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1. INTRODUCTION

The developing nervous system is often targetegdmpbiotics but the prediction of
human prenatal toxicity is problematic as the codance among the toxicological responses
of different laboratory animal species can be I|dwerefore, it is needed to conduct
mechanistic tests on developmental toxicity whiciymeduce problems due to interspecies
variations hence increase the safety assessmehufean health poinin vitro tests, based
on human pluripotent stem cells can elucidate w&mgical mechanisms allowing to increase
the safety assessment, and at the same time rgdheimumber of animal experiments which
is a major objective in several European legisttioHowever, the usage of human
embryonic stem cell lines im vitro safety assessments is still not formally validaled to
the different legislations in the Member States.witl support to set standards which

mechanisms need to be detected by other test maidels

1.1 Alternatives to animal testing

Human society has undergone a chemical revolutiorthe last hundred years,
reflected by the global production of chemicald thes dramatically increased from 1 million
tonnes in 1930 to 400 million tonnes today [1]. fMtevolution brought man-made substances
into all strands of life and most consumer artictesd can be found in everyday life products,
such as computers, TV's, curtains, carpets, fumitcosmetics and food. Human kind have
developed a very high dependence on chemicals, vewthe sufficient knowledge about
their potential risks and long-term effects isl $aitking.

Therefore, testing chemicals, consumer producfgharmaceuticals to figure out their
potential harmful side effects is important for f@tection of both the consumer and those
involved in the manufacturing process. Laborataoriyrals have been widely used in the past
for toxicity testing but recent European legislaterctively promote the use of vitro tests in
order to increase human safety and to reduce tinebeu of animals needed for safety
assessments. For example the EC Directive 2010/688garding the protection of animals
used for experimental and other scientific purposesiires the use of an alternative method

to animal experiment if exists [2]. Moreover, itcenrages the development, validation and



acceptance of methods which couleduce,refine orreplace (3 R's Principle) the use of
laboratory animals. As a follow up of this requesttingent criteria have been developed
which allow assessing the scientific validity okimlogical test methods. These criteria have
been internationally accepted and summarized iOEBED Guidance Document 34 [3].

The 3 R's Principle is acknowledged and considalsal by pharmaceutical regulatory
authorities and by REACH (Regulation for Registafi Evaluation, Authorisation and
restriction of Chemicals), the new European Uniegutatory framework entered into force
in June 2007. REACH includes the systematic exatmoimaof the chemicals produced in
significant quantities within the European Uniordatcommodates non- validated methods
as part of testing strategies [4].

Moreover, the fact thain vivo testing does not give precise predictions of human
toxicity hazards, has spurred increasing interesh fregulatory authorities and industry far
vitro tests. The US National Council's long-range visfon toxicity testing, prepared in
response to a request by the US Environmental &rmteAgency, reflects this opinion. The
vision foresees a transformation of toxicity tegtimom a system based on whole-animal
testing toin vitro methods evaluating changes in biological processexy cells and cell

lines, preferably of human origin [5].

1.2 Developmental toxicity

Birth defects, defined as abnormal developmenheffbetus such as malformations,
growth retardations and/or functional disordersyread to death or remaining impairment
of humans through their entire life. Every yeampmximately 6% of children are born with
serious birth defects worldwide, although the origf the birth defects is often unknown; the
contribution of chemical exposure leading to adeexBects including pre-postnatal death is
widely discussed [6]. Possible developmental toxiseare mostly only suspected to be toxic
in humans since the variations among species gre[lit9] and the extrapolation to humans
is difficult since the underlying mode of actions aften unknown.

This could lead to misinterpretations of the rigsk chemicals as happened with
Thalidomide which was perceived as a harmless iseddtug that was given to pregnant

women in the late 1950s and early 1960s. Howekierdtug was strongly teratogenic, when



given in critical periods of embryo developmentd ammused more than 7000 children to be
born with malformations [10].

Despite considerable amount of research condustedthe past 50 years, the cause
of at least 50% of human congenital malformatiemsains unknown [11]. Roughly 18% of
malformations can be attributed to genetic causesh as chromosomal defects or mutation
based Mendelian genetics, and 7% are caused bsoamental factors. Of all malformations,

25% are multifactorial, as environmental factorsracon genetic susceptibility (Figure 1.1).

Major M onogenetic Chromasomal
environmertal 89% 10%
7%

Muttifactorial
25%

Figure 1.1:Major causes of congenital malformation. Modifiedn [11].

Most developmental toxicants produce abnormalitesy during certain critical
periods of gestation [9, 11]. In line, some stagéslevelopment are more susceptible to
toxicants than others (Fig. 1.2). Exposure of imdgo to a toxicant during cleavage and the
formation of the epiblast and hypoblast are unjikid result in congenital abnormalities
because the damaged or dead cells can be replacedtise cells are still multipotent so the
embryo can recover. The period with maximal susbiipy to developmental harm is
between the third and eighth weeks (the embryoeitod), because most organogenesis
occurs in this interval and interference with thegesses may lead to gross malformations.
Most organs are well established after the eightlelknof gestation, making it unlikely that
major malformations will be induced. Abnormalitiasising during the third to the ninth
month of gestation (the foetal period) tend to tecfional or disturbances in the growth of
established body parts. It should be considered $loane agents that are harmful to
development may cause their effects at the moledeleel at an early stage, although the
effects may be recognized only at later phase, gpsrtpostnatally, e.g. childhood cancer,

DNT. Other agents may destruct already establistredtures. A recent literature analysis of



the standardised toxicological endpoints assessaxlirrentin vivo developmental toxicity
testing of chemicals revealed the frequency of eirdp with statistically significant findings
for 202 developmental toxicants [12]. The data stwthat the most common manifestations
of developmental toxicity are post-implantation dognd death, abnormal offspring
bodyweight, malformation of the skeleton, extedimabs, digits, mouth, jaw and skull as well
as malformations of the visceral (pertaining to ihternal organs) neurological, urogenital
and cardiovascular tissues.

THE SEMSITIVE PERICDS IN HUMAN DEVELOFMENT
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Figure 1.2:Periods and degrees of susceptibility of embryamgans to teratogens. Black

and white bars indicate respectively high and logceptibility. [9].

To achieve a full understanding of the mechanishsactions of developmental
toxicants requires explanation of all events froxpasure to the occurrence of the
developmental defect [13]. This includes understandf;

i) the toxicant's kinetics and means of absorptiostridution, metabolism and excretion
within the mother and offspring;
i) the toxicant's (or its metabolites) molecular iattions in the offspring or with

maternal or extra-embryonic components supportenggbpment;



iii) the consequences of the molecular interactiongherfunction of components in a

cellular or developmental process;

Iv) the consequences of the altered cellular funct@ngrocesses on the developmental

outcome.

Normal mammalian development is extremely compdex] is still not understood in

detail. Since it is a continuous development, tyacants can interact at numerous points

with an important molecular component, or even mongth several points further

complicating the understanding of the mode of astiof developmental toxicants. Advances

in research on signalling pathways (Table 1.1) gewktic regulatory circuits have identified

key processes in embryo developmental [10, 13].

Table 1.1 Signalling pathways and their specific periods ofivaty during development.

Modified from [13].

Period of development

Signalling Pathway

Early development (before organogenesis
cytodifferentiation) and later (during growth
tissue renewal)

Wingless-Wnt pathway

Receptor  serine/threonine  kinase

receptor) pahway

(T

F-

f[%%gehog pathway

Receptor tyrosine kinase pathway

Notch-Delta pathway

Receptor-linked cytoplasmic
(cytokine) pathway

tyrosine kin

ase

Middle and late development (duri
organogenesis and cytodifferentiation) and
(during growth and tissue renewal)

Interleukin-1-Toll Nuclear B

.“athway

Factdfappa

|§1¢c|ear hormone receptor pathway

Apoptosis pathway

Receptor phosphotyrosine phosphatase pathw

Late and adult physiology (after cell types h
differentiated)

Receptor guanylate cyclase pathway

Nitric oxide receptor pathway

G-protein coupled receptor pathway

aPﬁ‘?egrin pathway

Cadherin pathway

Gap junction pathway

vay

Ligand-gated cation channel pathway




A report from the US National Research Council tded the most important
signalling pathways for development in most aninja8j. Several of these pathways seem to
be active only in specific periods of normal deyahent, i.e. either before organogenesis and
cytodifferentiation (development of specialised | cstructures and functions) or after
organogenesis and cytodifferentiation (Table 1Si)dies of the alternation by developmental
toxicants of these processes may enlighten the mbdetions of developmental toxicity.
Present research effort has already lead to somerstanding of molecular interactions and

hence the mechanisms of some developmental tosi¢antheir metabolites).

1.3 Human embryonic stem cells

The first human embryonic stem cell (hESC) linesenisolated in 1998 by Thomson
et al [14]. They have been isolated either fromriwula or from the inner cell mass of the
blastocyst stage embryos between day 5/6 of denedop In human embryonic development
the morula cleavage stage occurs 3 days aftefiZatton [11]. At day 4/5 of gestation, the
blastocyst consists of approximately 58 to 250scaild pre-implantation is initiated [11, 15].
The blastocyst is a hollow sphere of cells contgjnan outer layer of trophoblast cells
surrounding a small inner group of inner cell meaks. The inner cell mass gives rise to the
embryo proper plus several extra-embryonic striestuwhile the trophoblast gives rise only
to extra-embryonic tissue, including the placentd].] Human ESCs isolated from pre-
implantation blastocysts are derived from the ircedr mass cells [14, 15].

In contrast to most other cell lines, hESCs areegieally normal (diploid). Moreover,
they are defined by two essential abilities: thpatality of unlimited self-renewal whilst
maintaining a stable genotype and phenotype, angdltential to differentiate into all the cell
types of the human body, a characteristic thateifsndd as pluripotency [14, 16]. Human
ESCs are;

i) round cells with a large nucleolus and scant cysipl,

i) forming flat, tightly-packed and sharp-edged codsni

iii) mitotically active, displaying active self-renewal;

iv) expressing cell surface markers, such as the sgaamfic antigens SSEA-3, SSEA-4,

TRA-1-60, TRA-1-81, and the glycoproteins TRA-2-8B/ and pluripotency markers

as OCT4 and NANOG [15];



v) having high level of alkaline phosphatase activity;
vi) capable of differentiation into tissues, such asrale cardiac, hepatic, mesenchimal,

and many other cell types [17];

vii) forming embryoid bodiesn vitro and teratomas when injected into immunodeficient

mice [18].

Human ESCs cultures are challenging due to thieivth in tight colonies and the still
not fully understood conditions that ensure plumocy or controlled differentiation.
Currently optimal results can be obtained with &Feldyers, special defined media, serum
replacement, growth factors and a labor-intensia@unl cutting technique.

Some of the striking potential benefits of sterfisceompared to the other cell-based
models used inn vitro toxicity testing are their human origin, normalngéc structure,
relative stability, controlled genetic backgroundmenability to genetic modification,
unlimited proliferation ability and their potentied generate a variety of cell types. They are
thereby a more readily available source of humanasic cells and offer as such a very
promising and innovative alternative for obtainiagarge number of cells. Moreover, the
stem cell technology provides a new tool for a dyetinderstanding of the mechanisms
involved in drug-induced adverse reactions andotentially predict toxic effects in humans
[19].

1.4 Neuronal differentiation

The formation of the nervous system vivo is an integrated series of complex
developmental steps, which initiates during embeysgis but continues during postnatal
development. Embryonic neuronal development imidiy the formation of the neural plate
from the ectodermal germ layer [11]. The neuratepfalds to form the neural tube. The cells
of the neural plate and early neural tube are kighkotic neuroepithelial cells, which are
organised in a pseudo-stratified single cell-lageuroepithelium [11]. The central nervous
system develops from these highly plastic neurbepitm cells that proliferate, migrate from
their places of origin to their final positionsffdrentiate, acquire regional identities and grow
axons with a motile growth cone that is guideddorf synapses with postsynaptic partners

[11]. Through neural induction, the early centrarwous system becomes organised into



regions, which develop increasing levels of comijyeand finally gain the characteristics of
the adult central nervous system. The first refteovements and brain activities are seen in
the sixth week of human embryo development [11].

The differentiation of hESCs towards the differgatm layers of the embryo and their
maturation into the different precursors and fitisdue specific cells follows similar steps as
those take place during human embryogenesis [20jo€bls have been established for the
differentiation of hESCs into neural precursor £¢81] as well as several differentiated cells
such as motoneurons [22], glia cells [21], dopangiceneurons [23, 24], and cerebellar cells
[25]. The protocols based on hESCs usually yieldigh percentage of neural precursors
(more than 80%) and a significant number of targells (up to 60%). However, the
development ofn vitro tests for neurotoxicity and developmental neurwibx has always
proved to be challenging.

General RNA and protein markers for neural praemucells are quite well established
and include among others NESTIN, SOX1, PAX6, NEURCR6]. However, the markers
for specific lineages of stem cell derived-neuronalls can vary between the different
authors, what makes the results hard to compareedter, hESC derived neural precursors
transplanted into neonatal mouse brains incorporat® a variety of brain regions where
they differentiated into astrocytes and neurong. [@&rafting of hESC derived dopaminergic
cultures into 6-hydroxydopamine-lesioned parkinaoniats can induce restitution of motor
function [28, 29], although a beneficial effectnst always observed [30, 31]. Thus, hESC
derived neuronal cells seem to exhibit functiogatitvivo.

The major drawbacks of currently available protecare the low yield of some cell
types [26] and the long culture periods for thdedéntiation (up to two months) [21]. The
future challenge for test developers in the fielcheurotoxicity is the establishment of test
systems that could predict the effect of a chematsd on the functionality of the neuronal
cells (e.g. electrophysiological properties, nenaiogmitter activity, etc...). Further efforts are
also needed in order to test the effects of unknaamicals, to gather the data on
intra/interlaboratory variability and define a piettbn model that can categorize the test's
outcome according to its stated purpose.



1.5 ATP binding cassette transporters

ATP Binding Cassette (ABC) transporters form a sdefamily of membrane
proteins, characterised by homologous ATP-bindamgl large, multispanning transmembrane
domains. They can be found in every known organisush as from microbes to humans
[32]. To date, 48 members of the human family ofCABansporters have been identified
which, based on their structural relatedness, abaligided into seven families, designed
ABC A-G [33, 34]. These evolutionary highly consedvmultispan transmembrane molecules
use the energy of ATP hydrolysis to translocatecad) spectrum of molecules across the cell
membrane, participating in diverse cellular proesssincluding drug resistance and
metabolism, transport of lipids and organic anioasd iron metabolism [35]. Several
members of this family are primary active transpi@t which significantly modulate the
absorption, metabolism, cellular affectivity anditity of pharmacological agents [32].

The various ABC transporters in their two-dimensilcstructure are identical; they are
built up from transmembrane domains (TMD) and notatee binding domains (NBD)
(Figure 1.3).

Figure 1.3 Structural features of full-length and half ABCrtsporters. [36].

As one of the best studied ABC transporters, théidnug resistance P-glycoprotein
(P-gp), also called as ABCBL, is a glycosylated imeme-associated full-length ABC
transporter, comprising 1280 amino acids with a IiDa molecular weight. It is
characterised by two identical halves, each wite NBD; exporting a wide range of diverse
substrates [34, 35, 37].

Another member of the ABC transporter family tigaintensively studied is ABCG2
(also known as MXR/BCRP1/ABCP), which is a membrasgociated half-transporter
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containing 663 amino acids, and requires dimewopafor its functional activity [38, 39].
Unlike other ABC half-transporters, which are lozadl to intracellular membranes at
numerous compartments within the cell, ABCG2 isregped exclusively in the plasma
membrane. ABCG2 has been identified to confer tast® to anthracycline anticancer drugs,
and is expressed in both malignant and normalas§0, 41].

It was already demonstrated by several reseaapgrthat both ABCB1 and ABCG2
transporters are highly expressed in stem cellsvetbrfrom tissues, such as brain, bone
marrow, pancreas, and liver [42-44]. However, theritbution and functional properties of
these transporters were only recently studied mdmneural progenitor cells, founding that
the NESTIN positive precursors are also expressiagABCB1 transporter [45]. Besides that
the ABCB1 and ABCGZ2 transporters are useful as amal stem cell markers and are
functionally expressed in human neural precursdls geotecting them from the possible
effects of different xenobiotics, they may alsoyptale in human neural precursors self-
renewal by preventing differentiation [36]. Thenefothey can be used as a tool to study not
only the regulation of neural stem cell differeniba and self-renewal but also their possible

role of human neural developmental toxicity.

1.6 Legal situation of using human embryonic stem cells

The use of hESC is limited by ethical and legalstd@rations which have led to the
establishment of guidelines and regulations conegrhESC research in Europe. The legal
situation is complex and it is also mirrored in tiest of the world. In European Member
States allowing hESC research, project proposale tmundergo strict scientific and ethical
evaluation criteria, decided upon by competentonati bodies [46]. The current situation of
various positions worldwide is summarized in Tah2

At the EU level, the Parliament has approved cwmtil funding for hESC research
within 7th Framework programme [47]. Human clonirigr reproductive purposes,
modification for the genetic heritage of human gsinwhich could lead to heritable changes
and activities intended to create human embryasystidr research or therapeutic cloning are

explicitly excluded from EU funding. In additiohg Commission will not fund research in
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Member States where research is not permitted ids dawn in Regulation (EC) No
1906/2006 [48].

To meet the ethical concerns, the Internationale®p for Stem Cell Research (ISSCR)
convened a task force of experts in science andamed ethics and law from 14 countries,
which set up guidelines [49] for hESC research. sehguidelines cover specify ethical
standards for hESC research and seek to promopwrable, transparent and uniform

practices worldwide.

Table 1.2: Global regulation of human embryonicrsteell research (update September
2008).

Policy Countries

o Austria, Bulgaria, Germany, Ireland, It
Pronhibition of derivation of hLESCs Lithuania

Prohibition of the procurement of ESCs
from human embryos but allowing k@ermanﬁ, Italy’
law for the importation of hESCs

Austridf, Brazil, Bulgaria, Canada, Cypr|
Denmark, Estonia, France, Germany, Gre

Prohibition of creation of humal$P€orgia, Hungary, Iceland, Ireland, Italy, Lat

embryos for research including SCNT [Lithuanid,  Netherlands, Norway, Portug
Romania, Slovakfa Slovenia, Switzerlan

Taiwan

Australia, Belgium, Brazil, Canada, China, Cz
Republic, Denmark, Estonia, Finland, Fra

Allowing procurement of hESCs frofffreece, Hungary, India, Israel, Japan, Me

Slovenia, South Africa, South Korea, Sp

Sweden, Switzerland, Taiwan, United Kingdom

_ _ Australia, Belgium, China, India, Israel, Mexi
Allowing creation of human embryos @ ;ssia, Singapore, 8th Africa, South Kore

research including SCNT Spain, Sweden, United Kingdom
No specific legislation regarding hESEYPrus, Luxembourg, MaltaNorway, Polang
research Portugal, Romania, Slovakjarhailand, USA

2Germany has a law and hESC lines have to be dehigéate 01.01.02 Italy has no law
regarding the importation and IT scientists workimported hESC linesCountries which
voted against hESC research during Council DecisibRP7 [46].
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1.7 Currently ongoing EU projects using hESCs for toxicology

Taking into account the ethical framework propdsathe European Group on Ethics
of science and new technologies (EGE) projects tm@en funded so far in order to detect
adverse effect specific to humans, as reportedheénopinion n17 of EGE [50]. In total, 6
hESC projects related to the development of toxiests (Table 1.3) were financed under the

6™ and " Framework Programme of the European Council.

Table 1.3:Examples of EU-funded projects that make differesgs of hESCs.

Target to
Project acronym Size organ/biological Website
mechanism
http://er-
9 partners | Hepatocytes for : . i .
VITROCELLOMICS ~3.000.000 €| drug testing ErOJects.gf.Ilu.se/ vitrocellomic

9 partners | Cardiomyocyte | http://er-
~ 3.000.000 €| for drug testing | projects.gf.liu.se/~invitroheart
Genomics-based
in vitro testing for
21 partners | genotoxic and
~10.500.000 € carcinogenic
properties of

INVITROHEART

CarcinoGENOMICS www.carcinogenomics.eu

chemicals
21 partners hESCs for
ReProTect ~ 10.500.000 € de\(e_lopmental http://www.reprotect.eu
toxicity
Development of
13 partners | human stem cell- )
SCR&Tox ~ 4.700.000 €| based methods fdr- http://www.scrtox.eu
toxicology testing
Embryonic stem
ESNATS 31 partners | cell-based novel http://www.esnats.eu

~12.000.000 § alternative testing
strategies

The focus hereby was on projects where animal @xeets and othem vitro tests
provide insufficient toxicological information du® interspecies variations. The projects
concentrate on the detection of side effects ofjsir@iming to elucidate possible mode of
actions of the chemicals. However, at the curreages of using hESC for toxicological

applications, the identification of knowledge gapsesting strategies is of high relevance in
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order to select the cell type of interest as wslltlee most appropriate readout to identify
relevant adverse effects of substances. Besidéreeagents on quality control issues (which is
currently assessed in various projects), an agneeilnetween various stakeholders could
accommodate a directed test development:

i) which cell types have priority for the developmenhtdifferentiation protocols. More
guidance is needed which cell type and which meashaare known as biological
target and should be addressediitro;

i) which readouts are of interest. More “classicaladeuts such as cytotoxicity or
“functional” readouts, for example electric actywind the identification of biomarker
by applying ‘omics’ technologies;

i) the test chemical selection procedure normallydabe problem of understanding if
the selected substances produce an adverse effdoe human since mainly animal
data are available. In order to address the proloerthe lack of a ‘golden standard’
for human cell based toxicity tests a peer reviewsd of reference compounds

mimicking the most relevant mode of actions woudshpportive.
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2. AIMS OF THE STUDY

The ultimate goal of the thesis is to establishum&n embryonic stem cell (hESC)
based noveln vitro method for the assessment of toxicities affectimg human nervous
system development. In order to achieve this gémbjactive, the main aims of the present

study are set as:

» Acquisition of expertise in stem cell technologsesh as the maintenance of hESCs.

» Defining adequate culture conditions of hESCs basadtheir characterisation
[pluripotency markers CT4, NANOG) for the measurement of culture stability
(gPCR), morphology, protein and gene expression].

e Initial assessment of spontaneous hESC differemtiatembryoid bodies (EB)
formation.

» Establishment of an initial protocol for neuralfdientiation (neuronal differentiation
markersPAX6, NESTIN, NCAM1).

* Quality control and detailed characterisation aditferentiated hESCs.

» Development of a stable and reproducible neur&mihtiation culture/protocol.

» Characterisation of the differentiated model.

» Initial assessment of toxic response of neuratiésderived from hESCs exposed to
known developmental toxicants (5-Fluorouracil, 64Aanicotinamide, Methotrexate,
Methylmercury chloride, Retinoic acid, Valproic dciVarfarin).

* Elucidation of the mode of action of Methylmercuciiloride by transcriptomics

analysis.

This work was funded by the ethically reviewed Egan Community's Seventh
Framework Programme (FP7/2007-2013) project ESNAE®&bryonic Stem cell-based
Novel Alternative Testing Strategies) consortiundemgrant agreement n°® HEALTH-F5-
2008-201619.
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3. MATERIALS AND METHODS

3.1 hESC line and maintenance culture condition

The NIH-registered H9 hESCs obtained from WiCellSA) were cultured
undifferentiated in 60 mm cell culture dishes (TBRijtzerland) at 371C and 5% CQ@on a
layer of mitomycin C-inactivated primary mouse ewaic fibroblasts (pMEF, CF-1 strain
Millipore USA), which were plated at a density &QDO cells/cry on gelatine coated dishes
in the presence of the standard maintenance meiuondifferentiated hESCs [DMEM/F12
supplemented with 20% KO serum replacement, 1% eas3ential amino acids, 2mM
glutamine, 0.1mM-mercaptoethanol and 4ng/ml human recombinant igsablast growth
factor (hr bFGF) (all from Invitrogen, USA)]. Cellsvere expanded weekly by

microdissection and further propagated on a feleger.

3.2 Early embryonic neural differentiation

For the differentiation towards early neuroepithleprecursors a protocol which was
described earlier [51] was followed with some midifions. Intact 6 days old H9 hESC
colonies were detached by 1 mg/ml collagenase ttbgen, USA) treatment and left in
suspension culture dishes for 3 days in hESC nraanize medium without bFGF to allow the
generation of embryoid bodies (EBs). After thisdinEBs were transferred onto single wells
(one EB per well) of 96- wells plates coated withuy/ml laminin [in water (Sigma, USA)]
containing neural induction medium [DMEM/F12 suppénted with 1% non-essential
amino acids, 1% N2 supplementp@/ml heparin (Sigma, USA) and 20 ng/ml bFGF (unless
stated, all from Invitrogen, USA)]. Cultures werepk for up to 10 days with medium changes

every third day (Figure 3.1).

3.3 Chemicals

A training set of well established xenobiotics (leaB.1) was used to expose to the

neural differentiating hESCs. Stock solutions abacentration of 10 mM of each chemical
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were generated in water (or in DMSO if solubilitppplems were found) and stored at -20 °C
as reference stock solutions. Eight sequential ingrklilutions of 1:10 and 1:3 made in
DMEM/F12 were generated freshly for each experimensuch a way that the final solvent
concentration (LD or DMSO) was 0.01% in each well. Even thoughiafiit the
concentration range was betweer M and 10'° M with 10 units steps, this range had to be
modified for Valproic acid (final range from TOM to 10'° M), due to the fact that the
chemical had cytotoxic effect only at higher corications.

3.4 Chemicals exposure

Differentiating cultures were exposed to the dekifmal concentrations of the
different chemicals by dilution of the working ca@mtrations in neural induction medium
taking a constant solvent concentration into actadDhemical exposure begun 24 hours after
plating of the embryoid bodies (Figure 3.1) in thspective wells of the laminin coated 96-
well plate (day 1 of differentiation), in order &low the satisfactory attachment of the EB to
the treated surface. Both the tested chemical lmma¢ural induction medium were refreshed
every third day during differentiation allowing antinuous exposure to the chemicals.
Exposure lasted up to a total of 10 days and sawpédee taken for the different analysis on

every third day and on day 10.

Exposure  Exposure Exposure Exposure
toxicant toxicant toxicant toxicant

Collagenase %7 / %,}'7 ﬂ
v
0 1 10
| |

Culture Days -2 4 ¥
| &8 | |
| |

hESC |

Sampling /
Points +

hESC Medium (+ bFGF)  |hESC Medium (no bFGF} | Neural Induction Medium (* Heparin + bFGF)
on pMEF feeder in suspension single EBs on Laminin coated wells

Culture Conditions

Figure 3.1: Scheme of the early embryonic neurfiemintiation protocol with exposure
timing and sampling points. The exposure took place continuous manner with renewal of
medium and toxicant every third day until the efthe test day on day 10, as indicated with
red cross. Green crosses show the sampling points.
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Table 3.1: Summargf the used compounds and their mode of action.

Chemical . CAS : Solvent
Name Supplier Number Mode of Action used References

Induces cell cycle arrest and

5- . P apoptosis by inhibiting the cell's i
Fluorouracil | S9Ma | 51218 | ik to synthesize DNA, inhibits| 1120 | [92-54]
the exoribonuclease complex
6-Amino- Fluka 399.89.5 Inhibits the NADP+-dependent H,0 [9]

nicotinamide enzyme

Binds to heterodimers of the retinojc
acid receptor, the retinoic X receptor
All-trans Fluka and binds to retinoic acid responsg
e . 302-79-4 ; .
retinoic acid Sigma elements in the regulatory regions pf
direct target genes, activates gen

transcription

DMSO | [55-58]

D

Methotrexate | Sigma 59-05-2 Inhibits the metabolism of folic agid H,O [59-61]
Potently affects the release of
Methyl- neurotransmitter from presynaptig
mercury Sigma 115-09-3 nerve terminals, causing H,O [62, 63]
chloride ultrastuctural changes, and

accumulates within mitochondria

Increases gamma-aminobutyric acid

Valproic Acid . levels, alters the voltage dependent
sodium salt | >'9Ma | 1089-66-5 o yiim channels, inhibits the histone H:0 [64, 65]
deacetylase
Warfarin Fluka 81-81-2 Inhibits vitamin K-dependent DMSO [66-68]
Pestanal coagulation factor

3.5 Viability testing using Resazurin Assay

For each chemical one 96-well plate was used wkadh test concentration was
performed in quadruplicates. In addition to that,each plate, 4 wells containing EBs were
selected to be grown in the absence of chemicahtasnal negative control. Additional 4
wells were used as solvent control with a 0.01%lficoncentration of DMSO or water.
Resazurin assay was performed at least 3 timesg@en chemical to be analysed. The
viability was assessed in three biological repésain day 10 after plating of the EBs.

On day 10, the viability of the treated culturesrevanalysed by removing the used
medium and the substitution of 1Q0 of freshly prepared 1@g/ml solution of resazurin
(Sigma, USA) in neural induction medium. The ceillteres were incubated for 2 hours at 37

°C and 5 % CQin the presence of resazurin. After the incubapenod the cell-exposed
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resazurin solution was transferred into an empty@b plate (the 10Qul into 2 independent
wells with 50ul each). Fluorescence signal at 590 nm was measutied TECAN Infinite®
200 microplate reader (TECAN, Switzerland) afted 54n excitation and blanking against
the background wells containing only resazurin sofuincubated for 2 hours at 37 °C and 5
% COp.

3.5.1 Calculation of 1€, IC10 and Highest non cytotoxic concentration

The averaged fluorescence emission data (4 vagleesested concentration) and the
percentage of fluorescence change were plotted thighrespective concentration of the
chemical at day 10 of exposure. Cytotoxicity curvesre created by using a spread-sheet
program and the average of the independent repéiqat least n= 3) were generated using
Prism 5.0 (GraphPad Software, USA) giving risehte tepresentative cytotoxicity curve of
the analysed chemical. A regression formula wasverfor the plotted curve using the
aforementioned software and the concentration gdirethe 1G, and 1Go were extrapolated.
Furthermore the highest non-cytotoxic concentratias determined as the last value before
the decrease of the resazurin fluorescence, wigl@on toxic concentration was 1-fold lower

compared to the highest non-cytotoxic concentration

3.6 Isolation of RNA, cDNA synthesis and quantitative Real-Time PCR (gPCR)

RNA was isolated from stored samples as cell (Ko, highest non cytotoxic and
non toxic concentration) using the RNeasy Microkiagen, Germany) following
manufacturer's instructions and eluting in d2elution buffer. As a rule 4 wells of cells
exposed to the same concentration of the same chkemere pooled together to isolate
sufficient RNA. cDNA was synthesised from 500 ngRMA using M-MLYV retrotranscriptase
and random hexamers in a 1 hour reaction at 3775 id of total volume. Gene expression
was analysed by gPCR using the 7000 TagMan Sys#ppliéd Biosystems, USA).
Reactions were measured in duplicate using PCRaviddix (Applied Biosystems, USA)
following manufacturer's instructions. “Gene Exgiea Assays” primers and probe sets were

purchased also from Applied Biosystem;
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i) housekeeping genes: glyceraldehyde-3-phosphdéhydrogenase GAPDH,
Hs99999905 ml) and hypoxanthine phosphoribosyltransferase HPRT1,
Hs01003267_m1);

i) pluripotency markers: octamer-binding tranpton factor 4 OCT4,
Hs00999634 gH) andNANOG (Hs02387400_g1);

iii) neural commitment genes: sex determining @agi Y-box 1 @0OX1,
Hs01057642 s1), paired box gene 6(PAX6, Hs00240871 ml), NESTIN
(Hs00707120_s1), orthodenticle homeobox @TX2, Hs00222238 m1), neural cell
adhesion molecule INCAM1, Hs00941821 m1), microtubule-associated protein 2
(MAP2, HsD0258900 ml) and neurofilament medium polypeptide 150 kDa
(NEFM, Hs00193572_ml);

iv) glial and oligodendrocyte lineage markers:affiibrillary acidic protein GFAP,
Hs00909238 g1) and oligodendrocyte transcription factor 20L(G2,
Hs00377820_ml);

v) endodermal lineage markerfetoprotein AFP, Hs00173490_m1);

vi) the mesodermal lineage marker: myosin hedairc6 MYH6, Hs01101425 ml);

vii) the ABC transportersABCB1 (Hs00184500 m1), ABCG2 (Hs01053790_m1).

Gene expression was scored by calculating the al@®d ACt for each gene and for
each sample by subtracting the Ct value determioe@APDH from the Ct value obtained
for the gene of interestGenes were considered to be expressed in a sani@e their
normalised ACt is below 12 (implying that is 10000 times lesspressed than the
housekeeping genes), otherwise the gene would theesskd as not present. The resulting
expression pattern was used to monitor the difteaBon process and to judge the degree of
differentiation. Only cultures with a certain exps®n pattern were used for further analysis.
As such, the expression pattern served as quaitgria to judge the validity of the obtained
toxicological data.

Relative quantification was performed for eachasmiration of chemical by th®ACt
method (2““' formula) [69] using the expression profile of therresponding untreated

control as reference.



20

3.7 Immunofluorescence analysis

Undifferentiated and differentiated H9 cells welgefl with 4% formaldehyde
(Sigma) for 20 minutes at room temperature. Foretajde was removed by washing the
cells 3 times with PBS buffer (Invitrogen). Thelsekere permeabilised for 15 minutes with
0.4% Triton X-100 (Sigma) and the reaction was péapby using 2% of BSA (Sigma) in
PBS, for 30 min at room temperature. Blocking buffeas removed by aspiration and
replaced by primary antibodies against the plugpot(OCT4, 1:500) and neural stem
(NESTIN, 1:200) or neuronaB{TUBULIN IlI, 1:500 and MAP2, 1:500) markers diluten
blocking buffer. The plates were incubated for &ti87 °C. After the incubation, the plates
were washed 3 times with PBS buffer, and the og#se incubated for 30 min at room
temperature with the appropriate fluorescent-ccatjed) secondary antibodies (Alexa Fluor
546 goat anti-rabbit IgG (H+L) 1:1000 and Alexa ¢fllb46 goat anti-mouse IgG (H+L)
1:1000) and DAPI dye. The cells were washed 3 timi#s PBS and imaged using Cellomics
ArrayScan vTi platform (Thermo Scientific). For timage analysis, a 10x objective and two
fluorescence channels with the filter set (XF 9&swsed and 10 image/fields were collected
per well. Quantitative image analysis was performsihg the Cytotoxicity Bioapplication

v.4 from Cellomics Scan Software.

3.8 Flow cytometry

For flow cytometry analysis, undifferentiated calltures were washed twice with 1x
PBS and treated with Tryple Select (Invitrogen, YA 37 °C for 5 minutes in order to
investigate the possible changes in the populaioomposition throughout the maintenance
of the undifferentiated cell culture. The reactinas stopped with growth medium and
pipetted several times in order to generate a &iogll suspension. Cell concentration was
assessed by Trypan blue exclusion and the cells tansferred into a 2 ml Eppendorf tube
after being passed through a gl mesh to remove cell clumps. The cell suspensias w
centrifuged, washed once with 1x PBS and resuspemd200ul FACS buffer (1% FBS in
1x PBS). For staining 1.38 of each titrated antibody (generally 1:75 dilut) was added to

the cell suspension and incubated for 30 minutes°&. The antibodies used for the quality



21

control in the present study were CD29 (Alexafld88 conjugated), SSEA1 (CD15, pacific
blue conjugated) and SSEA4 (Alexafluor 647 conjadat All antibodies were purchased
from Invitrogen (USA). After incubation, cells wedduted with 2 ml of FACS buffer and

centrifuged at 200g for 5 minutes. Supernatant vgasoved and cells were washed twice
more with 2 ml FACS buffer. For analysis, the wakbell pellet was resuspended in 1ml of
FACS buffer and analysed using a FACS Aria, cetteso(BD, USA). 50000 events were
recorded and further analysed using FlowJo verSiéor PC (Tree Star Inc., USA). HESCs
were selected based on the negativity for CD29pmmllation of SSEA4 and CD15 positive

cells were measured using the respective negativieats.

3.9 Microarray analysis

For microarray analysis, the total RNA was isalatgth Trizol (Invitrogen, Damstadt,
Germany) from the 10 days neural differentiated @& 8eated with MeHgCI at highest non-
cytotoxic, 1G s and IGs concentrationg0.025 uM, 0.09 uM, 0.27 uM, respectively), and
purified with Qiagen RNeasy mini kits (Qiagen, Hitg Germany). To avoid DNA
contamination on column DNase digestion was perornas per the manufacturer’s
instructions. The RNA was quantified using NanoDrdp1000 spectrophotometer
(NanoDrop, Wilmington, DE, USA), and the integrdiyRNA was confirmed with a standard
sense automated gel electrophoresis system (ExpeBio-Rad, Hercules, CA, USA). The
biological samples were taken for transcriptionadfiing with the RNA quality indicator
(RQI) number higher than 8. Total RNA (100 ng) waken as a starting material and
amplified for 16 h with Genechip 3’ IVT Express Kis per the manufacturer’s instructions.
12.5 ng fragmented aRNA was hybridized on Affymetrix Hum&enome U133 plus 2.0
arrays and the chips were placed in a GeneChipitightion Oven-645 for 16 h at 60 rpm
and 45 °C. For staining and washing, Affymetrix HWIS were used on a Genechip Fluidics
Station-450. For scanning, the Affymetrix Gene-CBiganner-3000-7G was used, and the
image and quality control assessments were pertbuuidn Affymetrix GCOS software. All
reagents and instruments were acquired from AffyimeAffymetrix, Santa Clara, CA,
USA).
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3.10 Microarray data analysis

Background correction, summarization and normttisawere done with Robust
Multi-array analysis. The entire dataset was noisedl with quantile normalisation method
executable with R (Affy)-package carried out atq@deature level. Probe sets, having signal
>= 6 (Log2 scale) in any one of the experimentalditoons out of 12, were only chosen for
statistical analysis and they were 26507 probe sets

A linear model was implemented using R -LIMMA pagka [70] for determining
differentially expressed transcripts using cutwaffues of 5% error rate (P<0.05, determined
by F-statistics with Benjamini and Hochberg MulkiplTesting Correction). Array data sets
from the untreated replicates as reference groupe ve®empared against highest non-
cytotoxic, 1G s and 1Gs MeHQgCI concentrations treated groups. Beside Hove mentioned
conditions, fold change value with the thresholduga> + 2.0 were used to filter the
significantly expressed transcripts. K-Mean clustealysis was performed after transcript-
wise normalisation of signal values to a mean ah@ standard deviation of 1 using Elucidian
distance measurement and k = 9, using Cluster &0 ftom Eisen lab [71]. Principal
component analysis was performed using the Statsapa in R with procomp function. The

‘X" attribute of the procomp object was used toeyate 2 dimensional scatterplots.

3.10.1 Gene ontology analysis

Database for Annotation, Visualization and IntégagaDiscovery (DAVID) was used
to investigate the differentially expressed gemediological process, molecular function and
cellular component from the individual transcript®. define the biological impact and the
biological response to experimental perturbatioysregulation of significant genes were
annotated based on the Expression Analysis Systefgblorer (EASE) score enrichment P

value (P<0.01) and clustering stringency at medienvel as per the DAVID tool.
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4. RESULTS

The use of stem cells for safety assessments esgairrobust and reproducible
differentiation protocol taking the unique charaistecs of stem cells into account. The
establishment of quality controls and acceptander@ identifying valid experiments is
therefore one prerequisite for the regulatory atzoege of stem cell based toxicity tests. In
this study, a hESC model was established as basianfin vitro test by focusing on key
aspects such as

i) the development of quality standards ensuring thigustness of the cellular

model,

i) the definition of the time point for the optimakadout;

iii) challenging the cellular model with well known nefece compounds.

These three major requirements need a close mimgtof the differentiation process
and the definition on the amount of target cellsvadl as cells of other lineages. Practically
this can be achieved by defining a panel of remtaswe genes characterising the cell culture

at the day of the readout.

4.1 The development of quality standards ensuring the robustness of the cellular model

The cellular model used in the study is based enthll defined H9 hESC line. Even
if the cell line and their differentiation potentiaave been often described in the scientific
literature, appropriate quality standards for tolagical application have not been developed
so far.

Undifferentiated cell cultures are needed to stigrta successful differentiation. The
analysis of the starting culture is therefore a tmlike daily microscopical inspection of
undifferentiated H9 cultures gives already a fimslication for major changes in the quality of
the cell culture (Figure 4.1). Additionally, sindke morphology assessment is a very
subjective readout, the colonies were also roytiaeklysed to determine their pluripotency
and surface marker expression and homogeneity img usimunohistochemistry and flow
cytometry analysis. The presence of OCT4 and SSEhdl the absence of SSEA-1 and

CD29 in the cell culture were used to detect chanigethe population’s composition
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throughout the maintenance of the undifferentiatetl culture. Nevertheless, since the
determination of the undifferentiation status foxitity testing should easily applicable for
routine toxicity testing, as detailed as possibleCR approaches were used six days after
passaging the cells. Undifferentiated colonies weet@mined for their expression profile of

well-described markers associated with pluripotesrcgrogressing differentiation.

iy i/

SSEA-4 Expression

1DD 1D1 1 02 103

SSEA-1 (CD15) Expression

HAp33_CD29 S5EA1 SSEA4 fos
Count: 7801
LiveiCD29 negative-low

Figure 4.1. Characterisation of undifferentiated ld8lonies. (A) Immunofluorescence
analysis showed that undifferentiated H9 cells expressing antigens for the pluripotency
marker OCT4 (red). Nuclei staining with DAPI areogim in blue in panel A. (B) Bright-field
image of a 6 days old H9 hESC undifferentiated rploultured on inactivated mouse feeder
layer. Bars = 10@um. (C) A representative FACS plot flow cytometryndmnstrating a high
percentage of SSEA-4 expression and a low expres$siSSEA-1 profile.

A robust differentiation protocol is a precondititm assess the chemical effects on
differentiating neural stem cell like cells. Rose#tructures are a morphological marker
indicating a successful neural differentiation tlcah be easily identified by experienced

operators (Figure 4.2). The appearance of at Rastural rosette structures per well at day 8
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of differentiation can be accepted as the firdieda for a successful differentiation. If more

than 50% of the control wells contain at least 3ette structures, the more objective
assessment criteria of immunostaining and qPCR ajgpéed. The rosettes expressed highly
B-TUBULIN Il and NESTIN indicating their commitmemtto the neural differentiation.

Figure 4.2: Characterisation of hESC-derived nepratursorsn vitro. (A) Phase contrast
image of the neural rosettes appearing alreadyapt3dafter plating the embryoid bodies
(EBs). (B) Immunostaining after 10 days of diffefation indicates that the majority of the
cells are-TUBULIN Il (red) and NESTIN (green) positive. Nigt staining with DAPI are

shown in blue. Size bars represent 100 um.

4.2 Monitoring of neural differentiation and determination of the optimal time point for
read-out

Modifications of gene expression profiles (Figure3)4were analysed during
differentiation of 10 days. The application of aura differentiation protocol, as previously
described, led to a downregulation of tiANOG gene and a significanOCT4
downregulation within 10 days as compared to uadiffitiated hESCs.

On the contrary, the transcription faci%X6 was significantly upregulated already at
day 3 (26.5-fold higher than the undifferentiat&BICs), and reached a peak on day 7 with a
56.87-fold increase, then remained on a level 05,338.5 and 37-fold increase compared to
undifferentiated control on days 8, 9 and 10.

NESTIN was continuously upregulated during the differdidraprocedure with 2.3,
3.2, 3.9 and 4.9-fold on days 1, 2, 4 and 6, peakeday 8 by 7.6-fold, and reached a plateau
of 6.4-fold higher than control on day 10.
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Figure 4.3: Relative quantification by qPCR of gexgression levels during differentiation
of hESCs into neuronal precurso®CT4, PAX6, NESTIN, MAP2, OTX2, NCAM1, and
NEFM. Gene expression levels were normalised to thedi@meping gen&APDH and the
mean expression in the undifferentiated hESCs.IN =
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Neural precursor differentiation caused signifidsiitP2 upregulation with 9.5-fold at
day 2, reached a peak on days 5 and 7 as 27.17agdald undifferentiated control levels.
Hereafter theVIAP2 expression diminished to 22-fold on day 8.

The neural cell adhesion moleculeNICAM1 expression reached a plateau on days 5,
6 and 7, showing 9.7, 9.9 and 10-fold higher thmnndifferentiated hESCs, then decreased
as 7-fold on day 8.

The expression oNEFM was slightly increased during the neuronal diffiisgion
with 1.3, 1.6 and 2.1-fold on days 1, 2 and 8. @y #0 it showed a significant upregulation
of 6.1-fold higher than control. In contrast, omyslightOTX2 upregulation of 1.7-fold was
evident on day 7.

According to the kinetic experiments performed,dHy-differentiation was defined as

an optimal time point to assess chemical effectdifferentiating neural stem cells.

4.3 Challenge of the cellular model with well known reference compounds

It is thought that the challenge of the cell modéh well-known toxicants provides
the first insights in the capacity of the cellutaodel to respond to chemical stress. In order to
distinguish between unspecific toxicity and speodifects interfering with the differentiation
process of neural precursors, the effective dosagge was determined by using a
concentration-dependent inhibition of resazurinuctin. Resulting dose-response curves
(Figure 4.4) were used to definesyCas well as 1 and highest non-cytotoxic levels as
starting concentrations for the assessment of peokicity (Table 4.1). D-mannitol and
methothrexate did not demonstrate a prominent leelhesponse at a high concentration and

were therefore not considered for further evalursgtio

Table 4.1: Average 1§, 1C10 and highest non cytotoxic values of each testedatals.

Chemical ICs0 (M) IC 1o (M) Highest Non Cytotoxic (M)
5-Fluorouracil 1.25x10° 1.00x10° 0.156x10°
6-Aminonicotineamide 36x10° 4.98x10° 0.3x10°
D-Mannitol N.P. N.P. N.P.
Methotrexate N.P. N.P. N.P.

MeHgCl 0.46x10° 0.23x10° 0.025x1¢F
Retinoic Acid 4.80x10° 3x10° 0.4x10°
Valproic Acid 6.60x10° 1.21x10° 44.3x10°
Warfarin 1.1x10° 44x10° 4x10°
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4.4 Neuronal marker mRNA expression profile changes during toxicants exposure

Cytotoxicity can be accepted as an indicator fouromxicity; hence additional
readouts pointing to specific effects on the défaration into cells of the nervous system
have to be developed. To accommodate this rege#stts of toxicants on neural precursor
differentiation were analysed by gPCR in treated antreated control cell samples collected
on day 10 of hESC differentiation. Changes in tkgression of lineage specific marker genes
such asMAP2, NCAM1, NEFM, NESTIN, OCT4, OTX2 were used to detect chemical
interference with the differentiating neural cellBigure 4.5). The housekeeping genes
GAPDH andHPRT1 were used as internal controls.

MAP2 was significantly downregulated in a concentrati@pendent manner. A 0.36-
fold downregulation was measured at the highestemtnation assessed with retinoic acid
treatment, but already at the non-cytotoxic conegion its expression was lower, 0.55-fold,
compared to the untreated control cells. While natp acid and 5-fluorouracil caused
upregulation, 1.3 and 2.1-fold at non-cytotoxicdeand 1.5 and 6.1-fold changes atoC
respectively, no significant effect with the 6-amicotinamide and warfarin treatment were
observed.

The expression level MCAM1 was significantly modified by valproic acid exposu
of the differentiating cells with a concentratioepgndent upregulation of 2.26, 2.68 and
2.75-fold from non-cytotoxic to Ifg concentrationNCAM1 expression levels changed in a
similar way with 5-fluorouracil treatment but witbwer fold-changes, 1.38 and 1.75, while
retinoic acid and 6-aminonicotinamide caused ohghsupregulation, 1.33 and 1.17-fold at
non-cytotoxic level which diminished at higher centrations. Warfarin caused a decrease in
NCAML1 expression, 0.58-fold at non-cytotoxic concentrativhich increased to 0.78 at;iC

Retinoic acid, valproic acid and 5-fluorouracil migcantly changed theNEFM
expression profile with 2.6, 2.2, 3.87-fold increast non-cytotoxic concentrations.
Furthermore, this upregulation was concentratigmedeent in the case of valproic acid
treatment, reaching 5.17-fold increase at thg Kdncentration, whereas this fold increase
decreased to 2.41 and 2.45-fold in the retinoiad a@nd 5-fluorouracil treated cells,
respectively. 6-aminonicotinamide and warfarin nad affect theNEFM expression.

NESTIN expression was modified by retinoic acid and ®ftwracil causing slightly
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concentration-dependent upregulation of this geeaching 1.59 and 1.31-fold at {{C
concentration, comparing to the untreated contetiscValproic acid, 6-aminonicotinamide
and warfarin caused its downregulation to 0.84,20&hd 0.61-fold at non-cytotoxic
concentration; however at higher concentration l&eteis effect was reversed, tNESTIN
expression level was similar to the control.

OCT4 was significantly upregulated already at non-aytat concentration, reaching
2.1, 2.0 and 2.2-fold by the treatment of retinamd, valproic acid and 5-fluorouracil,
respectively. But at higher concentrations, theaf were different: 5-fluorouracil caused a
3.44-fold upregulation at g concentration, valproic acid only 1.11 and retinacid caused
a l.4-fold changes. In contrast, we observed a ar® 0.61-fold downregulation at non-
cytotoxic and IGy concentrations caused by warfarin treatment. Giamcotinamide caused
a 0.33-fold downregulation at non-cytotoxic lewghich increased to control level at;i{C

OTX2 was upregulated by all of the chemicals at nontoyio concentrations with
1.4, 2.96, 1.7 and 1.2-fold changes. On the othadhwarfarin caused no significant effect at
this concentration (0.85-fold donwregulation). Hewe at higher concentrations, retinoic
acid caused 0.66-fold downregulation, valproic ati@2-fold upregulation, 5-fluorouracil
2.32-fold upregulation, 6-aminonicotinamide 1.48fapregulation and warfarin 1.33-fold
upregulation comparing to the untreated contrdkcel

In summary, retinoic acid treatment affected tharakedifferentiating cells causing
significant downregulation oMAP2 and OTX2 and significant upregulation dfiCAM1,
NEFM, NESTIN andOCT4. All tested markers were upregulated by the vatpacid and 5-
fluorouracil treatment. 6-aminonicotinamide caus®dP2, NCAM1 and OTX2 upregulation
and NEFM downregulation, while it did not chang’ESTIN and OCT4 expression.
Methylmercury chloride treatment causddP2, NCAM1 andNESTIN downregulations and
OCT4 upregulation, while it did not affect the expressiof NEFM and OTX2. Warfarin
treatment downregulatellCAM1, NEFM and OCT4, upregulatedOTX2 and did not affect
MAP2 andNESTIN expression. D-mannitol did not cause any significdhanges in the gene
expression profiles at low concentrations. The gumgsd data confirm our hypothesis that
differentiating hESCs are able to detect specifidhle hazard of xenobiotics at non-cytotoxic

concentrations (Table 4.2).
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Table 4.2: The table summarizes changes in the ggmession profile of cell cultures treated
with different chemicals} means statistically significant upregulatignmeans statistically
significant downregulation, while — indicates nogrsficant changes at non toxic

concentration.

Chemical MAP2 NCAM1 NEFM NESTIN | OTX2 OCT4
Retinoic acid l T T T l T
Valproic acid 1 i 1 1 1 1
S5Fluorouracil T T T T T T

6Amino-
nicotinamide T T ! - T -

Methylmercury
chloride ! d - ! - T
Warfarin - i l - T l
D-Mannitol - - - - - -

4.5 ABCB1 and ABCG2 mRNA expression of neural precursors

In order to evaluate the possible role and effectthe ABCB1 and ABCG2
transporters during chemical exposure on neurdlerdifitiating hESCs, their mRNA
expression profile was analysed by gPCR duringedbfitiation of 10 days. Th&BCB1 was
highly expressed already on th&day of differentiation, 26-fold, reaching a plaiesith 84-
fold on day 6, compared to the undifferentiated GESTheABCG2 showed a continuous
upregulation with 47, 379, 365-fold change on day éand 10 (Figure 4.6).
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Figure 4.6: Relative quantification by gPCR of gex@ression level oABCB1 and ABCG2
during differentiation of hESCs into neuronal prescus. Gene expression levels were
normalised to the housekeeping gene GAPDH and theanmexpression in the
undifferentiated hESCs
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The effects of MeHgCl on the two ABC transportersrimly neural precursor
differentiation were analysed by gPCR in treated antreated control cell samples collected
on day 10 of hESC differentiation (Figure 4.7). Troaisekeeping gen&APDH andHPRT1
were used as internal controfBCB1 was upregulated in a concentration-dependent mmanne
reaching to 2-fold change at630.27 uM).ABCG2 was downregulated by 60+4% at;éC
concentratiomomparing to the control untreated cells.
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Figure 4.7: Relative quantification by gPCR deterai effect of MeHgCIl. Gene expression

levels were normalised BAPDH and the mean expression in the untreated hESGE. N=

4.6 Transcriptomics analysis

In order to elucidate the possible effects of MeHgR the developing human neural
cells, MeHgCl treated (Ifs, ICps and the highest non-cytotoxic concentrations) amtdeated
control cell samples collected on day 10 of difféi&tion were analysed using the Affymetrix
HG-U133 Plus 2.0 arrays. After the robust multegranalysis of the entire dataset (54000
probes) excluding internal controls and non- or lempressed transcripts, the remaining
26507 probe sets were investigated by principalpmmant analysis to classify the variance in
the data set (Figure 4.6). The first principal comgnt (PC) axis accounts for 23.4% of the
variance in the data set of variable transcriptsvéig a clear separation of the untreated cells
from the MeHqgCl treated cells. While the second #midl principal component axes account
for 21.9% and 11.5% of the variance respectively.
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Figure 4.8:Principal component analysis (PCA) of untreatedsdgéd circles) and MeHgCI
treated cells with the highest non cytotoxic (ktireles), 1G s (green circles) and kg (brown

circles) concentrations.

K-Mean clustering of the differently expressed mradets obtained from ANOVA
calculation resulted in 4 clusters as shown byhbatmap (Figure 4.7). Cluster X contains
203 genes that are highly expressed in the MEHgCl-treated cells. They are belonging to
GOTERM_BP_5 associated with neurogenesis, neurod e@ntral nervous system
development, and cell migration and to the develamnof axon, dendrite, plasma membrane
part, and cell junction in GOTERM_CC 5 resulted twzg Gene Ontology Enrichment
Analysis. In Cluster Ya and Yb the genes were degulated in a concentration dependent
manner by the toxicant treatment. Cluster Ya costé®279 genes and Yb contains 264
differently expressed genes. Gene Ontology and Kp@tBway analysis of Cluster Ya and
Yb identified genes playing role in the developmeftmesoderm-derived organs, like
vasculature, blood vessel, heart and kidney, bsb @lenes associated with neural crest
differentiation and development. Interestingly, ggerfrom pathways in cancer were also
identified. Cluster Z contains 61 genes which weighly upregulated in MeHgCI treated
cells in a concentration dependent manner. Thesesgare belonging to the regulation of

mitosis and cell cycle and also to the developmé&nticrotubule and cytoskeleton.
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4.6 Biomarker analysis

For the validation of the microarray data, the tgqmegulated and downregulated
genes from the different treated groups were coetbiand chosen for further analysis by
gPRC the top 2 upregulated and downregulated demsthe significant overlapping genes.
They were one-one representatives from the 4 chisk¥ Ya, Yb and Z, aRELN, NPPB,
CDKN2B, and SAMD3, respectively. MeHgCI treated (0.2uM — 3.3 nM) and untreated
control cell samples were collected on day 10 @iedintiation and the expression profile of

RELN, SAMD3, CDKN2B andNPPB were detected against the housekeeping geAE® H
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and HPRT1. The gqPCR analysis (Figure 4.8) confirmed the tesaf the transcriptomics
analysis as the chosen top genes were the mogiwens the MeHgCI treatment.

RELN was significantly upregulated already at the lawested concentration (3.3
nM) arriving to a plateau of 3.3+0.3-fold changempared to the untreated control cells.
SAMD3 was upregulated in a concentration-dependent maresching to 5.9+1.6-fold
change at 16 (0.27 uM).CDKN2B and NPPB was significantly downregulated by 81+4%

and 80£8% at I¢; concentratiowomparing to the control untreated cells, respebtiv
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5. DISCUSSION

Embryonic stem cells have been proposed as celloladels for assessing
developmental toxicity for several years [72]. Masft these models are using either
differentiating pluripotent murine embryonic stemlle [54] or undifferentiated human
embryonic stem cells [73]. In this study a humalh lu@sed test system is presented that aims
to contribute to the detection of effects on theedi@ing nervous systems such as neural tube
defects which is one of the most common birth defethe study describes the detailed
development of a human stem cell bagseditro toxicity test aiming to identify chemicals
interacting with the developing nervous system. WMmark focused particularly on the
development of quality standards and acceptanceriericontrolling the cellular model in
order to accommodate the unique nature of sters tiedk can differentiate theoretically into

nay type of cells of the human body [74].

5.1 The development of quality standards ensuring the robustness of the cellular model

The definition of the original pluripotent cellularaterial is one of the most relevant
parameters for a robust test system. However, ritexia to define pluripotency are multiple
and are varying between stem cell based toxicgtirtg and other applications of stem cells
such as regenerative therapy. Because of theseepisties there is an urgent need to
harmonise quality standard applicable for stem ba#ed toxicity testing [75]. In order to
define quality standards, the most commonly usexkens were evaluated for their suitability
as quality controls for assessing routinely sterh @dtures in toxicological laboratories.
OCT4 and NANOG are the frequently used markers pointing to theipbtency status of
stem cells [76, 77]. In the presented study, astiokel that has to be met in order to use cells
for further neural differentiation was defined. Frdhe variety of differentiation protocols
reporting on the successful differentiation intouromal cell types [78], a protocol was
selected [25, 71] and optimised to be stable owee tand to provide sufficient number of
toxicological target cells. The reproducibility thie differentiation protocol was judged with a
panel of marker genes involving the three germrkay€he differentiation was considered as
successful when showing a downregulation of theftemdntiated stem cell marke@@CT4
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and NANOG as indicators for pluripotent cells and a consistexpression of well-known
neural related genes over time.

The above mentioned aspects refer to the assessimbet reliability of a test system.
However, a test system has not only to demonstigtesliability but also it needs to show
relevance before it can be considered for safesgsssnent [79]. Therefore the scientific
rationale of selecting the test system is of utmogiortance. The described neural tube
formation assay proved its biological relevance dymparing in vivo marker gene
expressions with profiles occurring during neull differentiationin vitro [80]. Some of the
described neural markers were converted into qualidandards in order to monitor the
successful differentiation of neural progenitolselhe selected markers as described below
reflect the developmental status after closuréefrteural tubén vivo.

The intermediate filamemMiESTIN showed a continuous upregulation from day 2 on.
This marker has been associated with neural progemells appearing during early
neurogenesis [81]. Other markers suchPaAX6, MAP2 and NCAM1 were significantly
upregulated later and reached the maximum expresgialay 5. At this time point initial
rosettes were detected in our culture pla®X6 that is expressed in the developing nervous
system appears in early neural cell cultures abagdh the maturation phase of neurons [82].
MAP?2 is generally considered as a postmitotic markiee NTAP2a isoform increases during
maturation of neuronal processes whHill&P2b and MAP2c are expressed during neurite
outgrowth and their rearrangement in early foetaletopment [83]. The neural cell adhesion
molecule 1NCAML1 is involved in cell-to-cell interactions as wefl eell-matrix interactions
during development of the nervous system [BdFM showed a significant upregulation at
day 10 which is comparable to the fact that is kmeavbe expressed in late neural progenitor
cells [85-87].0TX2 showed only a slight expression during oguvitro neural differentiation
till day 10. Publishedn vivo data suggest th&@TX2 is required at a later stage of the neural
differentiation process to regulate neuronal subtgentity and neurogenesis in the midbrain
[88].

In contrast, expression of glial and oligodendrecyineage markersGFAP and
OLIG2 were not detected as the selected differentigpiartocol does not drive the cells
towards the glial lineages [89, 90]. No expressibthe endodermal lineage marl&fP and
the mesodermal human cardiac differentiation mavkKér6 was identified
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A high number of repetitions of the differentiatiprotocol allowed the definition of a
narrow acceptance range of the gene expressiols I&\V@t values) allowing the comparison
of data. Altogether, the cell model described ievent literature was converted into a robust
and reliablan vitro test following similar steps and time window alsetplace during human

neurulation.

5.2 Challenging the cellular model with well known reference compounds

In order to understand if and how the cellular madsponded to the chemical stress
it was challenged with six known developmental ¢axits: 5-fluorouracil, 6-
aminonicotinamide, methotrexate, retinoic acid,puwaic acid and warfarin as well as the
negative control substance D-mannitol. Before asiafythe specific effects on the neural cell
differentiation, the effective dosage range wa®meined in order to avoid assessments at
cytotoxic concentrations that might cover or influe the analysed gene expression profile.
After 10 days of exposure of the neural differeimig culture to the selected chemicals,
cytotoxicity curves were generated based on thezres reduction assay. Beside D-mannitol
and methotrexate five chemicals demonstrated a etration-dependent inhibition of
resazurin reduction in the differentiating neunaqursor cells. Since the applied cytotoxicity
test is not providing information on specific effleon the neural precursors, the highest non-
cytotoxic, 1Go and 1G, concentrations of the different chemicals werdyaeal by assessing
the modulation of the selected marker panel relefeameural precursor cells.

5-Fluorouracil is one of the oldest chemotherapygdrhich has been in use for about
40 years [53]. It is a potent teratogen in all ssted species of laboratory animals: rat,
mouse, rabbit, primate, hamster and guinea pig. [Bdhduces multiple malformations in
mice, rats and guinea pigs; cleft palate was prediic hamsters, and limb defects induced in
rabbits [9]. In humans, it has been also associafti#idl birth defects in one case [91]. 5-
Fluorouracil must be considered as an unspecifitrobdue to its general toxic effects based
on its mode of action interacting with DNA integritn our experiments it was affecting the
expression of all the neural related genes. Moneatesignificantly upregulated the gene
expression oDCT4, indicating a stop of the neural differentiatiologess while keeping the

cells in a pluripotency state.
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6-Aminonicotinamide, a nicotinic acid antagonist,d potent teratogen in multiple
animal species. It caused cleft palate, skeletfdate and hydrocephalus in mice which can
derive from a spina bifida. In rats, cleft lip, ttipalate, digit and skeletal defects were
primarily induced [9]. Eye defects were producedrats. Eye, tail, visceral, and skeletal
anomalies, and cleft palate were observed in raldffispring. It also caused multiple effects
in hamster and pig [9]. In our system the applaraf 6-aminonicotinamide during vitro
human neural precursor differentiation slightlyeafied the expression of all of the tested
genesMAP2, NCAM1, NEFM, NESTIN, OCT4 andOTX2.

Retinoic acid is a metabolite of vitamin A that nads the functions which are
required for growth and development [92] via nucleaceptor binding. During early
embryonic development it is one of the patterniiggals in the developing nervous system
and has a fundamental role in the specificatiothef anterior-posterior axis [93]. Retinoic
acid exposure during the neurulation process caunltrén neural tube defects in rats [94].
Moreover, several cases have been reported thatl@ses of retinoic acid during pregnancy
caused human malformations; hydroureter, hydrorosphr and defects suggesting
Goldenhar’s syndrome [9]. In this study it was de&gd that the neural differentiating cells
were sensitive to the retinoic acid treatment caysnodifications of the mRNA expression
profiles at non cytotoxic concentrations. Espegiahe NEFM was significantly upregulated,
while the postmitotic markevlAP2 was significantly downregulated.

Valproic acid as an anticonvulsant and mood-stahii drug was first marketed in
Europe in 1967, and later in the United State9in81 Valproic acid is teratogenic in all of the
six laboratory animal species tested. It inducedformaations of multiple organs in mice,
rats, and gerbils, renal and vertebral skeletakasfin rabbits, neural tube defects in
hamsters, and craniofacial and appendicular sketifects in primates [9]. The first
association between valproic acid and human malton was discovered by Dalens and her
colleges [95]. They reported on an infant who di®ddays after birth whose mother has taken
1000mg/day of valproic acid during gestation. Thédcsuffered from retardation and had
multiple malformations; peculiar facies, microcelghasymmetrical chest, hip dislocation,
symphysis of toes and levocardia. In the periosvbeh 1976-1997, around 33900 malformed
infants or foetuses were reported by the Frenchtr@lelBast Registry of Congenital
Malformations. In 178 cases the mothers were tdeaith valproic acid in the first trimester
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of pregnancy. The malformations consisted of 4kgagith spina bifida, 39 with congenital

heart defects, 18 with orofacial clefts, 18 wittphgpadias, 10 with preaxial limb defects and
66 with other malformations [9]. According to Sathain, the estimated risk of malformations
in humans caused by valproic acid is 1-2% [9]. Asvjusly described, valproic acid

affected the expression profiles of all tested genEloreover, the detection of the

concentration-dependent upregulation MCAM1 suggests that our system qualifies for
mechanistic studies elucidating effects on phygicll pathways leading to toxicities as
observed for valproic acid.

Warfarin is an anticoagulant which was initially nketed as a pesticide against rats
and mice. Later on it was used for preventing thyosis and embolism in many disorders,
and has remained popular ever since. It is the mimgly prescribed oral anticoagulant drug
in North America [96]. However, the exposure to fagn during the pregnancy leads to a
well-known embryopathy called foetal warfarin syohe. It acts as an inhibitor of the
synthesis of the vitamin K-dependent clotting fast@nd thereby it has been recently
suggested that it can have also a direct teratogeiféct on the central nervous system
development [68]. Our data suggest that warfariruldrtanduce a change in the gene
expression profile during neurulation, as the uplatipn of OTX2 and the systematic
downregulation oNEFM and OCT4, that might explain the known physical abnormalities
reported in vivo. A more detailed analysis of affected pathways hhiglucidate the

toxicological mechanism of warfarin during neuravdlopment.

5.3 ABCB1 and ABCG2 transporters

ABCB1 and ABCG2 transporters can be used as umvsetsm cell markers as well as
markers in neural precursor cells [45]. We wereestigating whether the 10 days neural
differentiating cells are expressing the ABCB1 akl8CG2 markers, and moreover, the
MeHgCI treatment affects their mRNA expression ggofor not. In our preliminary
experiments it was found that both of the markeesewhighly expressed already at early
stage of the neural differentiation. The expressibABCBL reached a plateau on day 6 of
differentiation, while thédABCG2 showed a continuous increase.

The neural differentiating hESCs were exposed ttHif& from 0.27uM to 3.3 nM
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and the mRNA expression profile 8BCB1 and ABCG2 was detected by gPCR analyses.
According to our results, both genes were affettethe treatmentABCB1 was upregulated
in a concentration-dependent manner, WABEG2 was downregulated.

Since it is known that these transporters are ptayinportant role in cell protection
from different xenobiotics [36], a more detailedabysis might clarify their mechanism during

neural development.

5.4 Elucidation of the mode of action of methylmercury chloride by transcriptomics

analysis

It is already proven that methylmercury (MeHg) ligadrosses the placenta and the
effects of in utero exposure to MeHg are quiteedéht from the effects associated with
childhood or adult exposure due to the fact thatdbveloping human brain is much more
vulnerable to injuries caused by toxic agents ttrenbrain of an adult [9]. Even pregnant
women showing only mild or no symptoms of intoxicat gave birth to infants with
development disabilities [97]. Mental retardati@®vere behavioural and sensory deficits
including deafness and blindness, neuromuscularkmess and altered neurobehavioral
development are among the toxic effects reporte®$). MeHg exposure may also cause
malformations manifested as skeletal variationguced ossification, abnormal brain
structure, changes in neuronal migration and 8istion patterns, and reduction in the
number of brain cells [99-102].

It is reported in the literature that the lowestasw@ed level of MeHg due to chronic
low dose exposure related to neurobehavioral effecthe offspring is 10 ppm in maternal
hair. This level can be accepted as a threshol@tatat for the developmental effects of
MeHg exposure [103]. Assuming a mercury hair-bloadio of 250 [103], this level
corresponds to 40 ppb gg/L in maternal blood (0.1@M). Although MeHg crosses the
placenta without any problem and accumulates infole¢us, no significant difference has
been reported on the measured levels of MeHg irmaltand chord blood [104]. Therefore,
it can be assumed that the embryonic plasma caatem, 0.16uM MeHg, is equal to
maternal plasma concentration. Hence, the toxiccddgendpoints of our study with its
response to even lower concentrations, such a2®(d and 0.025uM can be accepted as
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the proof of the sensitivity of our system.

Applying MeHgCI from 0.27uM to 3.3 nM during 10 days neuronal precursor
differentiation, the neural related genes\P2, NCAM1 and NESTIN showed significant
downregulation in a concentration dependent marwieite the pluripotency markedCT4
was upregulated in gPCR analysis. These resulisatedthat MeHgCI interferes with the
early neural differentiation by mechanisms différélom general cytotoxic effects causing
more specific effects than cell death on the nedifé¢rentiating cells. In comparison with
previously published results using neural diffeleeti H1 hESCs exposed to 25 nM
MeHgCIl, NCAM1 and MAP2 was downregulated by the treatment at differeiotiatiay 12,
but NESTIN did not show any significant changes [51]. ThiSedence can be explained by
the slight time-shift of the different differentian kinetics between the two hESC lines. In
other studies using neural differentiated murin€C§3he expression of the neuron specific
cytoskeletal proteirMtap2 gene was decreased [105], while in a similar aggrowith
transcriptomics analysis the transcription- and eflgyment-related genes were
downregulated and the neurulation and cell-motietated genes were upregulated by
MeHgCI treatment overtime [106].

The molecular mechanisms of MeHg toxicity duringman neurulation have
currently not been identified, but vivo andin vitro studies suggest mechanisms involving
oxidative stress, cell cycle regulatory proteinsot@in phosphorylation and intracellular
calcium homeostasis [62, 63]. In order to enlightes underlying mode of action, a scan of
the expression changes in the complete human gewbrivieHgCl-treated 10 days neural
differentiated hESCs was performed by transcrippsmanalysis. Among the genes
differentially expressed by MeHgCl-treatment, thestrupregulated transcripts were included
in the GO categories related to neurogenesis antnedevelopment; cell morphogenesis
involved in neuron differentiation; neuron and amigration; central nervous system, brain,
cerebral cortex, pallium, and forebrain developmdifte most downregulated genes were
involved in blood vessel, vasculature, heart, sking and kidney development; neural crest
cell development and differentiation; and neurddetdormation and closure. Moreover, the
pathways affected by MeHgCI treatment which remiaiskaorresponded tin vivo studies,
such as calcium signalling pathway, cell adhesiatenules, cell cycle, pathways in cancer,
p53 and Wnt signalling pathway were revealed (Tablg.
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Table 5.1: Similar pathways affected with MeHg@attmenin vitro andin vivo.

Pathway Pathway ID Relationship inferred
Hemostasis REACT:604 HIST1H3G; IGF1
Pancreatic secretion KEGG:04972 TPCN2; TRPC]
Pathways in cancer KEGG:05200 BIRC5; IGF1
Activation of TRPC channels by Netrin-1 REACT: 324 TRPC1
Aldosterone-regulated sodium reabsorption KEGGEM IGF1
Allograft rejection KEGG:05330 H2-T23
Amino sugar and nucleotide sugar metabolism KHEBG&20 CYB5R3
Antigen processing and presentation KEGG:04612 2-TR3
Autoimmune thyroid disease KEGG:05320 H2-T23
Axon guidance REACT:18266 TRPC1
Biological oxidations REACT:13433 GSTM1
Calcium signaling pathway KEGG:04020 TRPC1
Cell adhesion molecules (CAMSs) KEGG:04514 H2-T23
Cell Cycle, Mitotic REACT:152 BIRC5
Colorectal cancer KEGG:05210 BIRC5
Diabetes pathways REACT:15380 IGF1
Dilated cardiomyopathy KEGG:05414 IGF1
DNA Replication REACT:383 BIRC5
Drug metabolism - cytochrome P450 KEGG:00982 RST
Elongation arrest and recovery REACT:1892 CCNT1
Endocytosis KEGG:04144 H2-T23
Focal adhesion KEGG:04510 IGF1
Gene Expression REACT:71 CCNT1
Glioma KEGG:05214 IGF1
Glutathione metabolism KEGG:00480 GSTM1
Graft-versus-host disease KEGG:05332 H2-T23
HIV Infection REACT:6185 CCNT1
Hypertrophic cardiomyopathy (HCM) KEGG:05410 IGF
Intestinal immune network for IgA production KE@3672 PIGR
Long-term depression KEGG:04730 IGF1
Melanoma KEGG:05218 IGF1
Metabolism of vitamins and cofactors REACT:11193 CYB5R3
Metabolism of xenobiotics by cytochrome P450 KEQI®80 GSTM1
MTOR signaling pathway KEGG:04150 IGF1
Natural killer cell mediated cytotoxicity KEGG:630 H2-T23
Oocyte meiosis KEGG:04114 IGF1
p53 signaling pathway KEGG:04115 IGF1
Pausing and recovery of elongation REACT:769 CCN
Phagosome KEGG:04145 H2-T23
Progesterone-mediated oocyte maturation KEGG0491 IGF1
Prostate cancer KEGG:05215 IGF1
Staphylococcus aureus infection KEGG:05150 DSG1A
Systemic lupus erythematosus KEGG:05322 HIST1H3G
Tight junction KEGG:04530 TIP3
Transcription REACT:1788 CCNT1
Transmembrane transport of small molecules REABT18 SLC22A12
Type | diabetes mellitus KEGG:04940 H2-T23
Viral myocarditis KEGG:05416 H2-T23
Whnt signaling pathway KEGG:04310 NELL2
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Further validation of the 2 most upregulated andhef 2 most downregulated genes
RELN, NPPB, CDKN2B, and SAMD3 derived from each of the 4 clusters: X, Ya, Yb ahd
confirmed the dose response relationship of the &Hreated neural differentiated hESCs.

NPPB is a member of the natriuretic peptide family amtodes a secreted protein
which functions as a cardiac hormone. The protaoteugoes two cleavage events, one within
the cell and a second after secretion into theldde protein's biological actions include
natriuresis, diuresis, vasorelaxation, inhibitidnrenin and aldosterone secretion, and a key
role in cardiovascular homeostasis. A high coneioin of this protein in the bloodstream is
indicative of heart failure. Mutations in this gelnave been associated with postmenopausal
osteoporosis and it is also accepted as clinicatkenaof the diseased heart. It was
significantly downregulated during MeHgCI treatmeamtd as by the K-Mean clustering and
the GO analysis revealed its role in regulatioblobd vessel size and vasodilation.

RELN is a large, with a relative molecular mass of 38&ksecreted extracellular
matrix glycoprotein composed of 3461 amino acidat thelps regulating processes of
neuronal migration and positioning in the develgpibrain by controlling cell-cell
interactions [107]. Neuronal positioning is crifidar the formation of cytoarchitecturely
distinct brain regions such as the cerebral coigocampus and cerebellum. In mammals
the organisation of the cerebral cortex followstereotypic plan during development as
neurons with similar morphologies and connectiores @ositioned in the same layer. In the
cerebral cortex of reeler moudRELN gene disrupted, the layer | is not discernible trel
positioning of the cells comprising other layergatatively inverted [108]. Moreover, recent
studies have also suggested a roleR&tLN in axonal branching, synaptogenesis, and in
neurodegeneration concluded from the findings RN was upregulated in the brain and in
cerebrospinal fluid in Alzheimer’s disease patida9].

In our cell systenRELN was the most upregulated gene by MeHgCI treatntiewas
belonging to the X cluster playing role in neur@ngration; neuron, central nervous system,
brain, cerebral cortex, pallium and forebrain depetent; cell morphogenesis and
neurogenesis; and neuron, cerebral cortex, teltad®p and forebrain cell migration.
According to our results, MeHgCI overactivated tkelin pathway byRELN upregulation.
Reelin via binding to ApoER2/VIdIr complex and tdagrins causes tyrosine phosphorylation

triggering an intracellular signalling cascade whinstructs neurons to occupy their proper
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locations.Moreover, via activation of protein tyrosine kingsé stimulated the cyclin D1
causing crucial modifications in the cell cycle gges of the neural differentiating hESCs.

CDKNZ2B plays an important role in the negative regulatbrell cycle as it encodes
a cyclin-dependent kinase inhibitor (CDKI), the [N/&4B protein. The cell cycle is
controlled by molecular switches that regulate #utivation and progression though the
successive phases. The main switches include @ grb&er/Thr kinases called the cyclin-
dependent kinases (CDK), their positive regulatyslins, and their negative regulators
CDKI, which include the INK4 or the Cip/Kip famike Each phase of the cell cycle starts
and ends in response to increases or decreasgslim expression. Early G1 is initiated by
increased levels of members of the cyclin D famdgulting activation of the CDK4 and
CDK®6 complex. In order to assure the continuitytlud cell cycle going into the later G1
phase and G1/S transition, the complex of p15INKABINK4A/p18INK4C/p19INK4D has
to be activated to inhibit the CDK4/6.

MeHgCIl at the 1Gs concentration significantly downregulated the esgsion of
CDKN2B. This gene was belonging to the Yb cluster, tddgical processes regarding to
positive regulation of cell communication and siginansduction, negative regulation of cell
proliferation, cellular metabolic processes, phesphand phosphorus metabolic processes,
and, interestingly to response to nutrient. Ouwultsssuggest that the downregulation of
CDKNZ2B can be crucial in the events caused by MeHgCl sx@oduring human neurulation,
as activation of cell cycle checkpoint at any stafj¢ghe cell modifies the cell cycle process
[110-112]. A breakdown in the regulation of thiscley leads to uncontrolled growth and
contribute to tumour formation. Moreover, defectsnany of the molecules that regulate the
cell cycle also lead to tumour progression. Key agndhese are p53, and the cyclin-
dependent kinase inhibitors, as p15INK4B, p16INKpASINKAC, p19INK4D, p21, p27 and
the retinoblastoma susceptibility protein. Furtheren our findings correlate to previous
vivo studies proving that the re-entry in the cell eyed a convergence point in many
neurodegenerative diseases [113].

There is no functional information &MD3, even though in our cell system it was
one of the most sensitive genes upregulated by NI¢ittgatment. It was between the genes
grouped together in the Z cluster which were bealoypgo the regulation of mitosis and cell
cycle and also to the development of microtubulé @&rioskeleton.
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Figure 5.1: Possible pathway affected by MeHgGitireent.

In summary, MeHgCI treatment of the neural diffét@img hESCs modified the cell
cycle by the stimulation of cyclin D1 via the higipression oRELN, and by the inhibition
of the CDK4/6 inhibitorCDKN2B, through either the poly-comb group proteins PRGH/
the TG pathway (Figure 5.1). It caused cell cycle resgwir the neuronal precursor cells
and by that preventing its further maturation.

Overall, our study demonstrates that well-desctibtandard operating procedures and
the introduction of stringent quality standards sapport the overcoming of the currently
anticipated challenges due to the instability dffedentiation protocols. Within the context of
our study, the development of a stem cell basddlaeimodel which may serve as the basis
of a predictivein vitro test that can be used to identify human developamhéoxicants was
described. The present study is the first which lwioed neural differentiating hESCs with
sophisticated multiple endpoints readout in ordegltcidate the mode of action of MeHgCI.
After proving the sensitivity of the cell systemtlwdetecting mMRNA changes by qPCR even
at low MeHgCI concentration levels, it was classififor further transcriptomics analysis.
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Furthermore, possible biomarkers were identified detection of MeHgCI toxicity to
neuronal precursor induction. It is the first tithat molecular effects of MeHgCI toxicity on
human neurulation linked tBELN upregulation andCDKN2B downregulation detecteich
vitro showed correlation to possihle vivo effects, such as defects of neural migration and
cell cycle.

In the next steps, the transferability of thealeped cellular model will be assessed as
well as the suitability to elucidate critical patiys for developmental toxicity testing. The
need for a more mechanistic oriented safety asssgsim particular in the area of
developmental toxicity testing has been demonsirateseveral review studies that have
evaluated the interspecies variations by the ctlyresedin vivo tests [8, 9, 114]. Currently a
lack of understanding on the mode of action of mdayelopmental toxicants has led to a
precautionary response of regulatory toxicologyshfety testing in two species. However, a
clear understanding of the mode of action for husnara prerequisite to improve the hazard
identification and risk management of chemicalsadsocated by the National Research
Council of the United States in its publication ©Foxicity Testing in the Twenty-first

Century”.
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6. SUMMARY OF NEW FINDINGS

* Detailed development of am vitro toxicity test based on the directed neural
differentiation of hESCs that includes quality aamteptance criteria as requested by
competent authorities when toxicological test mdthare used for regulatory safety
assessments.

* Development of a robust differentiation protocakdeng to neuronal precursor cells
mimicking the embryonic neurulation process. Thecsssful differentiation was
confirmed by the consistent expression of well knoweural related genes and a gene
array involving marker genes of the three germrsayeas defined in order to ensure
lineage specificity of the toxicological targetlsel

* The cellular model was converted into a predicivesitro test for monitoring the
effects of chemicals on differentiating hESCs ahesé results compared with the
known in vivo effects. The test was challenged with six well wnadevelopmental
toxicants that exhibit prenatal toxicity vivo. The presented test system could detect
little changes in the gene expression profile eatemon-cytotoxic concentration which
can lead to the identification of possible sensiti@rgets on the neurulation process,
proving the sensitivity of the test system.

* The presented study the first in the literature which combined ndutifferentiating
hESCs with sophisticated multiple endpoints readowotrder to elucidate the mode of
action of MeHgCl.

» Possiblebiomarkers, such éRELN, SAMD3, CDKN2B andNPPB were identified for
detection of MeHQgCI toxicity to neuronal precurseduction. It is the first time that
molecular effects of MeHgCI toxicity on human ndation linked to RELN
upregulation andCDKN2B downregulation detectead vitro showed correlation tm
vivo effects, such as defects of neural migration aaticcgcle.

* MeHgCI treatmenbf the neural differentiating hESCs modified thdl cgcle by the
stimulation of cyclin D1 via the high expressionRELN, and by the inhibition of the
CDKA4/6 inhibitor CDKN2B, through either the poly-comb group proteins PRCH/
the TGP pathway. It caused cell cycle re-entry of the paat precursor cells and by

that preventing its further maturation.
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7. OSSZEFOGLALAS

Az embrionalis fef)dés fazisaban az idegrendszer gyakran valik xetikbrook, a
szervezettl idegen kémiai anyagok célpontjava. Ugyanakkoreaweri sziletést megeb
toxicitas ebrejelzése nem egystefeladat, mivel a toxikoldgiai valasz még a kulonho
laboratériumi kisérleti allatfajok k6zott is elédehet. Ezért a fejldés-toxikologia terén olyan
tesztek kifejlesztésére van szikség, amelyek deeteszik a fajok kozotti kilénbsegek
okozta problémak kikliszobolését, javitva az emlmgészség e pontjaval kapcsolatos
biztonsagossagi értékelés laisgtgét. Az emberi pluripoteissejtek alkalmazasan alaputo
vitro tesztek amellett, hogy ravilagithatnak toxikolégieechanizmusokra - igy @egitve a
xenobiotikumok veszélyességének megitélését, - agylwsokkentik a szikséges
allatkisérletek szamat is, ami a terilettel kapassl eurdpai térvényhozas egytkdéljaként
fogalmazddott meg mostanaban.

Emberi embrionaligissejt (hESC) vonalak izolalasa vagy a szedercdiiatdrula),
vagy a hélyagcsira (blastociszta) allapotid embriélssb sejttomegétl torténik az
egyedfejbdés 5.-6. napjan. Ezek a sejtek - komoly etikai foreiglasokat koéveéen -
alkalmazhatéak gyogyszerfejlesztési célokra kihalszn két kilonleges képességiket: a
készséget arra, hogy osztddas utjan dnmagukkal gyese masolatokat allitsanak &l
vagyis az On-megujitast, valamint azt a potencidltpgy mas sejt-formékka
differencialédjanak. A madn vitro toxicitas tesztekben alkalmazott sejtvonalakhopeké
mutatott atii elonyeik k6zé sorolhatd viszonylag magas stabilitagudqtrollalt genetikai
hattertik, irdnyithaté genetikai modosithatosagudldklan proliferacios készségik, és a
valtozatos sejttipusokka valé differencidlodéasi epotaljuk. Ez utébbi révén gyorsan
rendelkezésre all6 forrasai lehetnek emberi szdumatisejteknek, igéretes és gyors
alternativat nyujtva nagyszamu sejttdbmeg szukséggtée. Mindezeken tul adssejt
technoldgia U eszkdzt kinal a gydgyszerek okoetakivanatos reakciokban szerepet jatszo
mechanizmusok megértéséhez is, léhettéve az emberi szervezetre gyakorolt esetleges
toxikus hatasok étejelzését.

E dolgozat egy olyan hESC alkalmazason alapultressdszert mutat be, amelynek
célja, hogy hozzajaruljon a fé{6 idegrendszerre gyakorolt karos hatasok detektabasa
mint amilyen példaul az idegtsibas fejbdése, mely az egyik leggyakoribb sziletéskori
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idegrendszeri rendellenesség. A disszertacio eggnobmberiéssejt alapuin vitro teszt
kifejlesztését irja le részletesen, amelynek cdljdejlodé idegrendszerrel kdlcsdnhatd
vegyuletek azonositasa. Munkank soran killonds liiggeforditottunk sejtvonalra vonatkozo
minéségi standardok kialakitasara és a sejtes moddfiegadasi kritériumainak teljesitésére,
melyeket az illetékes hatdsdgok a szabalyozaskiiasakor a biztonsagossagi értékelésben
alkalmazott toxikolOgiai tesztek esetében igényelne

Az irodalomban fellelhét szamos protokoll kézul, melyek neurondlis sejtgau
tortérs sikeres differencialodasrol szamolnak be, azt adgmért valasztottuk és
optimizaltunk, amely alkalmasnak bizonyultsien stabil médon megfeten nagyszamu
toxikolégiai célsejt dldllitAsara. A differenciaciés protokoll reproduldtibsagat egy
mindharom csiralemezt reprezentaldé markergéen-keésagitségével kovettik kvantitativ
PCR (gqPCR), immunfluoreszcencia és flow citometriasalizis segitségével. A
differenciaciot sikeresnek tekintettiik, amennyibgpluripotens sejtek jelleripként szamon
tartott OCT4 és NANOG differencialatlan sejt marker downregulacidjat asgtaltuk, és
emellett az id elérehaladtaval kdvetkezetes moédon megjélemerexpressziot detektaltunk
ismert idegrendszerre jellethgének esetén, mintESTIN, PAX6, MAP2, NCAM1, NEFM
és azOTX2. A differenciaciés protokoll tébbszori megismétldsbetivé tette az adatok
0sszehasonlitdsat megengesiaik tartomany definidlasat a génexpresszios szinfeBt (
értékek) szamara. Osszefoglalva, a megbizhato limbd®rrasbdl szarmazo modellt az
emberi idegrendszer kialakulasanak lépéseit kovesviebablakat figyelembe véve robusztus
€s megbizhatin vitro teszt modszerré alakitottuk.

A sejtes modell kémiai stresszhatasra valo valedzaizsgalata céljabol a sejteket hat
kilénb6d toxikus anyag hatasanak tettik ki, melyeket koaéblaz embrionalis feéjiésre
hatonak talaltakin vivo. Valasztott molekulaink az 5-fluorouracil, 6-ammikotinamid,
methotrexate, retinolsav, valproinsav és a warfaditak. Negativ kontrollként D-mannitolt
alkalmaztunk. Az idegsejt-differencialodasra gyakior specifikus hatasok elemzését
megebzéen meghataroztuk a hatékony koncentracidé tartomaaijdol a célbdl, hogy
elkerlljuk az értékelést a citotoxikus koncentragidomanyban, hiszen a citotoxikus hatas
torzithatja, vagy elfedheti a vizsgalni kivant g&presszios profilt. A neurdlis
differencialédas 10 napjat kdven a kivalasztott anyagok jelenlétében az egyesgky
citotoxicitasat a resazurin redukcidos moédszerretadoatuk meg. A D-mannitolon és
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methotrexaton kivil 6t anyag mutatott koncentrafiiggd resazurin redukcié gatlast a
differencialédd neuralis prekurzor sejtekben. Miea alkalmazott citotoxicitds teszt nem
nyujt informaciot az idegrendszeri prekurzor seagekyyakorolt specifikus hatasokrol, az
egyes vegyuletek okozta valtozast a kivalasztetirélis prekurzor marker gén készlet g°PCR
analizisével is jellemeztik. Az mRNS expressziastgrofilokban bekdvetkezett mennyiségi
valtozasok bizonyitottak sejtes modellink alkalrhagaés a feppdé magzatot fenyegét
veszélyes anyagok azonositasaban.

Ezen felll, a toxikus anyagok hatasmechanizmusanegeértéséhez hozzajarulva
referencia vegyuletként vizsgaltunk egy kérnyezsisyes toxikus anyagot, a metilhigany-
kloridot (MeHgCl), amely ismerten felid agyszerkezeti feéjtléstani rendellenességek
okozasaért. Annak ellenére, hogy jetent mennyiséfy adat all rendelkezésre
allatkisérletekbl és Japanban illetve Irakban bekovetkezett méagezésetekih, a MeHgCI
hatasmechanizmusa az emberi egyettiég soran még mindig nem teljesen tisztazott és
tovabbi elemzésre érdemes.

MeHgCI-t alkalmazva 10 napon keresztil a neursr@ékurzorsejtek differencacioja
soran, 0,27 uM — 3,3 nM koncentracio-tartomanybanidegrendszeri differenciacioval
osszefugd gének, mint aMAP2, NCAM1 és NESTIN jelents, koncentracio fldg
tanluséga szerint. Eredményeink arra utalnak, holyleldgCl a kdzénséges citotoxicitastol
eltés mechanizmus révén zavarja a korai idegrendszéerelinciacialédast, az egys#er
sejthalalnal specifikusabb hatast fejtve ki asi#jlidegrendszeri sejtekre.

A jellemz hatdsmaod felderitése érdekében transzkriptomik@izssel elemeztik az
expressziods valtozasokat a MeHgCI jelenlétében dibs idegrendszeri differencidlodason
atesett hESC-k teljes genomjan. A MeHgCl kezelétaddma megvaltozott mertékben
kifejezett gének kozll a leginkdbb upregulélt tekmgptek kozé olyan gének tartoztak,
amelyek a neurogenezisért, idegsejt otbfisért, idegsejtté tortén differencidlodasban
résztvey morfogenezisért, neuron- és mas sejtvandorléasézponti idegrendszer, az agy,
az agykéreg (pallium) és azaby fejbdesért felalsek. A leginkabb downregulalédott gének
a vererek, az érrendszer, szidy,idd és vese fefldéséért, a ducléc sejtek tajeseért és
differencialédasaért, valamint az idegdseletkezésért és zarédasaért tedek. Ezenfelll
olyan, -in vivo kisérleti eredményekkel figyelemre méltd 6sszeéisggnutatd - , MeHgCl
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altal érintett mechanizmusokat azonositottunk, mikélcium jelatviteli atvonal, sejtadhéziés
molekuldk, sejtciklus, daganatos betegségekbenteérifelatvitel, p53 és Wnt signaling
atvonalak. A két leginkabb upregulalt illetve dowgulalt génRELN, NPPB, CDKNZ2B, és
SAMD3 tovabbi vizsgalata megigitette a MeHgCI koncentraciofigdhatasat a neuralis
differencialédas alatt all6 hESC sejteken.

Osszegezve a MeHgCl kezelés maédositotta a nedlifibsencialédas alatt allé6 hECS
sejtek sejtciklusat a cyclin D1 stimulalasavaRBLN magas expresszios szintje révén és a
CDK4/6 inhibitor CDKN2B gatlasa kovetkeztében, a poly-comb fehérjék kéaméozo
PRC1/2 vagy a TGF utvonalon keresztul. Ez a sejtek allando sejtsiiéu valdo belépését
okozta, megakadalyozva ezzel a neurdlis prekugjtekstovabbi érését es differencialédasat.

Altalanossagban elmondhatjuk, hogy vizsgalatagdeoltak, hogy jol leirt standard
eljarasok és szigoru mtieégi szabvanyok bevezetése tdmogathat minket eratffiacios
protokollok instabilitasa révén d@klathato kihivasok leggésében. E munkaban egy olyan
6ssejtes modell kifejlesztését irtuk le, amely d&apj szolgalhat emberi féglési
rendellenességeket okozO toxikus anyagok azonésitaalkalmas prediktivin vitro
eljarasoknak. Tudomasunk szerint az itt kozolt tkésgorozat az etsolyan munka, amely
neurdlisan differencialodd hECS sejteket kombitdtics” technikaval abbol a célbdl, hogy
fényt deritsen a MeHgCIl hatdsmechanizmusara. Migi§tes rendszeriinket megféksh
érzékenynek talaltuk az mRNS szinteknek gPCR-rej atécsony MeHgCl koncentracioknal
is mérheb valtozasai alapjan, a sejteket tovabbi transzémpkai elemzésnek vetettik ala.
Azonositottunk tovabba olyan lehetséges biomarletyedmelyek a MeHgCI toxicitasnak a
neuronalis prekurzor indukciéval valé 0Osszeflggeséantalnak. EISként talaltunk
Osszefliggést a MeHgCl emberi idegrendszerédégére gyakoroltin vitro mérheb
molekularis hatasai, melyek @&ELN upregulaciojahoz é€DKN2B downregulaciéjahoz

kothetk és azn vivo tapasztalt hatasok koz6tt, mint a neuralis migrési sejt ciklus zavarai.
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