonists. The 
only combination that gives a slight rise in Dazl-GFP expression after 6-8 days is that of  the adrenergic 
receptor agonist 1A together with an non-selective antagonist for serotonin receptors (Figure 3D). 
While the combination these results indicate that part of  the effects of  Apomorphine are mediated via 
adrenergic and serotonin receptors, they do not fully refl ect the effects of  Apomorphine itself, which 
causes a higher percentage of  Dazl-GFP expression. Thereby, the combination of  Apomorphine with of  
one of  the dopamine, adrenergic or serotonin receptor agonists or antagonists separately, does not result 
in a further increase of  Dazl-GFP expression (Supplementary fi gure S3). These results implied that the 
major effects of  Apomorphine on Dazl-GFP levels are not mediated by separate or combined actions on 
dopamine, adrenergic or serotonin receptors.

Figure 4: Dazl-GFP expression during EpiSCs conversion with compounds hits 
A) Dazl-GFP expression at day 0, 11 and 20 during EpiSC conversion in a 4i cocktail and different individual 
compound hits.  B) qRT-PCR at different time point of  EpiSC conversion with the addition of  differen compound 
hits. The values are normalized for Oct4 and are relative to the control mESCs.

Chapter	  6	  _Figure	  4	  
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Three compounds induce naïve pluripotency in EpiSCs

The 6 compounds identified in Figure 2 all showed to increase Dazl expression in ESCs, but the effect 
for most of  these compounds on naïve pluripotent gene expression seemed limited. As mentioned 
before, Dazl is absent in EpiSCs, but is expressed again when EpiSCs are converted to a ESCs-like state. 
In Chapter 4 we showed that the isolation of  Dazl positive cells from primed EpiSCs in conversion 
conditions, results in pure populations of  naïve ESCs. Therefore, we wanted to study the effect of  those 
6 compounds on Dazl-GFP expression in reprogramming Dazl-GFP EpiSCs.

The compound we added individually to EpiSCs together with a cocktail of  4 inhibitors (4i), including 
a MEK inhibitor, GSK3β inhibitor, FGFR inhibitor and TGFβ inhibitor, previously shown to slightly 
induce Dazl-GFP in EpiSCs (Chapter 4). The combinations of  Apomorphine, Vidarabine and Zidovudine 
with the 4i cocktail seemed toxic for the EpiSCs and were excluded from further experiments. In contrast, 
the 3 other compounds, Rifampicin, Reserpine and Rifapentine, were able to raise Dazl-GFP levels up 
to 80% after 20 days while Dazl-GFP EpiSC converted in only the 4i cocktail was only 2% at this time 
point (Figure 4A). These results suggest that the compounds can enhance the conversion from a primed 
to a naive state. 

To test whether Rifampicin, Reserpine and Rifapentine in EpiSCs in 4i conditions indeed support the 
conversion to a more naïve pluripotent state, we did qRT-PCR for the naïve markers Dazl and Pecam1 
and for the primed markers Fgf5 and Sox17 at day 5 and day 10. Murine ESCs and EpiSCs were included 
as controls. As shown in figure 4B, initially, both naïve and primed markers are upregulated in EpiSCs in 
the conversion cocktail. However, by day 30 Fgf5 is downregulated in the 4i conditions with Rifampicin, 
Reserpine or Rifapentine (Figure 4B). In contrast, the EpiSCs in control 4i conditions are lost due to 
apoptosis. These results confirm that Rifampicin, Reserpine and Rifapentine are able to induce Dazl-GFP 
expression and naïve pluripotency in EpiSCs.

Discussion
In this study we wanted to identify chemical compounds that would influence naïve pluripotency in 
murine ESCs. Using Dazl as a marker for naïve pluripotency, we were able to do a High Content screen on 
the Prestwick library for compounds inducing Dazl expression in ESCs. Interestingly, a correlation was 
found between a decrease in cell number and the induction of  Dazl-GFP expression after 3 days. These 
results indicate that factors that induce Dazl expression are also slowing down cell cycle or might cause 
apoptosis. While 2i conditions, which were used as a positive control in Array Scan experiments, were also 
found to be correlated with a decrease in cell number (Figure 1B), two-third of  the hits were eliminated 
as potential candidates when they were found to indeed cause apoptosis in images taken by the Array 
Scan. Thereby, the addition of  chemical compounds to ESCs that influence cell signaling, could initially 
slow down cell cycle of  due to adaptations of  ESCs to new culture conditions. Also, kenpaullone, is a 
CDK-inhibitor and as well as a GSK3β inhibitor, which can substitute for CHIR99021 in 2i conditions 
and increase naïve pluripotency and Dazl expression. Therefore, cell cycle progression probably doesn’t 
influence naïve pluripotency.
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Among the compounds identified to induce Dazl-GFP expression, Apomorphine had the most significant 
effect on Dazl-GFP expression similar to 2i conditions. Apomorphine is known to target dopamine, 
adrenergic and serotonin receptors, and dopamine receptors have been shown to play a role in cancer 
stem cells (CSCs) in which dopamine antagonists downregulate Oct4 and Sox2 11. Thereby, it appears 
that PKA, Akt, GSK3β and ERK are key components in both dopamine pathways and pluripotency 
pathways12. Despite the fact that dopamine inhibits Akt and induces GSK3β, which is the opposite from 
what is needed for naïve pluripotency, the shared pathway could indicate that dopamine receptors can 
influence naïve pluripotency. However, our results indicate that none of  the receptors that Apomorphine 
can target seemed to be the mechanism via which Apomorphine induces Dazl and naïve pluripotency in 
ESCs. Detailed insight in the gene expression changes upon ESC culture with Apomorphine is needed 
to uncover its specific targets.

We found three other compounds, Rifampicin, Rifapentine and Reserpine, to induce Dazl-GFP and 
to support the conversion of  EpiSCs to a naïve pluripotent state. These are reported to work as RNA 
polymerase inhibitors, and as VMAT inhibitor respectively13-15. In Chapter 4, we propose three important 
targeting pathways to be important for the conversion of  primed to a naïve pluripotent state: the inhibition 
of  self-renewal in primed pluripotent stem cells, the inhibition of  differentiation to somatic lineages and 
the induction of  factors that support the transition to a naïve state. The 4i cocktail that we used consists 
of  two inhibitors of  self-renewal of  EpiSCs, and two inhibitors that support self-renewal in ESCs. Since 
we could not relate the reported mechanisms of  action of  Rifampicin, Reserpine and Rifapentine to 
pluripotency, we hypothesize that they either inhibit EpiSC differentiation or induce reprogramming to 
support the conversion of  EpiSCs in to a naïve pluripotent state in combination with the inhibition of  
self-renewal in the 4i cocktail. 

Taken together, from the 1200 compounds that we screened for the induction of  Dazl-GFP expression, 
we found six compounds that upregulate Dazl and thereby could be involved in naïve pluripotency. 
An in-depth analysis of  transcriptional changes in ESCs cultured with these compounds could provide 
information about their putative targets. Ultimately, a better understanding of  the mechanisms by which 
these compounds induce a naïve pluripotent state in murine EpiSCs may reveal new pathways involved in 
the establishment and maintenance of  naïve pluripotency.

Methods

High Content Screen using Array Scan

In the Array Scan HCS screening done with Prestwick Library of  1200 compounds (25µM each), Dazl-
GFP mESC cells were plated in a density of  1500 cell/well in 96 wells plates (Greiner Bio-One) at day 
-1. Compounds were added on day 0 by robotics (Thermo Scientific) and measurements were done on 
day 3. The algorithm was adjusted to read ten fields per well to get more consistent results in Array Scan 
measurements. The Prestwick Library consisted of  15 library plates in entire the screen and these were 
screened in five different runs. In order to normalize all data coming from different Library Plates, the 



6

112

Chapter 6

median response of  each Library Plate was calculated. Values coming from individual plates were divided 
by median value of  that particular plate. 

In order to normalize the whole data, % Responders Total Intensity for GFP and cell count from each 
Library Plate were divided by the median results per parameter from each Library Plate (containing 80 
compounds) without considering negative and positive controls. Thereby, we could plot cell count against 
GFP response of  each compound. 

Cell culture

Dazl-GFP mouse embryonic stem cells (ESCs) were derived from blastocysts from heterozygous 
crossings of  Dazl-GFP mice. ESCs were cultured on γ-irradiated feeder MEFs in DMEM containing 
15% FBS, 1% nonessential amino acids (Invitrogen), 1mM L-Glutamine (Invitrogen), LIF and 0,1 mM 
β-mercaptoethanol. The cells were passaged every second day using 0.05% trypsin/EDTA.

Dazl-GFP EpiSCs were derived from Dazl-GFP mESCs by continuous culture in EpiSC medium. 
EpiSCs were maintained on γ-irradiated feeder MEFs in DMEM/F12 containing 20% knockout 
serum replacement (KOSR, Invitrogen), 1% nonessential amino acids (Invitrogen), 1mM L-Glutamine 
(Invitrogen), 5ng/ml bFGF (Peptrotec) and 0,1 mM β-mercaptoethanol. The cells were passaged every 
third or fourth day using 1mg/ml collagenase IV (Invitrogen) or manual picking.

Small molecule compounds

The following chemical compounds were used and indicated are final concentrations: MEK inhibitor 
PD0325901 (Axon Medchem, 1µM), GSK3β inhibitor CHIR99021 (Axon Medchem, 3µM), FGFR 
inhibitor PD173074 (Sigma, 0,1µM), TGFβR/ALK5 inhibitor A83-03 (Tocris, 0,5µM), R(-)Apomorphine 
hydrochloride hemihydrate (25µM), Rifampicin (25µM), Reserpine (25µM), Rifapentine (25µM), 
Vidarabine (25µM), Zidovudine (25µM). Dopamine, adrenergic and serotonin receptor agonists and 
antaganists can be found in Supplementary table 1. 

Q-PCR gene expression analysis

Total RNA was extracted with Trizol reagent (Invitrogen), treated with DNase I (Promega) and first strand 
cDNA was synthesized with SuperScript III reverse transcriptase using random primers (Invitrogen). 
Q-PCR was performed using SYBR Green master mix in a Biorad CFX thermocycler (Bio-Rad).

FACS 

Cells were analyzed on a Becton-Dickinson FACS Calibur cell analyzer.
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Supplemental Information

Chapter	  6	  _	  Supplementary	  Figure	  S1	  

Supplementary fi gure S1: Expression levels of  naive, primed and pluripotency markers in mESCs in 
compound conditions. 
qRT-PCR on Dazl-GFP mESCs cultured with different compounds for 8-10 days. The data were normalized for Oct4 
expression and were relative to control mESCs. 
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Chapter	  6	  _	  Supplementary	  Figure	  S2	  Supplementary figure S2: The expression of  dopamine, adrenergic and serotonin receptors in pluripotent 
stem cells
A) qRT-PCR for the expression of  five subtypes of  dopamine receptors (drd1A, 2, 3, 4 and 5) in mESCs, EpiSCs, 
mESCs cultured in 2i conditions and differentiated neurons H9 and ALS A18 as controls. B) qRT-PCR for the 
expression of  six subtypes of  adrenergic receptors (1A, 1B, 1D, 2A, 2B and 2C) in mESCs, EpiSCs, mESCs cultured 
in 2i conditions and differentiated neurons H9 and ALS A18 as controls. C) qRT-PCR for the expression of  fives 
subtypes of  serotonin receptors (1B, 1D, 2A, 2B and 2C) in mESCs, EpiSCs, mESCs cultured in 2i conditions and 
differentiated neurons H9 and ALS A18 as controls. All data are normalised for actin levels. Error bars take into 
account SEM for both the samples itself  and for actin.
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Chapter	  6	  _	  Supplementary	  Figure	  S3	  

Supplementary figure S3: Dazl-GFP levels in ESCs with Apomorphine and together with dopamine, 
adrenergic or serotonin receptor agonists/antagonists
Dazl-GFP expression in ESCs cultured for 10 days with Apomorphine and dopamine receptor agonists, adrenergic 
receptor agonists or serotonin receptor antagonists.

Abbreviation Chemical name Working conc. Function
A68 A68930 hydrochloride 1 μM Dopamine receptor subtypes 1/5 

agonist
sum sumanirole maleate 1 μM Dopamine receptor subtype 2 

agonist
pra pramipexole dihydrochloride 1 μM Dopamine receptor subtype 3 

agonist
PD16 PD168077 maleate 1 μM Dopamine receptor subtype 4 

agonist
TL99 TL 99 hydrobromide 1 μM Dopamine receptor agonist
flu Flupenthixol dihydrochloride 1 μM Non-selective dopamine 

receptors antagonist
SCH R ( + ) - S C H - 2 3 3 9 0 

hydrochloride
1 μM Selective D1 dopamine receptor 

antagonist
U99 U 99194 maleate 1 μM Selective dopamine D3 

antagonist
met Methysergide maleate 25 μM Non-selective 5-HT receptor 

antagonist

ser Serotonin hydrochloride 25 μM Non-selective 5-HT agonist
GR1 GR 127935 hydrochloride 1 μM Potent and selective 5-HT1B/1D 

receptor antagonist
CGS CGS 12066B dimaleate 1 μM 5-HT1B full agonist
ben 2-Benzylimidazoline 25 μM Non-selective adrenergic 

receptor antagonist
RPh ( R ) - ( - ) - P h e n y l e p h r i n e 

hydrochloride
1 μM Adrenergic receptors α1 agonist

efa Efaroxan hydrochloride 25 μM Selective α-adrenoceptor 
antagonist

Supplementary table 1: dopamine, adrenergic and serotonin receptor agonists and antagonists
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Pluripotent embryonic stem cells (ESCs) can be isolated from the inner cell mass (ICM) of  
blastocyst embryos and differentiate into all three germ layers in vitro1-2. However, despite 
their similar origin, mouse embryonic stem cells represent a more naïve ICM-like pluripotent 
state whereas human embryonic stem cells exist in a post-implantation epiblast-like primed 
pluripotent state3. Developing germ cells represent an in vivo cell population that is closely 
related to pluripotent stem cells. Indeed, ESCs can differentiate into functional primordial germ 
cells (PGCs) in vitro and a hallmark of  naïve pluripotency is the expression of  several germ cell 
markers. In this thesis we investigated the significance of  a germ cell signature, and particularly 
the role of  Dazl, for the nature of  pluripotency in ESCs. Insight in the mechanisms underlying 
pluripotency could also provide a better understanding of  the interconvertability of  different 
pluripotent states.

Dazl during germ cell development
Germ cell specification in mammalian and non-mammalian species

The germ line represents an evolutionary continuum within and between species. Different organisms 
show many similarities but also major differences in the control of  germ cell development4. Germ cell 
specification can occur via two different developmental programs dependent on the model species 
(reviewed by Lesch & Page5). In non-mammalian organisms the germ cells are specified from the germ 
plasm, cytoplasmic complexes with maternally deposited factors in the one-cell embryo. Germ plasm 
is composed of  many RNA-binding factors that are involved in translational regulation of  germ plasm 
mRNAs that are conserved in germ cells across multiple species6. Cells that receive inducing signals 
from the germ plasm during following cell divisions will develop into germ cells. In mammals, germ 
cell formation takes place in the epiblast after implantation of  the embryo when bone morphogenetic 
proteins (BMPs) induce Blimp1 and Prdm14 around E6.257-10. After specification, germ cell precursors in 
both mammalian and non-mammalian species are dependent on accurate regulation of  gene expression 
by repressing somatic transcriptional programs and maintenance of  the undifferentiated state during 
migration to the gonads.

Germ cell development in mice

PGC specification in mice requires repression of  the somatic mesodermal program, reacquisition of  
pluripotency and epigenetic reprogramming which are regulated by both Blimp1 and Prdm14. Blimp1 
(Prdm1) and Prdm14 belong to the SET domain family of  histone methyltransferases. Prdm proteins 
generally repress gene expression and in nascent PGSc they are responsible for the downregulation 
of  DNMTs as well as genes involved in somatic differentiation. As a result they assure global DNA 
demethylation as well as inhibition of  somatic differentiation, both essential properties for germline 
stem cells11. Indeed, pluripotency factors such as Stella, Lin28, Oct4 and Sox2 become restricted to the 
germline during gastrulation12. At E10.5 PGCs reach the gonads and rapid DNA demethylation starts13. 
Also, PGCs exit their migratory pluripotent state to initiate sexual differentiation and enter meiosis14. 
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In addition to the regulation of  (somatic) gene expression at the transcriptional level, translational control 
in germ cell maintenance by RNA-binding proteins such as Dnd1 and Nanos3, is essential during PGC 
development15-16. Certain RNA-binding factors are highly conserved across multiple species and are also 
found in as germ plasm components in non-mammalian species. 

Dazl in developing germ cells

Dazl, a germ cell specific RNA-binding protein, is essential for developing PGCs. Dazl is conserved in 
all vertebrates and is found to be a component of  germ plasm both Xenopus and zebrafish17-19. In mice, 
the knockout of  Dazl results in early loss of  germ cells and failure to enter meisosis14, 20. To investigate 
the precise role of  Dazl during germ cell development several groups have tried to identify Dazl mRNA 
targets. Most of  these studies resulted in Dazl to function as a translational enhancer21-23. 

In chapter 2 we investigated the role of  Dazl during in vitro and in vivo PGC development in mice. We 
and others observed that shortly after their arrival in the embryonic gonads, Dazl knockout PGCs fail to 
suppress the expression of  several pluripotency markers14. Using a Dazl-GFP reporter, we were able to 
identify Dazl mRNA targets and found that Dazl binds mRNAs encoding the pluripotency factors Sox2 
and Sall4, the differentiation mediator Suz12 as well as several Caspase mRNAs, in all cases resulting in 
their translational suppression (Chapter 2). We hypothesize that during early germ cell development, Dazl 
serves as a translational repressor and provides an elegant fail-safe mechanism against the formation 
of  teratomas from rogue pluripotent germ cells. Dazl-mediated silencing of  pluripotency factors and 
simultaneous inhibition of  somatic differentiation could reduce the risk of  teratoma formation whilst 
at the same time preventing somatic differentiation. Loss off  Dazl expression extends the expression 
of  pluripotency genes, but also allows the expression of  Caspases preventing aberrant PGCs from 
continuing development by sensitizing them to apoptosis.

A germ cell signature in embryonic stem cells?
In vivo, developing germline stem cells are unipotent, and only capable of  differentiating into gametes. 
However, when explanted from their gonadal niche, primordial germ cells give rise to pluripotent 
embryonic germ cells, which are remarkably similar to ESCs. While it has been assumed that ESCs are 
the in vitro equivalent of  the ICM of  pre-implantation blastocyst embryos from which they are derived, 
several observations suggest that the derivation of  ESCs proceeds through a transient germ cell-like 
state24-26. Indeed, embryonic germ cells (EGCs), derived in vitro from PGCs, exhibit similar molecular 
and functional characteristics as ESCs. Also, ESC derivation from blastocyst embryos parallels PGC 
development from the epiblast after implantation in that Oct4 becomes restricted to a few cells that show 
increased expression of  germ cell markers Prdm14, Blimp1 and Stella, which will develop into ESCs 
or PGCs expressing the pluripotency genes Oct4, Nanog and Sox224, 27.  In chapter 3 of  this thesis we 
investigated the significance of  this germ cell signature on pluripotency of  ESCs cultured in serum and 
in 2i conditions that induces a more naïve ICM-like state.
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Germ cell genes as markers for naïve pluripotency

ESCs exhibit a heterogeneous gene expression profile including the expression of  germ cell genes Rex1, 
Stella, Klf4 and Dazl that are absent in EpiSCs derived from the post-implantation epiblast28-31. These 
ESC cultures exist in a heterogeneous equilibrium of  single cells exhibiting a gene expression pattern that 
is more similar to the ICM of  blastocyst embryos, the epiblast or post-implantation epiblast. Interestingly, 
cell expressing these germ cell genes such as Nanog, Pecam1, Rex1 or Stella, present in 30-80% of  
heterogenous ESCs, were reported to represent a more naïve ICM-like state29, 31-33. 

Typically, the reprogramming of  somatic cells and the conversion of  EpiSCs to a naïve pluripotent state 
are also accompanied by reactivation of  germ cell gene expression, together with epigenetic changes 
similar to those during PGC development. Thereby, overexpression of  Prdm14, Klf2 or Nanog has 
been shown to result in more efficient reprogramming to a naïve pluripotent state34-36. While these 
observations suggest that reprogramming to a pluripotent ground state in ESCs involves a transition 
through a PGC-like state24, 26, 37, the germ cell markers found in heterogenous ESC cultures, with the 
exception of  Stella, are actually also expressed in the ICM of  blastocysts. Instead of  activation of  a PGC-
like program, the expression of  germ cell genes during ESC-derivation and maintenance is crucial for 
the inhibition of  differentiation. This can be illustrated by the essential role of  Prdm14 that it inhibits 
somatic differentiation by repressing FGFR signaling as well as de novo DNA methyltransferases through 
the recruitment of  PCR2 to their promoters in PGCs as well as in ESCs10, 38.

Identification of Dazl as a stringent naïve marker in ESCs

Culturing murine ESCs in the presence of  a MEK inhibitor and a GSK3b inhibitor (2i conditions) has 
been shown to result in more homogeneous ICM-like ESC cultures39. We investigated the presence of  a 
germ cell signature in ESCs shielded from differentiation cues in 2i culture conditions in chapter 3. While 
we observed enrichment for targets of  transcription factors important for pluripotency, the only germ 
cell gene that was upregulated in 2i conditions was the late germ cell marker Dazl. The heterogeneous 
expression of  (germ cell) genes in serum-cultured ESCs probably results from serum-mediated signals 
that drive differentiation toward the post-implantation epiblast. 

We found that Dazl is expressed in only 5-10% of  ESCs in serum conditions but induced to ~80% 
of  ESCs in 2i conditions. In addition, we found that Dazl expression is induced in the ICM of  late 
blastocysts, during the time these cells reacquire naïve pluripotency and suggesting that Dazl expression 
in ESC cultures reflects the ICM origin of  these cells, rather than being an indication of  their germ cell 
identity. Indeed, we found that Dazl positive cells in serum have a gene expression pattern that is more 
similar to naïve ESCs in 2i conditions than to Dazl negative cells in serum.  Together, our results suggest 
that Dazl is a stringent marker for ground state pluripotency.
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Epigenetic reprogramming in vivo and in vitro
The regulation of DNA demethylation during development

The observed epigenetic changes during the reprogramming of  heterogeneous ESCs to a homogeneous 
naïve pluripotent state are reflective of  two major reprogramming events in vivo. While Tet genes are 
involved in active demethylation by converting 5-methylcytosine (5mC) in 5-hydroxymethylcytosine 
(5hmC) followed by DNA demethylation, genome-wide DNA demethylation in pre-implantation 
embryos and in PGCs mainly involves replication-dependent passive demethylation by the repression of  
de novo as well as maintenance methyltransferases40-41. After specification of  in vivo PGCs in the epiblast, at 
~E8.0 rapid migration and proliferation towards the gonadal ridges starts while DNMT3a/b and NP95, 
an essential cofactor of  DNMT1, are repressed facilitating passive demethylation up to ~E12.540, 42-43. 
Although Tet genes are expressed around E9.5-E11.5 during PGC development resulting in an increase in 
5hmC accompanied by a decrease in 5mC, in Tet1/2 double knockout PGCs 5hmC is absent, but global 
5mC levels are not increased42, 44-45. The progeny of  Tet1/2 mice is viable and fertile, but does display 
hypermethylation at imprinted regions indicating that Tet genes play a role in demethylation of  imprints 
via hydroxymethylation44, 46. 

Another reprogramming wave occurs in the pre-implantation embryo. In the zygote Tet3 localizes to the 
paternal pronucleus where it oxidizes 5mC to 5hmC while the maternal genome is protected from Tet3 
by Stella47. Passive replicative loss of  5mC of  the maternal and paternal genome is further achieved by 
nuclear exclusion of  DNMT1 up to the blastocyst stage48. 

Dazl is involved in epigenetic reprogramming in ESCs 

Dazl is a RNA binding protein essential for PGC development where it functions as a translational 
enhancer or repressor22-23, 49 (Chapter 2). It is expressed in about 5% of  ESCs, but its significance for 
naïve pluripotency was thus far unknown. We found that Dazl positive cells in serum cultured ESCs 
exhibit high levels of  Tet gene expression as well as high DNA hydroxymethylation resulting in fast 
reprogramming to a demethylated naïve state upon conversion to 2i conditions (Chapter 3). In contrast, 
Tet-mediated hydroxymethylation seemed impaired in Dazl knockout ESCs. While a DNA demethylated 
state is achieved in Dazl knockout ESCs in 2i culture conditions in a similar time frame as observed 
for Dazl heterozygous ESCs, mainly passive demethylation mechanisms by the downregulation of  
methyltransferases seem involved. 

Dazl expression is correlated with hydroxymethylation

Apparently, Tet-mediated hydroxymethylation is not essential for proper embryonic development. 
However, Tet genes do play a role in DNA demethylation in the early embryo as well as during PGC 
development especially in the removal of  genomic imprints42, 50. Interestingly, Dazl gene expression 
starts in PGCs starts around the same time as Tet1/2 around E9.5 and increases up to E11.5. While the 
demethylation and hydroxymethylation of  the Dazl promoter was used as a functional readout for Tet-
mediated conversion of  5mC to 5hmC in PGCs42, 50, hypothetically it is also possible that Dazl activation 
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supports Tet-mediated hydroxymethylation in the germline as we observed in ESCs. Coincidently, Dazl 
expression is also observed in zygotes and two-cell staged embryos simultaneously with Tet3 mediated 
hydroxymethylation of  the paternal genome47, 51. Thereby, another report validating the role of  vitamin C 
in promoting Tet gene activity in ESCs initially base their findings on the observation of  Dazl expression52. 
However, many germline genes are induced by vitamin C in ESCs and their expression is probably just 
the consequence of  DNA demethylation, which is followed by hydroxymethylation. Together, although 
it is remarkable that Dazl expression occurs often in the same time frame as Tet activation during 
development, its importance in Tet-mediated hydroxymethylation needs further investigation. 

The role of germ cell markers in global DNA demethylation

Another gene regulating global DNA demethylation in PGCs as well as in ESCs is Prdm14. Recent 
observations in ESCs reveal that Prdm14 directly binds to Dnmt3a, Dnmt3b, and Dnmt3l, and represses 
their expression by recruiting them to PCR238. Also, Prdm14 was found to bind NP95 in PGCs, but not in 
ESCs38. Upon PGC specification, Prdm14 together with Blimp1 initiate the context for passive replication 
dependent DNA demethylation11. Taken together, genome-wide demethylation during development 
mainly occurs via passive demethylation while the role of  hydroxymethylation requires further research. 
The involvement of  germ cell genes such as Prdm14 and Blimp1 in epigenetic reprogramming in ESCs 
as well as PGCs is evident, but the role of  other germ cell lines should not be excluded. 

The conversion of  primed to naive pluripotent states
Primed and naïve pluripotent states in mouse and human embryonic stem cells

While mouse and human embryonic stem cells are both isolated from blastocyst embryos, they exhibit 
significant differences in growth factor dependency, morphology and epigenetic status1-2. These 
differences have long been thought to represent species-specific differences of  similar pluripotent states. 
However, the derivation of  epiblast stem cells from mouse post-implantation epiblast embryos revealed 
the existence of  different pluripotent states for murine pluripotent stem cells28, 30. A naïve ICM-like 
state is represented by LIF-dependent mESCs derived from blastocyst embryos, which exhibit great 
clonogeneity and efficiently contribute to chimaera formation, while a primed post-implantation epiblast 
state is represented by bFGF/Activin A-dependent EpiSCs. The similarities with EpiSCs suggest that 
human ESCs also exist in a primed pluripotent state. 

The derivation of (meta)stable naïve human ESCs

Insight in the signaling pathways important for self-renewal in primed and naive pluripotent states has 
provided several groups with strategies to interconvert these states into each other. While many groups 
have described the conversion of  EpiSCs to a stable naïve pluripotent state using ectopic gene expression 
or by conversion using chemical inhibitors, until recently evidence for the establishment of  stable naïve 
human ESCs was lacking53. The derivation of  metastable mESC-like human ESCs was reported, but 
these cells needed continuous expression of  ectopic factors to maintain their naïve pluripotent state35, 54-56. 
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While pluripotency in vivo exists only transiently, in vitro pluripotent cells can be maintained indefinitely. 
However, although two different stable pluripotent states exist for mouse, does the human metastable 
state described by several groups just reflect the transient pluripotent state observed in vivo? Nevertheless, 
similarities in key transcriptional programs between human and mouse blastocyst embryos and the 
expression of  typical naïve pluripotency markers in the ICM of  human blastocysts indicate that a naïve 
state does exist for human stem cells57-58. Indeed, now the derivation of  stable naïve human ESCs using 
only small molecules excluding the need for continuous expression of  transgenes was published59-61.

The naïve state in hESCs needs additional growth factor support compared to mESCs

One of  the main reasons for the preceding unsuccessful attempts to derive naïve human ESC is probably 
that primed and naïve states in mouse and human stem cells are not as comparable as previously thought. 
In contrast to mESCs, it appeared that naïve hESCs remain dependent on FGF signaling and that the 
inhibition of  those pathways results in differentiation59-61. These observations correspond to the role of  
FGF signaling in primed hESC cultures where it supports Nanog and Klf4 expression while that is not 
the case in EpiSCs62. Moreover, in chapter 4 we show that the efficient conversion of  EpiSCs to ground 
state ESCs was obtained via the downregulation of  FGF and TGFb signaling pathways, which would 
result in differentiation of  hESCs.

Dazl transiently marks reprogramming hESCs during transition to a naive pluripotent state

To get more insight in the molecular events controlling naïve human pluripotency, we studied the 
transition of  human ESCs from a primed to a naïve state in chapter 5. Interestingly, despite rapid DNA 
demethylation upon conversion to naïve culture conditions, it takes several passages before gene expression 
stabilizes and cells reach a stable naïve pluripotent state. The processes underlying this transition need 
further investigation. Actually, previous reports on the conversion of  EpiSCs using only small molecules 
also reported various passages before a pluripotent ground state was established63-64. 

Using Dazl-GFP reporter EpiSCs, we were able to directly detect naïve pluripotent stem cells after 
culturing them in a conversion cocktail for only two days (Chapter 4). The use of  a stringent naïve marker 
whose expression in normally absent in primed pluripotent stem cells facilitates the detection of  naïve 
cells in primed cultures. Since Dazl is only transiently upregulated during the conversion to naïve human 
ESCs, its role in naïve pluripotency could be different in human cells. The identification of  another naïve 
human marker and its regulators could help improve reprogramming efficiency.

Conclusion
Comparison of  germ cells and pluripotent stem cells in vitro could improve our understanding of  the 
nature of  pluripotency and totipotency. Studying molecular markers of  subpopulations within PGCs 
or ESCs provides insight in the balance between maintenance of  pluripotency and differentiation in 
these cells. Dazl is a RNA binding protein that is expressed and plays a role in naïve pluripotency and 
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epigenome organisation in mESCs, and potentially during the transition of  primed to naïve human ESCs. 
These observations, combined with the indispensability of  Dazl for the establishment of  PGCs, suggest 
that by determining the precise mechanism of  action of  Dazl, we can shed unique light on the regulation 
of  pluripotency and the epigenome across different mammalian species. It will be interesting to explore 
if  Dazl can similarly induce active demethylation of  human ESCs to a naïve pluripotent state, and as such 
can facilitate naïve conversion of  these cells.
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Embryonale stamcellen

In dit proefschrift heb ik de rol van het eiwit Dazl in embryonale stamcellen (ES-cellen) onderzocht.
ES-cellen zijn stamcellen die worden geïsoleerd uit embryo’s van enkele dagen oud. Op dat moment 
bestaat het embryo nog maar uit twee verschillende celtypen: trofoblastcellen, waaruit de placenta zich 
ontwikkelt, en inner cell mass cellen, waaruit het toekomstige embryo zich zal ontwikkelen. Tot de 
fase waarin het embryo zich implanteert in de baarmoederwand, zijn de cellen uit de inner cell mass 
nog niet gespecificeerd en kunnen ze bijdragen aan de ontwikkeling van elke willekeurige cel van het 
desbetreffende organisme. Uit deze pre-implantatie embryo’s kunnen ES-cellen geïsoleerd worden die 
vervolgens als de meest primitieve cellen verder kunnen groeien vitro (in een kweekschaaltje) ES-cellen 
kunnen ongelimiteerd exacte kopieën van zichzelf  maken onder de juiste kweekomstandigheden waardoor 
een oneindige hoeveelheid cellen beschikbaar is voor wetenschappelijk onderzoek. Ook zijn ES-cellen 
pluripotent net zoals de cellen van het embryo waaruit ze geïsoleerd zijn. Pluripotentie betekent dat ze 
kunnen uitgroeien tot elke cel van het lichaam zoals zenuwcellen, spiercellen en huidcellen. Pluripotentie is 
uniek voor ES cellen. Adulte stamcellen, die zich in bijna elk weefsel in het lichaam bevinden, zijn meestal 
multipotent of  unipotent. Dit betekent dat ze al gespecialiseerd zijn en slechts kunnen uitgroeien tot 
een of  een paar verschillende celtypen die vallen binnen dit specifieke weefsel. Zo kan een darmstamcel 
bijvoorbeeld uitgroeien tot alle cellen van de darm, maar niet tot spier- of  zenuwcellen. Hiermee dragen 
adulte stamcellen bij aan continue vervanging van oude of  zwakke cellen binnen een weefsel en zorgen 
ze voor herstel na weefselschade. 

Naast de perspectieven die ES-cellen bieden in de regeneratie van beschadigde of  zieke weefsels, 
kunnen ES-cellen ook gebruikt worden als model voor de ontwikkeling van primitieve cellen naar 
verschillende gespecialiseerde celtypen in vitro. Sinds 2006 is het zelfs mogelijk gespecialiseerde cellen, 
zoals huidcellen, terug te programmeren naar een ES-cel-staat. Hierdoor kan de ontwikkeling van 
bepaalde ziekten bestudeerd worden in cellen van patiënten en kunnen medicijnen in vitro getest worden 
deze cellen. Omdat ES cellen dezelfde eigenschappen hebben als de cellen van de inner cell mass van 
pre-implantatie embryo’s (waaruit ze afgeleid zijn), kunnen ze ook weer integreren in deze inner cell 
mass als ze geinjecteerd worden in de embryos en bijdragen aan de ontwikkeling van een nieuwe muis. 
Met verschillende technieken kunnen genen worden uitgeschakeld (knockout) in ES-cellen, juist worden 
geactiveerd (knockin) of  worden gelabeld met een gekleurd eiwit dat oplicht als het desbetreffende eiwit 
actief  is (reporter). Met deze gemodificeerde ES-cellen kunnen muismodellen worden gemaakt waarin het 
effect van de modificatie in vivo (in een levend organisme) te bestuderen is

Echter, om zo efficiënt mogelijk gebruik te maken van al deze methodes, is het belangrijk dat we goed 
begrijpen hoe de pluripotente staat van een ES-cel zelf  gereguleerd wordt. In dit proefschrift bestudeer ik 
verschillende staten van pluripotentie in muizen en humane ES cellen en de rol die het eiwit Dazl hierin 
speelt.
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Lijken ES-cellen op geslachtscellen?

Pluripotente muizen stamcellen kunnen niet alleen uit de inner cell mass van pre-implantatie embryo’s 
worden verkregen, maar ook uit de pluripotente cellen (epiblastcellen) van embryo’s die net geimplanteerd 
zijn in de baarmoederwand, vroege post-implantatie embryo’s,. Deze cellen worden epiblast stamcellen 
(EpiSCs) genoemd. Verder kunnen de voorlopers van de uiteindelijke geslachtscellen, primordiale 
geslachtscellen, ook pluripotente embryonale geslachtscellen (EG-cellen) vormen in vitro. Uniek voor 
ES-cellen en EG-cellen is de expressie van bepaalde geslachtscelgenen. Deze genen, zoals Blimp1, 
Stella en Dazl, zijn afwezig in EpiSCs en gedifferentieerde celtypen. De ontwikkeling van primordiale 
geslachtscellen, tijdens embryonale groei vertoont veel overeenkomsten met de ontwikkeling van 
ES-cellen uit de inner cell mass van embryo’s. Dit roept de vraag op of   de ontwikkeling van ES-cellen 
gepaard gaat met de (tijdelijke) activatie van een geslachtscelontwikkelingsprogramma. 

Dazl tijdens geslachtcelontwikkeling

In hoofdstuk 2 onderzoeken we de rol van Dazl tijdens geslachtscelontwikkeling. Het was al bekend dat 
in muizen waarin Dazl afwezig is, de geslachtscelontwikkeling niet kan voltooien. Dazl wordt geactiveerd 
in cellen die aan het differentieren zijn naar geslachtscellen. Wij hebben een Dazl-GFP- reporter ES- 
cellijn hebben gemaakt waarmee het mogelijk is geslachtscelontwikking in vitro te bestuderen. Dazl 
wordt geactiveerd vlak voordat de primordiale geslachtscellen aankomen in de gonaden van het embryo 
vanaf  waar kunnen rijpen en ontwikkelen in oocyten of  spermatogonia. We vinden dat Dazl zowel 
pluripotentie als differentiatie naar somatische cellen onderdrukt tijdens geslachtscelontwikkeling. Dat 
is essentieel is voor de correcte ontwikkeling van unipotente geslachtscellen. Daarnaast vinden we ook 
dat Dazl Caspase-genen inhibeert die celdood activeren. Hierdoor is er een sleutelrol weggelegd voor 
Dazl voor het controleren van geslachtscelontwikkeling. De afwezigheid van Dazl leidt tot onvolledige 
geslachtscelontwikkeling, waardoor uiteindelijk celdood zal optreden en pluripotente cellen niet de kans 
krijgen tumoren te vormen.

De rol van Dazl in embryonale stamcellen

De kolonies van ES-cellen zijn erg heterogeen; dat betekent dat sommige cellen op de cellen  lijken 
van de inner cell mass van een pre-implantatie embryo en dat andere cellen meer lijken op het latere 
ontwikkelingsstadium van de cellen van de epiblast van een post-implantatie embryo. Door ES-cellen te 
kweken in aanwezigheid van chemische inhibitors (2i) die celdifferentiatie tegengaan, ontstaat een meer 
homogene ES-celpopulatie met vorral cellen die lijken op de cellen van de inner cell mass van een pre-
implantatie embryo. Dit noemen we een naïeve pluripotente staat. Met behulp van geslachtscelgenreporter 
ES-cellijnen, waarin een groen fluorescent eiwit (GFP) oplicht zodra het gen van interesse geactiveerd 
is, onderzoeken we in hoofdstuk 3 de expressie van de geslachtscelgenen in ES-cellen terwijl ze zich 
ontwikkelen naar een meer naïeve staat in 2i-condities. Hier vinden we dat de totstandkoming van een 
meer naïeve pluripotente staat in ES-cellen niet gepaard gaat met de activatie van geslachtscelgenen, maar 
dat de toevoeging van 2i de pluripotente staat alleen maar robuuster maakt door differentiatiesignalen 
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weg te nemen. Het enige geslachtscelgen dat sterk geactiveerd is in de naïeve pluripotente staat is Dazl. 
De essentiële rol van Dazl tijdens geslachtscelontwikkeling is bekend, maar de functie van Dazl tijdens 
pluripotentie is niet eerder gepubliceerd. We vinden dat Dazl ook tot expressie komt in de inner cell mass 
van pre-implantatie embryo’s en dat Dazl-GFP positieve cellen binnen heterogene ES-celpopulaties wat 
genexpressie betreft al in een meer naïeve inner cell mass-achtige staat verkeren. Een andere eigenschap 
van de inner cell mass en naïeve pluripotente stamcellen is dat ze weinig DNA-methylatie hebben. DNA-
methylatie betekent dat er methylgroepen aanwezig zijn op het DNAvan een bepaald gen. Dit gaat gepaard 
met de onderdrukking van de activatie van desbetreffende gen. Minder DNA-methylatie in een cel houdt 
in dat het DNA toegankelijker is voor eiwitten die genen kunnen activeren. Dit bevordert de pluripotentie 
van de cel. Heterogene ES-cellen hebben meer DNA-methylatie; daardoor kunnen sommige genen niet 
zo snel geactiveerd worden. De demethylatie van DNA kan gemedieerd worden door Tet-genen die 
de methylgroep oxideren naar DNA hydroxymethylatie, waarna demethylatie plaatsvindt. In hoofdstuk 
3 vinden we dat Dazl-GFP-positieve ES-cellen in heterogene celpopulaties meer hydroxymethylatie 
hebben. We tonen aan dat Dazl kan binden aan Tet-eiwitten en daarmee essentieel is voor regulatie van 
de omzetting naar een gedemethyleerde staat via hydroxymethylatie. Hierdoor kunnen we laten zien dat 
cellen die Dazl tot expressie brengen in heterogene ES-celpopulaties, actief  aan het reprogrammeren zijn 
naar een naïeve pluripotente staat en dat ze deze staat sneller bereiken dan ES-cellen die geen actief  Dazl 
hebben. 

Naïeve en geprimede pluripotente stamcellen

Naast naïeve pluripotente stamcellen, zoals ES-cellen, die meer gelijk zijn aan de inner cell mas van pre-
implantatie embryo’s, bestaan er voor de muis ook pluripotente stamcellen die meer gelijk zijn aan de epiblast 
van post-implantatie embryo’s (EpiSCs). Deze EpiSCs bevinden zich in een meer geprimede pluripotente 
staat. De naïeve en geprimede pluripotente staten zijn afhankelijk van verschillende groeifactoren om hun 
pluripotente staat te behouden en ook hebben ze een onderscheidende morfologie: naïeve pluripotente 
stamcellen groeien in compacte 3D-gevormde kolonies terwijl geprimede pluripotente stamcellen platte, 
grotere kolonies vormen. ES-cellen bieden veel voordelen in het gebruik van pluripotente stamcellen voor 
wetenschappelijke experimenten. Zo zijn de celkweektechnieken om ES-cellen te kweken eenvoudiger en 
minder tijdrovend dan die voor EpiSCs. Ook hebben ES-cellen een meer open DNA-structuur wat hun 
pluripotentie bevordert en wat het makkelijk maakt stukken DNA te integreren of  weg te halen om  
nieuwe cellijnen te creëren. EpiSCs worden geïsoleerd uit een latere embryonale fase en hebben daarom al 
meer de neiging te differentiëren; het verschil tussen individuele cellijnen is daardoor groter. Onderzoeken 
met EpiSCs in verschillende laboratoria zijn daarom moeilijker exact te reproduceren dan onderzoeken 
waarbij ES-cellijnen zijn gebruikt

De conversie van verschillende pluripotente staten

In hoofdstuk 4 onderzoeken we hoe we EpiSCs kunnen reprogrammeren naar een naïeve ES-celstaat. 
Hoewel ES-cellen makkelijk een geprimede EpiSC-achtige staat kunnen aannemen, is de weg terug van 
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EpiSCs naar ES-cellen veel minder efficiënt. Voorheen werden EpiSCs geïnfecteerd met een virus dat 
genen kan activeren die belangrijk zijn voor naïeve pluripotentie. Dit proces is echter niet heel effectief, 
bovendien bestaat het risico dat het virus integreert in het DNA. Deze eigenschappen maken de EpiSCs 
minder aantrekkelijk voor eventueel toekomstig gebruik in de medische praktijk. Door gebruik te maken 
van Dazl-GFP-reporter-EpiSCs zijn naïeve pluripotente stamcellen makkelijk te herkennen, omdat Dazl 
alleen in deze naïeve cellen geactiveerd wordt. Met deze methode kunnen wij eenvoudig verschillende 
combinaties van chemische inhibitors testen op hun reprogrammeercapaciteit. We hebben gevonden 
dat EpiSCs in slechts 2 dagen kunnen worden gereprogrammeerd naar een ES-celstaat, mits de factoren 
die belangrijk zijn voor naïeve pluripotentie gestimuleerd worden en gelijktijdig de factoren die geprimede 
pluripotentie in stand houden geinhibeerd worden. 

Humane ES-cellen worden net zoals muizen ES-cellen geïsoleerd uit de inner cell mass van pre-implantatie-
embryo’s. Toch zijn humane ES-cellen wat morfologie en genexpressie betreft meer gelijk aan EpiSCs dan 
aan muizen ES-cellen, dus representeren ze een geprimede pluripotente staat. Recent is een aantal artikelen 
gepubliceerd die een naïeve pluripotente staat beschrijven voor humane ES-cellen door ze te kweken 
in combinatie met chemische inhibitors. In hoofdstuk 5 bestuderen we de veranderingen die humane 
ES-cellen ondergaan om de naïeve pluripotente staat te bereiken. Hierbij kwamen we tot de ontdekking 
dat Oct4, een belangrijk gen voor pluripotentie, tijdelijk inactief  is tijdens de transitie naar een naïeve 
staat, terwijl Dazl- en Tet-genen juist tijdelijk geactiveerd zijn. Net zoals we observeren in hoofdstuk 3 in 
muizen ES-cellen, lijkt Dazl ook in humane ES-cellen de cellen te markeren die actief  aan het veranderen 
zijn naar een naïeve staat door Tet-genen en daarmee hydroxymethylatie en demethylatie te reguleren. 
Tijdens geslachtscelontwikkeling onderdrukt Dazl de expressie van pluripotentiegenen. Om te bepalen of  
Dazl ook een rol heeft in het tijdelijk intomen van Oct4 en eventueel andere pluripotentiegenen tijdens de 
transitie naar naïeve humen ES cellen is meer onderzoek nodig.

Conclusie

Het vergelijken van geslachtscelontwikkeling en verschillende soorten pluripotente stamcellen in vitro 
draagt bij aan het begrip van de mechanismen die belangrijk zijn voor het verkrijgen en in stand houden 
van pluripotentie en totipotentie. Dazl is essentieel voor geslachtscelontwikkeling en is ook belangrijk 
voor de naïeve pluripotente staat in muis ES-cellen en mogelijk ook voor de transitie naar deze staat 
in humane ES cellen. Om de factoren die de activiteit van Dazl reguleren beter te kunnen begrijpen 
hebben we in hoofdstuk 6 een screen gedaan waarmee we verschillende chemische stoffien hebben 
geidentificeerd die Dazl-GFP kunnen activeren in muis ES-cellen. Het achterhalen van de exacte 
moleculaire werkingsmechanismen van deze chemische stoffen kan veel inzicht geven in de regulatie van 
Dazl en de naïeve pluripotente staat. Als blijkt dat Dazl op eenzelfde manier actieve DNA-demethylatie 
reguleert in humane ES-cellen als in muis ES-cellen, kan dit belangrijke informatie opleveren voor de 
regulatie van pluripotentie in verschillende organismen.
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Dankwoord

Wauw…en dan is er ineens een heel proefschrift! De viereneenhalf  jaar zijn voorbij gevlogen en ik had dit 
niet voor elkaar gekregen zonder de hulp van heel wat mensen, zowel binnen als buiten het lab. 

Ten eerste wil ik Niels graag bedanken voor de begeleiding de afgelopen jaren. 
Ik bewonder jouw positieve instelling en het enthousiasme dat jij bijna overal voor kunt opbrengen, 
want dat werkt super aanstekelijk! Ook al was het af  en toe vallen en opstaan tijdens mijn projecten, 
na een gesprek met jou kon ik eigenlijk altijd vol goede moed weer verder. Als ik hoopvol, soms iets te 
voorbarig en naïef  (of  was dat juist het doel?), mijn resultaten aan je kwam laten zien, dan versterkte jij 
mijn enthousiasme alleen maar. Bedankt voor de fijne samenwerking, de leuke discussies, je kritische 
opmerkingen, het delen van je kennis, je support en vertrouwen.
  
The first people that were involved in my PhD projects were May and Christa in Boston. May, it was an 
honor and pleasure to work with you on the Dazl projects. Thanks for the great collaboration and the 
useful feedback. Also thanks to Christa, who taught me all the do’s and don’ts with human ES cell culture 
work and who introduced me to the world with different pluripotent states to get me started with my 
projects.

Dan de Geijsen groep! Een aantal mensen was er al  vanaf  het begin bij op het Hubrecht:
Nune, jij staat altijd direct voor iedereen klaar wanneer er iets geregeld moet worden. Bedankt voor al die 
regelklusjes, ook als het niet zo goed uitkwam, en voor je gezelligheid in ons kantoor. 
Stefan, zonder jou had mijn boekje niets voorgesteld, want ik denk dat  ongeveer al mijn hoofdstukken 
gebaseerd zijn op belangrijke FACS experimenten. Bedankt voor het meedenken met proefopzetten, de 
prachtige figuren die je voor me gemaakt hebt en je gezelschap op het ML-II lab waar ik waarschijnlijk de 
meeste uren van m’n aio-tijd heb gespendeerd. 
Diego, you were even there from the start in Boston! Thanks for sharing your knowledge of  everything. 
Whenever there’s an experiment that I want to do that involves a technique that I am not familiar with, 
you would be the first to ask for advice. Thanks for the nice scientific discussions and feedback! 
Nicolas, it’s been great to work with you in the lab. Thanks for sharing you opinion about science and 
non-scientific stuff. Also, we should play ‘Werewolves’ more often. 
Zonder mijn mede-aio’s was het een heel stuk saaier geweest in het lab. 
Manda, ik vond het mega gezellig dat jij mij als eerste kwam bijstaan in mijn aio-bestaan en al die tijd 
(ok, tot de laatste paar maanden, saai!) mijn buurvrouw bent geweest. Bedankt voor je vrolijkheid, al je 
adviezen, de origami-lol en de fantastische gesprekken! 
Pieterjan, mijn Belgische buurman. Ik bewonder je inzet en doorzettingsvermogen voor al je experimenten 
met de meest bizarre tijdsschema’s. Bedankt voor het meedenken met m’n projecten, voor het me 
meeslepen naar leuke concertjes, briljante feestjes en je prachtige Vlaamse woorden. Ik wacht nog steeds 
op de dag dat jij in een marcelleke verschijnt!
Axel, nobody can send emails about mycoplasma test like you do. Thanks for all your silly jokes and great 
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company in the lab. Too bad we never made it to run an actual race together. Maybe it wasn’t challenging 
enough and should we go for a strongman run after all? 
Javier, from the first week you joined our group, I knew I liked you. Thanks for the good times in and 
outside the lab! I will convince you to join for wadlopen at some point…
Peng, it was nice to be able to share the thesis writing process with someone else in the lab. Besides that, 
thanks for your great company in the lab, your jokes and random funny comments.
I would also like to thank some previous members who made my life in the Geijsen group easier and 
more fun as well: Sarah and Anita, I am impressed by the way you managed to organize our lab when 
Nune was not there. Without your help I would not have finished my thesis by now and instead be still 
searching for lost orders in the lab. Jaring, voor jou geldt eigenlijk ook het bovenstaande. Bedankt voor 
het aanbrengen van structuur in onze groep en je gezelligheid. Ik hoop dat je het nog enorm naar je zin 
hebt in Australië, want wij missen je! 
Isabel, it’s been a while since you were in our lab, but I remember all the effort you put in improving our 
reprogramming protocols. It was great having you in our lab!
Sandra, thanks for your company in and outside the lab. I hope you’re having a good time at the Stratenum!
Ewart, bedankt voor je interesse in m’n project en al je goede adviezen!
Ollie, zonder jou is MEFs maken nooit meer bijna leuk geworden. Ik bewonder je ambitie en energie voor 
alle projecten waar je tegelijkertijd mee bezig bent. Gelukkig is er nog wel af  en toe tijd is voor koffiepauze 
of  een paar biertjes! 

A special thanks to all my students TK, Havva, Lotte, Sander and Ino, who all put a lot of  effort in my 
projects. I admired the great motivation that each single one of  you never lost even in times that were less 
successful. Keep up the good work!

Of  course there are also some collaborators outside the Hubrecht Institute that deserve a place here: 
Christine Jung and Pieter de Jong, thanks for the collaboration on the Piggybac transgene project!
Mieke Geens, bedankt voor alle tijd die je hebt besteed aan het doen van stainings op humane embryo’s 
voor ons en in het bijzonder voor je gastvrijheid toen ik voor een experiment naar Brussel kwam en 
mocht blijven logeren.
Koen Braat, bedankt voor al je goede adviezen. Ook al was het achteraf  gezien zonde van onze tijd, ik 
vond het superleuk samen een poging te doen tot het maken van humane STAP cellen!
Stefan Barakat, bedankt voor je hulp met de Xist RNA-FISH!

Het Hubrecht is een hele fijne plek om te werken. Er zijn dus nog vele andere mensen die op heel veel 
manieren hebben bijgedragen aan de fantastische jaren die ik hier heb gehad:
Britta! Eigenlijk volgen wij elkaars carrière ook op de voet. Na pas een week begonnen te zijn in Boston, 
mocht ik (je kende me niet eens) al crashen op je bank in New York. Dat was de start van redelijk wat 
briljante avondjes die we hebben beleefd samen en daarom vond ik het gezellig dat je vervolgens ook naar 
het Hubrecht kwam om te PhD’en! Ik bewonder je doorzettingsvermogen, jij laat je niet uit het veld slaan 
en dat is te zien aan de resultaten die je boekt. Ik ben blij dat jij mijn paranimf  wilt zijn!

Dankwoord



138

&

Addendum

Evelyne, wij hadden elkaar al snel gevonden na onze start op het Hubrecht en besloten dan ook meteen 
dat wij prima aan de basis konden staan van de PV 2011. Vanaf  dat moment zijn er veel gezellige borrels, 
koffiedates en brownie-uitwisselmomenten geweest!
Mijn dansbuddies: Tamara, Daisy, Manda, Laila, en tegenwoordig ook Petra en Emily, bedankt voor alle 
gezellige avondjes! Tamara, jou moet ik het meest bedanken want ik had vooraf  nooit gedacht dat wij dit 
lang zouden volhouden toen jij met het idee kwam en al helemaal niet dat we zo’n leuk clubje bij elkaar 
zouden krijgen. Ik vind het gezellig dat je altijd mee wilt doen als je weer in Utrecht bent!
Maartje en Peter, jullie zijn de beste kantoorburen! Bedankt voor alle gezelligheid met koffie of  een biertje 
en natuurlijk ook voor het doen en analyseren van mijn CHIP experimenten!

But also Anoek, Eirinn, Sander, Bas, Geert, Kay, Lennart (special thanks for smFISH support!), Mauro, 
Leon, Charles, Chloé, Sebastiaan, Pim, Teije, Joppe, Maartje L. (ik mis je lach!), Paul, Sjoerd, Yuva, Paula, 
Dorien, and many more, thanks for the great Friday afternoon drinks, the many Hubrecht parties in the 
lab or elsewhere, the company during the sailing trips and ginger bread festivities (special thanks to Dan 
for hosting the last two events!). 

Naast gezelligheid is er ook nog ondersteunend personeel dat mijn leven op het Hubrecht een stuk 
prettiger heeft gemaakt:
Jeroen, bedankt voor de blastocyst injecties en alle embryo’s, altijd versierd met de prachtigste tekeningen! 
Romke, Jules, Elroy en Richard, fijn dat jullie altijd klaar staan om iedereen te helpen waar nodig! 
Thea, bedankt voor je warme welkom in het lab elke ochtend en je hulp bij pakketjes die nog op het 
laatste moment verstuurd moeten worden. En Ira moet ik niet vergeten; bedankt dat je regelde dat alle 
formulieren voor mijn promotie op tijd op de juiste plek terecht kwamen. Zonder jou was dat allemaal 
veel moeizamer gegaan!

Maar er bestond ook nog een leven buiten het lab met heel veel lieve mensen die altijd voor me klaar 
stonden:
M’n posse van de OG297: Bee, Mees, Sjors en Lotte. Ik bewonder jullie oprechte interesse in wat ik nou 
elke keer weer aan het doen ben (tot in detail!). Bij jullie voel ik me altijd thuis en er is niets beters om 
ultiem te ontspannen dan een weekje Dordogne met jullie. Daarvan wil ik er nog heel veel meemaken!
Rit, jij hoort eigenlijk ook bij voorgaand groepje, want op de OG297 liggen ook de roots van onze 
vriendschap EN onze fantastische tijd als huisgenoten. Ik ben zo blij dat wij destijds besloten samen een 
leuk plekje te vinden om te wonen in Utrecht en een droomhuis vonden op het Ledig Erf! Jij hebt mijn 
hele promotietijd op de voet gevolgd, deelde m’n enthousiasme voor spannende experimenten en stond 
ook klaar als ik even stoom moest afblazen met een luisterend oor, een biertje of  een heerlijk diner. Zucht, 
aan al het goede komt een eind, maar in het nieuwe tijdperk weet ik je daar ook voor te vinden!
En mijn lieve BonBonBlik vriendinnetjes! Megan, Annebel, Marloes en Pauline, bedankt voor alle heerlijke 
onthaastende avondjes! Door jullie kan ik m’n drukke aio-bestaan tenminste relativeren en jullie doen me 
inzien dat er nog heel veel andere leuke dingen zijn om tijd aan te besteden :)
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Linda, ook met jou kan ik heerlijk ontspannen (of  inspannen, hoe je het ook wilt noemen). Ik bewonder 
jouw succesvolle wetenschapper-arts bestaan en je timemanagement skills, want voor sociale dingen heb 
je ook altijd tijd! Bedankt voor alle gezellige hardlooprondjes en goede borrels!

Karen, we had the time of  our lifes 6 years ago in San Diego. I am so happy to still have you as a very 
good friend who I actually get to see much more than expected! Thanks for all the great conversations 
and adventures we had together!
Nu dat we het toch over San Diego hebben; Denise, jij bent er ook bijna! Hoe toevallig dat we een week na 
elkaar promoveren! Ik vind het supergezellig dat we elkaar nog steeds af  en toe zien, goede herinneringen 
op kunnen halen en ik ben blij dat jij mij met wat goede tips door de laatste loodjes hebt heen geloodst. 
 
Sophie and Kira, my roomies in Boston. Thank you both so much for making my Boston life! The parties 
in our house were the best!

Lieve oma’s, mijn bezoekjes aan jullie zijn de laatste jaren nogal schaars geweest, maar de keren dat ik er 
was waren wel echt heel gezellig! Bedankt voor jullie begrip voor alle tijd die ik besteed aan werk en voor 
het vertrouwen dat jullie in me hebben. 

Lieve pap en mam, ook jullie wil ik bedanken voor jullie eeuwige vertrouwen in mij en alle vrijheid die 
jullie me altijd hebben gegeven te doen wat ik leuk vond. Vanaf  het moment dat ik mijn wetenschappelijke 
carrière begon, volgden jullie de vooruitgang nauwlettend en waren jullie erg benieuwd of  die publicatie 
al in het verschiet lag.  Dat duurde even, maar hier is dan het resultaat van een paar jaar als PhD student. 
Bedankt voor jullie onvoorwaardelijk steun en liefde!
Ruud, mijn broertje die stiekem heel volwassen wordt, jij bent altijd zo vrolijk dat ik daar vrolijk van wordt 
en geïnteresseerd in hoe het met me gaat. Dankje voor alles!
Leonie, mijn zusje en paranimf, ik vind het fijn dat jij tijdens mijn verdediging aan mijn zijde staat. Ik ben 
mega trots op je en ben blij dat we elkaar nog regelmatig zien ondanks dat je nu zo ver weg woont (wie 
weet binnenkort minder ver?!). Heel erg bedankt voor al je steun en je supergoede last minute hulp met 
de opmaak van de binnenkant en buitenkant van dit boekje!!

Naast dit boekje, alle ervaringen en nieuwe vrienden, heb ik nog een bijzonder persoon overgehouden 
uit mijn promotietijd op het Hubrecht. Lucas, sinds jij in mijn leven bent gaan er werelden voor me 
open. Bedankt voor je warmte, je geduld, je kritische noot en (ongevraagde, maar heel erg gewaardeerde) 
adviezen als ik weer eens een onrealistisch doel voor ogen heb, je relativerende grapjes en je liefde! Ik weet 
nog niet in welk avontuur wij ons gaan storten, maar kijk er wel enorm naar uit!

Maaike
 

Dankwoord
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Curriculum Vitae

Maaike Welling was born on July 19th 1984 in Bemmel, the Netherlands. In 2002 she received her VWO-
diploma from the Stedelijk Gymnasium in Nijmegen after which she continued to study Molecular Life 
Sciences at Maastricht University. After obtaining the Bachelor’s degree, she started the Master’s program 
“Biology of  Disease” at Utrecht University in 2006. During this Master’s program, she did her first 
internship in the group of  Christine Mummery at the Hubrecht Institute investigating the role of  the 
cytoskeletal gene CHAP during early cardiac development. Her second internship was at the Burnham 
Institute in San Diego under supervision of  Marc Mercola where she studied the role of  microRNAs 
involved in cell fate decisions during early development. In 2009 she graduated and in 2010 she started 
her PhD in the group of  Niels Geijsen at the Hubrecht Institute. The results of  her research are described 
in this thesis.
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