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2i 2 inhibitors 

ArrayCGH Array comparative genomic hybridization 
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STAT3 signal transducer and activator of transcription 3 

TGF-β Transforming Growth Factor beta 
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Summary 

 

Background. The indefinite capacity of human embryonic stem cells (hESCs) to self-renew, 

whilst maintaining pluripotent characteristics defines their valuable potential in regenerative 

medicine. However, there is an increasing body of evidence that hESCs are prone to genetic 

instability during in vitro culture. In addition, different states of pluripotency exist attained by 

specific culture conditions, but it remains unclear whether these culture conditions affect 

genetic stability of hESCs. 

 

Methods. We performed the conversion of two in-house derived primed hESC lines towards 

naive pluripotency in a low and high oxygen environment. Two protocols to establish the naive 

state of pluripotency were implemented: our in-house naive conversion medium (NCM) and 

the enhanced naive human stem cell medium (ENHSM). Morphological evaluation, 

immunocytochemistry and RT-qPCR allowed for the assessment of pluripotency 

characteristics. Finally, genomic stability was investigated using whole genome sequencing 

(WGS). 

 

Results. Primed and naive NCM and ENSHM hESCs in both O2 conditions showed similar 

morphology and expression of pluripotency markers POU5F1 and NANOG. RT-qPCR analysis 

with naive pluripotency-associated genes showed variable expression levels across all 

samples. There were no major differences observed in genomic profiles of the hESCs in all 

applied culture conditions.  

 

Conclusions. Culture of hESCs in 20% O2 conditions had no significant effect on pluripotency 

or the genomic stability of both primed and naive hESCs. Moreover, conversion efficiency was 

comparable in both 5% and 20% O2. However, examining further hESC lines across higher 

passages is warranted to further study the effect of O2 on hESCs.   
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Samenvatting 

 

Achtergrond. Humane embryonale stamcellen (hESCs) zijn door hun pluripotentie en zelf-

vernieuwing een interessante toepassing in de regeneratieve geneeskunde. Recent 

onderzoek toont echter aan dat hESCs gevoelig zijn voor genetische instabiliteit tijdens in vitro 

cultuur. Er worden twee verschillende vormen van pluripotentie onderscheiden, die bereikt 

kunnen worden met specifieke cultuurcondities. Het is echter nog niet duidelijk of deze 

cultuurcondities een effect hebben op de genomische stabiliteit van hESCs. 

  

Methoden. Twee in-house afgeleide geprimede hESC lijnen werden geconverteerd tot naïeve 

pluripotentie in een lage en hoge zuurstofomgeving. Twee protocollen werden 

geïmplementeerd om de naïeve status te bereiken: onze in-house ‘naive conversion medium’ 

(NCM) en de ‘enhanced naive human stem cell medium’ (ENHSM). Pluripotentie werd 

beoordeeld aan de hand van morfologische analyse, immunocytochemie en genexpressie 

analyse met RT-qPCR. Tot slot werd de genomische stabiliteit onderzocht met ‘Whole 

Genome Sequencing’ (WGS). 

 

Resultaten. Geprimede en naïeve NCM en ENHSM hESCs in de verschillende O2 condities 

vertoonden een representatieve morfologie en expressie van de pluripotentiemerkers POU5F1 

en NANOG. RT-qPCR evaluatie van genen geassocieerd met naïeve pluripotentie tonen een 

variabel expressieniveau aan over alle stalen heen. Er werden geen verschillen in de 

genomische profielen van de hESCs in alle toegepaste condities gedetecteerd.  

 

Besluiten. Cultuur van hESCs in 20% O2 had geen significant effect op pluripotentie of 

genomische stabilteit in zowel geprimede als naïeve hESCs. Bovendien was de efficiëntie van 

conversie vergelijkbaar in 5% en 20% O2. Het onderzoeken van hESC lijnen aan een latere 

passage is noodzakelijk om verder het effect van O2 op hESCs te bestuderen. 
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1 Introduction 

 

There is an increasing body of evidence that human embryonic stem cells (hESCs) are highly 

prone to aneuploidies, chromosomal losses, gains and rearrangements during progressive 

culture [1, 2]. Significant differences exist among cell lines and the origin and characterization 

of many aberrations remains unclear. Differences in derivation source, methods and culture 

conditions may all contribute to such disparities [3, 4].  

The first human derived stem cells were markedly different from mouse embryonic stem cells 

(mESCs). This difference appeared to be caused by the fact that different states of pluripotency 

exist. HESCs were in a state called ‘the primed state of pluripotency’, sharing more similarities 

with mouse pluripotent stem cells derived from post-implantation stage embryos. However, 

primed stem cells may be predisposed towards certain cell types, while the ‘naive’ state 

represents a more homogenous state of pluripotency – with unbiased differentiation potential. 

This has driven research towards the development of novel media combinations that 

propagate naive pluripotency in human. 

Investigating the effects of varying conditions may ultimately reduce the incidence of genomic 

aberrations and allow for more standardized culture methods. To date, the genomic stability of 

human naive stem cells has not extensively been studied. Moreover, specific effects of a 

varying culture environment, such as changes in oxygen tension in culture and their effects on 

genomic stability of hESCs remains unclear, especially in the naive state.  

 

1.1 Embryonic stem cells 

 

1.1.1 Characteristics 

Embryonic stem cells (ESCs) are defined by the unique capacity to differentiate into all three 

germ lineages (endoderm, ectoderm and mesoderm), in addition to virtually endless cell 

division. These characteristics, pluripotency and self-renewal, make hESCs an indispensable 

tool for regenerative medicine and the treatment of many human diseases, particularly those 

that result in cellular dysfunction, degeneration or damage.  

 

1.1.2 Derivation 

ESCs are derived from the inner cell mass (ICM) of developing pre-implantation blastocysts at 

day 5 post-fertilization. Embryonic development proceeds from a state of totipotency, where 

each cell in the embryo has the capacity to contribute to the formation of a whole embryo, with 

extra-embryonic tissue. The embryo loses its totipotency at the 16-cell stage, when the cells 

develop into two different cell types, the outer trophectoderm and ICM. The ICM further 
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develops into the hypoblast and epiblast, which will give rise to the yolk sac and the embryo, 

respectively. The cells from the ICM are slightly more restricted in their developmental potential 

compared to totipotent stem cells and are therefore considered as pluripotent [5].  

 

ESC lines can be derived from embryos that were donated by couples who underwent fertility 

treatment. There are two sources of donated embryos that can be used for research. When 

patients no longer wish to use their frozen embryos to fulfil their child wish, these cryopreserved 

embryos can be donated. As they were originally intended for clinical treatment, these embryos 

are of very good quality. A second source are the fresh spare embryos with poor quality traits, 

making them unusable for fertility treatment. Although the criteria for use in a clinical setting 

are not met, patients can decide to donate these embryos for research, rather than discarding 

them [6, 7]. 

 

1.1.3 Applications  

HESCs have the capability to provide a virtually unlimited source of selected cell types for cell 

therapies, as well as drug screening and development. This resulted in considerable progress 

in stem cell research and regenerative medicine, with promising clinical trials in their initial 

stages [8, 9]. Differentiated hESCs can be used to replace or repair damaged cells and restore 

their normal function [10].  

The first clinical trial with a hESC-based cellular therapy to cure spinal cord injury was 

conducted in 2010. Although the treatment did not cause serious adverse events, the clinical 

trial was ended prematurely, as no obvious improvement in physical condition was observed 

[8]. Macular degeneration of the retina is a disease which can be successfully treated with 

hESC-based therapy. The initial results of nine clinical trials, with a 22-month median time 

follow-up, are promising, but the long-term effects are not known yet [8, 11].  

 

Besides these applications, there is a considerable amount of other diseases with the 

possibility to be treated with hESC-based therapies. This includes potential applications in 

fertility restoration. Infertility affects up to 15% of reproductive-aged couples worldwide [9]. 

When one or both partners are unable to produce functional gametes, adoption or the use of 

donor gametes are their only options to have children. One of the long term objectives of Ghent 

Fertility and Stem cell Team (G-FaST) is to create de novo patient-specific gametes, derived 

from stem cells, for sterile patients [6].  
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1.1.4 Characterization of hESCs 

To ensure the undifferentiated self-renewal state, gene expression of three key transcription 

factors, POU5F1 (known as OCT4), NANOG and SOX2 is essential for the maintenance of 

pluripotency. Monitoring the expression of these markers is routinely performed in ESCs by 

RT-qPCR and immunocytochemistry [6, 12]. Other reliable surface markers, including Ssea-3 

and Ssea-4, Tra-1-60, Tra-1-81, CD9, Thy1 and the class I HLA antigens may also be used 

for characterization [6]. 

The differentiation potential of hESCs can be investigated by assessing in vitro embryoid body 

(EB) formation. ESCs are cultured in suspension and will differentiate spontaneously to form 

three-dimensional multicellular aggregates containing all three somatic lineages, which can be 

evaluated using histological analysis. Another method is to analyse teratoma formation after 

injection of the cells into immune-deficient mice and determine the ability of the cells to 

generate the three germ lineages [6, 13].  

 

It is of utmost importance that cells intended for experimental and clinical applications are 

chromosomally normal. Therefore, it is essential for new hESC cell lines to be thoroughly 

characterized [6]. Genomic stability has traditionally been tested using classical G-banding or 

spectral karyotyping, techniques considered as the gold standard for the detection of 

aneuploidies, polyploidies and other large chromosomal imbalances. Despite some proposed 

optimizations, this technique experiences some disadvantages: it is time-consuming, requires 

experienced personnel and is constrained by a low average resolution (> 3 Mb).  

Fluorescence in situ hybridisation (FISH) can be used to analyse chromosomes with 

unbalanced rearrangements at the single cellular level, but is restricted in the number of 

chromosomes that can be analysed. Array comparative genomic hybridization (arrayCGH) 

replaced FISH for analysing genomic aberrations, in which all chromosomes can be examined 

in a single experiment. Next to chromosomal rearrangements, also other aneuploidies or large 

copy number variations (CNVs) can be detected. However, the resolution is rather limited 

(approximately 10 Mb) and this technique comes with a relative high cost. At present, genomic 

stability can be analysed using sequencing. This technique has a high resolution, which makes 

detection of smaller aberrations possible. Aneuploidy and chromosomal imbalances can be 

detected using shallow or low-pass whole genome sequencing (WGS) [6, 14]. 
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1.2 Primed and naive pluripotent state 

 

A first successful attempt to isolate ESCs form the ICM of a mouse embryo (mESCs) was 

made in 1981 [15]. Only much later, in 1998, the first ESCs lines could be derived from the 

ICM of human blastocysts (human ESCs, hESCs) [16]. Subsequently, a new type of pluripotent 

cells was derived from the post-implantation epiblast in mice, termed epiblast stem cells 

(mEpiSCs) [17]. 

Despite their shared traits of self-renewal and pluripotency, stem cells can differ vastly in their 

transcriptional and epigenetic profile, morphology and culture requirements. Although mESCs 

and hESCs are both derived from the ICM of a pre-implantation embryo, these two stem cell 

types exhibit distinct morphological, molecular and epigenetic characteristics and therefore 

represent different pluripotent states, termed naive and primed, respectively [18, 19]. At first, 

this difference was attributed to species-specificity. However, this idea was questioned with 

the notion of EpiSCs, derived from the post-implantation epiblast. These cells are molecularly 

and epigenetically distinct from mESCs, but share several defining features with hESCs. 

Therefore, mEpiSCs, like hESCs, can be considered as having a primed pluripotent state [5, 

18]. On the other hand, mESCs exhibit a more ground state of pluripotency and are therefore 

called naive pluripotent stem cells [19].  

 

Naive pluripotent stem cells efficiently contribute to chimeric embryos, exhibit a domed 

morphology and maintain both X chromosomes in an active state (XaXa) in female cells. These 

cells are also characterized by the ability to be passaged as single cells and are relatively 

refractory in their expression of early differentiation markers. In contrast, primed cells show 

inefficiency to form chimeras, are characterized by a flattened morphology and have 

undergone X chromosome inactivation (XaXi). Their survival rate as single cells is low, and the 

expression of early differentiation markers is elevated [18-20]. Another difference between 

naive and primed ESCs is their dependence on certain pathways for (de)stabilization of the 

cells. Naive pluripotent stem cells require LIF/Stat3 signalling for their self-renewal, while bFGF 

and TGFβ/Activin signalling are responsible for their differentiation. Primed stem cells display 

the opposite: they show dependence on bFGF and TGFβ/Activin signalling rather than 

LIF/Stat3 [18]. In addition to the LIF/Stat3 signalling pathway, Wnt/β-catenin has also been 

identified as a crucial element in the maintenance of the naive state of pluripotency in vitro 

[21]. The main differences between primed and naive ESCs are summarized in Table 1. 

. 
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Table 1: Key characteristics of the naive and primed pluripotent states 
 

 Naive pluripotency Primed pluripotency 

Corresponding in vivo 
tissue 

Early epiblast (pre-implantation) Epiblast (post-implantation) 

Predisposition None 
Some predisposition towards 
certain cell types 

Morphology Domed colonies Flat colonies 

Formation of chimaera Yes No 

X chromosome status 
(female cells) 

XaXa (both active) 
XaXi (X chromosome 
inactivation) 

Expression of early 
differentiation markers 

Low Elevated 

Genes expressed 

POU5F1, NANOG, SOX2  
KLF2, KLF4, ZFP421, DPPA3, 
PRDM14, ESRRB, DPPA3, 
TCFP2L1, FGF4, TBX3… 

POU5F1, NANOG, SOX2 
DMNT3B, FGF5, POU3F1, 
MEIS1, OXT2, SOX11, 
GDF3… 

Survival rate as single cells High Low 

Stabilization 
Destabilization 

LIF/Stat3 
bFGF, TGFβ/Activin 

bFGF, TGFβ/Activin 
LIF/Stat3 

 

It has been suggested that naive hESCs may be more promising for regenerative medicine 

applications compared to their primed counterparts. The shortcomings of primed hESCs, such 

as their intolerance to single cell passaging, which limits bulk production and genetic 

manipulation, as well as their heterogeneity during lineage-specific differentiation, may be 

overcome by the properties of naive hESCs [20]. Multiple routes can lead to the conversion of 

existing primed hESCs towards mESC-like naive hESCs both at the molecular and epigenetic 

level [18, 22-26]. Van der Jeught and colleagues recently reviewed several reported 

combinations of small molecules, with and without ectopic transgene expression [20]. Hanna 

et al. reported the first successful conversion of hESCs toward a more naive state, induced by 

retroviral expression of the transcription factors KLF2, KLF4 and POU5F1 [18]. However, more 

recent reports provide evidence that ESCs can be converted in a transgene-free manner and 

by only using a combination of specific small molecules [22, 25, 26].  

Direct derivation from human pre-implantation embryos is another possible route to achieve 

naive pluripotency, albeit to date only with low efficiency and often resulting in genomic 

abnormalities [6, 22-24, 27].  
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1.3 The naive pluripotency network 

 

To support the capacity of self-renewal in naive pluripotent stem cells, LIF/Stat3 signalling is 

required. ESCs are usually cultured on a feeder layer of mitotically inactivated mouse 

embryonic fibroblasts (MEFs), which secrete leukemia inhibitory factor (LIF), among others. 

Downstream of LIF, JAK kinases activate the transcription factor STAT3, which then 

translocates to the nucleus in ESCs, where it regulates several pluripotency-promoting targets, 

including Klf4, Gbx2 and c-Myc (Figure 1). Self-renewal is also sustained by fetal calf serum, 

and more specifically by the component BMP4 in this serum. Via downstream SMAD signalling, 

BMP4 activates Inhibitor of Differentiation (Id) genes. In conclusion, both LIF and BMP4 

support self-renewal by each suppressing differentiation [28]. 

Self-renewal can also be achieved by the combined use of two small molecule inhibitors, 

CHIR99021 and PD0325901, termed 2i. CHIR99021 is an inhibitor of GSK3 and closely mimics 

the function of Wnt/β-catenin signalling, as WNT is the natural blocker of GSK3 activity    

(Figure 1), leading to increased proliferation and self-renewal.  

The MAPK pathway is activated via FGF signalling, leading to sequential phosphorylation of 

MEK and ERK. Activated ERK promotes the transition to a primed state, but is blocked by the 

inhibition of the MAPK/ERK1/2 pathway by PD0325901 (Figure 1) [18, 20, 28, 29].  

In conclusion, the combination of LIF and 2i seems to be indispensable for promoting the naive 

state in hESCs [20]. 

 

Figure 1: Extrinsic signalling pathways enabling naive pluripotency. Schematic representation of 
various signalling pathways affecting self-renewal.   
           = direct activation                      |  = direct inhibition 
           = indirect activation                   |  = indirect inhibition 
BMP4 activates Inhibitor of Differentiation (Id) genes through activation of SMADs. LIF signalling 
primarly activates STAT3, leading to regulation of pluripotency-promoting genes in the nucleus. 
CHIR99021 (CHIRON in figure) is an inhibitor of the GSK signalling pathway, PD0325901 (PD03 in 
figure) of the MAPK/ERK1/2 pathway.                 
(adapted from Hacket et al. [28]) 
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In this thesis, two different naive media will be used to convert primed hESCs towards the 

naive state (formulations of both media are listed in Table 2). The first one is an in-house 

condition, reported by Duggal et al. (naive conversion medium, NCM) [25], the second one 

was reported by Gafni et al. (enhanced naive human stem cell medium, ENHSM) [23]. Both 

conditions follow a transgene-free procedure and are proven to be rapid, robust and efficient 

for the induction of naive pluripotency in hESCs.  

The conditions are defined by more components than only LIF and 2i. Other small molecules 

and growth factors are important in the maintenance of naive pluripotency and can be added 

to the culture medium of hESCs. An important biomolecule is basic Fibroblast Growth Factor 

(bFGF), which stabilizes the primed state of hESCs, as described above. However, as Duggal 

et al. indicates, bFGF is also needed to keep naive hESCs undifferentiated [25].  

The Wnt/β-catenin pathway plays a central role in controlling cell proliferation and lineage 

specification during early embryogenesis [30]. Without the Wnt ligand, β-catenin is 

phosphorylated by GSK3, leading to the proteosomal degradation of β-catenin. When the Wnt 

ligand binds to its Frizzled receptor, GSK3 is inhibited and stabilized β-catenin then 

translocates to the nucleus to regulate gene expression. The GSK inhibitor CHIR99021 

(component of 2i) further stabilizes β-catenin, but needs further support to prevent the stem 

cells from differentiation. Through stabilization of Axin, leading to the formation of the β-catenin 

destruction complex, stem cells maintain their capacity of self-renewal. This stabilization can 

be established by the small molecule IWR-1 [30]. According to Weinberger et al., the use of 

IWR1 in combination with GSK3i (CHIR99021) leads to a synergistic effect in the induction of 

Wnt/β-catenin signalling and moreover, reduces the dependence on bFGF and TGF [31]. 

With the addition of Forskolin to the NCM medium, transgene expression can be avoided, as 

this small molecule induces the expression of Klf2 and Klf4 [20]. In ENHSM, bFGF is replaced 

by an inhibitor of the Protein Kinase C pathway (PKCi) and IWR1. Furthermore, ENHSM uses 

the optimizing component ROCK inhibitor (ROCKi), which promotes cell attachment, survival 

and proliferation [23].  
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1.4 Genomic stability in hESCs 

 

HESCs hold great promise for replacement therapies, disease modelling and drug screening. 

However, there is an increasing body of evidence that hESCs are prone to acquire 

chromosomal abnormalities during in vitro culture, a process that raises concerns about the 

safety of these cells for regenerative applications [1]. A normal karyotype is essential to ensure 

the maintenance of hESC properties in vitro and to prevent adverse effects in vivo [2].  

It has been suggested that hESCs acquire abnormalities that allow for a competitive survival 

advantage and thus become fixed in the population over passages, reflecting the progressive 

adaptation of cells to culture conditions [6]. This selective advantage in culture can lead to 

overgrowth of culture-adapted, abnormal cells, as well as an altered differentiation capacity of 

the affected sublines [1]. Moreover, these adaptations are highly similar to adaptations 

observed in malignancies. In several culture-adapted pluripotent stem cell lines, premalignant 

transformations have been identified. These transformations are characterized by an 

increased cloning efficiency and a higher mitotic index and thus a decreased doubling time in 

culture [1, 32]. 

The mechanisms underlying chromosomal gains and losses are anaphase lagging and 

chromosome non-disjunction during cell division. Structural variants are mostly caused by DNA 

damage. The accuracy of the fast DNA repair mechanisms is not always guaranteed and errors 

in the repair can occur [1].  

 

As Amps et al. indicate, the abnormalities observed in hESCs predominantly involve extra 

copies of chromosome 1, 12, 17, 20 and X or fragments of these chromosomes, with 

subchromosomal duplications on chromosomes 12 and 20 occurring most recurrently [3, 33]. 

More precisely, a gain of 20q11.21 was found in over 20% of the 125 hESCs lines analysed in 

an international study (the International Stem Cell Initiative), performed by Amps et al. [32, 33]. 

Moreover, this gain is also commonly found in human cancer cells. This suggest that this 

mutation provides the cells with a proliferative or survival advantage [32]. The key driver gene 

for this gain in 20q11.21 is BCL2L1, encoding the protein Bcl-xL, an inhibitor of the 

mitochondrial apoptosis pathway, which leads to increased cell survival [32, 34]. Additionally, 

the genes ID1, which promotes self-renewal in stem cells, and DNMT3B, a pluripotency-

associated gene, are often affected in this gain [1, 32].  

Furthermore, chromosome 12 gains are of particular interest. Chromosomal aberrations in 

culture most likely initiate as a single random event in one cell. Due to selective advantage, 

some have the potential to take over the culture. Gains in chromosome 12 result in hESCs 

with a proliferative advantage and a decreased doubling time, due to the pluripotency genes 

NANOG and GDF3 on this chromosome [1]. Another recurrently occurring aberration is extra 
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copies of chromosome 17 in prolonged culture. This non-random gain is linked to the BIRC5 

gene, involved in apoptosis and important for cell survival and proliferation [1]. 

Other genomic abnormalities reported in literature have been reviewed by Nguyen et al. [1]. 

Only certain aberrations can be fixed in culture over time and not all can rapidly nor easily 

outcompete the diploid cells in culture [1, 33]. Out of the hESC lines analysed, Amps et al. 

found that most abnormal cultures were a mosaic of genetically divergent cells, i.e. containing 

populations of cells with different genotypes [33].  

 

Genomic instability can be attributed to different aspects of cell culture methods: (1) passage 

methods (enzymatic versus mechanical), (2) presence or absence of feeders and (3) duration 

of the long-term culture [1, 4].  

It has been suggested that mechanical passaging of hESCs, i.e. cutting the colonies into small 

pieces, is less stressful and reduces the appearance of genetically instable clones [4].  

Although hESCs cultured in feeder-free conditions are desired for use in clinical applications, 

these conditions have been shown to be make cells more prone to genetic instability [4]. It also 

has been proposed that cells at a later passage are more susceptible to genomic instability. 

Although abnormal karyotypes predominantly occur at high passage numbers, low passage 

cultures also show genetic aberrations [35]. Abnormalities in hESCs were observed as early 

as three passages after derivation. Conversely, normal karyotypes are also regularly obtained 

from cultures at high passages [36]. Moreover, some hESC lines are inherently more prone to 

acquire chromosomal changes [4].  

These findings suggest that the effect of culture conditions on the genomic stability of hESCs 

still remains unclear and need to be further investigated. The development of optimal culture 

conditions is key to solving this problem [37].  
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1.5 Oxygen conditions for hESC cultures 

 

Stem cells are found in a specific micro-environment in vivo, which interacts with them to 

regulate pluripotency, self-renewal and cell fate. Several factors, including oxygen tension are 

important in this regulation [38].  

Oxygen (O2) plays an essential role in the survival of cells and most of the cellular processes 

are regulated by its concentration [39]. Hypoxia inducible factors (HIFs) are heterodimeric 

transcription factors, consisting of a regulated subunit (HIF-α) and a constitutive subunit (HIF-

β), regulating the cellular response to hypoxia [38]. In normoxic conditions, HIFs are eliminated 

through proteasomal degradation. In hypoxia, HIFs influence up to 180 genes involved in 

processes such as metabolism, cell survival and vascular remodelling by binding to hypoxia 

response elements (HREs) in the enhancers or promotors of these genes. Interestingly, Oct4 

expression is affected by direct binding of HIF-2α to the Oct4 promotor region under hypoxic 

conditions [38]. This suggests a potential role for HIF-2α in maintaining pluripotency of hESCs, 

since Oct4 is an essential gene for the maintenance of pluripotency in stem cells [40]. 

Since ESCs are derived from the ICM of blastocysts that grow in a low O2 environment in vivo 

(3-5% O2), the cells are usually cultured in low O2 conditions (5% O2) in vitro to mimic a 

physiological environment for the cells [22, 24, 41, 42]. However, both the use of high and low 

O2 tension have been reported in literature [18, 23, 26]. According to a study performed by Lim 

et al., mild hypoxia (12% O2) improves the pluripotency of long-term hESC cultures, results in 

a decreased proliferation rate and less chromosomal abnormalities [39]. Ezashi et al. state that 

hypoxic culture does not negatively affect the growth of hESCs in culture and reduces the level 

of spontaneous cell differentiation and therefore, low oxygen culture would be necessary            

to maintain their full pluripotency in vitro [43]. Other publications report opposite        

conclusions: there are no significant advantages in culturing hESCs under reduced oxygen 

conditions. These conclusions were supported by the analysis of the level of apoptosis during 

culture [44, 45]. 

It remains unclear whether this different approach of O2 tension has an influence on the 

genomic stability of hESCs in culture. Further research, including the analysis of genomic 

profiles of hESCs cultured in low versus high oxygen conditions, still needs to be conducted, 

especially since laboratories routinely use both hypoxic and normoxic conditions for culturing 

hESCs.  
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1.6 Objectives 

 

In this thesis, the genomic profiles of in-house blastocyst derived primed hESCs were 

compared to their naive counterparts. Analysis with next generation, whole genome 

sequencing of both primed and naive hESCs primarily allowed for the genomic profiles of the 

cell lines to be obtained. Naive cells are directly derived from their primed counterparts, thus 

share the same genetic background. Therefore, the direct comparison of profiles may provide 

valuable insights into the potential changes occurring at the genomic level during the primed 

to naive conversion and the potential (in)stability obtained. This methodology allows for a high 

frequency of subchromosomal aberrations to be determined, much more in depth to whole 

chromosome aneuploidy studies.  

 

Aim 1. In recent years, several groups have reported different combinations of small molecules 

and growth factors to convert existing primed hESCs towards the naive pluripotent state [20]. 

In this thesis, two recently reported naive media were compared – the in-house naive 

conversion medium (NCM) [25] and the enhanced naive human stem cell medium (ENHSM) 

[23], with regard to their effect on the genomic stability of hESCs in culture. Pluripotency was 

analysed through immunostaining and RT-qPCR, while genetic profiles were studied using 

whole genome sequencing (WGS).  

 

Aim 2. Specific culture conditions have proven to have an important effect on the genomic 

stability of hESCs [4]. This research focuses on oxygen tension in the culture environment of 

primed and naive hESCs and its influence on their genomic stability. Two primed cell lines and 

their naive counterparts were both cultured in a high and low oxygen culture environment (20% 

versus 5% O2). This was investigated using the same techniques as for our first aim 

(immunocytochemistry, RT-qPCR and WGS). 
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1.7 Study design 

 

The experimental setup of this project is represented in Figure 2. Two hESC lines, UGENT11-

60 and UGENT11-2, were cultured in a low (5%) and high (20%) O2 environment and 

converted using two different naive conversion media, NCM and ENHSM. Pluripotency 

characteristics were analysed using immunocytochemistry and RT-qPCR. Genomic stability of 

hESCs was analysed by whole genome sequencing of both primed and naive hESCs. 

 

 

 
 
Figure 2: Experimental setup of the project 
Abbreviations: NCM, naive conversion medium; ENHSM, enhanced naive human stem cell medium 
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2 Materials and Methods 

 

2.1 Cell culture of hESCs 

 

2.1.1 Culture of primed hESCs 

Primed in-house hESC lines UGENT11-60 and UGENT11-2 (46, XX) derived from spare 

embryos donated by couples who underwent fertility treatment at the Department for 

Reproductive Medicine, UZ Ghent, were thawed and cultured. At the time of thawing, 

UGENT11-60 was at passage 35, while UGENT11-2 was at passage 40. The cells were 

cultured on mitomycin C inactivated mouse embryonic fibroblast (MEF) feeder layers, in 

standard hESC medium, containing Knock-Out DMEM (KO-DMEM), 20% Knock-Out Serum 

Replacement (KOSR), 1% Non-Essential Amino Acids (NEAA), 1% penicilline/streptavidine, 

0.1 mM L-Glutamine, 0.1 mM β-mercaptoethanol and 4 ng/mL bFGF.  

MEF cryovials (passage 3), preserved in liquid nitrogen, were thawed 4 days before hESC 

splitting and plated onto a T75 flask. The day before hESC splitting, MEFs inactivated with 

mitomycin C were plated at a certain concentration onto 0.1% gelatine coated flasks or wells.  

Passaging of the primed cells, using CTK (Collagenase Trypsin Knockout serum replacement), 

was performed every 4-5 days onto fresh MEFs, with daily culture refreshment. The primed 

hESCs were cultured in a low (5%) and high (20%) O2 condition, both at 6% CO2 and at 37°C. 

 

2.1.2 Conversion of primed hESCs towards naive hESCs 

Both primed cell lines were converted towards naive pluripotency. Following routine passaging, 

primed UGENT11-60 and UGENT11-2 cells were plated on inactivated MEFs in two different 

naive conversion media, listed in Table 2. These media are published by Duggal et al. (naive 

conversion medium, NCM) [25] and Gafni et al. (enhanced naive human stem cell medium, 

ENHSM) [23] respectively. However, for the ENHSM condition, an improved formulation was 

recently developed by the research group of Hanna and colleagues, but has not been 

published in literature so far. The formulation was found on the ‘Jacob Hanna Lab’, Weismann 

Institute webpage (https://hannalabweb.weizmann.ac.il/). It is this enhanced medium that was 

used in this research.  

 

2.1.3 Culture of naive hESCs  

Naive cells were passaged every 3 days, using 0.05% Trypsin/EDTA and replated on freshly 

inactivated MEFs. Similar to primed hESCs, naive hESCs were cultured in a low (5%) and high 

(20%) O2 environment, both at 6% CO2 and at 37°C.  
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Table 2: Formulation of naive conversion media NCM and ENHSM 
 

Base medium NCM ENHSM 

 

Small  
molecules 

NCM ENHSM 

KO-DMEM 80% - hLIF 1000 U/ml 20 ng/ml 

KOSR 20% 5 µl/ml PD0325901 1 µM 1 µM 

L-Glutamine 2 mM 0.01 µl/ml CHIR99021 3 µM 1.5 µM 

NEAA 0.1 mM 0.01 µl/ml bFGF 8 ng/ml - 

Penicillin/streptomycin 100 U-µg/ml 0.01 µl/ml Ascorbic Acid 50 ng/ml 50 ng/ml 

β-mercaptoethanol 0.1 mM 0.1 µl/ml Forskolin 10 µM - 

bFGF 4 ng/ml - ROCKi - 10 µM 

Ascorbic acid - 1 µl/ml JNKi (SP600125) - 5 µM 

HSA 20% - 0.3 µl/ml p38i (BIRB796) - 2 µM 

Neurobasal - 0.47 µl/ml PKCi (Gö6983) - 5 µM 

DMEM/F12 - 0.47 µl/ml Activin A - 20 ng/ml 

Sodium Pyruvate - 7 µl/ml Insulin - 12.5 ng/ml 

B27 - 20 µl/ml IWR1 - 5 µM 

N2 - 10 µl/ml  

Defined Lipid 
Concentrate 

- 0.02 /ml  

 
Abbreviations: NCM, naive conversion medium; ENHSM, enhanced naive human stem cell medium; 
KO-DMEM, Knockout-Dulbecco’s Modified Eagle’s Medium; KOSR, Knockout Serum Replacement; 
NEAA, Non-Essential Amino Acids; bFGF, basic fibroblast growth factor; HSA, human serum albumin; 
ROCKi, rho-associated protein kinase inhibitor; JNKi, c-Jun N-terminal kinase inhibitor; PKCi, protein 
kinase C inhibitor; IWR-1, inhibitor of Wnt response 
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2.2 Immunocytochemistry 

 

HESCs, plated onto glass coverslips, were washed with 1x PBS (phosphatase buffered saline) 

and fixed in 4% paraformaldehyde (PFA) for 20 minutes at room temperature. Next, the cells 

were permeabilized at room temperature for 9 minutes in a permeability solution containing 1x 

PBS and 0.1% Triton-X. Following a wash step with 1x PBS, the cells were then blocked for 1 

hour in a blocking solution with 1x PBS, 0.05% Tween and 10% fetal calf serum (FCS). The 

cells were then incubated with primary antibody, diluted in the blocking solution at 4°C 

overnight. After three rinsing steps with 1x PBS, the secondary antibody, also diluted in 

blocking solution, was applied to the cells for 1 hour at room temperature. Finally, the cells 

were washed in PBS and mounted in Vectashield with DAPI (4',6-diamidino-2-phenylindole). 

For immunostaining of pluripotency markers, Oct3/4 and Nanog were used as primary 

antibodies and Alexa 594 (red channel) and Alexa 488 (green channel) as secondary 

antibodies (Table 3). 

 

 
Table 3: Antibodies used for immunostaining and corresponding dilution factor 
 

Antibody Species Dilution factor 

Oct3/4 Mouse monoclonal IgG 1:400 

Nanog Affinity-purified Polyclonal Goat IgG 1:125 

Alexa 594 Donkey anti-mouse 1:500 

Alexa 488 Donkey anti-goat 1:500 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

18 
 

2.3 RNA isolation and Reverse Transcriptase Quantitative PCR 

 

Primed and naive hESCs were collected using CTK and 0.05% Trypsin/EDTA, respectively. 

Primed hESCs were collected at the time of naive conversion, naive hESCs 5 passages after 

conversion. The resulting cell pellets were lysed in TRIzol, followed by mRNA isolation and 

purification using RNeasy Mini Kit, as per manufacturer’s protocol. Briefly, RNA was isolated 

through centrifugation with choloroform. The sample was separated into a red phenol-

chloroform phase consisting of proteins, an interphase with DNA and a colourless aqueous 

phase with RNA. The latter was transferred to a spin column and further purified via DNase 

treatment and several RNA wash steps with washing buffer. Finally, the RNA was eluted from 

the column using RNase-free water and further used for cDNA synthesis. The iScript Advanced 

cDNA synthesis Kit for RT-qPCR was used to synthesize cDNA. This included the making of 

a mastermix, containing 5x iScript advanced reaction mix, iScript advanced reverse 

transcriptase, the RNA template and nuclease free water. Reverse transcription was carried 

out at 46°C for 20 minutes, followed by the inactivation of reverse transcription at 95°C for 1 

minute. cDNA concentrations were determined with the cDNA Qubit Broad Range Assay kit.  

 

All samples were analysed in triplicate and each reaction included 10 ng cDNA template with 

a final reaction volume of 25 µl. The mastermix comprised the gene-specific primers and iTAQ 

Universal SYBR Green Supermix or iTAQ Universal Probes Supermix. The PCR reaction was 

performed on the Roche Lightcycler 480, with the following thermocycling conditions: 1 minute 

at 95°C, 45 cycles of 15 seconds at 95°C and 1 minute at 60°C. Subsequently a melting curve 

was produced by heating the samples from 70°C to 90°C with steps of 5°C for 5 seconds. 

During this time fluorescence was measured to obtain a single specific peak per primer pair, 

to rule out primer dimers and contamination.  

Gene expression analysis was done for POU5F1, NANOG, ZFP42 and PRDM14 (Taqman 

assays) (Table 5). Reference genes GAPDH, B2M, ACTB and RPL13A were analysed, as 

summarized in Table 4. Reference gene stability across all samples was calculated using the 

GeNorm algorithm, as part of the BioGazelle QBase software, which showed that B2M and 

RPL13A had the highest stabilities and were sufficient for normalization. Normalisation of Cq 

values was performed according to the ΔΔCq method using B2M and RPL13A reference genes 

and primed hESCs in 5% and 20% O2 as the reference samples, respectively.  

 

Log fold-change values were calculated to obtain a symmetrical data distribution and an 

unpaired t-test was used to compare groups. Statistical analyses were performed using 

Graphpad Prism software. Differences were considered statistically significant when the p-

value was less than 0.05 (two-sided).  
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Table 4: Reference genes 
 

ACTB beta-actin 
Forward: TCAAGATCATTGCTCCTCCTGAG 
Reverse: ACATCTGCTGGAAGGTGGACA 

GAPDH 
glyceraldehyde-3-phosphate 
dehydrogenase 

Forward: GTGGACCTGACCTGCCGTCT 
Reverse: GGAGGAGTGGGTGTCGCTGT 

B2M beta-2-microglobulin 
Forward: TGCTGTCTCCATGTTTGATGTATCT 
Reverse: TCTCTGCTCCCCACCTCTAAGT 

RPL13A ribosomal protein L13A 
Forward: CCTGGAGGAGAAGAGGAAAGAGA 
Reverse: TTGAGGACCTCTGTGTATTTGTCAA 

 

 

Table 5: Taqman assays on demand (test genes) 
 

POU5F1 POU class 5 homeobox 1 Hs01895061_u1 (Taqman® gene expression assay) 

NANOG Nanog homeobox Hs02387400_g1 (Taqman® gene expression assay) 

ZFP42 Zinc finger protein 42 Hs01938187_s1 (Taqman® gene expression assay) 

PRDM14 PR-domain containing 14 Hs01119056_m1(Taqman® gene expression assay) 
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2.4 Whole Genome Sequencing 

 

Shallow Whole Genome Sequencing was performed on bulk cell samples (> 200.000 cells). 

Primed hESC samples were collected at the time of naive conversion. Samples from the two 

aforementioned naive cultures were collected at passage 5 after conversion. Following 

passaging, both primed and naive hESCs were plated on 0.01% gelatine for 1 hour in order to 

reduce the concentration of MEFs in the cell suspension. Subsequently, cells were counted, 

pelleted and frozen, prior to further processing. Total DNA was extracted and purified using 

the DNeasy Blood & Tissue Kit (Qiagen), following manufacturer’s protocols. Briefly, cells were 

lysed using proteinase K and loaded onto the DNeasy Mini Spin Column (Qiagen), followed by 

purification and elution. DNA concentration was measured using the Qubit dsDNA Broad 

Range Assay kit, as per manufacturer’s instructions. 

 

Shallow whole genome sequencing was performed as described by Dheedene et al. with small 

modifications [46]. An amount of 200 ng genomic DNA was used as input. Library construction 

was performed according to the NEXTflexTM Rapid DNA-Seq Library Prep Kit for Illumina 

Sequencing (Bioo Scientific). Genomic DNA was fragmented to an average size distribution of 

200 bp using Covaris System. Illumina compatible adapters with barcodes were ligated to the 

DNA using NEXTflexTM Ligase Enzyme. Libraries were amplified using NEXTflexTM PCR 

Master Mix in a thermal cycler with the following thermocycler conditions: 2 minutes at 98°C, 

and 7 cycles of 30 seconds at 98°C, 30 seconds at 65°C and 1 minute at 72°C. In between, 

Agencourt AMPure XP beads (Beckman Coulter) were used for purification. After the 

amplification, double-size selection was performed using Agencourt AMPure XP beads for 

removal of residual adaptors and primers. Template preparation and Illumina flow cell loading 

were performed on the Illumina cBot™ (Illumina) using 2.5 nM of equimolar pooled libraries. 

The samples were sequenced on an Illumina Hiseq3000 instrument using 50 SR cycles. 

 

Reads were demultiplexed and aligned to the NCBI GRCh38 human genome reference with 

the bcbio pipeline. Subsequently, the reads were filtered on MAPQ > 30, and Vivar was used 

for further downstream analysis [47].  
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3 Results 

 

3.1 Morphology 

 

The primed UGENT11-60 and UGENT11-2 hESC lines were cultured on MEFs, in a low (5%) 

and high (20%) O2 environment. In both conditions, the hESCs grew in large colonies, with 

clear edges and a flattened morphology (Figure 3). After 5 passages of primed culture, 

UGENT11-2 (passage 35) and UGENT11-60 (passage 40) hESCs in both high and low O2 

were converted towards naive pluripotency in the presence of two different naive conversion 

media, NCM and ENHSM (Figure 2). After 4-6 days, small dome-shaped cell colonies 

indicative of naive pluripotency started to arise in both media and in both O2 conditions. In all 

conditions, the stem cells exhibited an undifferentiated morphology. The flat primed colonies 

were clearly larger than the naive domed colonies (Figure 3).  

In ENHSM, the establishment of predominantly domed shaped colonies could be observed 

after 2 passages, whereas in NCM, this could be determined at passage 4. The converted 

naive hESC lines were successfully maintained undifferentiated for more than 10 passages 

and could be continually passaged as single cells using trypsin every 3 days.  

 

3.2 Immunocytochemistry 

 

To further analyse the pluripotent characteristics of the hESCs, the cells were stained for the 

pluripotency markers POU5F1 and NANOG (Figure 4-7). Primed and naive hESCs of both 

UGENT11-60 and UGENT11-2 lines showed similar levels of POU5F1 and NANOG in both 

high and low O2 tension, with comparable homogeneity across all samples. Moreover, no 

significant differences were observed in the staining intensity between the two naive media 

NCM and ENHSM. Levels appeared comparable both between conditions and amongst cell 

lines. As the intensity of the staining was not further quantified in this study, RT-qPCR analysis 

was performed to establish differences in expression of pluripotency markers.  
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Figure 3: Morphological analysis of two primed and naive hESC cell lines UGENT11-60 and 
UGENT11-2 converted with NCM and ENHSM, in 5% and 20% O2. Primed hESCs show flattened 
morphology, whereas naive hESCs have a dome-shaped morphology. The converted naive hESCs in 
NCM and ENHSM show similar morphology (middle and right column). Also no differences can be 
detected between the primed and naive cells in 5% and 20% O2 (first and third row compared to second 
and fouth row respectively). Scale bar = 200 µm 
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Figure 4: Immunocytochemistry analysis of converted naive UGENT11-60 hESCs, NCM and ENHSM, and their parental primed counterparts in 5% 
O2. The cells were stained for POU5F1 (red) and NANOG (green) expression. Nuclear staining was performed using DAPI (4',6-diamidino-2-phenylindole, blue). 
Both individual staining images and overlays are shown. The primed, as well as the naive hESCs in both conditions are positive for POU5F1 and NANOG 
pluripotency markers. Scale bar = 200 µm 

 

 UGENT11-60  

           5% O2 
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Figure 5: Immunocytochemistry analysis of converted naive UGENT11-60 hESCs, NCM and ENHSM, and their parental primed counterparts in 20% 
O2. The cells were stained for POU5F1 (red) and NANOG (green) expression. Nuclear staining was performed using DAPI (4',6-diamidino-2-phenylindole, blue). 
Both individual staining images and overlays are shown. The primed, as well as the naive hESCs in both conditions are positive for POU5F1 and NANOG 
pluripotency markers. Scale bar = 200 µm 
 

 UGENT11-60  
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Figure 6: Immunocytochemistry analysis of converted naive UGENT11-2 hESCs, NCM and ENHSM, and their parental primed counterparts in 5% O2. 
The cells were stained for POU5F1 (red) and NANOG (green) expression. Nuclear staining was performed using DAPI (4',6-diamidino-2-phenylindole, blue). 
Both individual staining images and overlays are shown. The primed, as well as the naive hESCs in both conditions are positive for POU5F1 and NANOG 
pluripotency markers. Scale bar = 200 µm 
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Figure 7: Immunocytochemistry analysis of converted naive UGENT11-2 hESCs, NCM and ENHSM, and their parental primed counterparts in 20% 
O2. The cells were stained for POU5F1 (red) and NANOG (green) expression. Nuclear staining was performed using DAPI (4',6-diamidino-2-phenylindole, blue). 
Both individual staining images and overlays are shown. The primed, as well as the naive hESCs in both conditions are positive for POU5F1 and NANOG 
pluripotency markers. Scale bar = 200 µm 

 UGENT11-2  

           20% O2 
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3.3 Gene expression analysis by RT-qPCR 

 

To determine whether the converted UGENT11-60 and UGENT11-2 hESC lines show naive 

pluripotency characteristics, a reverse transcriptase quantitative PCR (RT-qPCR) was 

performed for both naive and parental primed hESCs. Investigating the expression levels of 

the pluripotency markers POU5F1 and NANOG provides a quantitative assessment of 

pluripotency and serves as an addition to the immunocytochemistry results. Naive pluripotency 

characteristics were determined by analysis of the expression levels of naive pluripotency-

associated genes ZFP42 and PRDM14. Samples of both primed and naive hESCs in both 5% 

and 20% O2 were collected when the converted naive cells reached the fifth passage.  

 

When conversion was performed in 5% O2, gene expression analysis of UGENT11-60 primed 

hESCs compared to their naive counterparts in NCM and ENHSM conditions showed 

significantly higher expression levels of pluripotency markers POU5F1 and NANOG in both 

naive conditions (Figure 8). Similarly, both NCM and ENHSM hESCs revealed significantly 

higher expression of naive marker ZFP42, with ENHSM showing the highest expression. 

Conversely, no significant difference was observed in naive marker PRDM14 expression, 

between primed hESCs and their naive counterparts, however an increasing trend in 

expression could be observed between primed, NCM and ENHSM (Figure 8). 

 

Gene expression analysis of UGENT11-60 primed hESCs and converted naive cells in 20% 

O2 revealed no significant difference in POU5F1 expression (Figure 9). However, ENHSM 

naive cells showed higher expression of NANOG, when compared to both primed and NCM 

hESCs. Naive marker ZFP42 was significantly higher in ENHSM when compared to primed 

and NCM conditions, however no significant difference was observed between primed and 

NCM. Expression of PRDM14 appeared significantly lower in both NCM and ENHSM 

compared to their parental primed hESC line.  

 

The second cell line, UGENT11-2 showed no difference in expression of pluripotency and 

naive markers in 5% O2 conditions (Figure 10). However, when converted in 20% O2, NCM 

showed significantly high expression of naive marker ZFP42, while no difference was observed 

in PRDM14 expression when compared to primed hESCs (Figure 11). Conversely, ENHSM 

showed reduced expression of both ZFP42 and PRDM14, when compared to NCM converted 

in 20% O2 (Figure 11). 
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Figure 8: UGENT11-60. RT-qPCR analysis of converted naive hESCs, NCM and ENHSM, and their 
parental primed counterparts in 5% O2. Espression of naive and pluripotency-associated genes was 
considered. P-value ≤ 0.05 (*), ≤ 0.01 (**). 
 
 
 

 
 
Figure 9: UGENT11-60. RT-qPCR analysis of converted naive hESCs, NCM and ENHSM, and their 
parental primed counterparts in 20% O2. Expression of naive and pluripotency-associated genes was 
considered. P-value ≤ 0.05 (*), ≤ 0.01 (**), ≤ 0.001 (***). 
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Figure 10: UGENT11-2. RT-qPCR analysis of converted naive hESCs, NCM and ENHSM, and their 
parental primed counterparts in 5% O2. Expression of naive and pluripotency-associated genes was 
considered. 

 

 

 

 

 
Figure 11: UGENT11-2. RT-qPCR analysis of converted naive hESCs, NCM and ENHSM, and their 
parental primed counterparts in 20% O2. Expression of naive and pluripotency-associated genes was 
considered. P-value ≤ 0.05 (*), ≤ 0.01 (**), ≤ 0.001 (***). 
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3.4 Whole genome sequencing 

 

To establish the effects of the naive conversion on genomic stability, we applied whole genome 

sequencing. Bulk cell samples of more than 200.000 cells of both primed and naive hESCs 

were collected when the converted naive hESCs reached the fifth passage.  

The karyotypes of both UGENT11-60 and UGENT11-2 in 5% O2 (Figure 12) and in 20% O2 

(Figure 13) are shown. We could not observe the presence of considerable genomic 

aberrations in both conditions. Detailed representations of the sequencing results are provided 

as supplementary figures in the appendix (Figure S1-S12).    

Primed UGENT11-60 hESCs were additionally collected 7 passages later in 5% (Figure S13) 

and in 20% O2 (Figure S14). There were no new genomic aberrations after a longer culture 

period of these primed hESCs in both conditions. We also collected naive UGENT11-60 

hESCs converted with the NCM condition in 5% O2 at passage 10 (Figure S15), and did not 

detect any further genomic changes.  
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Figure 12: WGS analysis of converted naive UGENT11-60 and UGENT11-2, NCM and ENHSM, and their parental primed counterparts in 5% O2.  
(1): UGENT11-60, primed, passage 35 
(2): UGENT11-60, naive NCM, passage 5 
(3): UGENT11-60, naive ENHSM, passage 5 
(4): UGENT11-2, primed, passage 40 
(5): UGENT11-2, naive NCM, passage 5 
(6): UGENT11-2, naive ENHSM, passage 5 
Red bars indicate deletions and were only present on the Y chromosome, indicating the hESCs were female (XX). All samples were karyotypically normal.  
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Figure 13: WGS analysis of converted naive UGENT11-60 and UGENT11-2, NCM and ENHSM, and their parental primed counterparts in 20% O2.  
(1): UGENT11-60, primed, passage 36 
(2): UGENT11-60, naive NCM, passage 5 
(3): UGENT11-60, naive ENHSM, passage 5 
(4): UGENT11-2, primed, passage 41 
(5): UGENT11-2, naive NCM, passage 5 
(6): UGENT11-2, naive ENHSM, passage 5 
Red bars indicate deletions and were only present on the Y chromosome, indicating the hESCs were female (XX). All samples were karyotypically normal.  
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4 Discussion 

 

The unique capacity of hESCs to self-renew and to differentiate into all three germ layers has 

generated extensive interest and the development of a rapidly growing field. HESCs offer 

insight into basic human developmental biology, or can be used for disease modelling, drug 

toxicity tests and clinical applications in regenerative medicine, such as tissue replacement [6]. 

However, this gradual evolution towards using hESCs in therapies is facing concerns regarding 

their safety. Evidence suggests that hESCs in culture acquire genomic instability over time [1, 

32, 33]. As such, transplanted cells may harm the patient by transforming into malignant cells 

or by inducing cancer [48]. This research focuses on the genomic stability of hESCs in culture.  

 

With the notion of two distinct pluripotent states in ESCs, referred to as primed and naive 

pluripotency, the question remains which state of pluripotency is most beneficial for use in 

clinical applications. The ability of naive hESCs to be passaged as single-cells, which makes 

bulk production and genetic manipulation possible, and the heterogeneity during lineage-

specific differentiation of primed hESCs, has led to the conclusion that naive hESCs seem 

more promising for regenerative medicine purposes compared to their primed counterparts 

[20, 49]. Since then, several attempts have been undertaken to induce naive pluripotency in 

existing primed hESCs [20].  

Until now, a wide range of experimental protocols have been reported, enabling the 

maintenance of cultured human pluripotent stem cells with features similar to those of naive 

mouse ESCs. These protocols differ based on the cocktail of small molecules being used. It 

remains uncertain what differences exist between these naive hESCs obtained by diverse 

culture conditions and the effect on their differentiation capacity and hence utility in 

regenerative medicine [49].  

 

This study aimed to compare two different naive conversion media NCM and ENHSM, reported 

by Duggal et al. [25] and Gafni et al. [23] respectively, with a specific focus on their impact on 

the genomic stability of hESCs in two O2 concentrations.  

A second aim of this study was to determine the effect of normoxic and hypoxic conditions in 

culture on the genomic stability of hESCs. To examine the effect of O2 tension on the 

maintenance of pluripotency in hESCs, cells were cultured in 5% and 20% O2. HESCs are 

routinely cultured at 20% O2, but are derived from embryos which reside in a 3-5% O2 

environment [39]. It is unclear whether hypoxia drives stem cells towards self-renewal or 

differentiation and recent publications report opposing results. It has been suggested that 

hypoxic culture conditions support the maintenance of the pluripotent state in hESCs and 
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prevents differentiation [43, 50-52]. On the other hand, it has also been demonstrated that 

hypoxic culture is not proven to be beneficial for the maintenance of pluripotency or even drives 

hESCs towards differentiation [44, 45, 53]. It has been put forward that hypoxia inducible 

factors (HIFs), which are activated upon hypoxic conditions, influence pluripotency-associated 

genes [38, 54]. This was confirmed in a study performed by Forristal et al., where hESCs show 

better morphology in 5% O2 tension, increased proliferation rates and a higher expression of 

the pluripotency genes POUF51, SOX2 and NANOG, compared with hESCs cultured in 20% 

O2 [52]. The increase in expression of the pluripotency-associated genes POU5F1, NANOG 

and SOX2 is attributed to the function of HIF-2α, which binds directly to the promotors of the 

genes in hypoxic conditions [38, 54]. 

 

After conversion of the primed hESCs lines UGENT11-60 and UGENT11-2 towards naive 

pluripotency using two different naive media NCM and ENHSM, we examined the pluripotency 

characteristics, next to analysis of the features indicative of naive pluripotency.  

Primed hESCs converted with NCM and ENHSM transformed from a flattened to a domed-

shaped morphology (Figure 3). The two naive conditions appeared similar, with equal capacity 

to induce naive pluripotency. The morphology of the converted naive hESCs using NCM, 

published in the report of Duggal and colleagues [25], could be reproduced in this study (Figure 

3). As already mentioned before, the ENHSM formulation, an enhanced formulation of the 

earlier published NHSM, reported by the same group [23], has not been published yet, hence 

it is not possible to compare the morphology obtained in this study. However, the naive 

colonies were highly similar to the ones obtained in the NHSM condition, suggesting that, like 

NCM, the ENHSM condition is also successful in achieving the naive state of pluripotency. 

Noteworthy, complete conversion to naive pluripotency was more rapidly established in the 

ENHSM condition, more specifically after 2 passages. This may be attributed to the fact that 

the ENHSM medium targets more cellular signalling pathways, compared to the NCM medium. 

Indeed, next to the shared use of 2i and LIF, the ENHSM condition additionally targets the 

MAPK (mitogen-activated protein kinases) pathway through inhibition of the MAPK family 

members JNK (c-Jun N-terminal kinase) and p38 mitogen-activated protein, and blocks PKC 

(protein kinase C) signalling. Moreover, ENHSM is defined by a FGF- and TGF-free 

composition, whereas the NCM condition still requires bFGF to keep the naive cells 

undifferentiated. The need for bFGF is in ENHSM replaced by the addition of the inhibitor of 

the PKC pathway and IWR1, an inhibitor of the Wnt/β-catenin pathway through stabilization of 

the Axin complex.  
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Pluripotency was further examined by immunocytochemistry. Both primed and converted naive 

UGENT11-60 and UGENT11-2 lines in 5% and 20% O2 were stained for the pluripotency 

markers POU5F1 and NANOG (Figure 4-7). All samples analysed showed similar 

immunoreactivity towards the tested pluripotency markers.  

Based on morphology and immunocytochemistry, naive hESCs converted with NCM and 

ENHSM appeared similar and the naive conversion did not appear to be influenced by the 

different O2 tensions in culture. We could not detect a predisposition towards differentiation in 

either condition in particular, as the intensity in immunostaining was comparable across all 

samples. Similarly, in the study of Forristal and colleagues, immunocytochemistry detected 

similar immunoreactivity for these genes in both low and high O2 conditions [52]. This highlights 

the importance of performing quantitative techniques, such as RT-qPCR, when assessing 

pluripotency.  

 

RT-qPCR was performed on all samples at passage 5 following the naive conversion. 

Examination of the expression levels of pluripotency markers POU5F1 and NANOG allowed 

for a quantitative analysis of pluripotency characteristics. As these markers were clearly 

expressed in all conditions (Figure 8-11), the immunostaining results were confirmed, i.e. all 

cells in each condition maintain their undifferentiated characteristics. However, different 

expression levels of POU5F1 and NANOG were observed across the different conditions, 

especially when naive hESCs are compared to their parental primed hESCs.  

An increase in expression levels of POU5F1 was detected in UGENT11-60 hESCs converted 

with ENHSM in 5% O2 compared to the primed (Figure 8). NANOG was significantly elevated 

in the same cell line in both NCM and ENHSM conditions in 5% O2 (Figure 8) and only in the 

ENHSM condition in 20% O2 (Figure 9). Increased levels of POU5F1 and NANOG may suggest 

that an absence of differentiation signalling in the naive conditions may lead to the pluripotency 

pathway being strengthened. However, this was not confirmed in the second cell line, 

UGENT11-2. In order to test this hypothesis, gene expression analysis should be further 

expanded to include genes known to serve as differentiation markers, such as NESTIN 

(ectoderm), T (mesoderm) and GATA4 (endoderm). A decrease in expression levels of these 

differentiation markers together with an increase in POU5F1 and NANOG may suggest that 

differentiation is significantly hindered. 

 

The hESC lines were further analysed, using RT-qPCR, to determine whether the converted 

naive hESCs resemble naive pluripotency characteristics. This was performed by investigating 

the expression levels of naive pluripotency-associated genes. Several genes have been 

reported to serve as naive pluripotency-associated markers, such as PRDM14, ZFP42, KLF4, 

DPPA3. In this study, PRDM14 and ZFP42 were used to examine naive pluripotency. ZFP42 
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(zinc finger protein 42) gene expression was elevated in naive and downregulated in primed 

hESCs [19]. HESCs depleted from ZFP42 lose their self-renewal capacity and full 

differentiation potential [55].  

PRDM14 (positive regulatory domain-containing 14) is another important gene in the regulation 

of the pluripotency circuitry [56]. PRDM14 contributes to naive pluripotency by repressing the 

DNA methylation machinery and FGF signalling [57]. MESCs cultured in 2i, in absence of 

PRDM14 show an upregulation of some differentiation markers in ESCs [57]. In human, 

ablation of this factor induces differentiation of hESCs [31]. Moreover, PRDM14 plays a role in 

primordial germ cell specification [58]. 

 

In UGENT11-60 in 5% O2, ZFP42 expression was significantly elevated in naive NCM and 

ENHSM hESCs, with highest expression observed in ENHSM conditions (Figure 8). This 

increase was also observed in 20% O2 in ENHSM, however NCM showed no significant 

increase (Figure 9). In UGENT11-2, ZFP42 expression was similar across the samples in 5% 

O2 (Figure 10), in 20% O2 ZFP42 was increased in the NCM condition (Figure 11).  

PRDM14 showed an increasing trend in UGENT11-60 in 5% O2 between primed, NCM and 

ENHSM. However, in 20% O2 this expression was lower in the naive condition compared to 

the primed hESCs. This could also be observed in UGENT11-2 in 20% O2.  

 

We observed rather variable expression levels of the naive marker genes across the different 

samples. Naive conversion is a process that induces stress to the cellular program leading to 

various changes in the transcriptome [59]. Different cell lines may have a varying response to 

the conversion stress. We assume that the transcriptome is completely converted after 

approximately 10 passages. Therefore, it is difficult to interpret these data as we are only taking 

a snapshot in the pluripotency network, very early during the conversion (passage 5) due to 

time constraints faced during this study. Further analysis at later passages, e.g. at passage 

20, is recommended to clear this out. In the study of Duggal et al., which included the 

examination of both early and late passages of the naive hESCs lines, the increase in naive 

pluripotency-associated genes could only be observed in late passages (passage 18) [25]. 

However, the changes in naive marker expression observed in this study indicate that naive 

conversion was taking place. The fact that there were no significant differences in UGENT11-

2 in 5% O2 (Figure 10) could also be attributed to the early passage at which the samples were 

collected.  

The naive ENHSM condition appeared most naive-like. This coincides with the morphological 

observation that these hESCs were converted more readily.  

In both hESC lines, PRDM14 expression in 20% O2 is low compared to primed and NCM 

hESCs (Figure 9, Figure 11), hence based on these early passage gene expression results, 
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we suggest that the ENHSM condition might be more suited to be cultured at 5% O2. The 

decrease in PRDM14 expression may indicate that differentiation is induced in these cells, 

taking into account its function in primordial germ cell development [57]. Further analysis using 

differentiation markers may provide additional insights and would be of benefit.  

Moreover, this gene expression analysis could be further expanded to include genes 

associated with primed pluripotency, such as Cer1 and XIST. It is assumed that these genes 

are downregulated in naive hESCs [18, 25]. A downregulation of the primed pluripotency 

markers together with an upregulation of naive pluripotency markers may serve as more 

profound evidence that the hESCs resemble the naive state of pluripotency.  

 

To investigate more in depth the existing differences between primed and naive NCM and 

ENHSM hESCs in the two O2 conditions, a global transcriptome analysis is required. Next to 

naive pluripotency-associated genes, other genes important for the maintenance of different 

cellular processes, such as cellular metabolism and differentiation processes, might also be 

influenced during the naive conversion. More specifically, cell metabolism is assumed to play 

a role in stemness maintenance and proliferation [60]. As Theunissen et al. indicates, naive 

hESCs should be examined according to their resemblance to human naive pluripotent cells 

in vivo. A comprehensive examination of the transcriptome offers a more sensitive measure of 

the correspondence between pluripotent stem cells and the early human embryo than gene 

expression profiling [61]. 

 

Whole genome sequencing allowed for the genomic stability of the hESCs, converted with 

NCM and ENHSM in two O2 conditions, to be determined. We could not detect any genomic 

aberrations across all samples (Figure 12, 13). The results are consistent with our findings 

based on morphology, immunocytochemistry and RT-qPCR. These findings suggest that the 

naive conversion might not be affected by O2 concentration in culture. Moreover, both naive 

conversion media NCM and ENSHM showed no substantial effect on genomic stability, based 

on these results. However, care should be taken when interpreting these results. The samples 

for WGS analysis were collected at the same early passage as for RT-qPCR, more specifically, 

after five passages of naive culture. We already emphasized the need for investigating the 

hESCs at a later passage in culture in order to make more sound conclusions regarding the 

influence of different culture conditions on genomic stability of hESCs. For the UGENT11-60 

line, primed hESCs in 5% and 20% O2 were collected 7 passages later and showed no new 

genomic changes (Figure S13, S14). Additionally, naive NCM hESCs in 5% O2 were collected 

at passage 10 following conversion and no aberrations could be observed (Figure S15).  
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In this thesis, we used the advanced next generation sequencing technology, which provides 

a promising tool to thoroughly characterize hESCs in vitro. The high resolution makes it 

possible to detect genomic aberrations up to 1Mb. Therefore, it is recommended to implement 

these technologies in any laboratory working with stem cells, especially when the cells are to 

be used for clinical purposes. However, to date, the technique is not yet commonly reported in 

literature for the characterization of hESC genomic stability. 

 

 

4.1 Future perspectives 

 

In this study, whole genome sequencing was performed on bulk cell samples. Performing 

sequencing at the single cell level would allow for deductions to be made regarding the 

heterogeneity of the stem cell colonies. In this way, mosaicism, characterized by a cell 

population consisting of genetically divergent cells can also be analysed. Indeed, Amps et al. 

found that most abnormal cultures were mosaic with, mostly, two populations of cells, one with 

a normal karyotype and one with a particular abnormal karyotype [33]. 

We collected all samples for analysis with RT-qPCR and WGS at an early passage (passage 

5 after conversion). In order to pinpoint precise events at which particular aberrations are 

potentially induced during the naive conversion, the genomic stability at the single cell level at 

different time points during the conversion should be investigated. Investigating the genomic 

stability at a later passage, e.g. at passage 20, is also recommended, as at this time point the 

naive hESCs would be completely converted to the naive pluripotent state. Moreover, samples 

obtained from different passage numbers after 20 passages could provide information of the 

potential effects of prolonged culture.  

The application of a xeno-free culture condition should also be considered, particularly if 

hESCs are intended for regenerative medicine purposes. This includes the use of serum-free 

and feeder-free culture instead of MEF feeder layers. Moreover, the use of MEFs is associated 

with batch-to-batch and laboratory-to-laboratory variability. The use of feeder-free culture 

conditions decreases variability and is of utmost importance for reproducible and robust 

protocols for culture of hESCs. Moreover, it is essential to investigate the influence of different 

O2 concentrations on the differentiation capacity of hESCs.  
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5 Conclusion 

 

To date, much research has been conducted on the genomic stability of hESCs in vitro. Despite 

the remarkable progress seen in the last few years in the broad field of stem cell research, the 

real extent to which manipulation of hESCs in culture, such as changes in the culture 

environment and naive conversion, increases susceptibility to mutations is yet to be perceived 

[2]. Before stem cell therapies can be translated to the clinic, the control of genomic instability 

and the suppression of deleterious mutations is probably one of the most critical obstacles.  

To our knowledge, this is the first study that investigated the genomic stability of converted 

hESCs towards naive pluripotency in two different O2 tensions. Based on the early passage 

results provided in this research, the two tested naive conversion media were both capable of 

converting primed hESCs towards naive pluripotency, without introducing genomic 

aberrations. Moreover, a normoxic culture environment did not appear to promote genomic 

instability. However, as adaptations require time in culture, investigating these effects at a later 

passage during in vitro culture is highly recommended.  
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7 Appendix 

 

7.1 Cell culture 

 

MEF medium 

450 ml Dulbecco’s Modified Eagle Medium (1X DMEM) 

50 ml Fetal Bovine Serum (FBS), inactivated in warm water bath at 56°C for 30 minutes) 

5 ml L-Glutamine (L-Glu) 

5 ml Penicilline/Streptomycin (P/S) 

 

Mitomycin C 

2 ml Dulbecco’s phosphate-buffered saline (DPBS 1X, MgCl2, CaCl2) 

2 mg mitomycin C 

200 ml DMEM 

 

0.1% gelatin 

0.5 g gelatin powder  

500 ml sterile water 

 

hESC base medium 

160 ml Knock Out Dulbecco’s Modified Eagle Medium (KO-DMEM) 

40 ml Knock Out Serum Replacement (KOSR) 

2 ml L-Glu 

2 ml Minimum Essential Medium Non Essential Amino Acids (MEM NEAA) 

2 ml P/S 

400 µl β-mercaptoethanol (0,1 mM) 

 

Primed hESC medium 

10 ml hESC base medium 

0.8 µl bFGF (4 ng/ml) 

 

 

 

 

 

 



 

 
 

Naive conversion medium (NCM) 

10 ml hESC base medium 

10 µl PD0325901 (1 µM) 

 6 µl CHI99021 (3 µM) 

10 µl hLIF (1000 U) 

2.4 µl bFGF (12 ng/ml) 

10 µl Forskolin (10 µM) 

10 µl Ascorbic acid (50 ng/ml) 

 

Enhanced naive human stem cell medium (ENHSM) 

ENHSM base medium 

47 ml Neurobasal 

47 ml Dulbecco's Modified Eagle Medium F-12 Nutrient Mixture (DMEM/F-12) 

2 ml B27 supplement 

1 ml N2 supplement 

1 ml P/S 

1 ml L-Glu 

1 ml MEM NEAA 

500 µl KOSR 

700 µl Sodium Pyruvate 

200 µl Defined lipid concentrate 

100 µl Ascorbic acid 

30 µl Human serum albumin 20% 

10 µl β-mercaptoethanol (0.1 mM) 

 

ENHSM medium 

10 ml ENHSM base medium 

10 µl PD0325901 (1 µl/ml) 

3 µl CHIR99021 (0.3 µl/ml) 

20 µl hLIF (2 µl/ml) 

10 µl BIRB0796 (1 µl/ml) 

5 µl SP006125 (0.5 µl/ml) 

5 µl Gö6983 (0.5 µl/ml) 

10 µl Activin A (1 µl/ml) 

10 µl ROCKi Y27632 (1 µl/ml) 

10 µl Insulin (1 µl/ml) 

10 µl IWR-1 (1 µl/ml) 



 

 
 

bFGF (50 µg) 

Make 5 mM Tris (5 µl 1M Tris in 1 ml water for embryo transfer) 

Add 500 µl 5 mM Tris to bFGF 

 

Collagenase Trypsin KOSR 

140 ml 1X Phosphate Buffered Saline (PBS) 

20 ml Trypsin 2.5% 

0.2 g Collagenase IV 

40 ml KOSR 

0.0294 g CaCl2 

 

Freezing of hESCs 

The cells were incubated with hESC medium containing ROCKi for 1 hour prior to treatment 

with Trypsin-EDTA 0.05%. After centrifugation, the cell pellet was resuspended in freezing 

medium, consisting of 90% hESC medium, 10% dimethylsulfoxide (DMSO) and 10 µM ROCKi 

(Y27632). The cell suspension was added to a cryovial and frozen at a rate of -1°C per 1 

minute, until -80°C was reached.  

 

Thawing of hESCs 

The cryovials were thawed in a warm water bath (37°C) and added to hESCs medium with 

ROCKi, drop by drop while gently shaking the tube. After centrifugation, the cells were plated 

onto freshly inactivated MEFs.  

 

 

7.2 Immunocytochemistry 

 

4% Paraformaldehyde 

150 ml 1x PBS, heated to 60°C for 15 minutes 

8 g paraformaldehyde (PFA) powder 

To dissolve the PFA powder, 1 M NaOH was added dropwise until the solution becomes clear. 

The pH was adjusted with diluted HCl until a pH of 6.9 was reached, using a pH-meter. The 

final solution was brought to a final volume of 200 ml with 1x PBS. 

 

1x PBS 

5 ml PBS (10x) 

45 ml water for embryo transfer 

 



 

 
 

100x Triton 

500 µl Triton 

49.5 ml 1x PBS  

 

200x Tween 

250 µl Tween 10x  

49.75 ml 1x PBS 

 

Permeability solution 

9 ml 1x PBS 

1 ml 100x Triton 

 

Blocking solution 

8 ml 1x PBS 

1 ml Fetal Calf Serum (FCS) 

1 ml 200x Tween 

 

 

7.3  RT-qPCR 

 

70% EtOH (10 ml) 

7 ml EtOH 100% 

3 ml RnNase-free water 

 

RNeasy Mini Kit 

RW1 buffer 

RLT buffer 

RPE buffer 

RNase-free water 

DNA lobind tubes 

RNeasy mini columns 

 

DNase I incubation mix 

10 µl DNase I stock solution (DNase I powder in 550 µl RNase-free water) 

70 µl RDD buffer 

 

 



 

 
 

RNase-free DNase set 

DNase I 

RNase-free water 

DNase-free RDD buffer 

 

iSCRIPT Advanced cDNA synthesis kit for RT-qPCR 

iSCRIPT 

Reverse transcriptase 

Nuclease-free water 

 

Qubit Assay kit 

Qubit buffer 

Qubit Reagent 

Standard 1 

Standard 2 

 

Table S1: cDNA concentrations 
 

Cell line Condition 
Concentration 

(ng/ml) 
 Cell line Condition 

Concentration 
(ng/ml) 

UGENT11-60 

Primed 5% O2 2.70E+04  

UGENT11-2 

Primed 5% O2 5.46E+03 

NCM 5% O2 1.74E+04  NCM 5% O2 8.92E+03 

ENHSM 5% O2 7.90E+04  ENHSM 5% O2 1.27E+04 

Primed 20% O2 5.90E+03  Primed 20% O2 9.28E+03 

NCM 20% O2 2.00E+05  NCM 20% O2 1.26E+04 

ENHSM 20% O2 1.89E+04  ENHSM 20% O2 1.48E+04 

 

 
Table S2: Composition mastermix, amount per reaction  
 

 Reference genes 
TAQMAN assays 
(tested genes) 

Forward primer 0.75 µl - 

Reverse primer 0.75 µl - 

Assay on demand - 1.25 µl 

iTAQ supermix with ROX and SybrGreen 12.5 µl - 

iTAQ supermix with ROX, without SybrGreen - 12.5 µl 

DEPC-Bidi 6 µl 6.25 µl 

 

 
 



 

 
 

7.4 Whole Genome Sequencing  

 

QIAamp DNA Mini Kit 

QIAamp Mini Spin Columns  

Collection tubes 

Buffer AL 

Buffer ATL 

Buffer AW1 (concentrate) 

Buffer AW2 (concentrate) 

Buffer AE 

QIAGEN Protease 

Protease Solvent 

Proteinase K 

 

 
Table S3: cDNA concentrations UGENT11-60 
 

Cell line Condition 
Concentration 

(µg/ml) 

UGENT11-60 
 

Primed 5% O2 (P35) 18.38 

Primed 5% O2 (P42) 17.58 

NCM 5% O2 (P5) 4.22 

NCM 5% O2 (P10) 13.36 

ENHSM 5% O2 (P10) 45.60 

Primed 20% O2 (P36) 28.80 

NCM 20% O2 (P5) 25.80 

ENHSM 20% O2 (P5) 14.10 

 
 
 
Table S4: cDNA concentrations UGENT11-2 
 

 

 

 

 

 

 

 

 

 

 

Cell line Condition 
Concentration 

(µg/ml) 

UGENT11-2 

Primed 5% O2 (P40) 54.80 

NCM 5% O2 (P5) 12.12 

ENHSM 5% O2 (P5) 12.68 

Primed 20% O2 (P41) 21.00 

NCM 20% O2 (P5) 49.20 

ENHSM 20% O2 (P5) 12.70 



 

 
 

NEXTfex Rapid DNA Seq Kit 

NEXTflex End-Repair & Adenylation Buffer Mix  

NEXTflex End-Repair & Adenylation Enzyme Mix 

NEXTflex Ligase Enzyme Mix 

NEXTflex DNA-Seq Adapter 1 

NEXTflex PCR Master Mix 

NEXTflex Primer Mix 

Nuclease-free Water 

Resuspension Buffer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

7.5 Supplemental figures 

 

Figure S1: Primed UGENT11-60 in 5% O2, passage 35 

 

 

 

Figure S2: Naive UGENT11-60 NCM in 5% O2, passage 5 

 



 

 
 

 

 

Figure S3: Naive UGENT11-60 ENHSM in 5% O2, passage 5 

 

 

 

Figure S4: Primed UGENT11-60 in 20% O2, passage 36 

 

 



 

 
 

 

 
Figure S5: Naive UGENT11-60 NCM in 20% O2, passage 5 

 

 

 

Figure S6: Naive UGENT11-60 ENHSM in 20% O2, passage 5 

 

 



 

 
 

 

 
Figure S7: Primed UGENT11-2 in 5% O2, passage 40 

 

 

 

Figure S8: Naive UGENT11-2 NCM in 5% O2, passage 5 

 

 



 

 
 

 

 
Figure S9: Naive UGENT11-2 ENHSM in 5% O2, passage 5 

  

 

 

Figure S10: Primed UGENT11-2 in 20% O2, passage 41 

 

 

 



 

 
 

 

 

Figure S11: Naive UGENT11-2 NCM in 20% O2, passage 5 

 

 

 

Figure S12: Naive UGENT11-2 ENHSM in 20% O2, passage 5 

 

 



 

 
 

 

 

Figure S13: Primed UGENT11-60 in 5% O2, passage 42 

 

 

 

Figure S14: Primed UGENT11-60 in 20% O2, passage 42 

 

 



 

 
 

 

 

Figure S15: Naive UGENT11-60 NCM in 5% O2, passage 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

7.6 Products and equipment 

 

Table S5: Products 
 

Product Company Cat. N° 

Activin A (10μg) R&D Systems  
338-AC-
010  

Ascorbic Acid Sigma-Aldrich A8960 

B27 Supplement (50X)  Thermo Fisher Scientific  17504-044  

Basic Fibroblast Growth Factor (bFGF, 50μg)  Peprotech  100-18B  

BIRB0796 Axon Medchem 1358 

Bovine serum albumin (BSA) (5g)  Calbiochem  12657-5  

Calcium chloride Sigma-Aldrich  449709 

CHIR99021 (5mg)  Axon Medchem Axon 1386 

Chloroform (25ml)  Sigma-Aldrich  C2432  

Collagenase Type IV (1g) Thermo Fisher Scientific  17104-019 

Defined lipid concentrate Thermo Fisher Scientific  11905031 

Dimethylsulfoxide (DMSO) SERVA 20385  

DNase1 (Rnase free Dnase set) (50 reactions)  Qiagen 79254  

Donkey Anti-Goat IgG H&L (Alexa Fluor® 488)  Abcam  AB150129 

Donkey Anti-Mouse IgG H&L (Alexa Fluor® 594)  Abcam AB150105 

Dulbecco's Modified Eagle Medium (DMEM)  Thermo Fisher Scientific  41965-039  

Dulbecco's Modified Eagle Medium F-12 Nutrient Mixture 
(DMEM/F-12)  

Thermo Fisher Scientific  21041-025  

Dulbecco's Phosphate-Buffered Saline (DPBS-/-)  Invitrogen 14190144  

Ethanol 70% in Water solution  Chem-Lab  CL02.0539  

Ethanol absolute, 1L  VWR 20816298  

Foetal Bovine Serum (FBS) Thermo Fisher Scientific  10270-106  

Forskolin (10mg)  Sigma-Aldrich  F6886  

Gelatinepoeder  Sigma-Aldrich  G-1890  

Gö6983 Sigma-Aldrich  G1918 

Human serum albumin Rode Kruis Vlaanderen - 

Insuline (50 mg)  Sigma-Aldrich  I2643  

iScript advanced cDNa synthesis kit for RT-qPCR (250 x 
20ul rxns)  

Biorad  1708843  

iTaq Universal probes supermix, 10ml, 1000 x 20ul rxns  Biorad  172-5133  

iTaq Universal SYBR GREEN supermix, 10ml, 1000 x 20ul 
rxns  

Biorad  172-5122  

IWR-1 Sigma-Aldrich  I0161 

Knock Out Dulbecco's Modified Eagle Medium (KO-DMEM)  Thermo Fisher Scientific  10829-018 

Knock Out Serum Replacement (KOSR)  Thermo Fisher Scientific 10828028  

L-Glutamine  Thermo Fisher Scientific 25030-024  



 

 
 

LIF (human) (10μg)  Sigma-Aldrich  L5283  

Minimum Essential Medium Non Essential Amino Acids 
(MEM NEAA)  

Thermo Fisher Scientific 11140035  

Mitomycine C (2mg)  Sigma-Aldrich  M4287  

N2 Supplement (100X)  Thermo Fisher Scientific  17502-048 

NANOG Antibody, affinity-purified polyclonal goat IgG R&D Systems 
AF1997-
SP 

NANOG Hs02387400_g1 (Taqman® gene expression 
assay) 

Thermo Fisher Scientific  4331182 

Neurobasal Thermo Fisher Scientific  21103049 

Nextflex Rapid DNA-Seq kit (48 rxns) Bioo Scientific 5144-02 

OCT-3/4 Antibody C-10, mouse monoclonal IgG Santa Cruz SC-5279 

Paraformaldehyde (PFA) poeder  Sigma-Aldrich  158127  

PD0325901 (5mg)  Cayman 13034  

Penicilline/streptomycine (P/S)  Thermo Fisher Scientific  15140122  

Phosphate-Buffered Saline (PBS) 10X  Thermo Fisher Scientific  AM9624  

Polyvinylalcohol  Sigma-Aldrich  P-8136  

POU5F1 Hs01895061_u1 (Taqman® gene expression 
assay) 

Thermo Fisher Scientific  4331182 

PRDM14 Hs01119056_m1(Taqman® gene expression 
assay) 

Thermo Fisher Scientific  4331182 

QIAamp DNA Mini Kit (250) Qiagen 51306 

Qubit Assay Kit  Thermo Fisher Scientific  Q10212  

Rneasy mini kit (250)  Qiagen 74106  

ROCKi Y27632 (5mg)  Stem cell technologies  72304  

Sodium Pyruvate Thermo Fisher Scientific  11360070 

SP600125 (10mg)  Tocris Bioscience  1496  

Triton X-100 (50ml)  Sigma-Aldrich  T8787  

TRIzol (100ml)  Thermo Fisher Scientific  15596-026  

Trypaanblauw 0,4%  Sigma-Aldrich  T8154  

Trypsin/EDTA 0.05%  Thermo Fisher Scientific  25300054  

Trypsin/EDTA 0.25%  Thermo Fisher Scientific  25200056  

Trypsin/EDTA 2.5% Thermo Fisher Scientific  15090046 

Tween 20 (0,05%) (100ml)  Sigma-Aldrich  P7949  

Vectashield mounting medium with DAPI  Vector laboratories inc. H-1200  

Water for embryo transfer  Sigma-Aldrich  W1503  

Waterstofchloride (HCl)  Sigma-Aldrich  49892  

ZFP42 Hs01938187_s1 (Taqman® gene expression 
assay) 

Thermo Fisher Scientific  4331182 

β-mercaptoethanol (50mM)  Thermo Fisher Scientific  31350010  

 

 

 

 



 

 
 

Table S6: Material 
 

Product Company Cat. N° 

1 ml pipettes VWR International  612-3707  

10 ml pipettes VWR International  734-0352  

12-well plates VWR International  734-1598  

15 ml falcon tubes VWR International  734-0450  

25 ml pipettes VWR International  734-0343  

2 ml pipettes VWR International  612-3704  

50 ml falcon tubes VWR International  734-0453  

5 ml pipettes VWR International  734-0350  

96-well plate VWR International  732-2719  

Blue tip boxes VWR International  613-2332  

Coverslips (13 mm) VWR International  631-1578  

Cryovial VWR International  479-0801  

DNA lobind epps (0.5 ml)  VWR International  525-0129  

DNA lobind epps (1.5 ml)  VWR International  525-0130  

Eppendorf  VWR International  780500  

Filter 250 ml  VWR International  513-1571  

Filter 500 ml  VWR International  513-1621   

Needles BD Microlance 3  300800  

Parafilm  VWR International  291-1212  

Soda lime glass beads (3 mm) Sigma-Aldrich  Z265926-1EA  

T12,5 culture flask + filter top  VWR International  734-0043  

T25 culture flask + filter top  VWR International  734-0044 

T25 culture flask without filter top  VWR International  734-0045 

T75 culture flask + filter top  VWR International  734-0046  

T75 culture flask without filter top  VWR International  734-0049 

Yellow tip boxes  VWR International  613-2329  

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Table S7: Equipment 
 

Equipment Specification 

Bürker counting chamber Marienfeld-Superior, 0,0025mm²  

Centrifuge Eppendorf Multipurpose Centrifuge 5804R  

CO2 incubator 5% O2 Binder, VWR International  

CO2 incubator 20% O2 Thermo Heraeus BBD 6220 CO2 Incubator 

EVOS fluorescence 
microscope 

EVOS FL – Life Technologies 

EVOS light microscope EVOS XL4 – Life Technologies 

Hamilton, Microlab Star robot Hamilton 

Hiseq3000 Illumina 

Lightcycler 480 Roche 

Type 2 laminar flow 
MSC-Advantage™ Class II Biological Safety Cabinets, Thermo 
Fisher Scientific  

Warm water bath Julabo SW20 Analis  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 


