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ABSTRACT 
Prenatal stress is a known risk factor for alterations in brain structure, cognition 

and behavior associated with neurodevelopmental psychiatric disorders. However, 

underlying molecular mechanisms are not fully  understood and have never been 

investigated in live human embryonic neuronal cells. 

This study aimed at examining the potential molecular effects of prenatal stress on 

the developing brain by modelling embryonic neurogenesis in human stem cells and 

inducing glucocorticoid receptor-dependent epigenetic changes. 

Embryonic stem cells and induced pluripotent stem cells were differentiated into 

ventricular zone-like neuronal progenitors and migrating neurons. Glucocorticoid receptor 

expression and translocation to the nucleus upon stimulation with dexamethasone were 

traced across neuronal development and epigenomic changes assessed by alterations in 

methylation profile and differential gene expression. 

 The results support an intrinsic role of the glucocorticoid receptor during early 

neurogenesis and suggest that exposure to external glucocorticoids has little effect on 

neurulating cells up until the start of radial migration towards outer cortical layers. In 

migrating neurons however, glucocorticoid receptor activation led to hypermethylation of 

genes with well-established implications in psychiatric disorders, forebrain development, 

migration, axon development, and Wnt signaling. These effects were mirrored on the 

transcriptome level in that the number of genes significantly regulated by dexamethasone 

exposure increased in parallel with glucocorticoid receptor expression and translocation to 

the nucleus over neural differentiation. 

 An understanding of the molecular mechanisms linking prenatal stress to 

psychiatric disorders may both help promote awareness of its impact and the development 

of targeted interventions. 
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LIST OF ABBREVIATIONS 
bp = base pairs 

CpG island = Cytosine-phosphate-Guanine-rich island 

DEG = Differentially expressed gene 

DEX = Dexamethasone 

DMP = Differentially methylated position 

DMR = Differentially methylated region 

EB = Embryonic Body 

GWAS = Genome-wide association studies 

hESC = human embryonic stem cell 

dN = differentiated Neuron 

DNAm = DNA methylation 

FDR = False discovery rate (q-value) 

GR = Glucocorticoid Receptor 

GW = Gestational week 

hiPSC = human induced pluripotent stem cell 

hSC = human stem cell (hiPSC or ESC) 

NP = Neuronal Progenitor 

NPC = Neuronal Progenitor Cell 

OR = Odds Ratio 

TSS = Transcription Start Site 

VIF = Variance Inflation Factor  
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prenatal stressors and psychiatric diagnoses are listed in Table 1. Interventional 

studies in both animals and humans suggest that the negative outcomes of prenatal 

stress can be attenuated by tactile stimulation and positive parental attention 

postnatally (Sharp et al., 2012; Sharp et al., 2015; Pickles et al., 2017; Liu et al., 1997; 

Francis et al., 1999). This does not seem to be the case however when such 

behaviour is not explicitly encouraged (Schechter et al., 2017; Sharp et al., 2015). 

Table 1. Associations between prenatal stressors and psychiatric diagnoses . 

Type of 
prenatal stress  

Sample size 
(N) 

Timing of 
prenatal 
stress  

Offspring 
age 

Results  Publication  

Maternal 
depression 

2.847 GW 32 18 years Increased risk of 
depression (OR= 
1.28; p�×� �×���������� 

Pearson et 
al. (2013) 

103 GW 36 18-25 years Increased risk of 
depression 
(OR=3.4; p = 0.004) 

Plant et al. 
(2015) 

4.303 GW 18 18 years Increased risk of 
anxiety disorders 
(OR=1.75; p = 0.01) 

Capron et al. 
(2015) 

6.050 GW 18, 32 11-12 years Increased risk of 
Borderline 
Personality Disorder 
(OR=1.31-1.59; 
CI:1.14-2.32) 

Winsper et 
al. (2015) 

Maternal 
bereavement 

1.015.912 1st, 2nd, 3rd 
trimester 

3 years �± 
late 
adolescence 

Increased risk of 
ADHD in boys 
(HR=1.47-2.10; 
CI:1-2.16) 

Li et al. 
(2010) 

1.045.336 1st, 2nd, 3rd 
trimester 

birth �± early 
adulthood 

No association with 
risk of psychosis 
(OR=0.46-1.66; CI: 
0.96-1.62) 

Abel et al. 
(2014) 

738.144 
(childhood), 
2.155.221 
(adulthood) 

1st, 2nd, 3rd 
trimester 

birth �± early 
adulthood 

Increased risk of 
autism (HR=1.58; 
CI: 1.15�±2.17) & 
ADHD (HR=1.31; 
CI: 1.04�±1.66) but 
not bipolar disorder 
(HR=1.2; CI: 0.95�±
1.51) & 
schizophrenia (1.32; 
CI: 0.88�±1.97) 

Class et al. 
(2014) 

Maternal cortisol 
levels 

65 GW 15, 19, 
25, 31, 37 

7.5 years �*�:���������:���K�L�J�K�H�U��
risk of affective 
problems in females 
(p=0.04) 

Buss et al. 
(2012) 

Maternal 
stressful life 
events 

2.868 GW 18, 34 2 years Increased risk of 
ADHD (��� ����������
p=0.01-0.03), 
increased risk of 
autism in boys only 
(��� ����������p=0.04) 

Ronald et al. 
(2011) 



L. Papst                          Investigating prenatal stress in a stem cell model of human neuronal development  

[14] 
 

89 1st, 2nd, 3rd 
trimester 

6.5 years Increased autism 
spectrum disorder 
symptoms (��� -
0.842 (inverse), 
p=0.001) 

Walder et al. 
(2014) 

54 1st, 2nd, 3rd 
trimester 

13 years 3rd �W�U�L�P�H�V�W�H�U���:��
increased eating 
disorder symptoms 
����� ����37, p�”0.001) 

St-Hilaire et 
al. (2015) 

1.765 1st, 2nd, 3rd 
trimester 

4 years 2nd & 3rd �W�U�L�P�H�V�W�H�U���:��
Increased ADHD 
symptoms (OR = 
2.41; CI: 1.03-5.66) 

Zhu et al. 
(2015) 

95 (SCZ) 
206 (CTRL) 

GW 16 Adulthood Increased risk of 
schizophrenia in 
males (OR=1.24; 
p=0.388) 

Fineberg et 
al. (2016) 

10.569 GW 18 10 �± 18 
years 

Increased 
depressive 
symptoms (�� = 
0.07, p�”��������) 

Kingsbury et 
al. (2016) 

743 GW 20 6 years Increased autistic 
traits (�� = 0.16, 
p�”����������) 

Rijlaarsdam 
et al. (2017) 

Maternal anxiety 

4.704 GW 32 15 years Increased 
symptoms of 
anxiety and 
depression (�� = 0.2, 
p�”��������) 

�2�¶�'�R�Q�Q�H�O�O et 
al. (2014) 

Dexamethasone 

56 GW 1-21 0.5 �± 5.5 
years 

Increased shyness, 
emotionality, 
avoidance, 
internalizing & total 
problem scores 
decreased 
sociability (t=1.77-
3.33, p�”��������- 
p�”����������) 

Trautman et 
al. (1995) 

61 3rd trimester 2.5 years No differences in 
psychopathology 
(U=447, p=0.907) 

Hirvikoski et 
al. (2008) 

222 3rd trimester 8, 16 years Increased general 
psychiatric 
disturbance at 8 
years follow-up 
(��=8.34, CI: .23-
16.45) 

Khalife et al. 
(2013) 

Betamethasone 

250 3rd trimester 7 years No differences in 
cognitive 
development 

MacArthur et 
al. (1982) 

192 3rd trimester 31 years No differences in 
psychiatric 
morbidity (OR=0, 
p=0.78) 

Dalziel et al. 
(2005) 

Annotations. GW = Gestational week, OR = Odds Ratio, HR = Hazard Ratio, CI = Confidence Interval, 
ADHD = Attention-deficit hyperactivity disorder . 

 

At the same time, prenatal stress itself has occasionally been associated with 

enhanced motor development and cognitive performance (Di Pietro et al., 2006; 
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Davis et al., 2017) as well as lower levels of depressive symptoms (Zohsel et al., 

2017). These findings support the stress inoculation hypothesis stating that stress 

exposure early in life can actually improve subsequent stress resistance. Which 

factors decide over the benefit or harmfulness of prenatal stress is currently 

unknown, although both the duration and intensity of the stressor (Popoli et al., 

2012) and individual differences in stress sensitivity (Arloth et al., 2015) are likely 

contributors.  

Taken together, empirical findings support the notion of prenatal stress as a 

risk factor for psychopathology. However, effects may be attenuated with adequate 

postnatal care or indeed be advantageous due to factors yet to be determined. 

1.1.2.5 ORGANISATIONAL EFFECTS ON BRAIN STRUCTURE 

Prospective longitudinal data indicate that pregnancy anxiety at gestational 

week (GW) 19 but not later is associated with gray matter reductions in prefrontal 

and premotor cortex, temporal lobe, postcentral gyrus, cerebellum, occipital gyrus 

and fusiform gyrus in six- to nine-year-old offspring (Buss et al., 2010). Similar 

effects were reported for maternal depression, which was associated with offspring 

cortical thinning throughout pregnancy, but especially following exposure at GW 25 

with thinning in 19% of the whole cortex and in 24% of the prefrontal cortex and 

frontal lobes (Sandman et al., 2015). Lending support to the functional significance 

of these findings, cortical thinning in prefrontal areas of the right hemisphere 

moreover mediated an association between maternal depression and child 

externalising behaviour. Prenatal administration of dexamethasone at GW 23 to 31 

resulted in a 35% reduction in cerebral cortical grey matter volume in premature 

infants at birth compared to premature infants not treated with dexamethasone, but 
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In sum, frontal cortical regions, the right amygdala, and possibly their axonal 

tract connections are the brain areas most likely to be affected by prenatal stress 

exposure (Fig. 2), which falls in line with cognitive-behavioural changes. 

 

Figure 2. Brain Regions Differentially Affected by Prenatal Stress.  Prenatal 

stress has been found to cause reductions in (frontal) cortical grey matter volume 

and increases in amygdala volume. 

 

1.1.2.6 HYPOTHALAMIC-PITUITARY-ADRENAL AXIS PROGRAMMING 

The psychological experience of an environmental challenge and its 

physiological effects on the body are mediated by signaling cascades in the central 

nervous system (Hypothalamic-Pituitary -Adrenal (HPA) axis) and sympathetic 

nervous system (Catecholaminergic system and Renin-Angiotensin-Aldosterone 

system) which receive modulating inputs from the amygdala, hippocampus, and 

prefrontal cortex. The initial reaction to stress is generated in the amygdala 

(Robinson, 1963; Hill et al., 2009). Efferent signals from the amygdala to the 

paraventricular nucleus (PVN) of the hypothalamus regulate the production of 
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corticotrophin releasing factor (CRF), which is then transported to the anterior 

pituitary gland through a vascular connection, stimulating the production of 

adrenocorticotropic hormone (ACTH). Released ACTH enters the blood stream and 

travels to the adrenal gland on top of the kidneys where it initiates an increase in 

the release of cortisol, norepinephrine, epinephrine, testosterone, and renin into the 

blood. Cortisol then provides a negative feedback loop to the stress response in 

binding to glucocorticoid receptors in the hippocampus, hypothalamus, and the 

pituitary gland, alongside other brain regions and body tissues (Fig. 3).  

  

 

 

 

 

 

Figure 3. Hypothalamic Pituitary Adrenal 

axis. PFC = Prefrontal Cortex, PVN = 

Paraventricular Nucleus of the Hypothalamus, 

CRF = Corticotrophin Releasing Factor, ACTH = 

Adrenocorticotropic Hormone. 

 

 

HPA axis function can be altered by stress-induced epigenetic molecular 

changes such as DNA methylation (DNAm), histone acetylation, and microRNAs, 

especially in cells of the amygdala, frontal cortex, and hippocampus as major 

regulatory regions. The modified epigenome then influences gene expression and 
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ultimately higher-level features such as stress sensitivity, emotion regulation, and 

the immune system. In this manner, prenatal stress can lead to long-term 

programming of the HPA axis. 

Impact on stress sensitivity. Prenatal stress was found to both reduce baseline 

cortisol levels and simultaneously increase the cortisol response to stressors across 

the lifespan (Yehuda et al., 2005; Entringer et al., 2009; Alexander et al., 2012). 

Further, maternal trait anxiety was associated with a flattened diurnal cortisol 

profile with lower values in the morning and higher values in the evening in teenage 

offspring exposed in the first trimester but not later. This profile was associated with 

depressive symptoms in girls (van den Bergh et al., 2008). Finally, chronically 

heightened inflammation levels following prenatal adversity were found in adults 

up to 39-47 years of age (Slopen et al., 2015; Plant et al., 2016), suggesting that HPA 

axis programming effects carry over well into adulthood. 

Overall, prenatal stress has been connected to dysregulation of the HPA axis, 

specifically in terms of lowered circulating cortisol levels and larger spikes in 

response to stressors, as well as chronically heightened inflammation levels.  

Epigenetic modifications preceding imbalances in HPA axis homeostasis. Being 

a key element of the HPA axis, the glucocorticoid receptor gene (NR3C1) itself is the 

most commonly studied in targeted methylation studies. Maternal depression 

(Oberlander et al., 2008; Conradt et al., 2013; Conradt et al., 2016; Braithwaite et al., 

2015), stress (Mulligan et al., 2012; Perroud et al., 2014), and anxiety (Hompes et 

al., 2013) were consistently associated with heightened methylation levels in the 

NR3C1 exon 1F promoter region in offspring cord blood and neonatal blood draws. 
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cell fate (Chambers et al., 2009; van den Ameele et al., 2014). In HPC03A/07 cells, 

cortisol -induced decreases in proliferation  and neuronal differentiation were 

mimicked by GR agonist dexamethasone and blocked by GR antagonist RU486. In 

addition, astrogliogenesis was increased by low cortisol concentrations but not 

affected by high, GR-activating, cortisol concentrations (Anacker et al., 2013). 

More experimental evidence on the transcriptome altering effects of prenatal 

stress comes from mouse studies. Hypothalamic neural progenitor stem cells 

dissected from mouse embryos on E14.5 and treated with 100 nM of dexamethasone 

showed differential  expression of genes involved in the stress response such as 

Family With Sequence Similarity 107 Member A (FAM107A), TSC22 Domain Family 

Member 3 (TSC22D3), and FK506 binding protein 5 (FKBP5) and genes important in 

embryonic patterning such as Wingless-Type MMTV Integration Site Family, 

Member 3 (WNT3) and Zinc Finger And BTB Domain Containing 16 (ZBTB16; Frahm 

et al., 2016). Wnt signaling was also enhanced in frontal cortex on D21 postnatally 

following foetal exposure to maternal stress during E12-16 (Mychasiuk et al., 2011). 

Dexamethasone administration to pregnant mice during mid-to-late gestation 

confirmed reduced proliferation in  neuronal progenitors reported in HPC03A/07 

cells. Conversely, it also led to enhanced untimely neurogenesis and reduced 

complexity of neuronal processes in the prefrontal cortex and hippocampus, with all 

factors together resulting in lowered cortical thickness (Tsiarli et al., 2017). An 

increase in neurogenesis following the application of cortisol was further observed 

in zebrafish larvae (Best et al., 2017) suggesting evolutionary conservation. Prenatal 

betamethasone exposure on the other hand led to oxidative damage to fetal 

hippocampus in sheep (Miller et al., 2007) and decreased MAP2 expression in adult 
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distal axis of the pre-gastrulation embryo is established by nodal signaling at the 

proximal epiblast. Nodal upregulates the production of bone morphogenetic protein 

4 (BMP4), which in turn signals to enhance WNT3 expression at the posterior 

epiblast. Cells at the distal tip of the pre-gastrula embryo initiate the expression of 

nodal and Wnt signaling inhibitors Cerberus-like-1 (CER1) and left-right 

determination factor 1 (LEFTY1), which help establish the anterior -posterior axis 

(Fig. 4). Induced pluripotent stem cells are considered equal to embryonic stem cells 

in terms of marker expression and differentiation potential, although residual 

lineage-specific methylation marks may persist and prime induced pluripotent stem 

cells for differentiation towards their lineage of origin (Kim et al., 2010). 

 

 

Figure 4. Establishment of early embryonic asymmetry in the epiblast.  a) 

Embryonic stem cells are derived from the inner cell mass of the blastocyst on E3.5 

- E4.5 of embryonic development. b) Early embryonic asymmetry is established on 

E5.5 with Nodal and then BMP4 signaling defining the proximal-distal axis and 

WNT3 initiating anterior -posterior patterning supported by CER1 and LEFTY1. 
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The onset of gastrulation is marked by the formation of the primitive streak 

and the primitive node on embryonic day 13 (Fig. 5a).  

 

 

Figure 5. Development of the neural plate and neural tube.  a) The primitive 

node and streak form on top of the epiblast on E13. Cells migrating towards the node 

and streak signal neural progenitor identity and positioning to the underlying 

epiblast layer, thus giving rise to the neural plate. b) The neural plate contains the 

neural progenitor cells. Around E21 it starts to fold inwards producing the neural 

fold. c) The developing neural tube begins to fuse in the middle and proceeds in both 

directions towards the anterior and posterior neuropores, which close last. A single 

layer of neural progenitor cells forming the ventricular zone now lines the inside of 

the neural tube. 

 

Cells from the epiblast layer begin to migrate towards the primitive node and 

streak. As the cells pass the node, they receive molecular signals that induce gene 

expression instructing the first migrating cells to establish the most rostral regions 

of the newly forming endodermal and mesodermal layers, and later migrating cells 

to form progressively more caudal regions. Cells that migrate along the axial midline 

send molecular signals that differentiate cells of the overlying epiblast layer into 

neuroectodermal cells, giving rise to the neural plate. In addition, the primitive node 
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sends a second signal to all migrating cells instructing them to produce proteins 

specifying a regional identity for the neural progenitor cells of the neural plate with 

each successive wave (Stiles & Jernigan, 2010). 

The neural tube forms between E20-27 of gestation. Neural tube 

development begins with the appearance of two ridges along the sides of the neural 

plate on E21 (Fig. 5b). Within several days, the ridges rise, fold inward and fuse to 

form a hollow tube enclosing the neural progenitor cells on the inside. Fusion begins 

in the centre of the developing neural tube and then proceeds in both the rostral and 

caudal direction. The anterior neuropore at the most rostral end of the neural tube 

and the posterior neuropore at the caudal end are the last segments to close. When 

the neural tube is complete, the neural progenitors form a single layer of cells that 

lines its centre (Fig. 5c). This layer is called the ventricular zone. Neural progenitor 

cells in its most rostral region will give rise to the brain forming around the three 

primary vesicles (prosencephalon, mesencephalon, rhombencephalon), while more 

caudally positioned cells will form the spinal column. 

Neuron production begins around E42 with the onset of asymmetric cell 

division. Most neurons are produced in the ventricular zone and migrate radially 

from the centre of the brain out to the developing neocortex, first by somal 

translocation and once the cortex becomes larger guided by radial glia cells (Götz & 

Huttner, 2005). 

1.1.3.2 IN VITRO NEUROGENESIS 

Neural progenitor cells and neurons derived in vitro from human embryonic 

stem cells (hESC) and human induced pluripotent stem cells (hiPSC) show gene 
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of cell types a stem cell can generate with each consecutive stage of development. 

Embryonic stem cells are derived from blastocysts following a global demethylation 

event and show little DNA methylation at Cytosine-phosphate-Guanine (CpG)-rich 

islands. Such hypomethylation at CpG islands associated with major developmental 

genes provides for a poised state in embryonic stem cells, which allows them to 

differentiate into any germ layer and cell type depending on signaling cues. Only few 

CpG island promoters are hypermethylated at this stage. Of those that are, many 

control germline-specific genes, just like CpG-poor promoters, that are mostly 

methylated at this stage as well (Mohn et al., 2008; Hirabayashi & Gotoh, 2010, 

Tsankov et al., 2015). Transition from a pluripotent state to the ectoderm lineage is 

characterised by predominant loss of DNAm, whereas terminal neuronal 

differentiation is characterised by predominant gain (Gifford et al., 2013). 

1.1.3.3 THE GLUCOCORTICOID RECEPTOR IN EMBRYOGENESIS 

The glucocorticoid receptor gene NR3C1 plays an important role in early 

neurogenesis, acting as stage-specific transcription factor to co-modulate neural 

progenitor identity and differentiation po tential (Ziller et al., 2015). Indeed, the 

glucocorticoid receptor was found to regulate gene transcripts functionally 

implicated in neurogenesis and eye development, as well as skeletal and cardiac 

muscle formation (Nesan & Vijayan, 2013). Knockdown of NR3C1 translation 

resulted in apoptosis and subsequent craniofacial and caudal deformities with 

severe malformations of neural, vascular, and visceral organs in zebrafish embryos 

(Pikulkaew et al., 2011). Similarly, knockdown of the glucocorticoid receptor caused 

massive reductions in bone morphogenetic protein, which is a key regulator of axis 

formation in the developing neural tube (Nesan et al., 2012). Further, crosstalk with 
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eight slots, respectively, meaning eight samples can be analysed per chip in parallel. 

Individual slots within a chip equal the array or sentrix position (Fig. 6). 

 

Figure 6. Illumina MethylationEPIC BeadChip setup.  Left: One chip with 8 array 

slots. Right: Hybridization chamber in which samples are hybridized to EPIC 

BeadChips. Modified from http://emea.support.illumina.com/infin ium-hd-

methylation-guide-15019519-01.pdf. 

 

Following bisulfite conversion, each sample is hybridized to a single array 

slot on the chip, which contains red and green colour channels (Figure 7 ). The EPIC 

BeadChip array design includes both Infinium I and Infinium II type beads. With the 

Infinium I design every CpG is assessed by a methylated and an unmethylated bead 

type, whereas the Infinium II design involves only one bead type. Both give an 

average measurement of methylation. Methylated probes are coded by the green 

signal, while unmethylated probes are coded by the red signal. 
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EBSeq package was expected to perform best for the data set at hand. Indeed, it has 

been successfully employed in developmental studies and especially studies with 

biological replicates differentiated from stem cells or induced pluripotent stem cells, 

which share the challenge of relative variability from one differentiation batch to the 

other (Schwartz et al., 2015; Mo et al., 2015; Tran et al., 2015; Zanotelli et al., 2016; 

Tomov et al., 2016; Yoon et al., 2017; Jones et al., 2018; Uenishi et al., 2018). 

1.3 CONFOUNDERS IN HIGH-THROUGHPUT EXPERIMENTS 

Statistical models assume that measured values are affected by noise 

produced by batch effects such as technical variation, sex, age and other factors 

which may introduce systematic biases. Random noise is generally captured by the 

error term in a given statistical model and simply decreases the power to detect 

significant differences. Batch effects confounded with a variable of interest however 

are more problematic since they may produce statistically significant results in the 

absence of real biological effects or obscure real biological effects by producing 

diametrically opposed systematic bias. Confounders can be addressed at multiple 

levels by experimental design and by statistical solutions. At the level of study 

design, systematic biases can be controlled by randomization and parallelization 

with respect to variables of interest. However, even in well-designed studies, it may 

be useful to adjust for batches (Leek et al., 2010). Statistical solutions can involve 

batch correction (Johnson & Rabinovic, 2007; Leek & Storey, 2007) or inclusion of 

the confounding factor as covariate in the model. Controlling  confounding variables 

by either one or a combination of these approaches is then expected to give a better 

approximation of the true values and consequentially of true differences between 

study groups. 
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1.4 AIM AND SCOPE OF STUDY 

The current study aimed to assess the effects of excessive glucocorticoids on 

the earliest cell types of the developing nervous system. It meant to provide an 

unbiased assessment of the potential effects of prenatal stress on the epigenome in 

the germinal zone of the developing telencephalon using embryonic stem cells and 

neuronal derivatives as model system. The goal was to differentiate embryonic stem 

cells and induced pluripotent stem cells into highly distinctive populations of 

neuronal progenitors and neurons in order to 1) characterise glucocorticoid 

receptor expression and translocation to the nucleus upon stimulation across 

neuronal development and 2) to assess epigenomic changes by identifying altered 

DNA methylation and differential gene expression following the application of a 

stress stimulus. Notably, adult neurogenesis and newly produced neurons may 

exhibit fundamentally different properties from those observed in embryonic 

development and therefore fall beyond the scope of this study. 
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2. PILOT STUDIES 

Preliminary studies were conducted to 1) establish an assay to capture the 

extent to which stress receptors are expressed and functional in human embryonic 

and induced pluripotent stem cells as well as their neuronal derivatives, 2) establish 

a protocol for directed neuronal differentiation yielding reliable neural rosette 

formation and purification of emerging neural cell populations, and 3) identify the 

appropriate time in culture for differentiating neuronal cells to approximate a 

telencephalic profile and account for their inherent cell fate program, which cannot 

be influenced by external factors to date. 

2.1 ESTABLISHMENT OF GR EXPRESSION AND TRANSLOCATION 

ASSAY 

2.1.1 BACKGROUND 

 Although the stress system and the glucocorticoid receptor as its key player 

are the subjects of a great research field, little data was available on GR expression 

and functionality in human embryonic cells at the start of this study. Indeed, data 

from newly born mice even suggested that developing neurons may not express GR 

at all during certain stages of neurogenesis (García et al., 2004). In contrast, an early 

study using human iPSC-derived neural progenitor cells did detect low GR 

expression in both hiPSC and neural cell derivatives, and dexamethasone-induced 

effects on proliferation starting at a concentration of 500 nM (Ninomiya et al., 2014). 

However, neural progenitor cells and neurons were not well-characterised in this 

study, which is important given their dynamic fate specification in culture. In 

addition, GR stainings in embryonic mouse brain indicated a shift in subcellular 
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2.1.3 RESULTS 

Comparison of Glucocorticoid Receptor Antibodies. Figure 8 shows BE-M17 

cells overexpressing GR in successfully transfected cells. Both the sc-1002 P-20 and 

sc-8992 H300 antibodies against GR correctly identified GR expression as evidenced 

by control staining for FLAG-tagged GR plasmid.  

 

Figure 8. Comparison of P-20 and H300 antibodies against GR in BE-M17 

Neuroblastoma cell line trans fected with GR DNA plasmid.  

 

Further, both antibodies were tested in untransfected BE-M17 human 

neuroblastoma (Fig. 9) and ReN-CX human foetal cortex cells (Fig. 10). Here, the sc-

8992 H300 outperformed the sc-1002 P-20 antibody in that it correctly identified 

the cytoplasmic expression of GR in BE-M17 (compare FLAG GR in Fig. 8). In ReN-

CX human foetal cortex cells, the H300 showed both nuclear and cytoplasmic GR 
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staining, whereas P-20 provided a pattern of nuclear GR clusters. Overall, the H300 

was considered more reliable in terms of correctly identifying subcellular GR 

localisation. 

 

Figure 9. Comparison of P-20 and H300 antibodies against GR in unstimulated 

BE-M17 Neuroblastoma cell s. 
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Figure 10. Comparison of P-20 and H300 antibodies against GR in 

unstimulated ReN -CX foetal cortex cell s. 

 

Establishment of GR Translocation Assay. Subsequent experiments were 

conducted using the sc-8992 H300 GR antibody. Figure 11 shows a representative 

result for stimulation of BE-M17 cells with 1µM dexamethasone for 4h. In this figure, 

the unstimulated condition seems to show more clumping, which however was not 

representative of all experiments. Cell distributions may vary and are not 

representative. In the unstimulated vehicle condition, both nuclear and cytoplasmic 

fractions of the cells were positive for GR, the signal being stronger in the cytoplasm. 

In the DEX stimulation condition on the other hand, GR signal was predominantly 

nuclear. Thus, sensitivity of the antibody was considered high enough to distinguish 

between unliganded GR in the cytoplasm and compound-bound GR in the nucleus. 
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Figure 11. GR translocation experiment in BE -M17 neuroblastoma cells. VEH = 

Vehicle (EtOH), DEX = Dexamethasone. 

 

2.1.4 DISCUSSION 

The evaluation of GR antibodies in human foetal cell lines enabled the 

identification of an antibody with good sensitivity for both cytoplasmic and nuclear 

GR expression. It was also confirmed that the process of GR translocation to the 

nucleus following ligand binding could be traced by immunocytochemistry. These 

studies were especially important to disambiguate the patterns of GR expression 

found in hiPS cells and their neuronal derivatives. 
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2.2 ESTABLISHMENT OF DIFFERENTIATION PROTOCOL 

2.2.1 BACKGROUND 

 The choice of a differentiation protocol can influence the reliability of neural 

induction, quality of generated cell populations, and thereby overall reproducibility 

and external validity of  obtained results. In addition, an experimental design would 

have to account for the limited window of opportunity to study a cell type of interest 

(Elkabetz et al., 2008). In preparation for this study, two differentiation protocols 

and variations of individual aspects were chosen to test for efficiency and reliability 

of neural induction as evidenced by the formation of neural rosettes. The tested 

approaches included two embryoid body-based protocols, which were 

modifications of the original publication by Chambers et al. (2009). The first 

protocol relies on neural induction by SMAD inhibition and will be referred to as 

SMADi protocol (Topol et al., 2015) and the second employs a micropatterning 

system to improve neuronally enriched embryoid body formation and will be 

referred to as Aggrewell protocol (STEMdiff Neural System Version 2.1.0; STEMCell 

Technologies, Vancouver, Canada). 

2.2.2 METHODS 

 Performance of differentiation protocols was evaluated in a total of n=4 

blood-derived and n=1 fibroblast-derived hiPSC lines. The original protocols are 

described in detail in Topol et al. (2015), and the technical manual of the STEMdiff 

Neural System Version 2.1.0 (STEMCell Technologies). In short, the SMADi protocol 

relies on dual SMAD inhibition using small molecules LDN193189 and SB431542 
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and the formation of embryoid bodies from single cell iPS cells in suspension. A 

schematic of the differentiation process is presented in Figure 12 .  

 

 

Figure 12. Schematic representation of the SMADi differentiation protocol. 

Brightfield images of hiPSC neural differentiation, from hiPSCs (A), to embryoid 

bodies (B), neural rosettes (C), NPCs (D) and neurons (E), with differentiation media 

components indicated below. Figure adapted from Topol et al., 2015, scale bar 

100µm. 

 

The Aggrewell protocol employs Aggrewell 800 plates to standardise 

embryoid body formation using a predetermined number of hiPSC starting material 

on a surface area of 800 µm. Earlier works on micropatterning embryoid bodies had 

established 800 µm as the appropriate starting size to achieve an optimal ratio of 

PAX6+ (ectoderm) to GATA6+ (endoderm) cells (Bauwens et al., 2009). The 

Aggrewell protocol further used an optimised medium composition tested for 

successful neural rosette induction in a large panel of different hiPS cell lines, called 
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Neural Induction Medium. The original Aggrewell protocol for neural differentiation 

by embryoid body formation is depicted in Figure 13 . 

 

Figure 13. Schematic representation of the Aggrewell differentiation protocol. 

Brightfield images of hiPSC neural differentiation, from hiPSCs, to embryoid bodies, 

plated embryoid bodies, rosette selection & replating, and NPCs, respectively NPCs 

with subsequent passages. Figure from Technical Manual of the STEMdiff Neural 

System Version 2.1.0. 

 

In addition, following variations of the protocols were tested, respectively 

adjusted: 1) growth of hiPSC in E8 versus mTESR medium prior to neural induction, 

2) influence of medium formulation and embryoid body formation method on the 

efficiency of neural rosette induction, 3) neural rosette selection by Neural Rosette 

Selection Reagent versus manual microdissection, and 4) choice of medium for 

terminal neuronal differentiation. Efficiency of neural induction was then assessed 

by visual inspection of neural rosette morphology. 

Initially, terminal neuronal differentiation of neuronal progenitor cells was 

induced using a DMEM-F12-based medium supplemented with pro-neural factors 
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as described in Topol et al. (2015). However, it was found that this type of basal 

media impaired synaptic communication between differentiating neurons (Bardy et 

al., 2015), thus diminishing the quality of the neuronal culture as well as the external 

validity of obtained results. Terminal neuronal differentiation was subsequently 

performed in BrainPhys medium (STEMCell Technologies), developed by Bardy et 

al. (2015). 

Ultimately, the protocol used for directed neuronal differentiation in this 

study underwent multiple modifications and is described in detail in section 3.3. 

2.2.3 RESULTS 

 While both the SMADi and Aggrewell approach eventuated in neural 

induction, the SMADi protocol resulted in immediate outgrowth of neurites from the 

plated embryoid body with individual neural rosettes being difficult to discriminate 

(Fig. 14).  

 

 

Figure 14. Differently sized plated embryoid bodies generated by SMADi 

neural induction protocol. Plated embryoid bodies derived from MPI3 hiPSC vary 

largely in size and exhibit neurite outgrowth and premature differentiation to 

neurons. 
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Specifically, differently sized embryoid bodies caused heterogeneity with 

respect to the differentiation stage of generated neural progenitor cells, as reported 

previously (Ma et al., 2008). This outgrowth pattern complicated the subsequent 

selection of neural rosettes and resulted in heterogeneous neural progenitor 

populations. However, the disadvantage may have been caused by the random 

formation of embryoid bodies in suspension culture, rather than the SMAD 

inhibition approach per se. 

In order to discriminate between the effects of media formulation and the 

method of embryoid body formation on differentiation outcomes, the SMADi 

protocol was modified for more homogeneous embryoid body formation using the 

Aggrewell 800. Differentiation experiments were performed varying the medium 

used to induce neural cell fate (SMAD inhibition by small molecules versus Neural 

Induction Medium) and the mode of embryoid body formation (in Aggrewells for 

one day followed by six days in suspension culture versus formation and culture in 

Aggrewells for five days followed by plating of embryoid bodies on day five). On day 

twelve of differentiation, plated embryoid bodies were then subjected to neural 

rosette selection reagent and replated. Representative results are shown in Figure 

15. Although formation of embryoid bodies in Aggrewell plates resulted in overall 

improved homogeneity, plated aggregates cultured in SMADi medium nevertheless 

showed lower efficiency in generating neural progenitor cells compared to those 

cultured in Neural Induction Medium. 
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Figure 15. Comparison of protocols and embryoid body formation. Neural 

induction by SMAD inhibition compared to Neural Induction Medium in MPI4 hiPSC. 

 

However, the efficiency of neural rosette induction was also highly 

dependent on hiPSC line, with the HMGU1 line derived from fibroblasts (ectodermal 

lineage) outperforming MPI lines derived from blood (endodermal lineage) (Figure 

16). 
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Figure 16. Comparison of neural rosette formation in hiPSC lines. The upper 

panel shows neural rosettes generated using the Aggrewell protocol on D12. The 

lower panel depicts replated rosettes selected with Neural Rosette Selection 

Reagent (STEMCell). 

 

In hiPS cell lines with favourable properties for differentiation to the neural 

lineage, the Aggrewell protocol resulted in plated embryoid bodies forming 

distinctive neural rosette colonies surrounded by non-target cell types on the outer 

margins. While initial plating showed little premature outgrowth of neurites and 

terminal neuronal differentiation, rosette selection by Neural Rosette Selection 

Reagent (STEMCell, Vancouver, Canada) amounted to neurite outgrowth patterns 

similar to those observed with the SMADi protocol. In addition, selectivity of the 

reagent proved inefficient as non-target cells were often removed alongside neural 

rosettes. The protocol was therefore adapted, and neural rosettes subsequently 

selected by manual microdissection under the microscope using a syringe needle. 

Representative outcomes using selection reagent versus microdissection are shown 

in Figure 17 . 
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Figure 17. Neural rosette selection by Neural Rosette Selection Reagent 

compared to manual microdissection.  Differentiation of fibroblast-derived 

HMGU1 hiPS cell line. 

 

Neural progenitor cultures on D15 and D18 following rosette selection on 

D12 were more homogeneous with less contamination by non-target cell types 

when obtained by microdissection. Upon repeated replating, some neural rosettes 

however continued to generate non-target cell types on their outer margins. These 

were removed by light scraping with a plastic tip. When contaminating cell types 

prevailed after rosette colonies were dissociated to single cells, additional 

purification was obtained by positive magnetic bead selection using beads labelled 

with pan-neuronal progenitor marker PSA-NCAM (Miltenyi). 

 A comparison between neural induction starting from E8 medium or mTESR 

medium revealed more pronounced neural rosette formation from hiPS cells 

previously cultured in mTESR (Figure 18 ). 
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Figure 18. Comparison of neural rosette formation starting from E8 or mTESR 

hiPSC medium. Differentiation of blood-derived MPI2 line. 

 

2.2.4 DISCUSSION 

Neuronal differentiation was first successfully initiated using a SMAD 

inhibition protocol (Brennand et al., 2011; Topol et al., 2015). Neural rosette 

formation and purification of neural progenitor populations were then 

subsequently optimised by standardising embryoid body formation, testing 

different media for neural induction, adjusting the process of neural rosette 

selection and purification, and adapting the medium used for terminal neuronal 

differentiation. The adjustments eventually resulted in highly pure neural 

progenitor and neuronal cultures displaying homogeneous morphologies. A 

disadvantage of the approach remained the high amount of required hands-on time. 
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Table 2. Top 25 gene transcript fold changes between hiPSC and NP. 

ILMN probe  Gene log 2 FC M T p-value  q-value  
ILMN_1744398 ZSCAN10 -7.75 8.39 -33.87 3.86e-08 0.00035 
ILMN_1705403 CYP2S1 -7.66 7.88 -17.09 2.34e-06 0.00080 
ILMN_1713995 SCNN1A -7.16 8.26 -32.05 5.38e-08 0.00035 
ILMN_1794742 HES5 7.07 10.03 22.37 4.68e-07 0.00055 
ILMN_2124802 MT1H -7.02 8.34 -27.71 1.30e-07 0.00035 
ILMN_1788538 NCALD 6.99 9.89 28.73 1.04e-07 0.00035 
ILMN_1702125 HOXB7 6.99 8.43 27.83 1.26e-07 0.00035 
ILMN_2052373 RAB17 -6.94 7.72 -28.87 1.01e-07 0.00035 
ILMN_1762696 FAM181A 6.85 8.16 23.67 3.34e-07 0.00054 
ILMN_1745299 FABP7 6.81 10.82 28.53 1.09e-07 0.00035 
ILMN_2132982 IGFBP5 6.44 8.88 15.95 3.52e-06 0.00096 
ILMN_1759652 C1ORF61 6.42 9.93 29.26 9.33e-08 0.00035 
ILMN_1744604 CYBA -6.38 8.71 -12.12 1.78e-05 0.00181 
ILMN_1696339 ZIC2 -6.38 9.68 -10.60 3.89e-05 0.00261 
ILMN_1811238 ALPK2 6.35 8.59 8.37 0.0002 0.00541 
ILMN_1679060 LOC642559 -6.31 9.28 -11.21 2.81e-05 0.00229 
ILMN_2384122 GPR56 6.26 9.36 16.17 3.26e-06 0.00095 
ILMN_2343097 NCALD 6.18 9.51 26.30 1.77e-07 0.00039 
ILMN_2237428 SCD5 6.13 8.12 15.68 3.91e-06 0.00102 
ILMN_1699750 ABHD9 -6.12 8.32 -26.50 1.69e-07 0.00039 
ILMN_1664265 EPHA1 -6.10 8.81 -20.76 7.33e-07 0.00058 
ILMN_1804531 CLDN6 -6.08 7.85 -21.33 6.23e-07 0.00058 
ILMN_1726204 SCRG1 5.99 8.28 13.72 8.59e-06 0.00144 
ILMN_1770940 CDH1 -5.96 8.43 -10.03 5.34e-05 0.00312 
ILMN_1674908 HOXB5 5.93 9.13 16.92 2.48e-06 0.00082 

Annotations. ILMN probe = Illumina probe identifier, Gene = gene name, log2 FC = log2 fold change, M 
= mean value, t = t statistic, p-value = unadjusted significance value, q-value = False discovery rate-
corrected p-value. 

  

Contrasts between hiPSC and differentiated neurons on the other hand 

resulted in strongest upregulation of Neurotrophic Receptor Tyrosine Kinase 2 

(NTRK2), Stathmin 2 (STMN2), and astrocyte marker Glial Fibrillary Acidic Protein 

(GFAP) (Table 3). 
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Table 3. Top 25 gene transcript fold changes between h iPSC and dN. 

ILMN probe  Gene log 2 FC M T p-value  q-value  
ILMN_1748903 LIN28 -9.55 10.15 -28.96 4.44e-11 9.69e-07 
ILMN_1744398 ZSCAN10 -7.73 9.69 -23.76 3.21e-10 2.10e-06 
ILMN_1714067 NTRK2 7.66 7.166 23.706 3.29e-10 2.10e-06 
ILMN_1801246 IFITM1 -7.53 10.57 -23.18 4.12e-10 2.10e-06 
ILMN_1795679 STMN2 7.33 9.23 22.82 4.81e-10 2.10e-06 
ILMN_1697176 GFAP 7.29 7.35 21.68 7.99e-10 2.21e-06 
ILMN_2124802 MT1H -7.23 9.44 -21.60 8.29e-10 2.21e-06 
ILMN_1696339 ZIC2 -7.23 10.46 -20.77 1.22e-09 2.23e-06 
ILMN_2126038 STMN2 7.12 8.89 20.78 1.22e-09 2.23e-06 
ILMN_2310814 MAPT 7.12 7.48 20.35 1.50e-09 2.26e-06 
ILMN_1715401 MT1G -7.05 10.71 -21.39 9.13e-10 2.21e-06 
ILMN_1759652 C1ORF61 6.96 9.04 21.59 8.33e-10 2.21e-06 
ILMN_1713995 SCNN1A -6.87 9.55 -21.17 1.02e-09 2.22e-06 
ILMN_1705403 CYP2S1 -6.80 9.45 -20.52 1.38e-09 2.26e-06 
ILMN_2316236 HOPX 6.74 5.59 17.64 6.16e-09 3.95e-06 
ILMN_1679060 LOC642559 -6.72 10.19 -11.63 3.48e-07 3.25e-05 
ILMN_2384122 GPR56 6.62 8.43 17.26 7.64e-09 4.28e-06 
ILMN_1702125 HOXB7 6.61 7.14 19.34 2.48e-09 2.58e-06 
ILMN_1744604 CYBA -6.61 9.70 -19.79 1.97e-09 2.54e-06 
ILMN_1788538 NCALD 6.59 8.59 20.12 1.68e-09 2.29e-06 
ILMN_1745299 FABP7 6.59 9.61 20.28 1.55e-09 2.26e-06 
ILMN_1674908 HOXB5 6.57 8.36 16.51 1.18e-08 4.65e-06 
ILMN_1726204 SCRG1 6.54 7.47 13.61 7.74e-08 1.25e-05 
ILMN_1719449 DCLK2 6.42 7.06 19.07 2.85e-09 2.70e-06 
ILMN_1701603 ALPL -6.40 10.99 -19.14 2.75e-09 2.70e-06 

Annotations. ILMN probe = Illumina probe identifier, Gene = gene name, log2 FC = log2 fold change, M 
= mean value, t = t statistic, p-value = unadjusted significance value, q-value = False discovery rate-
corrected p-value. 

 

 Results for regulated genes following DEX stimulation in hiPSC are shown in 

Table 4. Upregulated transcripts included WNT3, Annexin A1 (ANXA1), HOP 

Homeobox (HOPX), and NK6 Homeobox 2 (NKX6-2), whereas Inhibin Subunit Beta 

E (INHBE), Cyclin Dependent Kinase Inhibitor 1A (CDKN1A), Growth factor Beta 2 

(TGFB2), and Neuronal Membrane Glycoprotein M6-A (GPM6A), were among those 

transcripts that were downregulated. 
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Table 4. Regulated gene transcripts in hiPSC with log2 �	�����·���s and p �¶���r�ä�r�s. 

3h DEX 
ILMN probe  Gene log 2 FC M t p-value  

UPREGULATED 
ILMN_1794501 HAS3 1.73 7.72 6.36 0.0001 
ILMN_1708934 ADM 1.41 10.25 6.13 0.0002 
ILMN_1773117 BCOR 1.33 9.36 5.72 0.0003 
ILMN_1803593 WNT3 1.28 6.87 5.94 0.0002 
ILMN_1770035 NCOA5 1.28 8.84 5.71 0.0003 
ILMN_1668760 HAS3 1.22 6.59 4.10 0.003 
ILMN_2184184 ANXA1 1.19 4.67 4.68 0.001 
ILMN_1819384 HS.543887 1.19 8.33 3.53 0.006 
ILMN_1801077 PLIN2 1.15 8.61 5.47 0.0004 
ILMN_1803825 CXCL12 1.15 9.24 4.86 0.0009 
ILMN_2412384 CCNE2 1.15 6.54 4.50 0.001 
ILMN_2370208 CMTM3 1.14 7.40 4.69 0.001 
ILMN_2316236 HOPX 1.13 4.17 3.82 0.004 
ILMN_1713561 C20ORF103 1.13 5.62 3.88 0.004 
ILMN_1741021 CH25H 1.06 7.60 5.04 0.0007 
ILMN_1667577 LCMT2 1.05 8.55 3.43 0.007 
ILMN_2395375 GABBR1 1.03 8.53 3.48 0.007 
ILMN_1795285 PHF15 1.01 9.58 4.45 0.002 

DOWNREGULATED 
ILMN_1811767 INHBE -1.94 9.68 -8.45 1.29E-05 
ILMN_1784602 CDKN1A -1.74 10.16 -8.26 1.56E-05 
ILMN_2074860 RN7SK -1.71 10.07 -5.95 0.0002 
ILMN_2399363 CLEC4A -1.69 7.14 -6.61 9.15E-05 
ILMN_1697448 TXNIP -1.47 8.96 -6.19 0.0002 
ILMN_2300664 CACNA1I -1.40 7.75 -5.86 0.0002 
ILMN_1739241 CHAC1 -1.26 5.94 -3.32 0.009 
ILMN_1668592 STON1 -1.24 6.21 -5.24 0.0005 
ILMN_1799600 STARD8 -1.23 6.82 -4.80 0.0009 
ILMN_1766171 SNF8 -1.20 8.81 -3.62 0.005 
ILMN_3213167 LOC100132739 -1.18 5.52 -4.81 0.0009 
ILMN_1724806 RAPSN -1.14 6.14 -4.09 0.003 
ILMN_3288755 LOC646808 -1.11 8.40 -3.40 0.008 
ILMN_1737561 LOC88523 -1.06 9.13 -5.61 0.0003 
ILMN_1744621 CCDC35 -1.06 6.84 -3.82 0.004 
ILMN_3240220 RNU1F1 -1.04 7.56 -3.54 0.006 
ILMN_1742382 RIMS3 -1.02 10.13 -4.63 0.001 

6h DEX 
ILMN probe  Gene log 2 FC M t p-value  

UPREGULATED 
ILMN_1809972 CADPS 1.56 3.80 4.57 0.001 
ILMN_1784756 ACOT7 1.10 4.48 4.22 0.002 
ILMN_2118663 ERV3 1.07 5.10 4.72 0.001 

DOWNREGULATED 
ILMN_1814221 NPTX1 -2.01 7.87 -4.04 0.003 
ILMN_2341254 STARD13 -1.63 4.37 -3.50 0.007 
ILMN_1811767 INHBE -1.51 9.68 -6.60 9.28E-05 
ILMN_1784602 CDKN1A -1.33 10.16 -6.31 0.0001 
ILMN_1812526 TGFB2 -1.32 4.38 -5.20 0.0005 
ILMN_1739241 CHAC1 -1.30 5.94 -3.41 0.008 
ILMN_2397646 GPM6A -1.20 4.22 -3.66 0.005 
ILMN_1697448 TXNIP -1.07 8.96 -4.50 0.001 
ILMN_1770085 BTG2 -1.05 7.13 -4.77 0.001 
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12h DEX 
ILMN probe  ID log 2 FC M T p-value  

UPREGULATED 
ILMN_1714569 PCTK1 1.35 5.08 4.30 0.002 
ILMN_1809972 CADPS 1.32 3.80 3.88 0.004 
ILMN_2118663 ERV3 1.31 5.10 5.78 0.0003 
ILMN_2316236 HOPX 1.27 4.17 4.29 0.002 
ILMN_1710408 LGR4 1.22 6.75 3.64 0.005 
ILMN_2383934 ITGB1 1.15 8.95 3.38 0.008 
ILMN_1786989 NKX6-2 1.11 4.49 5.84 0.0002 
ILMN_3204434 LOC100132934 1.02 6.07 3.75 0.004 
ILMN_1768260 GAS6 1.02 4.40 3.32 0.009 

DOWNREGULATED 
ILMN_1736817 LOC642118 -1.11 5.95 -3.46 0.007 
ILMN_3213167 LOC100132739 -1.09 5.52 -4.46 0.002 

Annotations. ILMN probe = Illumina probe identifier, Gene = gene name, log2 FC = log2 fold change, M 
= mean value, t = t statistic, p-value = unadjusted significance value. 

 Dexamethasone regulated transcripts in neural progenitor cells are shown in 

Table 5. Following stimulation, Chromosome 13 Open Reading Frame 15 

(C13ORF15), Receptor Activity Modifying Protein 1 (RAMP1), and TSC22D3 were 

among the upregulated transcripts, while Matrix Metallopeptidase 9 (MMP9) was 

found to be decreased. 

Table 5. Regulated gene transcripts in NP with log2 �	�����·���s and p �¶���r�ä�r�s�ä 

3h DEX 
ILMN probe  ID log 2 FC M T p-value  

UPREGULATED 
ILMN_1658494 C13ORF15 2.13 10.83 3.50 0.009 
ILMN_1752526 RNF144B 1.26 5.34 4.64 0.002 
ILMN_2064725 METTL7B 1.08 5.99 4.11 0.004 

6h DEX 
ILMN probe  ID log 2 FC M T p-value  

UPREGULATED 
ILMN_1752526 RNF144B 1.02 5.34 3.78 0.006 

12h DEX 
ILMN probe  ID log 2 FC M T p-value  

UPREGULATED 
ILMN_1764754 RAMP1 2.37 8.57 4.22 0.003 
ILMN_1658494 C13ORF15 2.19 10.83 3.59 0.008 
ILMN_2373062 RHBDF2 1.24 6.78 3.79 0.006 
ILMN_1748124 TSC22D3 1.23 8.68 4.26 0.003 
ILMN_1752526 RNF144B 1.02 5.34 3.78 0.006 
ILMN_2064725 METTL7B 1.01 5.99 3.86 0.005 

DOWNREGULATED 
ILMN_1796316 MMP9 -3.13 3.95 -5.78 0.001 

Annotations. ILMN probe = Illumina probe identifier, Gene = gene name, log2 FC = log2 fold change, M 
= mean value, t = t statistic, p-value = unadjusted significance value. 
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 Finally, transcripts regulated in differentiated neurons are shown in Table 6. 

Among those upregulated by Dexamethasone exposure were C13ORF15, FAM107A, 

FKBP5, TSC22D3, Drebrin 1 (DBN1), and Microtubule-associated protein 1B 

(MAP1B), whereas downregulation occurred in A Disintegrin-Like And 

Metalloprotease With Thrombospondin Type 1 Motif 3 (ADAMTS3), among others. 

Table 6. Regulated gene transcripts in dN with log2 �	�����·���s and q �¶���r�ä�r�s�ä 

ILMN probe  ID log 2 FC M T p-value  q-value  
UPREGULATED 

ILMN_1658494 C13ORF15 2.07 10.66 8.36 6.19E-17 1.35E-12 
ILMN_1675947 MT3 1.69 9.96 6.86 7.13E-12 7.78E-08 
ILMN_1743445 FAM107A 1.62 11.94 6.57 5.03E-11 3.66E-07 
ILMN_1690566 RASSF4 1.56 9.40 6.33 2.43E-10 1.32E-06 
ILMN_2290808 RPL21 1.40 10.37 5.67 1.45E-08 6.34E-05 
ILMN_1670926 CHST15 1.37 9.74 5.54 3.09E-08 0.000103 
ILMN_1895227 HS.204481 1.36 8.75 5.53 3.3E-08 0.000103 
ILMN_1778444 FKBP5 1.32 8.65 5.35 9.07E-08 0.000248 
ILMN_2276952 TSC22D3 1.30 5.95 5.26 1.42E-07 0.000344 
ILMN_1805543 ADAMTS9 1.29 8.65 5.21 1.86E-07 0.000406 
ILMN_1708890 RASSF4 1.24 7.23 5.02 5.17E-07 0.000915 
ILMN_1686664 MT2A 1.24 11.22 5.01 5.45E-07 0.000915 
ILMN_3247533 LOC100133840 1.21 7.32 4.89 1.01E-06 0.001467 
ILMN_2303912 SCD5 1.17 8.09 4.74 2.14E-06 0.002742 
ILMN_3215954 LOC653079 1.16 10.49 4.70 2.58E-06 0.002959 
ILMN_3225795 LOC730032 1.13 5.46 4.58 4.68E-06 0.004504 
ILMN_1757270 DBN1 1.13 7.11 4.58 4.7E-06 0.004504 
ILMN_1680154 MAP1B 1.13 10.95 4.58 4.75E-06 0.004504 
ILMN_2246134 PDE4DIP 1.11 5.74 4.50 6.73E-06 0.006118 
ILMN_1761281 LOC441019 1.10 7.49 4.46 8.35E-06 0.006822 
ILMN_1677814 ABCC3 1.10 7.38 4.45 8.44E-06 0.006822 
ILMN_1774387 ZHX3 1.08 9.24 4.38 1.17E-05 0.008787 
ILMN_1663080 LFNG 1.08 10.31 4.37 1.26E-05 0.00887 
ILMN_1775170 MT1X 1.07 10.92 4.34 1.43E-05 0.009611 

DOWNREGULATED 
ILMN_1703803 ADAMTS3 -1.28 5.54 -5.19 2.16E-07 0.000429 
ILMN_2131177 GUCY1A3 -1.21 5.65 -4.91 9.04E-07 0.001409 
ILMN_3240989 LOC729278 -1.20 5.59 -4.87 1.13E-06 0.001547 
ILMN_1796099 LOC644380 -1.16 4.87 -4.71 2.48E-06 0.002959 
ILMN_1842578 HS.539384 -1.15 6.10 -4.65 3.31E-06 0.003617 
ILMN_1778985 PRMT10 -1.10 5.46 -4.47 7.86E-06 0.006822 
ILMN_1812898 ZNF132 -1.09 4.95 -4.41 1.03E-05 0.008062 
ILMN_2382245 KIRREL2 -1.08 5.49 -4.38 1.21E-05 0.008787 
ILMN_1787434 OR10H1 -1.07 5.57 -4.34 1.45E-05 0.009611 

Annotations. ILMN probe = Illumina probe identifier, Gene = gene name, log2 FC = log2 fold change, M 
= mean value, t = t statistic, p-value = unadjusted significance value, q-value = False discovery rate-
corrected p-value. 
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Therefore, stimulation experiments would need to be performed within a short time 

span after neural induction in order to capture effects of glucocorticoid stimulation 

on cells with predominantly anterior and neurogenic properties. A temporal 

transcriptome analysis of in vitro derived neuronal cells from human embryonic 

stem cells found highest expression of FOXG1 between D20 and D30 following 

neural induction (van de Leemput et al., 2014).  

Dexamethasone stimulation experiments in hiPSC revealed an upregulation 

of early embryonic asymmetry patterning factor WNT3. Interestingly, also NODAL 

was found to be upregulated following dexamethasone exposure for 3h (log2 FC = 

1.09, p = 0.049). High expression levels of NODAL and WNT3 are characteristic of the 

proximal and posterior axes of the developing epiblast, respectively. Similarly, 

upregulated gene transcript NKX6-2 was found to play a role in ventral midbrain 

development (La Manno et al., 2016). Glucocorticoid-induced gene activation in 

hiPSC may therefore introduce an early bias regarding embryonic axis formation. In 

addition, downregulated transcripts included GPM6A, which was found to be 

involved in the differentiation and migration of neurons derived from human 

embryonic stem cells (Michibata et al., 2009) and TGFB2, which was equally shown 

to promote neuronal cell fate (Roussa et al., 2006). The transcript for HOPX on the 

other hand was increased following dexamethasone administration and is reported 

to prime neural stem cells in the subventricular zone towards an astrocyte cell fate 

(Zweifel et al., 2018). Several regulated transcripts were also involved in 

inflammation, such as the upregulated ANXA1 gene transcript (Zhao et al., 2016) and 

downregulated inflammatory response gene CDKN1A (Ring et al., 2003), which 

moreover has a well-established role in the stress system (Gorospe et al., 1999). 
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Only few transcripts were regulated in neural progenitor cells following 

dexamethasone stimulation. However, this finding may have been caused by the 

relative heterogeneity of neural progenitor populations used in the pilot study, 

found to occur with an increasing number of passages and time in culture (Edri et 

al., 2015). Nevertheless, results showed an increase in TSC22D3, previously 

reported to be upregulated following dexamethasone stimulation of mouse 

hypothalamic neural progenitor cells (Frahm et al., 2016). Also, expression of 

RAMP1 was heightened, which encodes for a receptor associated with migraine 

(Edvinsson, 2018). Meanwhile, decreased expression was detected for MMP9, which 

is known to be implicated in the stress response. For example, inhibition of MMP9 

was shown to prevent stress-induced behavioural alterations in mice (van der Kooij 

et al., 2014). 

As discussed, the neuronal culture subjected to dexamethasone should more 

appropriately be described as a mixed culture of neurons and astrocytes. 

Upregulated gene transcripts included several genes with well-established roles in 

the stress response. One of them was FAM107A, previously reported to increase 

following stress, bind to actin, promote bundling and stabilization of actin filaments, 

and impact on actin-dependent neurite outgrowth, synaptic function, and cognition 

(Schmidt et al., 2011). Furthermore, heightened expression was shown for FKBP5, a 

co-chaperone of the glucocorticoid receptor implicated in the negative feedback 

loop of the stress response (Denny et al., 2000; Russell et al., 2010), and TSC22D3, 

which was also regulated in neural progenitor cells. With ZBTB16, an additional 

stress-responsive gene was increased following dexamethasone exposure at a 

significance level slightly above the chosen cutoff (log2 FC = 1.07, q = 0.0101). Some 
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of the upregulated genes were moreover associated with actin dynamics and neurite 

outgrowth of developing neuronal cells. For instance, DBN1 is reported to stabilize 

actin filaments (Mikati et al., 2013) and thereby protect dendritic spine density from 

stress-induced alterations (Kreis et al., 2019). Similarly, MAP1B was found to be 

implicated in the density of presynaptic and postsynaptic terminals (Bodaleo et al., 

2016). Downregulated transcripts following dexamethasone exposure included 

ADAMTS3. It was identified as the major enzyme responsible for cleaving and 

inactivating Reelin in the cerebral cortex and hippocampus (Ogino et al., 2017).  

2.4 CONCLUSIONS 

The preliminary studies described here resulted in an immunocytochemistry 

assay with established sensitivity to capture subcellular GR localisation and 

translocation, a differentiation protocol yielding high quality neural rosettes and 

defined neural progenitor populations, and crucial information for further planning 

of experiments as the characterisation of stimulated cells revealed a posterior 

gliogenic profile but also confirmed reactivity to known stress-reactive genes on the 

transcriptome level.  
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3. METHODS 

3.1 STUDY DESIGN 

 

Figure 19. Schematic representation of the experimental design.  hESC = human 

embryonic stem cells, hiPSC = human induced pluripotent stem cells, hSC = human 

stem cells, NP = neural progenitors, dN = differentiated neurons, VEH = Vehicle 

(EtOH), DEX = Dexamethasone. 

 

 A schematic of the experimental design is shown in Figure  19. Biological 

replicates were obtained from two cell lines (hESC and hIPSC) subjected to repeated 

induction of directed differentiation to neuronal progenitors and neurons in order 
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differentiate into the target lineage and cell types. An overview of the cell lines is 

given in Table 7. Additional independent technical replicates were obtained by 

repeated induction of directed differentiation . Three of these replicates were chosen 

from each line for further downstream analysis based on visual inspection of marker 

gene expression and homogeneity, yielding a total of n = 6 replicates per 

experimental condition and N=108 samples in total. 

Table 7. Cell lines. 

Cell 
line  

Sex Ethnicity  
Primary tissue 
(if applicable)  

Reprogramming 
method  

Passage  
Reliable 
induction  

H1 male caucasian 
none (ICM of 
blastocyst) 

none 24-29 
Y 

HMGU1 male caucasian Fibroblasts 
episomal 
reprogramming 

30-35 
Y 

#20 male caucasian Fibroblasts 
episomal 
reprogramming 

11-16 
N 

#60 male caucasian Fibroblasts 
episomal 
reprogramming 

15-20 
N 

MPI1 female caucasian PBMCs 
episomal 
reprogramming 12-24 

N 

FOK1-4 male caucasian PBMCs 
episomal 
reprogramming 

17-23 
N 

FOK1-5 male caucasian PBMCs 
episomal 
reprogramming 

20-24 
N 

Annotations. PBMCs = peripheral blood mononuclear cells; ICM= inner cell mass; Y=yes; N=no. 

 

3.3 CELL CULTURE AND HESC/ HIPSC DIFFERENTIATION 

H1 human embryonic stem cells (hESC) and HMGU1 human induced 

pluripotent stem cells (hiPSC) were grown on Matrigel diluted 1:40 (Corning), 

maintained in mTESR (STEMCell Technologies) and split 1:6 with 1 mg/mL 

Collagenase IV (Gibco) approximately once or twice a week. Neuronal 

differentiation was induced using the Aggrewell protocol (Fig. 20). hESC / hiPSC 

colonies were dissociated with Accutase (Sigma-Aldrich) into single cells, 

resuspended in Neural Induction Medium (STEMCell) supplemented with 10 µM 
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ROCK Inhibitor (STEMCell), and plated at a density of 3 million cells per well into 

Aggrewell 800 plates to generate embryonic bodies (EBs) consisting of 

approximately 10 000 cells. Three-fourths of the medium was exchanged every day 

for 5 days until aggregates were replated on Matrigel. Induction of neural rosettes 

(NR-NP) in the chosen lines was highly efficient approximating 100%, and visible 

from as early as day 6. Rosettes were washed with DMEM/F-12 (Gibco) and Neural 

Induction Medium was refreshed daily. On day 12, rosettes were manually selected 

by microdissection using a syringe needle and replated onto Poly-L-Ornithine / 

Laminin coated plates. On day 17-19, replated rosettes were then dissociated with 

Accutase and seeded at a density of 1 million cells per well of a 12-well plate in order 

to ensure close cell-to-cell contact.  

 

Figure 20. Schematic representation of the neural differentiation process. Neural 

induction was performed using the Aggrewell protocol. Induced pluripotent stem 

cells / embryonic stem cells (hSC) are considered D0 of differentiation. Terminal 

neural differentiation was induced on D24. 

 

When necessary, the neural progenitor (NP) population was additionally 

purified by magnetic bead selection for PSA-NCAM positive cells using anti-PSA-

NCAM MicroBeads (Miltenyi) and the MiniMACS separator (Miltenyi). 
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Differentiation to neurons (dN) was induced on day 24. Neuronal progenitors were 

plated at a density of 200 000 cells per 6-well plate in Neural Progenitor Medium 

(STEMCell). On day 1 of neuronal differentiation, half of the medium was replaced 

with BrainPhys Medium (STEMCell), supplemented with 1 x N2 (Gibco), 1 x B27 

without Vitamin A (Gibco), 20 ng/ml BDNF (PeproTech), 20 ng/ml GDNF 

(PeproTech), 200 nM L-Ascorbic acid (Sigma-Aldrich), and 1 mM dibutyryl -cyclic 

AMP (Sigma-Aldrich). Half a medium change was subsequently performed every 2-

3 days. From day 10 of neuronal differentiation (i.e. D34 after neural induction), 1 

µg/ml Laminin was added to the medium in order to prevent detachment of 

emerging neuronal hubs alongside 1 µg/ml cytosine arabinoside (Jena BioScience) 

to eliminate differentiating cells from the culture. 

3.4 DEXAMETHASONE STIMULATION EXPERIMENTS 

Culture media were switched to a glucocorticoid-free equivalent the day 

prior to the experiment. hESC / hiPSC were stimulated in E8 which does not contain 

glucocorticoids, neuronal progenitors in DMEM/F-12 supplemented with 1 x N2 and 

20 ng/ml bFGF, and neurons in DMEM/F-12 supplemented with 1 x N2. Media were 

not depleted of progesterone due to its low affinity to bind GR (Attardi et  al., 2008) 

and a final concentration in N2-containing media of 2 nM. Cells were plated at a 

density of 1 million per well and stimulated with 1 µM dexamethasone dissolved in 

ethanol and diluted in DPBS for 3h, 6h, and 12h on a shaker at 40 rpm following a 

reverse time-course stimulation protocol. The control condition was treated with 

0,001% ethanol as vehicle. The plates were placed on a shaker in order to promote 

equal distribution of the ligand in the culture media during the stimulation 

experiment. Cells were collected with Accutase, counted, centrifuged at 300 x g for 
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FOXG1 (1:50, abcam ab18259), PAX6 (1:250, Biozol BLD-901301), OTX2 (1:100, 

R&D AF1979), Nestin (1:500, Santa Cruz sc-23927), ZO1 (1:100, BD Bioscience 

610966), MAP2 (1:500, abcam AB5392), vGLUT1 (1:1000, Synaptic Systems 

135303), vGAT2 (1:500, Synaptic Systems 131011), SYN1 (1:1000, Synaptic 

Systems 106001), PSD95 (1:500, Invitrogen 51-6900), GFAP (1:1000, Dako Z0334), 

and GR H-300 (1:500, sc8992 X). Secondary antibodies were raised in donkey: Alexa 

488 anti-rabbit (1:1000, Dianova), Alexa 488 anti-mouse (1:1000, Dianova), Alexa 

488 anti-chicken (1:1000, Dianova), Alexa 594 anti-rabbit (1:500, Life 

Technologies), Alexa 594 anti-mouse (1:500, Dianova), Alexa 594 anti-goat (1:500, 

Dianova), DyLight 647 anti-rabbit (1:1000, Dianova), and Alexa 647 anti-mouse 

(1:1000, Life Technologies). Images were obtained on a Leica Confocal microscope 

TCS SP8. 

3.8 QUANTIFICATION OF GLUCOCORTICOID RECEPTOR 

TRANSLOCATION 

Dexamethasone stimulation experiments were performed as described in 

section 3.4 on glass cover slips in 24-well plates but limited to the 3h condition and 

fixed for immunocytochemistry. Image analysis was run in ImageJ software. A total 

of n = 6 experiments were conducted for each developmental stage. Three individual 

frames of randomly selected regions of interest were taken per condition at a 40x 

magnification, resulting in n = 18 frames per developmental stage and treatment 

condition covering 129 cells/frame on average. Glucocorticoid receptor signal 

intensity was defined in terms of mean integrated density (area x mean gray value) 

in order to account for different area sizes occupied by nuclear and cytoplasmic 

fractions. Nuclear and cytoplasmic GR intensities were extracted from thresholded 
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Figure 21. Density plots. a) Uncorrected beta values (N=72). b)  Beta values after 

SWAN normalisation (N=72). 
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3.11.1 ASSESSMENT OF POTENTIAL CONFOUNDERS 

Potential confounders were assessed using multidimensional scaling, 

correlation analyses with principal components, and variance partition.  

Multidimensional scaling plots showed samples separating along the factors 

differentiation stage and cell line on the first and second dimension, respectively 

(Fig. 22). Within  individual stages of differentiation, differences between cells were 

accordingly best described by the factor cell line. Meanwhile, the differentiation 

batch or biological replicate specifically discriminated differentiated HMGU1-

derived neurons and, to a lesser degree, neuronal progenitors (Fig. 23). 

A correlation heatmap between the first 20 principal components (PCs) and 

potential explanatory variables is shown for raw (Fig. 24a) and SWAN normalised 

data (Fig. 24b). The PCA for normalised data identified highest loadings of 

differentiation stage and cell line on PC1 and PC2. In addition, amount of DNA (µg) 

for bisulfite conversion and number of live cells loaded on PC3 and PC4, while 

column loaded on PC5. 

Overall, variance in the data set was well explained by the combination of 

study variables and known technical batches both before (Fig. 25) and after SWAN 

normalisation (Fig. 26). Variance partition suggested EPIC methylation chip and 

array sentrix position as the most influential batches on both a global level and 

within  individual stages of differentiation. Also, biological replicate captured a high 

percentage of variance, presumed to include both dependent and independent 

variance (Blainey et al., 2014).  
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Figure  22. Multidimensional scaling plots (MDS) a) MDS for SWAN normalised 

data (n=866 091 probes) separating by a) differentiation stage and b)  cell line. 
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Figure 23. Multidimensional scaling plots  (MDS) for individual stages of 

differentiation . Beta values after SWAN normalisation (N=72, n=866 091 probes).  
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Figure 24. Correlation matrices between PCA 1 -20 and potential predictor 

variables  in raw and normalised data . a) Raw methylation beta values (N=72 

samples; n=866 091 probes). b) SWAN normalised methylation beta values (N= 70 

samples; n=866 091 probes). 
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Figure 25. Variance partition in raw methylation beta values (N=72 samples; 

n=10 000 probes) . Chip = EPIC methylation chip, ArrayPos = sentrix position, 

LiveCells = number of living cells, DNA = DNA input amount for bisulfite conversion, 

EPICInput = amount of bisulfite-converted DNA. 
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Figure 26. Variance partition in SWAN normalised methylation beta values 

(N=70 samples; n=10 000 probes) . Chip = EPIC methylation chip, ArrayPos = 

sentrix position, LiveCells = number of living cells, DNA = DNA input amount for 

bisulfite conversion, EPICInput = amount of bisulfite-converted DNA. 
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In sum, the assessment of potential confounding variables by MDS and 

correlation structure with principal components as well as explained variance 

suggested that cell line, EPIC methylation chip, array sentrix position, and either 

number of live cells or DNA (µg) may need to be accounted for in the statistical 

model. Corrections are possible by batch correction as part of data pre-processing, 

e.g. with ComBat in the sva package (Leek et al., 2012), or by inclusion of the 

confounding factor as covariate in the regression model (Leek et al., 2010). 

3.11.2 REGRESSION MODELLING 

During data preprocessing, EPIC methylation chip and array position were 

chosen for ComBat batch correction due to explaining a high percentage of variance 

overall, and because samples were randomized with respect to their distribution. 

Therefore, both factors were expected to introduce random noise that would 

otherwise have contributed to the error term and decreased statistical power to 

detect significant effects. 

Cell line and DNA (µg) were chosen as covariates, since both loaded on the 

second, respectively third and fourth principal components. 

Because shared variance may cause batch correction for technical variables 

to indirectly alter test variables and their relations to each other, the ComBat 

function allows to define the regression model when removing unwanted variance. 

Therefore, normalised data were batch corrected for array position and EPIC 

methylation chip while preventing alterations to test variables stage of 

differentiation, treatment and duration as well as cell line and DNA (µg) as 

covariates in order to not distort subsequent regression analyses. The resulting 
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Figure 27. Multidimension al scaling plots  (MDS) following batch correction . 

SWAN normalised batch-corrected data separating by a) differentiation stage and 

b)  cell line (N=70 samples; n=792 780 probes). 
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Figure 28. Multidimensional scaling plots  (MDS) for individual stages of 

differentiation . SWAN normalised batch-corrected data (N=70, n=792 780 

probes).  
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Figure 29. Correlation matrix between PCA 1 -20 and potential predictor 

variables following  batch correction. SWAN normalised batch-corrected data 

(N=70 samples; n=792 780 probes). 
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Figure 30. Variance partition following combat correction  (N=70 samples; 

n=10 000 probes) . Chip = EPIC methylation chip, ArrayPos = sentrix position, 

LiveCells = number of living cells, DNA = DNA input amount for bisulfite conversion, 

EPICInput = amount of bisulfite-converted DNA. 
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algorithm (Love et al., 2014). Visualization of RNA-Seq data however requires 

normalised read counts. Thus, normalisation was performed by variance stabilizing 

transformation implicated in the DESeq2 package (Love et al., 2014). 

RNA-Seq data structure was evaluated using MDS plots and analyses of 

variance partition. One biological replicate of differentiated neurons showed 

unusual clustering on the mRNA level and was omitted from transcriptome analyses 

(Supplementary Fig. 7). The remaining dataset consisted of N = 68 samples. 

The complete data set separated into clusters demarcating the stage of 

differentiation ( Fig. 31). Variance in hSC was minimal and remained low despite 

progressively increasing with ongoing neuronal differentiatio n. 

 

 

Figure 31. Multidimensiona l scaling plot of mRNA-Seq data (stage of 

differentiation) . Read counts normalised by variance stabilizing transformation, 

N=68 samples, n=28 764 genes. 
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Figure 32. Multidimensional scaling plot of mRNA -Seq data (cell line).  Read 

counts normalised by variance stabilizing transformation, N=68 samples, n=28 764 

genes. 

 

Contrasting methylation data, cell line was not a defining factor of the first 

two dimensions in the RNA-Seq data set (Fig. 32). 

At the level of individual stages of differentiation however, samples 

separated by cell line in undifferentiated hiPS and ES cells (Fig. 33). With ongoing 

differentiation to neuronal progenitors and neurons, the influence of cell line 

decreased, whereas overall variance increased leaving no clear separation along the 

first and second dimension. Thus, in neuronal progenitors and neurons, study 

samples were best discriminated by the individual differentiation batch or biological 

replicate. 
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Because variance in RNA-Seq data is estimated directly from raw counts in 

any particular  analysis of differential gene expression, variance partition plots are 

given for data subsets that contrasts were run on, respectively (Fig. 34). 

In the unstimulated subset used to compare stages of differentiation, the 

highest percentage of variance was explained by day (i.e. stage of differentiation), 

whereas error variance was mostly caused by individual differences between 

differentiation batches (i.e. independent replicates) followed by row, column, and 

cell line.  

Biological replicate, row and column also had the highest percentages of 

explained error variance in dexamethasone treatment subsets, followed by cell line 

and number of live cells. Potential biases were controlled for by randomisation for 

row and column, and by parallelisation for treatment and duration within a 

biological replicate and cell line. The number of live cells was not significantly 

different between stimulated and unstimulated samples in any of the test sets as 

determined by two-tailed t-test (t = -0.61, p=0.55 (hSC 3h), t = -0.62, p=0.55 (hSC 

12h), t = 0.29, p=0.78 (NP 3h), t = 0.44, p=0.66 (NP 12h), t = -0.05, p=0.96 (dN 3h), 

and t = -0.12, p=0.90 (dN 12h)). 

Variance partition showed the highest variance explained by treatment effect 

in differentiated neurons compared to earlier stages of differentiation. 
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Figure 33. Multidimensional scaling plots  (MDS) for individual stages of 

differentiation . Read counts normalised by variance stabilizing transformation, 

N=68 samples, n=28 764 genes. 


































































































































































































































































































































