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Abstract

1 Abstract
Developmental neurotoxicity (DNT) is caused by exposure to toxicants during sensitive
periods of neurodevelopment. It can lead to neurobehavioral alterations persisting long after
removal of the original stimulus. Additionally, evidence has been accumulating that exposure
to some compounds can influence susceptibility to and severity of psychiatric disorders in
later life. Although there is increasing awareness for DNT in western countries, animal-based
testing for DNT according to the OECD test guideline 426 has only been done for a few
chemicals. The major concern about such animal studies is that they may not predict human
health effects. Also human data on DNT from epidemiologic studies are limited, as causeeffect relationships are hard to identify in this field. Thus, there is an urgent need for human
based in vitro test systems for DNT. In this study we have successfully established two new
human-cell-based toxicological in vitro test systems to assess DNT.
First, we established an assay using a human neuronal precursor cell line (LUHMES) that can
be differentiated efficiently to fully mature neurons. In these cells, differentiation is naturally
accompanied by neurite outgrowth. As disturbance of neurite outgrowth has been associated
with DNT, we used fully automated analyses of neurite outgrowth as a functional read-out for
this test system. In a second step, we established a test system to assess chemical’s effects on
early patterning of the brain. This was done using human embryonic stem cells (hESC). To
develop the test system, we first showed that hESC can be differentiated efficiently to
neuroepithelial precursor cells. This differentiation process was investigated using expression
levels of marker genes that specify the fate of the differentiating cells according to time and to
region. Exposure scenarios have been tested and chemicals specifically interfering with
distinct differentiation processes have been applied to validate the test system. We found that
prolonged, but not short, exposure to the well-known DNT compound valproic acid altered
neural differentiation in a similar manner as other inhibitors of histone deacetylases (HDACi).
Moreover, exposure to HDACi altered histone methylation patterns at the promoters of
deregulated marker genes. We finally investigated if the altered histone methylation pattern
might represent the switch from altered histone acetylation to altered neural differentiation.
We found that a transient increase in acetylation caused by HDACi can be associated with an
accumulation of epigenetic alterations after chronic treatment. This in turn can lead to altered
neural development as examined by massive whole genome transcriptome profiling.
In summary, we developed two in vitro test systems which can be used to identify chemicals
that potentially cause DNT. In the hESC based test system we identified a mechanism
whereby chemicals can interfere with neurodevelopmental processes. Finally, we provide first
evidence that epigenetic mechanisms could act as persistence sensors and therefore act as
switch between innocuous short exposures to chemicals and adverse effects due to prolonged
exposure.
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Zusammenfassung
Entwicklungsneurotoxizität
wird
durch
Giftstoffexposition
während
sensitiver
Entwicklungsphasen des Gehirns verursacht. Sie kann zu neurologischen
Verhaltensänderungen führen, die lange nach der Entfernung der Ursache weiterbestehen. Des
Weiteren finden sich immer mehr Belege dafür, dass frühe Exposition gegenüber manchen
Substanzen im späteren Leben Einfluss auf die Anfälligkeit für psychiatrische Erkrankungen
und deren Schwere nehmen können. Obwohl in westlichen Ländern das Bewusstsein für
Entwicklungsneurotoxizität wächst, wurden lediglich einige wenige Substanzen darauf in
Tierversuchen getestet, die nach der OECD Testrichtlinie 426 durchgeführt wurden.
Erhebliche Besorgnis herrscht darüber, dass solche Tierversuche die Effekte auf die
menschliche
Gesundheit
nicht
vorhersagen.
Zusätzlich
sind
Daten
über
Entwicklungsneurotoxizität aus humanen epidemiologischen Studien limitiert, da UrsacheWirkungs-Relationen in diesem Studienfeld schwer zu identifizieren sind. In der vorliegenden
Doktorarbeit haben wir erfolgreich zwei neue toxikologische in vitro Testsysteme, die auf
menschlichen Zellen basieren, entwickelt, um Entwicklungsneurotoxizität zu beurteilen.
Zuerst haben wir eine Untersuchungsmethode in einer menschlichen neuronalen
Vorläuferzelllinie (LUHMES) entwickelt, die effizient zu voll ausgereiften Neuronen
differenziert werden kann. In diesen Zellen wird die Differenzierung natürlicherweise durch
das Auswachsen von Zellfortsätzen (Neuriten) begleitet. Eine Störung dieses Wachstums wird
mit Entwicklungsneurotoxizität in Verbindung gesetzt. Deshalb benutzten wir die
vollautomatische Analyse des Neuritenwachstums als funktionalen Messparameter für dieses
Testsystem. In einem zweiten Ansatz etablierten wir ein Testsystem, um die Effekte von
Substanzen auf die Strukturierung des Gehirns einzuschätzen. Dies taten wir mit Hilfe von
humanen embryonalen Stammzellen, bei denen wir zuerst zeigten, dass sie effizient zu
neuroepithelialen Vorläuferzellen differenzieren können. Dieser Differenzierungsprozess
wurde untersucht anhand der Expressionsstärken von Markergenen, die das Schicksal der
differenzierenden Zellen bezüglich Zeit und Region in der Gehirnentwicklung darlegen.
Expositionsmöglichkeiten wurden getestet und das Testsystem wurde validiert, indem
Substanzen angewandt wurden, die auf spezifische Art und Weise den
Differenzierungsprozess stören. Wir fanden heraus, dass längere, nicht aber kurze, Exposition
gegenüber dem bekannten entwicklungsneurotoxischen Stoff Valproinsäure die neurale
Differenzierung der Stammzellen in gleicher Weise wie andere Inhibitoren von
Histondeacetylasen (HDACi) störte. Des Weiteren führte die HDACi-Exposition zu
veränderten Histonmethylierungsmustern an den Promotoren von Markergenen, deren
Expression beeinflusst wurde. Schließlich untersuchten wir, ob diese veränderten
Histonmethylierungsmuster eventuell den Schalter repräsentieren könnten, der veränderte
Histonacetylierung mit veränderter neuraler Differenzierung verbindet. Wir fanden heraus,
dass ein transienter Anstieg der Acetylierung, der durch HDACi-Exposition verursacht wird,
8
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mit einer Akkumulation von epigenetischen Veränderungen nach chronischer HDACiBehandlung einhergehen kann. Dies wiederum kann zu veränderter Neuroentwicklung führen,
die wir durch genomweite Transkriptionsanalyse untersucht haben.
Zusammenfassend haben wir zwei in vitro Testsysteme entwickelt, die benutzt werden
können, um Substanzen zu identifizieren, die möglicherweise Entwicklungsneurotoxizität
verursachen. Im stammzellbasierten Testsystem identifizierten wir einen Mechanismus über
den Substanzen Neuroentwicklungsprozesse stören können. Schließlich zeigen wir erste
Hinweise darauf, dass epigenetische Mechanismen als Beständigkeitssenoren fungieren
könnten und somit von harmlosen, kurzen Substanzexpositionen durch längere Exposition zu
schädlichen Auswirkungen führen können.
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2 General Introduction
2.1 Neurodevelopment and its disturbance
The discipline of developmental neurotoxicity (DNT) describes effects of chemicals on the
developing nervous system. Such exposure during neurodevelopment can result in
neurobehavioral alterations and severe malformations. Also, fetal exposure to some
compounds can influence severity of and susceptibility to psychiatric disorders, like autism
and schizophrenia, in later life. Human data on DNT is only accessible from epidemiologic
studies, in which cause-effect relationships are hard to find. Data from rodents are often not
predictive; e.g., thalidomide did not affect rodent development but showed strong adverse
effects in human embryos exposed in a specific time window of pregnancy. DNT hazard
might be better predictable if based on biological modes of action, which can be identified
using human cellular model systems.
In order to understand why it is necessary to develop human in vitro models for DNT, this
paragraph will first introduce crucial processes of normal early development and
neurodevelopment. Second, this paragraph will outline the toxicological concepts and the
needs that are necessary to be applied for in vitro testing of DNT.

2.1.1 Early embryonic development
In mammals, under normal conditions, fertilization of an oocyte by a sperm occurs in the
oviduct. Most of the cytoplasm of the resulting zygote comes from the oocyte. Thus, maternal
gene products influence the first cell divisions, called cleavages (Bethesda 2009). The first
cleavages take place on the way towards the uterus, which takes three to four days in mice
and five to seven days in humans (Fig. 2.1). Cleavages up to the eight-cell-stage lead to cells,
also called blastomeres, which can give rise to extra-embryonic and embryonic cells. Thus,
they are totipotent. After the eight-cell-stage, compaction occurs resulting in the morula. This
is a solid ball of cells with indiscernible individual cell outlines (Wolpert et al. 2007) in which
the cells are connected by gap junctions. A further division step gives rise to the 16-cell
morula which consists of internal apolar cells surrounded by external polar cells. The external
cells give rise to the trophoectoderm, which will develop into the embryonic part of the
placenta, the so-called chorion (Gilbert 2006). The internal cells of the morula generate the
so-called inner cell mass (ICM). It gives rise to the embryo and its associated yolk sac,
allantois and amnion. At the 64-cell stage the ICM and the trophoblast have become separate
cell layers (Gilbert 2006). Secretion of fluid into the morula by the trophoblast cells induces a
10

2.

General Introduction

cavity, the so-called blastocoel. Expansion of the blastocoel positions the ICM on one side of
the ring of trophoblast cells. This form of the pre-implantation embryo is called blastocyst
(Gilbert 2006). First segregation of the ICM yields the bilaminar germ disc with a lower layer,
called hypoblast which will delaminate from the ICM and form the extraembryonic
endoderm. The upper layer, called epiblast, gives rise to the amnionic ectoderm and the
embryonic epiblast. The latter contains all the cells that will generate the actual embryo. In a
process called gastrulation, the cells of the embryonic epiblast begin to differentiate at the
start of week 3 of human development (day 6 in mouse) to form the three primary germ layers
of the embryo, endoderm, mesoderm and ectoderm (Gilbert 2006). All tissues of the body are
generated from these three germ layers.

modified from (Bethesda 2009).

11

2.

General Introduction

Figure 2.1. Overview of the development of extra-embryonic and embryonic tissues in humans.
The blastocyst gives rise to all extra-embryonic and embryonic tissues. The overview is simplified, especially
the tissue specification from the three embryonic germ layers.

Embryonic development is regulated by a multitude of signaling cues which are still not fully
understood in mammals. But it is known that patterning of the embryo starts very early.
Already in the pre-implantation embryo, cell fates are determined by the expression of
specific genes (Cookiemonster and Hammy 2013). As already mentioned, cells diversify after
the compaction of the morula by generating the ICM and the trophoectoderm (TE). This
segregation is accompanied by differential expression of Cdx2 in TE cells and Oct4 in ICM
cells (Chazaud et al. 2006). Cells of the ICM are pluripotent, which means that they can give
rise to any cell type of the body (Gilbert 2006). Cdx2, which is expressed with Oct4 at 8-cell
stage, is responsible for down-regulation of Oct4 in trophoblast cells. The presence of Oct4
(already present at morula stage), Nanog and phosphorylated Stat3 proteins is critical for the
maintenance of the pluripotency of the cells of the ICM. These cells can be extracted and
cultured in vitro as so-called embryonic stem cells (Gilbert 2006; Leist et al. 2008a).
Within the ICM, cells exist that will become primitive endoderm and epiblast cells. Nanog is
a key transcriptional factor for specification towards epiblast cells and to maintain
pluripotency. Gata6 and 4 are redundantly required for the formation of the primitive (extraembryonic) endoderm. Already in the pre-implantation murine blastocyst, cells expressing
Nanog and cells expressing Gata6 are present in a mosaic form in no obvious positiondependent manner (Chazaud et al. 2006). These different cell types will give rise to the
epiblast (Nanog) and the primitive endoderm (Gata). Thus, at the blastocyst stage, at the time
of implantation, three distinct cell types are present: epiblast cells, trophoectoderm and
primitive endoderm (hypoblast or visceral endoderm).
Patterning, i.e. the generation of complex organizations of cell fates in space and time during
embryonic development, is driven by so-called organizer regions. These are groups of cells
that release signaling factors to regulate the cell fate in surrounding tissues. An event that
patterns the embryo and thereby also gives rise to organizer regions is the establishment of the
three body axes: first, the anterior-posterior (A-P) axis, then the dorso-ventral (D-V) axis and
at last left-right asymmetry develop. The A-P axis is established at a point in time, when, at
murine E5.5, visceral endoderm cells start to migrate to the future anterior side of the embryo
to form the anterior visceral endoderm (AVE) (Takaoka et al. 2007). The AVE formation is
induced by Nodal signaling from the epiblast. The AVE is an organizer region and sends
signals to the overlying epiblast to specify this region as anterior ectoderm. Thus,
12
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specification of the anterior fate precedes the formation of the other main embryonic
organizers regions, the primitive streak and the node, in mammals (Wolpert et al. 2007). The
node is formed at the beginning of gastrulation at the anterior end of the primitive streak.
From the node, cells migrate anteriorly to form the notochord. The notochord becomes a rodlike structure along the dorsal midline of the developing embryo as the node regresses
(Wolpert et al. 2007). It acts as an organizer region, inducing neural plate formation in the
dorsal ectoderm by secretion of signaling cues like BMP inhibitors (Kiecker and Lumsden
2012).

2.1.2 Neurodevelopment
Neurodevelopment is the most complex process of vertebrate development. Critical processes,
like proliferation, differentiation and patterning, synaptogenesis, migration, apoptosis,
myelination and neurite outgrowth, have to occur in a strict time and region specific manner.
Hence, it is easy to understand that disturbance of this correct temporal and spatial emergence
of the neurodevelopmental processes creates critical periods of vulnerability of the developing
brain (Rice and Barone 2000). The sequence of these events is comparable among vertebrate
species, although the time scale is different (Rice and Barone 2000).
The development of the brain begins during gastrulation and strongly depends on the
organizer regions. The AVE and the notochord are important organizers to induce the
formation of neural tissue. These organizers cannot only regulate patterning of the brain, but
also proliferation, neurogenesis, cell death and axon pathfinding (Kiecker and Lumsden
2012). Proliferation, e.g., can be increased in certain developing brain regions by sonic
hedgehog (Shh), fibroblast growth factors (FGFs) and Wnts, all of which are released by the
organizer regions.
It has long been thought that neural induction is a default mechanism in absence of BMP
signaling activity. Noggin, follistation (inhibitor of activin activity) and chordin induce neural
tissue and act as antagonists of BMP signaling activity (Rao and Jacobson 2005). But this
default model became more complex when other signaling proteins like FGFs and Wnts were
identified as additional neural inducers and that inhibition of BMP signaling is not sufficient
to trigger neural plate fate acquisition of cells (Stern 2006). BMPs are expressed from the
ectoderm surrounding the neural plate, whereas BMP inhibitors are expressed in the
notochord. Two orthogonal gradients exist already at the neural plate stage: A Wnt gradient
along the antero-posterior (AP) axis and a BMP gradient along the mediolateral axis (Fig.
2.2a) (Kiecker and Lumsden 2012). During neurulation the neural plate folds to the neural
13
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groove (see also below) and the mediolateral pattern is transposed into dorso-ventral (DV)
polarity (Fig. 2.2b).
Figure 2.2. Organizers and signaling
gradients in early neural development. (a)
Neural plate stage. A Wnt gradient is
present from posterior to anterior (red).
BMP gradients are established from the
surrounding ectoderm (brown). Sonic
hedgehog (Shh, green) is expressed by the
notochord and the prechordal plate. (b)
Neural groove stage. Gradients of Wnt and
Wnt inhibitors pattern the area between the
presumptive midbrain and forebrain (red
wegde). The Notochord expresses Shh,
thereby establishing a concentration gradient
of Shh with ventral high concentrations
getting lower towards the dorsal end.
adapted from (Kiecker and Lumsden 2012)

The notochord and the floor plate, a strip of glial cells along the ventral midline of the neural
tube, expresses Sonic hedgehog (Shh), creating a gradient specifying cell fates. As Shh
activates Gli1 and 2, which are transcriptional activators, and antagonizes the repressor Gli3,
the gradient is translated along the DV axis (Kiecker and Lumsden 2012). This Shh-Gli
signaling represses transcriptional control genes like Pax6, Pax7 and Irx3 and activates genes
like Foxa2, Nkx2.2, Olig2, Nkx6.1, Dbx1 and Dbx2, thereby determining the type of neural
progenitor that will form (Dunlevy et al. 2006). The AP axis is patterned by several
organizers. The boundary between the midbrain and the hindbrain secretes FGF8 as the main
organizing factor (Kiecker and Lumsden 2012). This boundary is positioned from neural plate
stage onwards by Otx2 expressed in the forebrain and midbrain, and Gbx2 in the anterior
hindbrain, whose interface is regulated by Wnt8 of which the gradient is established in the
initial AP polarity (Greene and Copp 2009).
Anterior posterior polarity is also being specified by Hox gene expression. Hox gene
expression can be found along the dorsal axis from the anterior boundary of the hindbrain to
posterior regions. It patterns the hindbrain and the vertebrate axis. The Hox genes are located
in four clusters on 4 chromosomes. These genes are expressed in a temporal and spatial order
that reflects their order on the chromosome (Wolpert et al. 2007). This means that the most
anterior Hox genes are expressed first and are located most 3’ on the chromosome. The
anterior border of the expression of specific Hox genes is more sharply defined than the
posterior one. The most anterior Hox genes, which are expressed in the hindbrain, are Hoxa1
and b1. Additionally Hox expression can be regulated by retinoic acid (RA). This is released
from somites, which are transient structures from axial mesoderm acting as regional
14
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developmental modules (Wolpert et al. 2007). RA can also activate Hox expression in more
anterior regions than normal, leading to malformations (Wolpert et al. 2007).
Hence, expression patterns of genes are already present at the neural plate stage and specify
the regionalization and cellular fate (Vieira et al. 2010). This can be used in in vitro DNT
assessment by investigating if expression of markers that specify the neural cells in
developmental time and region are altered (Kadereit et al. 2012; Kuegler et al. 2010).
Neural induction results in the neural plate, which is a thickened region of the ectoderm
located medially within the embryo. It invaginates and forms the neural tube (Fig. 2.3).
Therefore, neuroepithelial cells (NEP) elongate apicobasally, leading to a narrowing of the
neural plate. The neuroepithelium elongates also by cell division. NEP within hinge regions
undergo wedging resulting in a furrow. Non-neural ectoderm is necessary and sufficient for
the subsequent folding process (Rao and Jacobson 2005). The neural plate invaginates around
gestational day (GD) 9 in rats and GD 18 in humans (Rice and Barone 2000). In mammals
and birds, neural tube closure is initiated at several discrete points. In human embryos, initial
closure occurs slightly more rostral than in mouse embryos, where it is located at the
hindbrain/cervical boundary. Another site of closure initiation is located at the extreme rostral
end of the neural plate. Bidirectional proceeding of the closures in anterior and posterior
direction from the first closure point and in caudal direction from the rostral end of the neural
plate leads to shortening of the neuropores, to closure of the neural tube and separation from
the non-neural epithelium above it (Greene and Copp 2009). Neural tube closure is completed
at approximately GD 10.5-11 in rats and from GD 26 to 28 in humans, with the anterior
neuropore closing first (rat GD 10.5, humans GD 24-26) and the posterior neuropore closing
later (rats GD 11.3, humans GD 25-28) (Rice and Barone 2000).

GD 18

GD 24-26

Figure 2.3. Neurulation. The
neural plate (blue) is induced
by factors from the notochord
(see text). It invaginates to
form the neural groove, in
humans around gestational day
(GD) 18. After closure of the
neural tube (around GD 24 to
26 in humans, see text) the
neural plate boarder (red) gives
rise to neural crest cells.
modified from (Wolpert et al. 2007)

Correct closure of the neural tube thus depends on many mechanisms. Failure of neurulation
results in neural tube defects (NTD), which comprise, amongst others, exencephaly (which
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can result in anencephaly) and open spina bifida (not closed spinal cord) (Greene and Copp
2009). E.g., a deregulation of apoptosis can prevent closure of the neural tube. This has been
shown in mice deficient in JNK1 and 2 in which closure of the neural tube fails in the
hindbrain region due to a inhibited apoptosis (Kuan et al. 1999). The importance of apoptosis
for neural tube closure has recently been confirmed by life imaging in mice (Yamaguchi et al.
2011). The multitude of mechanisms needed for bending of the neural plate and neural tube
closure comprise many signaling pathways (Yamaguchi and Miura 2012). One example is
dishevelled genes that mediate a PCP pathway which is necessary for lengthening and
narrowing of the neural plate prior to it bending. Dishevelled 2 knock-out mice fail to close
the neural tube in the cranial region (Wang et al. 2006). Due to the multitude of signaling
mechanisms necessary for neural tube closure, it is not surprising that many genes have been
associated with the occurrence of NTDs (Harris and Juriloff 2007; Harris and Juriloff 2010).
Additionally, some chemicals that result in NTDs have been identified, e.g. valproic acid
(VPA), (see also Chapter 4.4.1).

2.1.3 Developmental neurotoxicity
2.1.3.1 Environmental chemicals and disease
Due to the complexity of neural development it is not surprising that the developing brain is
susceptible for adverse effects that already small insults can have. There are even more
reasons why the developing brain is more susceptible to toxic insults than the adult brain: the
placenta, although offering some protection, is not an effective barrier against environmental
pollutants (Gilbert 2006); the blood brain barrier is yet incomplete up until 6 months after
birth (Leist et al. 2008a) and detoxification of exogenous compounds is reduced, e.g. by
different expression pattern of detoxifying CYP enzymes (Chazaud et al. 2006). DNT can
even occur at doses lower than those leading to other malformations (Hass 2006).
3-12% of children in the US suffer from at least one mental disorder (Hass 2006). The most
common neurodevelopmental disorders include motor and mental retardation, learning
disabilities and attention-deficit hyperactivity disorder (Hass 2006). It was not only found that
3% of the developmental disabilities are directly caused by environmental exposure, but that
another 25% are caused by interactions between genetic susceptibility and environmental
factors (NationalResearchCouncil 2000). Examples for such mental disorders probably caused
by genetic susceptibility and environmental exposure are schizophrenia (Lewis and Levitt
2002) and autism (Schwartzer et al. 2012). One drug, amongst others, that is suspected to
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cause autism is valproic acid (VPA) (Roullet et al. 2013). Despite such strong evidence of
several compounds to cause DNT, there is only proof for a few of them, namely lead, methyl
mercury, arsenic, toluene and polychlorinated biphenyls (Grandjean and Landrigan 2006).
But there are more compounds suspected to cause DNT: A list was published in which 71
compounds were identified to be likely to cause adverse neurological outcomes after
developmental exposure in humans, non-human primates or laboratory mammals in more than
one laboratory (Crofton et al. 2011). Most chemicals tested according to the OECD guideline
426 were pesticides, while information on most other parts of the chemical universe are still
scarce (Makris et al. 2009). This relative scarcity of definite knowledge about DNT
compounds is mostly due to the lack of predictive systems to identify them and to study their
modes of action.
2.1.3.2 The Barker hypothesis: developmental origins of late disease
Studies on birth cohorts by David Barker showed that low birth weight or small head
circumference of infants leads to an increased risk of developing diseases like insulin
resistance or coronary heart disease. The concept that parameters of fetal, infant and
childhood growth can predict diseases in later life is now known as the Barker hypothesis
(Osmond and Barker 2000). It has been extended to encompass brain development and its
disturbance by toxic chemicals (Landrigan et al. 2005). This was fostered by the adverse
effects lead, methyl mercury and polychlorinated biphenyls had on the developing brain and
by studies that revealed associations between early-life exposure to pesticides and Parkinson’s
disease (PD) (Landrigan et al. 2005). The latter serves as a good example to explain the
Barker hypothesis (Fig. 2.4). Symptoms of PD occur when the number of dopaminergic
neurons in the substantia nigra of the brain decreases below approximately 25% of the normal
amount. During normal aging the number of dopaminergic neurons decreases, but does not
cross the threshold under which PD symptoms arise. Genetic disposition to PD leads to a
stronger decline in the number of dopaminergic neurons and causes the onset of the disease.
Still, in line with the Barker hypothesis, PD can also be caused by a toxic insult during
neurodevelopment which leads to a lower number of dopaminergic neurons early in life. This
does not cause any PD symptoms early in life although the normal life-long decrease in
dopaminergic neurons can pass the 25% threshold and can then lead to the onset of PD (Fig.
2.4).
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Figure 2.4. Barker hypothesis
in Parkinson’s disease (PD). PD
occurs when the number of
dopaminergic neurons declines
below a certain threshold. This
can be caused by genetic
disposition (blue). Exposure to a
DNT
compound
during
neurodevelopment can decrease
the number of dopaminergic
neurons in the brain, but does not
result in immediate symptoms
(pink arrow). The normal loss of
dopaminergic neurons during life
can then lead to the onset of PD.

There are many more examples for developmental exposure to toxicants contributing to
diseases in later life. For example, developmental exposure to lead (Pb) has recently been
found to contribute to late-onset Alzheimer’s disease (Bakulski et al. 2012; Bihaqi and Zawia
2012). Also, exposure of mice to the environmental pollutant methyl mercury (MeHg) during
pregnancy has been shown to disturb learning and to cause a predisposition to depressive
behavior in male offspring (Onishchenko et al. 2007).
These are examples for environmental factors triggering diseases in later life, sometimes even
in following generations. When investigating how following generations are affected by early
developmental insults, two things have to be considered. First, it is important to separate the
effects a chemical has on the mother from the effects it has on her offspring. Exposure to
environmental chemicals can affect adult behavior, particularly behaviors that are sensitive to
hormonal manipulation, like maternal behavior (Cummings et al. 2010). Many developmental
outcomes, at least in laboratory animals, are modulated and determined by the quality and
amount of maternal care (Champagne 2008; Cummings et al. 2010). Furthermore, it has been
well documented that the type of care mothers provide to the litter is altered in response to
changes in the offspring (Cummings et al. 2010). Thus, in animal studies using in utero
exposure to assess developmental effects that chemicals have on the offspring, the mother
should not be viewed as a passive conduit for the chemicals, but her behavior should be
considered when interpreting the results (Cummings et al. 2010). Additionally, a chemical can
affect the development of the offspring independent of the effect on the mother’s behavior or
in absence of any adverse effects on the mother. Second, one has to bear in mind that there are
several levels of multigenerational and transgenerational effects. Multigenerational effects
involve direct exposure to the environmental factor (Skinner 2008). This was used in most of
the above mentioned studies, in which the adverse effects were observed in offspring directly
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exposed during early development, e.g. during lactation, (Fig. 2.5B) or in offspring that was
exposed in utero (Fig. 2.5A). For in utero exposure, F3 generation is the first generation
which is not directly exposed to the chemical (Fig. 2.5A). In postnatal exposure scenarios, the
first not-directly exposed generation, is the F2 generation (Fig. 2.5B).
Figure 2.5. Direct exposure of
generations.
(A) in utero exposure: Gestating
female (F0) is exposed to the
chemical. Therefore, the offspring is
directly exposed via the umbilical
blood (F1). The F2 generation is
directly exposed as germ-line of F1.
(B) postnatal or adult exposure:
Postnatal or adult individual is
exposed to the chemical (F0). The F1
generation is directly exposed as germline of F0.
modified from (Skinner 2008)

In contrast to multigenerational effects, transgenerational effects are transmitted between
generations but do not involve direct exposure. For that, germ line transmission needs to be
involved. That was shown, e.g., for the endocrine disruptor vinclozolin. Exposure to
vinclozolin during embryonic gonadal sex determination (Fig. .5A) was shown to induce adult
onset disease for multiple generations, including F3, which is the first generation not directly
exposed after in utero exposure (Anway et al. 2006). There is growing evidence that
transgenerational effects of toxicants are mediated by epigenetic mechanisms (Skinner 2008;
Skinner et al. 2010).
2.1.3.3 Need for in vitro test systems
As mentioned above and in Chapter 3.2 there is an urgent need for sensitive and reliable in
vitro DNT test systems. Also the vision of the US National Research Council “Toxicity
testing in the 21st century: a vision and a strategy” favors the development of such test
systems. Whereas classical toxicology begins with a black box screen on animals, the new
vision requires a paradigm shift starting hazard assessment bottom-up (Leist et al. 2008b).
This means that the toxicity of a compound should first be tested according to its chemical
properties in silico and, in a next step, its mode of action should be investigated leading to
few compounds for which further animal testing is needed (Leist et al. 2008b). Another
important reason for developing in vitro systems that are based on human cells is the
questionable correlation between effects seen in rodents and effects on humans as we are not
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70 kg rats or mice (Hartung 2009; Leist and Hartung 2013). Test systems using human cells,
e.g. LUHMES or human embryonic stem cells (hESC), diminish this problem of inter-species
extrapolation (see also Chapter 3.2 and 4.2).
2.1.3.4 Modeling biological processes of neurodevelopment in vitro
To describe the chain of events that links a chemical to the hazard it poses to the organism,
different concepts have been developed. They differ in their main perspective and the
intended use. For instance, the concept of “pathways of toxicity” focuses mainly on the
network of cellular regulations that decides the eventual cell fate (Hartung and McBride
2011). The concept of “adverse outcome pathways” relates a molecular initiating event that is
triggered

by

a

chemical

or

its

metabolite

to

a

defined

adverse

outcome

(http://www.oecd.org/env/ehs/testing/49963554.pdf). The concept of “biomarkers of toxicity”
mainly deals with measurable endpoints that can be applied to model systems (Blaauboer et
al. 2012). (Blaauboer et al. 2012). The newly proposed concept of “toxicity endophenotypes”
focuses on biological processes that can be modeled by in vitro systems in contrast to final
phenotypes, like mental retardation, that, in most cases, can hardly be directly assessed
(Kadereit et al. 2012). For instance, neurodevelopment, as mentioned before, is very complex
and needs many biological processes to be orchestrated correctly in time and space.
Interference with these processes can lead to developmental neurotoxicity (DNT). The
adverse outcomes of DNT comprise reduced IQ, attention deficit, various sensory
disturbances and others. These functionally defined phenotypes can, at present, not be
modeled in in vitro systems. In order to develop relevant in vitro model systems for DNT, the
final phenotype needs to be linked to effects the DNT causing chemical has in in vitro
systems. Therefore, we need to understand how the final phenotype is linked to the altered
biological state of the nervous system in vivo, also called the endophenotype, and how the
phenotype is linked to basic biological processes that are affected by the chemical in vivo.
Additionally, we need to understand the link of the endophenotype to the basic biological
processes affected by the chemical, not only in vivo, but also in vitro. Thus, the toxicity
endophenotype describes the biologically quantifiable altered functionality of parts of the
nervous system due to exposure to a DNT chemical. This is triggered by a chemical, and can
be caused by several biological processes disturbed by the chemical. Those biological
processes then can be tested in vitro. Distinct biological processes affected by a DNT causing
chemical can be modeled in several test systems.
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For instance, it is known that interference with neurite outgrowth (biological process) can lead
to altered electrical circuits (toxicity endophenotype), which has been associated with
schizophrenia and mental retardation (DNT effect). During this thesis we developed an in
vitro test system which allows the assessment of chemicals’ adverse effects on neurite
outgrowth using neuronal precursor cells (LUHMES).
How can other neurodevelopmental processes, like migration or differentiation and patterning
and their disturbance, be modeled using human cells? Human embryonic stem cells have been
proven to be useful tools in toxicology research (Leist et al. 2008a; Wobus and Loser 2011).
Embryonic stem cells are generated from the inner cell mass of the pre-implantation
blastocyst of in vitro fertilized oocytes and can be cultured on feeder cells, maintaining their
pluripotency (Leist et al. 2008a). Human embryonic stem cells can then be differentiated to
various cell types. For example, they can be differentiated to neural crest cells, which can be
used to model migration and its disturbance (Zimmer et al. 2012). Additionally, hESC can be
efficiently differentiated to neural precursor cells by adding two SMAD inhibitors (noggin or
its substitute dorsomorphin and SB431542). These compounds inhibit the differentiation into
lineages other than neuroectodermal lineages (Fig. 2.6). This system can be used to
investigate the adverse effect of chemicals on neural differentiation and patterning.

Figure 2.6. Neural differentiation of hESC in vitro.
Pluripotent hESC express stem cell markers like Oct4. Addition of two SMAD inhibitors (dark red)
prevents the differentiation of hESC to the lineages trophoectoderm, mesendoderm and ectoderm by
inhibition of several signaling pathways (dark blue) The cells differentiate to neural precursor cells that
express neural marker genes like Pax6 and Nestin. The SMAD inhibitor noggin is also expressed in vivo
from the notochord.
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But a model system is not a test system until adequate endpoints are defined. One possible
endpoint to assess the effect chemicals can have on the differentiation process of cells in vitro,
is the analysis of their transcriptome. This so-called toxicogenomics, defined as the “global
analysis of gene expression in target cells or tissues in response to a toxicant” has been
proposed to be useful to investigate exposure-response relationships, classification of
chemicals and model comparison (Robinson et al. 2012). However, it is crucial to have proper
study designs (reviewed in (Robinson et al. 2012)).
Apart from toxicologic studies on acute changes of the transcriptome, transcriptional profiling
has been proposed as sensitive endpoint to distinguish neural differentiation states during
normal and disturbed development (Kuegler et al. 2010). As already mentioned in chapter
2.1.1, marker genes specifying time and region of the differentiating cells can be assessed by
transcriptional profiling and it has been shown that such marker gene expression during
neural differentiation of embryonic stem cells occurs in a similar manner to in vivo (Zimmer
et al. 2011a). However, it is important to note that changes in marker gene expression in a test
system, for example of neurally differentiated hESC, caused by prolonged exposure to a
compound can represent two different statuses. The changes can be caused by the acute effect
of the compound on a biological process, thereby possibly representing a pathway of toxicity
or an adverse outcome pathway. On the other hand, the changes can be caused by an altered
differentiation and therefore have to be regarded as a fingerprint of the culture. The latter
would then represent the above mentioned toxicity endophenotype for DNT.

2.2 Epigenetics and disease
Cellular response to toxic insults, as well as stem cell maintenance and differentiation depend
on accurate regulation of gene expression. Over the last decades, evidence has been
accumulating that altered epigenetic control of gene expression is not only a cause for
diseases (e.g. carcinogenesis) (Waldmann and Schneider 2013), but also that compounds
interfering with this epigenetic control have been suspected to cause developmental defects in
later life (Gluckman et al. 2005), thereby potentially providing mechanistic background to the
Barker hypothesis mentioned above. The following paragraph will clarify what epigenetics is,
the role it plays in disease, especially neurological disorders and developmental toxicity and
how it can be investigated.
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2.2.1 Epigenetics
The term epigenetics, which literally means “above the genes”, was coined in 1942 by Conrad
H. Waddington (Waddington 2012). It describes, in a broad sense, phenomena that bridge
between genotype and phenotype (Goldberg et al. 2007). It has been used to describe any
hereditable activity that regulates gene expression not involving changes to the DNA
sequence (Allis et al. 2007; Pennisi 2001). One possible example for an epigenetic
phenomenon may be cellular differentiation, in which a diversity of cell types with distinct
phenotypes arises, e.g. characterized by specific expression patterns, which still carry an
identical genotype. Waddington explained this phenomenon of decision-making during
development by an epigenetic landscape rather than by genetic inheritance. In this landscape
at various decision points the cell can take specific trajectories, leading to different cell fates
(Waddington 1957). Although this landscape model has recently been challenged by direct
reprogramming of somatic cells decreasing the role of pluripotency for a cell’s differentiation
potential, epigenetics definitely plays a major role in cellular differentiation (Ladewig et al.
2013). Thus, epigenetic modifications belong to the key mechanisms that bridge between genotype
and phenotype of a cell, and can therefore affect cellular phenotype without changing the primary
sequence of DNA.

Nowadays in the field of epigenetics, chromatin, the complex of DNA and proteins, and its
higher order formation is an attractive candidate for modulating gene expression (Deng and
Blobel 2010), whereby the heritability of epigenetic marks is still not fully understood. Thus,
today the term epigenetics can also be described by alterations of gene expression due to
structural changes of chromatin.
In all eukaryotic cells, DNA is packed in DNA protein complexes called chromatin.
Chromatin consists of histone octamers around which the DNA (147 bp) is wrapped. A
histone octamer consists of two copies of each of the core histones H3, H2B, H2A and H4.
The DNA-histone octamer complex represents the basic unit of chromatin, called the
nucleosome. The chromatin structure regulates accessibility of regulatory DNA sequences
and thereby all DNA dependent processes like replication and transcription (Fig. 2.7). Tight
packaging of chromatin into the more closed heterochromatin decreases DNA accessibility,
thereby inhibiting DNA dependent processes, such as gene expression. More loosely packed
chromatin is called euchromatin. The more open structure of euchromatin allows binding of
transcription factors and facilitates gene expression. The chromatin structure is regulated
dynamically by several mechanisms from the relatively closed (inactive) heterochromatin to
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the more open (active) euchromatin (Fig 2.7). Therefore, the mechanisms that regulate
accessibility of chromatin contribute to epigenetic regulation of gene expression.

Figure 2.7. Chromatin structure. DNA (red) is wrapped around histone octamers (blue). A more open
structure which allows access of DNA binding factors is called euchromatin. A more compact and
therefore silenced structure is called heterochromatin. See also text.

2.2.1.1 Dynamic regulation of chromatin structure
As already mentioned, epigenetics describes the alterations of gene expression due to
structural changes of chromatin. There are several mechanisms which can determine the
chromatin structure and the access of transcription factors to their regulatory sequence, which
further on will be called epigenetic mechanisms. Their balance is interdependent and essential
for normal development and cellular function. There are five categories of epigenetic
mechanisms known to affect chromatin structure: DNA methylation, posttranslational
modifications (PTM) of histones, several classes of non-coding RNAs, chromatin remodeling
complexes which are ATP dependent protein complexes that perform nucleosomal sliding,
and the exchange of histone variants which influence the regional chromatin condensation
(Fig. 2.8) (Dulac 2010).
Figure
2.8.
Epigenetic
mechanism
affecting
chromatin
structure.
Arrows indicate
cross-talk. See
text.
adapted from Dulac 2010

There are at least two classes of RNAs that are part of controlling epigenetic phenomena. On
the one hand, there are long non-coding RNAs that can induce long-term silencing and can be
inherited through cell division (Bernstein and Allis 2005). This is done by non-coding RNAs.
The probably most famous example is the non-coding RNA Xist which is crucial for
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imprinting of the second X chromosome in female mammals together with other components
of the chromatin and DNA methylation (Bernstein and Allis 2005). Small RNAs and long
non-coding RNAs can recruit chromatin-modifying complexes and target it to specific
chromosome regions (Moazed 2009; Tsai et al. 2010). On the other hand, there is posttranscriptional RNA interference, which might not be considered to be epigenetic by nature
due to its sequence specificity. Small interfering RNAs (siRNAs) can degrade mRNA in a
sequence specific manner (Hutvagner and Zamore 2002). MicroRNAs (miRNAs) bind to the
3’untranslated region of target mRNAs and down-regulate their expression (Bushati and
Cohen 2007). miRNAs have been shown to play major roles in many processes. For example,
specific miRNAs can promote neuronal differentiation (Stappert et al. 2013). Also, miRNA
profiling has evolved as an exciting tool to study pathological and toxicological processes
(Smirnova et al. 2012) as discussed below.
DNA methylation occurs at the C5 position of cytosines. DNA methyltransferases methylate
cytosines in CpG islands, whereby Dnmt1 maintains the methylation state and Dnmt3a and
Dnmt3b methylates de novo. Dnmt3b is only expressed in stem cells. Methylated CpG islands
in the promoter of a gene are associated with repressed gene expression. The different
epigenetic mechanisms are strongly interdependent. It was shown that MeCP2 binds to
methylated DNA and recruits HDAC1 thereby transferring the chromatin to a silenced state
(Jones et al. 1998; Nan et al. 1998; Razin 1998).
Histones can be modified by several mechanisms. The best described histone PTMs are
acetylation of lysines, methylation of lysines and arginines and the phosphorylation of serine
and threonine residues. But during the last decade, several additional modifications have been
identified such as ADP ribosylation, ubiquitination, sumoylation, or the transfer of β-Nacetylglucosamine (Bannister and Kouzarides 2011). The different PTMs are catalyzed by the
“writer”-enzymes and removed by “erasers” (Bannister and Kouzarides 2011; Weng et al.
2012). Acetylation of lysine residues is set by histone acetyl transferases (HAT) which utilize
acetyl-CoA as cofactor (Bannister and Kouzarides 2011). Several classes of histone
deacetylases can remove the acetylation from the histones (see Chapter 4 and 5). Methylation
of histones can occur at lysine and arginine residues, which can be mono-, di or tri-methylated
or mono- or symmetrically or asymmetrically methylated, respectively. Histone lysine
methyltransferases (HKMT) are very specific enzymes and all contain a so-called Set domain
(Bannister and Kouzarides 2011). Removal of the methyl-groups from histones was a mystery
for many years until the lysine-specific demethylase 1 (LSD1) was found which recognizes
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nucleosomes if complexed with the Co-REST repressor complex (Klose and Zhang 2007).
Nowadays many histone lysine demethylases are known which, except for LSD1, all possess
a catalytic jumonji domain (Mosammaparast and Shi 2010).
Not only the charges transferred to the histone tails by acetylation or phosphorylation can
regulate chromatin structure, but also chromatin factors that specifically bind to the
modifications. Those so-called readers or binders contain domains which recognize the
modifications. Methyl-lysine-recognizing domains are PHD fingers and the Tudor “royal”
family which comprises chromodomains, Tudor- and MBT- domains, whereby numerous of
those domains can bind to the same modified histone (Bannister and Kouzarides 2011).
Bromodomains can bind to acetylated lysines. Some proteins contain several binding domains
allowing higher affinity. Cross-talk between the different modifications adds an extra level of
complexity. This cross-talk can happen by competitive antagonism between modifications,
modifications that depend on each other, disruption of protein-binding by an adjacent
modification, decreased enzyme activity due to its modified substrate and cooperation
between modifications to recruit specific factors (Bannister and Kouzarides 2011).
PTM of histones are known to be one of the key mechanisms for regulating proper gene
expression (Waldmann and Schneider 2013). It has been debated if the structure and
interactions by net charge of the aminotails of histones define the structure and function of
chromatin (Zheng and Hayes 2003) or if a so-called histone code exists. The latter describes
the hypothesis that distinct histone amino-terminal modifications are responsible for
interaction of chromatin-associated proteins and therefore dictate transcriptionally active and
silent chromatin states (Jenuwein and Allis 2001). Other groups have shown that, depending
on the site at the H4 tails, acetylation can have a specific and a non-specific effect on gene
expression (Dion et al. 2005). Although there has been a tendency to believe in the histone
code as the governor of gene expression (Margueron et al. 2005) and although the expression
is useful to define that a specific set of histone modifications is needed for a given task, it is
debated if there really is a strictly predictable “code” (Kouzarides 2007). Taken together, it
seems likely that both, net charge effects and specific binding to modifications, are the basis
for regulating chromatin structure and gene expression (Allis et al. 2007).
There are more types of chromatin than the two well-known chromatin structures euchromatin
and heterochromatin. However, until now they are not well studied. What is known is that
there are histone marks that have been clearly associated with one chromatin state (Fig. 2.9).
Such histone modifications, known to be associated with the open, transcriptionally active
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chromatin (euchromatin), are H3K4me3, H3K9ac and H3K36me3. Other modifications like
H3K27me3 and methylated H3K9me3 correlate with transcriptionally silenced chromatin
(heterochromatin). Nonetheless, the exclusiveness of histone marks to one kind of chromatin
is in the most cases not as clear as H3K4 trimethylation (Bannister and Kouzarides 2011)
which adds to the difficulties in predicting chromatin states from epigenetic modifications.
Figure
2.9.
PTM
characteristic for Eu- or
Heterochromatin. Blue
lines represent histone
tails. Green and orange
object represent PTM of
histones. See text.

Chromatin structure and transcriptional regulation are especially important for differentiation
processes. During differentiation, trithorax protein complexes set the marks for active
chromatin (especially MLL sets HeK4me3) and polycomb protein complexes set the marks
for facultative heterochromatin (especially EZH2 sets H3K27me3). In pluripotent cells, marks
for open and for closed chromatin coexist in some promoters, in particular H3K4me3 and
H3K27me3. This is referred to as a bivalent state in which the genes are poised for activation.
During neural differentiation of stem cells, for example, neural genes like Pax6 are derepressed from their bivalent state to an active state by demethylation of H3K27me3
(Hirabayashi and Gotoh 2010) (Fig. 2.10).
Figure
2.10.
Example for bivalent
histone marks and
their resolution. In
pluripotent
cells,
genes
for
other
lineages can carry
active (green) and
repressive
(orange)
histone marks in their
promoters.
Upon
differentiation
one
mark can be lost. The
promoter of the neural
gene pax6 loses the
repressive H3K27me3
mark
in
neural
progenitor cells. In
neurons,
astrocytic
genes like gfap, loose
the active H3K4me3
mark and become
terminally repressed.
adapted from (Hirabayashi and Gotoh 2010)
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Due to this multitude of enzymes and cofactors that regulate epigenetic modifications, it
seems likely that chemicals may be able to disturb this fine-tuned regulatory network in many
steps (Smirnova et al. 2012). In particular, epigenetic gene regulation can be disturbed by
toxicants on several levels. First, chemicals can influence the activity of the epigenetic
modifiers. Second, toxicants can alter gene expression levels of the epigenetic modifiers or,
third, can be in general geno-toxic and induce mutations in the genes of the epigenetic
modifiers which leads to miss-regulation or - function (Waldmann and Schneider 2013).
Changes in gene expression levels of epigenetic modifiers can be tested by standard
transcriptomics methods (Weng et al. 2012). However, in order to obtain information on
altered activities of chromatin-modifying enzymes, methods to quantify changes of histone
PTMs or DNA methylation levels are necessary. Toxicological test systems evaluating such
endpoints are hard to establish, although it is well-known that certain classes of
pharmaceuticals (e.g. HDAC inhibitors) do modify epigenetic marks (Collotta et al. 2013;
Smirnova et al. 2012; Stoccoro et al. 2012). Also, it is known that exposure to several
environmental chemicals and other stressors can result in altered epigenetic marks. For this
reason, it appears highly important to establish new test systems that evaluate epigenetic
changes, and to incorporate epigenetic endpoints into already existing test systems.

2.2.1.2 Epigenetic technologies
Understanding the epigenome, its potential disturbance by environmental factors and how this
impacts on human health and disease will influence not only mechanistic toxicology, but also
how pharmaceutical drugs are analyzed for efficacy and safety (Marlowe et al. 2009). Also, it
seems useful to include epigenetic modifications when looking for biomarkers of depression.
Not only have epigenetic changes been detected in human suicide victims who were abused
during childhood (McGowan et al. 2009), but also it was suggested to use DNA methylation
profiles of the promoter of the brain-derived neurotrophic factor (BDNF) gene as a diagnostic
biomarker for major depression (Fuchikami et al. 2011). Therefore, it will be crucial in the
future to asses epigenetic changes induced by environmental chemicals and to elucidate their
primary mode of action and to correlate this to eventually causative effects for disease
development. To define such epigenetic biomarkers, various technologies exist, of which
some are described below .
The most commonly used technique to assess DNA methylation is bisulfite conversion in
which the unmethylated cytosins are converted to uracil and then by PCR to thymidine. The
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PCR product can be analyzed by high-throughput sequencing or on a gene chip. There are
multiple other technologies to detect DNA methylation: restriction landmark genomic
scanning, arbitrariliy primed PCR, MethyLight, pyroseqeuncing, and methylated DNA
immunoprecipitation (reviewed in (Marlowe et al. 2009)).
Next generation sequencing has revealed that most of our genome is transcribed, generating
non-protein-coding RNA. Many of those seem to have regulatory functions as a new player in
the epigenetic regulation (Amaral et al. 2008). Many chemicals have been shown to alter the
expression of specific miRNAs (Smirnova et al. 2012). miRNA profiling can easily be done
with kits to isolate miRNA and PCR arrays with probes against the complete miRNome or
using focused arrays to investigate for example cell differentiation and development
(http://www.sabiosciences.com/mirna_pcr_array.php). This is probably a cause for the wealth
on studies assessing chemical effects on miRNA expression compared to studies on the
adverse effect on histone modifications.
Histone modifications and how they are affected by toxicants can be investigated by
chromatin immunoprecipitation (ChIP). ChIP can be performed on native chromatin and on
cross-linked chromatin. The latter provides a good method for toxicological studies as it
enables to precipitate not only for modified histones, but also for proteins bound to it. The
procedure for a ChIP is given in Figure 2.11.
Briefly,

living

cells

are

fixed,

for

example

in

formaldehyde, thereby crosslinking the DNA to the
proteins bound to it. Nuclei are isolated and sonicated in
order to get smaller DNA fragments. An antibody against
a specific histone modification is used to pull down DNA
fragments that are wrapped around a nucleosome carrying
this modification. Precipitated DNA fragments can be
analyzed after reversal of the cross-link. The crucial point
in this method is a specific antibody for the investigated
modification. Additionally, it allows the performance of
so-called re-ChIP in which the chromatin carrying two
from (Collas 2009)

Figure 2.11. Chromatin immuneprecipitation (ChIP) assay. For
brief description see text.

distinct modifications on the same or neighboring
nucleosome can be precipitated, thereby allowing more
realistic

statements

about

bivalent

genes.

Human

embryonic stem cells or induced pluripotent stem cells are
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a valuable tool for ChIP analysis as sufficient amounts of cells can be produced. The classical
analysis of ChIP is performed by qPCR of a chosen genomic region, mostly at promoters of
genes around the transcription start site. But meanwhile it is also very common to perform
next-generation sequencing (ChIP-seq) or microarray (ChIP-chip) to investigate enrichment
of the specific histone modification on a genom-wide scale or on promoter arrays. Toxicants
altering the histone modifications at promoters of genes that are crucial for development can
then be identified.
There is an increasing amount of online available epigenomic resources, which allow analysis
of the epigenome of e.g. hESC and induced pluripotent stem cells. Many of the resources
have been discussed in other publications (Marlowe et al. 2009), and many focus on DNA
methylation, for example the human epigenome project. The NIH has an epigenomics
program which aims to generate new research tools, datasets and infrastructure to better
understand

epigenetics

and

the

role

it

plays

in

health

and

disease

(https://commonfund.nih.gov/epigenomic). They provide a platform to access published data
on DNA methylation and histone modification patterns of various cell types and tissues of
multiple organisms (http://www.ncbi.nlm.nih.gov/epigenomics). Another open resource to
access

such

data

is

provided

at

the

WashU

Genome

Browser

(http://epigenomegateway.wustl.edu/browser). These databases are important for the
investigation of chemical-induced alterations of histone modifications at promoters of specific
genes as they provide information about the naturally occurring modification pattern which
can, for example, be used to design primers for ChIP analysis.

2.2.2 Diseases and toxicity caused by epigenetic mechanisms
Studies on monozygotic twins provide an elegant model to study the environmental influence
on gene expression. Using this model, it has been shown that twins at 50 years of age in
contrast to 3-year-old twins differ in the DNA methylation pattern and the H3 and H4
acetylation pattern of their lymphocytes (Fraga et al. 2005). It is likely that these changes are
not only caused by nutrition, but also by exposure to environmental chemicals and drugs.
Thus, it is important to understand by which mechanisms chemicals and drugs may interfere
with epigenetic mechanisms.
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2.2.2.1 Epigenetic diseases and toxicity
Mental retardation or autism, which can be caused by disturbance of neurodevelopment,
affects about 3% of children. Many genes associated with these diseases affect epigenetic
mechanisms (Graff and Mansuy 2009; Kramer and van Bokhoven 2009; Ramocki and Zoghbi
2008). One example of such an epigenetically caused mental retardation disorder is the Rett
syndrome. It is caused by mutations in the gene encoding MeCP2 which binds to methylated
CpG islands (Amir et al. 1999). MeCP2 has not only been found to be a transcriptional
silencer by recruiting HDACs but also to negatively and positively regulate expression of
many genes in the hypothalamus (Chahrour et al. 2008).
Changes in DNA methylation have been shown to lead to altered expression of imprinted
genes. Several diseases (Prader-Willi, Wilms tumor, Angelmann syndrome) are based on the
failure of imprinting (Murphy and Jirtle 2000).
Intriguingly, many late-onset disorders and altered behaviors that are caused early in life or
even in the generations before (see Barker hypothesis) are associated with epigenetic
alterations. A famous example is the stress response of mice that is altered dependent on
maternal care. Offspring that received less maternal care is more fearful and shows stronger
activation of the hypothalamic-pituitary-adrenal (HPA) axis in response to stress. This has
been associated with altered histone acetylation levels in the glucocorticoid receptor (GR)
gene promoter in the hippocampus (Weaver et al. 2004). These findings could be translated to
humans. Childhood abuse was found to alter HPA stress responses and increase the risk of
suicide. This correlated with epigenetic differences in a neuron-specific glucocorticoid
receptor promoter in postmortem hippocampus of suicide victims (McGowan et al. 2009).
The methylation of the promoter of this glucocorticoid receptor was also shown to be altered
in adolescent children whose mothers were exposed to intimate partner violence during
pregnancy (Radtke et al. 2011). However, it is hard to correlate such epigenetic alterations to
their primary cause.
Also, evidence arises that environmental chemicals can induce many of the sporadic forms of
neurological disorders and that this could be due to an altered epigenetic state. For example,
the before-mentioned (chapter 2.1.2.1) adverse effect on learning and mood of offspring of
mice treated with MeHg has been correlated to increased levels of DNA methylation,
increased levels of H3K27me3 and reduced H3K9/H3K14 acetylation at the BDNF promoter
(Onishchenko et al. 2008). Alzheimer’s disease (AD), as mentioned earlier, may be caused by
infantile exposure to lead (Pb). Examination of such an effect in aged monkeys uncovered
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decreased DNA methyltransferase activity, which lead the authors to hypothesize that Pb
exposure alters the DNA methylation pattern in early life and thereby influences the
expression of AD-related genes in later life (Wu et al. 2008). The down-regulation of DNA
methylating enzymes and up-regulation of AD-related genes after Pb exposure was
reproduced in the same group in human neuronal cells in vitro (Bihaqi and Zawia 2012).
Exposure to some chemicals can even lead to altered behavior and increased incidence of
diseases three generations after the exposure. This is best studied for endocrine disruptors.
Exposure to bisphenol A during early development has been shown to alter DNA methylation
in the fetal mouse forebrain and to alter behavior (Skinner et al. 2010). Embryonic exposure
to the endocrine disruptor vinclozolin has been shown to lead to adult-onset diseases,
including for example prostate disease, testis and immune system abnormalities in the first
generation which persisted for four subsequent generations (Anway et al. 2006). This was due
to altered DNA methylation pattern in the male germ line and resulted also in heritable
changes in gene expression in the brain, even two generations later (F3). These altered
expression patterns correlated with sex-specific altered anxiety-like behaviors up to the F3
generation (Skinner et al. 2008). The vinclozolin exposure three generations earlier even
altered the murine response to chronic restraint stress (Crews et al. 2012).
The involvement of epigenetic mechanisms in the adverse effect environmental chemicals has
previously lead to the suggestion to include epigenetic modifiers in the basic principles of risk
assessment (Smirnova et al. 2012). The altered epigenetic modifications seem to be good
candidates to indicate health hazard, regarding the severe disorders that can be caused by
environmental chemicals causing epigenetic changes described above. Additionally,
epigenetic biomarkers could be assessed to find out if ancestral environmental exposures
occurred that are associated with adult onset disease.
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This general introduction is meant to link neural development and epigenetics to the effects of
their disturbance by toxicants. Further important aspects of the work presented here, as testing
for DNT (in particular in vitro test systems for neurite outgrowth), the use of hESC to
investigate pathological mechanisms and the effect of HDAC inhibitors on neural
development, are well introduced and discussed in the following chapters which include 2
accepted publications and 1 manuscript with their own introductions.

2.3 Aims of this thesis
Developmental neurotoxicity (DNT) is a serious concern for environmental chemicals, food
additives and drug substances. Nonetheless, only a few chemicals have been tested for DNT.
Moreover, data from animal studies are often not predictive for humans (Leist and Hartung
2013). DNT hazard might be better predictable if based on human model systems in which
biological modes of actions can be identified. Thus, the work described in this thesis was
done to develop, characterize and use new in vitro test systems for DNT based on human
cells. One of the systems was used extensively to identify biological modes of actions of DNT
compounds. Towards these ends, the aims of this thesis were
1. to develop a test system based on human neuronal precursor cells (LUHMES) to asses
disturbances of neurite outgrowth
2. to evaluate the suitability of human embryonic stem cells (hESC) for DNT testing and
to develop an in vitro test system based on the neural differentiation of hESC
3. to investigate transcriptome changes of differentiating hESC when exposed to DNT
compounds for different times
4. to investigate whether epigenetic processes are a target of toxicants that affect the
differentiation of hESC to neural precursor cells.
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outgrowth by multiparametric live cell imaging in high-density
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Chapter 3
Assessment of chemical-induced impairment of human neurite
outgrowth by multiparametric live cell imaging in high-density
cultures

Nina V. Stiegler1, Anne K. Krug, Florian Matt and Marcel Leist
Doerenkamp-Zbinden Chair for in vitro toxicology and biomedicine, University of Konstanz,
Konstanz, Germany.
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3.1 Abstract
Chemicals that specifically alter human neurite outgrowth pose a hazard for the development
of the nervous system. The identification of such compounds remains a major challenge,
especially in a human test system. To address this issue, we developed an imaging-based
procedure in LUHMES human neuronal precursor cells to quantify neurite growth of unfixed
cultures. Live imaging allowed the simultaneous evaluation of cell viability and neurite
outgrowth within one culture dish. The procedure was used to test the hypothesis that
inhibitors of specific pathways can impair neurite outgrowth without affecting cell viability.
Although the cells were grown at high density to allow extensive networking, overall neurite
growth in this complex culture was quantified with a signal-noise ratio of > 50. Compounds
such as U0126 slowed the extension of neuronal processes at concentrations > 4 times lower
than those causing cell death. High numbers of individual viable cells without neurites were
identified under such conditions, and neurite outgrowth recovered after washout of the
chemical. Also an extension-promoting compound, Y-27632, was identified by this unique
multi-parametric imaging approach. Finally, the actions of unspecific cytotoxicants such as
menadione, cadmium chloride and sodium dodecyl sulphate were tested to evaluate the
specificity of the new assay. We always found a ratio of EC50(cell death)/EC50(neurites) < 4
for such chemicals. The described novel test system may thus be useful both for high
throughput screens to identify neuritotoxic agents and for their closer characterization
concerning mode of action, compound interactions or the reversibility of their effects.

Keywords: neurite outgrowth, live imaging, LUHMES, neurotoxicity, developmental
toxicity
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3.2 Introduction
Developmental neurotoxicity (DNT) is caused by exposure to toxicants during sensitive
periods of the formation of the central nervous system (CNS) (Grandjean and Landrigan
2006). It usually manifests in neurobehavioral or cognitive deficits which may persist long
after removal of the original stimulus. This has been unequivocally demonstrated in humans
for lead, arsenic and mercury compounds, as well as for polychlorinated biphenyls and some
organic solvents (Grandjean and Landrigan 2006). A further outcome of DNT may be the
increased susceptibility to neurological and psychiatric disease later in life, as suggested by
some human data and animal experiments (Grandjean 2008).
Although epidemiological studies yield highly relevant information for humans, they are
limited by their very low detection power. Moreover, they can identify problems only after
exposure of large numbers of people has occurred. Therefore, animal test systems have been
developed in order to predict potential human hazard. DNT is currently tested in vivo
according to test guidelines published by the OECD or US EPA (EPA 1998). Most
information is available from such studies on pesticides, while regulatory testing for industrial
chemicals is very rarely done (Makris et al. 2009). Frequently, these studies yield little or no
mechanistic information, and the extrapolation of rodent data to the human situation is a huge
challenge when the mode of action remains unknown.
The current mechanistic concepts of DNT have been developed on the basis of data for a very
small number of model compounds, and by reference to the knowledge on pivotal processes
in developmental neurobiology (Kuegler et al. 2010; Lein et al. 2007). Accordingly, two
classes of DNT toxicants may be distinguished. The first comprises certain anti-mitotic
compounds, such as the DNA-alkylating agent methylazoxymethanol (Goldey et al. 1994).
The second class of compounds is assumed to interfere with cellular signalling processes that
are relatively specific for the developing nervous system. They may affect migration of neural
progenitors, neuronal maturation, the balance between gliogenesis and neurogenesis or
neuronal subtype specification, as well as synaptogenesis and neurite outgrowth (Kuegler et
al. 2010). For instance, cyclopamine causes holoprosencephaly by inhibiting the sonic
hedgehog pathway required for pairing of anterior forebrain structures (Cooper et al. 1998).
Also, overstimulation of pathways can be detrimental, as shown by the neuroteratogenic
effects of retinoic acid, a strong agonist of the nuclear RXR receptor (Zimmer et al. 2011a).
Especially the inhibition of axon and dendrite extensions has been considered an important
mode of action for specific developmental neurotoxicants (Lein et al. 2007; Radio et al. 2008;
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Radio and Mundy 2008). The correct wiring of the brain depends on neurite outgrowth during
development. Connections appear to be disturbed in schizophrenia, anxiety disorders or
mental retardation and specific self-destruction programs have evolved for axonal pruning in
developing neurons (Saxena and Caroni 2007). Even mature neurite structures are known to
be a particularly sensitive target for a wide range of chemicals, including many
chemotherapeutics. The outgrowth of neurites is controlled by additional pathways that may
be affected by toxicants. For instance, the signalling of MAP kinases (Doherty et al. 2000)
and PKC (Larsson 2006) need to be functional for neurite outgrowth. Neuritogenesis may also
be impaired by compounds that enhance one of the several endogenous pathways leading to
growth cone collapse. For instance, signalling via the small GTPase rho pathway, mediated by
Rho kinases, can compromise neurite growth (Chen et al. 2000).
The wealth of knowledge on the cell biology of neurite outgrowth (Andres et al. 2008; Kim et
al. 2009) contrasts with the relative dearth of information on the activities of potential
toxicants on human neurons (Kuegler et al. 2010). Although systematic species comparisons
have not been performed, differences between human and rodent neurons are to be expected.
For instance, a frequently encountered human neuropathy, organophosphate ester delayed
peripheral neuropathy, is hard to model in rodents. Nevertheless, the most frequently used test
systems are based on PC-12 cells, which are of rat origin and strictly dependent on NGF for
their neurite outgrowth (Radio et al. 2008). As neurotrophin-independent alternatives, rodent
primary cells from cerebellum or hippocampus have been used (Radio et al. 2010). Human
test systems usually employ SH-SY5Y neuroblastoma cells (Frimat et al. 2010) or
teratocarcinoma-derived hNT neurons. Unspecific cytotoxicity is very hard to distinguish
from neurite toxicity in these systems (Harrill et al. 2010). Also, methods would be desirable
that measure outgrowth in high density cultures, as some cell types show improved neurite
growth and survival under such conditions (Radio et al. 2008).
Thus, there is a strong need for improved test systems that are robust enough for high
throughput, and sufficiently sensitive for identification of neurite effects independent of
unspecific cytotoxicity. In the present study, we explored the usefulness of LUHMES human
neuronal precursor cells (Lotharius et al. 2005; Schildknecht et al. 2009) for neurite
outgrowth assays. For this culture system, we developed new methods for unbiased
quantification of the neurite growth in high density cultures. We used live cell stains that
avoid processing artefacts and allow the simultaneous acquisition of viability parameters. The
new test system allowed us to investigate the question, whether a set of diverse compounds
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could be identified that genuinely inhibited human neurite outgrowth without affecting the
overall cellular viability.

3.3 Materials and Methods
3.3.1 Materials and chemicals
Calcein-AM, Hoechst bisbenzimide H-33342, resazurin sodium salt, methylmercury (II)
chloride,

cylcoheximide,

flavopiridol,

sodium

orthovanadate,

fibronectin,

saponin,

tetracycline and dibutyryl-cAMP (cAMP) were from Sigma (Steinheim, Germany).
Recombinant human FGF-2 and recombinant human GDNF were from R&D Systems
(Minneapolis, USA). Bisindolylmaleimide I, U0126 and brefeldin A were from Calbiochem
(Darmstadt, Germany); Y-27632 was from Tocris Bioscience (Bristol, UK), tween-20 was
from Roth (Karlsruhe, Germany), DMSO from Merck (Darmstadt, Germany) and
metamphetamine was obtained from Lipomed (Arlesheim, Switzerland). All culture reagents
were from Gibco unless otherwise specified.

3.3.2 Cell culture
LUHMES cells (ATCC CRL-2927) were derived from female human fetal (8 weeks) brain by
clonal selection of conditionally immortalised (tetracycline-controlled v-myc) ventral
mesencephalic cells as previously described in detail (Lotharius et al. 2005; Schildknecht et
al. 2009). The cells were propagated in a 5% CO2/95% air atmosphere at 37°C in proliferation
medium, consisting of advanced DMEM/F12 containing

2 mM L-glutamine, 1 x N2

(Invitrogen) and 2 ng/ml FGF-2. In the proliferation state, the cells expressed v-myc and had
a doubling time of 24 h. Differentiation followed a three-step procedure: For preparation of
the differentiation, eight million cells of passage 5 to 15 were seeded in a NunclonTM T175
flask and were grown for 24 h in proliferation medium. In a second step, the differentiation
process was initiated by changing the medium to differentiation medium I consisting of
advanced DMEM/F12 supplemented with 2 mM L-glutamine, 1 x N2, 2.25 µM tetracycline, 1
mM dibutyryl-cAMP and 2 ng/ml recombinant human GDNF. Under these conditions, v-myc
was switched off rapidly and cells became post-mitotic. In the third step, LUHMES cells predifferentiated for 2 days, were trypsinised and seeded on dishes precoated with 50 ng/ml
poly-L-ornithine (PLO) and 1 µg/ml fibronectin under the continued presence of tetracycline,
but without cAMP and GDNF (differentiation medium II = DM II).
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3.3.3 Standard experimental setup
Cells were seeded at a density of 30000 cells per well in 50 µl DM II on PLO/fibronection
coated 96-well dishes. Compounds were serially diluted in DM II and 50 µl were added to the
cells 1 h after seeding. Maximal test concentrations of the compounds were based on pilot
experiments or published data as shown in Table 1. The maximum DMSO concentration used
was 0.33% and had no influence on cell viability or neurite outgrowth. To investigate the
reversibility of effects on neurite outgrowth their medium was removed on d3 and 100 µl DM
II was added to the cells. All analyses were performed 24 h after initiation of the treatment, or
after 48 h for reversibility studies. The acceptance criterium for all neurite outgrowth assays
included in the data analysis for the results section was that the positive control compound
U0126 (25 µM), run along in each assay, decreased neurite area to at least 70% of the control
without a significant difference in viable cell number.

3.3.4 Resazurin measurement
Cell viability was detected by a resazurin metabolism assay (Schildknecht et al. 2009).
Briefly, ten µl resazurin solution were added to the cell culture medium to obtain a final
concentration of 10 µg/ml. After incubation for 30 min at 37°C the fluorescence signal was
measured at an excitation wavelength of 530 nm, using a 590 nm longpass filter to record the
emission. Fluorescence values were normalised by setting fluorescence values of untreated
wells as 100 % and the values from wells containing less than 5% calcein-positive cells as
0%.

3.3.5 Quantification of neurite outgrowth
Neurite outgrowth was defined in this study on a population basis as the difference of total
neurite area per unit area over time. In brief, all cellular components not belonging to the
somata were quantified and regarded as the “neurite area”. In detail, cells were stained with 1
µM calcein-AM and 1 µg/ml H-33342 for 30 minutes at 37°C. An automated micro-plate
reading microscope (Array-ScanII® HCS Reader, Cellomics, Pittsburgh, PA) equipped with a
Hamamatsu ORCA-ER camera (resolution 1024 x 1024; run at 2 x 2 binning) was used for
image acquisition (Schildknecht et al. 2009). Ten fields per well were imaged. Images were
recorded in 2 channels using a 20 x objective, and excitation/emission wavelengths of 365 ±
50/535 ± 45 to detect H-33342 in channel 1 and 474 ± 40/535 ± 45 to detect calcein in
channel 2. In both channels, a fixed exposure time and an intensity histogram-derived
threshold were used for object identification. Neurite pixels were identified using the
following image analysis algorithm: nuclei were identified as objects in channel 1 according
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to their size, area, shape and intensity which were predefined on untreated cells using a
machine-based learning algorithm, and manual selection of nuclei to be classified as intact.
The nuclear outlines were expanded by 3.2 µm in each direction, to define a “virtual cell soma
area=VCSA” based on the following procedure: The average width of the cytoplasm ring
(distance nucleus – cell membrane) of LUHMES cells was experimentally determined to be
2.3 µm. Size irregularities were not always due to growing neurites, as determined by
combined F-actin/tubulin beta-III staining. To avoid scoring of false positive neurite areas, the
exclusion ring (VCSA) was made bigger than the average cell size. Then we used two control
compounds (U0126 and bisindolylmaleimid I) to vary the expanded outlines from 0.6 to 4
µm. We found 3.2 µm to be optimal both to detect neurite growth over time, and to identify
reduced neurite growth with high sensitivity. All calcein-positive pixels of the field (beyond a
given intensity threshold) were defined as viable cellular structures (VCS). The threshold was
dynamically determined for each field after flat-field and background correction and intensity
normalization to 512 grey values, and was set to 12% of the maximal brightness (channel 63
of 512). The VCS defines the sum of all somata and neurites without their assignment to
individual cells. In an automatic calculation, the VCSAs, defined in the H-33342 channel,
were used as filter in the calcein channel and substracted from the VCS. The remaining pixels
(VCS - VCSA) in the calcein channel were defined as neurite area. Apoptotic cells were not
specifically excluded in the neurite area determination, but dead cells did not give
confounding signals, as they were calcein-negative. In our laborator, this procedure was
performed using Cellomics Bioapplication SpotDetector.V2 on the Array-ScanII® HCS
Reader. This software automatically performs a segmentation of the image field into areas
belonging to one cell (by virtually inflating each cell outline until it meets with the inflated
neighbouring cell outline). This process is not necessary for the actual calculation of the
neurite area, but we used it to correct for edge effects. Cells that were only partially in the
image field were excluded, together with a corresponding part of neurites lying in this cell’s
segmentation area. Corrections for cell numbers per field were not performed, as our cell
counting data showed that cell numbers/field were highly reproducible. Some distortions may
occur under situations of cell death. The necessary information is always displayed, as the
number of viable cells and the neurite area are plotted in the same figures. However, other
corrections were not performed, as the method was mainly designed to gain information for
concentrations not triggering cell death (identification of specific neurite outgrowth
inhibitors).
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3.3.6 Quantification of individual viable cells by imaging
For a quantitative assessment of viable cells, the same images used to assess neurite area were
analysed using another image analysis algorithm: nuclei were identified in channel 1 as
objects according to their size, area, shape, and intensity. Nuclei of apoptotic cells with
increased fluorescence were excluded. A virtual cell soma area (VCSA) was defined around
each nucleus by expanding it by 0.3 µm into each direction. Calcein-AM staining, labelling
live cells, was detected in channel 2. The algorithm quantified the calcein intensity in the
VCSA areas. Cells having an average calcein signal intensity in the VCSAs below a predefined threshold were classified by the program as “not viable”. Valid nuclei with a positive
calcein signal in their cognate VCSA were counted as viable cells, as illustrated in figure
3.2B. A positive calcein signal was based on measurements of the average intensity (normal
cells: 1300 ± 115, threshold: < 50) and the total integrated intensity (normal cells: 186000 ±
23600, threshold < 1000) of cells. The thresholds had been optimised to correlate with the
resazurin read-out.

3.3.7 Quantification of viable individually-identified neurons without neurites
Three fields were randomly chosen from different wells of 2 to 3 independent experiments.
The number of “cells with neurites” was determined by visual examination of the images and
manual counting of cells that had at least one neurite longer than the diameter of the cell
body. For the determination of “cells without neurites” H-33342 positive nuclei that showed
staining in the calcein channel, but had no extension longer than the diameter of the cell body
were counted. Cell numbers were expressed as a percentage of total cell number per image
and averaged over different fields. This morphometric analysis was performed for all
compounds in the concentration range that resulted in the maximum number of cells without
neurites. This concentration range was determined before the analysis by a population based
automatic quantification of the neurite area.

3.3.8 Western Blot analysis
Cells were lysed in RIPA-buffer (50 mM Tris-base, 150 mM NaCl, 1 mM EDTA, 0.25%
sodium deoxylate, 1% NP40, pH 7.5) containing 1x protease inhibitor complete (Roche;
Mannheim, Germany). A BCA protein assay kit (Pierce; Thermo Scientific, Rockford, USA)
was used to quantify protein concentrations. Twenty-five µg of total protein were loaded onto
12% SDS gels and separated electrophoretically. Proteins were transferred onto nitrocellulose
membranes (Amersham; Buckinghamshire, UK). Membranes were blocked with 5% milk in
TBS containing 0.1% Tween (TBS-T) for 1 h at RT. Membranes were incubated with primary
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syntaxin-1A antibody (Synaptic Systems, Göttingen, Germany) (mouse, 1:10000) over night
at 4°C. Following washing steps with TBS-T, membranes were incubated with anti-mouse
HRP (1:1000, Jackson Immuno Research) for 1 h at RT. For visualisation, ECL Western
blotting substrate (Pierce) was used. For loading control, membranes were stripped and
stained again for Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). They were
incubated first for 20 min at 50°C stripping buffer (62.4 mM Tris-base, 2% SDS, pH 6.7,
freshly supplemented with β-mercaptoethanol to a concentration of 90 µM). Membranes were
then washed in TBS-T until all β-mercaptoethanol was eliminated. Stripping efficiency was
tested as follows: after blocking of the membrane with 5% milk in TBS-T for 1 h, it was
incubated again with anti-mouse HRP in 5% milk in TBS-T for 1 h at RT. Stripping was
successful if visualisation with ECL Western blotting substrate did not give any signal. The
staining procedure for GAPDH (Sigma) (mouse, 1:10000) was the same as for syntaxin-1A.

3.3.9 Immuncytochemistry
LUHMES cells were replated on d2 on PLO/fibronectin coated 13 mm glass cover slips
(Menzel, Braunschweig, Germany) in 24-well cell culture plates (NunclonTM). Cells were
fixed at indicated time points by incubation with 4% paraformaldehyde, 2% sucrose in PBS
for 15 min at RT. After washing in PBS, cells were blocked in PBS containing 10% FCS
(Gibco) for 1 h at RT and primary antibodies in PBS containing 2% FCS were incubated at
4°C over night in a wet chamber. Following washing in PBS containing 0.05% Tween (PBST), secondary antibodies were added for 1 h at RT. DNA was stained with H-33342.
Coverslips were mounted with FluorSaveTM Reagent (Calbiochem, Merck). An Olympus IX
81 microscope (Hamburg, Germany) equipped with a F-view CCD camera was used for
visualisation. The antibody against VMAT (rabbit, 1:200) was from Millipore (Billerica,
USA), the one against neuronal class βIII tubulin (Tuj1) was obtained from Covance (mouse
IgG2A, 1:1000). The Cy3 labelled secondary anti-rabbit and anti-IgG2A (Molecular Probes,
Invitrogen) antibodies were used in a dilution of 1:1000.

3.3.10 Statistics
Individual experiments were always performed with freshly prepared chemical dilutions.
Multiple technical replicates were run in each experiment. These were usually 3 for treatment
data, 6 for controls and 9-15 for basic system data (Figure 3.2). Three independent biological
experiments (different cell preparations) were run, and the means of the technical replicates of
each experiment were used to calculate all the data shown in the figures (means ± variance of
the different biological replicates). The curves in figures 3-6 were calculated by a 4 parameter
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nonlinear logistic regression based on the averaged data displayed. EC50 values and their
variance were determined by logistic regression based on the entire set of data using
GraphPad Prism 4.0 (GraphPad Software, La Jolla, CA). Statistical analysis was performed
on the latter program, using one-way ANOVA followed by Dunnett’s post-hoc test or, for
comparison of neurite area to cell viability, by Newman-Keuls post-hoc test. Significances
were calculated compared to the lowest concentration of serially diluted test compounds, after
pilot experiments had established this concentration as ineffective. The procedure was used to
allow a stringent mathematical data treatment after the %-of-control transformation which
eliminates the standard deviation of the untreated control. Hence, the lowest concentration
used is referred to as control. The signal-to-noise ratio was calculated using the following
term: S / N =

MeanSignal − MeanBackground
. To further characterise the assay quality, the
SDBackground

mean of signal and background as well as their standard deviation were used to calculate the
z’-factor corresponding to the width of their separation band as described earlier (Leist et al.
2010).
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3.4 Results
3.4.1 Growth factor-independent maturation of LUHMES neuronal precursors
to neurons
Differentiation of LUHMES cells to neurons with an elaborate neurite network is well
established under conditions of cAMP and GDNF addition to the medium (Schildknecht et al.
2009). We were interested whether assays could also be run in a simplified medium less likely
to interfere with toxicant effects. To address this, LUHMES cells were pre-differentiated
according to established procedures. Then cells were detached, separated into two pools and
re-plated in medium either containing cAMP/GDNF or not. This procedure not only allowed
for a standardised comparison of media supplements, but also improved the synchronisation
of the cells with respect to neurite outgrowth (Fig. 3.1A). The cells were stained for neuronal
beta-III-tubulin (Tuj1 antigen) or vesicular monoamine transporter-2 (VMAT) at different
days of differentiation. Beta-III-tubulin was already detectable in undifferentiated cells (d0)
and the intensity of the stain increased strongly on day 3 (d3) and d6 (Fig. 3.1A). Neither the
staining intensity nor the morphological features of the differentiated cells were affected by
the presence of cAMP/GDNF (Fig. 3.1B). VMAT was not expressed on d0, was expressed
slightly on d3, and more strongly on d6. Again, the presence of cAMP/GDNF made no
difference (Fig. 3.1B). To add a further endpoint and a more quantifiable analytical technique,
we used Western blot to investigate syntaxin 1A levels. The strong increase from d0 over d3
to d6 was similar as described for VMAT, and also independent of the presence of
cAMP/GDNF (Fig. 3.1C). These initial experiments showed that LUHMES can be
differentiated sufficiently well for neurite outgrowth assays without a need for the addition of
cAMP/GDNF during the assay phase.
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Figure 3.1. Differentiation of LUHMES
cells to mature neurons independent of
cAMP/GDNF addition. Differentiation of
cells was initiated on day 0 (d0) by
addition

of

differentiation

medium

containing tetracycline, cAMP and GDNF.
(A) The standard differentiation protocol
used in this study (without cAMP/GDNF
from d2 on) is shown. (B) Cells were
differentiated in the presence or absence of
cAMP and GDNF from d2 to d6. At the
days

indicated,

they

were

fixed

in

paraformaldehyde and immunostained for
the neuronal form of beta III-tubulin
(Tuj1)

or

the

vesicular

monoamin

transporter-2 (VMAT) and DNA was
stained with H-33342. The width of the
micrographs shown is 100 µm. (C) Cells
were differentiated as in B, and protein
lysates

were

prepared.

Syntaxin-1A

(syntaxin) amounts were analysed by
Western blot. GAPDH was detected on the
same

blot

as

loading

control.

A

representative example of 2 independent
experiments is shown.

3.4.2 Development of observer-independent methods to quantify neurite
outgrowth and cell viability without need for cell fixation
To establish an algorithm for neurite growth, cells were differentiated in medium lacking
cAMP and GDNF during the neurite growth phase (Fig. 3.1A) and stained at different times
by addition of calcein-AM and H-33342 to the medium. The algorithm for quantification of
overall neurite growth is based on the measurement of the difference in the total area of the
entire neurite network on different time points. This allowed for the quantification also under
conditions of extensive neurite intersections and network formation, and did not necessitate
exclusion of high proportions of cells, as is commonly the case with single neurite detection
algorithms (Fig. 3.2A). The method is based on the strategy to measure the entire area
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(amount of pixels) occupied by cell bodies plus neurites in each field. Then, cell bodies are
identified and subtracted from this area. The result is regarded as the neurite area. The use of
calcein for neurite labelling not only avoided fixation and staining artefacts compared to
immunocytochemical methods used earlier (Lotharius et al. 2005), but it also allowed for a
direct viability assay within the same fields used for neurite analysis.
Figure 3.2. Description of the algorithms quantifying
“neurite area” and “viable cells”. (A) Untreated LUHMES
cells were stained with H-33342 and calcein-AM on d3 and
imaged. (i) H-33342 staining; (ii) nuclei-based object
identification (green outline); (iii) calcein staining; (iv) all
pixels beyond a given intensity threshold were defined as
viable cellular structures (VCS = somata and neurites,
without distinction of individual cells). A virtual cell soma
area (VCSA) was defined by expanding the nuclear outlines
by 3.2 µm in each direction (orange outline). In an automated
calculation the VCSAs defined in the H-33342 channel were
used as filter in the calcein channel and subtracted from the
VCS. The remaining pixels in the calcein channel (marked in
red) were defined as neurite area. The field was chosen to be
representative for the average cell density in all experiments,
which was 8 ± 1.4 cells per 88 µm field (width of the
displayed figure) (B) LUHMES (thirty thousand cells per
well) were treated on d2 for 24 h with 300 nM MeHg to
generate a mixed population of cells with healthy and
damaged phenotypes. They were stained with H-33342 and
calcein-AM and imaged after 30 min. (i) H-33342 staining;
(ii) automatic identification of cell nuclei, displayed with a
colour-coded outline of their shape (blue for normal nuclei).
Nuclei with an intensity above a fixed threshold were
excluded by the algorithm (orange outline and arrow). A
virtual cell soma area (VCSA) was defined around each
nucleus. (iii) Live cell labelling by calcein. (iv) The algorithm
quantified the calcein intensity in the VCSA areas (pink).
Cells (VCSAs) without calcein staining were classified
by the program as “not viable” (green arrows). The width of the micrographs shown is 110 µm. (C)
LUHMES cells were seeded at different densities. After 24 h, the neurite area was assessed as described
above. The red box highlights the cell number which was used for all other figures of this study. All data
are means ± SEM of 3 experiments.
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The algorithm that identifies viability on the single cell level is based on the assumption, that
viable cells have a nucleus with normal chromatin structure, and that they accumulate calcein.
By applying object identification based on H-33342 staining, and by combination of the
information from two fluorescent channels for nucleus-calcein colocalisation, identified cells
were classified as viable (calcein positive) or non-viable (Fig. 3.2B). This algorithm enables a
simultaneous evaluation of compound effects on neurite outgrowth and on cell viability under
identical experimental conditions.

3.4.3 Basic assay characterisation
Using the above algorithm and cell differentiation system, the dynamics of neurite outgrowth
were analysed in LUHMES cells after pre-differentiation and re-plating. In a typical
experiment, cells had a low neurite area of about 500 pixels/field at 2 h after plating, which
increased to about 3600 pixels/field after 24 h and to roughly 4800 after 48 h (Fig. 3.3A). The
neurite area further increased over time, independent of the presence of growth factors (Fig.
3.3B). A saturation value was reached after approximately four days, due to neurites growing
over cell somata and over one another. This potential confound has been taken into account
for the selection of the optimal cell number and timing. We found, that the neurite area/field
was strongly dependent on the cell number (Fig. 3.2C).
For all subsequent assays, 30000 cells/well were used, and measurements showed that the
number of cells plated initially remained on the same level throughout this time period (Fig.
3.3B). We chose the time period between 2 h and 24 h after re-plating for all further analysis
to evaluate the neurite growth during the initial period of vigorous outgrowth. The signal-tonoise ratio for these conditions was > 50 and the z’-factor was 0.6. The signal refers to the
neurite area 24 h after replating the LUHMES cells. The neurite area 2 h after replating is
regarded as background, as neurites barely have emerged at that time point.
As test for the robustness of the system, the effect of putatively neutral compounds was
examined. Different concentrations of acetylsalicylic acid (ASS) or D-mannitol were added to
the medium one hour after re-plating. Neither compound affected neurite area or cell viability
significantly, when these were measured after 24 or 48 h (Figs. 3.3C and D).
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Figure 3.3. The dynamics of neurite
outgrowth

in

LUHMES

cells

after

replating. After 48 h of cultivation in
differentiation medium cells were replated on
d2 at a density of 30000/well, and stained
with H-33342 and calcein-AM 24 h later. Ten
fields per well were automatically imaged,
and neurite area as well as cell number were
measured. (A) Representative images and the
average neurite area/field ± SEM from one of
four independent experiments are shown for
LUHMES cells 2 h, 24 h and 48 h after
replating. (B) Neurite outgrowth and the
number of nuclei (as measure for the cell
number) per field are shown for different time
points and medium devoid of cAMP/GDNF
(solid line; (-)). Data are means from 3 (0 – 24
h) to 5 (48 – 144 h) independent experiments.
Neurite area was also measured over 72 h in
the presence of cAMP/GDNF (dashed line;
(+)). (C) Acetylsalicylic acid (ASS) or (D) Dmannitol were added to LUHMES cells after
replating. After 47 hours, resazurin was added
to the medium and the fluorescence signal
was determined 30 min later. Subsequently,
cells were incubated with H-33342 and
calcein-AM for 30 min, images were taken
and the average neurite area and number of
viable cells per field was measured. All data
are means from 6 wells, measured in 2
independent experiments and are displayed as
% of control values. The width of the
micrographs shown is 110 µm.
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3.4.4 Specific reduction of neurite outgrowth by inhibition of pivotal signalling
kinases
In the next step of assay characterisation, the sensitivity of the human neurite outgrowth test
system to inhibitors of pivotal signalling pathways was tested. LUHMES cells were treated
with different concentrations of the MAPK signalling inhibitor U0126 or with the broad PKC
inhibitor bisindolylmaleimide I. U0126 decreased the neurite area at concentrations of 12.5
µM and higher in the absence of significant effects on cell viability (as assessed by NewmanKeuls post-hoc test) (Fig. 3.4A). Notably, the neurite area was reduced at concentrations that
did not cause unspecific cytotoxicity, and the calcein stain clearly showed viable cells lacking
their neurites (Fig. 3.4A).
Bisindolylmaleimide I affected neurite outgrowth already at concentrations of 1.25 µM,
whereas the number of viable cells was reduced only when the compound levels were above
10 µM (Fig. 3.4B). These data suggest that the new test system is able to detect specific
effects on neurite outgrowth in the absence of general cytotoxicity. This also held true, when
compounds like U0126 and Bisindolylmaleimide I were combined. In this situation, the
effects on neurite growth were additive, while cell viability was not affected (Fig. 3.4C).
Using U0126, we took two additional approaches to test whether cytotoxicity and effects on
neurites were indeed separate effects in our test system. First, the incubation time was
doubled. This resulted in a relatively larger decrease of neurite outgrowth, but not in
significant cytotoxicity (Fig. 3.4D). Alternatively, we examined reversibility of the effects
observed at 24 h. Washout of 6 µM U0126 resulted in a complete reversion of the neurite
effect. Washout of 12 µM still resulted in 80% reversion (Fig. 3.4D).
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Figure 3.4. Reduction of neurite area by
inhibition of kinases related to neurite
growth. LUHMES cells were replated on d2
and compounds were added to the culture
medium at the concentrations indicated. After
23 h, resazurin was added to the medium and
the fluorescence signal was determined 30 min
later. Right afterwards H-33342 and calceinAM were added and cells were imaged to
determine the average neurite area and number
of viable cells per field. In representative
images, the red arrow points out long neurites
in unaffected cells and red rings show viable
cell

without

neurites.

(A)

U0126

(B)

bisindolylmaleimid I. (C) A fixed concentration
of

bisindolylmaleimid

I

(2.5

µM)

with

increasing concentrations of U0126. Data are
normalised to untreated controls (untr). * p<
0.05 vs control. The width of the micrographs,
showing representative images, is 110 µm. (D)
Cells were exposed to U0126 for different
times, and the neurite area was measured and
normalised (= 100%) to the value of untreated
cells after 24 h. Cells treated with U0126 (solid
line) were compared to untreated cells (dotted
line). In a variation of the experiments, the
chemical was washed out after 24 h, and cells
were left with control medium for further 24 h
(dashed line). All data points are means ± SEM
from 3 independent experiments. The number
of viable cells was determined for all
conditions, and was in no case significantly
different from 100%.
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3.4.5 Evaluation of the dynamic range of the test system
After assay characterisation by using mechanistic pathway inhibitors, we chose a set of more
broadly acting and putatively neurite-affecting (Table 3.1) compounds to further assess the
dynamic range of the test system.
Table 3.1. Chemical effects on LUHMES neurite outgrowth in comparison to literature data.
compound

cell

references

reported

typesa
U0126

(Das et al. 2004)

10 – 30

CGC

(Radio et al. 2010)

3 – 100

(Harrill et al. 2010)

10 – 30

PC12

(Radio et al. 2010)

1 – 100

CGC

(Das et al. 2004)

10 – 100

(Harrill et al. 2010)

10

hN2
BisI

hN2
MeHg

b

PC12

TM

TM

main targete

concentration range [µM]

0.003

–

found c

maximald

4 (12.5)

> 50

MEK1

0.4 (1.25)

> 20

PKC

0.05 (0.04)

0.26

n.k.

CGC

(Radio et al. 2010)

PC12

(Parran et al. 2001)

0.03 - 3

Brefeldin A

hN2TM

(Harrill et al. 2010)

0.1 – 1

1.3 (4)

> 90

Cycloheximide

DRG

(Roche et al. 2009)

20

0.3 (0.5)

> 30

protein synthesis

ERSN

(Lein and Higgins 1991)

35

Flavopiridol

PC12

(Parker et al. 2000)

0.1 – 1f

>1

CDK

Na3VO4

hN2TM

(Harrill et al. 2010)

3 – 100

4.7 (25)

> 200

30 – 100f

0.9 (2)f

> 100

hippoc.N
.
Y-27623

a

ONE

10

0.02
(0.016)

membrane
transports

tyrosine
phosphatase

(Mandell and Banker 1998)
(Ichikawa et al. 2008)

ROCK

Type of cells or culture system, used to study the effect of chemicals on neurite outgrowth as described in the

adjacent references. CGC: rodent primary cerebellar granule cells; hNT: human teratocarcinoma NeuroD2derived neurons; DRG: rat dorsal root ganglion cells; ERSN: embryonic rat sympathetic neurons; hippo. N.: rat
b

hippocampal primary neurons; ONE: rat optic nerve explants.
references to affect neurite outgrowth.

c

Range of concentrations reported in

EC20 for neurite effects found here. In brackets: data
d

point with first significantly inhibiting concentration.

EC50 for cytotoxicity found here to indicate the

upper limit of concentration that may yield meaningful test results for neurite effects.

e

MEK

1:

Mitogen

activated protein kinase kinase; PKC: Protein kinase C; n.k.: not known; ROCK: Rho kinase; Cyclin-dependent
kinases

f

Data for positive effects on neurites
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Brefeldin A strongly decreased the neurite outgrowth by 95% at concentrations ≥ 4 µM (Fig.
3.5A). At the same time, cell viability decreased by about 45 %. Resazurin reduction was
significantly affected at all concentrations that impaired neurite outgrowth, whereas the
number of viable cells at 4 µM was only slightly decreased (Fig. 3.5A). At concentrations
ranging from 4 to 100 µM, neurite area was significantly stronger decreased than the viability
parameters. Treatment with flavopiridol decreased the neurite outgrowth at concentrations as
low as 16 nM and by about 85% at 125 - 1000 nM, while the number of viable cells was
decreased at these concentrations by about 40% (Fig. 3.5B). Both, the effect on the neurites
and the difference of reductions in neurite outgrowth vs. cell viability were statistically
significant. Particularly interesting results were obtained with Y-27632, which has been
described as inhibitor of rho kinases. This compound increased neurite outgrowth at ≥ 20 µM
by up to about 100% without effects on the number of viable cells or on resazurin reduction
(Fig. 3.5C). These data show that significant reductions and increases are detectable by our
test system, and that the dynamic range was well chosen to allow the quantification of
outgrowth-enhancing chemicals. Also this compound was tolerated well over 48 h. At this
time neurite outgrowth was still significantly enhanced, but we did not observe a significant
washout effect (Fig. 3.5D). Possibly the dynamic range and sensitivity would need to be
optimised for in depth studies of neurite-prolonging compounds. In contrast to this, the
system seemed to be well-suited to study the effects of interacting compounds, and of the
interference of different signalling pathways. U0126 concentration-dependently attenuated the
effects of Y27632. In particular the reversal of the negative effect of U0126 on neurite
outgrowth by Y-27632 further corroborates the notion, that the neurite inhibitory effect was
not caused by cytotoxicity of the compound (Fig 3.5E, F). For more mechanistic studies on
toxicity pathways, it may be desirable to modify certain targets in LUHMES cells, and to use
the cultures for repeated measures. To test the feasibility of such approaches, cells were
transfected with green fluorescent protein (GFP), and used for neurite outgrowth assays. The
effects of U0126 and Y-27632 were now measured without calcein addition, using GFP as
viability and neurite marker, and the compounds’ effects were similar to the data obtained
with calcein (Suppl Fig. 1). The system was not optimised, as this was not the aim of our
study, but the pilot data suggest that repeated measures and genetic cell modifications are
feasible in this new model system.
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Figure 3.5. Effects of negative and positive modifiers of neurite outgrowth. LUHMES cells were replated
on d2, and compounds were added to the culture medium at the concentrations indicated. After 23 h, resazurin
was added to the medium and the fluorescence signal was determined 30 min later. Right afterwards H-33342
and calcein-AM were added and cells were imaged 30 min later to determinate the average neurite area and
number of viable cells per field. (A) brefeldin data and sample images A (B) flavopiridol data (C) Y-27632 data
and sample images. The width of the micrographs shown is 110 µm. (D) Cells were exposed to Y-27632 for
different times, and the neurite area was measured and normalised (= 100%) to the value of untreated cells after
24 h. Cells treated with Y-27632 (solid line) were compared to untreated cells (dotted line). In a variation of the
experiments, the chemical was washed out after 24 h, and cells were left with control medium for further 24 h
(dashed line). All data points are means ± SEM from 3 independent experiments. The number of viable cells
was determined for all conditions, and was in no case significantly different from 100%. (E) A fixed
concentration of Y-27632 was used with increasing concentrations of U0126. Data are normalised to untreated
controls (untr). * p< 0.05 for comparison to Y-27632 alone. (F) A fixed concentration of U0126 was used with
increasing concentrations of Y-27632. Data are normalised to untreated controls (untr). * p< 0.05 for
comparison to U0126 alone. All data points shown are means ± SEM from 3 independent experiments.
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3.4.6 Identification of neurotoxicants preferentially targeting neurites
Metamphetamine was chosen as a test compound that is well established to target the neurites
of fully developed dopamine-containing LUHMES, but should not specifically affect the
neurite outgrowth of the still tyrosine hydroxylase-negative immature cells (Schildknecht et
al. 2009). Indeed, mM concentrations were required for cytotoxic effects, and these were
accompanied by a reduction of the neurite area, which did not display a statistically
significant specificity (Fig. 3.6A).
Another cytotoxicant, the broad spectrum tyrosine-phosphatase inhibitor Na3VO4, has been
suggested to act preferentially on neurites (Table 3.1). We found that concentrations of ≥ 25
µM decreased the neurite area without affecting the general viability parameters significantly
(Fig. 3.6B). This suggests, that the LUHMES assay has a high specificity for toxicants
affecting neurite outgrowth, as such a clear discrimination is not observed in other test
systems (Harrill et al. 2010).
The known developmental neurotoxicant methylmercury has been frequently used in tests for
inhibition of neurite outgrowth. Due to its pleiotropic mode of action, specific effects have
only been observed under some experimental conditions, and it was therefore interesting to
evaluate the biological activity in the LUHMES system. The compound strongly impaired
neurite growth (about 50%) starting at concentrations as low as 40 nM. At this low
concentration range (40-80 nM) the effect on neurites appeared to be specific, as general
viability was not affected. At higher concentrations the generally cytotoxic effect prevailed
(Fig. 3.6C). This narrow window of specificity may explain why methylmercury is not
detected as specific neurite toxicant in all assay systems (Radio et al. 2008). The data from the
above compounds also show the advantage of our assay system, as it allows a direct
comparison of the effects on the number of viable cells and on neurite outgrowth in each
individual field and for every assay.
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Figure 3.6. Reduction of neurite outgrowth
by

metamphetamine,

orthovanadate

and

sodium

methylmercury.

LUHMES cells were replated on d2 and
compounds were added to the culture
medium at the concentrations indicated. After
23 h, resazurin was added to the medium and
the fluorescence signal was determined 30
min

later.

Subsequently,

H-33342

and

calcein-AM were added and cells were
imaged 30 min later to assess neurite area and
number of viable cells per field. (A)
Methamphetamine (METH), (B) sodium
orthovanadate (Na3VO4), (C) methylmercury
chloride (MeHg). All data points shown are
means from 2 to 3 independent experiments.
* p< 0.05 neurite area vs control of neurite
area. # p< 0.05 neurite area vs number of
viable cells. The width of the micrographs
shown is 110 µm.

3.4.7 Characterisation of the relative impact of general cytotoxicants on neurite
outgrowth and cell viability
Different concentration-response curves for inhibited neurite outgrowth and cell death may
indicate that a compound has a specific effect on neurites. An alternative explanation would
be that cell death without direct effects on neurites is triggered, but that the manifestations of
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cell demise are first seen on the thin and fragile neurite structures. Therefore, some
compounds with known general cytotoxicity (= direct cell death induction) were analysed
here. The redox-cycler menadione is known to kill cells by generation of oxidative stress.
This compound triggered a steep decrease in neurite growth and viability at concentrations ≥
8 µM (Fig. 3.7A). The membrane-disrupting detergent sodium dodecyl sulfate caused a sharp
decline in neurite outgrowth and the number of viable cells at concentrations ≥ 33 µM (Fig.
3.7B). The cytotoxic metal salt cadmium chloride reduced neurite area and viability at > 40
µM (Fig. 3.7C). At 41 µM CdCl2 neurites were significantly more affected than cell viability.
This suggests that non-specific toxicants can inhibit cellular extensions, but that this occurs as
a consequence of unspecific toxicity which needs to be measured in parallel to obtain a
specific neurite outgrowth assay.

Figure 3.7. Reduction of neurite outgrowth and
viability by cytotoxic compounds. LUHMES cells
were replated on d2 and compounds were added to the
culture medium at the concentrations indicated. After 23
h, resazurin was added to the medium and the
fluorescence signal was determined 30 min later.
Subsequently, H-33342 and calcein-AM were added and
cells were imaged 30 min later to quantify neurite area
and number of viable cells per field. (A) Menadione, (B)
sodium dodecyl sulphate (SDS), (C) cadmium (II)
chloride (CdCl2). All data points shown are means from
2 to 3 independent. * p< 0.05 vs control. The width of
the micrographs shown is 110 µm.
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3.4.8 Analysis of neurite outgrowth inhibition on the single cell level
During the course of the study viable cells without neurites had been observed on some of the
images recorded. As this information on the single cell level provides additional information
on the specificity of the test system, we decided to quantify these initially qualitative
observations. Viable cells having at least one neurite longer than the diameter of their cell
body and viable cells without such neurites were counted for a set of test chemicals. A high (≥
40%) number of cells without neurites was observed for at least one concentration of U0126,
sodium orthovanadate, flavopiridol, cycloheximide and brefeldin A (Fig. 3.8). This confirmed
at the single cell level, that these compounds affect neurite outgrowth independent of the
triggering of overall cell death. Under conditions of general cytotoxicity, the total percentage
of viable cells decreased, e.g. for SDS, menadione, CdCl2, methyl mercury, and for higher
concentrations of the neurite-selective compounds (Fig. 3.8). Notably, also some
concentrations of unspecific cytotoxicants (e.g. 41 µM of CdCl2) lead to the appearance of a
certain proportion (up to 30%) of cells without neurites. These findings are important for
considerations concerning the prediction model of assays based on single cell analysis.
Without additional information the assay data in the below 30% range do not indicate whether
a compound is inhibiting neurite outgrowth or just acts as cell death inducer.
Figure 3.8. Effects of toxicants on the number
of

individually-identified

neurons

without

neurites. LUHMES cells were replated on d2 and
compounds were added to the culture medium at
the concentrations indicated. After 24 h, cells
were stained with calcein-AM and H-33342 and
imaged. Three fields were randomly chosen from
different wells of 2 to 3 independent experiments.
The number of “cells with neurites” was
determined by counting of cells that had at least
one neurite longer than the diameter of the cell
body. For determination of “cells without
neurites”, H-33342 positive nuclei that showed
staining in the calcein channel but had no
extensions were counted. The analysis was
performed for all compounds in a concentration
range that resulted in the maximum number of
cells without neurites, as determined in pilot
experiments.
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3.4.9 Overall correlation of chemical effects on neurite area and cell viability
In order to examine whether a specificity threshold can be suggested for the field-based
quantification of the neurite network growth, we plotted the EC50s of the number of viable
cells against the EC50s of neurite area reduction for all test compounds. Chemicals known to
be generally cytotoxic plotted below an EC50 ratio of 4. Their average ratio was 2.5 with a
95% confidence band extending to 4.7 (Suppl. Figure 2). Chemicals that affected the neurites
more than 4.7 times more potently than the overall viability, may therefore be considered as
specific neurite outgrowth toxicants (Fig. 3.9). The data were essentially similar, whether the
intact cell number or resazurin reduction were used as viability parameters. The only
exception was methylmercury, a compound well-known to affect metabolic functions such as
resazurin reduction without necessarily triggering cell death. Using calcein retention as cell
death endpoint, methylmercury would be classified as neurite outgrowth inhibitor, with a
small window of specificity (Suppl. Figure 2) This agrees well with the individual data over
many concentrations analyzed in (Fig. 3.6C). All other compound were clearly classified, and
the threshold suggested above appears useful for future validation of the assay with a different
set of compounds selected to contain bona fide developmental neurotoxicants, other
neurotoxicants, and non-neurotoxic compounds.
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Figure 3.9.Correlation of the effects of toxicants on neurite area and overall cell viability. Cells were replated
on d2 and compounds was added to the culture medium in at least 5 different concentrations: methylmercury
(MeHg),

puromycin,

flavopiridol,

metamphetamine

(METH),

menadione,

cycloheximide

(CHX),

bisindolylmaleimid I (Bis I), brefeldin A (BFA), cadmium chloride (CdCl2), sodium dodecyl sulphate (SDS),
U0126, sodium orthovanadate (Na3VO4) , tween-20, saponin, potassium chromate, bisbenzimide H. After 24 h,
neurite areas and numbers of viable cells were quantified. The concentration-response-curves were used to
determine the median effective concentrations (EC50 values) displayed in the diagram. For compounds printed in
italics, EC50 values were determined by extrapolation or, in cases of low toxicity of the compound, the highest
concentration measured was taken. The solid line marks points of equal EC50 for effects on neurite area and
viability. The area left of the dashed line contains compounds that act at least four times more potent on neurites
than on overall viability. All data points are based on means ± SD of EC50 values from 3 independent
experiments.

59

3. Assessment of chemical-induced impairment of
multiparametric live cell imaging in high-density cultures

human

neurite

outgrowth

by

3.5 Discussion
We developed an observer-independent and fully quantitative test method to detect toxicant
effects on neurite outgrowth of human neuronal precursor cells growing in a high-density
culture. The reaction to a panel of mechanistically diverse pharmacological and toxicological
inhibitors indicated that the activity of multiple non-redundant pathways is required for
neurite extension. Both, inhibition and acceleration of outgrowth by chemicals are therefore
detectable by the described assay. Simultaneous measurement of cytotoxicity within the same
experiment was found essential to eliminate unspecific cytotoxicants.
Screening systems to detect neurite outgrowth have been developed for a variety of cell types
and have promoted our understanding of intrinsic modulators of neurite outgrowth (Larsson
2006; O'Donnell et al. 2009) and of extrinsic compounds adversely influencing the growth of
neurites (Radio et al. 2008). Progress in the latter field faces a number of difficulties that have
been addressed in our study: 1. distinction of general cytotoxic effects from specific effects on
neurite outgrowth; 2. limited availability of human, non-transformed neuronal cells; 3.
difficulties with quantitative image processing in high-density cultures; 4. limited availability
of bona fide neurite outgrowth inhibitors during test establishment.
Under some circumstances, reciprocal interactions exist between adverse effects on neurites
and overall cell death. For instance, neurite damage can trigger apoptosis (Berliocchi et al.
2005; Leist and Jaattela 2001; Volbracht et al. 2001), and failure of outgrowth to a target is a
common trigger of programmed cell death in developing neurons (Buss et al. 2006).
Literature data on whether differentiating neurons tolerate a toxicant-induced prevention of
neurite outgrowth over long time are relatively limited. Also, many toxicants may not only
affect neurite growth, but also other important cellular processes. The unspecific actions may
result in adverse effects. To avoid such unspecific toxicity in a screening assay, it is of
advantage if cells do not have to be exposed to toxicants for long periods of time, i.e. if
altered neurite outgrowth can be measured with a good signal-noise ration within short time
(e.g. 1-4 days). Extensive pilot experiments to our study showed that the chosen growth
interval of 24 h, or 48 h for reversibility experiments, results in the maximum neurite
extension per time, and that the extent of growth during this period allows for easy
measurements of its disturbance. As chemicals may affect different targets and pathways, cell
death can be triggered by such toxicants in parallel to or even completely independent of the
inhibition of neurite outgrowth. Then, the disintegration of the projections would be an
indirect and passive event. When neurite length is assessed on fixed cultures by
60

3. Assessment of chemical-induced impairment of
multiparametric live cell imaging in high-density cultures

human

neurite

outgrowth

by

immunostaining, it is hard to determine whether a cell was dead or alive before the fixation,
i.e. whether it was a live neuron with shortened neurites or whether it was dead and had
therefore also lost axons and/or dendrites (Harrill et al. 2010; Radio et al. 2008; Radio et al.
2010). Simultaneous measurement of viability and neurite effects in the same cultures adds
valuable information to the test method, as neurite length determinations can be restricted to
live cells. The measurement within the same well also avoids problems arising from the fact
that the effects of chemicals on both cell viability and on neurites depend to a certain extent
on the exact cell density and other culture conditions that show variations within culture
wells, culture dish formats and from day to day. For instance, the free active concentration of
a chemical in a culture dish is not only determined by the nominal amount added, but also by
the surface-volume ratio, by the lipid and protein content (i.e. the exact cell number), and the
cellular physiological state (Blaauboer 2010; Gulden et al. 2006; Gulden et al. 2010). Some of
these properties can be extremely dependent on the initial cellular concentration, as variations
of as little as 10-20% of plated cells can already determine the type of differentiation
occurring (Chambers et al. 2009; Ying and Smith 2003) and thus modify the number and type
of cells present at the start of the toxicity experiment. Additional variations may occur from
well to well in substrate dependent cultures, e.g. due to differences in coating and other
handling steps, and this further suggests that measurement of multiple endpoints within one
culture well has advantages over determinations in parallel cultures.
In the LUHMES neurite outgrowth assay, we attempted to examine different types of
toxicants and their effects on cellular viability parameters. This requires some clarification of
the terminology we used. We use the term “viability” to summarise different measures of
cellular integrity and function. In particular, we assessed the capacity of the cells to grow
neurites, to retain calcein (as measure of cell membrane integrity) and to reduce resazurin (as
a measure of metabolic capacity). We found a high degree of correlation between the latter
two parameters for all types of compounds and used the term “cytotoxicity” for the process
measured by these parameters. This is an operational definition, which implies that we use the
term cytotoxicity to signify cell death, but not sublethal types of cell damage. In the context of
test development, we considered it useful to define a group of compounds that are generally
known to trigger cytotoxicity in many cell types, independent of their differentiation state and
special physiological functions. As selection criterium for these compounds, we required that
they are not known to be specifically neurotoxic or to affect neurodevelopment, and that they
kill other cell types in a similar concentration range as neurons by membrane disruption,
unspecific oxidative stress or interference with vital metabolic processes. These compounds
61

3. Assessment of chemical-induced impairment of
multiparametric live cell imaging in high-density cultures

human

neurite

outgrowth

by

were used as “unspecific controls” (Leist et al. 2010) to help defining the specificity range of
the assay. Specificity is a measure of the false positives of a test and its determination requires
the presence of negative controls in the test sample. For a test with two endpoints, e.g. neurite
growth and cytotoxicity, two types of negative controls are required: One group that has no
effect at all on any parameter, and one group that is expected to affect both measures in the
same way, i.e. being negative with relation to the difference of the endpoints. Data from such
unspecific control compounds showed that a certain number of viable cells without neurites
can also be found when direct cytotoxicity is triggered (Fig. 3.8), and the chemical has no
direct effect on neurite outgrowth. These findings were used to suggest a threshold above
which compounds are likely to be positive hits (i.e. primarily affecting neurite outgrowth).
Several successful test systems to screen for compounds affecting neurite outgrowth have
been developed earlier. Some use rodent cells, such as PC-12, a sub-clone thereof
(Neuroscreen-1) (Radio et al. 2008), or primary cerebellar granule cells (CGC) (Radio et al.
2010). Others use the human neuroblastoma cell line (SH-SY5Y) (Frimat et al. 2010) or
human embryonic stem cell derived neural cells (hN2TM) (Harrill et al. 2010). Each of these
systems offers advantages and disadvantages depending on the available infrastructure and
questions asked. Particular strengths of the system described here are the easy and free
availability of all components, the human background and the particularly high detection
power for specific neurite outgrowth inhibitors. However, there are also shortcomings. For
instance, the neurites do not take distinct characteristics of axons and dendrites, as they are
positive for the axon marker tau as well as for the dendrite marker microtubule associated
protein-2 (data not shown). The toxicological implications of this mixed immature phenotype
are not clear yet, but some chemical effects may be missed, as other studies have shown that
compounds may specifically affect axons or dendrites, while they have no, or even the
opposite effect on the other type of neuronal extension (Abdu et al. 2011; Howard et al. 2005;
Kim et al. 2009). Another disadvantage of the LUHMES test system is the relatively low
complexity (branching) of the neurites, and an inability of the algorithm to quantify
parameters describing neurite complexity such as neurites/cell or the number of branch points.
Moreover, it is not clear at the present stage, how differentiation and neurite growth are
coupled in this model. Due to the replating of the cells, a kind of neurite regrowth
phenomenom may occur. It also will require clarification in the future, whether inhibitory
compounds may block neurite growth by blocking overall differentiation of the cells.
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One outcome of the study is the definition of a set of test compounds that reproducibly affect
neurite growth at concentrations below the ones affecting overall viability. All of these
compounds have been used earlier in other studies, which implies that they may have a
general neurite-affecting activity, and not be specific for the LUHMES test system. To our
knowledge, the list we compiled is the largest one at present that was compared within one
assay and tested positive in a human neurite outgrowth system. The availability of a set of
positive controls will be very helpful for further studies in this test system, addressing other
potential neurite outgrowth inhibitors and especially screening unknown compounds for this
potential adverse effect. As neurite outgrowth inhibition is not a parameter easily obtainable
from existing animal data, a solid in vitro definition, taking unspecific toxicities into account
is particularly important to form the basis, e.g. for high throughput testing of unknown
chemicals and for identification of potential common toxicity pathways.
Two tested chemicals (U0126 and bisindolylmaleimid I) affected known pathways of
outgrowth control. The concentration range in which U0126 inhibited neurite outgrowth in
LUHMES cells is comparable to other test systems (Table 3.1). In the case of
bisindolylmaleimide I, inhibition of neurite outgrowth of LUHMES cells seems to be more
sensitive than in hN2TM and CGC and about similar to PC12 (Table 3.1). As both compounds
impaired neurite outgrowth at concentration that did not affect cell viability, the importance of
PKC and MAPK signalling in LUHMES cells was corroborated. In addition we showed that
these effects were additive, time-dependent and reversible. Rho kinase (ROCK), is known to
regulate contractility of actomyosin and to be essential for growth cone collapse. Its inhibition
has been suggested to favour or potentiate neurite outgrowth, and this was corroborated here
with the specific ROCK inhibitor Y-27632. Flavopiridol inhibits cyclin dependent kinases
(cdk). Within this family, cdk5 takes an important role in neuronal growth cones, and is not
associated with cell cycle control. Its loss or inhibition in neurons resulted in altered neurite
outgrowth (Hahn et al. 2005). More specific investigations of this pathway in human cells will
be facilitated by the LUHMES system. Sodium orthovanadate is a broad-spectrum tyrosine
phosphatase inhibitor shown to decrease axonal outgrowth for instance in hippocampal
neurons or hN2TM cells (Harrill et al. 2010; Mandell and Banker 1998). In LUHMES, these
effects were corroborated in a similar concentration range, and with the advantage that the
inhibition of outgrowth was clearly more pronounced than adverse effects on viability.
Methylmercury is known as human developmental neurotoxicant (Castoldi et al. 2008).
Animal data show, that it has multiple effects on the developing nervous system which can
lead to functional impairment without gross pathology or neuronal loss (Castoldi et al. 2008).
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On rodent cells, methylmercury shows a large variety of activities, in addition to pronounced
effects on neurite development in PC-12 (Radio et al. 2008). Our data (specific effect only in
a very narrow concentration window) suggest that other modes of action may be more
relevant for human developmental neurotoxicity of methylmercury.
In summary, an assay was presented in which viability is determined simultaneously with
neurite outgrowth. On this basis, a panel of mechanistically different chemicals has been
found here to inhibit human neurite outgrowth in a new model system.
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4.1 Abstract
Exposure to the antiepileptic drug valproic acid (VPA) during gestation causes
neurofunctional and anatomic deficits in later life. At present, there is little human data on
how early neural development is affected by chemicals. We used human embryonic stem
cells, differentiating to neuroectodermal precursors, as a model to investigate the modes of
action of VPA. Microarray expression profiling, qPCR of specific marker genes,
immunostaining and the expression of green fluorescent protein under the control of the
promoter of the canonical neural precursor cell marker HES5 were used as readouts. Exposure
to VPA resulted in distorted marker gene expression, characterized by a relative increase of
NANOG and OCT4 and a reduction of PAX6. A similar response pattern was observed with
trichostatin A (TSA), a potent and specific histone deacetylase inhibitor (HDACi), but not
with several other toxicants. Differentiation markers were disturbed by prolonged, but not by
acute treatment with HDACi, and the strongest disturbance of differentiation was observed by
toxicant exposure during early neural fate decision. The increased acetylation of histones
observed in the presence of HDACi may explain the up-regulation of some genes. However,
to understand the down-regulation of PAX6 and the overall complex transcript changes, we
examined further epigenetic markers. Alterations in the methylation of lysines 4 and 27 of
histone H3 were detected in the promoter region of PAX6 and OCT4. The changes in these
activating and silencing histone marks provide a more general mechanistic rational for
regulation of developmentally important genes at non-cytotoxic drug concentrations.
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4.2 Introduction
Human pluripotent stem cells (PSC) and their progeny play an ever-increasing role as model
systems to investigate toxicant effects and resultant human pathologies affecting the nervous
system. Proof-of concept for disease modeling with PSC has been provided by the use of
induced PSC (iPS) from individuals with diseases caused by defined mutations (Tiscornia et
al. 2011) or from patients affected by complex neurodevelopmental and neurodegenerative
diseases with unclear genetic background (Brennand et al. 2011; Marchetto et al. 2010; Shi et
al. February 2, 2012). Several pathologies related to disturbed neurogenesis, such as the fetal
valproate syndrome (FVS), are triggered by chemicals or early-life stress in genetically
normal individuals (DiLiberti et al. 1984; Dufour-Rainfray et al. 2010; Mirescu et al. 2004;
Murgatroyd et al. 2009; Schneider and Przewlocki 2005). To mimic features of such druginduced human neurodevelopmental defects, and to investigate the underlying mechanisms,
new models are required. These combine in vitro neurodifferentiation of iPS from healthy
donors or of human embryonic stem cells (hESC), with defined chemical exposure protocols.
The FVS is triggered by the anti-epileptic drug valproic acid (VPA). It may manifest itself for
example in spina bifida, cleft palate, autism-spectrum symptoms or lowered IQ scores in
children exposed to the drug in utero (Jentink et al. 2010; Meador et al. 2009). A
characteristic feature of such chemical-induced developmental neurotoxicity (DNT) is that the
sensitivity to the drug and the outcome of the treatment strongly depend on the time period of
exposure (Kuegler et al. 2010; Rice and Barone 2000). For instance, adverse
neurodevelopmental effects of VPA are only seen after treatment at sharply-defined time
points of development, such as day 8-10 in mice (Ehlers et al. 1992; Kao et al. 1981;
Rengasamy and Padmanabhan 2004). In humans and rodents, a major target of VPA is neural
tube closure, which is the developmental time period when exposure is most detrimental (Kim
et al. 2011; Lindhout and Schmidt 1986; Thisted and Ebbesen 1993). The effects of VPA on
cortical organization and its triggering of autism also depend on a critical exposure period that
coincides with neural tube development (Kim et al. 2011).
An in vitro model of disturbed neural tube formation would need to examine generation of
neural precursors from PSCs. A particularly synchronized and efficient neuroepithelial
differentiation of hESC allows such mechanistic studies and is triggered under culture
conditions that limit BMP4 and TGFß family signaling by dual Smad inhibition (Chambers et
al. 2009). The resultant homogeneous population of neuroepithelial precursor cells (NEP) is
characterized by the expression of PAX6, a marker found for instance in neural progenitor
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cells of the dorsal forebrain. The presence of this transcription factor marks the onset of
neural tube closure in human embryos at 22-23 days of embryonic age (Callaerts et al. 1997).
In addition, PAX6 is a target gene down-regulated in embryos exposed to VPA (Pennati et al.
2001; Whitsel et al. 2002). NEP also express HES5, a target gene of Notch signaling
(Placantonakis et al. 2009) that is typically expressed in vivo in the neural tube. Thus, the
investigation of the generation of NEP from hESC, under the influence of VPA and related
toxicants, allows for the study of mechanisms relevant to early neurodevelopmental defects.
VPA has been reported to induce reactive oxygen species (Tung and Winn 2011), to interfere
with key neurochemical processes (Cezar et al. 2007), and to affect WNT signaling as well as
several other cellular processes (Go et al. 2011; Hao et al. 2004; Wiltse 2005). Alternatively,
epigenetic effects resulting from the inhibition of histone deacetylases (HDAC) by VPA
(MacDonald and Roskams 2009) may explain altered differentiation programs. The
consequent increased acetylation of histones leads to chromatin opening and activation of
gene transcription. This occurs within hours of exposure in stem cells, neural cells or in the
neural tube of rodent embryos (Hezroni et al. 2011; Jergil et al. 2011; Kultima et al. 2004;
Okada et al. 2005). Transcriptional and morphological effects of VPA in animals are
reproduced by more specific HDAC inhibitors (HDACi). For instance, trichostatin A (TSA),
which is more specific than VPA for HDACi, and at least 10,000-fold more potent with
respect to enzyme inhibition (Villar-Garea and Esteller 2004), reproduces developmental
effects of VPA in animals (Gurvich et al. 2005).
We initiated this study to model the disturbed early neural development triggered by HDACi
in human cells. Using VPA, or the more specific tool compound TSA, we asked the question
whether a set of marker genes that allows the characterization of drug-induced
neurodevelopmental disturbances, such as those related to features of the FVS, can be
identified. Fingerprint patterns of gene expression have been used previously to identify
changes in neural cell populations exposed to environmental toxicants (Kuegler et al. 2010;
Zimmer et al. 2011a). In our study, it was particularly important to distinguish between the
known short-term transcriptional activation caused by HDACi, and the still unknown longterm changes of the overall transcriptional program, triggered indirectly by disturbed
neurodevelopment. We studied the requirement for prolonged drug exposure during a critical
time period and wanted to find out whether changes were observable even after the drug was
washed out for 1-2 days. Then, we asked whether a change of the histone code, e.g by histone
methylation, may link stable up- and down-regulations of neurodevelopmental gene
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expression to initial drug effects at the level of individual genes. Our study provides an
explanation for the drug-induced deregulation of key neurodevelopmental transcription
factors, such as PAX6, by examining trimethylation of H3K27 and H3K4 at their promoter.
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4.3 Results
4.3.1 Patterns of normal and disturbed neuroectoderm formation
A recently established protocol, based on dual SMAD inhibition, allows for the highly
efficient and directed differentiation of pluripotent stem cells to neuroepithelial precursor cells
(NEP) (Chambers et al. 2009). We used this procedure for the differentiation of hESC, and
characterized their phenotypic changes over time. The process started with a homogeneous
population of Oct4-positive cells, and after 6 days of differentiation (DoD) in adherent
cultures, the cells stained positive for the NEP markers PAX6 and nestin (Fig. 4.1A). Scoring
of the different cell types showed that on DoD6 about 90% of the cells were Pax6-positive
and Nestin-positive (Fig. 4.1B). For a more comprehensive characterization of the
differentiation track, whole genome gene expression analysis was performed on hESC, as
well as, DoD6 and DoD10 cells. Two-dimensional principal component analysis covering
41% of the total variance showed a clear separation of the 3 cell populations (Fig. 4.1C). The
transcripts that were up-regulated on DoD6, or on DoD6 and DoD10, showed a highly
significant statistical overrepresentation of several gene ontologies (GOs) related to neural
differentiation and neurogenesis, but no indication of other differentiation processes. The
genome-wide expression profiling, as a general overview, was complemented by detailed
qPCR analysis of a set of differentiation markers. The hESC were differentiated for up to 10
days and mRNA was obtained at different time points. The NEP markers PAX6, FOXG1,
OTX2 and SOX1 were up-regulated, whereas the stem cell markers NANOG and OCT4 were
down-regulated. As most of the changes were pronounced (up to hundred-fold) and mainly
occurred from DoD0 to DoD6 (about 90% of total effect size), this time window and these
endpoints appeared most suitable to investigate disturbances in the differentiation (Fig. 4.1D).
To test the response dynamics and reproducibility of this experimental system, we performed
some controlled manipulations and examined their effect on a profile of marker transcripts.
First, the standard differentiation protocol was modified by omission of the BMP signal
blockers noggin and dorsomorphin. The time-dependent decrease of OCT4, and the increases
of PAX6, SOX1, and OTX2 were less pronounced (Fig. S2A). This resulted in a relative
increase of OCT4 and a decrease of the NEP markers when compared to normal
differentiation (Fig 4.1E).
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Figure 4.1. : Transcriptional fingerprinting
of

neuroectodermal

hESC (DoD0)

differentiation.

were stained

for

(A)

OCT4.

Neuroepithelial precursor cells (DoD6) were
stained for PAX6 and Nestin. DNA was stained
with Hoechst H-33342. Scale bar: 50 µm. (B)
Differentiating cells were replated at indicated
days of differentiation (DoD), fixed after

1h

of adherence and stained for PAX6 and Nestin.
At least 300 cells were manually counted. (C)
Principal component analysis of genome-wide
expression

profiles

of

hESC

and

cells

differentiated for 6 or 10 days, or for 6 days in
the presence of TSA (10 nM). Solid arrows
indicate normal differentiation. The dotted
arrow represents the differentiation trajectory
under the influence of TSA. Each data point
represents microarray data from an independent
differentiation. (D) Expression levels of genes
specifying the neural differentiation process at
indicated

time

points

of

differentiation

expressed relative to hESC. Data are means of
3 to 10 biological replicates. (E-H) hESC were
differentiated for 6 days with following
modifications of the standard protocol: (E)
absence of noggin and dorsomorphin, (F)
presence of BMP4 (20 ng/ml), (G) absence of
SB-431542, (H) presence of Activin A (20
ng/ml). Expression levels of marker genes are
displayed relative to those of DoD6 cells
generated by the same protocol (ctr). Data are
means ± SEM of 3 experiments. *p<0.05
**p<0.01 ***p<0.001 vs. control (ctr).

As expected, a very similar pattern of changes was observed when BMP4 was added during
the normal differentiation protocol (Fig. 4.1F, Fig. S2B). Under these conditions, increases of
the endodermal marker SOX7 and the trophoectodermal marker CDX2 indicated a deviation
of neuroectodermal differentiation to other cell specificities (Fig. 4.1F). As a second
manipulation, either the inhibitor of the endogenous TGF-beta receptor family signaling (SB-
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431542) was omitted during the differentiation, or an excess of the TGF-beta receptor family
ligand, activin A, was added. Under these conditions, the normal time-dependent changes of
stem cell markers and NEP markers were strongly attenuated (Fig. S2, Fig. 4.1G, H).
However, the expression of genes specific for endodermal (SOX7), mesodermal (T) or
trophoectodermal (CDX2) lineages were not altered (data not shown). Altogether, these
findings confirmed that our set of marker genes can indicate disturbed neuroectodermal
differentiation and the kinetics of gene expression changes indicated that DoD6 is indeed a
suitable time point for analysis. For this reason valproic acid (VPA) and other compounds
were tested from DoD0-6 as the default condition (Fig. 4.2A).

4.3.2 Disturbance of neuroectodermal differentiation by VPA
Developmental neurotoxicity of VPA is of great clinical concern, but the drug’s effects on
early neural specification are not well characterized in human cells. To address this issue, a
concentration range of 250-1000 μM VPA was tested for effects on NEP differentiation (Fig.
4.2A). None of the investigated concentrations resulted in significant cytotoxicity (Fig. S3A).
On DoD6, the mRNA levels of differentiation markers of treated cells and solvent controls
were compared. The stem cell markers OCT4 and NANOG were significantly higher in the
presence of VPA concentrations ≥ 600 μM, while PAX6 and OTX2 were greatly decreased.
SOX1 and FOXG1 were not affected (Fig. 4.2B). Only concentrations of 1 mM resulted in the
up-regulation of CDX2 and T (data not shown).
In order to gain some insight into the specificity of the neurodevelopmental disturbance
triggered by VPA, we compared its effect to those of other compounds (at known bioactive
concentrations) with a potential to affect early neuroepithelial development. Neither the
gamma-secretase inhibitor DAPT, nor the recently discovered murine neurodevelopmental
enhancer phenazopyridine (Suter et al. 2009) or sonic hedgehog (SHH) affected the chosen
set of markers. In contrast , stimulation of WNT signaling by the glycogen synthase kinase-3
(GSK3) inhibitor Chir98014 led to a significant down-regulation of NANOG, PAX6 and
OTX2, but had no effect on OCT4 (Fig. S4). Methylmercury, a broadly-acting developmental
neurotoxicant, selectively changed the expression level of FOXG1 (Fig. 4.2C). Thus,
comparison of the effects of different test substances revealed distinct patterns for individual
chemicals and suggested a relatively specific pattern for VPA.

74

4. Epigenetic changes and disturbed neural development in a human embryonic stem cellbased model relating to the fetal valproate syndrome

Figure 4.2: Disturbance of neuroectodermal differentiation by valproic acid (VPA). (A) Overview of the
neurodevelopmental toxicity test system. The replated hESC were first grown in conditioned medium (KCM)
supplemented with fibroblast growth factor 2 (FGF2). After 3 days (DoD0) differentiation was initiated by
medium change to knockout serum replacement medium (KSR) supplemented with Noggin, dorsomorphin and
SB-431542. From DoD4 on KSR was gradually replaced by N2 medium. Double arrows indicate medium changes.
Toxicant exposure was from DoD0-6. For quantitative qPCR analysis cells were normally lysed on DoD6. To
quantify GFP positive HES5 reporter cells, flow cytometry was performed routinely on DoD7. (B) Differentiating
cells were exposed to valproic acid (VPA) from DoD0-6. Transcript levels of marker genes of neural
differentiation were expressed relative to untreated cells (DoD6 ctr). Data are means ± SEM of 3 to 5 experiments.
*p<0.05 **p<0.01 ***p<0.001 vs. control (ctr). (C) Cells were exposed to chemicals or sonic hedgehog (Shh)
from DoD0-6. Significant (p<0.05) down-regulation of a marker gene is indicated by an arrow pointing
downwards. Significant up-regulation is indicated by an arrow pointing upwards. A black line indicates “no
significant changes” of this transcript by the compound. None of the treatments affected cell number and viability.
Data are means of 3 biological replicates. Chir: 2 µM CHIR98014; Phen: 3 µM phenazopyridin; MeHg: 0.8 µM
methyl mercury. DAPT: 2.5 µM gamma secretase inhibitor; SHH(C24II): 20 ng/ml sonic hedgehog.
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4.3.3 Specific developmental neurotoxicity of HDAC inhibitors
The effects of VPA were observed at clinically relevant concentrations, but this compound
has low affinity to its multiple targets. Therefore, we used TSA, a highly potent HDACi, to
investigate whether selective inhibition of histone deacetylation would reproduce the effects
of VPA. First, cells were differentiated in the presence or absence of TSA for different
periods of time. OCT4 was down-regulated less in the presence of TSA, and PAX6 did not
increase as much (Fig. 4.3A). Also, NANOG and OTX2 behaved the same way as they did
when treated with VPA. FOXG1 and SOX1 showed complex biphasic responses (Fig. S5A).
The concentration-response effects of TSA (2.5-15 nM) were examined in more detail after
treatment from DoD0-6. Increasing drug concentrations (significant effects at ≥ 7.5 nM) led to
a strong decrease in PAX6 and OTX2, whereas SOX1 and FOXG1 were not affected (Fig.
4.3B). TSA concentrations of up to 10 nM did not result in a decrease of viability (Fig.
S3B,C). Only concentrations of ≥ 15 nM resulted in increases of other germ layer markers
(not shown). Thus, the response to TSA was remarkably similar to the one of VPA.
The mRNA markers only measured transcriptional changes averaged over a culture dish. We
also used a NEP differentiation endpoint that can be assessed on the level of a single cellto
gather information on the effects of HDACi on individual cells. Hes5::GFP is a hESC cell
line expressing GFP under the control of the Hes5 promoter, a Notch-target gene switched on
in early neural precursor cells. These cells were analyzed by flow cytometry at different time
points after initiation of NEP differentiation. A GFP-positive subpopulation comprising 50%
of all cells was observed on DoD7 and at DoD10 about 75% of the cells expressed GFP (Fig.
4.3C). Due to the sufficient number of GFP-positive cells, we chose to perform all further
analyses on DoD7. To assess the response dynamics of this endpoint we initially tested the
effect of the Notch signaling inhibitor DAPT. Hes5::GFP cells, differentiated in the presence
of DAPT from DoD0-7, showed decreased GFP expression. A significant reduction was also
observed with treatment only from DoD6-7, as expected from the direct Notch-dependence of
HES5 expression (Fig. 4.3D). In this system, we investigated the effects of HDACi. TSA
concentrations ≥ 2.5 nM and VPA concentrations ≥ 250 μM led to a significant decrease of
GFP-positive cells (Fig. 4.3E). These results confirmed the findings obtained with the marker
genes. As a complementary approach, we chose to examine the effect of HDACi on the
expression of the NEP marker PAX6 at the protein level. Immunocytochemical analysis of
cells differentiated for 6 days showed that incubation with TSA or VPA during that time
significantly reduced PAX6 staining (Fig. 4.3F). As TSA fully reproduced all the effects on
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NEP differentiation observed with VPA, this more specific drug was used for further
characterization of the mode of action.

Figure 4.3: Disturbance of neuroectodermal differentiation by trichostatin A (TSA). (A) Cells were
exposed to TSA (10 nM) or solvent (control) from DoD0 to DoD8. Transcript levels were determined by
qPCR and the ratio of TSA vs. control (ctr) was calculated for each time point. Data are means ± SEM of 3
experiments. *p<0.05 **p<0.01 ***p<0.001. (B) Differentiating cells were exposed to TSA from DoD0-6.
Marker gene transcript levels are displayed relative to untreated cells (DoD6 ctr). Data are means ± SEM of 3
to 7 experiments. *p<0.05 **p<0.01 ***p<0.001 (vs. DoD6 ctr). (C) Reporter cells (hESC expressing GFP
under the Hes5 promoter) were differentiated for up to 10 days. The amount of GFP-positive cells was
quantified by flow cytometry and normalized to the total number of cells. ***p<0.001 vs DoD0. (D) Hes5
reporter cells were differentiated in the presence of DAPT (2.5 µM) for the indicated time periods.
***p<0.001 vs ctr. (E) Hes5 reporter cells were differentiated in the presence of TSA or VPA from DoD0-7.
GFP-positive cells were measured in 3-9 experiments. **p<0.01 ***p<0.001 vs. ctr. (F) hESC were
differentiated in the presence or absence of 10 nM TSA or 0.6 mM VPA. At DoD6, cells were fixed and
stained for PAX6. DNA was stained with H-33342. Scale bar: 50 µm.

4.3.4 Defining the window of sensitivity of NEP differentiation towards TSA.
In a differentiating tissue or under respective in vitro conditions, cells continuously change
their phenotype. Therefore, also the targets and pathways that are affected by chemicals could
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be different when exposed at different stages of development. To gain more information on
the processes affected by TSA, we applied the HDACi during different treatment windows
and

investigated

the

changes

of

PAX6

expression

(Fig.

4.4A).

Figure 4.4: Defining the window of sensitivity of NEP differentiation towards TSA. (A) Scheme
indicating exposure to toxicants during different periods of the differentiation as indicated (a-f). For “a-e”,
cells were lysed at DoD6. For “f”, cells were lysed on DoD10. (B) Differentiating cells were exposed to TSA
for the time periods indicated in A. Expression levels are displayed relative to control cells at DoD6. n=3.
*p<0.05 **p<0.01 ***p<0.001 vs control (ctr). (C) Cells were exposed to TSA from DoD4-10. Transcript
levels are expressed relative to untreated DoD10 cells. (D) Reporter cells (Hes5::GFP) were differentiated in
the presence of chemicals, or 20 ng/ml sonic hedgehog (SHH), or without the normal addition of noggin and
dorsomorphin (-noggin/dorso) from DoD0-10 or from DoD4-10. Arrows pointing downwards indicate a
significant (p<0.05) decrease in the amount of GFP-positive cells compared to the untreated cells on DoD10.
Bars indicate “no significant change” in the number of GFP-positive cells during the indicated treatment
period. None of the treatments affected cell number and viability. n=3. Phenazopyridin: 3 µM
phenazopyridin; TA: 10 nM TSA; DAPT 2.5 µM gamma secretase inhibitor; SHH(C24II): 20 ng/ml sonic
hedgehog.

Treatment at the beginning of differentiation (DoD0-2) and analysis on DoD6, showed only
minor disturbances caused by of the chemical. Treatment only from DoD4-6 also did not
affect the NEP marker. In contrast, prolonged treatment from DoD0-4 resulted in a maximum
response on DoD6, even though the drug was absent during the last 2 days (Fig. 4.4B). Thus,
the effects described for the exposure from DoD0-6 were probably not the direct result of

78

4. Epigenetic changes and disturbed neural development in a human embryonic stem cellbased model relating to the fetal valproate syndrome

transcriptional changes triggered by the presence of TSA, as described in short term studies
using different cell systems (Glaser et al. 2003; Jergil et al. 2011; Theunissen et al. 2012).
They rather seemed to indicate altered NEP differentiation due to prolonged exposure during
DoD0-4. A large-scale deviation from the normal differentiation trajectory was also observed
when the overall transcriptome was examined after exposure to TSA. Principal component
analysis (PCA) showed the emergence of an entirely different population under these
conditions (Fig. 4.1C). Altogether, 2500 genes were differentially expressed. Among the 29
GOs most significantly overrepresented in the genes up-regulated in TSA-treated cells, 14
indicated development of non-neural tissues. All 3 GOs that were overrepresented among the
down-regulated genes were related to neural development (data not shown). The genes downregulated by TSA were compared with those that result in neural tube defects (NTD), when
knocked-out in mice. This alignment resulted in 14 candidates that may be associated with
human neurodevelopmental defects (Fig. S6).
Prolonged exposure outside the critical window of TSA susceptibility, for instance from
DoD4-10, did not affect NEP differentiation, as assessed by measurement of OCT4 and PAX6
expression (Fig. 4.4C). The latter effect was examined in detail for a wide range of TSA
concentrations (2.5 – 25 nM), and for further differentiation markers (FOXG1, SOX1, OTX2,
NANOG (Fig. S5B)). We also used Hes5::GFP cells to confirm, by an independent approach,
that DOD0-4 was the critical window for HDACi effects on NEP differentiation. Exposure to
TSA during DoD0-10 resulted in a pronounced down-regulation of GFP expression,
indicative of disturbed NEP differentiation. In contrast, no effect was observed when the
chemical was present during DoD4-10. The positive control, DAPT, reduced the GFPpositive cell population with either treatment. The negative controls SHH and phenazopyridin
had no effect at any treatment period and omission of the BMP4 signaling inhibitors (noggin
+ dorsomorphin) at earlier time periods (DoD0-10) affected cell differentiation as expected,
while late omission after fate decision (DoD4-10) had no effect on proper NEP formation
(Fig. 4.4D). In summary, TSA affected the NEP differentiation program only after early and
prolonged ( > 2 days) exposure.

4.3.5 Epigenetic modifications triggered by VPA and TSA
Although VPA has many known targets, it has been suspected for a long time that its activity
as an HDACi is related to its developmental toxicity. The use of more specific and potent
compounds, such as TSA, is necessary to further explore this hypothesis. We compared the
two drugs with respect to their effect on histone modification. Both VPA and TSA increased
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H3 acetylation in differentiating cells rapidly (within 24 h) and to a similar degree, at the
concentrations used for most endpoints in this study (10 nM TSA or 0.6 mM VPA) (Fig.
4.5A). This modification of the histone code is known to open the chromatin structure at the
respective sites and to facilitate transcription. One explanation for decreased transcription
may be the regulation of gene products that indirectly affect the promoter of down-regulated
genes. To obtain some preliminary evidence for such a process, we examined a small,
heterogeneous set of genes involved in different epigenetic processes. They involved TET2,
and DNMT3B (DNA methylation), BMI1, CBX8 and PHC2 (polycomb complex proteins),
HDAC9 and KAT2B (histone acetylation), NEK6 (chromosome segregation) and BAF60C
(chromatin remodeling). Comparison of DoD6 cells differentiated in the presence or absence
of TSA showed that e.g. PHC2, a representative of the polycomb group 1 complex, was upregulated by the treatment (normal expression level of 1.5 ± 0.1 compared to hESC,
increasing to 6.6 ± 1.7 in the presence of TSA). At the same time, genes affecting acetylation
were significantly down-regulated (KAT2B, HDAC9). This may be indicative of secondary
modifications of the histone code that contribute to the overall action of HDACi (Fig. 4.5B).
Such modifications were examined directly by chromatin immunoprecipitation (ChIP) for
modified histones and their enrichment in the promoter of PAX6, OTX2 and OCT4 was
quantified. H3K4 trimethylation (H3K4me3), as a mark for open chromatin, and H3K27
trimethylation (H3K27me3), as a mark for closed/silenced chromatin, were investigated in
treated and untreated DoD6 cells. For many genes, the ratio of H3K4me3/H3K27me3
enrichment correlates with transcriptional activity (H3K4me3>H3K27me3) or silencing
(H3K4me3<H3K27me3) (Hublitz et al. 2009; Kouzarides 2007; Santos-Rosa et al. 2002). For
the supposed housekeeping gene GAPDH, this ratio was >1 (active gene), and it was slightly
further increased by TSA (Fig. 4.5C, Fig. S7). As expected, the ratio was < 1 on the OCT4
promoter (silenced) in control cells, and TSA led to a doubling of the ratio (trend towards less
silencing). The PAX6 promoter was switched from an open to a silenced chromatin type in
cells treated with TSA. This inversion of the ratio originated from a slight decrease in
H3K4me3, together with a significant increase in H3K27me3 (Fig. S7). The promoter of
OTX2 had higher K4me3 levels and lower H3K27me3 levels in untreated cells compared to
TSA-treated cells (Fig. 4.5C , Fig. S7). All these findings correlated well with the observed
changes in transcript levels (Fig. 4.3) and they confirmed our hypothesis that HDACi can
affect key differentiation factors by indirectly affecting the histone code in their promoter
region.

80

4. Epigenetic changes and disturbed neural development in a human embryonic stem cellbased model relating to the fetal valproate syndrome

Figure

4.5:

Epigenetic

modifications

triggered by VPA and TSA. (A) Cells
(hESC) were differentiated in the presence of
TSA (10 nM), VPA (0.6 mM) or solvent (ctr)
from DoD0-1. Then, protein lysates were
prepared and analyzed by western blotting
using antibodies specific for total histone 3
(H3)

or

acetylated

H3

(H3Ac).

A

representative blot is shown and quantitative
data (means from 3 experiments) are given
below. (B+C) hESC were differentiated in
the absence (ctr) or presence of TSA (10 nM)
from DoD0-6. (B) Transcript levels of
indicated genes on DoD6 were expressed
relative to hESC. Data are means ± SEM of 3
experiments. *p<0.05. (C) After 6 days of
differentiation

chromatin

immunoprecipitation was performed with
antibodies

specific

for

H3K4me3

or

H3K27me3. The amount of DNA from the
promoter region of indicated genes was
quantified by qPCR and compared to control
precipitates to obtain enrichment factors (EF) of the two chromatin marks. The figure displays the ratio of
the EFs for H3K4me3 and H3K27me3. A ratio above 1 points to open chromatin, a ratio below 1 indicates
silenced chromatin. Ratios close to 1 indicate either a bivalent mark (#) or low EFs. Data are means ± SEM
of 3 experiments. *p<0.05 **p<0.01.
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4.4 Discussion
This study was a first step towards the modeling of chemical-induced neurodevelopmental
disturbances on the basis of human stem cells. We found a pattern of transcriptional
deregulation associated with disturbed neural differentiation that was compound-specific. The
initial effects of HDAC inhibition were linked to the stably disturbed neural development by
secondary epigenetic effects exemplified by altered methylation patterns of histones in the
promoters of key transcription factors.

4.4.1 Marker profile of normal and disturbed NEP differentiation
We chose VPA for proof-of-concept experiments, as effects of this drug are well-documented
in humans and animals. Then, we focused on TSA, to explore the role of HDACs as a specific
target. Both compounds disturb very early neural development in animals (Gurvich et al.
2005) and several symptoms of FVS in humans are related to chemical effects during the
most initial stages of nervous system formation (Kim et al. 2011; Lindhout and Schmidt
1986). Our model system was based on the differentiation of hESC and the generated NEP
correspond roughly to cells found at initial stages of neurulation (Fig. 4.6A)(Vieira et al.
2010). Differentiation markers used in this study were chosen, as they are well-established
indicators of cellular patterning and regionalization of the neural plate (Chambers et al. 2009;
Vieira et al. 2010). In particular, Pax6 is widely used as an early neural marker (Shi et al.
2012; Yoo et al. 2011).
Correct formation and closure of the neural tube depends on a large number of genes, and
over 50 candidates for neural tube defects (NTD) have been identified on the basis of mutant
mouse models (Robinson et al. 2010). Screening of human analogues of such genes in
patients with NTD yielded rather ambiguous results (Boyles et al. 2005; Harris and Juriloff
2007). As an alternative approach, transcriptional changes associated with NTD have been
investigated in murine fetuses exposed to environmental toxicants. Many of the altered
transcripts in this model corresponded to the genes associated with NTD in gene-targeted
mice (Robinson et al. 2011). We used our human developmental neurotoxicity model for a
similar comparison of altered transcripts with NTD genes. Fourteen of the genes downregulated by TSA are known from murine knock out models to be associated with NTD
(Copp et al. 2003; Harris and Juriloff 2007). These candidates deserve further investigation in
the future.
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Figure 6: Summary of developmental neurotoxic actions of VPA and TSA. (A) The normal
differentiation of pluripotent stem cells to neuroepithelial precursors (NEP) is indicated by black arrows.
Alterations of the differentiation process under the influence of VPA or TSA (HDACi) are indicated by gray
arrows. HDACi push the differentiating cells to another type of precursor cells (d1* and NEP*). If the
compounds affect the cells only at the start of differentiation, return to the normal differentiation process is
possible (slim black arrow). Prolonged presence of HDACi leads to altered differentiation (NEP*), as
indicated by an altered marker profile, and which is possibly linked to developmental defects. Addition of
the compounds only during late phases of the differentiation may, or may not, (dotted lines) affect the cells
transiently, but normal differentiation (as indicated by a normal marker profile) is still possible. d1/4: cells
on DoD1/4. (B) Inhibition of histone deacetylases by VPA and TSA results in decreased deacetylation (black
dotted arrow) and hence to an increased acetylation state of histones by the normal activity of histone
acetyltransferases (HAT). Increased histone acetylation resulted in further direct and indirect changes of the
histone code. These involved altered transcript levels of chromatin modifiers, and changes in histone
methylations at H3K4 and H3K27 (gray arrows). The broad, but specific changes of the overall cellular
transcriptome (thick gray arrow) are a consequence of the altered histone code, and they result in altered
neurodevelopment. It is likely that the cell fate itself has feedback effects on the transcriptome and the
histone code (dotted black arrows).

4.4.2 Timing and concentration range of exposure
To link changes in gene expression to defined molecular drug actions, we used TSA for
mechanistic studies. This HDACi has less off-targets than VPA (de Ruijter et al. 2003) and
we found both compounds to show similar effects, i.e. both compounds generated a new cell
population with a characteristic gene expression profile. Early and prolonged treatment with
TSA, but not early and short exposure or late treatment (even for prolonged periods) led to
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disturbed neural differentiation (Fig. 4.6A). Notably, the changes in the chosen marker
transcripts differed largely and distinctively from those triggered by MeHg, another
compound known to interfere with neurodevelopment (Robinson et al. 2010; Zimmer et al.
2011b). They also differed from those triggered by activation of the WNT pathway, which
would be another potential target of VPA. In this context it is important to consider the
concentrations used in this study. For instance, all compounds were used in a range in which
they did not trigger cytotoxicity. Cell death was negligible (< 10%) even with exposure to 800
nM MeHg, although such concentrations are lethal at later stages of neurodevelopment
(Zimmer et al. 2011b). The VPA concentrations used here correlate well with human serum
levels (ranging from 0.3 to 0.8 mM) (Sztajnkrycer 2002; Wiltse 2005) and with the 1 mM
concentration used in other studies in the absence of cytotoxicity (Jergil et al. 2011;
Theunissen et al. 2012). As the fetal/maternal concentration ratio has been estimated to be 1.7
and the half-life of VPA in neonates is rather prolonged, the concentrations chosen here
appear to be within the range expected in vivo (Nau et al. 1984). Also the concentrations of
TSA (10 nM) chosen here, are well within the range in which the compound does not trigger
the death of stem cells and shows high specificity for HDACs as a target (Jergil et al. 2011;
Yoshida et al. 1990).

4.4.3 Direct vs. indirect regulation of genes by HDACi
Several elegant studies have compared structurally-diverse HDACi with other potential
teratogens to identify signature genes triggered in neural/stem cells by short term exposure
(e.g. 6 h) (Jergil et al. 2011; Jergil et al. 2009). Such “HDAC genes” were also confirmed
upon short exposure to VPA in an embryonic stem cell test system (Theunissen et al. 2012).
In contrast to this, we did not find any significant correlation of the transcript changes
triggered by 6 days exposure to TSA with such genes. The pattern of changes we observed
seems to be dominated by effects due to the generation of a different cell population because
of altered differentiation signals. The direct effects of HDAC inhibition may be compensated
after this continuous exposure by secondary regulations. Such differences between short and
long-term exposure are commonly observed in other signaling pathways, such as the
triggering of epidermal growth factor (EGF) receptors. EGF or serum only, lead to strong
MAPK activation for short time periods, but not upon continuous activation (Kao et al. 2001;
Vieira et al. 1996). Treatment with TSA from DoD0-4, with a subsequent washout of the drug
from DoD4-6, showed the same effect on NEP differentiation and marker transcripts as
continuous exposure from DoD0-6. This further suggests that the differentiation changes
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triggered initially in this model appear to become stable and independent of the primary drug
effect. Such an effect corresponds to the neurodevelopmental effects triggered in humans by
short drug exposure during a critical phase of development.

4.4.4 Epigenetic cause for DNT effect
What links the initial HDACi-dependent changes to the stable change of gene expression seen
later due to altered differentiation (Fig 4.6B)? Histone hyperacetylation, as observed shortly
after drug exposure, may indeed be the initial trigger. However, additional changes are
required, as this type of chromatin modification leads to chromatin opening at the respective
sites and this epigenetic state facilitates gene transcription. Instead, an altered methylation of
histones may lead to chromatin opening or compaction, depending on the site of modification.
For instance, chromatin opening due to HDACi may be enhanced and stabilized by increased
H3K4 trimethylation (Nightingale et al. 2007), and VPA is known to change H3K4 levels in
the neuroepithelium of mice (Tung and Winn 2010). While these studies only looked at global
levels of chromatin marks in the genome, we added here specific information on the level of
individual genes, and on the ratio of a major activating (H3K4me3) and inactivating
(H3K27me3) chromatin modification on a given promoter site. Thus, we provide a rationale
for stable down-regulation of genes which occurs as a secondary consequence of treatment
with HDACi. A relative increase of H3K27me3 at the promoter of the pro-neural transcription
factor genes PAX6 and OTX2 accompanied their down-regulation.
A further indirect level of regulation may be the altered activity of genes that code for
enzymes involved in the modification of the chromatin. Indeed, we detected changes, e.g. in
the expression of PHC2 which is part of the polycomb complex, and in HDAC9 and KAT2B,
the altered expression of which may be responsible for secondary changes in the histone code.
Such regulations may be independent of the primary drug effects and rather be diagnostic for
the altered differentiation track resulting in a different cell population (Fig. 4.6B). This has
important implications for in vivo markers of NTD, as chemicals do not only change
transcription directly, but stable indirect changes may be observed even after cessation of
exposure due to changes in neurodevelopment.

4.4.5 Conclusion
Human PSC have been used here in a new approach to model drug-induced
neurodevelopmental disease. The transcriptional effects of HDACi differed from those found
in short-term studies, as they reflected altered neurodifferentiation due to secondary changes
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of the histone code for key transcription factors. In the future, it will be interesting to apply a
widened marker gene panel to investigate drug-induced effects on early human neural
development. More detailed investigations of chromatin modifications at pivotal promoters
will be required to derive general rules for the relationship of such mechanisms and
chronic/developmental toxicity.

4.5 Materials and Methods
4.5.1 Materials
Accutase was obtained from PAA (Pasching, Austria). Gelatine, putrescine, selenium,
progesterone, apotransferin, glucose, insulin, valproic acid, trichostatin A, methylmercury (II)
chloride (MeHg), DAPT and phenazopyridine hydrochloride were purchased from Sigma
(Steinheim, Germany). FGF basic, noggin and sonic hedgehog were obtained from R&D
Systems (Minneapolis, MN, USA). Y-27632, SB-43154 and dorsomorphin dihydrochloride
were from Tocris Bioscience (Bristol, UK). CHIR98014 was purchased from Axon Medchem
(Groningen, Netherlands). MatrigelTM was from BD Biosciences (Massachusetts, USA). All
culture reagents were from Gibco/Invitrogen (Darmstadt, Germany) unless otherwise
specified.

4.5.2 Neuroepithelial differentiation
Human embryonic stem cells (hESC) (H9 from WiCells, Madison, USA), and the H9-based
Hes5 reporter cell line (Hes5::GFP) (Placantonakis et al. 2009), kindly provided by Mark
Tomishima and Lorenz Studer (Sloan Kettering, NY), were differentiated as described earlier
in detail (Chambers et al. 2009). For details see supplemental methods.

4.5.3 Immunostaining and flow cytometry
For immunostaining, cells were fixed in 4% paraformaldehyde and 2% sucrose prior to
permeabilization in 0.3% Triton X-100 in PBS. After blocking in PBS containing 5% bovine
serum albumin and 0.1% Tween-20 for 1 h, primary antibodies (Fig. S1a) were incubated for
1 h, at room temperature (RT). After washing, secondary antibodies were applied for 30 min
at RT. DNA was stained with Hoechst H-33342, and cover slips were mounted in
FluorSaveTM reagent (Calbiochem, Merck). For densely growing cells (DoD6 or DoD10),
cells were detached, replated as monolayer and fixed 1 h later for immunostaining.
For analysis of the hESC expressing green fluorescent protein (GFP) under the control of the
Hes5 promoter (hereafter called Hes5::GFP), the cells were differentiated for up to 10 days.
Cells were detached by accutase treatment and resuspended in PBS containing 2% FCS. The
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amount of GFP-positive cells was quantified with an Accuri C6 flow cytometer (Accuri
Cytometers, Ann Arbor, USA) and data were processed with CFlow Plus (Accuri
Cytometers).

4.5.4 Quantitative real-time PCR and microarray analysis
At indicated DoD, cells were lysed in TriFastTM (Peqlab, Germany) and total RNA was
isolated according to the manufacturer’s guide and reverse transcribed (SuperScriptII,
Invitrogen). Quantitative reverse-transcriptase real-time PCR (qPCR) for each transcript (Fig.
S1b) was performed using EVAGreen® SsoFastTM mix on a BioRad Light Cycler (Biorad,
München, Germany). For quantification, qPCR threshold cycles were normalized in a first
step to housekeeping genes (tatabox binding protein (TBP) and ribosomal protein L13
(RPL13A)). If not stated otherwise, the data of cells treated with chemicals was then
expressed relative to transcript levels of untreated control cells which had been grown and
differentiated for the same amount of time. For this normalization the 2^(-Delta Delta C(T))
method was used (Livak and Schmittgen 2001). Affymetrix chip-based microarray analysis
(Human Genome U133 plus 2.0 arrays) was performed as described in supplemental methods.

4.5.5 Western Blot and chromatin immunoprecipitation (ChIP)
Western Blot (Stiegler et al. 2011) and chromatin immunoprecipitation assays on native
chromatin (N-ChIP) (Umlauf et al. 2004) were performed according to established protocols.
For details and adaptations see supplemental methods.

4.5.6 Statistics and data mining
For statistical analysis of experiments in which only one condition of the differentiation was
changed, paired t-tests were performed using log-transformed expression values. For multiple
comparisons, one-way ANOVA analysis was performed with log-transformed expression
values relative to hESC. One-way ANOVA was followed by a Dunnett’s post-hoc test of
comparisons relative to untreated cells. All data shown, and all statistics performed refer to
biological replicates (= independent experiments, each consisting of several technical
replicates). Over-representation of gene ontologies was tested with g:profiler (Reimand et al.
2011). Highly overrepresented GOs were selected, if they belonged to the term domain
“biological process”, contained > 20 candidatesin the list associated with the functional term
which had a hierarchy level > 4, and had a hypergeometric p-value smaller than 10E-12.

87

4. Epigenetic changes and disturbed neural development in a human embryonic stem cellbased model relating to the fetal valproate syndrome

Acknowledgments
We are grateful to Mark Tomishima for providing the Hes5 reporter cell line. We are indebted
to many colleagues for their valuable contribution and insightful discussions during the course
of this work. We thank Marion Kapitza and Suzanne Kadereit for excellent cell culture
support and stem cell infrastructure. This work was supported by grants and support from the
Doerenkamp-Zbinden foundation, the German Research Foundation (RTG 1331) and the
European Community’s Seventh Framework Programme (ESNATS project).

Conflict of interest
The authors declare no conflict of interest.

Abbreviations
DNT- developmental neurotoxicity
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HDACi - histone deacetylase inhibitor
hESC - human embryonic stem cells
iPS - induced pluripotent stem cells
NEP - neuroepithelial precursor cells
PSC - pluripotent stem cells
TSA - trichostatin A
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Supplemental methods.
1. Neuroepithelial differentiation

The protocol followed the detailed description of (Chambers et al. 2009), with the following
minor change: the noggin concentration was only 35 ng/ml, and to compensate for the
lowered concentration compared to the original protocol, dorsomorphin was added to
attenuate bone morphogenetic protein (BMP) receptor signaling, as suggested before
(Chambers et al. 2011). Briefly, the differentiation protocol was as follows. Single cells
(hESC) were plated for 3 days on matrigel to a density of 18000 cells/cm². The medium was
previously conditioned for 24 h on mitomycin C-inactivated mouse embryonic fibroblasts and
it was freshly supplemented with 10 ng/ml FGF2 and 10 µM ROCK inhibitor Y-27632. When
cells had reached a confluency of about 75%, differentiation was initiated by medium change
to knockout serum replacement medium (KSR) (Knockout DMEM with 15% knockout serum
replacement, 2 mM Glutamax, 0.1 mM MEM non-essential amino acids and 50 μM betamercaptoethanol) supplemented with 35 ng/ml noggin, 600 nM dorsomorphin and 10 µM SB431642. Beginning on DoD4, KSR medium was gradually replaced by N2 medium
(DMEM/F12 medium with 1% Glutamax, 0.1 mg/ml apotransferin, 1.55 mg/ml glucose, 25
μg/ml insulin, 100 μM putrescine, 30 nM selenium and 20 nM progesterone), supplemented
with the same amounts of noggin, dorsomorphin and SB-431642 as KSR.

2. Western Blot

Cells were lysed in PBS containing 1% SDS, complete protease inhibitor mix (Roche;
Mannheim, Germany) and 10 mM sodium butyrate. A bicinchoninic acid protein assay kit
(Pierce; Thermo Scientific, Rockford, USA) was used to quantify protein concentrations. Ten
µg of total protein were loaded on 18.7% SDS gels and separated by electrophoresis. Proteins
were transferred onto nitrocellulose membranes (Amersham; Buckinghamshire, UK) using a
BioRad WetBlot device. After 1 h of blocking with 4% BSA in TBS containing 0.1% Tween20 (TBS-T), membranes were incubated with primary antibodies (Suppl. Fig. 1) overnight at
4°C. Following washing steps with TBS-T, membranes were incubated with anti-mouse-HRP
or anti-rabbit-HRP (1:10000, Jackson Immuno Research) for 1 h at RT. For visualization,
ECL Western blotting substrate (Pierce) was used.
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3. Chromatin immunoprecipitation (ChIP)

A chromatin immunoprecipitation assay on native chromatin (N-ChIP) was performed as
described earlier (Umlauf et al. 2004) with the following modifications: cells were harvested
for ChIP analysis on DoD6. After lysis and separation of cell constituents by centrifugation
on a sucrose cushion, the nuclei of 5x106 cells were resuspended in 250 µl digestion buffer
(0.32 M sucrose, 4 mM MgCl2, 1mM CaCl2, 50 mM Tris-HCl pH 7.5), and treated for 14 min
(hESC) or 12 min (DoD6) with 80 units of micrococcus endonuclease (Mnase) (Fermentas,
St. Leon-Rot) at 25°C. Samples were then gently swirled at 800 rpm in a thermo block
(Thermo Fisher) at 4°C overnight to elute chromatin fragments. These were separated from
the nuclei by centrifugation (10 min, 10000 x g), quality controlled on agarose gels, and
diluted to contain 20 µg DNA in 1 ml final sample volume. For immunoprecipitation of these
samples, unspecific control (UC) or specific anti-H3K4me3 or anti-H3K27me3 antibodies
were added to a final concentration of 1:500. Immunoprecipitation and washing were
performed exactly as described (Umlauf et al. 2004). The precipitates were analyzed by
qPCR, to quantify the amount of DNA from the promoter region of selected genes (see Fig
S1b for primer details). For data display, we calculated the fold enrichment (FE) from the
qPCR threshold cycle values (Ct) as suggested (Haring et al. 2007), according to the formula:
FE = 2^ - [Ct(specific antibody)- Ct(UC)], and we averaged data from three experiments
performed with different cell lots.

4. Microarray analysis

RNA was isolated from the cells and prepared for microarray hybridizations as described
earlier. For global transcriptional profiling, the total RNA was isolated from neural progenitor
cells using Trizol (Invitrogen, Damstadt, Germany), and purified with Qiagen RNeasy mini
kits (Qiagen, Hilden, Germany). On column DNase digestion was performed as per the
manufacturer’s protocol. Before microarray analysis, the RNA was quantified with a
NanoDrop N-1000 spectrophotometer (NanoDrop, Wilmington, DE, USA);the integrity of
RNA was confirmed with a standard sense automated gel electrophoresis system (Experion,
Bio-Rad, Hercules, CA, USA). The samples were used for microarray analysis when the RNA
quality indicator (RQI) number was higher than 8. First-strand cDNA was synthesized from
100 ng total RNA using an oligo-dT primer with an attached T7 promoter sequence and then,
the complementary second strand was made. The double-stranded cDNA molecule was used
for in vitro transcription (IVT, standard Affymetrix procedure) using Genechip 3’ IVT
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Express Kit. As the aRNA (amplified RNA, also commonly referred to as cRNA) is being
made, a biotinylated nucleotide analog is incorporated and serves as a label for the message.
After amplification, aRNA was purified with magnetic beads, and 15 μg of aRNA were
fragmented with fragmentation buffer as per the manufacturer’s instructions. 12.5 μg
fragmented aRNA were hybridized with Affymetrix Human Genome U133 plus 2.0 arrays as
per the manufacturer’s instructions. The chips were placed in a GeneChip Hybridization
Oven-645 for 16 h at 60 rpm and 45 ºC. For staining and washing, Affymetrix HWS kits were
used on a Genechip Fluidics Station-450. For scanning, the Affymetrix Gene-Chip Scanner3000-7G was used, and the image and quality control assessments were performed with
Affymetrix GCOS software. All reagents and instruments were acquired from Affymetrix
(Affymetrix, Santa Clara, CA, USA). Pre-processing of the arrays including background
correction, quantile normalization, and summarization was applied to all expression data
samples, using Robust Multiarray Analysis (RMA) algorithm (Irizarry et al. 2003) from the
affy package in Bioconductor. PCA was performed using all genes, without filtering. Genes
were considered to be differentially expressed by microarray analysis, when their falsedicovery rate (FDR)-corrected p-value (Student’s t-test with Benjamini-Hochberg correction)
was < 0.05, and when the expression level was > 1.5-fold.
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5.1 Abstract
The exact biological significance of epigenetics and toxicogenomics data is unclear in the
field of developmental toxicology. We used a human stem cell-based model for neural
differentiation to define the information provided by transcriptomics and to uncover the
potential role of epigenetics in persistent drug effects. Normal differentiation proceeded in
waves of gene expression changes, and pulsed exposure to the histone deacetylase inhibitor
model drug trichostatin A triggered a distinct, but reversible change of histone acetylation and
transcriptome alteration. Continuous drug exposure for 6 days lead to disturbed
neurodevelopment associated with a characteristic pattern of transcriptome changes. Data
from drug washout and pulse-chase experiments suggest that the final transcriptome changes
after continuous drug treatment describe the altered cellular phenotype, but not chemicalinduced signals. Analysis of histone acetylation confirmed that late transcriptome changes did
not correlate with primary drug action. Moreover, short increases of histone acetylation were
not sufficient to trigger disturbances of development. Instead, secondary histone methylation
was identified as a potential persistence detector deciding on reversibility or adversity of drug
exposure of different duration.
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5.2 Introduction
Exposure to toxicants during sensitive periods of neural development can lead to
neurobehavioral alterations in later life. Hazard assessment for this developmental
neurotoxicity (DNT) is challenging.
Toxicogenomic data, systems biology and the use of human stem cell-based systems are
expected to change the ways by which toxicological information will be obtained and
interpreted in the future (Hartung et al. 2012; Robinson et al. 2012; Wobus and Loser 2011).
This is in line with a ‘proposed shift from primarily in vivo animal experimentation to in vitro
assays and computational modeling for toxicity assessment (Collins et al. 2008), as suggested
by the EPA, the NTP and the NIEHS to implement the NRC vision for a new toxicology of
the 21st century (NRC report; D. Krewsky paper summarizing report). Also the OECD has
fully

embarked

(http://www.epa.gov/nheerl/articles/2011/Chemical_Safety_Assessments.html) on the AOP
concept that puts the mode of action of a chemical into the center of toxicological risk
assessment (Blaauboer et al. 2012). Thus, hazard assessment, i.e. for DNT, is shifting from in
vivo testing, which is testing in a black box as mechanisms are hard to study, towards systems
toxicology approach. Similar to systems biology, systems toxicology attempts to model the
pathophysiology of the body with computational tools (Hartung et al. 2012) to understand
mechanisms of toxicity. In order to understand the human toxome, which comprises all
pathways of toxicity, and which mechanisms can trigger DNT, omics (high content)
technologies have proven to be useful.
While toxicogenomic approaches have been already extensively explored for carcinogenesis
research (Ellinger-Ziegelbauer et al. 2009; Kleinstreuer et al. 2013). There is much less
information about its specific issues concerning differentiating stem cell systems. However,
DNT mechanisms have been successfully investigated using transcriptomics analysis (Crofton
et al. 2012; Theunissen et al. 2012; Zimmer et al. 2011a).
Several concepts emerged from such studies. For example, it has been shown that gene
expression during neural differentiation of mouse embryonic stem cells occurs in waves
(Zimmer et al. 2011a). It would be interesting to find out if this holds true in human neural
differentiation systems. Also, it has been found that windows of sensitivity towards specific
compounds that exist in vivo (Rice and Barone 2000), can also be seen in in vitro sytems
(Balmer et al. 2012).
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Nonetheless it remains unclear what can be assessed using genome wide expression profiles.
On the one hand such profiles could reveal modes of action by which chemicals alter neural
differentiation, so called pathways of toxicity (PoT). On the other hand, the expression profile
of a differentiating cellular culture may represent a toxicity endophenotype (TEP), which is a
biologically quantifiable altered functionality of part of the nervous system (Kadereit et al.
2012), thereby representing rather a fingerprint of the cellular state than a PoT. The concept of
TEPs also takes into account that there can be a delay between an original insult by a
chemical and an adverse outcome, e.g. on DNT.
This has also been described by the Barker hypothesis and its extension, which describe that
an early-life exposure to toxicants, e.g. to pesticides, can lead to severe diseases in later life,
e.g. Parkinson’s disease (Landrigan et al. 2005; Osmond and Barker 2000).
Interestingly, many such altered behaviors and late-onset disorders that are caused early in life
are associated with epigenetic alterations (Onishchenko et al. 2008; Weaver et al. 2004).
Especially life-long exposure to toxicants or early developmental exposure to toxicants could
result in an accumulation of epigenetic changes, that, when reaching a certain threshold, result
in a change of gene expression associated with disease. There are several examples for
toxicants that can trigger diseases in later life when exposed to in utero or childhood. Lead,
for example, has been associated with Alzheimer’s disease (Wu et al. 2008). Valproic acid
(VPA), a HDAC inhibitor used to treat, e.g. mood disorders, causes the fetal valproate
syndrome and has been suspected to be associated with autism (Dufour-Rainfray et al. 2010;
Jentink et al. 2010; Meador et al. 2009).
We have shown previously that developmental neurotoxic effects of chemicals can be
investigated in an in vitro test system in which hESC can be differentiated efficiently to
neuroepithelial precursor cells (NEP). This differentiation process was investigated using
expression levels of four marker genes that roughly specify the fate of the differentiating
cells. We found that prolonged, but not short, exposure to the well-known DNT compound
valproic acid altered neural differentiation in a similar manner as other inhibitors of histone
deacetylases (HDACi). Moreover, exposure to HDACi resulted in altered histone methylation
patterns at the promoters of deregulated marker genes (Balmer et al. 2012; Krug et al. 2013b).
We wondered what is an adaptive response to the exposure to a compound (exposure doesn‘t
have an adverse effect, system can counter-regulate) and when does exposure to a chemical
become toxic? Additionally, we investigated how early exposure to toxicants can result in
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altered neural differentiation at later time points by investigating histone methylation patterns
at promoters of marker genes for neural differentiation.
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5.3 Results and Discussion
We concluded from previous work that altered gene expression and epigenetic marks could be
the result of a common pathway of toxicity that is triggered by HDACi (Balmer et al. 2012)
and that the full transcriptome response could yield information on these pathways.
Interestingly, closely related test systems reacted in very different ways to valproic acid
(VPA) (Krug et al. 2013b). Therefore, the question emerged whether the observed alterations
are rather a reflection of an altered cellular phenotype than a direct effects of the toxicant on
the cellular transcriptome. In such a case, direct potentially reversible effects of the toxicant
would be switched to a persistent adverse effect, reflected by wrong differentiation.
Therefore in this study we aimed to investigate and compare the direct and indirect effects of
TSA and VPA. To this end we analysed the whole transcriptome after short and long
treatments of differentiating cells.

5.3.1 System development in the absence of toxicants
Recently, we have developed a novel test system using hESC that can be differentiated into
NEP cells. We have validated this in vitro test system by following the expression of 6 pivotal
developmental genes (Balmer et al. 2012; Chambers et al. 2009; Krug et al. 2013b). During
these studies we learned that there are specific time windows that correspond to different
sensitivity of the cells towards different compounds.
Therefore to get more insight into the different stages of our in vitro test system whole
transcriptome analysis was performed in the absence of compounds during synchronized
differentiation of hESC after 6 hours (initial lineage commitment), 4 days (lineage
specification, DoD4) and 6 days of differentiation (DoD6). At DoD6 hESC were
differentiated to neuroepithelial precursor cells (NEP) that are PAX6 and nestin positive and
neuronal β-III-tubulin negative (Fig. 5.1A). RNA of these samples was prepared and
hybridized on DNA microarrays (DMA) to perform a transcriptomic analyses at the different
time points.
For quality controls we performed heatmap clustering and principal component analysis (Fig.
5.1B, C). The heatmap clustering showed that the time points cluster together and gene
expression levels gradually altered from hESC to NEP (DoD6) (Fig. 5.1B). This was
confirmed by principal component analyses (PCA) as the distinct time points of
differentiation are well separated (Fig. 5.1C). Further quality analyses using densityplots and
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permutation analyses also showed that the whole genome transcription profiles are of good
quality and can be used for further analysis (Fig. S1).

Figure 5.1. : Transcriptome changes during early neuroectodermal differentiation. (A) Differentiation and
sampling scheme of cell model used in this study. Pluripotent stem cells (hESC) were differentiated in a
synchronized way. After six days of differentiation (DoD6) a pure population of neuroepithelial precursors
(NEP), characterized by Pax6/nestin expression and absence of the early neuronal marker beta-III tubulin
(ßIIItub), was obtained. (B) Heat map of differentially-regulated genes. The mRNA was isolated at different
times during 4 to 15 independent experiments for Affymetrix-based transcriptome analysis. All data sets
(columns) were sorted by similarity clustering. The maximum distance calculated by Eucledean measure was
123. The absolute gene expression levels (log2-scaling) of the 1000 transcripts with highest variance were colorcoded for display. (C) Two-dimensional representation of principal component (PC) analysis of all data sets. (D)
Overrepresented gene onthologies (GOs) amongst up -regulated PS at DoD6. The character size in the word
clouds is relative to the p-value of the corresponding GO (legends in purple). (E) Comparison of expresson
changes of PS and their potential upstream regulatory factors over time. Venn diagrams were constructed for
regulated PS (p<0.01, FC>|1.5|), or overrepresented TFBS (p<0.01).. For better comparison, the numbers in the
sectors are percentages, and are given as percentage of DoD4.

The number of probesets (PS) significantly regulated relative to hESC (developmental genes
= D-Genes) was calculated (Benjamini-Hochberg (BH) corrected p-value <0.01, fold change
(FC) FC>|1.5|). The number of altered PS increased over the time of differentiation for up105
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and for down- regulated PS (Fig. S2A). For a first functional analysis a gene ontology (GO)
analysis was performed (Reimand et al. 2011). After 6 h of differentiation no functional group
of genes (GO) was overrepresented neither in down- nor in up-regulated genes. At DoD4 we
found 38 GOs amongst up-regulated genes, 17 were related to neural development. At DoD6
83 GOs were identified from up-regulated genes and 17 were related to neural development
(Fig. 5.1C). 15 of the neural GOs overrepresented amongst up-regulated genes on DoD4,
were also overrepresented at DoD6. Additional GOs at DoD6 indicated further more mature
neural differentiation, e.g. synapse assembly. In both cases the down-regulated genes belong
to functional gene groups related to angiogenesis and less indicative GOs like regulation of
cell proliferation or cell communication (Fig. S4).
Next we aimed to answer the question if the changes in gene expression are a rather
continuous process or a more time point dependent process. Therefore we compared the
overlap of the up- and down-regulated PS at the different time points. For a better comparison
6 hours and DoD6 were set relative to DoD4 (=100%). The venn diagrams showed that there
was surprising low overlap (5%) between the PS (Fig. 5.1E) indicating a more time point
dependent regulation of gene expression. This might be in a way that there is a set of genes
that is up-regulated early that is responsible for lineage commitment and after lineage
commitment these genes are down-regulated again. Then genes could be up-regulated that are
important for lineage specification. However, analysis of TFBS enriched in up-regulated PS
show an overlap of 59% of all TFBS regulated at DoD4 and TFBS enriched in downregulated PS showed an overlap of 19% (Fig. 5.1E). Enriched TFBS are given in Fig. S5. This
increased similarity of TFBS at all three differentiation time points indicates that the same
transcription factors might be responsible for these expression patterns.

5.3.2 Time-dependent effects of HDACi on transcriptome
Having shown that at different time points of differentiation distinct sets of genes are changed
that do not overlap, we were next interested if also exposure to chemicals alters gene
expression dependent on the exposure period. Therefore the cells were exposed to valproic
acid (VPA) or trichostatin A (TSA), two HDAC inhibitors known to cause DNT with
different exposure schemes followed by DMA (Fig. 5.2A). The quality of the DMAs was
found to be equally good for all conditions (Fig. S1). Significantly up- or down- regulated
probesets (PS) were calculated as described in the methods section relative to untreated
controls that were lysed at the same day (T1 to C1, T2 to C2 and T3, early pulse (EP),
medium pulse (MP) and late pulse (LP) to C3 (BH-corrected p<0.05, FC>|1.5|). Short early
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treatment (T1) had a relatively strong impact on the up-regulation (1548 PS) of transcription,
which was much less pronounced on down-regulation of transcription (161 PS), unlike
prolonged treatement (T3) in which the difference between up- and down-regulated PS was
much less diverged (3042 PS up, 1944 PS down). Treatment for 4 days yielded in a relatively
small amount of altered transcripts compared to 6 days treatment (Fig. 5.2B). In order to
analyze if the different exposure periods indeed result in different regulated sets of genes we
compared the up-and down-regulated PS for each time point and identified the overlapping
PS. For better comparison the number of altered PS are given relative to T2.
As displayed by venn diagrams for TSA treatment these comparisons (T1/6 h, T2/4 days or
T3/6 days ) showed a very small overlap (13% and 1% of DoD4 up- or down- regulated PS,
respectively), which indicate different effects of TSA at different treatment periods (Fig.
5.2C, left panel). The absolute numbers of altered PS and TFBS are given in the
supplementary information (Fig. S3). Again, comparison of the enriched transcription factor
binding sites (TFBS) yields an overlap of 43% and 41% of the TFBS up- or down-regulated
in T2, respectively. Among the 23 TFBS amongst up-regulated PS and the 18 TFBS amongst
down-regulated TFBS 13 are identical (Fig. S6). Therefore although we found completely
different genes to be regulated by TSA at different time points, these genes share the same
transcription factor binding sites at their promoter regions. This could represent a common
pathway of toxicity (PoT) triggered by the exposure to TSA at any treatment length
investigated.
VPA is the better known DNT toxicant but VPA has also many off-targets that are different
from HDAC inhibition, whereas TSA is the more specific HDACi. If the above observed
effects are mainly due to HDAC inhibition we would expect that VPA and TSA yield the
same results. To this end, we compared the altered PS induced by VPA and TSA for the three
exposure periods used before (T1, T2, T3). We found that more than 62% of the PS regulated
by TSA are also altered by VPA at all 3 periods (Fig. 5.2D). Thus, we concluded that the
effects of VPA were indeed due to HDACi rather than to other targets of VPA. Therefore as
TSA is the more specific compound for HDAC inhibition, we further focused on the effects of
TSA.
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Figure 5.2. : Time-dependent effects of HDACi on neural differentiation. (A) Overview of the different
exposure scenarios during differentiation. Bars indicate the duration of differentiation of hESC towards NEP,
and grey shading indicates period of drug exposure. (B) Overview on the number of PS regulated upwards
(red) or downwards (blue). Drugs used according to (A) were either 10 nM trichostatin A (TSA) or 600 µM
valproic acid (VPA). (C) Comparison of drug-induced expression changes of PS and their potential upstream
regulatory factors over time. Venn diagrams were constructed for regulated PS (p<0.01, FC>|1.5|), or
overrepresented TFBS (p<0.01) and miR-TS. For better comparison, the numbers in the sectors are
percentages, and are given as percentage of T2. (D) Comparison of the two HDAC inhibitors for different
time points as indicated. Venn diagrams were constructed on the basis of absolute numbers of up-regulated
and down-regulated PS that were altered by TSA and VPA treatment. TSA is set to 100%.
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5.3.3 Drug effects on developmentally regulated genes.
As we have shown in Figure 5.1 that the changes of gene expression is not a continuous
process and that different sets of genes are expressed at different time points of
differentiation, we next aimed to investigate this more profoundly.
Recently, it has been suggested in murine embryonic stem cells that waves of gene expression
during in vitro neurodevelopment can not only define the differentiation steps but also could
represent time windows to examine developmental neurotoxic effects of chemicals (Zimmer
et al. 2011a). To test if also human neurodevelopment in vitro is associated with waves of
gene expression we performed a clustering analysis depending on the same regulation pattern
of the PS followed by GO analysis (Fig. 5.3A).
The 104 PS up-regulated during the first 6 h of differentiation (Fig. 5.3A, developmental
cluster a+) corresponded to genes that belong to rather general functional groups like
“positive regulation of cellular component”. GOs overrepresented in the 33 genes downregulated after 6 h (developmental cluster a-) comprise GOs like “transmembrane receptor
protein serine /threonine kinase signaling pathway” and “BMP signaling pathway”. After 4
days of differentiation 424 PS were up-regulated more than 2-fold compared to 6 h of
differentiation (developmental cluster b+) and 440 were down-regulated (developmental
cluster b-). The 45 GOs overrepresented among these middle up-regulated PS contain 13
related to neural development whereas the 6 GOs of the down-regulated PS contain 4 GOs
related to circulatory system development. 164 PS at least two-fold higher at DoD6 than at
DoD4 (developmental cluster c+) belong to 29 GOs that comprise 4 GOs related to neural
development, which are also in cluster b+. Genes that are up-regulate only in this late phase,
and therefore are good candidates for marker genes for late differentiation, comprise PAX6
and EMX2. PS that peak at 6 h of differentiation (71 up-regulated) or at DoD4 (20 upregulated) do not result in significantly over-represented GOs (Fig. S7A).
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Figure 5.2. : Drug effects on developmentally regulated genes. (A) Waves of gene expression during
neural differentiation. Samples were prepared as in Fig. 1. Significantly regulated PS (p<0.01) were assigned
to clusters according to the rules indicated above each curve. Average expression levels of all PS (their
number n is indicated) belonging to the cluster are displayed. (B) Comparison of PS regulated by TSA to PS
that are regulated during normal non-disturbed differentiation (as defined in Fig.1). The number of respective
TSA-regulated PS at given time points, and with the indicated direction of regulation was used as 100%
reference point. (C) Overlap of developmental clusters increasing early, middle or late with TSA-regulated
PS affected at 6 h (T1), 4 days (T2) or 6 days (T3). (D) Word clouds of overrepresented gene onthologies
(GOs) affected after 6 h drug exposure. The character size in the word clouds is relative to the p-value of the
corresponding GO (legends in purple).
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Taken together, most part of the neural differentiation seems to occur between 6 h of
differentiation and DoD4. Additionally, after DoD4 neural differentiation proceeds
(expression of genes functionally related to neural development further increases) and some
genes are up-regulated only during this late phase. This wave like gene expression during
human neural differentiation can be used to extract marker genes specifying the
differentiation process in more detail than previously possible (Fig. S7B). In addition, this
wave-like expression pattern was confirmed by qPCR analysis of some chosen marker genes
that are relevant for neural differentiation or stem cell maintenance (Fig. S8).
Having identified the regulated genes specifically regulated during our time periods we next
investigated if the genes regulated during normal differentiation are more susceptible to TSA.

The HDACi activity of TSA might have an impact on general chromatin structure by
increasing the acetylation of histones. Generally actively transcribed genes are highly
acetylated and probably have a more open chromatin structure. Therefore next we asked the
question if actively transcribed genes are more susceptible to be altered by drug exposure. To
this end, we first compared genes regulated by TSA (T2) to PS regulated in any
developmental wave cluster. We found that only about 30% of the genes regulated by TSA
(T2) (Down-regulated 32%, up-regulated 27%) are also regulated in any specific cluster
during normal development (Fig. S9). In a next step, we compared PS altered by treatment to
the clusters of genes that are regulated at the respective days of differentiation. We found that
the overlap of clusters a, b and c with T1, T2, T3 increase from T1 to T3. After 6 h of
differentiation most of the PS regulated by TSA are not the genes that are regulated under
normal conditions as only 12% of the cluster a PS are also regulated by T1. At DoD4 more of
the open active genes in cluster (b) are regulated also by TSA (33%). Finally, at DoD6 PS
regulated by TSA seem to be a surrogate for open active genes as 93% of “open” genes (c) are
regulated by TSA (Fig. 5.3B). This indicates that it is not the chromatin state in general that
determines the susceptibility but more likely this could be because TSA specifically disturbs
neural development and only in cluster b and c neural genes are up-regulated by TSA (as seen
in Fig. 5.1C and 5.6A).
To further investigate if this could be the case, we compared genes regulated by TSA to genes
regulated during development (D-genes, Fig. 5.1). Comparison of all D-genes to all PS up- or
down-regulated by T1, T2 or T3 reveals that with increasing exposure and differentiation
time, the overlap increases. A higher percentage of TSA-regulated genes is also regulated by
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development. The overlap of PS down-regulated during development (D down) to PS upregulated by TSA treatment (T up) increases with prolonged exposure from 22% of all PS upregulated at T1, to 58% at T2 and 62% at T3. Also the overlap of PS up-regulated during
development (D up) to PS down-regulated by TSA increases with prolonged exposure from
4% of all PS down-regulated at T1 to 21% at T2 and 27% at T3 (Fig. 5.3C). Again these
findings foster the hypothesis that it is not the chromatin state in general that determines the
susceptibility. However, it could also be that “open” genes are more likely to be regulated by
TSA treatment and that the up-regulation of neural genes at DoD4 and DoD6 (D-genes) is
decreased by TSA treatment.
However, amongst the genes down-regulated after 6 h by TSA 6 of 13 overrepresented GOs
deal with chromatin modification and 7 with acetylation. All of these GOs are also
overrepresented among genes down-regulated by VPA. Most importantly, in both cases genes
related to chromatin modification, like ING5 or KAT5 and several PHF proteins, are downregulated by both compounds. Thus, the primary effect of VPA and TSA is probably affecting
the gene expression of epigenetic regulator genes and therefore might change the epigenetic
landscape of the cells. Up-regulated GOs in both last cases comprise neuronal GOs like
transmission of nerve impulse, synaptic transmission and neurological system process (Fig.
5.3D) but not these clear neuro-developmental GOs that we found for T2 and T3 (Fig. 5.1D).
Thus, the GO analysis revealed a first hint that after 6 h of TSA treatment epigenetic
mechanisms could be involved to initialize the massive changes observed later after
prolonged differentiation.

5.3.4 Epigenetic changes slightly precede altered expression
Epigenetic mechanisms seemed to play a role after 6 h of exposure to TSA and we previously
showed that histone methylation patterns at the promoter levels of marker genes are changed
upon 6 days treatment with TSA but surprisingly not histone acetylation which is directly
affected by TSA (Balmer et al. 2012). Thus, we wondered when the methylation pattern of the
histone code is changed. One possibility is that it is “poisoning” of chromatin at the promoters
which prevents correct neural differentiation. The alterations of histone methylation could
then represent the switch from slight effects that the system can compensate to adverse effect.
If the methylation represents such a “poisoning” switch, then the change in promoter
methylation should preceed the change in gene expression. Therefore, we investigated if the
altered methylation pattern of the histones at marker gene promoters precedes altered mRNA
levels. To this end, we differentiated hESC in presence or absence of TSA and lysed the cells
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at DoD1, DoD2, DoD4 or DoD6. We performed chromatin-immunoprecipitations (ChIP)
with antiobodies specific for the open and active chromatin mark trimethylated lysine 4 at
histone 3 (H3K4me3) and with antibodies specific for the closed and inactive chromatin mark
trimethylated lysine 27 at histone 3 (H3K27me3). At the same time points we performed
qPCR to quantify transcript amounts of marker genes in treated samples relative to untreated
samples at respective days (Fig. S10). For ChIP analysis ratios of H3K4me3 to H3K27me3
were calculated. Ratios above 1 indicate that the promoter of the investigated gene is in a
more open state and the gene is likely to be transcribed, whereas ratios below 1 indicate that
the promoter is silenced and the gene is less likely to be transcribed. As we wanted to
investigate the effects of TSA or VPA in comparison to untreated controls, we compared the
ratios of H3K4me3/H3K27me3 of treated cells to the ratios of H3K4me3/H3K27me3 of
untreated cells at the respective days of differentiation. Also for transcript levels the gene
expression is given relative to untreated controls at the respective days. Therefore,
H3K4me3/H3K27me3 ratios or gene expression above 1 indicate that TSA or VPA caused an
up-regulation compared to untreated control and H3K4me3/H3K27me3 ratios or gene
expression below 1 indicated that TSA or VPA caused an down-regulation compared to
untreated control (Fig. 5.4).
We found that the ratio of H3K4me3/H3K27me3 ratios at the OCT4 promoter is significantly
up-regulated by VPA compared to untreated control at DoD4 (p<0.05), whereas the OCT4
transcript level is only significantly affected by HDAC treatment at DoD6 (TSA p<0.01, VPA
p<0.05). Also Nanog is only at DoD6 significantly less down-regulated relative to untreated
control (TSA p<0.05, VPA p<0.01). The H3K4me3/H3K27me3 ratio, however, is already
higher in TSA and VPA treated cells at DoD2 than in untreated controls (TSA and VPA
p<0.1). Accordingly, the PAX6 promoter is less open (H3K4me3/H3K27me3 ratio lower) in
TSA and VPA treated cells at DoD4 and a tendency was seen at DoD1. PAX6 expression is
significantly decreased (is less up-regulated) at DoD4 and DoD6 by VPA and TSA (DoD6
TSA p<0.001, VPA p<0.05). The H3K4me3/H3K27me3 ratio at the OTX2 promoter is
already slightly down-regulated by VPA at DoD1 and significantly down-regulated by TSA
and VPA at DoD2 (p<0.05). Also, OTX2 expression is a slightly down-regulated at DoD1
and strongly down-regulated at DoD2.
In summary, we could show that stable changes of the expression of most genes requires
continued exposure to TSA or VPA. Whenever the gene expression of a gene was altered, this
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was consistent with accordingly altered histone methylation pattern which changed
simultaneous or even earlier.
Fig.
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5.3.5 Is the continued effect consistent with a continued primary effect of the
HDACi?
Surprisingly, we could not detect any changes in acetylation levels of H3K27 (Fig. S11A).
This was probably because H3K27Ac might be set at different regions of the promoter than
H3K4me3 and H3K27me3, as shown for the OCT4 promoter (Fig. S11B).
In order to check our H3K27Ac antibody we stimulated for only 6 h with higher
concentrations of TSA (50 nM instead of 10 nM) or with a combination of 10 mM sodium
butyrate and 10 mM nicotinamide. Under these conditions we could detect increased
H3K27Ac levels at all promoters (Fig. S11C). Thus it was not a problem of the antibody
against H3K27Ac.
Therefore we next controlled the primary pharmacological effect of HDAC inhibition of VPA
and TSA, both drugs should increase the acetylation levels of histones and proteins. Therefore
we prepared whole protein extracts at the indicated DoD and performed a western blot
analysis using antibodies against whole protein histone H3 and α-tubulin and their acetylated
forms.
We found that after 6 h of differentiation in presence of 10 nM TSA or 600 µM VPA
acetylation of histon H3 was strongly increased. TSA exposure, in contrast to VPA, also
increased acetylation of α-tubulin (Fig. 5.5A). We quantified the levels of H3 acetylation
relative to the global amount of H3 and the levels of α-tubulin acetylation relative to global αtubulin in 3 independent biological experiments (Fig. 5.5B; for representative western blots
see Fig. S12).
Before, we found that a minimum incubation is required to cause an adverse effect on the
neural differentiation. If the cells are only treated for 24h followed by a washout, the system
can counter-regulate the early effects and no adverse effect is observed after 6 days of
differentiation (early pulse, EP) (Fig. 5.2B). So, we wondered how long the primary
physiological effect of the HDACi continues. Therefore, we quantified the levels of H3
acetylation relative to the global amount of H3 and the levels of α-tubulin acetylation relative
to global α-tubulin in 3 independent biological experiments. In order to find out how TSA or
VPA treatment affect the acetylation levels we calculated H3 acetylation and α-tubulin
acetylation levels relative to untreated controls for every time point of differentiation. We
found that H3 acetylation was increased by TSA and VPA significantly for the first 24 h
(p<0.01). After day 3 of differentiation acetylation levels of H3 were back to the levels of
untreated controls. For α-tubulin only TSA significantly increased acetylation for 24 hours
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(p<0.05). This is in agreement with the fact that α-tubulin is acetylated by HDAC6 that
belongs to class IIb HDAC, but VPA only inhibits class I HDACs at the concentrations used.
Also in this case the cells were able to counter-regulate acetylation levels to control levels at
day 3 (Fig. 5.5A). In summary, the increase if histone and α-tubulin acetylation is a very acute
effect and persists only for 6 h to 24 hours
As the increase in acetylation is transient, similar transcriptomic changes between the acute
effect (T1) and the chronic effect (T3) could represent PoT independent of the primary
pharmacological function of TSA and VPA. In order to elucidate if the epigenetic
involvement seen for T1 is also visible after chronic exposure (T3), we compared the DMA of
T3 and T1 (Fig. 5.5B). We found only a small overlap of 30% for TSA treatment, 70% of the
T1 PS are not in T3. From the 10 GOs overrepresented among the commonly up-regulated PS
4 deal with phospholipase activity (Fig. 5.5C). The overlap among the down-regulated PS is
only 10% of T1 and does not yield any chromatin related GOs. The same is true for VPA
treated samples. Additionally, about the overlap of up-regulated PS of T3 and T1 is about
50% similar between TSA and VPA (Fig. S13A). This overlap results in 11 GOs of which 3
deal with neural crest differentiation and migration and 7 with phospholipase C regulation
(Fig. S13B). In order to find out if the PS up-regulated by TSA treatment in T1 or T3 are
functionally related, we performed GO analysis using gprofiler for T1 and T3 up-regulated PS
separately. For comparison of the resulting GOs all GOs were considered that contained less
than 1000 candidates and had a p-value <0.05. The GO terms of T1 and T3 up-regulated PS
only show a slightly higher overlap than the PS themselves of 35% (Fig. 5.5C). Only 1 of the
9 similar GOs is related to phospholipase C activity, 6 are related to the circulatory system
(Fig. 5.5D). Thus the early changes in PS do not well predict the overall outcome, although
there might be a common PoT of HDACi: the regulation of phospholipase C. 85% of the
TFBS enriched in the up-regulated PS of T1 overlap with the TFBS from PS up-regulated at
T3. Although this might indicate a common regulation of the PS altered early and late, there
does not seem to be an early change triggered that is simply increasing during prolonged
exposure.
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Figure 5.5: Transient drug-induced increase in acetylation levels and distinct transcriptional effects of
short and prolonged exposure.(A) Acetylation of H3 and tubulin after drug treatment. Cells were
differentiated in the presence or absence of trichostatin A (TSA) or valproic acid (VPA), and protein lysates
were prepared after indicated times. For analysis western blot using antibodies specific for total histone 3
(H3), acetylated H3 (H3Ac), α-tubulin (tub) or acetylated α-tubulin (tubAc) was performed. One blot
representative for 3 biological replicates is displayed. The graphs are based on densitometric analysis and
normalized levels of acetylated protein are given relative to untreated control at the respective time points.
Data are means ± SEM of 3 experiments. *p < 0.05 **p < 0.01. (B) Comparison of transcript changes for 6
days (T3) and 6 h treatments (T1) on different levels of organisation. Left: comparison up-regulated PS
altered by short (T1) or long (T3) TSA treatment. Middle: GOs overrepresented among PS shown to the left.
Right: overrepresented transcription factor binding sites (TFBS) amongst the PS shown to the left. (C) Word
cloud of overrepresented GOs amongst jointly up -regulated PS of T1 and T3. The character size in the word
cloud is relative to the p-value of the corresponding GO. (D) GOs overrepresented both in T1 and T3.
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5.3.6 Completion of histone changes and developmental alteration after 4 days of
drug exposure.
As we have shown that the primary effect of HDAC inhibition diminishes around day 3,
removal of the drug after this period should not affect the adverse outcome. Therefore, we
treated the cells either for 6 days or for 4 days with TSA, removed the drug for the last 2 days
and analysed the samples on DoD6.
untreated control at DoD6 (BH-adjusted p<0.05, FC>|1.5|), comparable to 6 days treatment
(T3), despite the absence of the compound. Up-regulated PS showed an overlap of 80%
between MP and T3. Down-regulated PS showed an overlap of 87% (Fig. 5.6A). Next the
overlapping PS of MP and T3 were analyzed for functional gene groups. Commonly
overrepresented GOs among down-regulated PS included mainly neural development.
Whereas GOs found in commonly up-regulated PS deal with the differentiation of several
other cellular lineages, e.g. cardiovascular system, skeletal system and glands.
As expected from the time course analysis of the primary effect of HDACi the adverse
differentiation effects of chronic treatment persists after DoD4 independent of the presence of
TSA. To further confirm this we also compared T2 and MP. Indeed we could not detect big
differences between T2, T3 and MP as more than 50% of T2 regulated PS are also regulated
by T3 and MP (up and down) (Fig. S14A). Again GO analysis revealed that the 4 GOs
overrepresented among the commonly down-regulated PS (T1, T2 and MP) are neural
development related (Fig. S14B) and the commonly down-regulated PS were involved in
different differentiation tracks (e.g. skeletal, nephron, circulatory system), similar to the
overlap of T3 and MP. In summary, treatment for 4 days is enough to irreversibly induce the
adverse developmental effects of TSA observed when treated for the whole period of
differentiation (6 days).

118

5. Epigenetic switch from transient drug-induced transcriptome responses to disturbed
neurodevelopment

Fig. 5.6: Completion of histone changes and developmental alteration after 4 days of drug exposure.
(A) Overlap of transcript changes after continued treatment or a 4-day pulse. Cells were differentiated in
the presence of TSA for 6 days (T3) or for 4 days followed by a drug washout period of 2 days (MP).
Significantly regulated PS were determined from DoD6 samples and displayed as Venn diagrams. as
previously described. GOs overrepresented among the PS commonly down-regulated under washout and
non-washout conditions are displayed in the word cloud. The character size is scaled according to the pvalue of the corresponding GO. (B) Histone methylation patterns at promoters of four marker genes.
Native ChIP was performed with antibodies specific for H3K4me3 or H3K27me3 on samples treated as
indicated on the x-axis. The EFs were quantified by qPCR relative to control precipitates. The figure
displays the ratio of the EFs for H3K4me3 and H3K27me3. A ratio > 1 points to open chromatin, a ratio <
1 suggests a more silenced chromatin. # indicates a bivalent state. The washout condition is indicated in
purple. Data are means ± SEM of 3 experiments. Statistical analysis was done by repeated measures
ANOVA followed by Tukey’s multiple comparison test *p < 0.05
respective days.
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This medium pulse (MP) resulted in a strong up- and down-regulation of PS relative to
Having shown that treatment for 4 days is irreversible we next asked what causes the
persistence of the treatment. Previously, we showed that altered marker gene expression by
TSA at DoD6 correlates with altered histone marks at the respective promoters. This might
indicate that histone methylation patterns play a role in mediating the adverse effect of
prolonged drug exposure during neural development. Therefore we next investigated if also
the histone methylation pattern are persistent after 4 days treatment. This would further forster
our hypothesis of histone methylation patterns representing the persistence detector from
small insults that can be compensated to adverse chronic effects. To this end we performed
ChIP experiments using T3, T2 and MP exposure scenarios. As shown before (Fig. 5.4A) we
found that the histone methylation patterns are already changed at DoD4 (T2) and indeed also
the histone methylation changes are stable independent of the presence of TSA (T3) or its
absence (MP) (Fig. 5.6B). At the Nanog promoter the ratio of H3K4me3 to H3K27me3 was
below one in untreated cells at C2 and at C3, which indicates a silenced promoter. Treatment
with TSA (T2 and T3) shifted this ratio up, correlating with a relative up-regulation of Nanog
on mRNA level (Balmer et al. 2012).
PAX6 and OTX2 levels have been shown to be down-regulated upon TSA treatment at T2,
T3 and MP on mRNA level (Balmer et al. 2012). Indeed we also found the
H3K4me3/H3K27me3 ratio at their promoters was above one in untreated cells at both time
points (C2 and C3) and was significantly lower by TSA treatment at T2, T3 and MP. Thus,
already at T2 altered histone methylation patterns are present and stay changed after washout.
Thus, we conclude that this chronic TSA effect is less likely to represent a PoT but rather
represents a phenotype change. This phenotype change seems to be epigenetically fixed
already after 4 days of treatment. This further supports our hypothesis of histone methylation
patterns being persistence detectors for adverse drug effects.

5.3.7 HDAC target genes (acute treatments) dependent on cell type?
We found that prolonged treatments with TSA (T2 , T3, MP) are more likely to represent a
phenotype description of the cellular state than a PoT. If that is the case short treatments,
independent on the time of treatment should differ in outcome. Therefore, we treated neurally
differentiating cells during the last 24h or 6 h of differentiation until DoD6 with TSA to
compare this late pulse (LP) to the effects of prolonged treatments (T2, T3, MP).
First, we investigated if the primary pharmacological effect of TSA, protein acetylation
increase, occurs also at this late time point in differentiation. TSA treatment caused an
120

5. Epigenetic switch from transient drug-induced transcriptome responses to disturbed
neurodevelopment

increase relative to untreated control at DoD6 in the acetylation of H3 and in the acetylation
of α-tubulin if applied 6 h or 24 h prior to lysis at DoD6 (Fig. 5.7A). Western blot results of 3
biological experiments were quantified and the acetylation level of H3 was normalized to
global H3 amount and the acetylation level of α-tubulin was normalized to global α-tubulin
levels. The normalized amount of acetylated protein in samples treated for the last 6 h or 24 h
with TSA was calculated relative to untreated samples at DoD6. For all cases the treatment
with TSA caused a significant increase in H3 and in α-tubulin acetylation levels (p<0.05)
(Fig. 5.7A).
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Fig. 5.7: Differential effects of early and late drug pulses.
(A) Acetylation of H3 and tubulin after short pulse drug treatment. Cells were differentiated in the presence
or absence of trichostatin A (TSA) during the last 6 or 24 h, and protein lysates were prepared at day6. For
analysis western blot using antibodies specific for total histone 3 (H3), acetylated H3 (H3Ac), α-tubulin
(tub) or acetylated α-tubulin (tubAc) was performed. One blot representative for 3 biological replicates is
displayed. The graphs are based on densitometric analysis and normalized levels of acetylated protein are
given relative to untreated control. Data are means ± SEM of 3 experiments. *p < 0.05. (B) Comparison of
continuous (6 days, T3) treatment with TSA to late pulse (6 h, LP). The venn diagrams in the upper row
display the numbers of up-regulated and down-regulated PS under these conditions. The lower row
compares PS regulated by continuous drug exposure, without those found under MP washout conditions
(T3 ⌐ MP), to those triggered by a late drug pulse (LP) (C) Comparison of transcriptomics effects of shortterm TSA treatments at early (T1) and late (LP) time points.

122

5. Epigenetic switch from transient drug-induced transcriptome responses to disturbed
neurodevelopment

To investigate if prolonged treatments with TSA represent a phenotype description of the
cellular state rather than a PoT we tested the overlap of the late short impulse treatment (LP)
with T3 and found that only 7% of the T3 up-regulated and 23% of the T3 down-regulated PS
were also regulated by LP (Fig. 5.7B). Functionally related genes commonly up-regulated by
T3 and LP might represent a PoT as in T3 TSA is still present in the medium. Most of the
GOs overrepresented deal with phospholipase C activity. However, in MP adverse effects on
development caused by TSA exposure are present (Fig. 5.6), but TSA is absent in the medium
at the time point of lysis. Therefore, genes regulated by T3, but not by MP, are more likely to
represent a direct toxic effect of TSA. Therefore, we compared the PS up- or down- regulated
by T3 but not by MP to LP regulated PS. We could identify only 8% of up-regulated PS and
1% for down-regulated PS (Fig. 5.7B). These small overlaps did not contain any significant
GO. Also PS up- or down-regulated in MP alone showed only a small overlap of 6% and 1%,
respectively, with PS regulated by LP in the same direction (Fig. S15).
Although T3 and LP commonly up-regulated genes belong to a gene group involved in
phospholipase C activity which might represent a PoT, T3 transcriptomic changes contain
much more genes which are not likely to represent PoT but a phenotypic description of an
adverse outcome.
In order to find out if phospholipase C could play a role as PoT of TSA we compared the
acute effect of TSA early during differentiation (T1) and late (LP). We found that 46% of the
up-regulated PS in LP are also up-regulated in T1, which corresponds to 13% of T1 upregulated PS (Fig. 5.7C). GOs of commonly up-regulated genes contained transmission of
nerve impulse and again regulation of phospholipase activity.
We showed that LP correlates with direct acetylation effects, just like T1 and that those short
impulses of TSA exposure result in different transcriptomic changes than prolonged exposure
(T3 and MP). Therefore, we hypothesize that genes commonly regulated by T3 and MP are
more likely to represent a phenotype marker than a PoT. But, on the other hand, PoT may
depend on cell type. PoT might be phospholipase related in any cell type, but the rest seems to
be cell type dependent and not dependent on normal regulation of the genes.
In summary, we present here for the first time evidence for an accumulation of epigenetic
alterations after repeated treatment with TSA. This can lead to severe developmental diseases
and onset of diseases in later life which can be assessed by transcriptomic changes.
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5.4 Materials and Methods
5.4.1 Materials
Gelatine, putrescine, selenium, progesterone, apotransferin, glucose, insulin, valproic acid,
trichostatin A, methylmercury (II) chloride (MeHg), DAPT and phenazopyridine
hydrochloride were obtained from Sigma (Steinheim, Germany). Accutase was from PAA
(Pasching, Austria). FGF basic, noggin and sonic hedgehog are obtained from R&D Systems
(Minneapolis, MN, USA). Y-27632, SB-43154 and dorsomorphin dihydrochloride were from
Tocris Bioscience (Bristol, UK). MatrigelTM was from BD Biosciences (Massachusetts,
USA). All cell culture reagents were from Gibco/Invitrogen (Darmstadt, Germany) unless
otherwise specified.

5.4.2 Neuroepithelial differentiation
Human embryonic stem cells (hESC) (H9 from WiCells, Madison, USA), kindly provided by
Mark Tomishima and Lorenz Studer (Sloan Kettering, NY), were differentiated as described
in detail earlier (Chambers et al. 2009). For details see supplemental methods of (Balmer et al.
2012). If not stated otherwise, treatment with trichostatin A (TSA) was done with a
concentration of 10 nM and treatment with valproic acid (VPA) was done with a
concentration of 600 µM.

5.4.3 Quantitative real-time PCR (qPCR) and microarray analysis
For qPCR analysis cells were lysed at indicated days of differentiation in TriFastTM (Peqlab,
Germany) and total RNA was isolated according to the manufacturer’s guide and cDNA was
produced using the iScript Kit from Biorad (iScript™ Reverse Transcription Supermix for
RT-qPCR, BioRad). Quantitative real-time PCR (qPCR) was performed and transcript levels
were quantified as described earlier (Balmer et al. 2012).
Affymetrix chip-based microarray analysis (Human Genome U133 plus 2.0 arrays) was
performed as described earlier (Balmer et al. 2012). The data was analyzed for differential
expression using the Konstanz Information Miner open source software (KNIME;
www.knime.org (Berthold et al. 2008)). The raw data was pre-processed using Robust
Multiarray Analysis (RMA) (Smyth 2005). Background correction, quantile normalization,
and summarization were applied to all expression data samples, using the RMA function from
the affy package of Bioconductor (Gautier et al. 2004; Gentleman et al. 2004). The limma
package (R & Bioconductor) was used to identify differentially expressed genes using
indicated groups as control. The moderated t-statistics was applied in a pairwise fashion (each
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treatment was compared to its own control) and was used for assessing the raw significance of
differentially expressed genes. Then, final p-values were derived by using the BenjaminiHochberg method to control the false discovery rate (FDR) (Benjamini and Hochberg 1995)
due to multiple hypothesis testing. Transcripts with FDR adjusted p-value of ≤ 0.05 and a fold
change values > |1.5| were considered significantly regulated, if not stated otherwise in the
figure legend. For Fig. 5.1 numbers of PS changed during development (D-genes) were
calculated relative to hESC. Data are obtained from 4 to 15 biological replicates and chosen
above the following thresholds BY-adjusted p<0.01, FC>|1.5|. To avoid mistakes due to
different replicate sizes for day 6, PS were chosen that were significant in 10 calculations of 7
randomly chosen DoD6 cel files to the 7 hESC cel files. For Fig. 5.2 numbers of PS changed
by the treatment were calculated relative to untreated controls lysed at the same day as the
treated samples. Data are obtained from 4 biological replicates and chosen above the
following thresholds BH-adjusted p<0.05, FC>|1.5|. For Fig. 5.3 numbers of PS changed at
indicated time points were calculated relative to hESC. Data are obtained from 4 to 15
biological replicates and chosen if BY-adjusted p<0.01 for at least one time point.
The hierarchical clustering analysis based on 1000 gene products with highest variation was
performed as previously described (Gentleman et al. 2004). Average linkage was used as
agglomeration rule for the clustering analysis. Euclidean measure was used to calculate
distance for transcripts (rows of the heat map) and samples (columns of the heat map). The
gene expression level is indicated by blue for low expression and yellow for high expression.
To visualize the data the Principal Component Analysis (PCA) based on 500 gene products
with highest variation was used if not stated otherwise. The original expression values were
projected onto two principal components accounting for the most dispersion of data. The
explained variation is shown at according axes.

5.4.4 Western Blot and chromatin immunoprecipitation (ChIP)
Western blot was performed exactly as previously described (Balmer et al. 2012). For
quantification signal intensity of H3Ac is normalized to total H3 and acetylated α-tubulin is
normalized to total α-tubulin. These normalized values are then given relative to untreated
control at the respective time points.
Chromatin immunoprecipitation (ChIP) assays on native chromatin (N-ChIP) (Fig. 5.6) were
performed according to established protocols (Umlauf et al. 2004). Details and adaptations
were described in detail, previously (Balmer et al. 2012). ChIP assays on cross-linked
chromatin (X-ChIP) (Fig. 5.4) was performed according to Kamieniarz and collegues and
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adopted to our differentiating cells (Kamieniarz et al. 2012). Briefly, cells were trypsinized
and resuspended in 1% formaldehyde in medium, the cross-link was stopped after 10 min by
125 mM Tris pH 7.5. Nuclei were centrifuged and washed once in PBS and once in L1 buffer
(25 mM Tris pH 8, 2 mM EDTA, 0.1% NP-40, 10% glycerol) and finally resuspended in L2
buffer (50 mM Tris pH 8, 10 mM EDTA pH 8, 1% SDS) to a final concentration of 2 Mio
cells/ml. Chromatin was sonicated by 30 steps of 30/30 sec ON/OFF to get a fragment size
between 300 and 700 bp and sonication efficiency was checked on agarose gels. Samples
were diluted 1:5 in dilution buffer (50 mM Tris pH 8, 0.5% NP-40, 200 mM NaCl) and
incubated over night at 4°C with unspecific control antibody, 2 µl anti-H3K4me3 (17-614
Millipore) or 4 µl anti-H3K27me3 (39535 Active Motif) antibodies. One aliquot was stored
without antibody treatment to calculate the input for analysis. After antibody incubation the
samples were incubated rotating at 4°C for 3 h with protein A/G sepharose beads and washed
twice in washing buffer (20 mM Tris pH 8, 2 mM EDTA pH 8, 0.1% SDS, 0.5% NP-40, 150
mM NaCl) and once in final wash buffer (20 mM Tris pH 8, 2 mM EDTA pH 8, 0.1% SDS,
0.5% NP-40, 500 mM NaCl). The chromatin was eluted by incubation and shaking at 65°C in
elution buffer (100 mM NaHCO3, 1% SDS). The genomic DNA was purified using ChIP
DNA Clean & Concentrator (Zymo Research) Kit and analyzed by qPCR, to quantify the
amount of DNA from the promoter region of selected genes. For data display the enrichment
factor (EF) was calculated from the qPCR threshold cycle values (Ct) according to the
formula: EF = 2^ - [Ct(input)- Ct(specific antibody)]. Displayed data represents the mean +/SEM of at least 3 independent experiments.

5.4.5 Statistics and data mining
For statistical analysis of transcript levels and EFs paired t-tests were performed using logtransformed expression values relative to hESC if not stated otherwise in the legend. All data
shown, and all statistics performed refer to biological replicates (= independent experiments).
Over-representation of gene ontologies was performed using g:profiler (Reimand et al. 2011).
Highly overrepresented GOs were selected, if they belonged to the term domain “biological
process” and contained < 1000 genes. For analyses yielding more than 50 GOs, the selection
was more stringent using only GOs that had a hypergeometric p-value smaller than 10E-3.
For cluster analysis according to waves of gene expression, cluster had to contain more than
10 genes to be further analyzed for overrepresentation of functional gene groups. GO
wordclouds were produced on http://www.wordle.net/advanced. Scaling of character size is
linearly proportional to the the negative ln of the p-value of the respective GO category.
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Venn diagrams are drawn in order to visualize size relations between the compared groups of
genes within one diagram. and do not always represent correct ratios, as this would make it
hard to read due to big size differences. Numbers represent the percentage of the (overlapping
or unique) part of the diagram relative to samples lysed at DoD4. For Venn diagrams with
two circles, real numbers of PS or TFBS and their overlap are given. Indicated percentages of
the overlap in these cases are relative to the circle that has the same color as the %.
Analyses for transcription factor binding sites were based on significantly up- or downregulated PS. It was performed exactly as described earlier (Krug et al. 2013b) using the
PRIMA algorithm provided in the Expander software suite (version 6.06). The PRIMA
algorithm was run with a p-value threshold set to 0.05, no multiple testing corrections, a
background set of all human genes and using the TRANSFAC database (10.2) as the data
source for transcription factor binding sites.

5.5 Acknowledgments
We are indebted to many colleagues for valuable contributions and insightful discussions
during the course of this work. We thank Marion Kapitza and Bettina Schimmelpfennig for
excellent cell culture and technical support. This work was supported by grants and support
from the Doerenkamp-Zbinden foundation, the German Research Foundation (RTG 1331)
and the European Community’s Seventh Framework Programme (ESNATS project).

5.6 Supplementary Information

127

Supplementary information

for:
”Epigenetic switch from transient drug-induced
transcriptome responses to disturbed
neurodevelopment”
by:
Nina V. Balmer, Stefanie Klima, Eugen Rempel, Violeta N. Ivanova,
Lena Smirnova, Raivo Kolde, Matthias K. Weng, Kesavan
Meganathan, Smita Jagtap, Agapios Sachinidis, Thomas Hartung,
Michael Berthold, Jan G. Hengstler, Jörg Rahnenführer,Tanja
Waldmann and Marcel Leist
in:
Molecular Systems Biology

Supplementary information, Balmer et al. 2013

Table of contents
Page
3

Tab. S1

Detailed list of antibodies used in this study.

Tab. S2
Fig. S1

Detailed list of primers used in this study.
.
Quality controls of whole genome transcript profiles.

5

Fig. S2.

PS and TFBS regulated during development.

6

Fig. S3

PS and TFBS regulated by TSA treatment.

6

Fig. S4

GO word clouds of developmentally regulated genes.

7

Fig. S5

Enrichment of transcription factor binding sites (TFBS)
at 6h, DoD4 and DoD6.

8

Fig. S6

Enrichment of transcription factor binding sites (TFBS)
at T1, T2 and T3.

10

Fig. S7

Wave patterns during neural differentiation in detail.

12

Fig. S8

Examples for time-dependent transcript changes.

13

Fig. S9

Overlap of developmentally regulated and drug-regulated PS.

13

Fig. S10

Details on histone methylation changes as basis for Fig. 4.

14

Fig. S11

Experimental controls for histone acetylation analysis

15

Fig. S12

Transient increase in acetylation levels

16

Fig. S13

Distinct effects of short and prolonged exposure.

17

Fig. S14

Washout after 4 days of treatment is similar to treatment
for 6 days.

18

Fig. S15

Comparison of medium pulse to late pulse.

19

4

2

Supplementary information, Balmer et al. 2013
Supplementary Table 1. (Tab. S1).
Antibodies used for Western blot and ChIP.

Antigen

Antibody (supplier)

Catalogue number Dilution Species

Antibodies used for western blot
H3Ac

Anti-acetyl-H3 (Millipore)

06-599

1:5000

rabbit

Pan-H3

anti-H3 (Abcam)

ab1791

1:5000

rabbit

α-tubulin

α-tubulin (Cell Signaling)

2125

1:10000

rabbit

α-tubulinAc Acetyl-α-tubulin(Lys40) (Cell Signaling)

5335

1:10000

rabbit

Rabbit IgG

NA934V

1:10000

donkey

Anti-rabbit-HRP (GE Healthcare)

Antibodies used for ChIP
H3K4me3

anti-H3K4me3 (Millipore)

17-614

rabbit

H3K27me3

anti-H3K27me3 (Active Motif)

39535

rabbit

H3K27Ac

Anti-histone H3 (acetyl K27) (Abcam)

aT2729

Rabbit
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Supplementary Table 2. (Tab S2)
Primers used for RT-qPCR.

Name

Accession nr.

Forward sequence

Reverse sequence

Primers for gene expression analysis
EMX2

NM_001165924.1

5’-CCAAGGGAACGACACTAGCC-3’

5’-CCATACTTTTACCTGAGTTTCCGTG-3’

NANOG

NM_024865.2

5’-GGTGAAGACCTGGTTCCAGAAC-3’

5’-CATCCCTGGTGGTAGGAAGAGTAAAG-3’

OCT4

NM_001173531.1

5’-GCAAAGCAGAAACCCTCGTGC-3

5’-ACACTCGGACCACATCCTTCTCG-3’

OTX2

NM_014562

5‘-CAG CCC TCA CTC GCC ACA TC-3‘

5‘-GGA GGT GCA AAG TCG GCC CA-3‘

PAX6

NM_000280

5‘-CCGCCTATGCCCAGCTTCAC-3‘

5‘-AAGTGGTGCCCGAGGTGCCC-3‘

RPL13A

NM_012423.2

5’-GGTATGCTGCCCCACAAAACC-3’

5’-CTGTCACTGCCTGGTACTTCCA-3’

ZIC3

NM_003413.3

5’-CTTTGCCCGTTCTGAGAAC-3’

5’-ATGTGCTTCTTACGGTCGCT-3’

TBP

NM_001172085.1

5‘-GGGCACCACTCCACTGTATC-3‘

5‘-GCAGCAAACCGCTTGGGATTATATTCG-3‘

Primers for ChIP analysis
GAPDH

NT_009759.16

5‘-TCGACAGTCAGCCGCATCT-3‘

5‘-CTAGCCTCCCGGGTTTCTCT-3‘

OCT4

NT_113891.2

5‘-GAGGATGGCAAGCTGAGAAA-3‘

5‘-CTCAATCCCCAGGACAGAAC-3‘

OTX2

NT_026437.12

5‘-CAG CAA ATC TCC CTG AGA GCG G-3‘

5‘-GAG GAA GGC GGC TAG AGT TCT AAA C-3‘

PAX6

NT_009237.18

5‘-AAGGGAACCGTGGCTCGG-3‘

5‘-ATTAGCGAAGCCTGACCTCTG-3‘

NANOG

NT_009714.17

5‘-GTTCTGTTGCTCGGTTTTCT-3‘

5‘-TCCCGTCTACCAGTCTCACC-3‘
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Supplementary Figure 1.
Quality controls of whole genome transcript profiles.
A Density plots afer normalization
T3

density

Example for
potential
outlier

gene expression

density

T2

density

T1

gene expression

gene expression

B Permutation analysis to control for potential outliers and microarray homogeneity.
TSA

VPA

LP

T1

Legend: (A) hESC were neurally differentiated in the presence or absence of trichostatin A (TSA)
or valproic acid (VPA) for 6 h (T1), 4 days (T2) or 6 days (T3). At these time points cells were
lysed and genome wide expression profiles were prepared using Affymetrix microarrays in 4
biological replicates (=independent replicates). As a part of the quality control assessment of the
arrays, density plots of the log-intensities of the set of arrays were plotted using the affy library
(Gautier et al, 2004) of Bioconductor package (Gentleman et al, 2004), in R. The x-axis of each plot
indicates the intensity values and the y-axis represents the density of a given intensity value intensity
for a particular array. Similar density plots show comparable background distributions of intensity
values of the arrays, an array with a very different density plot may likely be an outlier, or from a
different batch. The legends in the lower right part represent the cel files of 3 (control, TSA, VPA) x
4 (replicates) arrays performed at every time point. The potential outlier at T2 is a VPA sample.
(B) Permutation analysis of samples incubated for short time and possibly showing heterogeneity.
The numbers of significantly altered PS given as 100% are higher than in our normal analysis (see
Fig. 2) as no cut-off was set for fold change of regulation. Using all 4 arrays for analysis is set to
100% of significantly regulated PS. Panel 3 shows the number of regulated PS with all 3 possible
combinations of leaving 1 array out. Panel 2 shows the number of regulated PS with all 6 possible
combinations of leaving 2 arrays out. The analysis shows no outlier in these critical treatment
periods.
References:
Gautier, L, Cope, L, Bolstad, BM & Irizarry, RA (2004) affy--analysis of Affymetrix GeneChip
data at the probe level. Bioinformatics 20: 307-315.
Gentleman, RC et al (2004) Bioconductor: open software development for computational biology
and bioinformatics. Genome Biol 5: R80.
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Supplementary Figure 2.
PS and TFBS regulated during development.
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Up-regulated PS
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247

231 21
79

19

6h

DoD4

13

1325

13

6
5

2037

3

3

DoD6

Supplementary Figure 2. Venn
diagrams displaying actual numbers of
PS, TFBS correspronding to Fig. 1.
hESC were differentiated to NEP and
lysed at the indicated days of
differentiation.
The
amount
of
commonly up- and down-regulated PS
(BH corrected p<0.01, FC>|1.5|),
enriched transcription factor binding
sites (TFBS), performed on regulated
PS at indicated time points (PRIMA,
p<0.01), and miRNA target genes are
displayed
as
venn
diagrams
corresponding to Fig. 1.

DoD6

Supplementary Figure 3.
PS and TFBS regulated by TSA treatment.

Down-regulated PS

Up-regulated PS

T1

TFBS

Probesets
T2
1043
361

42 240
102

384

T2

T1

5 17

10
2194
T1

3

146
12

9

23

27

15
T3

T3
T2
250

321

1

T1

T2

10

16

10 18

Legend: Venn diagrams displaying
actual numbers of PS or TFBS
corresponding to Fig. 2. hESC were
differentiated to NEP and treated with
TSA for the indicated time periods and
lysed at DoD6 (T3), DoD4 (T2) and
after 6 h of induction of differentiation
(T1). The amount of commonly upand down-regulated PS by TSA
treatment, TFBS ), performed on
regulated PS at indicated time points
(PRIMA, p<0.05), and miRNA target
genes are displayed as venn diagrams
corresponding to Fig. 2.

9
17

T3

1607
T3
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Supplementary Figure 4.
GO word clouds of developmentally regulated genes.
A Down-regulated at DoD6

A p=1E-10
A

p=1E-3

Legend:
Differentiation and sampling scheme of cell model used in this study. Pluripotent stem cells (hESC)
were differentiated in a synchronized way and lysed at indicated time points. (A) Overrepresented
gene onthologies (GOs) amongst down -regulated PS at DoD6. The character size in the word
clouds is relative to the p-value of the corresponding GO (legends in purple).
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Supplementary Figure 5, parts A and B.
Enrichment of transcription factor binding sites (TFBS) at 6h, DoD4 and DoD6.
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Legend: hESC were differentiated to NEP
and lysed at the indicated days of
differentiation. TFBS analysis on down- or
up-regulated PS (Fig.S2A) were analyzed
(PRIMA, p<0.01).(A) Venn Diagram as
color code for TFBS lists, e.g. grey marked
TFBS are commonly overrepresented in all
3 samples. (B) TFBS enriched in upregulated PS.
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Supplementary Figure 5, part C.
Enrichment of transcription factor binding sites (TFBS) at 6h, DoD4 and DoD6.
C down
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Supplementary Figure 6, parts A and B.
Enrichment of transcription factor binding sites (TFBS) at T1, T2 and T3.
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Legend. hESC were differentiated to NEP
and treated with TSA for the indicated
time periods and lysed at DoD6 (T3),
DoD4 (T2) and after 6 h of induction of
differentiation (T1). TFBS analysis on
down- or up-regulated PS (Fig.S2B) were
analyzed (PRIMA, p<0.05).(A) Venn
Diagram as color code for TFBS lists, e.g.
grey marked TFBS are commonly
overrepresented in all 3 samples. (B)
TFBS enriched in up-regulated PS.
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Supplementary Figure 6, part C.
Enrichment of transcription factor binding sites (TFBS) at T1, T2 and T3.
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Supplementary Figure 7.
Wave patterns during neural differentiation in detail.
A Time course of transcript changes
middle

late

6h/0h>2
a+

96h/6h>2
b+

144h/96h>2
c+

6h/0h<0.5
a-

96h/6h<0.5
b-

144h/96h<0.5
c-

early peak
6h/0h>2 +
96h/6h>2
aa+

middle peak
96h/6h>2 +
144h/96h>2
bb+

Up

early

96h/6h<0.5+
144h/96h<0.5
bb-

Down

6h/0h<0.5 +
96h/6h<0.5
aa-

Down (-)

Up (+)

B Exemplary genes for every cluster
a

b

c

aa

bb

PTX3

OTX2

PAX6

SYTL2

LHX8

BEX5

SIX3

EMX2

SERPINE1

HESX1

NFIB

EPHMP

SP8

GLIPR1

SEZ6

LEFTY1

NANOG

GABRT1

EOMES

SMARCLP

ZIC3

GATLP

OCT4

EDNRB

Legend. Detailed wave-like patterns during neural differentiation (A) Time course of transcript
changes. Differentiating cells were lysed at indicated time points and genome wide expression
profiles were prepared using Affymetrix microarrays in 4 to 15 biological replicates. PS with
significantly different expression level relative to hESC at at least one time point of differentiation
were clustered according to their expression profile of which the description is given above every
cluster graph. (BY-adjusted p<0.05). The time course of all PS belonging to each cluster are
displayed. (B) Exemplary genes for every cluster were chosen as potential marker genes of the
differentiation process.
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Supplementary Figure 8.
Examples for time-dependent transcript changes.

Legend. Detailed wave-like patterns during neural differentiation Wave-like
pattern for some chosen marker genes was confirmed by qPCR. hESC were
differentiated into NEP and RNA was prepared at the indicated time points (yaxis). After reverse transcription a qPCR was performed using primers specific
for the indicated genes. Relative expression levels are calculated by
normalisation to reference genes (RPL13A and TBP) and to hESC. Data are
means of 3 biological replicates +/- SEM. (

Supplementary Figure 9.
Overlap of developmentally regulated PS and drug-regulated PS.
All clusters

T2 up

554

204
=27%

1175

All clusters

T2 down
391

183
=32%

1196

Legend. Overlap of T2 with PS from all clusters. PS down-regulated (left panel)
or up-regulated (right panel) after 4 days of exposure were compared to PS
belonging to any cluster given in Fig. S3A.
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Supplementary Figure 10.
Details on histone methylation changes as basis for Fig. 4.
A H3K4me3 at the promoters of marker genes

Legend. Histone methylation pattern at
promoters of indicated marker genes for
neural
differentiation.
Chromatin
immunoprecipitation
(ChIP)
was
performed with antibodies specific for
H3K4me3 (A) or H3K27me3 (B) on
samples differentiated in presence or
absence of trichostatin A (TSA) and
valproic acid (VPA) for indicated time
periods. Enrichment factors (EF) of the
chromatin mark which is displayed as
%of IP from at least 3 independent
experiments are given. *p<0.1, **p<0.05

B H3K27me3 at the promoters of marker genes
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Supplementary Figure 11.
Experimental controls for histone acetylation analysis.
A Unaltered histone acetylation at study concentration of VPA and TSA

B Histone acetylation pattern at OCT4 promoter

C Increase of histone acetylation at studied
promoters after strong stimulation

Legend:
Chromatin immunoprecipitation (ChIP)
of H3K27 acetylation at marker gene
promoters. (A) Histone acetylation at
promoters of indicated marker genes for
neural
differentiation.
ChIP
was
performed with antibodies specific for
H3K27ac on samples differentiated in
presence or absence of trichostatin A
(TSA) and valproic acid (VPA) for
indicated time periods. The amount of
DNA from the promoter region of
indicated genes was quantified by qPCR
and compared to control precipitates to
obtain enrichment factors (EF) of the
chromatin mark which is displayed as %
of IP from at least 3 independent
experiments. (C) H3K27Ac enrichment
factors at different locations of the Oct4
promoter. (B) ChIP on samples treated
for the first 6h of differentiation with 50
nM TSA(normally 10 nM TSA were
used), or a combination of 10 mM
sodiumbutyrate and 10 mM nicotinamide
and subsequently lysed. These samples
are used as positive control for the
antibody against H3K27ac, as the high
concentrations of HDAC inhibitors
should result in an increase of histone
acetylation, which can also be seen
compared to the control at every
investigated promoter.
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Supplementary Figure 12.
Transient increase in acetylation levels.

VPA

TSA

Ctr

VPA

TSA

Ctr

VPA

TSA

Ctr

Westernblot of H3 and α-tubulin acetylation levels.
6h
DoD1
DoD4

H3Ac
H3
tubAc
tub
Legend:
Acetylation of H3 and tubulin after drug treatment. Cells
were differentiated in the presence or absence of
trichostatin A (TSA) or valproic acid (VPA), and protein
lysates were prepared after indicated times,. For analysis
western blot using antibodies specific for total histone 3
(H3), acetylated H3 (H3Ac), α-tubulin (tub) or
acetylated α-tubulin (tubAc) was performed. One blot
representative for 3 biological replicates is displayed. 6h
is the same blot as for Fig. 5.
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Supplementary Figure 13.
Distinct effects of short and prolonged exposure.

Down-regulated PS

Up-regulated PS

A Comparison of early short to prolonged exposure to TSA or VPA.
TSA
VPA
E2

T3

T3
2578 463 1065

T1

T1
2938

454 790

=36%

15

241 222

E2
232

34

T3
T1
1928

E1

146

T3

T1

2657

108

B GOs of overlap auf E1 and E2.
P-value

GO term

GO name

1.38e-05 GO:0010517 regulation of phospholipase activity
3.60e-05 GO:0010863

positive regulation of phospholipase C
activity

4.06e-05 GO:1900274 regulation of phospholipase C activity
1.23e-04 GO:0010518 positive regulation of phospholipase activity
2.04e-04 GO:0060191 regulation of lipase activity
2.95e-04 GO:0060193 positive regulation of lipase activity
6.48e-03 GO:0014032 neural crest cell development
7.16e-03 GO:0007202 activation of phospholipase C activity
1.50e-02 GO:0014033 neural crest cell differentiation
2.46e-02 GO:0016337 cell-cell adhesion
4.22e-02 GO:0016477 cell migration

Legend:
(A) Changed PS after long and short exposure to TSA and VPA. Cells were differentiated
for indicated time periods in presence or absence of TSA (left panel) or VPA (right panel).
The number of regulated PS is given relative to untreated controls. The Venn diagram
displays the overlap of up- or down-regulated PS at indicated exposure periods. PS
commonly regulated by T3 and T1 were compared between TSA (E1) and VPA (E2). (B)
Significant gene ontologies of genes commonly regulated by E1 and E2 are displayed.
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Supplementary Figure 14.
Washout after 4 days of treatment is similar to treatment for 6 days
A Comparison of PS regulated by T3, MP and T2.
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B GOs of commonly down-regulated genes
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C ChIP against H3K27me3 and H4K4me3.
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Legend:
(A) Cells were differentiated in
presence or absence of TSA for 6
days (T3) or for 4 days followed by a
period of 2 days in absence of the
drug (MP) or for 4 days only (T2).
Cells were lysed and genome wide
expression profiles were prepared at
DoD6 (T3 and MP) or DoD4 (T2).
The numbers of up- regulated (left
panel) or down-regulated (right panel)
PS is given relative to untreated
control. (B) Overrepresented gene
ontologies (GOs) of genes commonly
down-regulated by T3, MP and T2
are displayed as word clouds. The
character size corresponds to p-value.
(C) Chromatin immunoprecipitation
(ChIP) was performed with antibodies
specific for H3K4me3 or H3K27me3
on samples differentiated in presence
or absence of TSA at indicated time
periods. The amount of DNA from
the promoter region of indicated
genes was quantified by qPCR and
compared to control precipitates to
obtain enrichment factors (EF) given
as % IP for the two histone marks.
Data are means ± SEM of 3
experiments. Statistical analysis was
done by repeated measured ANOVA
followed by Tukey’s multiple
comparison test *p<0.05 **p<0.01
***p<0.01 vs. control at respective
days.
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Supplementary Figure 15.
Comparison of medium pulse to late pulse.
A
Up-regulated PS
198 = 6%

Down-regulated PS
27 =1%
MP

MP

LP

LP
1936

3062
253

35

Supplementary Figure 13.
Comparison of medium pulse to late pulse.
(A) Comparison of effects independent of direct TSA presence after 6 days of
differentiation to short late treatment. Significant PS were calculated from 4
experiments relative to respective untreated control.
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6 Concluding discussion and perspectives
This thesis contains two publications and one submitted manuscript that all discuss their
individual findings in chapters 3.5, 4.4 and 5.3. . The following paragraph is meant to provide
an overarching discussion and to summarize the major achievements of this thesis in the
context of general aspects that need to be considered for the development of DNT test
systems. Additionally, the future perspectives of this project on the possible role of
epigenetics in DNT are outlined.

6.1 In vitro DNT test systems
6.1.1 Necessity to develop human based in vitro DNT test systems
In Chapter 2.1.3 it has been described in detail why it is necessary to develop human based in
vitro test systems to assess DNT. Few chemicals have been proven to pose a severe hazard to
the developing brain and the scientific effort to characterize this hazard has resulted in
legislative action (Crofton et al. 2012). For all other compounds one may assume that they are
safe with respect to DNT. However, this conclusion is probably not true. The correct
description of the state of information on DNT hazard of most chemicals is still simply not
available. This has several reasons. First, the current test guideline by the OECD recommends
the performance of in vivo testing in rodents, which is very time and cost intensive. Second,
there is a lack of faster and cheaper test systems that can model neurodevelopmental
processes and that can evaluate the adverse effect of the tested chemicals. It has been
proposed to integrate methods (e.g. in silico models for rapid chemical-structure based
screening) and models (in vitro test systems) to provide sufficient scientific background to
estimate the DNT hazard of chemicals (Basketter et al. 2012; Crofton et al. 2012; Hartung and
Leist 2008; Leist et al. 2008c). Such in vitro test systems can, at present, not model all
important biological neurodevelopmental processes that in turn could relate to toxicity
endophenotypes (TEP) (see also Chapter 1.3.3.4). TEPs describe the biologically quantifiable
altered functionality of parts of the nervous system due to exposure to a DNT chemical. They
can be regarded as a link between basic biological processes that are disturbed by a DNT
compound and the final DNT phenotype described by clinical endpoints (Fig. 6.1).
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(e.g. lowered IQ,
sensory deficit, ...)

Toxicity Endophenotype (TEP)

Test systems

synaptognesis

myelination

neurite
growth

migration

Biological processes

What test systems model

differentiation

(altered electrical circuits,
altered dopaminergic metabolism,
cellular disarray, ...)

What is observed

DNT effect

Figure 6.1. Integrated test systems to
investigate toxicity endophenotypes
related to the DNT outcome.
A DNT effect (red), observed in
humans, is linked to a toxicity
endophenotype (TEP) (orange). The
TEP
describes
the
biologically
quantifiable altered functionality of
parts of the nervous system that is
triggered by a DNT chemical and that
is most likely due to an anatomically or
functionally altered connectivity. This
can be caused by disturbance of several
biological processes (yellow). Test
systems can model these biological
processes and can be used to
investigate the modes of actions by
which chemicals disturb the biological
processes.

Another important point to consider in DNT hazard assessment is that data derived from
animal studies is often not predictive for human hazard (Leist and Hartung 2013). Thus,
human based test systems have to be developed and integrated to investigate the effects of
chemicals on biological processes. The results might then enable the examination of their
effect on the TEP and the DNT outcome. This will allow better prediction of DNT hazard.
In this thesis, two in vitro test systems based on human cells were successfully developed.
First, the neurite outgrowth assay in human neural precursor cells (Chapter 2) that can now be
used to investigate adverse effects of chemicals on neurite outgrowth, one major biological
process during the development of the brain. Therefore, the disturbance of neurite outgrowth
can be detrimental. The test system has been evaluated and found to be useful to specifically
screen for neurodevelopmentally toxic chemicals (Krug et al. 2013a). Second, the
differentiation of hESC to neuroepithelial precursor (NEP) cells monitored by the expression
of marker genes now allows the investigation of a chemical’s potential to disturb the
patterning of the developing brain. The latter test system also proved very useful for
investigations of potential modes of action by which toxicants cause DNT. This was
exemplified in this thesis for the field of epigenetic mechanisms.
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6.1.2 Issues worth considering for developing in vitro test systems
Developing new in vitro test systems is important for the progress of DNT hazard assessment.
Biological model systems are being developed that recapitulate critical processes of
neurodevelopment. Nonetheless, a biological model system is not yet an in vitro test system,
useful to investigate a chemical’s potential to disturb neurodevelopment. Towards this end,
many steps need to be taken that have been described in several publications (Crofton et al.
2011; Leist et al. 2010; Leist et al. 2012). Most importantly, the chosen endpoints to assess a
developmentally neurotoxic effect should assess a relevant biological process and should be
measured accurately (Blaauboer et al. 2012). The test system also needs to be robust and
reproducible. This can be tested using adequate positive and negative controls that trigger a
known response or no response, respectively. For a DNT test system, a known DNT
compound, e.g. methyl mercury or valproic acid, is a good positive control. Several
publications discuss the issue of choosing “good” positive controls for the development of
DNT test systems (Crofton et al. 2011; Kadereit et al. 2012). Additionally, pathway specific
controls also called “endpoint-specific controls” are useful to first assess the suitability of the
chosen endpoint. In our test system, based on the differentiation of hESC to NEP, such a
pathway specific control was the addition of BMP4, which altered neural differentiation
because it counter-acted the SMAD inhibitors that drive neural differentiation under normal
conditions.
It is also crucial to distinguish between specific and unspecific effects. The latter can be
caused, for example, by general cytotoxicity of the investigated compound. Thus, it is
important to assess general cytotoxicity in the same system in which the DNT endpoint is
measured, e.g. by performing cytotoxicity tests like the resazurin assay.
For regulatory use of an in vitro test system, it needs to be validated by passing specific steps
according to the OECD guidance document 34 (OECD 2005). Common pitfalls that need to
be addressed prior to a validation study are the cellular system itself (e.g. cell density), the
read-outs (e.g. neurite algorithm), or the endpoints (e.g. transcriptomics). Some of these
problems we had to solve are discussed below.
6.1.2.1 Cell culture

Neurite outgrowth and neural differentiation of hESC (Chambers et al. 2009) strongly depend
on cell density. Thus, it is crucial to strictly control not only the quality of the cells but also
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the cell density by adequate positive, negative and solvent controls that need to trigger the
predicted responses in every experiment. We found in neural precursor cells, as well as in
hESC that cell density seems to depend not only on counting, but also on handling of the cells
by different operators. The more experienced the operator, the more cells survived, which in
turn can influence the cell density at later differentiation time points. Cell density is not only
crucial for the functional endpoints and the success of differentiation. Especially for
compounds that accumulate in the cells (e.g. MeHg), the toxic effect was also dependent on
cell density. Thus, cell density needs to be tightly adjusted and monitored.
6.1.2.2 Disturbed neural patterning indicated by altered transcriptomic fingerprint
and marker gene expression

A more mechanistic understanding of the mode of action by which compounds interfere with
biological processes linked to DNT is important to better identify and assess the DNT hazard
posed by the chemical universe. For example, the disturbance of patterning, which is a
biological process, can lead to neural tube defects. For correct patterning, specific cell types
need to occur at the correct time and space of the differentiating brain and in the appropriate
cell number. In our in vitro test system based on the differentiation of hESC to neuroepithelial
precursor cells (NEP), the effects of chemicals on patterning can be investigated together with
their effects on alterations of the amount of cells due to generally cytotoxic effects. The latter
can be easily assessed by well-known viability assays. In order to assess alterations in the
patterning of neural differentiation, whole genome analysis was found to be a suitable
approach. It allowed a comprehensive description of overall changes of the cell culture during
differentiation. Global alterations in the cell culture’s transcriptomic fingerprint were found to
indicate altered neural development. A transcriptomic fingerprint also means that specific
marker genes are present or absent in specific cell types (Balmer et al. 2012; Kuegler et al.
2010). Such marker genes have been used in this thesis to look at specific changes in the
neural differentiation of hESC. For example hESC express typical genes like OCT4, NANOG
or DNMT3B (indicated in Fig. 6.2 as A, B and C). NEP express neural precursor genes like
PAX6, OTX2 and FOXG1 (indicated in Fig. 6.2 as D, E and F). Neural differentiation, of
course, does not result in a pure population of NEPs, but the transcriptomic fingerprint rather
represents the composition of the cell culture. During differentiation from hESC to NEP,
intermediate cellular populations occur that may still express some hESC marker genes,
already NEP marker genes and also marker genes that specifically arise in these intermediate
stage cells (e.g. ZIC3 indicated as M in Fig. 6.2). We showed that early short exposure to a
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DNT toxicant can slightly alter the transcriptomic fingerprint of the cellular population at
early time points of differentiation (Fig. 6.2. right panel, upper part). If this toxic insult is
removed early enough, the system can compensate for the early disturbance and still give rise
to a normal population of NEPs, indicating normal neural development. If the exposure to the
DNT compound is prolonged, the cellular differentiation is altered; that is indicated by an
altered transcriptomic fingerprint (X, Y and Z in Fig. 6.2). In this case, many genes are
changed which results in changed neural patterning and therefore in a population of different
cell types. Also, mixed cellular populations can occur, still expressing some stem cell or
intermediate stage marker genes. Identification of altered development can be done by
comparison of normal NEP to the treated population (blue boxes in Fig. 6.2).

Figure 6.2. Simplified overview on how normal neural differentiation can be disturbed by DNT
compounds. hESC (dark blue) expressing phenotypic marker genes (indicated as A, B, C) can
differentiate to neuroepithelial precursor cells (NEP) (orange) expressing neural marker genes (indicated
by D, E, F). Intermediate cellular phenotypes occur during the differentiation process. They express some
hESC marker genes, some intermediate genes (M) and some neural marker genes. Eventually altered
intermediate cells caused by short exposure to a DNT compound followed by its removal can be
compensated for by the system. Prolonged exposure can lead to altered neural development.
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We used initially only few marker genes to screen for DNT chemicals. This posed the risk to
identify false-negative chemicals. Therefore, we expanded this approach to a whole
transcriptomics analysis to identify genes highly regulated during specific differentiation
periods. Using this knowledge, we can now broaden the marker gene panel. Additionally,
marker genes can be chosen according to their role in neural development and in neural tube
defects. Therefore, for the last study part (Chapter 5) further marker genes were chosen that
play a role in neural tube defects and are highly regulated during neural differentiation (Emx2
and Zic3). Another possible marker gene is Six3, which has been found to regulate forebrain
development and to play a role in neurodevelopmental defects like holoprosencephaly (Inbal
et al. 2007; Jeong et al. 2008). In our system, Six3 expression is up-regulated after 6 days of
differentiation. Exposure to VPA or TSA leads to a down-regulation of Six3 expression
compared to untreated control at DoD6. Therefore, we have shown that Six3 is regulated on
mRNA level depending on differentiation and on DNT compound exposure and is thus likely
to be a good marker gene. However, also marker genes that are absent under normal
conditions, e.g. markers for other lineages like T (brachyury) for mesodermal lineage or Sox7
for endodermal lineage, have been investigated and need to be further developed.

6.2 Epigenetics and DNT
Evidence exists that environmental chemicals as well as drugs can influence the epigenome
(Landrigan et al. 2005; Onishchenko et al. 2008; Skinner et al. 2011) but until now no clear
common effects can be described (e.g. a compound up-regulates only active histone PTMs).
This could be due to the epigenome being regulated very dynamically and the chromatin
states being strongly depended on the cell type and on the developmental stage. Therefore, if
a compound can only affect open chromatin regions, it might affect an actively transcribed
gene in one cell type but not in another, where the gene is silenced and packaged in a dense
chromatin state. Also, histone modifications could be the consequence of altered gene
expression, which was recently suggested as opposing hypothesis to the histone code
(Henikoff and Shilatifard 2011).
An offset between early insult and late effect has also been seen in human diseases (described
in Chapter 1.1.3.2 and 1.22). In these late-onset diseases epigenetic mechanisms have been
shown to play a major role. We have shown that exposure to DNT compounds can alter
neural differentiation depending on the exposure period, i.e. short exposure can be
compensated for, while prolonged exposure leads to an adverse effect. Thus, we wondered if
epigenetic mechanisms could be the persistence detector that mediates between the first hit
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and the adverse outcome after prolonged exposure as it has been proposed for some late-onset
disorders.
A

C

B

Figure 6.3. Epigenetic changes as persistence detector of toxic insults. (A) Short early exposure to a VPA or
TSA transiently increases histone acetylation but does not alter the histone methylation pattern or the
differentiation track. (B) Increased early exposure to VPA or TSA also transiently increases acetylation levels.
Subsequently histone methylation patterns are changed and neural differentiation is disturbed. (C) Exposure to a
toxicant might fast alter acetylation and seems to alter the transcriptomic fingerprint in a slower manner. Only if
both changes occur (input + and +), the signal seems to be mediated towards an altered differentiation track
(output purple +). (1) Altered acetylation without altered transcriptome does not seem to affect histone
methylation and differentiation. (2) Altered acetylation plus altered transcriptome change histone methylation and
differentiation.

Indeed, we showed that short, transient exposure increase histone acetylation levels
transiently without altering the overall differentiation or the histone methylation pattern at the
promoters of marker genes (Fig. 6.3 A). Prolonged early exposure also increased histone
acetylation levels transiently, but additionally altered histone methylation patterns and neural
differentiation (Fig. 6.3 B). This could indicate that changes in histone methylation patterns
could represent the persistence detector for toxicant exposure and only if this pattern is
changed the differentiation track is disturbed. We postulate that two changes are necessary
after toxicant exposure to alter histone methylation patterns and the neural differentiation of
hESC: altered histone acetylation levels, which can happen very fast and transient, and
changes in the transcriptome, which occur slower (Fig. 6.3 C). Only if both positions are
changed (+), the output is affected (+). We found that a short impulse (exposure to toxicant)
can alter acetylation levels but not the transcriptome at the end of differentiation (Fig. 6.3 C,
1). Only prolonged early exposure affects the acetylation levels (transiently) and the
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transcriptome and therefore changes the differentiation (Fig. 6.3 C,2). In summary, it seems as
if alterations in histone methylation patterns of the promoters of marker genes accumulate
during prolonged exposure, even in the absence of the primary effect of the DNT compound
(increase in histone acetylation) (see also Chapter 6).
Yet, the altered histone methylation pattern could be secondary due to an altered
differentiation track (Fig.6.4). To investigate which explanation is more likely, shorter time
periods in the beginning of the differentiation need to be investigated. However, the method
of chromatin immunoprecipitation has a higher variability compared to qPCR or whole
genome analysis on Affymetrix chips.

Figure 6.4. Question of cause and consequence in disturbed neural development and altered epigenetic
marks. Altered patterning indicated by an altered expression pattern (see Fig. 6.2) is associated with altered
chromatin marks (histone methylation patterns at the promoters of marker genes). Alterations in the
transcriptome and in chromatin marks can be caused in three ways. First, the marks can be altered
simultaneously by toxicant interference with both mechanisms. Second, altered gene expression can lead to a
different cellular fate, having different chromatin marks. Third, the toxicant can alter the chromatin marks
which leads to alteration of gene expression, finally leading to altered differentiation.

As we detected secondary alterations on histone methylation when the primary increase in
histone acetylation was absent again, it could be that altered chromatin marks precede
alterations in marker gene expression. The interconnection of epigenetic mechanisms has
indeed been shown to work in both directions. As mentioned above, DNA methylation can
recruit HDACs via MeCP2, thereby decreasing acetylation levels of histones and enhancing
the silent state of chromatin. VPA, in turn, inhibits HDACs and was shown to induce
replication-independent demethylation of DNA (Szyf 2009).
Another reason for the lack of evidence for common effects by epigenetic modifying
chemicals could have more technical reasons. Most studies either investigate global levels of
PTMs or perform chromatin immune precipitation (ChIP) analysis on limited regions of the
genome. Also, in this thesis the enrichments of histone PTMs are investigated only at or
around the transcription start site of a gene, but the regulatory sequences of a eukaryotic gene
can be several thousand base pairs long that cannot be covered by manual primer design
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anymore. Therefore, to investigate broader chemical effects on histone PTMs and the link
between epigenetic mechanisms and DNT, studies will need to utilize the technology of ChIPsequencing (ChIP-seq).
Even though we are aware of the shortcomings and needs for refinement, our data is amongst
the first to propose that epigenetic mechanisms mediate the switch from adaptive responses
after short exposure to a DNT compound to an adverse effect after prolonged treatment.

6.3 Evolving perspectives
During the course of this thesis, many side projects and open questions arose that can be
solved in the future using the here established test system based on the neural differentiation
of hESC.
Epigenetic mechanisms have been shown here to be likely to mediate DNT effects during
prolonged treatment with the known DNT compound valproic acid and another histone
deacetlyase inhibitors. It would be interesting to investigate if this epigenetic mechanism also
exists for DNT compounds that do not have a primary epigenetic effect, like e.g. arsenic.
Many more mechanistically interesting compounds can now be investigated for their effect on
early neural development. One example would be the interference with WNT signaling, for
which we have already shown that activation leads to a pronounced alteration in marker gene
expression (Chapter 4, Supplementary data). In order to screen more compounds and to
decrease the risk of false-negative compounds, the marker gene panel should be broadened
and specified. This task can now be addressed rationally on the basis of our data on whole
genome transcript analysis for several days of differentiation.
We found for some marker genes that changes in marker gene expression are also present on
protein level (PAX6 immunostaining and western blot, data not shown). These investigations
on protein level need to be extended. Nonetheless, probably the most important issue for
future studies is the development of a functional read-out for the differentiation. The NEP
already expresses some channels for calcium signaling. Thus, it should be investigated if they
already have a measurable current which possibly can be diminished if the differentiation is
disturbed by a DNT compound. On the other hand, the most important functional capacity the
NEP must have is to differentiate to neurons. This differentiation should be established and a
measurable endpoint for its efficacy, e.g. number of neurons, has to be defined.
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Last, but not least, it is very interesting to investigate which transcriptomic changes occur
when a DNT compound is given at cytotoxic concentration ranges. This will answer the
question if specific DNT effects can still be detected at cytotoxic concentrations. Such studies
have already been initiated in collaboration with the ESNATS consortium and will reveal
some interesting future findings.
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7 Abbreviations
AD

Alzheimer’s Disease

AP

Anterior-posterior

AVE

Anterior visceral endoderm

ChIP

Chromatinimmunoprecipitation

DNT

Developmental neurotoxicity

DoD

Day of differentiation

DV

Dorso-ventral

ESNATS

Embryonic stem cell-based novel alternative testing strategies

GD

Gestational day

hESC

Human embryonic stem cells

HDAC

Histone deacetylase

HDACi

Histone deacetylase inhibitor

ICM

Inner cell mass

LUHMES

Lund human mesencephalic cells

MeHg

Methyl mercury

NEP

Neuroepithelial precursor cell

NTD

Neural tube defect

OECD

Organisation for economic co-operation and development

Pb

Lead

PD

Parkinsons’s disease

PoT

Pathway of toxicity

PTM

Post-translational modification

Shh

Sonic hedgehog

TEP

Toxicity endophenotype

TSA

Trichostatin A

TE

Trophoectoderm

VPA

Valproic acid
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