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Preface
The PhD project described in this thesis was conducted from December 2016 to January

2021 including a maternity leave from September 2018 until July 2019 and a three-month
extension due to the COVID-19 related lockdown. The project was a shared PhD project
between DTU Food and DTU Bioengineering, in collaboration with Bioneer A/S, and funded
by the Technical University of Denmark. The work carried out in this thesis was also
financially supported by the Danish Environmental Protection Agency under the Centre on
Endocrine Disrupters (CEHOS).

The project included external research stays at the Fraunhofer Institute for Biomedical
Engineering (IBMT), Germany, the Department of Veterinary and Animal Sciences at the
University of Copenhagen, Denmark, the Department of Developmental BioEngineering at
the University of Twente, Netherlands, and Bioneer A/S, Denmark.
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Summary
Pregnant women are exposed to an increasing number of chemicals that are potentially

hazardous to the developing embryo and fetus. This can have fatal consequences for the
unborn life, as developmental damages can be irreversible and might persist during a lifetime.
Therefore, safeguarding developing human embryos and fetuses is of utmost importance and
suitable toxicity test systems need to be developed. Human induced pluripotent stem cells
(hiPSC) are promising for such systems. HiPSC can form embryoid bodies (EBs) and
undergo differentiation into most cell types of the human body by processes similar to those
during development.

In this thesis, I present the development and application of a novel human developmental
toxicity assay based on hiPSC, formation of EBs and differentiation into cardiomyocytes.
This assay mimics the first weeks of embryonic development in which the heart develops and
starts beating, and can be used to test for developmental toxicity.

Firstly, we optimized a protocol for differentiation of hiPSC into cardiomyocytes through
EBs in a 96-well plate format. This protocol provided the basis for testing chemicals in an
assay that we termed the PluriBeat assay, with beating cardiac spheres as a readout. Our
data on thalidomide, valproic acid and epoxiconazole suggest that the PluriBeat assay has
the potential to detect developmental toxicity of chemicals that affect cardiac development
or general developmental pathways.

Secondly, we developed an improved readout of the assay in order to substitute the la-
borious visual inspection of beating cardiac spheres. To this end, we created a luciferase
reporter hiPSC line and showed that luminescence intensity followed cardiomyocyte differen-
tiation. The readout of luminescence intensity detected thalidomide with higher sensitivity
than the beating cardiomyocytes. Overall, our data suggest that luminescence increases the
throughput, ease of handling and sensitivity of the PluriBeat assay.

Thirdly, we investigated how relevant the cardiomyocyte differentiation model was to
the in vivo processes in developing embryos. We made use of a mammalian species that
develops very similar to the human, namely the pig. By investigating pig embryos of relevant
developmental stages before and after the first heartbeat, we found that a number of marker
proteins overlap in expression with our in vitro system. These findings indicate that many
developmental stages of the heart are recapitulated in our in vitro model of the PluriBeat
assay.

As a fourth step, we set out to use the developed model of the PluriBeat assay to study the
molecular mechanisms of the test chemicals thalidomide, valproic acid and epoxiconazole.
To this end, we used a non-targeted approach to study the entire transcriptome, namely
RNA sequencing. Upon exposure to the three chemicals, we found numerous genes to be
differentially expressed as well as specific cellular pathways to be affected. Studying the
effects of epoxiconazole in more detail, we found evidence that it interrupts genes necessary
for cholesterol and steroid hormone synthesis, which is in accordance with a presumable
endocrine disrupting activity of epoxiconazole.

In addition to the development and application of the PluriBeat assay described in the
first Chapters, we also attempted to use electrochemical methods to detect the beating of
the cardiomyocytes. While we were not able to employ impedance measurements to detect
contractions in the cardiac spheres, we found preliminary evidence that amperometry might
be suitable for that. This is a potential alternative readout of the PluriBeat assay that
might be further developed in future studies.

In conclusion, we explored different methodologies to optimize the use of hiPSC in an in
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vitro model for developmental toxicity and to study the molecular effects of chemicals. The
findings presented in this thesis are a valuable contribution to the field of developmental
toxicology and promote the use of novel cell sources herein. Moreover, the results might
contribute to future risk assessment of chemicals and ultimately to reducing or replacing
animal experiments in toxicology.
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Dansk resumé
Gravide kvinder udsættes for et stigende antal kemikalier, der potentielt kan være farlige

for det udviklende embryo og foster ved relevante eksponeringsniveauer. Dette kan få fatale
konsekvenser for det ufødte liv, da udviklingsskader ofte er irreversible i løbet af en levetid.
Derfor er det yderst vigtigt at beskytte udviklingen af humane embryoner og fostre, og det
er nødvendigt at udvikle egnede testsystemer. Humane inducerede pluripotente stamceller
(hiPSC) udgør et lovende modelsystem, da de kan danne ”embryoid bodies” (EB’er) og un-
der differentiering af cellerne gennemgå processer, der ligner de der pågår under udvikling.
I denne afhandling præsenterer jeg udvikling og anvendelse af en ny toksicitetstest for ud-
viklingstoksicitet baseret på hiPSC, dannelse af EB’er og differentiering til kardiomyocytter.
Denne proces efterligner de første uger af embryonal udvikling, indtil hjertet udvikler sig og
begynder at slå, og derfor kan modellen bruges til at teste for udviklingstoksicitet.

For det første optimerede vi en protokol for differentiering af hiPSC til kardiomyocytter
gennem EB’er i et 96-brønds pladeformat. Denne protokol tilvejebragte grundlaget for test
af kemikalier i et assay, som vi kaldte PluriBeat-assay’et, med bankende kardiomyocytter
som readout. Vores data for thalidomid, valproat og epoxiconazol indikerer, at PluriBeat-
analysen har potentialet til at detektere udviklingstoksicitet for kemikalier, der påvirker
hjerteudvikling eller generelle udviklingsveje.

For det andet udviklede vi et forbedret readout af analysen med henblik på at erstatte
den tidskrævende visuelle inspektion af bankende hjerteceller. Til dette formål oprettede vi
en luciferase-reporter hiPSC-cellelinje og viste, at luminescensintensiteten fulgte kardiomy-
ocytdifferentiering. Vi opdagede at thalidomid udviste højere følsomhed med dettee readout
og vores data antyder, at det optimerede PluriBeat assay bevirker øget throughput, lettere
håndtering og øget følsomhed.

For det tredje undersøgte vi, hvor relevant kardiomyocyt-differentieringsmodellen var for
in vivo-processerne i udvikling af embryoner. Vi brugte en stor pattedyrsart, der udvikler sig
meget lig mennesket, nemlig grisen. Med valg af svineembryoner i relevante udviklingsstadier
før og efter det første hjerteslag, fandt vi, at et antal markørproteiner overlapper hinanden
i ekspression med in vitro-systemet, mens få markører adskiller sig. Disse fund viser, at
mange udviklingsstadier er rekapituleret i vores in vitro-model, mens der kun er få forskelle.

Som et fjerde trin satte vi os for at bruge den udviklede model af PluriBeat-analysen til at
studere molekylære mekanismer af testkemikalierne thalidomid, valproat og epoxiconazol.
Til dette formål brugte vi non-target metoder til at studere hele transkriptomet, nemlig
RNA-sekventering. Vi fandt adskillige gener, der blev udtrykt differentielt, og specifikke
cellulære veje der var påvirkede efter eksponering til de tre kemikalier. Ved at studere
virkningerne af epoxiconazol mere detaljeret fandt vi, at stoffet nedregulerer gener, der er
nødvendige for kolesterol- og steroidhormonsyntesen, hvilket er i overensstemmelse med dets
kendte hormonforstyrrende funktion.

Ud over at udvikle og anvende PluriBeat-metoden, der er beskrevet i de første fire
kapitler, forsøgte vi også at bruge elektrokemiske metoder til at detektere banken af car-
diomyocytter. Mens vi ikke var i stand til at anvende impedansmålinger til at detektere
sammentrækninger i hjerteceller, fandt vi en første indikation på, at amperometri muligvis
var egnet til det. Dette er en potentiel alternativ readout af PluriBeat-analysen, der kan
blive videreudviklet i fremtidige undersøgelser.

Som konklusion undersøgte vi forskellige metoder til at optimere brugen af hiPSC i en
in vitro-model til udviklingstoksicitet og undersøgte molekylære virkningsmekanismer af
kemikalier. Resultaterne der er præsenterede i denne afhandling er et værdifuldt bidrag til
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udvikling af nye testmetoder for udviklingsstoksikologi og fremme brugen af nye humane
celletyper. De kan i fremtiden bidrage til risikovurdering af kemikalier og i sidste ende til at
reducere eller erstatte dyreforsøg inden for toksikologi.
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Chapter 1

Introduction

The hypothesis behind this thesis was that a novel stem cell source, namely human induced
pluripotent stem cells (hiPSC), together with advanced cultivation methods and improved
assay readouts would lead to an improved developmental toxicity assay, which can detect
chemicals better than existing assays. In order to prove this hypothesis, an aim and several
objectives were defined. These objectives are covered in four scientific manuscripts as well
as two study reports presented in this thesis.
The aims and objectives are presented in the first section and the structure of this thesis in
the second section of this Chapter.

1.1 Aim and objectives
The aim of this PhD thesis was to develop and characterize a novel in vitro assay for

developmental toxicity testing. This was approached using the following objectives:
The first objective was to optimize the embryonic stem cell test using human induced pluripo-
tent stem cells:

• Objective 1a: Optimize the formation of embryoid bodies

• Objective 1b: Optimize a method for cardiomyocyte differentiation and characterize
the differentiating cells

• Objective 1c: Test a set of positive control chemicals and one new chemical in the
assay

The second objective was to develop a new assay readout that is easier to measure and
that enables scale-up of the assay:

• Objective 2a: Create a luminescence reporter cell line for measuring on a plate reader

• Objective 2b: Detect cardiomyocyte contraction using electrochemical methods

Objective 3: Investigate the relevance of the assay for the developing human embryo
on a molecular basis. For this, compare the in vitro cardiomyocyte differentiation to in vivo
cardiac development in a large mammalian model, the pig.

Objective 4: Study the molecular effects of test chemicals in the assay system by using
transcriptome analysis
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1.2 Structure of this thesis
This thesis is divided into a general background section (Chapter 2) followed by five

chapters to show how the objectives and consequently the aim of this thesis was approached.
Chapters 3 – 5 summarize the content of Manuscripts 1 – 3, covering Objectives 1b, 1c,
2a and 3, respectively. In Chapter 6, a study report and a summary of Manuscript 4
are presented to meet Objective 4. In Chapter 7, a study report is presented to meet
Objectives 1a and 2b. The thesis is concluded in Chapter 8 with a general discussion,
conclusion and future perspective.
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Chapter 2

Background

On the 1st of October 1957, one of the biggest tragedies in drug safety began that changed
the pharmaceutical regulations all over the world. It was the drug thalidomide manufac-
tured by the German company Chemie Grünenthal that was launched on that day in West
Germany. The new drug was advertised to be used against nervousness, tension, anxiety,
trouble sleeping and morning sickness, from which especially pregnant women suffer. Pu-
tatively without any side effects and absolutely safe for pregnant women, the new magic
bullet became one of the best selling drugs worldwide (Thomann, 2007). Tragically though,
thalidomide was everything but safe for pregnant women. If taken in the sensitive window
between days 20 and 36 after conception, it harms the formation of the limbs, the head
or the inner organs of the embryo. Affected babies are either miscarried, stillborn or born
with severe malformations such as missing arms, legs or fingers, blindness, deafness, or mal-
formed organs. Over 10,000 children were born with these malformations between 1957
and 1962, until thalidomide was finally withdrawn (Lenz and Knapp, 1962; McBride, 1962;
Vargesson, 2015). The tragedy also put the vulnerability of the developing embryo to insults
through chemical exposure in the public spotlight and demanded research to focus on these
mechanisms in order to prevent a repeat of the disaster (National Research Council (US),
2000).

A new research field was born that merged the study of birth defects with toxicology.
Today, the field of developmental toxicology uses knowledge from developmental biology
combined with techniques from toxicology to predict and possibly prevent adverse effects on
developing human embryos, fetuses and children.

The following background section provides insights into human developmental biology
with a focus on heart development, as this is used in test methods for developmental tox-
icity. To further provide the grounds for understanding the developmental toxicity assays
discussed in this thesis, an introduction to pluripotent stem cells and their differentiation
into cardiomyocytes is given. Lastly, the study field of developmental toxicity is explained
including regulatory guidelines and state-of-the-art in vitro test methods used for predicting
developmental toxicity.
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2.1 Human embryonic development
2.1.1 From fertilization to development of the body plan

Human development begins with the fertilization of the oocyte by a sperm cell. On
the first day, the embryo consists of two blastomeres (2-cell stage), which undergo cleavage
divisions to the 4-cell stage (2 days), 9-cell stage (2.5 days) and 16-cell stage/morula (3
days) to become the blastocyst after four days (Figure 2.1). At the same time, it undergoes
compaction and cavitation, during which the outer cells tightly adhere together, and the
inner cells give space to a lumen (blastocyst cavity). With this, the inner cell mass forms
after five days surrounded by the trophoblast (Figure 2.1). The cells of the inner cell mass
give rise to all embryonic tissues while the trophoblast will form the placenta (Carlson,
2014). The cells of the inner cell mass are also the source of embryonic stem cells (ESCs),
which are discussed in section 2.2.1.

At the end of the first week, the blastocyst begins to implant into the lining of the uterine
cavity of its mother. As the second week begins, the cells of the inner cell mass separate into
the epiblast on the dorsal side and the hypoblast on the ventral side, forming a bilaminar
disc that also defines the primitive dorsal-ventral axis. The epiblast and the hypoblast are
layered between the primitive yolk sac and the amniotic cavity within the embryo, which
still has the shape of a ball (Figure 2.1) (Carlson, 2014). The embryonic disc is important as
humans and most other mammals develop through this shape, while rodent embryos develop
as an egg cylinder (Sheng, 2015; Tam and Behringer, 1997)

In the beginning of the third week, a process called gastrulation begins in which the
embryo undergoes massive reorganization to adopt a complex multi-layered structure. It
starts in the epiblast with the formation of the primitive streak. Cells of the epiblast migrate
through the primitive streak and form the mesoderm, that will later form the first and second
heart field (Figure 2.1). The last wave of cells migrating through the streak give rise to the
endoderm, while the remaining epiblast forms the ectoderm (Carlson, 2014). The three germ
layers are important as they give rise to distinct tissues and organs: The mesoderm gives
rise to bone, connective tissue, blood, and muscle including the heart; endoderm derivatives
include the epithelium of the digestive and respiratory system as well as organs such as liver
and pancreas; the ectoderm mostly forms the nervous system (Carlson, 2014).

Towards the end of the third week, the flat embryonic disc folds laterally into a cylinder
with the endoderm on the inside, the ectoderm on the outside and the mesoderm in between.
From this point, each germ layer develops individually with the ectoderm starting to form
the neural tube and later the neural crest, the mesoderm starting somitogenesis and the
endoderm the primitive gut. With this, the embryo grows in size and soon reaches a limit,
where diffusion becomes limited for exchanging nutrients and waste products. Therefore,
the heart and circulatory system develop rapidly and the heart becomes the first organ to
function in the embryo. In fact, the first rhythmic contractions that pump blood through
the embryo can be observed around day 21 in the human embryo.

The development of the other organs and body structures continues during the next
weeks of embryogenesis. Skin, hair and skeleton develop and the nervous and circulatory
systems continue to develop. The formation of limbs, ears and eyes is initiated by the end
of the fourth week. Teeth and palate start forming in the sixth week, followed by external
genitalia in the seventh week. After eight weeks, embryogenesis is finished and the fetal
period begins (Figure 2.1) (Carlson, 2014).
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Figure 2.1: Early human prenatal development
Day 1 – 2.5 of cleavage with 2-cell, 4-cell and 9-cell stage, respectively, followed by de-
velopment of the morula and the blastocyst. Implantation in the uterine lining begins on
day 5. The embryonic disc forms by layering of the epiblast and the hypoblast on day 8.
Cardiac mesoderm is formed after 16 days followed by the development of the linear heart
tube that starts beating after 21 days. Other organs develop and formation of skin, hair
and limbs is initiated before day 28. The first eight weeks of development are the period of
embryogenesis, at nine weeks the fetal period starts. Adapted from Carlson, 2014.
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2.1.2 Embryonic heart development
Heart development starts by commitment of cardiac progenitor cells from the mesoderm

and the formation of cardiac mesoderm. These cells migrate to the cephalic pole of the
embryo where they form the first heart field (day 16, Figure 2.1). As the embryo folds,
these cells migrate laterally, fold together and fuse in the midline to form the heart tube
(Figure 2.2) (Schleich et al., 2013). Cells of the second heart field migrate medially when
the heart tube forms. These cells will later form the majority of the heart including cardiac
myocytes, smooth muscle cells and endothelial cells, while the first heart field only forms
the left ventricle and parts of the atria (Schleich et al., 2013; Srivastava, 2006).

The linear heart tube pumps blood in a way similar to a peristaltic pump and has al-
ready minor constrictions indicating the sinus venosus, primitive atrium, primitive ventricle,
bulbus cordis and truncus arteriosus (Figure 2.2) . The sinus venosus will form the veins
and parts of the atria (inflow of blood), the bulbus cordis will become the right ventricle,
and the truncus arteriosus will form the outflow tract (outflow of blood) (Carlson, 2014;
McCulley and Black, 2012). The linear heart tube starts looping on day 23 and the early
ventricle and atrium beginn outpocketing on day 25 (Figure 2.2) (Schleich et al., 2013). The
early ventricle becomes divided into a left and a right chamber by an internal septum by
day 30. The S-shaped heart consists of left and right atria, ventricles as well as a truncus
arteriosus (Figure 2.2).

Later, atria and ventricles are separated, the aorta connects to the left ventricle and the
pulmonary trunk to the right ventricle, to divide inflow and outflow of blood (Carlson, 2014;
McCulley and Black, 2012).

Figure 2.2: Human heart development from the linear heart tube stage to a
four-chambered heart
On embryonic day 21, the linear heart tube has formed and is pumping blood similar to
a peristaltic pump. On day 23, the heart tube starts looping. By day 25, the heart is S-
shaped, and the primitive ventricle and atrium are ballooning out. After 30 days, the heart
has started to septate into left and right atrium as well as left and right ventricle.

At the molecular level, all of these cellular and morphological events are orchestrated by
a number of transcription factors. The core transcription factors of heart development are
NKX2.5, GATA4, MEF2 and TBX factors, which interact in a regulatory network to guide
heart development (McCulley and Black, 2012). The homeobox protein Nkx2.5 is expressed
in cardiac progenitor cells and their progeny in the heart from early embryonic development
throughout adulthood (Lints et al., 1993). This is essential for heart development as knock-
out in mice is lethal due to failure of heart looping (Lyons et al., 1995). NKX2.5 regulates
specification of cardiac progenitor cells, cardiomyocyte differentiation as well as chamber
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identity (Pashmforoush et al., 2004; Prall et al., 2007). The zinc finger transcription factor
GATA4 is critical for heart development and knockout in mice leads to abnormal heart tube
formation and ventral folding (Molkentin et al., 1997). T-box factors including TBX2, TBX5
and TBX20 as well as Myocyte-specific enhancer factor 2 (MEF2) are also interconnected
with GAT4 and NKX2.5 in the development of the heart, although single knockouts of these
genes are not as severe as knockouts of NKX2.5 or GATA4 (McCulley and Black, 2012).

2.1.3 Signaling pathways
Embryonic development is regulated by chemical signals that are exchanged between

cells. Intriguingly, the same signaling molecule can function at different times and places
as the embryo develops, because local concentration gradients or combinations of factors
induce certain cell fates. With this, only a relatively small number of signaling molecules is
needed to orchestrate the complex processes during embryonic development (Carlson, 2014).
The most important molecules for embryonic development are presented in the following and
those used for cardiomyocyte differentiation are further discussed in section 2.2.3.

Wnt family
Wnt signaling is very complex and is still not fully understood today. Its main func-

tion is during gastrulation, organogenesis and cellular differentiation, where Wnt gradients
control polarity, size and shape of tissues and organs (Carlson, 2014). For example, during
gastrulation, a Wnt gradient along the anteroposterior axis enables head and tail formation
(Green et al., 2015). Furthermore, low levels of Wnt are believed to enable heart formation
at the anterior end of the embryo and inhibition of Wnt activity induces cardiac formation
from mesoderm (Yamaguchi, 2001).

Transforming Growth Factor-β (TGF-β) superfamily
Members of the TGF-β superfamily include TGF-β1 – TGF-β5, bone morphogenic pro-

teins (BMPs), Activin, as well as Nodal. TGF-β1 – TGF-β5 were isolated from virally
transformed cells, after which the superfamily was named, before many other structurally
similar factors were found to be important for embryonic development (Carlson, 2014).
Examples of those are BMPs, which have originally been identified through their role in
bone healing, but the members of this family contribute to formation of many other tissues
(Katagiri and Watabe, 2016). Activin and Nodal act in the same pathway as they both
bind to Activin receptors, which activates a Smad signaling cascade. Both growth factors
are important for mesoderm induction (Pauklin and Vallier, 2015).

Fibroblast Growth Factor family
Fibroblast growth factor (FGF) was found due to its stimulating effect on in vitro cul-

tured fibroblast. Later, it was found that the family consists of 22 members with important
functions during various stages of embryonic development (Carlson, 2014). For example,
induction of mesoderm at the primitive streak and endoderm formation have been shown
to be dependent on an FGF receptor (Arman et al., 1998; Ciruna and Rossant, 2001; Wells
and Melton, 2000). Also early neural induction is dependent on FGF signaling (Streit et al.,
2000). Furthermore, FGFs are also important for cardiac development (Itoh et al., 2016).

Hedgehog family
Hedgehog signaling molecules are among the most important signaling molecules and

in mammals comprise sonic hedgehog (shh) and its downstream signal transducer proteins
Patched (Ptc) and smoothened (smo) (Carlson, 2014; Teck et al., 2016). For example,
shh expression regulates cell proliferation and digit formation in the limb bud (Ingham

Human induced pluripotent stem cells to study developmental toxicity in vitro 7



and Placzek, 2006) and neural subtype specification in the neural tube (Dessaud et al.,
2008). Other structures dependent on Hedgehog signaling include the lung, the kidney, the
gastrointestinal tract but also teeth, skeletal muscle and the eye (Teck et al., 2016).

2.2 Pluripotent stem cells
A sudden increase of general interest in developmental biology boosted the study of

stem cells and differentiation processes in the 1970s (Solter, 2006). Initial experiments on
tumors in mice built an understanding of the potency of pluripotent stem cells and their
differentiation, namely, that one stem cell isolated from a tumor (teratocarcinoma) can
grow into the same tumor containing up to 14 different tissues (Kleinsmith and Pierce,
1964). Pluripotent stem cells isolated from these teratocarcinomas could be grown in vitro
and formed embryoid bodies (EBs) (Martin and Evans, 1975). These EBs were also able to
differentiate into multiple cell types and it was suggested early on that the differentiation
processes are similar to those in the developing embryo (Martin and Evans, 1975).

Terms were coined to discriminate between different kinds of stem cells: A totipotent
cell can give rise to all embryonic and extraembryonic tissues and can therefore make up an
entire conceptus. Contrary, a pluripotent cell can form only embryonic tissues, i.e., not the
placenta and extra-embryonic membranes. Importantly, it can form cells of all three germ
layers, whereas a multipotent cell is restricted to progeny of a single germ layer. All three
types of stem cells have in common that they can self-renew (Solter, 2006).

2.2.1 Embryonic stem cells from mouse and human
The first embryonic stem cells (ESCs) were isolated from the inner cell mass of the mouse

blastocyst (see Figure 2.3) (Evans and Kaufman, 1981; Martin, 1981). In the first culture
procedures for mouse ESCs, the cells had to be grown on a monolayer of mouse embryonic
fibroblasts to maintain their pluripotency (Evans and Kaufman, 1981; Martin, 1981). Later,
a single recombinant factor was identified that was sufficient to promote self-renewal of ESCs,
namely leukemia inhibitory factor (LIF) (Williams et al., 1988).

These mouse ESCs laid the grounds for research on culture and differentiation of ESCs,
until these cells were also isolated from the human embryo (Thomson et al., 1998). Human
ESCs were also initially cultured on mouse embryonic fibroblast feeder cells and later on
extracellular matrices, such as matrigel or fibronectin (Vazin and Freed, 2010). This differ-
ence on feeder cell dependence between mouse and human ESCs was later found to be due
to different mechanisms in the two species to regulate self-renewal and pluripotency. While
mouse ESCs rely on LIF and FGF signaling, human ESCs do not rely on the former at all
and only to a lesser extent on the latter (Dahéron et al., 2004; Ginis et al., 2004). Contrary,
human ESCs seem to rely more on hormones and cytokines (Ginis et al., 2004; Krtolica et
al., 2009). Overall, approximately half of the genes is differentially expressed in the two cell
types, including a large number of genes involved in self-renewal pluripotency (Ginis et al.,
2004; Rao, 2004; Sun et al., 2007).

Human ESCs grow in colonies that are tightly packed with clear and smooth borders.
The single cells are round and have a large nucleus with approximately one nucleolus (Figure
2.4 A) (Wakao et al., 2012). These morphological features identify the pluripotent nature
of the cells and are used in the laboratory to regularly check the pluripotency and quality
of the culture. However, pluripotent stem cells can lose their pluripotency spontaneously,
which is favoured if the culture conditions are not optimal. Differentiating areas can easily
be identified using a light microscope (see Figure 2.4 B).
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Figure 2.3: Embryonic stem cells and induced pluripotent stem cells
Embryonic stem cells (ESC) are derived from the inner cell mass of the blastocyst. Induced
pluripotent stem cells (iPSC) are reprogrammed from skin or blood cells of a donor. Both
cell types are characterized by pluripotency and self-renewal, and can be differentiated into
most cell types of the body. Both cell types have been generated from mouse and human.
Adapted from Carr et. al. 2013.

Human and mouse ESCs have been used extensively to study mechanisms of pluripotency
and development during the last decades. However, human ESCs carry the ethical burden
that a human embryo has to be sacrificed for the retrieval (Wobus and Boheler, 2005).

2.2.2 Human induced pluripotent stem cells
Pressure to avoid the ethically questionable ESCs together with an immense interest in

the underlying processes of pluripotency lead to the development of induced pluripotent
stem cells (iPSC) (Figure 2.3) (Yamanaka and Takahashi, 2006). Researchers had set out
to find the factors expressed in ESCs that give these cells their unique pluripotency. After
identification and overexpression of endless factors and combinations of those in somatic cells
such as fibroblasts, Yamanaka and Takahashi were the first to bring it down to a set of four
transcription factors (Oct3/4, Klf4, Sox2 and cMyc). If overexpressed in mouse embryonic
or adult fibroblasts, the fibroblasts lose their cell identity and become pluripotent again
– they are reprogrammed (Yamanaka and Takahashi, 2006). The Yamanaka factors were
also sufficient to reprogram human cells, leading to human induced pluripotent stem cells
(hiPSC) (Takahashi et al., 2007; J. Yu et al., 2007). Shinya Yamanaka was honored for his
groundbreaking discovery with the Nobel Prize in Physiology or Medicine in 2012.
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Figure 2.4: Morphology of embryonic stem cells and induced pluripotent stem
cells in culture
A) Light microscopy images of human embryonic stem cells (ESCs) in culture; the cells are
pluripotent and show good colony morphology. B) ESCs with spontaneously differentiating
areas, which are indicated with orange circles C) Human induced pluripotent stem cells
(hiPSC) in culture; the cells are pluripotent and show good colony morphology. Images
from STEMCELL Technologies.

Figure 2.4 C) shows the morphology of a good quality hiPSC culture, which is very
similar to the morphology of hESC as shown in panel A.

Comparing hiPSCs to ESCs revealed that the two cell types are not identical but share
the important features of pluripotency and self-renewal. Importantly, hiPSC can be derived
from different donors and therefore can reflect on a broad genetic range. Unfortunately, this
variety in hiPSC lines also carries a large degree of variation with respect to the propensity to
differentiate into distinct cell types (Fossati et al., 2016; Narsinh et al., 2011). An additional
factor that distinguishes hiPSC lines is the method of reprogramming used for each hiPSC
line, as the methods have greatly changed over the last 14 years. The first hiPSC lines have
been reprogrammed by delivering the Yamanka factors using retroviral transduction, and the
retroviruses integrated into the genomes (Takahashi et al., 2007; Yu et al., 2007). Although
silencing of the retroviruses had been shown, the genetic integration always remained a
problem as the transgenes might be reactivated. In conjunction with this, differentiation of
the hiPSC lines might be hampered by the reactivated reprogramming factors (Hu, 2014).
Thus, integration free methods have been developed such as episomal plasmids, adenovirus,
Sendai virus, PiggiBac transposons or miRNAs (Doss and Sachinidis, 2019). One of the
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cell lines used in this thesis has been reprogrammed using episomal plasmids (BIONi010-C)
(Rasmussen et al., 2014). The two others belong to the first cell lines published, which are
commercially available today, and accordingly carry integrated retroviruses (Yu et al., 2007).

HiPSC have raised hopes in many applications including the study of genetic diseases
with patient specific hiPSC, as well as for drug development and regenerative therapies (Shi
et al., 2016). HiPSC are an excellent cell source to produce desired cell types in the labora-
tory if good differentiation protocols exist. However, in general, the differentiated cells are
more similar to cells found in young organisms (embryos or fetuses) than to those found in
the adult (Lauschke et al., 2017). What is a disadvantage for regenerative therapies is an
advantage for all fields of developmental biology as well as for creating models to predict
developmental toxicity. This is because in these applications, the young cell types are of
interest just as the developmental processes and intermediate cell types during differentia-
tion (Liu et al., 2017). Despite these advantages, hiPSC are just beginning to be used in
developmental toxicology (Luz and Tokar, 2018; Worley et al., 2018).

2.2.3 Stem cell differentiation into cardiomyocytes
Deprivation of feeder cells or LIF make mouse ESCs form EBs that differentiate sponta-

neously and after a few days appear similar to the mouse egg-cylinder. The majority of EBs
further forms outgrowths of cells belonging to all three germ layers, including rhythmically
contracting cardiomyocytes (Doetschman et al., 1985). This spontaneous differentiation has
been further refined by plating seven-day old EBs on gelatin coated dishes where they form
outgrowths which contain 10 – 30 % cardiomyocytes after another week (Wobus et al., 1991).

This system was successfully transferred to human ESCs and contracting cardiomyocytes
were found in 8.1 % of spontaneously differentiated EBs (Kehat et al., 2001). The efficiency
of human ESC differentiation was greatly improved by avoiding serum and adding ascorbic
acid (Passier et al., 2005). What followed was the standardization of human ESC culture
conditions including matrigel coating of culture dishes instead of using feeder cells, formu-
lations of defined media without serum (Burridge et al., 2007; Denning et al., 2006) and
addition of growth factors during differentiation (Yang et al., 2008). Shortly after their
invention, hiPSC were also differentiated into cardiomyocytes (Zhang et al., 2009; Zwi et
al., 2009). Of note, the difference between these two cell types with regards to cardiomy-
ocyte differentiation is not as striking as between mouse and human ESCs, however, most
protocols cannot be used for human ESCs and hiPSC without modifications.

To increase differentiation efficiencies of mouse and human ESCs, growth factors were
studied to guide ESCs towards a certain cell type (Schuldiner et al., 2000). Furthermore,
important knowledge was available on heart development in model organisms such as the
mouse, chick and drosophila (Passier and Mummery, 2005). Today, the in vitro differentia-
tion of stem cells into cardiomyocytes is based on the fundamental understanding of heart
development at the cellular and molecular level (see also 2.1.2 Heart development). The
following paragraph describes the main signaling pathways and how they are modulated in
differentiation protocols. An overview of the stages of cardiomyocyte differentiation and the
signaling pathways involved is depicted in Figure 2.5.
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Figure 2.5: Stages of cardiomyocyte differentiation, molecular markers of each
cell type and signaling pathways that activate or inhibit differentiation
Pluripotent stem cells are induced by embryoid body formation and hypoxia to differentiate
into mesoderm; insulin blocks mesoderm formation. WNT3A activates cardiac mesoderm
specification, which further processes into cardiac progenitor cells and ultimately into im-
mature cardiomyocytes if not blocked by the indicated factors. Prolonged culture and other
stimuli lead to maturation of the cardiomyocytes. Molecular markers are listed in the box
of each cell type. hPSC = human pluripotent stem cells. After Burridge et. al. 2012.

In vitro differentiation of human stem cells into cardiomyocytes relies on the chemical
modulation of the activinA/Nodal, Wnt and BMP pathways with growth factors and small
molecules (Burridge et al., 2012; Protze et al., 2019). Some differentiation protocols rely
only on activation of the Wnt-pathway through inhibition of GSK3 by the small molecule
CHIR99021 followed by Wnt inhibition through IWP2 (Wnt antagonist II) (Burridge et
al., 2014; Kempf et al., 2014; Lian et al., 2012). Others add growth factors to regulate
the activinA/Nodal and BMP pathway in a more controlled manner (Elliott et al., 2011;
Kattman et al., 2011; Yang et al., 2008) and a few protocols have combined small molecules
and growth factors to modulate both pathways (Fischer et al., 2018; Zhang et al., 2015).
The work performed in this thesis relies on modulation of activinA/Nodal, Wnt, FGF and
BMP pathways as described in Fischer et al., 2018.

During differentiation, the cells pass similar developmental stages as in the developing
embryo (Figure 2.5). Firstly, the pluripotent cells are packed into EBs, similar to the
early blastocyst. Mesoderm formation is induced by activating the pathways of Wnt, FGF,
activinA/Nodal and/or BMP signaling. The most common marker of mesodermal cells is T
(BRACHYURY). Then, the cells further specify into cardiac mesoderm, as evident by the
expression of MESP1 or a combination of FLK1 and PDGFR-α. Cardiac specification is
achieved by inhibiting the Wnt-pathway and cardiac progenitor cells can be identified using
ISL1, NKX2.5 or GATA4. Under good culture conditions, the cells further differentiate into
cardiomyocytes without further addition of growth factors or inhibitors. Cardiomyocytes are
easily recognized by their rhythmic contractions, while molecular markers include NKX2.5,
MYH6 or TNNT2 (Burridge et al., 2012).
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Figure 2.6: Immunocy-
tochemical stainging of
a cardiomyocyte
Green indicates cardiac tro-
ponin T (cTnT), blue the
nucleus. Image from Mum-
mery et al., 2012.

The in vitro derived cardiomyocytes are often a mix-
ture of ventricular and atrial cardiomyocytes and pace-
maker cells, with features of fetal cardiomyocytes rather
than of adult hearts. If maturation into mature and more
adult like cardiomyocytes is desired, for example for re-
generative therapies, increased levels of CX43 are appli-
cable as well as electrophysiological measurements (Fig-
ure 2.5)(Burridge et al., 2012). Figure 2.6 shows im-
munocytochemical staining of a cardiomyocyte. A video
of contracting cardiomyocytes in an EB is available
as online supplementary material of Manuscript 1 here:
Supplementary Video 1.

Lastly, cardiomyocyte differentiation can be performed
in 3-dimensional (EB) or 2-dimensional culture (monolayer).
However, the 3-dimensional culture is thought to be more sim-
ilar to the physiological environment in the human body and
better mimics developmental programs in the embryo (Brick-
man and Serup, 2016; Karin Lauschke et al., 2017a). EBs for cardiomyocyte differentiation
can be generated in suspension culture, hanging drops or through forced aggregation in
conical shaped wells (Talkhabi et al., 2016) and is further discussed in Chapter 7.

2.3 Developmental toxicity
Developmental toxicity encompasses all “structural or functional alteration caused by

environmental insults that interfere with normal growth, differentiation, development and/or
behavior” upon exposure from fertilization until sexual maturity (Tyl, 2014). In other
words, a person might be harmed from exposure to chemicals during prenatal or postnatal
development, and these effects might become noticeable at any point during their lifetime.

Embryogenesis is a critical and sensitive time period and more vulnerable to insults
than adulthood. This is because cells divide rapidly and are not able to repair lesions as
efficiently, while they also migrate and form complex structures in a spatially and temporarily
controlled manner. Cell division, differentiation and cell death are orchestrated together to
form the blastocyst and later the embryo with its organs and delicate structures (Tyl, 2014).
Most importantly, any loss or malformation cannot be reverted, as development progresses
irresistibly in only one direction. Therefore, developing embryos, fetuses and children are
not just “small humans” that can handle any chemical that adults can handle. For example,
thalidomide is not toxic to adults because there are no limb buds to be formed in the adult.
However, if no limb buds are formed in the four weeks old embryo, the possibility to have
arms or legs is gone for the rest of its lifetime (Vargesson, 2009).

It is important to discriminate developmental toxicity from reproductive toxicity. The
latter is defined as all adverse effects of chemicals on the fertility of adult males and females
as well as developmental toxicity of the offspring. The evaluation of effects on sexual function
and fertility can be discriminated from those on development (INCHEM, 2001). As only the
latter is the focus of this thesis, studies of sexual function and fertility will not be explained
here.

Human induced pluripotent stem cells to study developmental toxicity in vitro 13

https://static-content.springer.com/esm/art%3A10.1007%2Fs00204-020-02856-6/MediaObjects/204_2020_2856_MOESM2_ESM.mp4


2.3.1 Regulatory guidelines for developmental toxicity testing
After the thalidomide disaster, it became clear that drugs have to be tested appropriately

for their safety to humans including pre- and postnatal development. Regulatory guidelines
were first established at the Food and Drug Administration (FDA) in the USA in 1966. Other
countries followed as for example Canada (1973), United Kingdom (1974), and Japan (1984)
and so did the European Community in 1994 (Tyl, 2014, 2010). In the early 1990s, experts
and regulatory authorities from the USA, Europe and Japan held conferences and formed
the International Council for Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use (ICH) and issued recommendations on, among others, safety testing (Baber,
1994). Also the Organization for Economic Cooperation and Development (OECD) proposed
guidelines to be followed by all member countries (Felix, 2018).

Today, OECD guidelines are the standard test methods required by regulatory authorities
for developmental toxicity testing (Faqi et al., 2017; Felix, 2018). Testing for developmental
toxicity is now required for drugs, pesticides and for chemicals produced in large amounts
(Scialli, 2008). According to the new chemicals regulation of the EU, REACH (Registration,
Evaluation, Authorization and Restriction of Chemicals), chemicals produced or marketed
at more than one ton per year have to undergo safety assessment (REACH, 2006).

There is a number of OECD test guidelines (TGs) for reproductive and developmen-
tal toxicity testing. The main guideline for developmental toxicity studies is TG414. It
recommends exposure of pregnant rats and rabbits, and analysis of the conceptus from
preimplantation to the day of birth. There are several other guidelines for preliminary
analysis and developmental toxicity screening that only require one species. TG416 is a
two-generation study in rats with continuous observations over two or several generations.
TG421 and TG422 are one-generation studies in rats. There are numerous other OECD
guidelines for reproductive toxicity that focus on the fertility and sexual function in rodents,
which are not discussed here (Felix, 2018; Scialli, 2008).

2.3.2 In vitro tests for developmental toxicity
As the thalidomide disaster strikingly demonstrated, differences do exist between species

in response to chemicals. The teratogenic effects of thalidomide can be observed (besides
in humans) in rabbits but not in mice, rats and hamsters (Fratta et al., 1965). In general,
animals do not predict all toxicities in humans (false negatives) while at the same time
alert toxicities where there are none in humans (false positives). The concordance of human
toxicities with animals is 43 % for rodents and 71 % for rodents and large mammals together
(Daston and Knudsen, 2010; Olson et al., 2000). There are also ethical aspects to consider
as experimenting with living animals commands respect and applied principles of humanity.
In the 1950s, the principles of replacement, reduction, and refinement of animal experiments
have been established, which are now commonly known as the three Rs (Russell and Burch,
1959). Accordingly, the REACH legislation promotes that animal experiments should only
be conducted if “it is not possible to gather sufficient reliable data through non-animal
approaches” (ECHA, 2017). Moreover, in vivo tests are expensive, time-consuming and still
require a large number of animals despite efforts to reduce that number (Höfer et al., 2004).
Therefore, there is an ever-increasing push towards the development and use of new approach
methodologies (NAMs) for human safety assessment. NAMs include in silico predictions and
in vitro experiments in the laboratory that are based on immortalized cell lines or stem cells
(ECHA, 2017).

Several efforts have been made in the EU and USA to replace animal experiments and to
develop improved risk assessment tools. At the Joint Research Centre (JRC) of the Euro-
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pean Union in Ispra, Italy, the European Center for the Validation of Alternative Methods
(ECVAM) has been established. Other countries followed with the Interagency Coordinat-
ing Center for the Validation of Alternative Methods (ICCVAM) in the USA, JaCVAM in
Japan and KoCVAM in Korea. The European Union also supports research projects for
the development of alternative test methods, as for example ReProTect that focused on
the development of novel cell-based assays (Spielmann et al., 2010). These efforts led to a
number of in vitro tests available for developmental toxicity testing today. Table 2.1 gives
an overview of recognized alternative test methods for embryonic development and their
current status (after Felix, 2018 and Spielmann et al., 2010).

Table 2.1: New approach methodologies (NAM) for embryonic development
(after Felix, 2018; Spielmann et al., 2010)

Name Status
Embryonic stem cell test (EST) Validated by ECVAM
Micromass test (MM) Validated by ECVAM
Whole embryo culture (WEC) Validated by ECVAM
Zebrafish embryo teratogenicity assay Optimization
Frog embryo teratogenesis assay Xenopus (FETAX) Optimization
Mouse peri-implantation assay (MEPA) Optimization
The chicken embryotoxicity screening test (CHEST) Pre-validation

However, of these methods, only the EST avoids the use of animals completely, and is
further discussed in the following section.

2.3.3 The embryonic stem cell test (EST)
The EST is based on mouse ESCs and was developed in 1997 by Spielmann and colleagues

(Spielmann et al. 1997). It was validated by ECVAM in an international validation study
(Genschow et al. 2004). However, due to several limitations it has not become a validated
test method and is therefore not accepted for safety assessment by regulatory authorities
(Validated test methods, 2020). Nevertheless, the EST is widely used in research laboratories
and pharmaceutical companies for initial safety assessment of chemicals or drug candidates.

The EST is based on the formation of EBs and differentiation of the cells into cardiomy-
ocytes. These cells are rhythmically contracting after ten days, which is assessed visually.
The teratogenic potential of substances is determined by comparing outgrowth of beat-
ing cardiomyocytes in EBs compared to cytotoxic effects on mouse ESCs and fibroblasts
(Seiler and Spielmann, 2011). The effective concentrations of a test substance on these
three endpoints are calculated, i.e., the IC50D3 (cytotoxicity to D3 mouse ESCs), IC503T3
(cytotoxicity to 3T3 mouse fibroblasts) and the ID50 (inhibiting differentiation). These
concentrations are fed into a prediction model to classify substances into strong, weak and
non-embryotoxins (Genschow et al. 2000, 2004).

ECVAM was advised to improve the EST in terms of more general endpoints compared
to the endpoint of beating cardiomyocytes (Pellizzer et al., 2004). Moreover, the EST is
limited in its throughput and the assay period is relatively long (10 days) (Marx-Stoelting
et al., 2009). Extensive research has focused on improving the EST for the last two decades,
resulting in numerous publications including the implementation of biomarkers, analysis of
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marker gene expression, metabolic markers and increased throughput. The most important
and relevant improvements to the EST published to date are summarized in Table 2.2.

A few of these studies can be highlighted as key advances: Firstly, the automated anal-
ysis of contracting cardiomyocytes because it illustrated the possibility of increasing the
throughput of the EST (Peters et al., 2008). Secondly, the use of human cells (human
ESCs) because it profoundly increased the value of the EST by removing species differences
(Adler et al., 2008). The third key advancement of the EST was clearly the ReProGlo assay,
which employs a mouse ESC reporter cell line for developmental toxicity testing (Uibel et
al., 2010). Although initial testing data was very promising (Schenk et al., 2010; Spielmann
et al., 2010; Uibel and Schwarz, 2014), the ReProGlo assay has not been validated by EC-
VAM, potentially due to high false negative rates (ECVAM, 2010; Uibel and Schwarz, 2014).
The last study to be highlighted employed hiPSC in the EST for the first time (Aikawa et
al., 2014). However, the data reported in this publication is very poor and does not enable
any evaluation of the quality of the assay. Accordingly, it is not recognized in contemporary
literature as a valuable addition to the field of stem cell based developmental toxicity assays
(Liu et al., 2017; Luz and Tokar, 2018; Sachinidis et al., 2019; Worley et al., 2018).

This PhD thesis provides an improvement of the EST, as it employs hiPSC and advanced
readouts, and successfully identified 2 out of 3 tested chemicals (see details in the following
Chapters).
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Table 2.2: Improvements of the embryonic stem cell test (EST)

Endpoint (Name) Cell source Differentiation Results Reference

MHC and α-actinin measured by
flow cytometry mESC, EBs Cardiomyocyte Several compounds classified cor-

rectly

(Buesen et al.,
2009; Seiler et al.,
2004)

Expression of Oct4, Brachyury, α-
MHC and Nkx2.5 by qRT-PCR mESC, EBs Cardiomyocyte

Specific changes in gene expres-
sion upon exposure to RA and
LiCl

(Pellizzer et al.,
2004)

Molecular markers of osteogenic,
chondrogenic, neural and cardiac
lineage by qRT-PCR

mESC,
EBs and
monolayer

osteogenic,
chondrogenic,
neural and
cardiac differen-
tiation

All six tested compounds classi-
fied correctly

(Zur Nieden et al.,
2004)

PECAM-1 and VE-Cadherin gene
expressions by qRT-PCR, beating
cardiomyocytes

mESC Endothelial,
cardiomyocyte

All six tested compounds classi-
fied correctly (Festag et al., 2007)

Automated analysis of contracting
cardiomyocytes mESC, EBs Cardiomyocyte

Same classification of four test
compounds as with visual eval-
uation of contraction

(Peters et al., 2008)

Beating cardiomyocytes (human
EST) hESC, EBs Cardiomyocyte RA and 5-FU comparable results

to original EST (Adler et al., 2008)

ReProGlo assay: luciferase expres-
sion in the Wnt/b-catenin pathway

mESC,
monolayer None 10 out of 14 known embryotoxi-

cants were found positive (Uibel et al., 2010)

Field potential detection mESC, EBs Cardiomyocyte All six tested compounds classi-
fied correctly (Koseki et al., 2010)

Neural cell types mESC Neural Sensitivity towards methyl mer-
cury shown

(Theunissen et al.,
2010)

Metabolomics hESC Cardiomyocyte
Significant changes in metabo-
lites detected upon exposure to
chemicals

(Kleinstreuer et al.,
2011) and indepen-
dently (West et al.,
2010)
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Endpoint (Name) Cell source Differentiation Results Reference
Beating cardiomyocytes, cell num-
ber and MHC protein measured by
in-cell western

mESC,
monolayer Cardiomyoycte All three tested compounds clas-

sified correctly
(Barrier et al.,
2011)

MHC protein measured by in-cell
western, cytotoxicity

mESC,
monolayer Cardiomyoycte

A set of 309 chemicals screened
to reveal pathways for future
screening

(Chandler et al.,
2011)

Biomarkers of the three germlayers
by qRT-PCR

mESC,
monolayer Spontaneous Set of 7 compounds classified

with 100 % concordance
(Romero et al.,
2015, 2011)

Luciferase under control of the
Hand1 or Cmya1 promotor mESC Cardiomyocyte validated using 6 teratogens in

several laboratories
(Suzuki et al., 2012,
2011)

Expression of 12 developmental
genes by qRT-PCR mESC, EBs Spontaneous Set of 12 compounds classified

with 83 % concordance
(Panzica-Kelly et
al., 2013)

Ratio of the metabolites ornithine
and cysteine (devTOX)

hESC,
hiPSC,
monolayer

None
Several compounds ranked cor-
rectly, successful profiling of the
ToxCast library

(Palmer et al.,
2017, 2013; Zurlin-
den et al., 2020)

Beating cardiomyocytes and cyto-
toxicity hiPSC, EBs Cardiomyocyte

Three chemicals classified cor-
rectly but with very high IC50

values

(Aikawa, 2020;
Aikawa et al.,
2014)

Nuclear translocation of SOX17 hESC,
monolayer Mesendoderm Set of 71 compounds with 97 %

sensitivity and 92 % specificity
(Kameoka et al.,
2014)

Reporter cell line with luciferase un-
der the Hand1 promotor (Hand1-
Luc EST)

mESC, EBs Cardiomyocyte 6 teratogens were found positive,
validated by JaCVAM

(Coz et al., 2015;
Zuang and Dura,
2019)

Assess colony morphology
hESC,
hiPSC,
monolayer

Mesendoderm Thalidomide and D-
penicillamine classified correctly (Xing et al., 2015)

Improved prediction model in EST mESC, EBs Cardiomyocyte 6 out of 8 compounds classified
correctly

(Riebeling et al.,
2015)

Primitive streak formation, car-
diomyocyte contraction and neural
markers

mESC, EBs Spontaneous
Grouping of suspected terato-
gens (FDA Cat.D and Cat.X)
into four classes

(Yu et al., 2015)
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Endpoint (Name) Cell source Differentiation Results Reference

Osteoblast formation mESC, EBs Osteoblast 12 compounds classified as in
original EST (Chen et al., 2015)

β-Gal reporter cell line mESC, EBs Cardiomyocyte Not all compounds classified cor-
rectly

(Kugler et al.,
2016)

EB area mESC, EBs Cardiomyocyte Pre-validated with 26 chemicals (Kang et al., 2017;
Lee et al., 2019)

Micropatterned test to quantify
morphological changes

hESC,
monolayer Mesendoderm 30 compounds with 100 % speci-

ficity and 93 % sensitivity (Xing et al., 2017)

Survivin-EGFP reporter mESC Spontaneous,
neural

Several compounds classified cor-
rectly (Zang et al., 2019)

Dorsal mesoderm elongation hiPSC,
monolayer Mesoderm Methylmercury and RA found

positive
(Ninomiya et al.,
2020)

Automated assay procedure, high
content imaging, shorter assay time

mESC,
hiPSC, EBs Cardiomyocyte All six compounds classified cor-

rectly (Witt et al., 2020)

RA = Retinoic acid, LiCl = Lithium chloride, 5-FU = 5-fluorouracil
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Chapter 3

Developing a stem cell- based
assay for developmental toxicity

This chapter summarizes the work that has been conducted to reachObjectives 1b and 1c,
namely to optimize a method for cardiomyocyte differentiation and to characterize the differ-
entiating cells, as well as to test chemicals in the developed assay. The results are published
in Manuscript 1: A novel human pluripotent stem cell-based assay to predict develop-
mental toxicity (2020) Lauschke, K., Rosenmai, A.K., Meiser, I., Neubauer, J.C., Schmidt,
K., Rasmussen, M.A., Holst, B., Taxvig, C., Emnéus, J.K., Vinggaard, A.M.Archives of
Toxicology 94, 3831-3846

We aimed at developing a developmental toxicity assay based on hiPSC in 3D cultures
to mimic the developing human embryo better than existing assays. To this end, we im-
plemented and optimized a protocol for differentiation of hiPSC into cardiomyocytes in a
96-well plate format and showed that the protocol yielded almost 100 % beating EBs after
eight days. Analysis of marker genes for mesoderm, cardiac progenitor cells and cardiomy-
ocytes confirmed that the cells underwent efficient cardiomyocyte differentiation. Because
interline variability is high in hiPSC, we employed three hiPSC lines in our study.

After having characterized the model, we exposed the cells to non-cytotoxic concentra-
tions of the test chemicals thalidomide, valproic acid and epoxiconazole. Thalidomide has
not been detected as developmental toxicant with in vitro assays based on mouse cells, but
we detected a concentration dependent effect of thalidomide in our human assay with an
IC25 of 2.0 µM. Valproic acid is teratogenic in humans at therapeutic concentrations but we
were not able to detect any effects in our assay. This is potentially due to the fact that val-
proic acid mainly affects neural lineages. Lastly, epoxiconazole is a pesticide with endocrine
disrupting effects in vitro and leads to developmental toxicity in rodents. We detected epox-
iconazole with an IC25 of 1.8 – 5.2 µM in our hiPSC lines, suggesting epoxiconazole might
also be hazardous to human embryonic development.

In conclusion, we developed a hiPSC based assay for developmental toxicity, which we
termed the PluriBeat assay, that is reproducible and recapitulates key molecular events of
early human embryonic heart development. We showed as a proof-of-concept that thalido-
mide and epoxiconazole can be detected. The negative results for valproic acid suggest a
limitation of the assay to effects on general developmental pathways or the cardiac lineage.
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Chapter 4

An improved readout for
detecting developmental toxicity
in vitro

This chapter summarizes the work on Objective 2a, i.e. to create a luminescence reporter
cell line for measuring on a plate reader. The results are presented in detail in Manuscript
2: Creating a human-induced pluripotent stem cell-based NKX2.5 reporter gene assay for
developmental toxicity testing. Lauschke, K., Treschow, A.F., Rasmussen, M.A., Davidsen,
N., Holst, B., Emnéus, J., Taxvig, C., Vinggaard, A.M.Under review in Archives of Toxicol-
ogy

After having developed the developmental toxicity assay based on beating cardiac spheres
(PluriBeat assay), we aimed at improving the assay readout. Visual inspection of the beating
was labor intensive and time consuming and we therefore set out to create a reporter hiPSC
line that enables measurement of an entire 96-well plate in a plate reader in a few minutes.
We chose to link the cardiac marker NKX2.5 to a reporter gene because this marker is
upregulated throughout cardiomyocyte differentiation and identifies all cardiac cells. We
used the BIONi010-C hiPSC line, which was also used in the PluriBeat assay, and introduced
a luciferase gene in the locus of NKX2.5 using CRISPR/Cas9 genome editing. The retrieved
clonal cell lines #44.37 and #73.59 were pluripotent, kariotypically normal and differentiated
into cardiomyocytes with the same efficiency as the wild type. Luciferase intensity increased
during differentiation, in a manner similar to NKX2.5 expression.

After having characterized the cell lines, we exposed them to thalidomide and valproic
acid at non-cytotoxic concentrations. Comparing the readout of beating cardiomyocytes
with luminescence intensity, we found that the latter detected thalidomide with higher effi-
cacy and potency. Valproic acid was not detected in the luminescence assay either, indicating
that the luminescence and beating readouts identify the same classes of chemicals.

In conclusion, we developed a luciferase reporter hiPSC line for cardiac differentiation
and showed in a proof-of-concept study that the developmental toxicity of thalidomide can
be detected. We termed the assay the PluriLum assay. Our data also suggests that the novel
reporter cell line leads to increased sensitivity of the assay, which will have to be confirmed
by testing more chemicals in future.
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Chapter 5

In vivo relevance of the
developmental toxicity model

This chapter summarizes the results to meet Objective 3, i.e. to investigate the relevance
of the assay for the developing human embryo on a molecular basis. For further reading,
the results are included in Manuscript 3: A comparative assessment of marker expres-
sion between cardiomyocyte differentiation of human iPSCs and the developing pig heart.
Lauschke, K., Volpini, L., Liu, Y., Vinggaard, A.M., Hall, V.J. Under review in Stem Cells
and Development

We had developed the PluriBeat assay with the aim of mimicking the developing human
embryo through EB-based cardiomyocyte differentiation. In order to investigate how well
key molecular events of heart development were recapitulated, we compared marker gene
expression in our model to expression in the developing pig heart. The pig is an ideal species
for this as it develops through an embryonic disc just as the human, and not through an
egg cylinder as the mouse does. Unfortunately, most knowledge on developmental biology
of the heart comes from mouse experiments.

We chose pig embryos of embryonic days E15 – E24, which corresponds to human em-
bryonic week 3 – 6 and covers early heart development including the first heartbeat, as well
as one later time point namely E70. We investigated protein expression using immunohis-
tochemistry of the markers FLK1 (cardiac mesoderm), ISL1, NKX2.5 (cardiac progenitors),
CTNT, CX43 and MYHC-B (cardiomyocytes). This data we compared to protein expression
during the course of differentiation in our hiPSC based model.

We found that the major stages of mesoderm, cardiac mesoderm, cardiac progenitor
and cardiomyocyte were resembled well in our model as determined by timely expression
of marker proteins. However, our data also suggested differences in the cells based on two
findings: Firstly, our in vitro model expressed MYHC-B only at the cardiomyocyte stage
whereas this protein was found in pig hearts already in cardiac progenitor cells. Secondly,
the two markers CTNT and NKX2.5 were upregulated in parallel in the pig, while CTNT
was upregulated after NKX2.5 in our in vitro model. Together, these data indicate that
differences exist in the cell populations in our in vitro model compared to those found in
human embryonic hearts.

In addition to these findings presented in Manuscript 3, we noted that in vitro car-
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diomyocyte differentiation in our model was faster than in vivo development. In our model,
it took six days from the pluripotent stem cell stage in EBs to reach the cardiomyocyte stage,
whereas more than two weeks are required for that in human embryos (Carlson, 2014). This
suggests that some of the processes are accelerated and therefore not recapitulated identi-
cally.

Lastly, it seemed that the cells in vitro are a more homogeneous population than those
found in the human heart. The cells in the EB go through the intermediate cell stages
and finally become cardiomyocytes in a synchronized fashion, meaning all cells are at the
same developmental stage at any given time. Contrary, in the developing heart, these
developmental stages greatly overlap. For example, cardiomyocytes are already present
in the linear heart tube at three weeks of age while progenitor cells are still present and
remain far beyond this time point. This is because the embryonic heart develops and grows
while it is already functionally beating, whereas cells in the EBs only undergo a terminal
differentiation.

To summarize, we found that most markers of key developmental stages corresponded
well between the pig and the hiPSC-based model, while only few differences existed. We
conclude that our model gives a good estimate of the developmental stages of in vivo heart
development and therefore has relevance for the developing human embryo.
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Chapter 6

Studying molecular mechanisms
of developmental toxicity in
vitro

This chapter describes the work performed to reach Objective 4, i.e., to study the molecular
effects of test chemicals by using transcriptome analysis. It is structured into two parts:

The first part describes our approach to use RNA sequencing to study the effects of
chemicals in our in vitro model for developmental toxicity. Since RNA sequencing is a
complex method and has not been introduced in the general background of this thesis,
it is described in detail in the introduction paragraph. In the following, the results on
transcriptomic changes upon exposure of the differentiating cells to three test chemicals are
presented and discussed.

The second part provides a summary of Manuscript 4, namely the study of the molecular
mechanisms of epoxiconazole based on RNA sequencing analysis.

6.1 Studying the molecular effects of chemicals in the
in vitro model of developmental toxicity using RNA
sequencing

Studying molecular mechanisms underlying the adverse effects of chemicals can be chal-
lenging, especially in the case of developmental toxicity. In vitro models may be a good op-
tion not only for detecting human developmental toxicity but also for studying the causative
molecular mechanisms. One approach to do so is to analyze the transcriptomic changes upon
chemical exposure in the in vitro model. RNA sequencing (RNA-Seq) is a promising tech-
nique because it provides a non-targeted analysis of expressed genes and their expression
levels, which in turn can reveal molecular or cellular pathways that are affected by the
chemicals. Contrary to older techniques such as microarrays, no selection of a gene set is
necessary.

We have previously shown that hiPSC differentiating into cardiomyocytes in an eight-
day protocol can detect developmental toxicity of thalidomide but not that of valproic acid.
Moreover, we detected the pesticide epoxiconazole as a positive in our assay, suggesting its
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known adverse effects in rodents might also happen in the human. In order to study the
molecular mechanisms of the three chemicals we now employed RNA-Seq. We set out to
compare the gene expression levels in differentiating stem cells upon exposure to the three
chemicals on day D2 and D7 of the differentiation model. We aimed at deciphering the
different effects of the three chemicals on the cells as we believed that there might be few
common mechanisms and that the vast majority of effects would be different between the
three chemicals. The latter might be a step towards revealing the molecular mechanisms of
action of each chemical. It would also be interesting to understand why compounds with
different mechanisms lead to effects in an assay based on cardiomyocyte differentiation.

6.1.1 Developmental toxicity of thalidomide, valproic acid and epox-
iconazole

Prenatal exposure to thalidomide leads to severe congenital malformations such as miss-
ing limbs or fingers, however, the underlying molecular mechanism is still not fully un-
derstood (Lenz and Knapp, 1962; McBride, 1962; Vargesson, 2015). The most supported
theories today are anti-angiogenic effects (D’Amato et al., 1994; Therapontos et al., 2009)
as well as generation of reactive oxygen species (ROS) and cell death (Hansen and Har-
ris, 2013; Parman et al., 1999). Furthermore, it has been shown that thalidomide reduces
the expression of Fgf8 (Ito et al., 2010) and Fgf10 (Hansen et al., 2002), which are growth
factors important for limb outgrowth (Lewandoski et al., 2000; Moon and Capecchi, 2000;
Ohuchi et al., 1997). However, there are many other genes affected by thalidomide exposure
that support other potential mechanisms of action and it is suggested that several modes of
action are responsible for the wide range of damage seen in thalidomide exposed embryos
(Vargesson, 2015).

Valproic acid is an anti-epileptic drug and associated with neural tube defects, malformed
organs and congenital malformations upon embryonic exposure in the first trimester (Jentink
et al., 2010). Valproic acid has a higher potency in in vitro assays based on neural endpoints
than in those using the cardiac lineage. This correlates with the fact that most of its
teratogenic effects are of neurodevelopmental nature (Marx-Stoelting et al., 2009). However,
the molecular mechanism is not known but most evidence links epigenetic mechanisms such
as inhibition of histone deacetylases (HDACs) (Menegola et al., 2005) and elevated levels of
ROS with teratogenic effects of valproic acid (Lloyd, 2013).

Epoxiconazole belongs to a group of fungicides called conazoles. Its mode of action
in fungi is through direct inhibition of sterol 14α-demethylase (in humans encoded by the
CYP51A1 gene) and aromatase. However, sterol 14α-demethylase is highly conserved among
organisms and epoxiconazole also inhibits the human enzyme (Trösken et al., 2006). In
humans, this enzyme is involved in the production of sex steroid hormones and epoxiconazole
has been shown to have weak estrogenic activity, to be an androgen receptor antagonist
and to affect sex steroid hormone synthesis in vitro (Kjærstad et al., 2010; Lucia Pinto
et al., 2018). Furthermore, not only effects on the endocrine system but also on prenatal
development have been shown in rats (Taxvig et al., 2007). After being widely used as a
fungicide for cereals, its approval in the EU ended in 2020 due to emerging health concerns
(National Farmers Union of England and Wales, NFU, 2020).

6.1.2 Introduction to RNA Sequencing
RNA-Seq was developed more than ten years ago as a tool to study the complete tran-

scriptome in several organisms (Cloonan et al., 2008; Marioni et al., 2008; Mortazavi et al.,
2008; Nagalakshmi et al., 2008). The transcriptome includes all gene readouts transcribed
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into RNA (transcripts) in a cell or population of cells at a certain time point. It is a mirror
of the status of the cell and its identity, as it changes in disease, upon drug exposure or
during development (Wang et al., 2009).

Studying the transcriptome using RNA-Seq is unbiased, since no selection of genes is
required as in older techniques such as microarrays. Furthermore, not only the presence
of a transcript but also its abundance (gene expression level) is measured (Wang et al.,
2009). Therefore, the main application of RNA-Seq is differential gene expression analysis,
where the gene expression levels between samples under different experimental conditions
are compared. This can be used to study gene regulation upon chemical exposure in order
to unravel target proteins/genes or molecular pathways involved in the reaction towards the
chemical (Meganathan et al., 2012).

There are several commercial systems available to perform RNA-Seq based on differ-
ent techniques, with the most prominent being Illumina, Pacific Biosciences and Oxford
Nanopore (Stark et al., 2019). As an Illumina platform was used for the work in this thesis,
only this method is explained in the following.

In Illumina RNA sequencing, the first step is library preparation, where the RNA sample
is broken down into fragments of 150 – 200 bp (base pairs), reverse transcribed into cDNA
(complementary DNA) and ligated to adapters. Then, the adapter-ligated fragments are
PCR amplified and gel purified to yield the sequencing library (Figure 6.1 A). In the next
step, the library is immobilized in a flow cell with surface-bound oligonucleotides, which
are complementary to the library adapters, and each fragment amplified through bridge
amplification to create clusters of each fragment (Figure 6.1 B). In the sequencing step, the
fragments are sequenced using sequencing by synthesis (SBS), meaning that single bases
are detected as they are being incorporated into DNA. Fluorophores are attached to the
dNTPs (deoxynucleotide triphosphates, the building blocks of DNA) in the reaction, which
are being released as the dNTPs are incorporated. As there are four dNTPs for the four
bases of DNA (A, T, C, G), each of them is labeled with a different fluorophore coding
for a specific base. After each cycle of amplification, the flow cell is imaged to detect each
fluorophore released in that cycle. This is repeated “n” times for a read of “n” bases (Figure
6.1 C). When sequencing is complete, the reads are aligned to a reference genome (for human
cells this is the human reference genome) to determine the transcriptome (Figure 6.1 D).
The number of reads per gene is later transformed into gene expression levels Illumina Inc.,
2017.
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Figure 6.1: Illumina Sequencing
A) DNA is fragmented, the fragments ligated to sequencing adapters and the sequencing
library amplified and purified. B) The library is immobilized on a flow cell with surface-
bound oligomers that are complementary to the sequencing adapters. Then, each fragment
is amplified using bridge amplification to yield clonal clusters of identical fragments. C)
For sequencing, fluorophore-bound dNTPs (deoxynucleotide triphosphates) are added, and
the flow cell imaged after each amplification cycle. Specific emission of each fluorophore is
detected and translated into the DNA sequence. D) The reads are mapped to a reference
genome. Adapted from (Illumina Inc., 2017).
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6.1.3 Methods
Cell culture

The hiPSC line BIONi010-C was used for all experiments. Cells were cultured in
mTeSR™1 medium (STEMCELL Technologies, Vancouver, Canada) on hESC-Qualified
Matrigel (Corning, Corning, USA) coated cell culture dishes (Thermo Fisher Scientific,
Waltham, USA). Medium was exchanged daily except for weekends (weekend-free culture)
and cultured in 5 % CO2 at 37 °C. Cultures were split approximately once a week using 0.02
% EDTA in DPBS.

Cardiomyocyte differentiation
HiPSC were differentiated into cardiomyocytes as described in Lauschke et al. 2020

(Manuscript 1, Appendix). Briefly, cells were harvested as single cells by incubation in
Gibco™ TrypLE™ Select (Thermo Fisher Scientific) for 1-2 min. Cells were resuspended
as single cells and a suspension of 5*104 cells/ml seeded at 100 µl per well into a 96-
well Polystyrene Conical Bottom MicroWell™ Plate (249952, Thermo Fisher Scientific) in
mTeSR-ROCK. The plates were centrifuged at 500 g for 5 min at room temperature and
incubated overnight. After 20 h, 80 µl/well old medium was removed and 80 µl/well D0
medium added. After this, medium was exchanged daily (24 h ± 2h) with respective medium
on the following days: TS-medium on D1, Wnt-medium on D2, TS-medium on D3 and TS-
medium on D6. 80 µl/well old medium was removed and 80 µl/well new medium added,
except for D6, where only 60 µ/well was removed. Media are listed in Supplementary Table
1 of Manuscript 1 (see appendix).

Chemical exposure and sampling
Epoxiconazole and thalidomide were purchased from Sigma Aldrich (St. Louis, USA) and

prepared as 600 mM and 200 mM stock solutions, respectively, in dimethyl sulfoxide (DMSO,
cell culture grade) (Sigma Aldrich). Valproic acid was purchased from Sigma Aldrich and
prepared as 600 mM stock solution in ethanol (EtOH). The stock solution were first diluted in
DMSO or EtOH and then 1:1000 in the cell culture media. Differentiating cells were exposed
during D2-D7 and compounds added on D2, D3 and D6. Cells were harvested for RNA
extraction by the following procedure: Pluripotent samples were harvested from the single
cell suspension created for seeding into 96-well conical bottom plates. Approximately 1x106
cells from the excess single cell suspension were centrifuged at 200 g for 5 min, supernatant
removed, and the cell pellet snap frozen in liquid nitrogen. For D2 and D7 samples, EBs
were collected from the 96-well plates on D2 and D7, respectively, using a P1000 pipette
with wide orifice tips and collection in 15 ml centrifugation tubes. Cells were spun down at
200 g for 5 min, the supernatant discarded except for approximately 500 µl. In this, the cells
were resuspended, transferred to 1.5 ml centrifugation tubes and centrifuged at 1000 g for 5
min. The supernatant was removed carefully and the pellet made as dry as possible before
snap freezing in liquid nitrogen. All cell samples were stored at -80°C for few weeks until
RNA extraction. All experiments were performed in biological triplicates, i.e. one exposure
group included three independent experiments.

RNA extraction
RNA was extracted using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany) ac-

cording to the manufacturer’s specifications. Briefly, the cell pellets were thawed slightly
and 400 µl RLT buffer containing 1 % beta-mercaptoethanol added. The cells were lysed
and homogenized by passing the sample through a 20-gauge needle attached to a sterile 1ml
plastic syringe at least 10 times. One volume of 70 % EtOH was added, mixed with the
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lysate and transferred to an RNeasy spin column. All steps of the subsequent RNA extrac-
tion protocol were followed as suggested by the manufacturer, including DNaseI digestion.
RNA was eluted in 50 µl RNase free water and the concentration measured on a Nanodrop
(Thermo Fisher Scientific). For qRT-PCR analysis, 200 ng of RNA with an A260/A280 ratio
> 1.8 was used.

For RNA-Seq, RNA integrity was measured on a Bioanalyzer with the RNA 6000 Nano
Kit (Agilent Technologies, Santa Clara, USA) according to the manufacturer’s instructions.
Samples with a RIN value < 9.0 were further cleaned up using the Qiagen RNeasy Micro
Kit (Qiagen). Briefly, samples were thawed on ice and the volume adjusted to 100 µl using
RNase-free water. Then, 350 µl RLT buffer containing 1 % beta-mercaptoethanol were added
followed by 250 µl 96 – 100 % EtOH. The samples were mixed by pipetting, transferred to
a MinElute spin column and centrifuged. All following steps were performed according to
the manual except for DNaseI digestion, which was not included in the cleanup. RNA was
eluted in 16 µl RNase-free water and RNA integrity measured again on a Bioanalyzer with
the RNA 6000 Nano Kit (Agilent Technologies). Final concentrations of all samples with
RIN > 9.0 were measured using the Qubit™ RNA Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Samples with a total of > 300 ng RNA in at
least 24 µl volume and a RIN value > 9.0 were used for RNA sequencing.

Library preparation
Sequencing libraries were prepared at Novogene Co. Ltd. (Beijing, China) according to

their standard procedures using 1 µg RNA per sample. Libraries were generated using the
NEB Next UltraTM RNA Library Prep Kit for Illumina (New England Biolabs, Ibswich,
USA) following the manufacturer’s instructions including addition of index codes to identify
sequences from each sample. Briefly, mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. Fragmentation was performed using divalent cations under
elevated temperature in NEB Next First Strand Synthesis Reaction Buffer (5X). For cDNA
synthesis, the first strand cDNA was synthesized using random hexamer primer and M-MuLV
Reverse Transcriptase (RNase H-) and the second strand cDNA using DNA Polymerase I and
RNase H. Remaining overhangs were converted into blunt ends and 3’ ends of the retrieved
cDNA adenylated, to enable ligation with NEB Next Adaptors with hairpin loops. To select
cDNA fragments of 150 – 200 bp, the fragments were purified with the AMPure XP system
(Beckman Coulter, Beverly, USA). Then 3 µl USER Enzyme (NEB) were incubated with
the size-selected, adapter-ligated cDNA at 37 °C for 15 min followed by 5 min at 95 °C.
Then, PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR
primers and Index (X) Primer. Lastly, PCR products were purified using an AMPure XP
system and library quality assessed on the Agilent Bioanalyzer 2100 system.

Clustering and sequencing
These steps were performed after library preparation at Novogene according to their

standard procedures. Briefly, clustering was performed on a cBot Cluster Generation Sys-
tem using PE Cluster Kit cBot-HS (Illumina) according to the manufacturer’s instructions.
Sequencing was performed on an Illumina platform and paired-end reads generated.

Bioinformatics
After sequencing, bioinformatic analysis was performed at Novogene. Raw data was

retrieved as FASTQ format files, which include the read sequences and numeric scores for the
quality of each nucleotide (Cock et al., 2009). For quality control, the raw data was analysed
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for Q20, Q30 and GC content and the reads containing adapter and poly-N sequences filtered
out.

Mapping of the clean paired-end reads to the human reference genome was performed
using the HISAT2 (hierarchical indexing for spliced alignment of transcripts 2) algorithm
(Kim et al., 2019). The reference genome and gene model annotation files were downloaded
from the genome website browser (NCBI/UCSC/Ensembl). To count the read numbers
mapped to each gene, the program featureCounts was used (Liao et al., 2014). Gene ex-
pression levels were estimated as FPKM (Fragments Per Kilobase of transcript sequence per
Millions base pairs sequenced), which takes sequencing depth and gene length into consid-
eration (Mortazavi et al., 2008). Differential gene expression analysis between the groups
(each including three biological replicates) was performed using the DESeq2 package in R
which yields Log2FoldChange of gene expression (Anders and Huber, 2010). The connected
p-values were corrected using the Benjamini and Hochberg’s approach to control the false
discovery rate. Genes with an adjusted p-value < 0.05 were considered to be differentially
expressed.

Enrichment analysis of KEGG pathways was performed with the clusterProfiler package
in R (Yu et al., 2012). KEGG-terms with adjusted p-value < 0.05 were considered signif-
icantly enriched. Venn diagrams of differentially expressed genes were created in house using
the Bioinformatics and Evolutionary Genomics web-tool (http://bioinformatics.psb.ugent.be/
webtools/Venn/).

6.1.4 Results
Quality analysis of the RNA-Seq dataset

As a first step, the quality of the RNA-Seq data was analyzed. Firstly, the rate of
sequencing errors in all datasets was assessed as it should be lower than 1 %. The error
rate in all samples was between 0.02 and 0.04 % (data not shown). Secondly, the bases
G and C as well as A and T should be equal, respectively, and their content should be
stable throughout the sequencing process. This is important as the GC-content can affect
the number of reads aligned to a genomic region (Benjamini and Speed, 2012). The GC-
content was either equal to the AT-content or insignificantly higher in all samples (data
not shown). Lastly, the mapped reads were analyzed as the percentage of total mapped
reads should be > 70 % and multiple mapped reads should not account for more than 10
% of all reads. Furthermore, the majority of reads should be aligned to exons, as those are
the genomic regions transcribed into mRNA. Few contaminations with intronic regions can
however happen due to alternative splicing. The percentage of clean reads was 95–98 % in
all samples, with adapter-reads accounting for most of the errors (data not shown).

Next, the gene expression levels were subjected to correlation analysis in order to de-
termine whether the values correlated well between the three biological replicates. This
provides an estimate of the quality of the experiments and the reliability of the analysis.
For this, the Pearson correlation coefficient (r) for the FPKM values of each sample in a
group (three biological replicates of the same group) was calculated and depicted in a heat
map (data not shown). This showed that all samples within one biological group correlated
well with each other, indicating repeatable experiments and reliable data.

Transcriptomic changes upon exposure to thalidomide, valproic acid and epox-
iconazole

In order to get an overview of the gene expression in the samples under varying experi-
mental conditions, principal component analysis (PCA) was performed. This is a statistical
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Figure 6.2: Princi-
pal component analy-
sis of gene expression
All samples of D2 and D7
cluster together, respec-
tively, and the pluripo-
tent samples cluster to-
gether with the largest
distance to the differen-
tiated samples from D2
or D7. PC = principal
component. D2 = day
2, D7 = day 7, EtOH
and DMSO are solvent
controls, VPA = valproic
acid, Epoxi = epoxicona-
zole, Tha = thalidomide,
pluri = pluripotent. The
groups are experimen-
tal conditions and the
three samples of a group
the three biological repli-
cates.

method to depict the distance between samples according to the two (or more) principal
components that influence the distance the most. A principal component is a direction,
“along which the variation in the data is maximal” (Ringnér, 2008). By using only two com-
ponents, the variance between samples is broken down into two dimension and the samples
can be plotted in a two-dimensional plot to show their relation (Ringnér, 2008). This PCA
plot can give a first idea of the biological difference between the samples. As shown in Figure
6.2, the samples of D2 and D7 clustered together, respectively, and the pluripotent samples
clustered together away from the differentiated samples. For the D2 samples, there was
no apparent clustering of the treatment groups, indicating that from a global view of gene
expression, the biological variance was larger than the impact of chemical exposure. For
the D7 samples, each treatment group clustered distinctly (valproic acid, epoxiconazole and
thalidomide) while the solvent controls overlapped with each other (DMSO and EtOH) and
lied in the middle between the three treatment groups. Epoxiconazole seemed to overlap
with the solvent controls, while valproic acid and thalidomide formed distinct clusters away
from the solvent controls. This suggests that on D7, the impact of the chemical exposure
was larger than the biological variance between experiments.

Next, we performed differential gene expression analysis to find not only differences in
the genes that were expressed but also in their expression level. This differential gene expres-
sion analysis revealed genes with significantly different expression levels in each treatment
group compared to the respective solvent control. As shown in Figure 6.3, there was a
number of up- and down-regulated genes in all treatments compared to respective controls.
Thalidomide yielded approximately the same number of up- and down-regulated genes on
D2 and D7, respectively (Figure 6.3 A). Valproic acid treatment led to more up- than down-

34 Human induced pluripotent stem cells to study developmental toxicity in vitro



Figure 6.3: Volcano plots of differentially expressed genes in treatment groups
compared to solvent controls
A) Thalidomide on day 2 (D2) (upper panel) and D7 (lower panel). B) Valproic acid on
both days. C) Epoxiconazole on both days. Only genes with p-values <0.05 are considered
up- or down-regulated and are indicated in red or green, respectively. Genes with higher
p-values are not considered significantly regulated and are indicated in blue. D2 = day 2,
D7 = day 7.

regulated genes on D2 but to the opposite on D7 (Figure 6.3 B), while the epoxiconazole
treated group included more up- than down-regulated genes on both days (Figure 6.3 C).

Next, we asked whether there were overlaps between the different groups and created
Venn diagrams to compare the different samples. As shown in Figure 6.4 A, there was a
substantial number of genes uniquely expressed on either day, while there was also some
overlap between the experimental days. When investigating the genes expressed on either
day, most genes were uniquely differentially expressed in each treatment. However, 22 genes
were commonly regulated on D2 and 83 genes on day 7 (Figure 6.4 B).

A list of all the commonly regulated genes on D2 and D7 is provided in Supplementary
Table 1 (Appendix B). This list might provide the basis for further bioinformatics analysis,
in order to unravel potential common mechanisms between the three chemicals. Next, we
performed functional analysis on the differentially expressed genes in order to find biological
mechanisms behind the regulated genes. To this end, we used the KEGG database (Kyoto
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Figure 6.4: Venn diagrams of differentially expressed genes in the samples
A) Differentially expressed genes caused by thalidomide, epoxiconazole or valproic acid
treatment on day 2 (D2) and D7, respectively. B) Differentially expressed genes on either
day (D2 and D7) in the three treatment groups, respectively. The numbers of uniquely or
commonly expressed genes are indicated.

Encyclopedia of Genes and Genomes) that is a collection of maps on molecular pathways in
several organisms including the human (https://www.kegg.jp). We performed enrichment
analysis to find significantly enriched pathways associated with the differentially expressed
genes.

As shown in Figure 6.5, in the thalidomide-exposed group, most of the pathways enriched
were associated with cancer or general signaling pathways. Interestingly, the top KEGG
pathway enriched on D7, gastric cancer, includes many genes involved in FGF and Wnt
signaling, including FGF10, which has been shown to be upregulated upon thalidomide
exposure (Hansen et al., 2002). In the valproic acid group, many pathways included synapses
or other neuronal functions. This is in agreement with the effect of valproic acid in targeting
the central nervous system. In the epoxiconazole group, genes in the steroid synthesis
pathway were significantly enriched, which could be connected with the known molecular
target of epoxiconazole, CYP51A1, in this pathway.

From this, we concluded that all three chemicals lead to deregulation of genes in dif-
ferent biological pathways, with indications of the differential molecular mechanisms of the
chemicals. Because we found the results for epoxiconazole most intriguing, we decided to
investigate the steroid biosynthesis pathway in the epoxiconazole treated group in more de-
tail, as described in Chapter 6.2. Unfortunately, due to time constraints, we were not able
to perform a deeper analysis of the other data presented above.
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Figure 6.5: KEGG pathways enriched in the differentially expressed genes upon
thalidomide (A), valproic acid (B) and epoxiconazole (C) exposure
A) Differentially expressed genes caused by thalidomide treatment on day 7 (D7) and D2,
respectively. B) Differentially expressed genes caused by valproic acid treatment.C) Differ-
entially expressed genes caused by epoxiconazole treatment. * indicates significantly enriched
pathways with p-values < 0.05. Shown are the ten pathways with the lowest p-values in
each dataset.

6.1.5 Discussion
In this study, we used RNA-Seq to unravel molecular mechanisms of thalidomide, val-

proic acid and epoxiconazole in our in vitro model of developmental toxicity. We aimed at
deciphering overlapping and distinct pathways for each chemical in order to help unraveling
the molecular mechanism of developmental toxicity of each drug. This was also a proof-of-
concept study on the feasibility of RNA-Seq using samples from differentiating cells in our
laboratory.

We investigated two different time points of cardiomyocyte differentiation, namely D2
and D7. D2 samples have been exposed for 24 h to the test chemicals and D7 samples for
six days (144 h). The cells on D2 represent mostly cardiac progenitor cells, while they have
committed to cardiomyocyte identity on D7 (Lauschke et al., 2020, see also Manuscript
3). We speculated that pathways disturbing cardiac mesoderm development into cardiac
progenitor cells would be visible in D2 samples, while effects on cardiomyocyte development
would be revealed in D7 samples. This was not the case as none of these pathways was
detected in our KEGG-pathway analysis. However, more detailed bioinformatic analysis
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would be required in order to investigate the impact of the three chemicals on these specific
cell populations.

Analyzing the number of differentially regulated genes in each treatment showed that
valproic acid leads to more deregulated genes on both days than thalidomide and epoxicona-
zole. This was surprising as this chemical did not affect the beating of cardiomyocytes and
was not found positive in the assay, in contrast to thalidomide and epoxiconazole (Lauschke
et al., 2020). Clinical use of valproic acid has been associated with congenital malformations
of newborns (Tomson et al., 2011). It is suggested that it acts mainly on neurodevelopment
and it has been detected in in vitro assays based on general developmental or neurodevel-
opmental mechanisms (Kameoka et al., 2014; Palmer et al., 2013; Shinde et al., 2016; Uibel
et al., 2010). Our data suggest that valproic acid impacts the differentiating cells also in
our system but that this impact does not manifest in a change of the beating. In order
to unravel the affected developmental pathways, a more detailed bioinformatic analysis of
the differentially expressed genes would be necessary. This could lead to identification of
biomarkers that might enable detection of valproic acid also in our assay based on cardiomy-
ocyte differentiation.

Our data on thalidomide indicate that many regulatory pathways associated with cancer
are affected upon thalidomide treatment. These include genes for FGF and Wnt signaling,
both important during embryogenesis and early heart development (Carlson, 2014). When
comparing our data to previous studies on the molecular mechanism of thalidomide, we
found that FGF10 was differentially expressed in our in vitro system. FGF10 has also been
suggested as a target of thalidomide in rabbits (Hansen et al., 2002). This is an interesting
observation, however, the full implication of FGF10 in response to thalidomide in our system
would have to be elucidated in future studies.

Regarding the feasibility of RNA-Seq to study molecular mechanisms of drug exposure
in our in vitro model, we showed that reproducible data can be generated in three biological
experiments. This was encouraging as it might enable future studies of more chemicals
with unknown molecular mechanism of developmental toxicity using our in vitro model.
Moreover, we detected large numbers of differentially expressed genes, which was encouraging
for this study as well as for future studies. More dedicated bioinformatic analysis of the data
set will be the subject of future projects.
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6.2 Transcriptomic changes upon epoxiconazole expo-
sure in the human stem cell-based model of devel-
opmental toxicity

This is a summary of Manuscript 4: Transcriptomic changes upon epoxiconazole expo-
sure in a human stem cell based model of developmental toxicity. Lauschke, K., Dalgaard,
M.D., Emnéus, J., Vinggaard, A.M. Manuscript in preparation

The known molecular target of epoxiconazole in yeast and fungi is sterol 14α-demethylase
(endoded by CYP51A1). In humans, this enzyme is involved in the production of sex steroid
hormones. Epoxiconazole is known to target also other CYP enzymes, especially those
that are involved in production of sex steroid hormones, and therefore endocrine disrupting
activity of other conazoles has been subject to studies for some years (Kjærstad et al., 2010).
Therefore, we focused our investigation on the steroid and steroid hormone biosynthesis
pathway.

While the steroid biosynthesis pathways were significantly enriched in our KEGG-pathway
analysis, the steroid hormone biosynthesis pathway was not significantly enriched but sev-
eral hormones in this pathway were found to be differentially expressed in the epoxiconazole
treated samples compared to the control samples. We further investigated the gene ex-
pression using qRT-PCR and confirmed our RNA-Seq data for 10 out of 14 genes. Two of
the investigated genes were too low expressed to be detected with our qRT-PCR settings.
Two genes were upregulated although RNA-Seq data had shown downregulation. Overall,
we found that most genes of the steroid biosynthesis pathway, including CYP51A1 were
deregulated upon epoxiconazole exposure.

In conclusion, we hypothesize that epoxiconazole affects the cells mainly on the level of
cholesterol synthesis (the end product of steroid biosynthesis and precursor of sex steroid
hormone synthesis). Furthermore, our data suggests a mechanism to compensate for the
inhibition of sterol 14α-demethylase (CYP51A1) at the transcriptional level, in order to
balance cholesterol and steroid hormone levels.
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Chapter 7

Optimizing EB formation and
exploring electrochemical
readouts

This chapter describes the work that has been conducted to optimize the developmental
toxicity assay described in Manuscript 1 using Objectives 1a (Optimize the formation of
embryoid bodies) and 2b (Detect cardiomyocyte contraction using electrochemical methods).
The chapter describes explorative work that often ended in negative results. It also describes
novel approaches that showed potential but lacked the time to be finished within the frame
of this PhD thesis.

The Chapter is structured into two parts to address the different Objectives. In each
part, an introduction is given on the motivation behind the study, followed by the obtained
results and a discussion.
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7.1 Optimizing the formation of embryoid bodies
This section gives an overview of the attempts to optimize the formation of EBs from

hiPSC. The work was the first to be conducted during the PhD thesis and laid the grounds
for the used differentiation protocol. The section also describes additional explorative exper-
iments on using hydrogels for EB formation, as these are thought to give a 3D environment
that better mimics the physiological environment of the cells in vivo.

7.1.1 Introduction
Pluripotent stem cells including human ESCs and iPSCs can form cell aggregates that

mimic the early embryo, termed embryoid bodies (EBs) (Martin and Evans, 1975; Takahashi
et al., 2007; Thomson et al., 1998; J. Yu et al., 2007). EBs are similar to the blastocyst
and bare the potential to differentiate spontaneously. When cultured without exogenous
growth factors, cells in the EBs self-organize and secrete endogenous growth factor, and
differentiate into cells of all three germ layers (Keller, 2005). The cells can also be directed
using chemical cues to produce only one certain cell type as for example cardiomyocytes
(Kehat et al., 2001; Zhang et al., 2009; Zwi et al., 2009). The differentiation efficiency is
affected by EB size (Giobbe et al., 2012; Talkhabi et al., 2016; Yoon et al., 2006) and it is
therefore important to produce EBs that are very similar in size within one experiment, in
order to reach similar differentiation in each EB and ultimately reach a stable assay readout
in e.g. a 96-well plate based assay.

There are several protocols for EB formation, which rely on enhancing cell-cell contacts
between the pluripotent cells. The most used techniques are suspension culture, hanging
drops and forced aggregation in conical bottom plates (Talkhabi et al., 2016) (Figure 7.1,
three upper panels). Suspension culture is the oldest of these techniques and based on the
spontaneous aggregation of pluripotent stem cells in static or rotation suspension culture.
Although large numbers of EBs can be produced, the drawback is that the EBs are very
heterogeneous in shape and vary in size (Talkhabi et al., 2016). It has been shown that
the hanging drop method increases uniformity of mouse ESC derived EBs compared to
suspension culture (Yoon et al., 2006) and the method is widely used for mouse ESCs, but
also works for human ESCs and hiPSCs (Talkhabi et al., 2016). Typically 1,000–10,000
pluripotent cells are cultured in a 20–25 µl drop on the underside of an inverted tissue
culture plate lid and the EBs are generally formed during a period of 3 days. Drawbacks are
the difficult handling, labor intensity, low differentiation purity into cardiomyocytes and the
low reproducibility which is especially a problem for toxicity assays (Talkhabi et al., 2016).
Forced aggregation in conical bottom plates (usually in a 96-well plate format) is based on
seeding a defined number of pluripotent stem cells (1,000 – 10,000 cells) in each well of
a 96-well plate with conical (v-shaped) wells followed by centrifugation and EB formation
overnight (Burridge et al., 2007). This method is reproducible and leads to uniform EBs
of defined size (Talkhabi et al., 2016). However, the number of EBs generated with this
method is rather low and therefore, micropatterned plates with thousands of conical shaped
microwells have been developed - the commercial AggreWell plates (see Figure 7.1, panel 4)
(Ungrin et al., 2008). Several sizes of these microwells exist, for example, 7000 microwells
of 400 µm in size (StemCellTechnologies) (see Figure 7.1).

Moreover, it has become evident that cells cultured in vitro often lack the physiological
conditions of an in vivo environment. In the case of EBs, that would be the blastocyst.
Physiological conditions include the stiffness of the tissue, cell-cell contacts with surround-
ing cells and chemical cues (Lauschke et al., 2017). Chemical cues are provided by the
differentiation medium and cell-cell contacts by the method of EB formation while the stiff-
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Figure 7.1: Methods for generating embryoid bodies (EBs) from pluripotent
stem cells
A single cell suspension can be cultured in suspension culture under rotation (upper panel)
or pipetted as single drops (20 – 40 µl) on the lower side of a tissue culture plate lid so
that EBs form after 24 h incubation (second panel from top). It can also be dispersed in
conical bottom 96-well plates (middle panel) or commercial AggreWell plates, which contain
thousands of conical microwells (second panel from bottom). Single cells can also be seeded
in a hydrogel that promotes EB formation (bottom panel) (adapted from Talkhabi et al.,
2016).

ness of the surroundings is neglected in conventional EB culture in cell culture ware. For
this purpose, hydrogels can be used as they can provide a matrix with appropriate stiffness
to support the cell type of interest (Chai et al., 2017). Hydrogels are polymer networks
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that swell in water and hold a large amount of water within their structure while they are
not dissolvable in water (Ahmed, 2015). Hydrogels can be made from numerous materials
and can be engineered regarding their stiffness, porosity and biocompatibility (Chai et al.,
2017). They can support pluripotency or induce differentiation, depending on their me-
chanical properties. For example, soft hydrogels have been shown to promote pluripotency
and self-renewal of mouse ESCs (Chowdhury et al., 2010), whereas rigid substrates induced
osteogenic differentiation of these cells (Evans et al., 2009). Therefore, it is believed that
hydrogels can support a cell fate of interest by mimicking the natural environment of this
cell type (Mantha et al., 2019). Of note, hydrogels can attract or repel cells and thereby
enable the formation of cell aggregates, for example also aggregates from human pluripotent
stem cells that are similar to EBs (Lou et al., 2014) (see Figure 7.1).

In order to produce uniform EBs, we tested several methods for EB formation i.e., hang-
ing drops, forced aggregation in conical bottom plates and AggreWell plates. In addition, we
explored the use of a hydrogel for generating EBs in order to create a true three-dimensional
culture in an environment that mimics the in vivo situation in the blastocyst. We attempted
EB formation in commercial APEL and E8 medium, as both have been described for EB
formation (Lin et al., 2014; Ng et al., 2008). We assessed the size of the EBs generated
by different methods and performed cardiomyocyte differentiation of EBs generated with
the most promising methods, i.e., hanging drop and forced aggregation in conical bottom
96-well plates.

7.1.2 Methods
Cell culture

The hiPSC line BIONi010-C was used for all experiments. Cells were cultured in mTeSR1
medium (STEMCELL Technologies, Vancouver, Canada) on Matrigel (Corning, Corning,
USA) coated cell culture dishes. Medium was exchanged daily except for the weekend and
cultures were split once a week using 0.02 % EDTA in DPBS.

Hanging drops
HiPSC were detached from monolayer culture by Accutase treatment (STEMCELL Tech-

nologies) for 10 min and harvested in E8-medium (STEMCELL Technologies). A single cell
suspension was made in E8 medium or APEL medium (STEMCELL Technologies), each con-
taining 1/1000 P/S and 1 x RevitaCell (Thermo Fisher Scientific). Different cell densities
were adjusted to reach the following cell numbers in 20 µl handing drops: 2,000 cells/drop,
5,000 cells/drop, and 10,000 cells/drop. The respective cell suspensions were pipetted as
drops on the lower side of a cell culture plate lid and incubated over night at 37 °C and 5 %
CO2. The following day, the EBs were collected from the hanging drops by tilting the lid
and washing off the EBs in the respective cell culture medium.

AggreWell
AggreWell™400 6-well plates (STEMCELL Technologies) were used, which contain ap-

proximately 7000 microwells of 400 µm in size per well. The AggreWell plates were pre-
pared according to the supplier’s instructions. Briefly, each well was treated with 2 ml
Anti-Adherence Rinsing Solution and centrifuged at 1,300 g for 5 min. The solution was
removed and each well rinsed with 5 ml warm cell culture medium. After termination of
each experiment, the used well of an AggreWell plate was emptied, washed with PBS and
incubated with 70 % EtOH for 1 h. The EtOH was removed, the plate dried in the LAF
bench and sealed with parafilm thereafter.
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HiPSC were detached by Accutase treatment (STEMCELL Technologies) for 10 min and
harvested in E8 medium (STEMCELL Technologies). A single cell suspension was made
in E8 or APEL medium (STEMCELL Technologies), each containing 1/1000 P/S and 1x
RevitaCell (Thermo Fisher Scientific). The cell suspension was adjusted to the respective
cell density to dispense the desired cell numbers and 2 ml cell suspension added per well.

Conical bottom 96-well plates
Conical Bottom 96-well plates were used (Thermo Fisher Scientific). HiPSC were de-

tached from monolayer culture by Accutase treatment (STEMCELL Technologies) for 10
min and harvested in E8 medium (STEMCELL Technologies). A single cell suspension was
made in E8 medium or APEL medium (STEMCELL Technologies), each containing 1/1000
P/S and 1 x RevitaCell (Thermo Fisher Scientific). A single cell suspension was created
to seed 20,000 cells into each well of the 96-well plate in 200 µl/well. The plates were cen-
trifuged at 100g for 3 min and incubated over night at 37 °C and 5 % CO2. The following
day, the EBs were collected from the wells using a P1000 pipette.

Nanofibrillar cellulose
GrowDex Nanofibrillar Cellulose (NFC)(UPM Biomedicals, Helsinki, Finland) was used

as a hydrogel to promote EB formation of embedded single cell hiPSC. For this, 96-well
plates were first coated with poly(2-hydroxyethyl methacrylate) (poly-HEMA) to avoid cell
migration and attachment to the bottom of the wells. A 20 mg/ml solution of poly-HEMA
(Sigma Aldrich, St. Louis, USA) was prepared in 95 % EtOH under stirring at 40 °C
for 6 h. To coat the 96-well plate, 20 µl/well poly-HEMA were added, the lid closed and
the EtOH evaporated at room temperature over night. To support EB formation in the
hydrogel, polyvinyl alcohol (PVA) (Sigma Aldrich) was added, which has been shown to
support the initial aggregation of stem cells (Mummery et al., 2012). For this, a 5 %
solution was prepared by dissolving PVA in cell culture grade H2O at 4 °C for four days
and sterile filtration (0.45 µm). NFC was supplied as a 1.5 % solution and diluted with the
cell suspension in order to retrieve 0.25 – 0.75 % final concentrations. For this, hiPSC were
harvested from monolayer culture using Accutase treatment (STEMCELL Technologies) for
10 min. HiPSC were harvested as single cells in E8 medium (STEMCELL Technologies)
and a single cell suspension made in E8 medium containing 0.1 % PVA and 1 x RevitaCell
(Thermo Fisher Scientific). Then, 0.8x106 cells per well were mixed with NFC to retrieve the
respective NFC concentration. 50 µl of this mix were added per well and 150 µl E8 medium
containing 0.1 % PVA added. Cells were incubated at 37 °C and 5 % CO2 and medium
exchanged daily by carefully removing 100 µl medium from the top layer and adding 100 µl
fresh E8 medium with 0.1 % PVA.

Live/dead staining and microscopy
Cells embedded in NFC were imaged using live/dead staining. For this, 2 µMCalcein AM

(Sigma Aldrich) and 2 µM Ethidium homodimer-1 were added to the wells and incubated at
37 °C for 30 min, followed by medium change to regular E8 medium. Thereafter, the plates
were imaged on an inverted confocal microscope (LSM 710, Carl Zeiss, Jena, Germany)
using an objective with 10x magnification, and images processed in ZEN Version 3.1 (blue
edition) (Carl Zeiss).

EBs generated using the other methods were collected in a small cell culture dish and
imaged on a light microscope using an objective with 4x magnification.
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Cardiomyocyte differentiation
Cardiomyocyte differentiation was conducted as described in Lauschke et al., 2020, with

some differences, as the study reported here was conducted as an initial optimization step
before the publication.

For EB formation in hanging drops, Perfecta3D hanging drop plates (3D Biomatrix, Ann
Arbor, USA) were used instead of manually pipetting drops on the lower side of a tissue
culture plate lid. The plates were prepared by the following proceedure: 4 ml 1 % agarose in
0.5 x PBS were added to the evaporation chamber in the upper part of the plate and 2 ml 1 %
agarose in 0.5 x PBS were added to the lower part of the plate. Then, cells were harvested
by incubation with Gibco™ TrypLE™ Select (Thermo Fisher Scientific) and collection in
mTeSR-ROCK. The cell number was adjusted to 12.5x104 cells/ml to yield 5,000 cells per
40 µl drop. Then, 40 µl of the cell suspension were pipetted into the Perfecta3D hanging
drop plate and incubated for 24 h at 37 °C and 5 % CO2. Medium was changed daily by
removing 20 µl old medium and adding 20 µl fresh medium per drop followed by a repetition
of this, in order to exchange 40 µl medium in total.

For EB formation in conical shaped 96-well plates, the cells were harvested as described
above and a cell suspension adjusted to 5x104 cells/ml. 100 µl per well were pipetted in each
well of the 96-well plate and the plate centrifuged at 500 g for 5 min, followed by incubation
for 24 h at 37 °C and 5 % CO2. Medium was changed daily by removing 80 µl old medium
and adding 80 µl new medium to each well, except for day 6, where only 60 µl were removed.

For both systems, the following regime was followed: On day 0, medium was changed
to D0 medium and on day 1 to TS medium. On day 2, medium was changed first in the
morning to Wnt-medium and in the afternoon to Wnt-medium containing 4 µM C-59 (here,
only one time exchange of 20 µl). On day 3 and day 6, medium was exchanged for fresh
TS-medium. Media recipes are given in supplementary table 1 of Manuscript 1 (Appendix).

7.1.3 Results
Comparing forced aggregation in hanging drops and conical bottom plates

First of all, EB generation in hanging drops was attempted using E8 and APEL medium.
In E8 medium, no EBs had formed (data not shown). In APEL medium, very few and
small EBs formed at 1,000 cells/drop and their number and size increased with increasing
cell number. However, there were marked differences in size between the EBs in both, 2,500
cells/drop and 5,000 cells/drop (Figure 7.2 A). With this, no uniform EBs could be generated
using the hanging drop method.

For EB generation in AggreWells, 100, 250, 500 and 1,000 cells/microwell were tested in
E8-medium and APEL medium. Only the latter yielded EBs of reasonable size (data not
shown) and was further examined. As shown in Figure 7.2 B, EBs from both media differed
greatly in size. It also appeared that some EBs were denser than others, as they appeared
darker on the light microscopy images. The difference in size might be due to problems
during the centrifugation step, as we observed that EBs on one side of the well were larger
in size than those on the other side of the well. With this, we concluded that AggreWells
did not yield EBs at homogenous size under our conditions.

We also tested the formation of EBs in conical bottom 96-well plates in E8 and APEL
medium at 20,000 cells/well. Large and uniform EBs formed in both media, while the EBs
in E8 medium showed a more confined outline than those formed in APEL medium (Figure
7.2 C). In conclusion, all tested methods yielded EBs while the conical shaped 96-well plate
yielded the most uniform EBs, at least at the tested cell numbers.
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Figure 7.2: Embryoid bodies (EBs) generated with different methods
A) EBs generated in hanging drops at different cell numbers in APEL medium. B) EBs
generated in AggreWell plates with 1,000 cells/microwell. C) EBs generated in conical
bottom 96-well plates with 20,000 cells/well. Scale bar 400 µm.
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Figure 7.3: Spheres formed in nanofibrillar cellulose (NFC) from hiPSC embed-
ded as single cells in the hydrogel at 0.25 %, 0.50 % and 0.75 %
A) Spheres after one day incubation. B) Five days of incubation at the respective concen-
trations. Green signal indicates live cells stained with Calcein AM, red signal indicates dead
cells stained with Ethidium homodimer-1.

Optimizing EB formation using hydrogels
In a first attempt, we embedded 0.6x106 cells per well of a 96-well plate in 0.5 % and

0.75 % NFC. However, after one day, all the cells had migrated to the bottom on the well
(data not shown). This was potentially due to the fact that NFC repels the cells, which
is also the potential mechanism of EB formation, together with the cells’ affinity to the
tissue culture surface. We therefore coated the bottom of the wells with poly-HEMA, to
prohibit attachment of the cells. In these wells, we seeded 0.8x106 cells per well in increasing
concentrations of NFC from 0.25 – 0.75 %. After incubation overnight, small aggregates
had formed in all conditions. The size of the spheres differed at all concentrations, but it
appeared that overall, the size decreased with increasing NFC concentration. Staining the
cells with Calcein AM, a cell permeable and non-fluorescent molecule that is converted to
green-fluorescent Calcein in live cells, showed that almost all cells were viable in the spheres.
There were also few viable single cells in the hydrogel. However, selective staining of dead
cells with the cell-impermeable Ethidium homodimer-1 indicated also few dead single cells
in the hydrogel (Figure 7.3 A). This showed that embedding hiPSC as single cells in NFC
promotes spontaneous formation of spheres and that their size can be adjusted by changing
NFC concentration. However, it also made clear that the spheres were not homogenous in
size within one condition.

Next, we wanted to test whether the spheres were growing and if there was a selection for
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a certain size. After five days, the spheres had grown and it appeared that some spheres had
fused together to form elongated shapes. Furthermore, all the single cells in the hydrogel
had died as indicated by Ethidium homodimer-1 staining. However, the spheres still differed
significantly in size within one NFC concentration (Figure 7.3 B).

From this, we concluded that NFC does not promote formation of uniform spheres and
we therefore discontinued this line of research.

Cardiomyocyte differentiation in EBs produced by handing drop and conical
bottom plates

Figure 7.4: Cardiomyocyte differentia-
tion of EBs generated in hanging drops
or conical shaped 96-well plates

Because the most promissing techniques
to yield homogeneous EBs were the hang-
ing drop and conical bottom 96-well plates,
we continued comparing both methods for
their potential in a cardiomyocyte differ-
entiation protocol. For this, we produced
EBs of 5,000 cells/EB using either method
and differentiated the cells using the same
media and medium changing regime. Both
methods lead to beating spheres containing
cardiomyocytes, however, the spheres from
hanging drops were not uniform in shape
or size but consistent of an inhomogeneous
population of spheres and small cell clumps
(Figure 7.4, left panel). Contrary, the contracting spheres that originated from EBs in coni-
cal bottom 96-well plates were very uniform in size and shape. There were only a few smaller
cell clumps visible while most spheres were perfectly round (Figure 7.4, right panel).

7.1.4 Discussion
We set out to optimize the formation of EBs with regards to creating uniform EBs of

homogenous size, which could be used for cardiomyocyte differentiation. To this end, we
tested the techniques of hanging drops, conical bottom plates and hydrogels. We found
that conical bottom 96-well plates and hanging drops created the most uniform EBs and we
therefore tested both methods in our cardiomyocyte differentiation protocol. This showed,
that the 96-well plates gave rise to round EBs of homogenous size, and we therefore decided
to use this technique in our differentiation protocol and the PluriBeat assay. After this, we
continued to optimize the differentiation protocol for use with three cell lines (see Manuscript
1).

Moreover, we also attempted to optimize the 3D culture of our cells towards a more
physiological "in vivo" like situation. 3D culture is thought to be more physiological than
2D monolayer culture. Therefore, we decided to employ three-dimensional EBs in the first
place, however, they are not considered real 3D cultures by some researchers as the cells lack
the surrounding of a supporting matrix. To this end, often hydrogels are used. For example,
embedding cells in hydrogels leads to increased yields of differentiating cells, potentially due
to protection from shear stress and inhibition of fusion between EBs (Lei et al., 2014). It
also allows for extended culture of cardiomyocytes in EBs, when hydrogels with a stiffness
similar to that of cardiac tissue is used (Heras-Bautista et al., 2014). Our results showed
that EBs can form in NFC, although not of uniform size.

The next step would have been to differentiate the cells within the NFC into cardiomy-
coytes. NFC has been shown to support differentiation into hepatocytes before (Bhat-

Human induced pluripotent stem cells to study developmental toxicity in vitro 49



tacharya et al., 2012; Malinen et al., 2014). It has also been shown that cells within hydro-
gels can be differentiated into cardiomyocytes (Duan et al., 2011). This would have been an
interesting approach, however, it was not pursued due to the previously described reasons.

We had also attempted to encapsulate hiPSC in microcapsules of cross-linkable hyaluronic
acid-tyramine (HA-TA) hydrogels (Kamperman et al., 2017). This would enable us to define
the number of hiPSC within one EB with very high precision, as it had been shown before
with other cell types (Henke et al., 2016; Kamperman et al., 2017). To this end, we estab-
lished a collaboration with Marcel Karperien, University of Twente, and I received training
in this method. However, we have not been able to test this technique in our laboratory.
This might, however, be an option for the future in order to produce large numbers of EBs
with highly defined cell numbers and homogenous shape.
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7.2 Detecting cardiomyocyte contraction using electro-
chemical methods

7.2.1 Introduction
Contracting cardiomyocytes can be analyzed using several methods including visual in-

spection of contraction, automated image acquisition, mechanical detection of contraction as
well as electrochemical methods. While these methods have been used to study cardiomy-
ocyte physiology or response to drugs, they can also be used to identify cardiomyocyte
identity as an endpoint in the developmental toxicity assay. We set out to study two elec-
trochemical methods for the detection of contracting cardiomyocytes in our system, namely
impedance spectroscopy and amperometry.

Cellular impedance assays represent a label-free and non-invasive approach to study
the behavior of cells. The cells are grown on electrodes incorporated into the tissue culture
plates so that they can be monitored in real time (Lamore et al., 2015). This can be used for
example to monitor microbial growth (Heiskanen et al., 2008), adhesion and proliferation of
cell lines (Caviglia et al., 2012), cytotoxicity (Caviglia et al., 2015) or endocytosis (Caviglia
et al., 2020). Impedance assays have also been used with cardiomyocytes to study for
example cardiotoxicity of drugs (Koci et al., 2017). The technique is based on applying a
weak alternating current between the electrodes in the tissue culture plate, with the culture
medium being the electrolyte. As cells attach to the electrodes, they impede the current
between the electrodes (Figure 7.5 A). Depending on the cell number, strength of attachment
or cell morphology, the current is impeded by varying degrees (Lamore et al., 2015). From
this, a cell index (CI) is calculated by subtracting the baseline impedance (i.e. impedance
measured in the beginning of the experiment (t = 0) before the cells adhere to the electrodes)
from the impedance measured at a time point during the experiment and dividing this by the
baseline impedance. For cardiomyocytes, the CI is zero at the beginning of the experiment
and increases as the cells attach and proliferate (Figure 7.5 B). As they start contracting,
the CI value oscillates by about 1 % of the total CI (Figure 7.5 C) (Peters et al., 2015).
In order to detect cardiomyocyte contraction, a fast data acquisition time is required (for
example 12.9 ms in the xCELLigence RTCA Cardio instrument) (Lamore et al., 2015).

Amperometry has also been used in many biological applications such as monitoring
water quality (Czolkos et al., 2016) or detecting dopamine release from cells (Zor et al.,
2014). It is based on the application of a constant potential to a working electrode and the
oxidization or reduction of an analyte. The resulting current is measured in ampere (A),
giving the method its name. The magnitude of the current depends on the concentration
of analyte that is oxidized or reduced (Adeloju, 2005). However, the measured current can
also be contributed to by movement of ions and changes in the ionic environment at the
electrode-electrolyte interface (Mech-Dorosz et al., 2020).

Cardiomyocyte contraction is facilitated by polarization of the cell membrane through
selective transmembrane ion channels. Human adult cardiomyocytes have a stable resting
potential of about -90 mV. For a contraction, the membrane is depolarized by opening of
Na+ channels that allow inflow of Na+ into the cell, so that the membrane potential shifts
into a positive voltage range. Then the membrane is repolarized as calcium ions enter the
cell (Grant, 2009; Ma et al., 2011). We hypothesized that a change in extracellular ion
concentrations during cardiomyocyte contractions could be detected using amperometry.
This method seemed advantageous for us, since no direct attachment of the cells on the
electrodes would be required.
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Figure 7.5: Principle of cellular impedance assays
A) Cell culture wells with electrodes at the bottom; current flow is measured between the
electrodes. After addition of the cells, these attach to the electrodes and impede the current
flow. B) The cell index is calculated from the impedance value at a given time and the
baseline impedance. It increases over the course of the culture period, as cells proliferate.
Arrows indicate medium change. C) Beating cardiomyocytes give rise to small oscillations
in cell index (note that the changes are a small fraction of the total cell index). From
www.agilent.com (A) and Lamore et al., 2015 (B, C).

As amperometry is very sensitive to disturbances, we hypothesized that the small changes
in electric current emitted by beating cardiomyocytes would lead to spikes in the otherwise
steady amperogram. We hypothesized, that this would enable the detection of beating
cardiomyocytes within spheres that are not attached to the electrodes.

7.2.2 Methods

Cardiomyocyte differentiation

Cardiomyocyte differentiation was conducted as described in Lauschke et al., 2020 and
other Chapters of this thesis. Contracting spheres with cardiomyocytes were transferred to
the electrodes using wide orifice tips and a P1000 pipette. For the electrochemical measure-
ments, cells were kept at room temperature for up to 20 min and beating monitored visually
during this time.
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Impedance measurements
Commercial 8W20idf PET electrode plates (Applied BioPhysics, Troy, USA) were used

for all measurements using an impedance analyzer. Matrigel and gelatin were used as in-
structed by the supplier and 200 µl hydrogel were added per well, incubated for 30 min
and removed again. For embedding spheres in matrigel and gelatin, 200 µl of the respective
hydrogel were mixed with EBs in 400 µl medium and transferred onto the electrode plates
and placed in an incubator. For impedance measurements, the electrode plates were col-
lected from the incubator and connected to an impedance analyzer. It was important that
the cells did not stay outside the incubator for more than 20 min, as the cardiomyocytes
stop contracting after that time due to the low temperature (room temperature vs. 37 °C
in incubator).

Amperometry
A CHI1010A instrument (CH Instruments, Austin, USA) was used together with custom

made chips with an ultramicroelectrode array (UMEA) having 54 electrodes (Khan, 2020),
where the electrodes were short-circuited, which means that all the 54 working electrodes
(WE) were considered as one. A constant potential of 0.1 V was applied and the current
recorded between the combined WEs and the counter electrode with a current sampling
interval of 0.1 s and a run time of 400 s. As control, the current was measured in the
chips filled with cell culture medium (TS-medium, see Lauschke et al., 2020) as well as with
spheres in the same cell culture medium. Beating of the spheres transferred to the UMEA
chips was also monitored visually using a stereo microscope.

7.2.3 Results
Impedance

We attempted to detect the contraction of the cardiomyocytes in the EBs on the last
day of the differentiation protocol using impedance. For this, we differentiated the EBs
in the 96-well plates and transferred beating spheres on the last day of differentiation to
the electrodes. However, it appeared that the spheres were disturbed by the transfer and
stopped beating. After they had recovered in the incubator, we measured the impedance
but were not able to detect a higher signal in the well containing the spheres compared to
the empty well (data not shown).

Therefore, we attempted to increase cell attachment to the electrodes by using the follow-
ing approaches: We coated the electrodes with matrigel or gelatin, because these hydrogels
support attachment of pluripotent stem cells and differentiating EBs. Alternatively, we
embedded the spheres in matrigel or gelatin in the wells having the electrodes. For both
conditions (coated electrodes and embedding), we transferred the differentiating EBs already
on day three of the differentiation protocol and measured on day six. On day three, the EBs
were still small and round with a confined shape. Their size was just large enough to cover
more than one electrode (Figure 7.6 A). After three days of culture on the electrode plates
(on day six of differentiation), the spheres had grown in size, had become less dense and de-
picted a more loose structure, which is typical for cardiomyocyte containing spheres. There
was no apparent difference between the spheres grown on matrigel and gelatin (Figure 7.6
B), whereas the spheres that had been embedded in the hydrogels had either fused together
or not grown in size (Figure 7.6 C).

We measured impedance of the cells in all conditions. However, the impedance measured
in the presence of the cells did not significantly differ from the background in the absence of
cells. This was potentially due to the fact that the impedance analyzer could not perform
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Figure 7.6: Spheres on electrodes for impedance measurements
A) Embryoid bodies (EBs) had been transferred to electrode plates on day three of differ-
entiation and a picture taken after the transfer. B) EBs had been transferred to electrode
plates coated with matrigel or gelatin on day three of differentiation and cultured for another
three days in differentiation medium. The picture was taken on day six of differentiation.
C) EBs had been embedded in matrigel or gelatin on day three of differentiation on the
electrode plates and cultured for another three days. The picture was taken on day six of
differentiation. Scale bar 200µm.
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fast enough measurements to detect the beating. With this, we concluded that with our
instrument, we were not able to detect beating of cardiomyocytes using impedance.

Amperometry

Figure 7.7: Amperometric detection of contracting car-
diomyocytes within spheres
Shown are three measurements of medium and three measure-
ments of a single sphere in UMEA chips. A constant potential
of 0.1 V was applied and the resulting current recorded for 400
s. Fluctuations in current over time had been observed in this
setting before. The medium control was recorded as continuous
lines, while in the cardiomyocyte containing measurements the
continuous lines were disrupted by peaks.

Therefore, we tested
whether we could de-
tect the electrical activ-
ity of the contracting car-
diomyocytes using am-
perometry. For this, we
performed three indepen-
dent experiments, each
with continuous current
measurement for 400 s,
using the UMEA chips
while the medium served
as the electrolyte. The
current was fluctuating
over time, an artefact
that we had observed
sometimes. Later it be-
came clear, that connec-
tion of an additional elec-
tronic device (for exam-
ple a mobile phone) to
the same electrical net-
work in the laboratory
can lead to these fluctu-
ations. Anyway, the cur-
rent appeared as a con-
tinuous line. We then
added one EB per experiment in the center of the UMEA chip and confirmed beating
visually. Recordings from three independent experiments showed that the current changed
periodically over time but was now interrupted by small positive or negative peaks (Figure
7.7).

7.2.4 Discussion
Here, we describe the detection of beating cardiomyocytes in 3D-spheres using impedance

and amperometry. This was conducted with the aim to develop a method for real-time
measurement of contraction as a readout in the developmental toxicity assay. However,
several challenges were apparent:
Firstly, the cells were differentiated in EBs, which become cardiomyocyte containing spheres
after seven days, and therefore did not attach to the cell culture plates. However, this is
an inevitable requirement for impedance measurements, as attachment of the cells to the
electrodes impedes the flow of the current (Caviglia et al., 2012). We had expected to
record a change in impedance since the spheres would, nevertheless, sink to the bottom and
either touch or be in the vicinity to the electrodes. Unfortunately, this was not the case.
If impedance measurements are to be conducted to detect contraction of cardiomyocytes
within spheres, 3D systems would have to be developed, with electrodes surrounding the
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entire EB. Such systems are currently being developed at DTU Bioengineering but were
unfortunately not available by the time this PhD thesis was completed.

Therefore, we explored amperometric detection of the periodic changes in ion levels
surrounding the beating cardiomyocytes. We hypothesized that no cell attachment would
be necessary for this as changes in the ionic environment were to be measured. Furthermore,
we believed that the method was sensitive enough to detect any traces of ions surrounding
the cell membrane of even a single sphere. Indeed, we were able to detect interruptions in
the otherwise continuous current recorded over 400 s. These results were encouraging to
be further pursued and characterized, and potentially also followed in a 3D setting with
electrodes surrounding the EBs. We expect that the observed peaks would become more
pronounced with such 3D electrodes.

The apparent question would be to ask whether an impaired beating signal upon ex-
posure to test chemicals, as described in Lauschke et al., 2020, would be detected in the
system. Planned experiments with thalidomide exposed EBs could not be conducted due
to the COVID-19 related lockdown and the subsequent consequences. With this, we can
only conclude from these preliminary experiments that amperometry is a promising method
to detect the beating of cardiomyocyte containing spheres and would have to be further
characterized for use in a toxicity assay.

Secondly, in order to be used as a readout in a toxicity assay, the system would have to
be adapted to 96-well plates in order to test high enough numbers of technical replicates
at different concentrations of test chemicals. This applies to both, impedance and amper-
ometry, and would imply the design and fabrication of a chip which is specifically tailored
for this. That was beyond the scope of this PhD thesis but could be addressed in future
projects.
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Chapter 8

General discussion and future
perspective

This chapter provides a detailed discussion beyond the discussions in the respective chapters
together with an overarching discussion of the approaches presented in this thesis. Further-
more, the limitations of the developed test systems are presented, the importance for the
field of developmental toxicology reflected on and a conclusion and outlook given.

Need for advanced in vitro developmental toxicity assays
The need to develop new methodologies for toxicology comes from two reasons: Firstly,

the urgency to risk assess several thousands of industrial chemicals for human safety as de-
manded under the REACH regulation. Secondly, the aim to develop alternatives to animal
experiments due to scientific, economic and ethical reasons (EFSA, 2014). However, devel-
opmental toxicity testing belongs together with reproductive toxicity testing to the most
challenging areas of toxicology given the complexity of the underlying mechanisms (Piersma
et al., 2013). The development of the human is such a complex process that it is hard
to recapitulate in in vitro assays; however, other model systems, which are routinely used
in developmental toxicology, as for example rodents, also exhibit differences to the human.
The question is which system might account for the complex events underlying human de-
velopment better – human-based in vitro assays, potentially integrated with computational
exposure models, or rodent-based in vivo assays. The answer is not a simple one but what is
certain is that today’s animal experiments for developmental and reproductive toxicity ac-
count for the largest share of all animals used for toxicity assessment (Rovida and Hartung,
2009). On the other side, the concordance of rodent with human data is only 43 % and
can be increased to only 71 % by combining data from rodent and non-rodent species such
as large mammals (Olson et al., 2000). Clearly, these numbers underline the importance of
better test systems and of reducing the number of experimental animals used. A panel of in
vitro assays that cover many aspects of human development together with in silico modeling
might be a promising approach.

We envision that the PluriBeat or PluriLum assay could be part of such a panel of in vitro
assays for developmental toxicity (see Figure 8.1). We propose that in order to cover a broad
spectrum of developmental effects, such a panel should include assays for the other germ
layers i.e., ectoderm and endoderm. These could include well-defined neurodevelopmental
toxicity assays and systems using endoderm markers such as Sox17. Moreover, such a
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Figure 8.1: Scheme over potential future developmental toxicity testing based
on new approach methodologies
Starting with a panel of in vitro tests including the PluriBeat or PluriLum assay, ectoderm
and endoderm assays as well as assays on signaling pathways and other relevant endpoints.
These assays should include determination of a non-cytotoxic concentration range, at which
the chemicals are subsequently tested. Together, these assays provide information on po-
tential developmental toxicity and effective concentrations of test chemicals in vitro. These
results could be used in in silico models to predict effective doses in animals/humans. These
results could lead to prioritizing compounds for in vivo testing or, if the investigator or reg-
ulatory authority is confident enough, replace animal experiments and be used for risk or
safety assessment for humans.

panel should include assays for signaling pathways including Wnt, Hedgehog and TGF-beta
signaling, as these are the main signaling pathways during development. Good examples
of such complementary assays are neurodevelopmental toxicity assays (Hayess et al., 2013;
Hoelting et al., 2013; Krug et al., 2013), the human pluripotent stem cell test based on
Sox17 translocation (Kameoka et al., 2014), the ReProGlo assay on Wnt activation (Uibel
et al., 2010) or the BMP-reporter cell line assay (Kugler et al., 2015) (see also Table 2.2).

Panels of in vitro assays have already been proposed by the EU project ReProTect and
by the US-EPA platform ToxCast (Lee et al., 2012). For example, to predict reproductive
toxicity ReProTect suggested to use three assays for embryonic development (the EST, the
ReProGlo assay and whole embryo culture) as well as five assays on fertility and six on en-
docrine disruption. This panel identified most effects of ten test chemicals correctly (Schenk
et al., 2010). For other fields of toxicology, such as developmental neurotoxicity (DNT), a
panel of hiPSC based in vitro assays has been suggested to be particularly well suited to
test chemicals. These assays are based on hiPSC differentiation into the neural lineage and

58 Human induced pluripotent stem cells to study developmental toxicity in vitro



co-cultures of glial and neuronal cell types, which can mimic several stages of human neu-
rodevelopment (Bal-Price et al., 2018). Moreover, such test panels have been proposed to be
integrated with adverse outcome pathways (AOPs), in silico methods and non-mammalian
model species for Integrated Approaches to Testing and Assessment (IATAs) (Paparella et
al., 2020; Price et al., 2018). AOPs are used in risk assessment to link molecular initiating
events, as for example inhibition of cell signaling by a chemical, to an adverse outcome such
as impaired development. Between the molecular initiating event and the adverse outcome
is a pathway of key events that connects the two. With this, AOPs collect current scien-
tific knowledge to enable risk assessment (Ankley et al., 2010). For general development,
there is only one AOP and it links the disruption of VEGFR signaling through inhibition of
vasculogenesis and angiogenesis to increased developmental defects. Other AOPs exist for
craniofacial defects or disruption of anterior-posterior axis development (www.aopwiki.org),
but a major challenge is that the AOP wiki is relatively poorly populated to date. When
more AOPs are developed for developmental toxicity in the future, they might complement
a panel of in vitro tests that can possibly serve as a screening platform for developmental
toxicity.
Another important point to be considered is the lack of absorption, distribution, metabolism
and excretion (ADME) and other toxicokinetic features such as a placental barrier in the
in vitro assays developed in this thesis. Metabolism may include maternal, placental or
embryonic/fetal metabolism of foreign compounds leading to their detoxification or activa-
tion. Here, either an embryotoxic compound may be transformed into a safe metabolite or a
harmless compound metabolized into an embryotoxic agent (Tyl, 2014). Therefore, assess-
ment of metabolites could be included in a panel of in vitro assays. The same is true for the
placental barrier, which determines whether a potentially embryotoxic compound is able to
reach the embryo. In vitro models for the placenta barrier have been developed based on the
cell line BeWo b30 and even combined with the mouse EST, where the correlation with in
vivo data of a set of compounds significantly increased (Li et al., 2015, 2013). Such studies
suggest that including a placental barrier model in a panel of test systems for developmental
toxicity might improve predictivity. Moreover, computational physiologically-based kinetic
(PBK) models have been reported to be able to predict transfer of a number of pesticides to
the fetus (Scholze et al. 2020), which could complement in vitro assays with toxicokinetic
information.

Another important consideration is the extrapolation of in vitro concentrations to in vivo
doses and resulting exposure of the human embryo and fetus. For example, in the PluriLum
assay we found IC50 values for thalidomide of 0.35 – 1.55 µM (see Manuscript 2). Clinical
plasma concentrations of thalidomide range from 1 – 6 µM (Chung et al., 2004; Kodama
et al., 2009), however, resulting levels in the embryo and fetus are unknown. Therefore, it
is a challenge to evaluate whether the detected toxicity in the PluriLum assay might pose
a relevant risk for the human conceptus. To address such issues, quantitative in vitro to
in vivo extrapolation methods (QIVIVE) have been developed. These models predict the
concentrations in target tissues at known human intake or exposure levels, which can in
turn be compared to effective concentrations found in in vitro tests (Fabian et al., 2019).
A good example for this is our recent study on reproductive toxicity of pesticides using a
QIVIVE approach (Scholze et al., 2020). We developed a PBK model that predicts the
fetal concentrations of test chemicals by simulating ADME based on known physiological,
chemical and physical parameters (Emond et al., 2005). Then, we tested pesticides in two
in vitro assays for endocrine disruption and used the resulting IC50 values to predict by
‘reverse dosimetry’ the doses that would lead to effective concentrations in the fetus in vivo.
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The predicted doses were tested in an experiment on pregnant rats and adverse effects in
the fetuses were found at ratios between measured and predicted doses of 0.5 – 2 (Scholze
et al., 2020b). This exemplified that QIVIVE approaches can predict adverse effects in vivo
at relevant doses/concentrations based on in vitro data. With this, it might be possible to
overcome the issue of extrapolating in vitro concentrations to in vivo doses also for other in
vitro assays.

In conclusion, a panel of advanced in vitro assays together with in silico modeling might
in the future be able to predict the risk of test compounds. They might be able to reduce
the number of animal experiments by prioritizing compounds in vitro before further testing
in vivo, or even replace animal experiments completely. How such an approach might look
based on the work in this thesis is shown in Figure 8.1.

Development of the PluriBeat and PluriLum assays
The aim of this thesis was the development of an improved developmental toxicity as-

say using the basic assay principle of the EST. Several disadvantages of the EST have been
overcome including the stem cell source and the visual inspection of beating cardiomyocytes.
Regarding the stem cell source, we employed hiPSC instead of mouse ESCs in the original
EST and our data showed that we were able to detect the developmental toxicity of thalido-
mide, which has not been shown with mouse ESCs (Uibel et al., 2010). We conclude that
human cells are indeed able to detect the human specific toxicity of thalidomide better
than mouse cells. However, the mechanism of this species-specific response is not clear. A
possible explanation are differences in gene expression between differentiating mouse and
human cells, which have been shown to correlate only around 50 % (Sun et al., 2007). For
example, the FGF pathway is differentially regulated in the two cell types and FGF8 and
FGF10 are molecular targets of thalidomide (Hansen et al., 2002; Ito et al., 2011; Sun et
al., 2007), which might be a link to the species specific response. Interestingly, FGF10 was
differentially expressed in our in vitro model upon exposure to thalidomide (see Chapter 6).
This might be a potential first step towards explaining why we detected thalidomide with
our hiPSC-based model. However, further analysis of our RNA-Seq dataset is required to
make proposals towards a molecular mechanism of thalidomide in our system. These studies
will also help in the future to explain species differences in in vitro models.

It will also be important in the future to determine the molecular mechanisms of differen-
tiation in our in vitro system better and to make a link to developmental toxicity in the early
embryo. In toxicology there is a trend towards better mechanistic understanding of toxicities
and to base in vitro assays on well characterized molecular mechanisms (Herrmann et al.,
2019). One good example of such approaches is the hiPSC based assays for DNT testing,
which were developed based on mechanistic knowledge of neurodevelopmental diseases and
shown to express many of the genes identified in human diseases. For example, many genes
deregulated in brain disorders have been shown to be expressed in a hiPSC-based neuronal
differentiation model (Pistollato et al., 2014). By studying the effects of a CREB pathway
inhibitor, it was shown that inhibition of this pathway can lead to readouts relevant for
DNT such as neurite length and the number of MAP2 positive cells (Pistollato et al., 2014).
In a similar approach, it has been shown that effects on the Nrf2 pathway can be studied
in a model of hiPSC differentiation into neuronal and astrocytic cells with measurement of
astrocyte reactivity, neurite length and neuronal cell death (Pistollato et al., 2017).

Transferring this approach to the assays in this thesis would mean that the expression of
genes involved in human congenital heart diseases should be analyzed in our in vitro model.
Candidate genes for this could be the forkhead box transcription factors, specifically FOXC1
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and FOXC2, which have been shown to be mutated in congenital heart disease (Gripp et
al., 2013; Iascone et al., 2012; Töpf et al., 2014; Yu et al., 2010). However, also TBX5
and NKX2.5 have been found mutated in several congenital heart diseases including atrial
septal defect (ASD), ventricular septal defect (VSD) and Ebstein’s abnomaly (Benson et
al., 1999; Li et al., 1997; Schott et al., 1998). With this, analyzing NKX2.5 expression
linked to luminescence intensity in the PluriLum assay might be a relevant readout for
adverse effects on heart development. However, this would have to be challenged with
chemicals that are known to disturb NKX2.5 signaling and lead to congenital heart disease.
In conclusion, deeper knowledge of the mechanisms behind deregulation of candidate genes,
such as NKX2.5, and heart malformations during embryonic development would be necessary
to develop assays based on well characterized molecular mechanisms and to potentially
incorporate them into an AOP.

Lastly, one additional important factor in the PluriBeat and PluriLum assays compared
to the original EST is the lack of a prediction model. A prediction model is an algorithm
or mathematical equation that converts data generated in a test system into a prediction of
toxicological potential in humans or animals (Worth and Balls, 2001). Prediction models are
important for validation processes of new test methodologies (OECD, 2005). For example,
the EST that was validated by ECVAM predicts developmental toxicity of compounds into
three categories: non, moderate and strong embryotoxic compounds (Genschow et al., 2002;
Spielmann et al., 1997). Prediction models are used in several OECD test guidelines, how-
ever, there are also guidelines on endocrine disruption that do not include prediction models.
For example, the H295R steroidogenesis and androgen receptor (AR) assay result in simple
positive/negative results (OECD, 2015, 2011). We decided to not include a prediction model
in the PluriBeat and PluriLum assays because we hypothesized that a continuous, quanti-
tative readout would be more optimal than a simple positive/negative readout for future
toxicity testing that should include a panel of in vitro tests. It has also been shown that
simpler prediction models are able to give better predictions than the complicated mathe-
matical model used in the initial prediction model (Marx-Stoelting et al., 2009). Moreover,
the prediction model of the EST takes cytotoxicity to adult fibroblasts into consideration,
yet it was questioned whether this endpoint is significant and it hampered the detection of
methyl mercury, cadmium and various arsenicals as embryotoxicants (Genschow et al., 2002;
Stummann et al., 2008). One of the other factors in the prediction model is cytotoxicity to
undifferentiated cells and we implemented this data in our assays by simply determining the
non-cytotoxic range first and then testing only this range in the assays (see Manuscript 1).
We are confident that the PluriBeat and PluriLum assay give reliable quantitative results
for developmental toxicity and that this might be more useful in future hazard assessment
than prediction of embryotoxicity classes.

HiPSC as a cell source for developmental toxicity testing
The main advantage of the PluriBeat assay over previously published developmental

toxicity assays is the use of a novel cell source, namely hiPSC. First of all, these cells are
of human origin and therefore overcome species differences as opposed to mouse ESCs or
other animal-derived cells. Such species differences have been shown between ESCs from
mouse and human, for example in their mechanisms of pluripotency and self-renewal, DNA
methylation and DNA repair (Dahéron et al., 2004; Ginis et al., 2004; Krtolica et al., 2009;
Rao, 2004; Sun et al., 2007). Moreover, hiPSC do not bear ethical concerns in contrast to
human ESCs, which are generated at the cost of human embryos. However, despite these
advantages, the use of hiPSC in toxicology is still very limited (Luz and Tokar, 2018). This
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might to be due to several difficulties that are discussed in the following.
First of all, the culture of hiPSC in the laboratory is more difficult than the culture of

immortalized cell lines because the medium has to be changed daily, cell culture ware has to
be coated, passaging is performed in cell clumps and the split ratio is a sensitive parameter.
Therefore, extensive training and experience of laboratory staff is required to maintain a
high quality hiPSC culture (Pamies et al., 2017). HiPSC differentiate spontaneously and lose
their pluripotency, if not cultured at optimal conditions (Akopian et al., 2010). Therefore,
for the work in this thesis, hiPSC have been cultured in commercial, high-quality serum
free mTeSR1 medium, which is a defined medium and has little batch-to-batch variation
(Ludwig et al., 2006b, 2006a). However, this commercial medium is very expensive and the
overall high costs of hiPSC are a restrictive factor for their use in toxicology. Nevertheless,
cheaper media compositions might make hiPSC culture more affordable in the future, which
might together with other technical advances, such as weekend-free culture, promote their
application in toxicology (Kuo et al., 2020).

Furthermore, as mentioned in other chapters of this thesis, there is a high variation be-
tween cell lines of hiPSC. This is mainly due to the genetic variation between donors but also
to genetic and epigenetic aberrations that occur during reprogramming and hiPSC culture
(Fossati et al., 2016). Furthermore, it appears that the epigenetic memory from the donor
cell contributes to variation between hiPSC lines from different donor cell types (Kim et al.,
2011; Ohi et al., 2011; Polo et al., 2010). Moreover, the sex of the donor adds a certain
degree of variation. Female cells have to reactivate the somatically silenced X chromosome
during reprogramming and inactivate one X chromosome again during differentiation (Ma-
herali et al., 2007). This is associated with an accumulation of differentially methylated
regions (DMRs, regions with different DNA methylation, here compared to ESCs) on the
X chromosomes in female iPSCs (Nishino et al., 2011). Additionally, gender seems to be a
major variable to distinguish between hiPSC lines and it affects differentiation efficiency as
it has been shown for the endothelial lineage (Randolph et al., 2019; Salomonis et al., 2016).
Lastly, the age of the donor is also thought to add to variation between hiPSC lines as it
has an impact on epigenetics and increases the rate of DNA mutations (Ivanov et al., 2016;
Lo Sardo et al., 2017). Because of this variation among hiPSC lines, we used three different
lines in this thesis, taking into account variation between donors, cell type of origin, sex and
age. We used one male (BIONi010-C) and two female lines (IMR90), derived from dermal
or lung fibroblasts of an adult and fetal donor, respectively. Additionally, one of the lines
was from a black person and the other two from a Caucasian (Rasmussen et al., 2014; J. Yu
et al., 2007).

We observed different growth characteristics of the hiPSC and slight differences in dif-
ferentiation efficiency, together with differences in the sensitivity towards chemicals (see
Manuscript 1 and 2). We therefore suggest that at least two hiPSC lines should be used in
a toxicology assay, potentially in a tiered approach to safe resources (Figure 8.2).

Lastly, the biological variation between hiPSC lines can be a challenge but it is also an
advantage, as the genetic variation of hiPSC lines represents the variation in the human
population (Kilpinen et al., 2017; Rouhani et al., 2014). For drug development, clinical
trials in a dish have already been proposed using hiPSCs as they recapitulate their donor’s
response to drugs (Fermini et al., 2018). Also, for toxicity testing, a larger panel of hiPSC
lines could potentially increase the safety for a broader range of people across the population.
Collections of genetically diverse hiPSC lines are available, as for example from iPSCORE
(Panopoulos et al., 2017).
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Figure 8.2:
Tiered approach for using two hiPSC lines in developmental toxicity testing
A chemical could be tested with a selected hiPSC line and upon a positive result, the IC50

should be determined. A negative result could lead to testing in a second hiPSC line, where
again a positive result should end in IC50 calculation. A negative result in the second hiPSC
line could confirm that no developmental toxicity can be detected.

Human relevance
The assays developed in this thesis are based on cardiomyocyte differentiation and the

hypothesis, that this differentiation mimics developmental processes during the first weeks
of human embryonic development until the heart starts beating. The question remains how
relevant our model is for developmental processes in the human. We therefore asked how
well the model recapitulated embryonic heart development in vivo. At the time this PhD
project was started, there was no literature that allowed such a comparison. Only one report
compared in vitro differentiated cardiomyocytes to human fetal (33 – 35 weeks of age) and
adult heart tissue (Synnergren et al., 2012). This only provided information on the derived
cardiomyocytes, not the intermediate stages, and examined fetuses after the early heart
development stage. Therefore, we decided to perform such a study, and as human embryos
were not available to us, we chose the pig as an alternative species, which is known to closely
model the human in many aspects including embryonic development (see Manuscript 3). We
compared marker gene expression during cardiomyocyte differentiation in our model to their
expression in pig embryos.

We found that only one marker (MYHC-B) differed in expression and that the interplay
between NKX2.5 and CTNT was different in the two models. While the latter has not been
noted in the literature, the difference in MYHC-B expression between in vitro differentiation
and human fetal hearts was published in 2019 (Sahara et al., 2019). Moreover, it appeared
that in vitro cardiomyocyte differentiation in our model was faster than in vivo development
and that the cells in vitro were a more homogeneous population than those found in the
human heart.

In conclusion, our own work and other studies published during the time of this PhD
project suggest that the main developmental stages of human heart development are reca-
pitulated in our in vitro model, but that few differences exist. We conclude that the model
has relevance for human embryonic heart development but does not resemble it completely.

Applicability domain
The question of human relevance for embryonic heart development leads to the question

of the applicability domain of the assays, i.e., which conclusion on developmental toxicity
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can be drawn using the endpoint of beating cardiomyocytes. An applicability domain can
be defined as the biological endpoint and “the chemical categories for which developmental
toxicity can correctly be predicted” (van Dartel et al., 2011) and both aspects are discussed
in the following:

The biological endpoints of the PluriBeat and PluriLum assays are the differentiation
into beating cardiomyocytes or expression of NKX2.5, respectively. For the sake of this
discussion, NKX2.5 is regarded as a molecular marker for cardiomyocytes, and accordingly
the endpoint of both assays is the presence of cardiomyocytes. With this, one can argue
that the applicability domain would be limited to the cardiac lineage. However, many
developmental pathways and progenitor cells are shared between organs, which potentially
expands the applicability domain. This has been shown for the developing heart, that shares
progenitor cells and signaling pathways with head and limb muscle development (Diogo et al.,
2015). For example, Wnt signaling is one of the major pathways for heart development and
is modulated during cardiomyocyte differentiation in the PluriBeat and PluriLum assays.
However, Wnt signaling also plays other essential roles during embryogenesis as for example
in head formation (Green et al., 2015). This suggests that disturbances of Wnt signaling
affect the endpoint of beating cardiomyocytes but might also be indicative for adverse effects
on other developmental processes. The same might be true for other key signaling pathways
of embryonic development such as FGF, BMP or hedgehog signaling as well as TBX genes
(Carlson, 2014). In sum, we argue that the biological endpoint of beating cardiomyocytes is
able to indicate developmental toxicities of a broad range of developmental processes.

Another contributing mechanism to the biological endpoint is any effect on cell prolif-
eration. Proliferation is an important aspect of development (Carlson, 2014) and has been
assessed to test developmental toxicity in other assays (Hayess et al., 2013; Pellizzer et al.,
2004; Zuang and Dura, 2019). We noted that the size of the EBs decreased with increasing
compound concentrations and that this was even the case for valproic acid that did not
affect the beat score (Manuscript 1). The size of the EBs was also a contributing factor to
luminescence intensity, the readout in the PluriLum assay, as it was not normalized to cell
number (Manuscript 2). With this, the PluriLum assay, but not the PluriBeat assay with
the beat score, would also detect a chemical’s effect on cell proliferation. Therefore, we sug-
gest that effects on proliferation are also measured in the PluriLum assay and hypothesize,
that this might broaden the applicability domain of the assay.

Importantly, it should be noted that for testing early embryonic toxicity, heart develop-
ment is a very relevant endpoint as failure in heart development seem to be connected to the
majority of early spontaneous abortions. An estimate of 30–40 % of implanted embryos are
lost during the first trimester of pregnancy, while this rate is less than 5 % when a heartbeat
of the embryo has been detected (Knudsen et al., 1991; Mackenzie et al., 1988).

The second aspect of defining the applicability domain is the chemical categories that can
be detected using the PluriBeat and PluriLum assay. In order to determine this, testing of a
large number of chemicals of different categories is required, which has not been attempted
in this thesis. We tested chemicals with three mechanisms of action, namely a teratogen
of unknown function (thalidomide), a neurodevelopmental toxicant and HDAC inhibitor
(valproic acid) and an endocrine disruptor (epoxiconazole) (see also Manuscript 4). Among
these three, the HDAC inhibitor valproic acid was not detected in the assay, while the
other two led to positive effects. This suggests that the applicability domain does not
cover neurodevelopmental toxicants, while it might cover some types of endocrine disruptors
and “general” teratogens. However, this would have to be tested using a larger panel of
chemicals. Such a panel has been published for example for the ECVAM international
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validation study on in vitro embryotoxicity tests that suggested 20 chemicals with strong,
weak or non-embryotoxicity potential. Chemicals with a broad range of mechanisms were
selected, however, those with receptor mediated mechanisms were excluded, as specific assays
for receptor interaction would be available for those (Brown, 2002). In general, although the
mechanism of action does not necessarily have to be known, good in vivo data should be
available for the test chemicals (Brown, 2002). For further testing the applicability domain of
the PluriBeat and PluriLum assay, we suggest including negative controls, such as folic acid
or ascorbic acid, strong teratogens such as all-trans-retinoic acid or 5-fluorouracil and mild
teratogens such as lithium chloride or boric acid. Lastly, as the azole fungicide epoxiconazole
was detected in the PluriBeat assay (Manuscript 1) it might be interesting to test more azole
fungicides.

Validation of in vitro assays
The assays developed in this thesis were developed for toxicity testing of chemicals in our

laboratory but also for potential validation in the future. Because no attempts of validations
for regulatory use were performed in this thesis, general considerations for validation are
discussed in the following.

Validation and acceptance of novel in vitro assays is often coordinated by the OECD
or ECVAM/JRC. New test systems have to provide data that enable the classification of
chemicals just like results from animal experiments and therefore have to be validated ex-
perimentally. Validation has been defined as “the process by which reproducibility and
relevance of a toxicity testing procedure are determined” and includes the following: 1.
development of the test, 2. experimental validation in several laboratories (ring trial), 3.
assessment of the ring trial, 4. regulatory acceptance (Balls et al., 1990). Later, the in-
clusion of a prediction model was suggested as well as inclusion of a pre-validation stage
between steps 1 and 2 (Balls et al., 1990; OECD, 2005). In 2004, a “Modular Approach to
the ECVAM Principles on Test Validity” was developed to break the validation process up
into seven tasks including test definition, within-laboratory reproducibility, transferability,
inter-laboratory reproducibility, predictive capacity, applicability domain and definition of
performance standards (Hartung et al., 2004). Briefly, these modules refer to the following:

Repeatability within one laboratory and reproducibility within and between laboratories
together determine the reliability of a test method. The predictive capacity describes how
well a test method can yield correct predictions of positive and negative results in the species
of interest (here the human). For example, a positive prediction can be a “true positive” or
a “false positive”, and the same is true for negative results. The true positive rate leads to
a measure for sensitivity, the true negative rate to specificity and the sum of all predictions
to the accuracy. Assessing the predictive capacity for new in vitro assays can be challenging
as it requires reference data, that often are derived from animal experiments (Eskes and
Whelan, 2016). However, we envision that an ideal validation of a new human stem cell-
based in vitro method should be based on human reference data. Considerations regarding
the applicability domain have already been made above, however, it should be noted that a
higher number of test chemicals used for validation can increase the applicability domain as
well as the reliability.

To summarize, validation of the PluriBeat or PluriLum assay would start by testing more
chemicals and assessing the within-laboratory reproducibility, before transferring the assays
to other laboratories to determine the inter-laboratory reproducibility. Furthermore, the
predictive capacity would have to be determined as well as the applicability domain using a
set of test chemicals with good reference data, preferably including human data.
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However, validation of NAMs according to this classical approach is hampered by the
fact that reference data often stems from animal experiments and therefore, NAMs that
predict human toxicity better than animal tests might fail during validation (Piersma et al.,
2018). Furthermore, NAMs are often integrated in testing strategies, as discussed earlier in
this Chapter. This also means that parameters such as specificity and sensitivity of a test
panel are different from the parameters of each single assay. “For example two independent
test methods with sensitivity/specificity of 60 % / 80 % and 75 % / 90 %, respectively,
would have an overall performance, in a top-down approach, of 90 % / 72 % (Piersma et
al., 2018). It has been suggested to change the validation procedure rigorously, for example
by defining new modules such as biological relevance, reproducibility and transferability,
and to become independent from the “gold standard” of in vivo data often from animal
experiments (Piersma et al., 2018). Future validation should rely on the knowledge about
human biology and medicine. There should be confidence that a test system that is relevant
for human biology will also predict a response with relevance for the human. This would be
a paradigm shift away from testing large numbers of chemicals and comparing the results
to previous in vivo animal data to characterization of the biological test system (Burgdorf
et al., 2019).
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Conclusion
The hypothesis behind this thesis was that a novel stem cell source, namely hiPSC,

together with advanced cultivation methods and improved assay readouts would lead to
an improved developmental toxicity assay, which can detect chemicals better than existing
assays. The hypothesis was tested with the two chemicals thalidomide and valproic acid,
of which data from existing assays are published. Using the novel assay and luminescence
as a readout, thalidomide was detected with higher sensitivity than previously reported
with comparable assays, while this was not the case for valproic acid. Because of the small
number of chemicals tested, we cannot confirm our hypothesis. However, we cannot reject
it either, since the hypothesis was correct for the chemical thalidomide. In conclusion, this
thesis shows a path forward how genetically engineered human induced pluripotent stem
cells can become better test systems for human developmental toxicity than existing cell
lines or murine stem cells. It therefore serves the aspirations for future toxicity testing
based on such technologies and to a lesser extent on animal experiments to improve risk
assessment of an ever-increasing number of chemicals.

Future perspective
In the future, the assays developed in this thesis will have to be characterized using

more chemicals. We plan to use only the PluriLum assay for future testing, and not the
PluriBeat assay based on visual inspection of beating cardiomyocytes, as the measurement
of luminescence intensity in a plate reader is much easier and faster, and seemed to detect
chemicals at lower concentrations. Moreover, we would like to employ automated liquid
handling devices for some of the medium changes and chemical exposures in the assay, in
order to make the assay more standardized and to increase the throughput.

Furthermore, the large set of RNA-Seq data generated from thalidomide, valproic acid
and epoxiconazole exposure will have to be analyzed more deeply. This should include
analysis of commonly regulated genes between the three chemicals as well as the biological
pathways disrupted specifically by thalidomide and valproic acid. This analysis might help
to understand why thalidomide can be detected in our human cell-based assay as opposed
to murine assays. It might further feed into the understanding of the mechanism of action of
thalidomide. The analysis of the valproic acid dataset might help to understand the appli-
cability domain of the PluriBeat assay, and why genes deregulated by valproic acid did not
lead to a decrease of the beat score. Lastly, the investigation of the mechanism of epoxicona-
zole (Manuscript 4) should be complemented by measuring steroid hormone or cholesterol
levels in the differentiating cells. This would support the conclusions drawn on a possible
endocrine disrupting effect of epoxiconazole in humans. Importantly, to our knowledge this
would also be the first direct evidence of steroid hormone production in human stem cell
derived cardiomyocytes and would moreover extend the applicability domain of the assay to
endocrine disrupting chemicals.

In general, we expect that the PluriLum assay will be used in our laboratory primarily
to study the developmental toxicity of environmental chemicals and food contaminants.

We would also like to further develop the detection of beating cardiomyocytes using
amperometry. This would include repetitions of the experiments and inclusion of thalidomide
exposed EBs to analyse whether a different peak pattern would be observed in treated and
untreated EBs. This could lead to new projects, which transfer the PluriBeat assay to
microfluidic systems integrated with amperometric measurements. This could also include
the further exploration of microencapsulation to produce large numbers of homogenous EBs.
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Abstract
There is a great need for novel in vitro methods to predict human developmental toxicity to comply with the 3R principles 
and to improve human safety. Human-induced pluripotent stem cells (hiPSC) are ideal for the development of such meth-
ods, because they are easy to retrieve by conversion of adult somatic cells and can differentiate into most cell types of the 
body. Advanced three-dimensional (3D) cultures of these cells, so-called embryoid bodies (EBs), moreover mimic the 
early developing embryo. We took advantage of this to develop a novel human toxicity assay to predict chemically induced 
developmental toxicity, which we termed the PluriBeat assay. We employed three different hiPSC lines from male and 
female donors and a robust microtiter plate-based method to produce EBs. We differentiated the cells into cardiomyocytes 
and introduced a scoring system for a quantitative readout of the assay—cardiomyocyte contractions in the EBs observed 
on day 7. Finally, we tested the three compounds thalidomide (2.3–36 µM), valproic acid (25–300 µM), and epoxiconazole 
(1.3–20 µM) on beating and size of the EBs. We were able to detect the human-specific teratogenicity of thalidomide and 
found the rodent toxicant epoxiconazole as more potent than thalidomide in our assay. We conclude that the PluriBeat assay 
is a novel method for predicting chemicals’ adverse effects on embryonic development.

Keywords Human-induced pluripotent stem cells · Embryonic stem cell test · Developmental toxicity · Thalidomide · 
Epoxiconazole · Valproic acid

Introduction

Reproductive toxicity comprises all adverse effects of chem-
icals on the fertility and sexual function of adult males and 
females as well as the developmental toxicity of the off-
spring. Testing chemicals in vivo for reproductive toxicity 
according to the current regulations requires a large number 
of animals due to the necessary assessments of the first and, 
in some cases, the second generations (Van der Jagt et al. 
2004). Moreover, in vivo test systems are not only expensive, 
time and labor-intensive, but do not always translate well 
into human developmental toxicity. To reduce the number 
of test animals and to better predict human toxicity, in vitro 
systems applying human cell models for a faster and more 
accurate prediction are urgently needed (Seiler et al. 2011; 
Krug et al. 2013; Leist et al. 2013; Luz and Tokar 2018).

Human embryonic development is a complex process in 
which numerous molecular and cellular events are orches-
trated simultaneously, and which are all prone to per-
turbations by chemicals. Some of these processes can be 
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mimicked in vitro as a surrogate for the developing embryo. 
Recent test methods have focused on neural development 
(Krug et al. 2013; Dreser et al. 2020), heart development 
(Adler et al. 2008; Seiler and Spielmann 2011), or multi-
lineage differentiation (Jagtap et al. 2011; Meganathan et al. 
2012; Krug et al. 2013) from mouse or human pluripotent 
stem cells.

It is assumed that human in vitro cell cultures should be 
more predictive of effects in humans; however, the widely 
used human embryonic stem cells (hESCs) bear ethical 
concerns, because human embryos are sacrificed for their 
retrieval (Zink et al. 2020). This can be overcome using 
human induced pluripotent stem cells (hiPSC), which are 
generated from somatic cells by adding reprogramming fac-
tors to reset their cell identity and recreate their pluripo-
tency (Yamanaka and Takahashi 2006). HiPSC can easily be 
derived from individuals of different gender and ages, and 
have recently been used for several toxicological studies and 
shown to predict for example cardiac toxicity of cosmetic 
compounds (Chaudhari et al. 2018; Luz and Tokar 2018). 
Their use for predicting developmental toxicity has also been 
validated, as transcriptome changes during multi-lineage 
differentiation upon exposure to valproic acid were similar 
between hESCs and hiPSCs (Shinde et al. 2016).

Despite their many advantages, the use of hiPSC for 
developmental toxicity testing is still very rare (Luz and 
Tokar 2018; Zink et al. 2020). Most studies so far have 
compared hiPSC and hESC upon exposure to developmental 
toxicants to determine whether hiPSC is a valid alternative 
to hESCs: In an elegant study from 2011, the authors com-
pared the transcriptomes of spontaneously differentiated EBs 
derived from hiPSC and hESC upon exposure to all-trans 
retinoic acid. By examining developmental pathways of gas-
trulation and organogenesis, they showed that the changes in 
gene expression were very similar between the two cell types 
(Mayshar et al. 2011). A similar trend was observed after 
exposure of hiPSC and hESC in monolayer to 13-cis-retinoic 
acid during cardiac differentiation (Liu et al. 2018) and in 
a transcriptome-based assay upon exposure to valproic acid 
(Shinde et al. 2016). Furthermore, the suitability of hiPSC 
to predict teratogenic effects has been shown in a 2D assay 
that measures the ratio of the metabolic markers ornithine 
and cysteine in undifferentiated hESC grown as monolayer 
in 96-well plates (devTOX quickPredict,  devTOXqP) (Palmer 
et al. 2017).

During the last decades, however, it has become clear 
that monolayer culture is not optimal for many cell types, 
and that 3D culture supports the cells with chemical and 
physical cues more closely related to an in vivo environment 
(Benton et al. 2009; Lauschke et al. 2017). This is also true 
for pluripotent stem cells as they form self-organized EBs 
when forced into aggregates (Martin and Evans 1975). EBs 
are structurally and functionally similar to the blastocyst, 

and can undergo differentiation programs such as in the early 
developing embryo (Brickman and Serup 2016).

Consequently, we set out to develop an advanced assay 
for developmental toxicity using cardiomyocyte differentia-
tion of hiPSC in 3D, which we term the PluriBeat assay. 
Importantly, we used three different hiPSC lines to investi-
gate inter-line variability as well as male and female cells 
to exclude any gender-specific effects. We optimized an 
advanced and recently developed differentiation method 
for use with these three cell lines (Fischer et al. 2018), and 
differentiated them into beating cardiomyocytes in only 8 
days. Importantly, we used the 3D culture of hiPSC in EBs 
and showed that these indeed undergo key developmental 
changes similar to early mammalian embryos. We devel-
oped an assay based on these spheroids with cardiac fate that 
is highly significant with respect to human embryogenesis 
while at the same time being robust, fast, and reproducible. 
Finally, we tested our assay with thalidomide, valproic acid, 
and the rodent toxicant epoxiconazole.

Methods

hiPSC culture

Three hiPSC lines were used: BIONi010-C (Bioneer A/S, 
Hoersholm, Denmark), IMR90-1, and IMR90-4 (WiCell, 
Madison, USA). hiPSC were cultured in mTeSR™1 serum-
free medium (STEMCELL Technologies, Vancouver, 
Canada) on hESC-Qualified Matrigel (354,277, Corning, 
Corning, USA) coated cell culture dishes (Nunclon™ Delta 
Surface, Thermo Fisher Scientific, Waltham, USA). Medium 
was exchanged daily and morphology of the hiPSC colonies 
assessed. Cells were split once a week to maintain expo-
nential growth. Cells were split by removing medium from 
the culture dish, washing with DPBS (Dulbecco’s Phosphate 
Buffered Saline, Sigma-Aldrich, St. Louis, USA), and add-
ing 0.02% EDTA in DPBS until single cells appeared at the 
borders of the colonies after 1–3 min. EDTA was removed, 
cells suspended into small clumps in mTeSR™1 and trans-
ferred to a new microtiter plate. hiPSC were incubated at 
37 °C and 5%  CO2.

hiPSC differentiation into cardiomyocytes

Cardiac differentiation was performed as published (Fischer 
et al. 2018) with slight modifications. Briefly, hiPSC were 
harvested from culture dishes with good colony morphol-
ogy (day 5–6 after split) by removing medium and adding 
Gibco™ TrypLE™ Select (Thermo Fisher Scientific) for 
1–2 min. As soon as single cells appeared at the borders of 
the colonies, TrypLE was removed by suction and the cells 
harvested as single cells in mTeSR-ROCK (mTeSR1 with 
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10 µM Y27632 dihydrochloride). Cells were counted and 
5 × 104 cells/ml were seeded at 100 µl per well into a 96-well 
Polystyrene Conical Bottom MicroWell™ Plate (249,952, 
Thermo Fisher Scientific). The plates were centrifuged at 
500g for 5 min at room temperature. After 20 h of incuba-
tion, EBs had formed (one EB per well) and cardiac differ-
entiation was induced by exchanging 80 µl medium to D0 
medium. All medium recipes are included in supplementary 
Table 1. After 24 ± 2 h, 80 µl medium was exchanged to TS 
medium. After 24 ± 2 h, 80 µl medium were exchanged to 
Wnt medium. After 24 ± 2 h, 80 µl medium was exchanged 
with TS medium. Three days later (72 ± 2 h), 60 µl medium 
was exchanged with 80 µl fresh TS medium added per well. 
The following day beating of the cardiomyocyte containing 
EBs was scored.

Gene expression analysis

Cells were harvested on the days indicated on the respective 
figures and RNA extracted with the Qiagen RNeasy Micro 
Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. RNA concentration was measured on a 
NanoDrop (Thermo Fisher Scientific) and 500 µg reverse 
transcribed into cDNA using the  Omniscript® Reverse Tran-
scription Kit (Qiagen). For quantitative RT-PCR, 3.75 ng 
cDNA was used per well in a 384-well microtiter plate. RT-
PCR was performed with the TaqMan Assay Kit (Thermo 
Fisher Scientific) on a QuantStudio 7 Flex (Applied Bio-
systems, Foster City, USA), for primers (see supplementary 
Table 2). Each sample was measured in technical duplicates, 
samples with a cycle threshold (CT) difference > 1 between 
duplicates were excluded (for samples with CT values < 30 
only). Samples with CT values > 35 were regarded as non-
detectable. Relative gene expression levels were calculated 
with the ∆∆CT method, and normalized to the average of 
the two house-keeping genes, GAPDH (Glyceraldehyde 
3-phosphate dehydrogenase) and ACTB (β-actin). Expres-
sion of the house-keeping genes was monitored to be con-
stant between the samples to allow the comparison of gene 
expression levels.

Immunocytochemistry

After each step in the following protocol, reagents were 
removed and EBs washed three times in 500 µl PBS. On day 
7 of differentiation, EBs were fixed in formalin for 20 min 
at room temperature. EBs were permeabilized with 500 µl 
0.1% (v/v) Triton X-100 (in PBS) for 1 h at room tempera-
ture on a rotating wheel at 10 rpm. EBs were blocked in 
500 µl 3% BSA (in PBS) for 1 h at room temperature on a 
rotating wheel at 10 rpm. Primary antibodies were diluted 
in 3% BSA (in PBS) and incubated with the EBs overnight 
at 4 °C on a rotating wheel at 10 rpm. EBs were incubated 

in secondary antibodies and diluted in 3% BSA (in PBS) for 
1 h at room temperature in the dark on a rotating wheel at 
10 rpm. Nuclear DNA was stained with DAPI (1:1000 in 
PBS), 500 µl per tube for 10 min at room temperature in the 
dark. For mounting, the EBs were transferred to glass slides 
with cavities (Hounisen Laboratorieudstyr, Skanderborg, 
Denmark), PBS was carefully removed and EBs mounted 
in ProLong Gold Antifade Mountant (Thermo Fisher Sci-
entific) under a cover slip. The following primary antibod-
ies were used: Anti-Cardiac Troponin T 1:400 (ab45932, 
Abcam, Cambridge, UK) and anti-Nkx2.5 1:50 (sc-376565, 
Santa Cruz Biotechnology, Dallas, USA). The following sec-
ondary antibodies were used: anti-rabbit AlexaFluor-568 
1:500 (Molecular Probes, Eugene, USA) and anti-mouse 
AlexaFluor-488 1:500 (Molecular Probes). Microscopy 
images were taken on a Zeiss LSM710 confocal microscope.

Resazurin assay

To determine growth in cell number of EBs during differ-
entiation, a full 96-well plate of EBs on day 0 and day 7 of 
differentiation was used. For this, 60 µl/well old medium 
was removed and replaced by 60 µl/well fresh TS medium 
(supplementary Table 1). Subsequently, 100 µl/well resa-
zurin solution (0.01 mg/ml in PBS) was added and the plates 
incubated at 37 °C and 5%  CO2 for 2 h. Then, the content 
of each well was transferred to a black microtiter plate and 
fluorescence measured (EnSpire, Perkin Elmer). For blank 
measurements, 100 µl/well resazurin solution was added to 
100 µl/well KO-DMEM and processed as samples with EBs.

Testing of compounds

Stock solutions of thalidomide, valproic acid, and epoxi-
conazole were prepared at 200 mM, 600 mM, and 600 mM, 
respectively. The valproic acid solution was prepared in eth-
anol whereas thalidomide and epoxiconazole solutions were 
prepared in dimethyl sulfoxide (DMSO). Test compound sol-
ubility was assured by visual examination for precipitation.

Before initiating tests on cardiomyocyte differentiation 
for test chemicals, cell viability was determined to ascer-
tain that any further testing was done at non-cytotoxic 
concentrations. On the day of the experiment, 50 µl/well 
hESC-Qualified Matrigel (354,277, Corning) was added to 
flat-bottom 96-well plates (Corning) and incubated at 37 °C 
and 95% humidity until use. BIONi010-C hiPSC were 
harvested from a 6 cm2 dish by Gibco™ TrypLE™ Select 
(Thermo Fisher Scientific) and a single-cell suspension was 
prepared in mTeSR™1 serum-free medium (STEMCELL 
Technologies). Matrigel was removed from plates and a 
final concentration of 1 × 104 cells/well was added. After 
24 h, mTESR1 medium was exchanged for fresh medium. 
Cell were exposed to the test chemicals after another 24 h 
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and for 48 h in total with a vehicle kept constant across the 
plates at 0.1%. Thereafter, the experiment was terminated 
and the CellTiter-Glo® 2.0 Cell Viability Assay (Promega) 
performed as described by the manufacturer. Assay reagent 
(100 µl/well) was added, plates were left on a shaker table 
for 2 min and successively for 10 min at room temperature. 
Lysates were transferred to white plates and luminescence 
was measured (EnSpire, Perkin Elmer). Three independ-
ent experiments were conducted with each treatment in 
6–12 replicates with thalidomide tested at 25, 50, 100, and 
200 µM, valproic acid at 50, 100, 200, and 400 µM, and 
epoxiconazole at 12.5, 25, 50, and 100 µM.

Means from independent experiments were pooled and 
exposure concentrations leading to more than 20% decreased 
cell viability was perceived as cytotoxic.

For analysis of cardiomyocyte differentiation, test com-
pounds were tested at non-cytotoxic concentrations of 2.3, 
4.5, 9, 18, and 36 µM thalidomide, 25, 50, 100, 200, and 
300 µM valproic acid and 1.3, 2.5, 5, 10, and 20 µM epoxi-
conazole. Test compounds were added to the specific daily 
differentiation medium before medium exchange on the 
96-well plates. Vehicle was kept constant across the plates 
at 0.1%. Thirty-two EBs were exposed to each concentration 
in each experiment. On the last day of the assay, the beat 
score was determined as follows: Each EB was observed 
until contraction was seen, though for a maximum of 10 s. 
If no movement was seen, the beat score 0 was given. If the 
entire area of the sphere contracted, a beat score of 2 was 
given. Everything in between was given a score of 1.

For analysis of the EB size, the EBs were imaged with a 
light microscope after assessing the beat score. The plates 
were left at room temperature to decrease the beat rate 
before imaging, thereby decreasing the risk of false small 
outliers due to contractions. The images were further ana-
lyzed with ImageJ, where the diameter of the individual EBs 
was measured manually. From this, the volume of each EB 
was calculated and the average of the controls on each plate 
set to 100% to calculate the volume (%) for the exposed EBs. 
The average of 32 EBs per condition was analyzed.

Data processing

The beat score for each condition was determined as the 
average beat score of the 32 EBs. All experiments were per-
formed in biological triplicates if not stated otherwise. For 
gene expression analysis and compound testing, data from 
32 EBs (= 32 wells each containing one EB) were analyzed 
for a given concentration or time point.

The following statistical analysis was performed in 
GraphPad Prism (version 7): To analyze whether the gene 
expression differed significantly between the three cell 
lines, we performed a two-way ANOVA without matching 
and as follow-up the Tukey test. To analyze whether the 

CHIR99021 concentration had a significant impact on the 
number of beating and non-beating EBs, we performed the 
Fisher’s exact test. EB size was analysed using a one-way 
ANOVA without matching and multiple comparisons with 
Dunnett’s correction.

IC25 values were defined as absolute  IC25 values giving 
the concentration that inhibits the beat score by 25%. They 
were calculated in Graphpad Prism (version 8) using a four-
parameter logistic curve fit with the lower limit constrained 
to 0 and upper limit constrained to 2, as well as the param-
eter F set to 75 to get the absolute inhibition of 25%. Calcu-
lations were based on the beat score of > 90 EBs from three 
independent experiments per cell line.

The following analysis was performed in the statistical 
program R-studio: To analyze the impact of the test com-
pounds on the beat score, we performed an ordinal logistic 
regression using the polr package in R with beat score and 
concentration as factors on n ≥ 90 EBs from three biological 
replicates. The LOEC was defined as the lowest observable 
effect concentration of test compound causing an effect with 
a p value < 0.05.

p values of p < 0.05 are indicated with ‘*’, p < 0.01 with 
‘**’, and p < 0.001 with ‘***’ on the figures.

Results

Design of the PluriBeat assay

To develop the PluriBeat assay based on differentiation of 
hiPSC, we first set out to optimize the cardiac differentia-
tion of hiPSC in 3D cultures. These cells have shown high 
variability between cell lines and, therefore, more than one 
cell line has been suggested to be used (Shi et al. 2016). 
We used the cell line BIONi010-C, which has been derived 
from an adult male donor (15–19 years of age) (Rasmussen 
et al. 2014), as well as IMR90-1 and IMR90-4, which origi-
nate from lung fibroblasts of a 10-week-old aborted human 
female embryo (Yu et al. 2007). With this, we obtained a 
set of male and female cell lines of different donor ages. We 
implemented a 3D protocol for cardiomyocyte differentia-
tion to retrieve spheres with contracting cardiomyocytes as 
a simple readout in conical bottom 96-well plates (Zhang 
et al. 2015; Fischer et al. 2018). An outline of the assay is 
depicted in Fig. 1a. The EBs proliferated and changed in 
morphology throughout differentiation as representatively 
shown for BIONi010-C in Fig. 1b. To assess the growth of 
the EBs, we measured the number of viable cells in each 
well using resazurin on day 0 and day 7 of differentiation. 
This confirmed that the EBs markedly increased in cell num-
ber and that the cell number varied only little within one 
plate (CV 7.4% on day 0 and 8.1% on day 7) (Fig. 1c). We 
optimized the concentration of CHIR99021 for our three 
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cell lines, because the optimal level of this factor is known 
to be cell line dependent. We tested concentrations from 
1 µM (Fischer et al. 2018) to 3.5 µM, and chose 2.5 µM 

as the lowest concentration with significantly improved dif-
ferentiation efficiency in all three cell lines (Fig. 1d). Fur-
thermore, we counted the number of beating EBs on day 6 

Fig. 1  Assay design. a Cardiac differentiation and exposure scheme 
of the assay. Cells are seeded on day − 1 in mTeSR-ROCK medium 
(D−1) and embryoid bodies (EBs) form overnight. On day 0, medium 
is exchanged to day 0 medium (D0). On day 1, medium is exchanged 
to TS medium. On day 2, medium is exchanged to Wnt medium 
(Wnt). On days 3 and 6, medium is exchanged to TS medium. For 
exposure on the days indicated by red arrowheads, the chemicals are 
diluted in the respective media. b Light microscopy images of repre-
sentative EBs with the BIONi010-C line in a well of a 96-well plate 
throughout differentiation (× 4 magnification). c Number of viable 
cells in the EBs on day 0 and day 7 of cardiac differentiation with the 
BIONi010-C line. Viable cells measured with resazurin, fluorescence 

measured in relative fluorescent units (RFU). Mean and SD of > 90 
wells of a 96-well plate. d Optimizing the CHIR concentration in D0 
medium, the standard concentration of 1 µM CHIR is indicated with 
halftoning and the optimized concentration of 2.5 µM with an arrow-
head. BIONi010-C, IMR90-1, and IMR90-4 were differentiated with 
increasing CHIR99021 concentrations. Beating EBs were counted 
on day 7, one biological experiment with 14–32 EBs per condition. 
Statistical significance for each CHIR concentration relative to 1 µM 
CHIR. e The number of beating EBs was counted on days 6 and 7 
using the BIONi010-C line, and 32 EBs were counted per experi-
ment, mean, and SEM of three experiments
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and day 7 of differentiation. First contractions were seen on 
day 6; however, robust and strong contractions of all EBs 
were first evident on day 7 (Fig. 1e), and hence, we set the 
assay readout to day 7. With this, we implemented a simple 
method to reproducibly create beating EBs within 7 days of 
differentiation in a 96-well format.

For the exposure protocol, we chose to initiate exposure 
on day 1 through day 6 (Fig. 1a). Moreover, we introduced a 
quantitative score of the readout, because exposure to chemi-
cals impaired the beating of the EBs to varying degrees: a 
fully beating EB was given the value 2, an EB with impaired 
or only partial beat 1, and an EB without contractions was 
counted as 0. Examples of the three categories of beating 
are given in suppl. videos 1–3. From this, we calculated the 
average beat score for each exposure.

Molecular characterization of the PluriBeat assay 
system

It was important to analyze whether the differentiating 
EBs truly follow key developmental stages of the devel-
oping embryo, i.e., formation of mesoderm, followed by 
cardiac mesoderm, cardiac progenitors, and, finally, car-
diomyocytes. To characterize this in detail, we performed 
qRT-PCR on the BIONi010-C hiPSC line during differ-
entiation with a set of markers including the T gene as a 
mesoderm marker, the cardiac progenitor markers MESP1 
and ISL1, the cardiac lineage marker NKX2.5, as well as 
the cardiomyocyte markers TNNT2, MYH6, and MYH7. 
The T gene was induced on day 0 and peaked on day 1 
(Fig. 2a), confirming mesoderm formation. Expression of 
ISL1 and MESP1 on days 1–3 confirmed the presence of 
cardiac progenitor cells. Cardiac lineage marker NKX2.5 
was expressed from day 1 throughout differentiation at 
continuously increasing levels. Cardiomyocyte markers 
TNNT2, MYH6, and MYH7 were markedly expressed on 
days 6 and 7, indicating the differentiation into cardio-
myocytes (Fig. 2a). We also found that the pluripotency 
genes NANOG, OCT3/4, and SOX2 were efficiently 

downregulated during differentiation (Fig. 2b). These 
data together confirmed our findings that the EBs dif-
ferentiated into spheroids containing beating cardiomyo-
cytes through developmental stages that also occur in the 
human developing embryo.

To get a better understanding of the distribution of car-
diac cells within the spheres, we investigated cardiac marker 
proteins across single EBs using immunofluorescence stain-
ing of Nkx2.5 and cTnT (the protein of the TNNT2 gene). 
As shown in Fig. 2c, both marker proteins were detected 
across the entire EB, confirming the presence of cardio-
myocytes. Furthermore, cTnT was detected mostly in the 
cytoplasm and connecting neighboring cells, consistent with 
its function in the sarcomere complex of cardiomyocytes. 
Nkx2.5 was mainly detected in the nucleus of these cells, 
which was expected, since it acts in the nucleus as a cardiac 
transcription factor (Fig. 2d). We, therefore, concluded that 
our protocol ensures a robust and reproducible differentia-
tion into cardiomyocytes.

Characterization of three different hiPSC lines

Next, we characterized cardiomyocyte differentiation 
efficiency with three different hiPSC lines BIONi010-C, 
IMR90-1, and IMR90-4, and first counted the number of 
beating EBs on day 6 and day 7 of differentiation. On day 6, 
not all EBs contracted robustly in all three cell lines, with 
BIONi010-C showing the highest number of beating EBs 
and IMR90-4 the lowest number. However, on day 7, the 
BIONi010-C and IMR90-4 cell lines gave rise to 100% beat-
ing EBs. In IMR90-1 cells, the efficiency did not reach 100% 
in all experiments, but with an average of more than 95% 
beating EBs, the performance was considered acceptable 
(Fig. 3a).

We also examined whether the cell lines differentiated in 
a similar way and, therefore, performed qRT-PCR with early 
and late cardiac markers in all three cell lines. We found 
approximately the same quantitative expression of marker 
genes in all three cell lines, with early markers being upregu-
lated before the late markers (Fig. 3b). There was almost no 
statistically significant difference in marker gene expression 
between the cell lines, and the most marked differences were 
for NKX2.5, MYH7, and TNNT2 on day 7 (Fig. 3b). We 
also investigated the pluripotency genes NANOG, OCT3/4, 
and SOX2 in all three cell lines, and found that they were 
efficiently downregulated during differentiation. However, 
IMR90-4 repeatedly showed the smallest decrease in expres-
sion of the three pluripotency genes (Fig. 3b), which was 
significant for NANOG on days 6 and 7.

Overall, these results illustrate that the origin of the cell 
lines had little influence on the expression of cardiac marker 
genes during differentiation. Together with our results of 

Fig. 2  Molecular characterization. a Gene expression analysis of 
BIONi010-C during the course of differentiation. Shown are the 
mesoderm marker T, early cardiac marker genes (ISL1, MESP1, 
and NKX2.5), and late cardiac marker genes (TNNT2, MYH6, and 
MYH7). Mean and SEM of four experiments with BIONi010-C, 
expression relative to house-keeping genes. b Gene expression anal-
ysis of pluripotency genes during cardiac development. Mean and 
SEM of four experiments with BIONi010-C, expression relative to 
house-keeping genes. c Immunofluorescence analysis of EBs on day 
7 of differentiation with BIONi010-C. Maximum intensity projection 
of a z-stack of an entire EB. Scale bar 50 µm. Shown are representa-
tive EBs of three independent differentiation experiments with > 3 
EBs imaged per experiment. d Higher magnification of EBs as in c, 
scale bar 50 µm. Shown are representative EBs of three independent 
differentiation experiments with > 3 EBs imaged per experiment

◂
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almost 100% beating cardiac EBs in all three cell lines, we 
concluded that the differentiation process is reproducible 
between the three lines used in this study.

Testing thalidomide, valproic acid, 
and epoxiconazole in the three cell lines

To illustrate the applicability of our assay, we tested three 
known teratogens: first, thalidomide, which is a strong 
human-specific teratogen that cannot be detected in animal 

Fig. 3  Differentiation efficiency and gene expression analysis for 
three cell lines. a All three cell lines (BIONi010-C, IMR90-1, 
and IMR90-4) were differentiated into cardiomyocytes and beat-
ing embryoid bodies (EBs) counted on day 6 and day 7. Thirty-two 
EBs were counted per experiment. Shown in percent of all counted 
EBs, mean and SEM of three differentiation experiments with each 
cell line. b All three cell lines (BIONi010-C, IMR90-1, and IMR90-

4) were differentiated into cardiomyocytes and samples taken every 
day of differentiation. Mean and SEM of ≥ 2 differentiation experi-
ments for each cell line. Stars indicate significant differences between 
cell lines calculated with a two-way ANOVA. Columns without stars 
do not differ significantly. n = 4 (BIONi010-C), n = 2 (IMR90-1 and 
IMR90-4)
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experiments with mice (Newman et al. 1993). According 
to our knowledge, its teratogenic potential has not been 
published with mouse stem cell-based assays. Second, we 
tested valproic acid as a weak teratogen (Genschow et al. 
2002) and, finally, epoxiconazole, which has previously been 
shown to affect fetal development in rats and to be weakly 
embryotoxic in the mouse embryonic stem cell test (mEST) 

(Taxvig et al. 2007; Dreisig et al. 2013). First, we assessed 
the non-cytotoxic range of the compounds by measurement 
of ATP as a surrogate for viable cells. Thalidomide did not 
reduce viability in any of the concentrations tested (Fig. 4a), 
and we chose the concentrations 2.3, 4.5, 9, 18, and 36 µM 
for further testing on cardiomyocyte differentiation. VPA 
reduced viability by more than 20% at 400 µM (Fig. 4a), and 

Fig. 4  Testing thalidomide, valproic acid, and epoxiconazole in the 
PluriBeat assay. a Cytotoxicity of test compounds. BIONi010-C were 
grown in monolayer and exposed to the three reference compounds 
for 2 days, and then, the proportion of viable cells was assessed using 
an ATP based assay. Dashed line at 0.8-fold change indicates cut-
off for cytotoxicity. Mean and SD of three experiments. b EBs made 
from the three cell lines BIONi010-C, IMR90-1, and IMR90-4 were 

exposed to increasing concentrations of thalidomide, valproic acid, 
or epoxiconazole, and the beat score assessed on the last day of the 
assay. Thirty-two EBs per condition, mean, and SD for three biologi-
cal replicates of each cell line. Stars indicate significant differences of 
respective concentrations vs. control calculated with an ordinal logis-
tic regression on n ≥ 90 EBs
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we chose to expose EBs to 25, 50, 100, 200, and 300 µM. 
Epoxiconazole showed cytotoxicity from 50 µM and upward 
(Fig. 4a), and we, therefore, tested 1.3, 2.5, 5, 10, and 20 µM 
on the EBs.

Thalidomide exposure led to a concentration-dependent 
decline in beat score, with BIONi010-C as the cell line with 
the strongest response (Fig. 4b) and IMR90-4 only show-
ing a non-significant trend. Valproic acid did not lead to 
a significant decrease in beat score in any of the cell lines 
at the maximum concentration tested (Fig. 4b). However, 
we cannot exclude that effects might happen at higher test 
concentrations. Epoxiconazole led to decreased beat scores 
in the three cell lines with the strongest effects observed in 
IMR90-1 cells (Fig. 4b). The LOEC for thalidomide in the 
BIONi010-C and IMR90-1 cell lines was 2.3 µM, while no 
LOEC could be determined for IMR90-4 (Table 1). Epoxi-
conazole exposure led to an LOEC of 5 µM in BIONi010-
C cells, while in IMR90-1 and IMR90-4, a reduction was 
already seen at lower concentrations. We, therefore, also 
included the exposure concentration of 1.3 µM in these two 
cell lines. Intriguingly, we observed that the EBs at 1.3 µM 
were beating at a markedly increased beat rate (suppl. video 
4) compared to control (suppl. video 5), before they stopped 
beating at 2.5 µM. We also calculated the absolute  IC25 val-
ues, i.e., the concentrations that decreased the beat score by 
25% for thalidomide and epoxiconazole (Suppl. Figure 1). 
Thalidomide gave a lower  IC25 in BIONi010-C (2.0 µM) 
than in IMR90-1 (14.3 µM), while epoxiconazole gave a 
higher  IC25 in BIONi010-C (5.2 µM in BIONi010-C vs. 
1.8 µM in IMR90-1). In the IMR90-4 cells, epoxiconazole 
gave an  IC25 value of 2.7 µM. (Table 1).

We noticed that not only the beat score changed in 
response to treatments but also the size of the contracting 
spheres (this can also be seen on suppl. videos 1–5). There-
fore, we investigated the size of the spheres on microscopy 
images taken on the last day of the assay after scoring of the 
beating. This analysis showed that thalidomide treatment led 
to the same trend in decreasing EB volume as in decreasing 
the beat score (Fig. 5). However, the decrease in volume was 
stronger than the decrease in beat score, as the volume was 
already decreased by almost 60% at the lowest concentration. 

Moreover, the effect was statistically significant in the 
IMR90-4 cell line, which was not seen with the beat score. 
Treatment with VPA did not lead to apparent effects in the 
BIONi010-C cell line but decreased the EB volume at the 
highest concentrations in IMR90-1 and IMR90-4 (Fig. 5). 
Epoxiconazole treatment gave rise to significantly smaller 
spheres in the BIONi010-C and IMR90-4 cell lines at all 
concentrations, while only a non-significant trend was seen 
in IMR90-1 (Fig. 5). This is in contrast to the analysis of the 
beat score, where IMR90-1 showed a decreased beat score 
already at 1.3 µM epoxiconazole (Fig. 4).

Discussion

In this study, we developed and characterized a novel assay 
for predicting chemically induced developmental toxicity, 
which we term the PluriBeat assay. This assay has several 
advantages over previously published assays as it is fast 
to conduct in only 8 days using 96-well plates, which also 
bears automation potential. In our hands, the assay was more 
robust than the embryonic stem cell test (EST) with mouse 
ESCs and it was reproducible between several biological 
replicates. Most importantly, the PluriBeat assays are based 
on human pluripotent stem cells cultured in 3D as EBs, mak-
ing it very relevant for the human embryo.

Testing thalidomide, valproic acid, 
and epoxiconazole in the PluriBeat assay

We used thalidomide as a first reference compound in our 
assay, because it is a known teratogen and has not shown 
developmental toxicity in murine-based in vitro assays 
(Uibel et al. 2010). The concentrations of thalidomide used 
in our study included clinical plasma concentrations for the 
therapeutic use of thalidomide and are, therefore, relevant 
for human exposure (1–6 µM) (Chung et al. 2004; Kodama 
et al. 2009). For comparison, a regular dose for pregnant 
women of 200 mg thalidomide, as it was prescribed before 
the adverse effects on developing embryos and fetuses were 
known, would give rise to an internal exposure of 4.7 µM 

Table 1  LOEC (µM) and absolute inhibition concentration of 25%  (IC25) with 95% confidence intervals (µM) for test compounds in three differ-
ent hiPSC lines

*No upper limit of the 95% confidence interval can be calculated > 300 µM and > 36 µM which indicate that these are the maximum concentra-
tions tested and that we cannot exclude effects at higher concentrations

BIONi010-C IMR90-1 IMR90-4

LOEC IC25 LOEC IC25 LOEC IC25

Thalidomide 2.3 µM 2.0 (1.0–3.1) µM 2.3 µM 14.3 (11.3–17.8) µM  > 36 µM  > 36 µM
Valproic acid  > 300 µM  > 300 µM  > 300 µM  > 300 µM  > 300 µM  > 300 µM
Epoxiconazole 5 µM 5.2 (4.4–6.1) µM 1.3 µM 1.8 (1.6–?)* µM 1.3 µM 2.7 (1.7–3.8) µM
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(Teo et  al. 2004). In this direct comparison of in  vitro 
responses with internal therapeutic plasma concentrations, 
we do not take into consideration that internal exposure of 
the cells likely differs from nominal in vitro concentrations 
(e.g., due to evaporation of compound or adhesion to plas-
tics) or any toxicokinetic issues in vivo. However, in spite 
of that these therapeutic plasma concentrations were at a 
level where we detected effects on the beat score in vitro. 
Effective concentrations of thalidomide in in vitro assays 
for developmental toxicity have been reported at concentra-
tions ranging between 0.5 and 450 µM (Mayshar et al. 2011; 
Palmer et al. 2013; Aikawa et al. 2014; Kameoka et al. 2014; 
Aikawa 2020). The response to thalidomide in the PluriBeat 
assay using BIONi010-C  (IC25 2.0 µM) and IMR90-1  (IC25 
14.3 µM) was comparable to previously published data. 
Interestingly, we were not able to detect a significant effect 
of thalidomide on the beat score with the IMR90-4 cell line 

but only a trend in decreasing this score. When analyzing the 
volume of the spheres, we did find a significant decrease at 
18 and 36 µM thalidomide. In BIONi010-C and IMR90-1, 
this was already seen from 2.3 µM. Together, our data on 
the beat score and sphere volume show that thalidomide has 
a negative effect on the differentiation of all three cell lines 
into spheres containing cardiomyocytes. However, the effect 
is weakest in IMR90-4, and we hypothesize that this cell line 
is less sensitive to this test compound and stronger effects 
would be observed at higher concentrations. We only tested 
concentrations up to 36 µM, while thalidomide did not lead 
to cytotoxicity up to 200 µM, and the effects of higher con-
centrations remain to be elucidated in future experiments.

Intriguingly, we did not detect any impact of valproic 
acid on the beat score at test concentrations up to 300 µM 
in our assay. Previous in vitro developmental toxicity stud-
ies have reported  IC50 values above this concentration 

Fig. 5  Decrease in EB volume after exposure to thalidomide, val-
proic acid, and epoxiconazole. EBs made from the three cell lines 
BIONi010-C, IMR90-1, and IMR90-4 were exposed to increasing 
concentrations of thalidomide, valproic acid, or epoxiconazole, and 
light microscopy images of each individual EB were taken on the last 
day of the assay. The diameter was measured to calculate the volume 

of the EBs, and the volumes normalized to the control group. EB vol-
ume is presented in % of the respective control. Thirty-two EBs per 
condition, mean, and SD for three biological replicates of each cell 
line (BIONi010-C valproic acid n = 2). Stars indicate significant dif-
ferences of respective concentrations vs. control calculated with an 
ordinary one-way ANOVA on means of 32 EBs per condition



3842 Archives of Toxicology (2020) 94:3831–3846

1 3

(868–1000 µM) (Aikawa et al. 2014; Shinde et al. 2016), 
but also below at concentrations ranging from 3 to 205 µM 
(Uibel et al. 2010; Palmer et al. 2013; Kameoka et al. 2014; 
Aikawa 2020). The two publications by Aikawa use a simi-
lar approach as the PluriBeat assay, but because no data on 
the quality or reproducibility of the experiments is shown, 
we cannot determine the reason for this discrepancy. We 
speculate that we were not able to test high enough concen-
trations to affect the beat score due to cytotoxicity above 
300 µM valproic acid. Of note, the concentrations tested in 
this study did not reach levels relevant for human exposure 
either. Therapeutic serum levels of valproic acid are around 
700 µM (Dasgupta 2016), which is much higher than the 
concentrations tested in our assay (300 µM). Also in ex vivo 
cultures of rat embryos (gestation day 10) toxic effects of 
valproic acid were only found at 800 µM (Rettie et al. 1986). 
In contrast to the beat score, we found effects on the EB 
volumes in IMR90-1 and IMR90-4 at 200 µM and 300 µM 
valproic acid, respectively. This suggests that valproic acid 
has an impact on the differentiating cells; however, it did 
not manifest as a decrease in the beat score. The molecular 
mechanism of its teratogenicity is not known, but valproic 
acid leads to neurodevelopmental defects in children such 
as spina bifida, malformations of the heart such as atrial 
septal defect, and other urogenital, craniofacial, and digital 
abnormalities (Jentink et al. 2010). Although in vitro assays 
have mostly focused on the neurodevelopmental effects of 
valproic acid, other genes have been found to be deregu-
lated in differentiating human stem cells exposed to valproic 
acid: CLDN10, which is related to heart tube looping; BCL2, 
a key regulator of embryogenesis; and PRKCB, which is 
involved in various cellular processes (Shinde et al. 2016). 
These studies indicate that valproic acid leads to effects in 
assays based on general cellular and developmental pro-
cesses (Uibel et al. 2010; Palmer et al. 2013; Kameoka et al. 
2014) or neurodevelopmental effects (Shinde et al. 2016). 
From this, we conclude that our PluriBeat assay based on 
the readout of contracting cardiomyocytes might only detect 
chemicals that interfere with other general developmental 
pathways or pathways specific to heart development. Chemi-
cals that are specific to neurodevelopmental defects might 
not be detected in our system, but this remains to be eluci-
dated in future studies with such model compounds.

Epoxiconazole led to a significant effect on the beat score 
in all three cell lines, while the volume of the spheres was 
only reduced in the BIONi010-C and IMR90-4 cell lines, not 
in IMR90-1. This is opposed to the effect which we saw on 
the beat score, which was markedly reduced in IMR90-1. We 
speculate whether the effects on the beating and the size of 
the spheres are mediated through different cellular mecha-
nisms, which should be the objective of future studies. Still, 
epoxiconazole affected the beat score even more potent than 
thalidomide, as it decreased the beating at concentrations as 

low as 1.3 µM (as compared to the LOEC of thalidomide of 
2.3 µM) and reduced the proportion of beating cardiac EBs 
to almost 0%, which was not observed with thalidomide. 
With this, epoxiconazole was more potent than thalido-
mide in the PluriBeat assay. We also found a higher potency 
than in the mouse embryonic stem cell test (mEST) based 
on mouse ESCs, where we previously reported an  IC50 of 
34 µM (Dreisig et al. 2013). We also have experience from 
in vivo experiments with epoxiconazole showing feto-tox-
icity in rats (Taxvig et al. 2007). In conclusion, we found 
indications that epoxiconazole has the potential to adversely 
affect human embryos and fetuses at extraordinary high 
human exposure levels.

Importantly, our results on thalidomide also indicate that 
our hiPSC-based assay might indeed uncover toxicities of 
compounds that are specific to human cells and that have 
not been detected in established assays using rodent cells 
or models.

Comparing beat score and EB volume

It was important to investigate a second readout in the 
PluriBeat assay, which was a measure of the total cell num-
ber in the spheres on the last day of the assay. It was obvious 
that the spheres with a low beat score also had a smaller size. 
Interestingly, our comparison of the EB volume and beat 
score correlated well for all cell lines and compounds, except 
for thalidomide in IMR90-4 and epoxiconazole in IMR90-1, 
which are discussed in the previous section. We hypothesize 
that the chemicals might slow down cell proliferation, which 
leads to a lower cell number and, therefore, smaller volume 
of the spheres on day 8 of the assay. Eventually, reduced 
cell proliferation also affects differentiation (Mummery et al. 
2012; Liu et al. 2019). We find that the reduced sphere vol-
ume strengthens the characterization of the PluriBeat assay 
and improves the interpretation of the assay outcome.

Comparison of BIONi010‑C, IMR90‑1, and IMR90‑4

To our knowledge, this study is also the first published 
in vitro toxicity study using three different hiPSC lines. Our 
results underline the importance of increasing the number 
of pluripotent cell lines tested. While the cell lines showed a 
similar efficiency to differentiate into cardiomyocytes, they 
exhibited some differences in sensitivity to thalidomide and 
epoxiconazole exposure. Intriguingly, BIONi010-C was 
more sensitive towards thalidomide, whereas IMR90-1 was 
more sensitive towards epoxiconazole. With this, we can 
exclude that one of the cell lines is generally more suscepti-
ble to perturbations by chemicals and hypothesize in accord-
ance with Fossati et al. (2016) that either intrinsic molecular 
features of the cell lines based on the genetic background of 
the donor, the type of donor cell, reprogramming factors, or 
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cultivation-related variations are responsible for the different 
sensitivities. The technique of reprogramming for the deriva-
tion of the cell lines did indeed differ between the used cell 
lines. IMR90-1 and IMR90-4 were derived by the integra-
tion of exogenous transcription factors, which are silenced 
after the reprogramming (Yu et al. 2007), while BIONi010-
C do not carry exogenous factors (Rasmussen et al. 2014). 
Silencing can be inefficient and the transgenes re-activated, 
leading to problems in differentiation (Hu 2014). Indeed, we 
found that in IMR90-4, NANOG was not significantly down-
regulated during cardiomyocytes differentiation (Fig. 3). 
This might explain the differences between IMR90-4 and 
the other two cell lines to some extent and we suggest to fur-
ther explore the underlying molecular mechanisms in future 
studies. Until then, our findings support the notion to use 
several hiPSC lines in parallel. We propose using at least two 
cell lines and propose BIONi010-C and IMR90-1, however, 
testing with more chemicals will be needed to support this 
suggestion. We would also like to suggest using a tiered 
approach, i.e., testing chemicals in one cell line (BIONi010-
C) with subsequently testing chemicals with a negative result 
in a second cell line (IMR90-1).

Comparison to other developmental toxicity assays

There are other stem-cell-based in vitro assays for devel-
opmental toxicity reported to date, of which the mEST has 
by far been the most frequently used. The EST was first 
developed with mouse ESCs and later adapted to human 
ESCs (Spielmann et al. 1997; Adler et al. 2008). The mEST 
assesses the teratogenic potential by comparing spontane-
ous outgrowth of beating cardiomyocytes in EBs compared 
to cytotoxic effects on pluripotent ESCs and fibroblasts. 
These three endpoints are fed into a mathematical predic-
tion model to classify chemicals into three classes: non, 
weakly, or strongly embryotoxic (Seiler and Spielmann 
2011). The mEST has been validated scientifically (Gen-
schow et al. 2002), but has not become part of a guideline 
test for regulatory approval of chemicals (Marx-Stoelting 
et al. 2009). Thus, these are still based on animal experi-
ments (OECD TG 414). The mEST is very labor-intensive 
and the reproducibility is generally inadequate. Therefore, 
many subsequent studies have attempted to overcome these 
limitations and we also considered those for the development 
of our assay:

First of all, the EST is labor-intensive regarding the dif-
ferentiation of EBs in hanging drops (Marx-Stoelting et al. 
2009). Therefore, we decided to improve the generation of 
EBs using conical-shaped 96-well plates. We showed that 
our method gives rise to uniform EBs across one 96-well 
plate, as the variation in cell number across one plate was 
as low as 7.4% on day 0 and 8.1% on day 7. With this, we 
conclude that the use of conical-shaped 96-well plates is 

a good alternative to hanging drops. Of note, the 96-well 
plate-based method is easier to conduct in the laboratory 
and allows for the use of automated liquid handling devices.

Moreover, the original EST uses three endpoints and 
a mathematical prediction model to classify chemicals 
into groups according to their hazard towards developing 
embryos (Spielmann et al. 1997). We decided not to imple-
ment a comparable prediction model, but rather to deter-
mine the LOEC at a non-cytotoxic concentration for use in 
hazard assessment, as we envision the PluriBeat assay to 
become one assay in a larger panel of tests for developmental 
toxicity.

Furthermore, we observed that the previously suggested 
classification method into beating or non-beating EBs was 
not sensitive enough to detect subtle effects on the beating 
of the EBs (data not shown). We, therefore, developed the 
beat score ranking, which yields quantifiable results and also 
takes impaired or partially contracting EBs into considera-
tion. With the LOEC for effects on beat score, we hypoth-
esize to detect more subtle toxicities compared to other 
assays. Importantly, to reduce subjectivity of the scoring 
results, we implemented the scoring criteria described in 
the Methods section, and suggest to use these criteria to 
minimize differences in outcomes between scorings of dif-
ferent individuals.

The major limitation of the original EST is that it is 
based on murine and not human cells (Seiler et al. 2011). 
This could lead to species differences in response to chemi-
cal exposure, as teratogens in rats and rabbits show only 
70–80% concordance with results in humans (Daston and 
Knudsen 2010). Therefore, the EST has also been developed 
with human ESCs using human fibroblasts and human ESCs 
(Adler et al. 2008). However, a human EST has never been 
validated. Its major drawback is the ethical concern related 
to the use of human ESCs, because human embryos are sac-
rificed for their retrieval (Thomson et al. 1998; Seiler et al. 
2011). Therefore, we decided to use hiPSC in the PluriBeat 
assay, since they possess no ethical concerns and can mimic 
the developing embryo to the same degree as ESCs. hiPSC 
has been shown to predict the embryotoxicity of thalido-
mide using the original EST protocol, but no data revealing 
the quality of the hiPSC culture and cardiac differentiation 
or the reproducibility between experiments were shown 
(Aikawa et al. 2014; Aikawa 2020). Therefore, we cannot 
compare our assay to this study in terms of quality, but we 
clearly detected thalidomide toxicity at lower concentrations 
 (IC25 2.0 µM compared to  IC50 450 µM in Aikawa et al. 2014 
and  IC50 5.5 µM in Aikawa 2020).

The most advanced EST based on human cells to date 
is the human pluripotent stem cell test (hPST), developed 
by Kameoka et al. (2014). This test is a high-throughput 
assay based on hESCs to screen for teratogenicity by meas-
uring the nuclear levels of Sox17 (Kameoka et al. 2014). 
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The test takes 3 days and detected thalidomide with an  IC50 
of 0.5 µM. However, this method is based on a stem cell 
source with ethical limitations namely hESC, and the cells 
are cultured in monolayer, which is less relevant for the 
physiological in vivo situation than 3D culture. This might 
also explain the lower  IC50 values determined in that study 
compared to our PluriBeat assay, as compounds can directly 
affect the cells in monolayer and do not have to penetrate the 
spheroids. However, we are confident that 3D spheroids are 
more relevant to the developing human embryo and might, 
for example, be excellent models to study molecular mecha-
nisms of toxicants such as thalidomide.

It was very important for us to show that our assay mim-
ics the in vivo developing embryo well and to show the rel-
evance for humans. We, therefore, decided to use EBs as 
they are structurally and functionally similar to the early 
embryo (Brickman and Serup 2016). During human embry-
onic development, the heart starts beating on day 21 and is 
the first functional organ to be developed. Our model is, 
therefore, a surrogate of the first weeks of development and 
we showed that key molecular events of heart differentiation 
occur also in our EBs, as marker genes for mesoderm, car-
diac mesoderm, cardiac progenitor cells, as well as cardio-
myocytes are expressed during the course of differentiation. 
We recently also compared the expression of the markers 
in our model to their expression in the developing heart of 
a large mammalian model, the pig, and found a significant 
overlap, while only a few markers differed (Volpini et al. 
2020). With this, we are confident that our model is relevant 
for predicting human embryonic toxicity of chemicals and 
drugs.

Conclusion

In conclusion, we developed an advanced in vitro develop-
mental toxicity assay using a 3D human iPSC model that 
is reproducible, robust, and mimics key molecular events 
of early human embryonic heart development. A proof of 
principle was illustrated by testing thalidomide, valproic 
acid, and epoxiconazole, with the conclusion that the assay 
indeed can confirm the known developmental toxicity of 
thalidomide and can detect the developmental toxicity of 
epoxiconazole previously observed in rodents and the mEST. 
An adverse effect of valproic acid was only detected with 
EB volume as a readout, not the beat score, suggesting that 
the PluriBeat assay might be limited to toxicants that target 
general developmental pathways or those specific for cardiac 
development.

In future, more chemicals are to be tested to elucidate the 
applicability domain of the PluriBeat system and to validate 
the assay. These chemicals should include positive as well as 
negative controls to determine the false-positive rate.

We envision that this assay can be part of a panel of 
in vitro assays together with assays based on other endpoints, 
for example for neurodevelopmental toxicity, and that such 
a panel together with computational models can predict 
human developmental toxicity better than rodent models 
and might eventually replace in vivo experiments.
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Supplementary table 1 

mTeSR-ROCK 
Component  Vol. 
mTeSR1 (STEMCELL Technologies 85850) 10ml 
ROCK (5 mM, Cayman Chemical 10005583) 20µl 
PSG (Life technologies 10378016) 100µl 
 

DO medium 
Component  Vol. 
KO-DMEM  10ml 
PSG (Life technologies 10378016) 100μl 
ITS (BD 354351) 10μl 
Y (10 mM, Abcam 120129) 10μl 
FGF2 (10 μg/ml, Peprotech 100-18B) 10μl 
Activin A (10 μg/ml, eBioscience 34-8993-85) 10μl 
CHIR (1 mM, Axon Medchem 1386) 25μl 
BMP4 (10 μg/ml, R&D 314-BP-010) 1μl 
 

TS medium 
Component  Vol. 
KO-DMEM (Life technologies 10829018) 10ml 
PSG (Life technologies 10378016) 100μl 
TS * 100μl 
Asc (250 mM, Sigma-Aldrich 49752) 10µl 
 

Wnt medium 
Component  Vol. 
KO-DMEM (Life technologies 10829018) 10ml 
PSG (Life technologies 10378016) 100μl 
TS * 100μl 
Asc (250 mM, Sigma-Aldrich 49752) 10μl 
Wnt (2mM, Tocris Cat.-No. 5148) 20μl 
 

*TS is prepared by adding 1ml of sodium selenite (27 mg sodium selenite Sigma-Aldrich 
S5261 in 400 ml PBS w/o Ca and Mg) to the 99 ml transferrin (55 mg transferrin Sigma-
Aldrich T8158 in 99 ml PBS w/o Ca and Mg) 

 

 

 

 

 

 



 

 

Supplementary table 2 

Taq Man gene expression assays 

OCT4 (POU5F1) Hs04260367_gH 
NANOG Hs02387400_g1 
SOX2 Hs01053049_s1 
BRACHYURY Hs00610080_m1 
NKX2.5 Hs00231763_m1 
TNNT2 Hs00943911_m1 
MHCA Hs01101425_m1 
MHCB Hs01110632_m1  
Beta Actin Hs01060665_g1 
GAPDH Hs02786624_g1 

 

  



 

 

Supplementary figure 1: Concentration-response curves for thalidomide and epoxiconazole in the three cell 

lines BIONi010-C, IMR90-1 and IMR90-4. A four parameter curve fit with the lower limit constrained to 0 and 

upper limit to 2, as well as F = 75 was applied to calculate 25 % inhibition. Graphs represent mean and SD of 

>90 EBs from 3 independent experiments for each cell line. Dotted lines indicate 25 % inhibition of response.  
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Abstract 20 

In order to test large numbers of chemicals for developmental toxicity, rapid in vitro tests with 21 

standardized readouts for automated data acquisition are needed. However, the most widely used 22 

assay, the embryonic stem cell test, relies on the counting of beating embryoid bodies by visual 23 

inspection, which is laborious and time consuming. We previously developed the PluriBeat assay 24 

based on differentiation of human induced pluripotent stem cells (hiPSC) that we demonstrated 25 

to be predictive for known teratogens at relevant concentrations using the readout of beating 26 

cardiomyocytes. Here we report the development of a novel assay, which we term the PluriLum 27 

assay, where we have introduced a luciferase reporter gene into the locus of NKX2.5 of our hiPSC 28 

line. This enabled us to measure luminescence intensities instead of counting beating 29 

cardiomyocytes, which is less labor intensive. We established two NKX2.5 reporter cell lines and 30 

validated their pluripotency and genetic stability using flow cytometry and immunocytochemistry. 31 

Moreover, we benchmarked the expression of key genes (TNNT2, MYH7 and NKX2.5) during the 32 

seven-day differentiation period as well as the beat score in the genetically-modified hiPSC to 33 

that of the wild-type cells. These studies confirmed that the genetically engineered NKX2.5 34 

reporter cell line differentiated into cardiomyocytes with the same efficiency as the original wild-35 

type line. We then exposed the cells to valproic acid (25–300 μM) and thalidomide (0.1 – 36 µM) 36 

and compared the PluriBeat read-out of the cardiomyocytes with the luminescence intensity of 37 

the PluriLum assay. The results showed that thalidomide decreased luminescence intensity 38 

significantly with a higher potency and efficacy compared to the beating read-out. In conclusion, 39 

we have developed a hiPSC-based NKX2.5 reporter gene assay and showed as a proof-of-40 

concept that the transfected cells have preserved the basic genetic and functional characteristics 41 

of the wild-type cells and can detect thalidomide as a potent teratogen. With this, we have 42 

developed a novel hiPSC-based assay with a standardized readout that may have the potential 43 

for higher throughput screening for developmental toxicity.  44 
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1 Introduction 45 

Safeguarding developing human embryos and fetuses is very important as pregnant women are 46 

exposed to an increasing number of chemicals that are potentially hazardous at human exposure 47 

levels (Worley et al. 2018). However, testing for developmental toxicity is one of the most 48 

challenging areas of toxicology because the required animal experiments are costly, labor 49 

intensive and require a large number of animals due to second generation assessments (Shinde 50 

et al. 2017). At the same time, these animal studies sometimes lack relevance for humans. Human 51 

developmental toxicities are evident in only 70 – 80 % of tested rabbits or rodents and the 52 

observed responses can be different to those in humans (Olson et al. 2000; Daston and Knudsen 53 

2010). Therefore, in recent years, research has focused on developing alternative human models 54 

to animal testing. Human stem cells are a great promise for in vitro test methods for developmental 55 

toxicity as they can mimic key aspects of embryonic development (Brickman and Serup 2016; 56 

Worley et al. 2018).  57 

One of the most widely used stem cell-based test methods for predicting developmental toxicity 58 

relies on the formation of embryoid bodies (EBs) and the differentiation of these into 59 

cardiomyocytes. This process mimics the first three weeks of human fetal development until the 60 

first heart beats on day 21 (Spielmann et al. 1997). Based on this principle, we previously 61 

developed the PluriBeat assay with human induced pluripotent stem cells (hiPSC) (Lauschke et 62 

al. 2020). The PluriBeat assay employs an eight-day protocol, in which hiPSC are aggregated 63 

into EBs and differentiated into beating cardiomyocytes. EBs are exposed to test chemicals for 64 

the last five days and beating is scored and compared to control conditions (Lauschke et al. 2020). 65 

However, scoring of beating EBs is time consuming and labor intensive, as it requires visual 66 

inspection of each EB with a light microscope. To conduct future safety assessment of a large 67 

number of chemicals as stated in the REACH regulation, assays with increased throughput as 68 
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well as automated and standardized data acquisition are necessary (Schaafsma et al. 2009; 69 

Seiler et al. 2011; Zink et al. 2020).  70 

To improve the readout of our assay, we generated a genetically engineered hiPSC line with a 71 

luciferase reporter under control of the cardiac-specific homeobox gene NKX2.5. This 72 

transcription factor is expressed in cardiac progenitor cells and their progeny and can be detected 73 

in mature cardiomyocytes and in the adult mammalian heart (Lints et al. 1993; Lyons et al. 1995; 74 

Burridge et al. 2011; Kattman et al. 2011). This makes NKX2.5 an excellent marker for 75 

cardiomyocytes and it has been used in an NKX2.5-EGFP human embryonic stem cell (hESC) 76 

reporter cell line to monitor cardiac cell populations (Elliott et al. 2011). NKX2.5 is, however, 77 

essential for cardiogenesis (Lints et al. 1993), emphasizing the necessity of preserving its 78 

functions in a reporter cell line. By using CRISPR/Cas9 technology we inserted the luciferase 79 

reporter immediately downstream of the NKX2.5 gene with a T2A self-cleaving peptide, ensuring 80 

that the NKX2.5 protein is still functional and that the cells can still differentiate into 81 

cardiomyocytes. Using this approach, we developed a novel genetically engineered hiPSC-based 82 

luciferase reporter gene assay, demonstrated the genetic and functional features of the cells and 83 

compared the luminescence intensity response to the beating of EBs upon exposure to test 84 

chemicals. We conclude that the PluriLum assay may have the potential to become a valuable 85 

new tool for future screening of chemicals for developmental toxicity.  86 

 87 

2 Materials and Methods 88 

2.1 Cell culture 89 

The hiPSC line BIONi010-C was derived from a male donor in the age group 15 – 19 years with 90 

normal disease status and normal karyotype (Bioneer A/S, Hoersholm, Denmark) (Rasmussen et 91 

al. 2014). HiPSC were cultured on hESC-Qualified Matrigel coated (Corning, Corning, USA) cell 92 
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culture dishes (Thermo Fisher Scientific, Waltham, USA) in mTeSR™1 medium (STEMCELL 93 

Technologies, Vancouver, Canada). Medium was exchanged every or every other day and 94 

cultures were split approximately once a week using 0.02 % EDTA in DPBS and cultured in 5 % 95 

CO2 at 37 °C. Cells were used at passage numbers between 22 and 45. Contamination with 96 

mycoplasma was checked regularly using the MycoAlertTM Mycoplasma Detection Kit (Lonza, 97 

Basel, Switzerland).  98 

2.2 Genetic engineering 99 

Genetic engineering was performed according to Kim and colleagues, 2014 (Kim et al. 2014). A 100 

crispr RNA (crRNA) with the sequence CATGGTATCCGAGCCTGGTAGGG (PAM recognition 101 

site in bold; Integrated DNA Technologies, Coralville, USA) was designed to target the C-terminal 102 

end of the NKX2.5 gene using a human genomic alignment of NKX2.5 from 103 

https://genome.ucsc.edu/index.html and a CRISPR design tool (https://crispr.cos.uni-104 

heidelberg.de/). The crRNA was annealed to a trans-activating crispr RNA (tracrRNA; Integrated 105 

DNA Technologies) to create a single guide RNA (sgRNA) by mixing and heating to 95°C followed 106 

by cooling to RT on the bench top. A DNA sequence containing the T2A-Nluc construct flanked 107 

by homologous arms corresponding to 150 bp on each side of the NKX2.5 STOP codon 108 

(Supplementary Material) was acquired from GeneArt (Thermo Fisher Scientific). The plasmid 109 

was linearized by restriction enzyme digestion with SphI (New England Biolabs, Ipswich, USA) 110 

and purified with a Qiagen Gel extraction kit (Qiagen, Hilden, Germany) according to the 111 

manufacturers specifications.  112 

Nucleofection was carried out with a 4D nucleofection device (Lonza, Basel, Switzerland). Briefly, 113 

10 µM of sgRNA and 20 µg of CRISPR-Cas9 nuclease (Integrated DNA Technologies) were 114 

mixed and incubated for 15 min at RT to form a ribonucleoprotein (RNP) complex. BIONi010-C 115 

wt hiPSC’s were harvested using Accutase (STEMCELL Technologies) and 1x106 cells were 116 

transferred to the RNP complex along with 5 µg of the linearized NKX2.5-T2A-Nluc donor 117 
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construct. 4D Nucleofection was performed using a P3 Primary cell 4D-nucleofector X Kit L with 118 

program CA137 according to the manufacturer’s specifications (Lonza). Two days after 119 

nucleofection, gene edited cells were Accutase treated, passed through a FACS filter and 1x103 120 

cells were seeded in a Matrigel coated 10 cm dish in 5 ml mTeSR1 medium containing 1:10 (v/v) 121 

CloneR (STEMCELL Technologies). After two days, 5 ml mTeSR1 (1:1) was added, followed by 122 

complete medium changes on day four and six. On day seven, single colonies where detached 123 

with EDTA and individually transferred to Matrigel coated 96-well plates in mTeSR1 medium 124 

containing 0.1 % (v/v) Pen/Strep (Thermo Fischer). 125 

2.3 Genotyping and restriction enzyme digest 126 

After 7 days expansion in 96-well plates, clones were EDTA treated and replica plated to a new 127 

Matrigel coated 96-well dish and a PCR plate for screening of gene edited clones. The PCR plate 128 

was spun down, the supernatant discarded and the cell pellet incubated in 10 µl 1% Qiagen 129 

Protease (Qiagen) in H2O for 5 min at 75 °C and 5 min at 95 °C and finally diluted 1:10 in H2O. 130 

PCR with a Exon 2 forward primer and a reverse primer targeting Nluc was carried out to reveal 131 

colonies where the gene construct had integrated into the genome (Supplementary Table 1). In 132 

addition, PCR with primers designed to amplify the entire last part of the NKX2.5 gene including 133 

T2A-Nluc was performed. Positive clones were each transferred to 2 wells of a Matrigel coated 134 

6-well dish and frozen as backup or seeded as single cells for validation of cell clonality. 135 

2.4 Sequencing  136 

Selected clones were analyzed by sequencing of the integration sites. For this, a sequence PCR 137 

was performed using a BigDye™ Terminator v3.1 kit (Thermo Fischer) with the Exon 2 forward 138 

primer and the 3’UTR reverse primer (Supplementary Table 1). The PCR products were 139 

sequenced on a SeqStudio genetic analyzer from Applied Biosciences (Thermo Fischer). The 140 

data was analyzed using SnapGene. 141 
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2.5 Multi-lineage differentiation potential  142 

Human induced pluripotent stem cells were Accutase treated (STEMCELL Technologies) at 37°C 143 

for 10 min, counted and centrifuged before being resuspended in mTeSR + 1% RevitaCell.  144 

For ectoderm differentiation, 2x105 cells/cm2 were seeded per well of a Matrigel coated 12-well 145 

plate. The day after, medium was changed to a 50;50 mixture of DMEM/F12 (Thermo Fisher) and 146 

Neurobasel medium (Thermo Fischer) containing 2% (v/v) B27 without vitamin A (Thermo Fisher), 147 

1 % (v/v) N2 (Thermo Fisher), 1 % (v/v) Glutamax (Thermo Fisher), 0.1 % (v/v) Pen/Strep (Thermo 148 

Fischer), 10 mM SB431542 (STEMCELL Technologies) and 0.1 μM LDN193189 (STEMCELL 149 

Technologies). The medium was exchanged daily for six days. 150 

For mesoderm differentiation, 1x105 cells/cm2 were seeded per well of a Matrigel coated 12-well 151 

plate. The day after, cells were washed in DMEM/F12 (Thermo Fisher) and incubated for two 152 

days without medium change medium in STEMdiff APEL2 medium (STEMCELL Technologies) 153 

containing 25 ng/ml Activin A (Thermo Fischer), 30 ng/ml BMP4 (R&D systems, MN, USA), 50 154 

ng/ml VEGF (Peprotech, Rocky Hill, USA), 1.5 µM CHIR (Axon Medchem, Groningen, 155 

Netherlands) and 0.1% (v/v) Pen/Strep (Thermo Fischer). On day three the medium was changed 156 

to STEMdiff APEL2 medium (STEMCELL Technologies) plus 50 ng/ml VEGF (Peprotech), 10 157 

mM SB431542 (STEMCELL Technologies) and 0.1 % (v/v) Pen/Strep (Thermo Fischer) with daily 158 

medium changes until day six. 159 

For endoderm differentiation, 2x105 cells/cm2 were seeded per well of a Matrigel coated 12-well 160 

plate. The day after, cells were washed once with DDPBS and cultured in MCDC131-1 medium 161 

consisting of MCDB131 medium (Thermo Fischer), 5 μg/ml BSA (Biofac, Kastrup, Denmark), 10 162 

mM glucose (Sigma-Aldrich), 1.5 mg/ml NaHCO3 (Sigma-Aldrich) and 0.1% Pen/Strep (Lonza), 3 163 

μM CHIR (Selleckchem, TX, USA) and 100 ng/ml Activin A (Cell Guidance systems, Cambridge, 164 
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UK). On day two, the medium was changed to MCDC131-1 containing 100 ng/ml Activin A only. 165 

The cells were cultured with daily medium changes until day six.  166 

2.6 Flow cytometry 167 

Gene edited hiPSC and their in-vitro differentiated progeny were detached using Accutase 168 

(STEMCELL Technologies), resuspended in 2 % BSA (Biofac, Kastrup, Denmark) in DPBS and 169 

centrifuged at 300 g for 5 min. Samples for intracellular markers were fixed and permeabilized 170 

using a Foxp3/Transcription factor Staining Buffer set (Thermo Fischer) according to the 171 

manufacturer’s specifications and samples for extracellular markers were incubated in 2 % BSA 172 

(Biofac) in DPBS. 2x105 cells pr. sample were transferred to a 96 U-well dish and incubated with 173 

fluorescence conjugated antibodies for one hour at RT (Supplementary Table 2) followed by 174 

washing three times in Fix/Perm buffer (intracellular markers) or in 2 % BSA (Biofac) in DPBS 175 

(intracellular markers). Samples were finally diluted in 2 % BSA (Biofac) in DPBS and flow 176 

cytometry was performed on a BD AccuriTM C6 Flow Cytometer. 177 

2.7 Immunocytochemistry 178 

The cells were fixed in 4% paraformaldehyde (Merck, Darmstadt, Germany) in DPBS for 10 min, 179 

washed in DPBS and permeabilized using 0.5 % Triton X100 (Merck, Germany) in 1 % BSA 180 

(Biofac) for 15 min. The cells were washed in DPBS and blocked using 2 % BSA (Biofac) for one 181 

hour followed by incubation with primary antibodies diluted 1:200 in 2 % BSA O/N at 4 °C 182 

(Supplementary Table 3). The day after, cells were washed three times with DPBS and incubated 183 

with secondary antibodies diluted 1:200 in 2 % BSA for one hour at RT (Supplementary Table 3). 184 

After a final wash in DPBS, DNA was stained using 5 μg/ml Hoechst (Thermo Fischer). Images 185 

were directly acquired on an EVOS FL fluorescence microscope (Thermo Fischer) and processed 186 

using Fiji ImageJ software. 187 

2.8 Karyotyping 188 
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When cells reached 60–80% confluence they were treated for one hour with Colcimide (Gibco) 189 

followed by Accutase treatment. Single cells were incubated with 0.075 M KCl for 30 min at 37 °C 190 

and fixed with 1:3 acidic acid:methanol and sent for G-band karyotyping (University of Tübingen). 191 

At least 15 metaphases were counted and 6 of them were structurally evaluated by G-banding 192 

and a banding quality of 400–500. 193 

2.9 Cardiomyocyte differentiation 194 

Human induced pluripotent stem cells were differentiated into cardiomyocytes as described in 195 

Lauschke et al. 2020. Essentially, hiPSC were harvested as single cells by incubation in Gibco™ 196 

TrypLE™ Select (Thermo Fisher Scientific) for 1-2 min. A single cell suspension of 5*104 cells/ml 197 

was seeded at 100 µl per well into a 96-well Polystyrene Conical Bottom MicroWell™ Plate 198 

(249952, Thermo Fisher Scientific) in mTeSR-ROCK. The plates were centrifuged at 500 g for 5 199 

min at RT and incubated over night at 37 °C and 5 % CO2. After 20 h, medium was exchanged 200 

by removing 80 µl/well old medium and adding 80 µl/well D0 medium. After this, medium was 201 

exchanged daily (24 h ± 2h) with respective medium on the following days: TS-medium on day 1, 202 

Wnt-medium on day 2, TS-medium on day 3 and TS-medium on day 6. 80 µl/well old medium 203 

was exchanged for 80 µl/well new medium, except for day 6, where only 60 µ/well were removed. 204 

All media components are listed in Supplementary Table 4. 205 

2.10 Luminescence measurement 206 

The EBs were transferred from the conical bottom 96-well plate to a white 96-well plate for 207 

luminescence measurements. For this, 150 μl OptiMEM was added per well in order to dilute the 208 

differentiation medium and the EBs transferred in a volume of 50 µl to the white plate using a 209 

multichannel pipette. Luminescence was measured using the Promega Nano-Glo Live Cell Assay 210 

System (Promega, Madison, USA) according to the manufacturer’s instructions with optimized 211 

conditions: Nano-Glo Luciferase Assay Substrate was diluted 1:40 in Nano-Glo Luciferase Assay 212 
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Buffer. Subsequently, one volume of Opti-MEM I Reduced Serum Medium, no phenol red 213 

(Thermo Fisher Scientific) was added, and 25 μl of this diluted substrate added per well of the 214 

white plate. The plate was centrifuged briefly and luminescence measurements performed 8 min 215 

after substrate addition on a PerkinElmer Enspire 2300 luminometer.  216 

2.11 qRT-PCR analysis  217 

EBs were harvested and RNA extracted with the Qiagen RNeasy Micro Kit (Qiagen) according to 218 

the manufacturer’s instructions. The RNA concentration was measured on a Nano Drop (Thermo 219 

Fisher Scientific) and 200 µg RNA used for cDNA synthesis using the Omniscript Reverse 220 

Transcription Kit (Qiagen). 3.75 ng cDNA was then used per sample for quantitative RT-PCR. 221 

This was performed in 384-well plates with technical duplicates for each sample, using the 222 

TaqMan Assay Kits listed in Supplementary Table 5 (Thermo Fisher Scientific) and measured on 223 

a QuantStudio 7 Flex (Applied Biosystems). Relative gene expression was calculated with the     224 

2-ΔΔCT method relative to the average of the house-keeping genes GAPDH (Glyceraldehyde 3-225 

phosphate dehydrogenase) and ACTB (β-actin). Expression of the house-keeping genes was 226 

monitored to be constant. Samples with a cycle threshold (CT) difference > 1 between duplicates 227 

were excluded (for samples with CT values < 30 only) and samples with CT values > 35 were 228 

regarded as non-detectable. 229 

2.12 Test compound exposure 230 

Thalidomide (T144, Sigma-Aldrich) was prepared as a stock solution in dimethyl sulfoxide 231 

(DMSO) at 200 mM and diluted in DMSO 1000x of the indicated concentrations (0.1, 0.3, 0.6, 1.1, 232 

2.3, 4.5, 9, 18 and 36 µM). The valproic acid (P4543, Sigma-Aldrich) stock solution was prepared 233 

in ethanol at 600 mM and diluted in ethanol 1000x of the test concentrations (25, 50, 100, 200 234 

and 300 µM). We showed previously that both compounds are not cytotoxic at these 235 

concentrations in our cells (Lauschke et al. 2020). 236 
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For exposure during cardiomyocyte differentiation, the diluted stocks were added 1:1000 to the 237 

respective media on day 1, 2, 3 and 6. DMSO/ethanol concentrations were kept constant across 238 

all EBs and control EBs were exposed to DMSO or ethanol 1:1000 respectively. For each 239 

concentration, 32 EBs were exposed. On day 7, the beat score was assessed and luminescence 240 

measured. The beat score was assessed by evaluating the beating of the EBs visually using a 241 

light microscope for up to 10 s with the following criteria: If the entire EB was contracting, a beat 242 

sore of 2 was given. If only parts of the EB were moving, a beat score of 1 was given, and if there 243 

was no movement visible in the EB, a  beat score of 0 was given. We found it important to 244 

discriminate between these categories because a crude categorization into beating and no 245 

beating would fail to account for subtle effects.  246 

2.13 NanoLuc inhibition study 247 

Cells on day 7 of the assay were exposed for one hour with 36 µM thalidomide, as this was not 248 

expected to affect cardiomyocyte differentiation and contraction but at the same time would allow 249 

for direct inhibition of the NanoLuc enzyme within the cells. For this, cells were differentiated 250 

without exposure for seven days. On the last day, medium was exchanged to TS containing 36 251 

µM thalidomide or DMSO control (32 EBs each), and the cells incubated for one hour. The beat 252 

score was assessed before and after medium change and one-hour incubation to be the same. 253 

Thereafter, luminescence was measured.  254 

2.14 Data processing 255 

All experiments were performed in biological triplicates with 32 EBs per condition. The beat score 256 

was calculated as the average of 32 EBs in each experiment.   257 

Statistical analysis was performed in GraphPad prism version 8. For the luminescence time 258 

course, the average luminescence intensity of 32 wells was calculated and the average values of 259 

three biological experiments analyzed. First, normality tests were performed (Anderson-Darling, 260 
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D’Agostino-Pearson omnibus, Shapiro-Wilk and Kolmogorov-Smirnov). Because the data was not 261 

normally distributed, a Kruskal-Wallis test and multiple comparisons with Dunn’s correction for 262 

comparison to day 0 were performed. In order to analyze whether gene expression differed 263 

significantly between cell lines, a two-way ANOVA without matching was performed.  264 

Luminescence intensity measurements upon test compound exposure were analyzed according 265 

to the following procedure: First, values from wells without EBs were removed (Luminescence 266 

value < 50,000). Then, outliers from 32 EBs per concentration were removed (approximately 3 267 

%) by deleting values that differed more than three standard deviations from the average. For 268 

calculating the normalized luminescence intensity, the average of the controls was calculated and 269 

the average of each concentration normalized to that average. For statistical analysis, the 270 

normalized luminescence intensity for each concentration was analyzed in GraphPad prism 271 

version 8 with a one-way ANOVA without matching followed by multiple comparisons using 272 

Dunnett’s correction, where each compound concentration was compared to the control.  273 

The beat score for the high test concentrations of thalidomide (shown in Figure 3) was analyzed 274 

in R Studio. An ordinal logistic regression was performed using the polr package with beat score 275 

and concentration set as factors. The analysis was based on > 90 EBs from three independent 276 

experiments.  277 

Absolute IC50 values were calculated in GraphPad prism (version 8) with a four parameter logistic 278 

curve fit with the lower limit set to 0 and the upper limit to 1, as well as the parameter F set to 50 279 

to get the absolute inhibition of 50%. Calculations were based on the normalized luminescence 280 

intensity of >80 EBs from three independent experiments per cell line. 281 

Stars on all figures indicate the following significance: * = p-value < 0.05, ** = p-value < 0.01, *** 282 

= p-value < 0.001.  283 

 284 
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3 Results 285 

3.1 Creating the NKX2.5-T2A-Nluc cell line 286 

We set out to create the NKX2.5-T2A-Nluc reporter cell line based on the hiPSC line BIONi010-287 

C according to the gene editing strategy depicted in Figure 1A. Screening and sequencing of the 288 

potential clones revealed that two clones had both alleles with NKX2.5-T2A-Nluc in frame and 289 

both of them were homozygous (BIONi010-C-NKX2.5-T2A-Nluc-44.37 (#44.37) and BIONi010-290 

C-NKX2.5-T2A-Nluc-73.59 (#73.59). While clone #44.37 had the DNA construct perfectly 291 

incorporated on both alleles, clone #73.59 had a point mutation (G → T) on one allele in the 3’UTR 292 

downstream of the coding region of Nluc (Figure 1B). As the mutation was not part of the coding 293 

region of NKX2.5 or Nluc, it was not seen as a basis for discarding the clone.  294 

The two clones were expanded and subjected to detailed quality control assessments to verify 295 

their pluripotency and karyotypes. First of all, we assessed the karyotype which was normal in 296 

both cell lines (Figure 1C). We also analyzed the expression of pluripotency markers in the two 297 

clonal cell lines by immunocytochemistry. As shown in Figure 1D, both lines expressed Oct3/4, 298 

Nanog, TRA-1-81, TRA-1-60 and Oct4, suggesting that the cells retained their pluripotency during 299 

the genetic engineering. To get a quantitative measure of the proportion of pluripotent cells in the 300 

cell populations, we performed flow cytometry with pluripotency markers. We found that both 301 

clonal cell lines were >99 % double positive for Sox2 and Oct4, >99% positive for SSEA4 and 302 

less than 1% SSEA1 positive (Figure 1E). Only approximately 60% of the cells were TRA-1-81 303 

positive but this is in line with previous observed staining results of hiPSC lines in our laboratory 304 

and therefore potentially due to the antibody used. To confirm the ability of the cells to form 305 

derivatives of the three germ layers, we subjected them to differentiation protocols into ectoderm, 306 

mesoderm and endoderm. Flow cytometry analysis of the populations showed that a high 307 

proportion of the cells expressed markers for the respective germ layers (Figure 1F). Together 308 

with qualitative analysis of cell morphologies, this indicated that the cells had indeed differentiated 309 
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into derivatives of the three germ layers. In conclusion, we have proven that the two clonal cell 310 

lines BIONi010-C NKX2.5-T2A-Nluc-44.37 and BIONi010-C-NKX2.5-T2A-Nluc-73.59 retained 311 

their pluripotency, so we continued to characterize them for use in our developmental toxicity 312 

assay.   313 

3.2 Cardiomyocyte differentiation of the reporter cell lines 314 

First of all, it was important to prove that the differentiation into cardiomyocytes was not hampered 315 

by the genetic engineering. To this end, we differentiated the two reporter cell lines and the wild-316 

type cell line BIONi010-C in parallel. All three cell lines gave rise to a beat score of almost 2, 317 

showing that all EBs were contracting on the last day of differentiation (Figure 2A). This indicated 318 

that the differentiation efficiency was the same in the reporter clones and the wild-type cell line. 319 

To also investigate this at the molecular level, we analyzed the expression of cardiomyocyte 320 

specific genes in the differentiated cells from all three cell lines. We detected TNNT2 in pluripotent 321 

hiPSC on day -1 and decreasing on day 0 and 1, before it was upregulated by five orders of 322 

magnitude on day 6 and 7. MYH7 was only detectable on day 6 and 7. Both markers indicated 323 

the presence of cardiomyocytes on day 6 and 7 (Figure 2B). Importantly, there was no difference 324 

between expression levels in the three cell lines, which was confirmed by a two-way ANOVA 325 

analysis. Having established that there was no difference in cardiomyocyte differentiation 326 

between the two reporter cell lines and the wild type, we measured luminescence intensity during 327 

the course of differentiation. We found a strong and significant increase over time in both clones 328 

of the reporter cell line (Figure 2C) while we did not detect any luminescence signal above 329 

background for the wild type (data not shown). This correlated well with increased expression of 330 

NKX2.5 during the course of differentiation (Figure 2D). Moreover, NKX2.5 was expressed at 331 

similar levels in the two cell lines, which we confirmed by a two-way ANOVA analysis. Together, 332 

these data strongly indicated that luminescence intensity truly mirrored expression of NKX2.5 and 333 

was indicative of cardiomyocyte differentiation.  334 
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3.3 Luminescence intensity as a readout for developmental toxicity 335 

After having established that the two clonal reporter cell lines differentiated similarly into 336 

cardiomyocytes as the original wild-type BIONi010-C cell line, we tested the performance of 337 

luminescence intensity as a readout for developmental toxicity. Because there was no apparent 338 

difference between the two clones, we did not find it necessary to test both identical clonal cell 339 

lines and therefore chose to continue with only one of them, clone #44.37. We selected two 340 

chemicals that we had previously tested in the PluriBeat assay, namely valproic acid and 341 

thalidomide. Valproic acid is negative in the PluriBeat assay, whereas thalidomide is positive with 342 

an IC25 of 2.0 µM (Lauschke et al. 2020). As expected, valproic acid did not decrease the beat 343 

score in BIONi010-C wild type and the #44.37 clone at the tested concentrations (Figure 3A). The 344 

luminescence intensity was not decreased either (Figure 3B), illustrating that luminescence 345 

measurements did not give rise to false positive results compared to beating cardiomyocytes in 346 

this case. Thalidomide exposure led to a concentration-dependent decline in the beat score in 347 

BIONi010-C wild type and #44.37 (Figure 3C). Intriguingly, the decrease in luminescence intensity 348 

in #44.37 was observed at much lower concentrations than that of the beat score, and maximum 349 

efficacy was reached already at the lowest thalidomide concentration tested (Figure 3D). 350 

Therefore, we reduced the thalidomide concentrations in order to find the linear range of the 351 

luminescence response. At these lower concentrations we found no significant decreases of the 352 

beat score in either BIONi010-C (Figure 4A) or #44.37 (Figure 4B). Contrary, the luminescence 353 

intensity in #44.37 was significantly decreased from 0.3 µM thalidomide (LOEC value in Table 1) 354 

and showed a clear concentration-dependent decline (Figure 4B). In order to confirm that the 355 

assay was that sensitive for thalidomide, we tested the low concentrations also in clone #73.59. 356 

This confirmed our findings, as the luminescence intensity was decreased significantly already at 357 

0.1 µM (Table 1, Figure 4C). For comparisons with our previously published data on thalidomide 358 

toxicity, we calculated the absolute IC50 values based on luminescence intensity upon exposure 359 
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to the lower thalidomide concentrations. As presented in Table 1, we found an IC50 of 1.55 µM in 360 

clone #44.37 and 0.35 µM in #73.59 (for curve fitting see Suppl. Fig. 1B). 361 

Table 1: LOEC (lowest observed effect concentration) and absolute IC50 values for thalidomide 362 

tested in the two clonal cell lines with luminescence intensity as a readout:  363 

Cell line LOEC IC50 
BIONi010-C-NKX2.5-T2A-Nluc-44.37 0.3 µM 1.55 (1.10 – 2.59) µM 

BIONi010-C-NKX2.5-T2A-Nluc-73.59 0.1 µM 0.35 (0.25 – 0.46) µM  

 364 

In order to exclude that the marked response in the luciferase assay was due to inhibition of 365 

NanoLuc by thalidomide, we performed a direct enzyme inhibition study. After short term 366 

exposure with thalidomide on day 7 of the assay, the luminescence readout was not affected 367 

(Suppl. Figure 1). This suggests that the decrease in luminescence intensity upon exposure to 368 

thalidomide was not due to a direct inhibition of the NanoLuc enzyme. Therefore, we conclude 369 

that luminescence intensity is a more sensitive readout for developmental toxicity of thalidomide 370 

than the beat score in our assay.  371 

4 Discussion 372 

Here, we generated a luciferase-NKX2.5 reporter gene assay based on hiPSC and a 373 

luminescence readout which we termed the PluriLum assay. To our knowledge, this is the first 374 

engineered hiPSC reporter line with a potential use for testing chemicals for developmental 375 

toxicity in vitro.  376 

We chose to link luciferase expression to the cardiac marker gene NKX2.5, which is expressed 377 

during cardiomyocyte differentiation from the cardiac progenitor stage through to cardiomyocytes 378 

(Burridge et al. 2011; Kattman et al. 2011). Our gene expression data confirmed this and showed 379 

that NKX2.5 expression and luminescence intensity increased continuously from day 1 to day 7 380 
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in the same pattern. Because NKX2.5 is essential for cardiomyocyte differentiation, we had to 381 

design a gene editing strategy that did not interfere with protein function. Therefore, we targeted 382 

the luciferase gene downstream of the NKX2.5 coding region and separated the two sequences 383 

by a T2A signal in order to get two separate proteins synthesized. We showed that NKX2.5 384 

function was not inhibited because cardiomyocyte differentiation was as efficient in the two 385 

reporter cell lines as in the wild type. To our knowledge, this is the first reporter cell line with a 386 

functional NKX2.5 gene, whereas the widely used NKX2.5-EGFP hESC line carries only one wild-387 

type allele and one disrupted NKX2.5 allele (Elliott et al. 2011). Furthermore, we decided to use 388 

luminescence rather than fluorescence intensity as a readout because it has a lower background 389 

light intensity, which leads to a higher relative signal and therefore higher assay sensitivity (Fan 390 

and Wood 2007). Our data on thalidomide support this notion and indicated that our 391 

luminescence-based assay may have a high sensitivity and improved assay performance. Other 392 

reporter cell lines for developmental toxicity testing based on a fluorescence readout or β-393 

galactosidase staining did not show increased sensitivity compared to the conventional readout 394 

of beating cardiomyocytes (Kugler et al. 2015, 2016). Furthermore, luminescence assays are less 395 

susceptible to autofluorescent chemicals than fluorescence-based assays (Fan and Wood 2007). 396 

This is an advantage when screening large sets of chemicals as testing for autofluorescence can 397 

be omitted.  However, chemicals can inhibit luciferase in rare cases (Thorne et al. 2012; Ho et al. 398 

2013; Walker et al. 2017) and we therefore showed that thalidomide does not inhibit NanoLuc 399 

directly.  400 

The two clonal cell lines #44.37 and #73.59 differentiated with the same efficiency into 401 

cardiomyocytes, however, they showed minor differences in sensitivity towards exposure to 402 

thalidomide. While there was almost no effect on the beat score in #44.37 at concentrations below 403 

2.3 µM thalidomide, there seemed to be a decreasing trend in #73.59. This was also reflected by  404 

the decrease of luminescence intensities, which were less pronounced in #44.37 than in #73.59. 405 
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These deviations are deemed within the normal variation range that can often be observed 406 

between cell experiments. 407 

Both clonal cell lines gave LOEC and IC50 values in the PluriLum assay that are significantly lower 408 

than our previously published values on thalidomide in the PluriBeat assay. Here, we found IC50 409 

values ranging from 0.3 – 1.55 µM, while we previously reported an IC25 value of 2.0 µM in 410 

BIONi010-C wild type based on the beat score. Of note, we were not earlier able to calculate the 411 

IC50 on beat score as the efficacy on the beat score was not that strong and instead the IC25 was 412 

calculated (Lauschke et al. 2020). The sensitivity of the PluriLum assay for thalidomide seems to 413 

be similar to or lower than potency values reported previously in other test systems: Thalidomide 414 

has been reported to give IC50 values of 0.5 µM (Kameoka et al. 2014), approximately 1 µM 415 

(Palmer et al. 2013), 38 µM (Mayshar et al. 2011) and 450 µM (Aikawa et al. 2014). Thus, the 416 

PluriLum assay can detect developmental toxicity of thalidomide with either a better or a similar 417 

sensitivity compared to other assays. Importantly, it is more sensitive than the other two assays 418 

based on EB differentiation (Mayshar et al. 2011; Aikawa et al. 2014) as well as our own published 419 

PluriBeat assay (Lauschke et al. 2020). Other reporter cell line assays have not reported on 420 

thalidomide toxicity (Uibel et al. 2010), potentially because these studies were mostly based on 421 

mouse ESCs. Thalidomide has not been detected in mouse-based assays which might be 422 

because the teratogenic effects of thalidomide are not observed in mice (Schumacher et al. 1970; 423 

Vargesson 2015).  424 

Contrary, valproic acid was negative in our PluriLum assay, as it was in the PluriBeat assay. Even 425 

if the clinical use of valproic acid has been associated with congenital malformations of newborns 426 

(Tomson et al., 2011), valproic acid is often negative in many in vitro assays based on 427 

cardiomyocyte differentiation and has mostly been detected in assays based on general 428 

developmental or neurodevelopmental mechanisms (Uibel et al., 2010; Palmer et al., 2013; 429 

Kameoka et al., 2014; Shinde et al., 2016). Thus, we hypothesize that PluriLum may not detect 430 
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neurodevelopmental toxicants, but this has to be tested in future experiments. Of note, we did not 431 

find any difference in the effects of valproic acid on the readouts of beating cardiomyocytes and 432 

luminescence, indicating that both readouts detect the same mechanisms of developmental 433 

toxicity. 434 

In our PluriLum assay, we have not normalized the luminescence intensity to protein content or 435 

cell number because we found that the total cell number of each EB was most likely an integral 436 

part and indicator of our luminescence read out. We have shown previously that EB size 437 

decreases upon exposure to thalidomide but not valproic acid (Lauschke et al. 2020). The total 438 

luminescence intensity of each EB decreases with reduced size and contributes to the high 439 

sensitivity of the assay. We therefore hypothesize that a reduction in luminescence intensity 440 

captures two mechanisms of action, namely a chemical’s effect on proliferation (reduced EB size) 441 

as well as on differentiation (reduced NKX2.5-Nluc expression). However, this has to be 442 

addressed more closely in future studies.  443 

In conclusion, we provide a proof-of-concept that a genetically engineered hiPSC line with 444 

luciferase in the locus of NKX2.5 could be developed and used in an assay that we have termed 445 

the PluriLum assay. We validated pluripotency and genetic stability of the clonal reporter cell lines 446 

and proved their capacity to differentiate into cardiomyocytes. We showed that luminescence 447 

intensity is a sensitive readout for the teratogenic effect of thalidomide, which has not been 448 

reported for other reporter cell lines yet. Valproic acid was negative in the PluriLum assay as it 449 

was shown earlier in the PluriBeat assay.  Our conclusion is that we have developed a new assay 450 

that seems promising as a tool for screening of chemicals for developmental toxicity. Testing of 451 

more chemicals in the future is needed for a more detailed characterization of the assay and to 452 

path the way towards a wider usage of the PluriLum assay.  453 

 454 



20 
 

Acknowledgements 455 

This work was partly funded by the Danish Environmental Protection Agency as a project under 456 

the Centre on Endocrine Disrupters (CEHOS) and by the Ministry of Higher Education and 457 

Science Denmark.  458 

Conflict of interest 459 

The authors declare that they have no conflicts of interest to state.  460 



21 
 

Figures 461 

 462 

Figure 1: Genetic engineering and validation of cell lines. A) Schematic presentation of 463 
genetic engineering strategy. B) Sequencing results of mutated areas in #44.37 and #73.59. C) 464 
Karyotyping of #44.37 and #73.59. D) Immunofluorescence staining of pluripotency markers in 465 
#44.37 and #73.59, scale bar = 400 µm. E) Flow cytometry analysis of pluripotency markers, left 466 
panels show controls, right panels the respective antibody combinations: Sox2/Oct4, SSEA1 and 467 
SSEA4/TRA-1-81. E) Flow cytometry analysis of differentiation into derivatives of the three germ 468 
layers: Ecto- (Pax6/Sox1), Meso- (CD34/CD56) and Endoderm (CD184/Sox17). 469 

 470 
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 471 

Figure 2: Differentiation into cardiomyocytes. A) Beat score of EBs on day 7 of differentiation 472 
into cardiomyocytes for BIONi010-C wild type, clone #44.37 and #73.59. B) Expression of cardiac 473 
marker genes TNNT2 and MYH7 for clone #44.37 and #73.59 during the course of differentiation. 474 
C) Luminescence intensity during the course of differentiation into cardiomyocytes of clone #44.37 475 
and #73.59. D) Expression of NKX2.5 for clone #44.37 and #73.59 during the course of 476 
differentiation. Mean and SD (A and C) or mean and SEM (B and D) of 32 EBs in n = 3 477 
experiments.  478 

 479 
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 480 

Figure 3: Testing the reporter cell line for use as a developmental toxicity assay. A) Valproic 481 
acid exposure of BIONi010-C wild-type and clone #44.37. B) Luminescence intensity in clone 482 
#44.37 C) Thalidomide exposure of BIONi010-C wild type and clone #44.37. D) Luminescence 483 
intensity in clone #44.37. Mean and SD of 32 EBs in n = 3 experiments.  484 

 485 
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 486 

Figure 4: Luminescence intensity is a more sensitive readout than the beat score. A) 487 
Exposure with lower concentrations of thalidomide, beat score of BIONi010-C wild type B) Beat 488 
score and luminescence intensity in clone #44.37. C) Beat score and luminescence intensity in 489 
clone #73.59. All experiments were performed in biological triplicates with n=32 EBs in each 490 
replicate. Mean and SD of 32 EBs in n = 3 experiments.  491 

  492 
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Supplementary material 493 

Sequence of the T2A-Nluc construct targeting the NKX2.5 coding region 494 
 495 
CCCGCCGGGCCTTCCCCAGCGCAGCCGGCCACTGCCGCCGCCAACAACAACTTCGTGAA496 
CTTCGGCGTCGGGGACTTGAATGCGGTTCAGAGCCCCGGGATTCCGCAGAGCAACTCGG497 
GAGTGTCCACGCTGCATGGTATCCGAGCCTGGGGCAGTGGAGAGGGCAGAGGAAGTCTG498 
CTAACATGCGGTGACGTCGAGGAGAATCCTGGCCCAATGGTGTTCACCCTGGAAGATTTC499 
GTCGGCGACTGGCGGCAGACAGCCGGCTATAATCTGGACCAGGTGCTGGAACAAGGCGG500 
CGTGTCCAGCCTGTTTCAGAACCTGGGAGTGTCTGTGACCCCTATCCAGCGGATTGTGCT501 
GAGCGGCGAGAACGGCCTGAAGATCGACATCCACGTGATCATCCCTTACGAGGGCCTGTC502 
CGGCGATCAGATGGGACAGATCGAGAAGATCTTTAAGGTGGTGTACCCCGTGGACGACCA503 
CCACTTCAAAGTGATCCTGCACTACGGCACCCTGGTCATCGATGGCGTGACCCCAAACAT504 
GATCGACTACTTCGGCAGACCCTACGAGGGAATCGCCGTGTTCGACGGCAAGAAAATCAC505 
CGTGACCGGCACACTGTGGAACGGCAACAAGATCATCGACGAGCGGCTGATCAACCCCG506 
ATGGCAGCCTGCTGTTCAGAGTGACCATCAACGGCGTGACAGGATGGCGGCTGTGCGAG507 
AGAATTCTGGCCTGAGGAAGGGACCCGCGTGGCGCGACCCTGACCGATCCCACCTCAAC508 
AGCTCCCTGACTCTCGGGGGGAGAAGGGGCTCCCAACATGACCCTGAGTCCCCTGGATTT509 
TGCATTCACTCCTGCGGAGACCTAGGAACTTTTTCTGTCCCACGCG 510 
 511 
Exon 2 overhang, T2A sequence, Nluc, 3’UTR overhang 512 

 513 

Supplementary table 1: PCR primers for screening clones: 514 

Primer  Sequence (5’-3’)  
NKX2.5 Exon 2 Fwd  TATAACGCCTACCCCGCCTA  
Nluc Rv  CCGACGAAATCTTCCAGGGT  
NKX2.5 3’UTR Rv  CAGGCTGCAGGATCACTCA  
 515 

Supplementary table 2: Antibodies for flow cytometry: 516 

 Antibody 

Pluripotency OCT4 PE (BD, 560186) 
SOX2 Alexa Fluor 647 (BD, 560294)  
SSEA4 PE (BD, 560128) 
TRA-1-81 Alexa Flour 647 (BD, 560793) 
SSEA1 PE (BD, 560142) 

Ectoderm  
 

PAX6 Alexa 647 (BD, 562249) 
SOX1 PE (BD, 561592) 

Mesoderm  
 

CD34 PE (BD, 555822) 
CD56 APC (BD, 555518) 

Endoderm  
 

CD184 PE (BD, 555974) 
SOX17 Alexa 647 (BD, 562594) 

 517 

Supplementary table 3: Antibodies for immunocytochemistry: 518 
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Primary antibodies  Secondary antibodies  
Mouse anti OCT3/4 (STEMCELL 
Technologies, 01550) 
Rabbit anti NANOG (Sigma-Aldrich, 
AB5731) 

Alexa Flour 488 Donkey anti-mouse IgG 
(Thermo Fisher, A-21202)  
Alexa Flour 594 Donkey anti-Rabbit IgG 
(Thermo Fisher, A-21207) 

Mouse anti TRA-181 (BioLegend, 
330702)  

Alexa Flour 488 Donkey anti-mouse IgG 
(Thermo Fisher, A-21202) 

Goat anti OCT4 (Abcam, AB27985)  
Mouse anti TRA-1-60 (Merck, 
MAB4360)  

Alexa Fluor 594 Donkey anti-Goat IgG (Thermo 
Fisher, A-11058) 
Alexa Flour 488 Donkey anti-mouse IgG 
(Thermo Fisher, A-21202) 

 519 

 520 

Supplementary table 4: Media for cardiomyocyte differentiation: 521 

mTeSR-ROCK 
mTeSR1 (STEMCELL Technologies 85850) 10 ml 
ROCK (5 mM, Cayman Chemical 10005583) 20 µl 
PSG (Life technologies 10378016) 100 µl 
DO medium 
KO-DMEM  10 ml 
PSG (Life technologies 10378016) 100 μl 
ITS (BD 354351) 10 μl 
Y (10 mM, Abcam 120129) 10 μl 
FGF2 (10 μg/ml, Peprotech 100-18B) 10 μl 
Activin A (10 μg/ml, eBioscience 34-8993-85) 10 μl 
CHIR (1 mM, Axon Medchem 1386) 25 μl 
BMP4 (10 μg/ml, R&D 314-BP-010) 1 μl 
TS medium 
KO-DMEM (Life technologies 10829018) 10 ml 
PSG (Life technologies 10378016) 100 μl 
TS * 100 μl 
Asc (250 mM, Sigma-Aldrich 49752) 10 µl 
Wnt medium 
KO-DMEM (Life technologies 10829018) 10 ml 
PSG (Life technologies 10378016) 100 μl 
TS * 100 μl 
Asc (250 mM, Sigma-Aldrich 49752) 10 μl 
Wnt (2mM, Tocris Cat.-No. 5148) 20 μl 

*TS is prepared by adding 1ml of sodium selenite (27 mg sodium selenite Sigma-Aldrich S5261 522 
in 400 ml DPBS w/o Ca and Mg) to the 99 ml transferrin (55 mg transferrin Sigma-Aldrich T8158 523 
in 99 ml DPBS w/o Ca and Mg) 524 
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 525 

Supplementary table 5: TaqMan Assays for quantitative RT-PCR: 526 

Gene  TaqMan Assay  
GAPDH Hs02786624_g1 
ACTB Hs01060665_g1 
NKX2.5  Hs00231763_m1 
MYH7  Hs01110632_m1 
TNNT2  Hs00943911_m1 
 527 

 528 

 529 

 530 
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Supplementary Figure 1: A) Direct inhibition of NanoLuc. Differentiated cells on day 7 were 531 
exposed for one hour to thalidomide and luminescence measured. Mean ± SEM of 32 EBs. B) 532 
Non-linear regression curves for calculations of IC50 values. Mean and SD of three independent 533 
experiments per cell line.  534 

 535 
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Abstract 

The course of differentiation of pluripotent stem cells into cardiomyocytes and the intermediate cell types are 1 

characterized using molecular markers for different stages of development. These markers have been selected 2 

primarily from studies in the mouse and from a limited number of human studies. However, it is not clear how 3 

well mouse cardiogenesis compares with human cardiogenesis at the molecular level. We tackle this issue by 4 

analyzing and comparing the expression of common cardiomyogenesis markers (PDGFR-α, FLK1, ISL1, 5 

NKX2.5, CTNT, CX43 and MYHC-B) in the developing pig heart at embryonic day (E)15, E16, E18, E20, E22 6 

and E24 and in differentiating cardiomyocytes from human induced pluripotent stem cells (hiPSC). We found 7 

that porcine expression of the mesoderm marker FLK1 and the cardiac progenitor marker ISL1 was in line with 8 

our differentiating hiPSC and reported murine expression. The cardiac lineage marker NKX2.5 was expressed 9 

at almost all stages in the pig and human iPSC, with an earlier onset in the hiPSC compared to reported murine 10 

expression. Markers of immature cardiomyocytes, CTNT and MYHC-B were consistently expressed 11 

throughout E16 – E70 in the pig, which is comparable with mouse development, whereas the markers 12 

increased over time in the hiPSC. However, the commonly used mature cardiomyocyte marker, CX43, should 13 

be used with caution, as it was also expressed in the pig mesoderm, as well as hiPSC immature 14 

cardiomyocytes, whilst this has not been reported in mice. Based on our observations in the various species, 15 

we suggest to use FLK1/PDGFR-α for identifying cardiac mesoderm, ISL1/NKX2.5 for cardiac progenitors and 16 

CTNT/MYHC-B for immature cardiomyocytes. Further, CTNT+/ISL1+ could mark immature cardiomyocytes 17 

and CTNT+/ISL1- mature cardiomyocytes. CX43 should be used together with sarcomeric proteins. This 18 

knowledge may help improving differentiation of hiPSC into more in vivo like cardiac tissue in the future.  19 

 20 

 21 

Keywords: Heart development, embryoid body, cardiac marker, pig, induced pluripotent 22 

stem cell, cardiomyocyte differentiation 23 

 24 

 25 

 26 
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Replicating heart development in vitro using pluripotent stem cells (PSCs) is dependent on a series of 28 

developmental changes in a short time frame that is verified using well-established cardiomyocyte markers. 29 

As PSCs are guided through cardiomyogenesis, they undergo developmental changes similar to those in the 30 

developing embryo, including mesoderm formation, marked by expression of T Brachyury (BRACHYURY) and 31 

cardiac mesoderm marked by posterior BHLH transcription factor (MESP1), Fetal liver kinase 1 (FLK1) and 32 

Platelet-Derived Growth Factor Receptor, Alpha Polypeptide (PDGFR-α). These cells then form cardiac 33 

progenitors that express insulin gene enhancer protein (ISL1), the NK2 homeobox 5 (NKX2.5), GATA binding 34 

protein 4 (GATA4) and T-Box transcription factor 5 (TBX5), before they differentiate into immature 35 

cardiomyocytes marked by cardiac troponin T (CTNT), Myosin Heavy chain 7 (MYHC-B) and other cell surface 36 

markers [1]. Maturation of cardiomyocytes takes several weeks and is more complex to assess, as not only 37 

markers of gap junctions such as gap junction protein Connexin43 (CX43) are used to characterize maturation 38 

[2–4], but also electrophysiological methods, calcium profiles, myofibril organization and sarcomere striation 39 

[1]. These gene markers are generally accepted in the field and have been identified from mouse (and to a 40 

much lesser extent from human) cardiac development studies and are applied to human stem cell 41 

differentiation studies to identify the different stages of cardiac differentiation [1,5–10]. To our knowledge, only 42 

three studies have investigated gene expression in human fetal hearts [11–13] and comparisons to mouse 43 

heart development indicate that differences exist. For example, MYHC-B is upregulated in human ventricular 44 

cardiomyocytes while it is downregulated in these cells in mice [14]. Further, different mesoderm populations 45 

exist in the human which form for e.g. CD235A+ cardiomyocytes of the left ventricle, which have not been 46 

identified in the developing mouse heart [15]. Another study on human PSC-derived cardiomyocyte-like cells 47 

describes a novel marker for cardiac progenitor cells, LGR5, that is unique to human cardiac progenitor cells 48 

[11]. It is also not clear if the markers used for cardiac differentiation studies are especially accurate for human 49 

tissues. Unfortunately, investigation of human heart development remains limited due to the rarity of available 50 

tissue to researchers.  51 

 52 

Identification of alternative animal models of heart development, which better replicate the molecular 53 

mechanisms driving human cardiac development would be an advantage for the field. The pig is a strong 54 

candidate, since pig embryos develop as bilaminar embryonic discs (flat disc) just like human embryos [16]. 55 

Developing pig embryos and fetuses are easily obtained through pig production farms and are a good 56 
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alternative to using non-human primate embryos/fetuses for studying development [17–21]. A detailed 57 

molecular characterization of early pig heart development is absent from the literature. Only limited knowledge 58 

is available on the prenatal developing heart [22,23]  and one study was performed on the postnatal developing 59 

heart [24]. Molecular profiling has recently been performed on the adult pig heart, which shows clear 60 

commonalities with the mouse heart, relating to metabolic processes such as carbohydrate metabolism. 61 

Unique proteins were also expressed in the pig heart although not clearly depicted in the article [25]. Here, we 62 

provide the first molecular studies of cardiogenesis in the pig and cross-compare it to an established human 63 

PSC-based cardiac differentiation protocol [26], which results in almost 100 % contracting cardiac spheres 64 

after seven days.  65 

 66 

The aim of this study was to determine whether commonly used markers of early heart development were 67 

aligned between the pig and differentiating human iPSC cardiomyocytes and to assess whether there were 68 

differences to published mouse studies. We provide detailed anatomical and molecular insight into the 69 

developing pig heart, with focus on the most commonly used markers PDGFR-α, FLK1 (cardiac mesoderm), 70 

ISL1, NKX2.5, (cardiac progenitors) MYHC-B, CTNT (immature cardiomyocytes) and CX43 (mature 71 

cardiomyocytes) in an attempt to assess whether refinement of the use of molecular markers used in human 72 

cardiac differentiation studies is needed.  73 

 74 

2. Materials and methods 75 

2.1 Pigs embryos and fetal pig heart 76 

Pig embryos were obtained at day embryonic day (E)15, E16, E18, E20, E22 and E24 of gestation (three 77 

embryos per day) following insemination of Landrace/Yorkshire sows (twice within 24 h) using semen from a 78 

Duroc boar from a local pig production farm (Roskilde, Denmark). The sows were slaughtered at the above 79 

predefined days calculated after the second insemination and the embryos were collected within 30 min after 80 

slaughter and transported at 37°C to the University of Copenhagen, where the fetuses (clinically dead from 81 

asphyxiation during transport) were isolated by umbilical excision from their fetal sacs. A pig heart from E70 82 

was also dissected from a fetus. The embryos and heart were fixed in 4 % paraformaldehyde (PFA) in PBS at 83 

4 ºC overnight and stored until use in PBS at 4 ºC containing 0.02 % sodium azide. 84 

2.2 Tissue preparation and Haematoxylin and Eosin staining 85 
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The embryos and heart were paraffin embedded in a tissue processor (Thermo Fisher Scientific, Waltham, 86 

USA), where they were dehydrated using an increasing ethanol concentration and then “cleared” in Estisol220 87 

before infiltration with paraffin. Subsequently, the specimens were embedded in paraffin wax (Paraffin wax 88 

blended with synthetic polymers, VWR, Radnor, USA). From the paraffin blocks sagittal sections (5 µm) were 89 

cut using a microtome (SM2000R, Leica, Wetzlar, Germany). The sections were mounted onto glass slides 90 

and stored at 4 ºC. For initial histological examination of the tissue, sections were deparaffinized, rehydrated 91 

and every 5th or 10th section (depending on embryo size) was stained with haematoxylin-eosin. 92 

2.3 Immunohistochemistry 93 

Paraffin sections were heated at 60 °C for 40 min and rehydrated through xylene and ethanol washing. Slides 94 

were dipped twice for 10 min each in xylene (VWR) followed by decreasing ethanol concentrations : twice 5 95 

min in 99 % ethanol, 3 min in 96 % ethanol and 3 min in 70 % ethanol. Immunohistochemistry was performed 96 

using two different protocols depending on the species of the antibody used. Primary antibodies: FLK-1 Rabbit 97 

polyclonal IgG (1:50, Abcam, Ab45010), NKX2-5 Rabbit polyclonal IgG (1:25, Thermo Fisher Scientific, PA5-98 

49431), ISL1 Rabbit polyclonal IgG (1:300, Merck Millipore, AB4326), CX43 Rabbit polyclonal IgG (1:1000, 99 

Abcam, Ab11370), CTNT Mouse monoclonal IgG2b (1:400, Abcam, Ab10214), MYHC-B Mouse monoclonal 100 

IgG1 (1:4000, Abcam, Ab11083), Negative Mouse IgG1 (1:40, DAKO, x0931), Normal Rabbit IgG (1:2000, 101 

DAKO, x0936),  Negative Mouse IgG2b (1:40, DAKO, x0944), Secondary Antibody Biotinylated goat anti-rabbit 102 

(1:250, DAKO, E0432), Third Layer Streptavidin/HRP (1:500, DAKO, P0397, lot. 00032671, 0.83g/L). For 103 

monoclonal mouse antibodies we used the UltraVision™ Quanto Detection System HRP DAB (Thermo Fisher 104 

Scientific). Briefly, rehydrated sections were washed for 5 min in Milli-Q water (MQ) and antigen retrieval was 105 

performed by immersion three times 5 min in boiling 0.01 M sodium citrate solution (PH 6, Merck Millipore, 106 

Burlington, USA). Sections were then washed in 4 oC PBS and placed on ice. The Ultravision Hydrogen 107 

Peroxide Block was then applied for 10 min, followed by washing in PBS for 5 min and incubation in the Block 108 

for another 5 min. Protein block was decanted prior to a 30 min incubation with primary antibodies. Again the 109 

sections were washed in PBS for 5 min and incubated with Primary Antibody Amplifier Quanto for 10 min 110 

followed by another PBS wash for 5 min. In the last step, the sections were washed 3 min in PBS, then 3 min 111 

in MQ and 3 min in PBS.  The sections were then stained with DAB+ Substrate Chromogen system (DAKO, 112 

Glostrup, Denmark) for 5 min. For the polyclonal rabbit antibody, sections were kept 5 min in PBS following 113 

rehydration and permeabilized with 0.1% TritonX-100 (Merck Millipore) for 30 min. The sections were washed 114 
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twice for 5 min in PBS prior to antigen retrieval (performed as above). The sections were subsequently 115 

incubated with 3 % H202 in water for 10 min. After two washes in PBS for 5 min, the slides were blocked with 116 

10 % Normal Goat Serum (NGS, DAKO) in 1 % Bovine Serum Albumin (blocking buffer) (BSA, Merck Millipore) 117 

in PBS for 1 h, washed shortly in PBS and then incubated with primary antibody diluted in blocking buffer 118 

overnight at 4 °C. The next day, after two washes for 5 min in PBS, the sections were incubated in secondary 119 

antibody diluted in blocking buffer for 30 min, washed again twice for 5 min in PBS and then incubated in 120 

Streptavidin/HRP diluted in blocking buffer for 30 min. After two washes in PBS for 5 min, the slides were 121 

visualized using one drop DAB Chromogen per mL substrate buffer (DAKO) for 5 min. In the final steps of both 122 

protocols, the sections were washed in MQ water for 5 min, counterstained using 0.5 % methyl green (Sigma-123 

Aldrich, St. Louis, USA) in 0.1 M Sodium Acetate Buffer for 2 min, washed twice for 3 min in MQ water, dipped 124 

10 times in 96 % ethanol, submerged in xylene and mounted with Distyrene Plasticizer Xylene (DPX, Merck 125 

Millipore). Images were captured using a Leica DFC490 digital camera and a Leica DMR microscope and 126 

Leica application suite software. 127 

2.6 hiPSC culture 128 

For experiments with human cells, the hiPSC line Bioni010-C (Bioneer A/S, Hoersholm, Denmark) was used. 129 

Cells were cultured in mTeSR™1 serum-free medium ( STEMCELL Technologies, Vancouver, Canada) in 6 130 

cm cell culture dishes (Nunclon™ Delta Surface, Thermo Fisher Scientific) coated with hESC-Qualified 131 

Matrigel (354277, Corning, Corning, USA). The medium was exchanged daily and cells were split weekly with 132 

EDTA. Briefly, medium was removed from the dish, the cells washed once with DPBS (Dulbecco’s Phosphate 133 

Buffered Saline, Sigma-Aldrich) and 1 ml 0.02 % EDTA in DPBS added. The cells were incubated for 1-3 min 134 

and the EDTA was removed. The cells were harvested in small clumps in mTeSR™1 and transferred to a new 135 

plate according to the split ratio. The hiPSCs were incubated at 37 °C and 5 % CO2. 136 

2.7 Embroid body formation and cardiac differentiation 137 

3D cultures of embryoid bodies (EBs) that mimic the early human blastocyst were generated from hiPSCs and 138 

subsequently differentiated into cardiomyocytes as described in [26]. For harvesting hiPSCs, medium was 139 

removed from the culture dish and 1 ml Gibco™ TrypLE™ Select (Thermo Fisher Scientific) added and 140 

incubated for 1-2 min. TrypLE was removed  and the cells detached from the plate by adding 10 ml mTeSR-141 

ROCK (mTeSR1 with Y27632 dihydrochloride). A single cell suspension was generated by pipetting several 142 
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times. The cells were counted and diluted to 5x104 cells/ml, of which 100 µl per well were seeded into a 96-143 

Well Polystyrene Conical Bottom MicroWell™ Plate (249952, Thermo Fisher Scientific). The plates were 144 

centrifuged at 500 g for 5 min and incubated at 37 °C and 5 % CO2. 20 h after seeding, and thereafter daily, 145 

medium was exchanged by removing 80 µl of medium and replaced with 80 µl fresh medium according to this 146 

schedule: day 0 (20 hr after seeding): day 0 medium, day 1: TS medium, day 2: Wnt medium, day 3: TS 147 

medium, day 6: TS-medium (removal of 60 µl per well and addition of 80 µl per well on day 6). Media recipes 148 

are given in supplementary material.  149 

2.8 Immunofluorescence of embryoid bodies 150 

The EBs were transferred from a culture plate to a 15 ml centrifugation tube with a 1000 μL pipette (wide orifice 151 

tips). The spheres were left undisturbed for 5 min to allow gravity precipitation and all but approximately 0.5 152 

ml supernatant was removed. Subsequently the spheres were resuspended and transferred to a 0.5 ml tube. 153 

For fixation, excess medium was removed and the spheres were washed once in PBS and fixed in 500 µl 4 % 154 

formaldehyde for 15 min at room temperature (RT). The formaldehyde was removed and the spheres washed 155 

three times in PBS and then stored in PBS at 4 °C. Next spheres were permeabilized for 1 h at RT using 0.1 156 

% Triton-X ( Merck Millipore) in PBS, washed 3 x in PBS and incubated in blocking buffer (5 % Normal donkey 157 

serum (NDS) and 1 % BSA in PBS) at RT for 2 h. Primary antibodies (see section 2.3) diluted in blocking buffer 158 

were incubated with the EBs on an orbital shaker at 4 °C overnight using gentle rotation.  EBs were washed 159 

in PBS for 10 min at RT, then incubated with secondary antibodies (see 2.3) in blocking buffer for 1 h at RT in 160 

the dark and then washed again in PBS for 15 min at RT. For DNA labelling, EBs were incubated in Hoechst 161 

solution 10 µg/ml(Merck Millipore)) for 10 min in the dark. In the end, EBs were washed in PBS in the dark and 162 

immediately prepared for mounting, thus transferred to glass slides and mounted with fluorescent mounting 163 

solution (DAKO). 164 

2.9 Chromogen intensity quantification 165 

Reciprocal intensity of the chromogen stained immunohistochemistry sections was measured in order to 166 

quantify the amount of marker protein present at the respective stages of pig heart development following the 167 

method by [27]. For that, the images were opened in ImageJ and the area of interest selected with the elliptical 168 

selection tool followed by the ‘measure function’ to retrieve the white area maximum. This value was subtracted 169 

from 250, which is the maximum intensity value of white colour in a JPG image. The average reciprocal 170 
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intensity for every marker and developmental stage was calculated after measuring every image from three 171 

embryos. For graphical illustration in a heat map, the ranges were converted into integer numbers according 172 

to Suppl. Table 2. With these values, a heat map was created using R studio.  173 

 174 

3. Results 175 

3.1 Anatomical characterization of pig heart development 176 

There is little anatomical characterization of the developing prenatal pig heart, therefore, it was crucial to first 177 

determine the timing of key anatomical stages of cardiac development. We decided to select embryos from 178 

E15 – E24, since this is the range in which we presumed the heart begins to beat based on two reports [22,23] 179 

as well as a later stage embryo from E70 to identify expression at a later midway stage during gestation 180 

(gestation length in pig = 114 days) (Fig. 1A). At E15 and E16, the pig cardiac tube was still smooth-walled but 181 

clearly segmented into four dilatations, separated by indentations in a posterior-anterior orientation. The 182 

expanded parts identifiable were the sinus venosus (SV) and the atrium (AT) (not yet enclosed within the 183 

pericardial cavity), the ventricle (VE) and the bulbus cordis (BC) (Fig. 1A). Note, the truncus arteriosus is not 184 

visible in these sections, since it is located on the right lateral side of the embryo. No circulation of red blood 185 

cells could be observed at E15 or E16 of development. At E18, the cardiac tube was beginning to fold. It was 186 

u-shaped and trabeculation was observable within the VE and BC. The AT was positioned above the VE and 187 

enclosed in the pericardial cavity (Fig. 1A). We could also observe at this time point circulation of red blood 188 

cells through the heart cavities. At E20, endocardial cushions and conotruncal cushions appeared, forming the 189 

atrioventricular canal (AVC) and the aortic-pulmonary septum (Fig. 1A). At E22, the expansion of the primitive 190 

left AT toward the truncus arteriosus was evident, and it was possible to observe the formed valves in the AVC 191 

and semilunar valves in the outflow tract (OFT). Furthermore, the formed trabeculation was visible in the VE 192 

myocardium wall, where the interventricular septum already appeared (Fig. 1A). At stage E24, the mitral valves 193 

were observable in the AVC, as well as the semilunar valves in the OFT, regulating the blood flow, and the 194 

atrium had surrounded the OFT (Fig. 1A). This anatomical description was important for defining the specific 195 

timing of key events during early pig heart development, which are summarized in Fig. 1B and compared to 196 

the same anatomical stages in mouse and human.  197 

 198 
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3.2 Our in vitro cardiomyocyte differentiation model 199 

We applied an EB-based differentiation method to produce hiPSC-derived cardiomyocytes based on the use 200 

of growth factors from the ActivinA/Nodal, BMP4 and Wnt pathways, which yields beating cardiomyocytes after 201 

seven days [26]. The EBs on day (D)0 consisted of pluripotent cells as they expressed Oct3/4, Sox2 and 202 

SSEA4 (Supp Fig. 1). The differentiation efficiency was very high as almost all EBs beat rigorously on D7, as 203 

we showed before [26]. Since no maturation step was included, the cardiomyocytes on D7 represented 204 

immature cardiomyocytes, as present in the embryo. Our cardiomyocyte differentiation model was therefore 205 

in alignment with the developmental timeframe covered in our pig study, which corresponds to mouse E8.0 – 206 

E11.5 and human gestational day 21 – 42 (Fig. 1B).   207 

 208 

 3.3 Expression pattern of cardiac mesoderm and cardiac progenitor markers PDGFR-α, FLK1, ISL1 and 209 

NKX2.5 in the developing pig heart and differentiating human iPSC  210 

PDGFR-α and FLK1 together are well-established markers for cardiac mesoderm [28,29]. We investigated 211 

only FLK1 expression in the developing pig heart, since two PDGFR-α antibodies (Santa Cruz sc-398206, 212 

Abcam ab124392) we tested in our pig tissues failed to work (likely due to species-specific differences in the 213 

antibody peptides). We found that FLK1 was expressed at the earliest time point studied, E15, in the pig but 214 

became downregulated at later stages with the exception of expression observed in the endocardium cell 215 

membrane and local blood vessels (Figs. 2 and 3). In the hiPSC cardiomyocytes, FLK1 was expressed on D1 216 

and downregulated gradually thereafter, whereas PDGFR-α was expressed strongly for a longer period until 217 

D6 (Fig. 4A).   218 

In the case of cardiac progenitor marker expression, we observed ISL1 expression across all investigated time 219 

points of the developing pig heart. It was expressed in the endocardium, myocardium and epicardium, as well 220 

as the first heart field (FHF: the first wave of mesodermal cells that differentiate to form the initial heart tube 221 

and that express muscle-specific proteins) and the second heart field (SHF) derivatives (Figs. 2 and 3). Of 222 

note, during most stages, it was localized in the nucleus and cytoplasm, while on E70, Isl1 was only found in 223 

the cytoplasm (Suppl. Fig. 2).  224 

In the differentiating hiPSC, ISL1 was highly expressed across several time points from D1 to D6, but  located 225 

in the cytoplasm at D1-D2 and changed to nuclear localization at D3-D6 (Fig. 4A) 226 
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Expression of NKX2.5 in the developing pig heart was present from E16 to E70.. Importantly, we detected 227 

NKX2.5 in both the FHF and SHF derivatives, including the AT, AVC, VE and OFT. Moreover, we observed 228 

expression throughout the endocardium, myocardium and epicardium (Figs. 2 and 3). There appeared to be 229 

higher intensity on E18 and E22, however, this might be a technical artefact and we do not suggest that these 230 

peaks bear biological meaning (Figs. 2 and 3). In the human cardiomyocyte model, heterogenous expression 231 

of NKX2.5 was observed in the D0 EBs and the expression increased thereafter. Interestingly, on D0 – D2 it 232 

was mostly detected in the cells within the outer layer of the EB (Fig. 4A).  233 

 234 

3.3. Comparative expression pattern of the immature cardiomyocyte markers CTNT, MYHC-B and mature 235 

cardiomyocyte marker CX43 in the developing pig heart and human cardiomyocyte model 236 

In the pig heart, CTNT was detectable as early as E16 specifically in the ventral looping tube of the pig heart 237 

(Fig. 5). Expression was highest at E18, where it was found throughout the looping tube, as well as on E22, 238 

leveling off thereafter (Figs. 3 and 5). Interestingly, in the human cardiomyocyte model, CTNT was detectable 239 

at weak levels at early stages of development (D0 and D1) and became strongly expressed from D6 onwards 240 

(Fig. 4B).  241 

 242 

The mature cardiomyocyte marker CX43 was highly expressed at several phases of development in the pig 243 

heart, including at E15, E20, E22, E24 and E70, whilst it was expressed at lower levels at E16 - E18 (Figs. 3, 244 

5 and Suppl. Fig. 2). Expression was localized to the myocardium of the AT, VE, BC and OFT (Fig. 5). In our 245 

human cardiomyocyte model, we found expression at all investigated stages. However, on D0 and D7 it 246 

appeared to be localized to gap junctions and from D1 – D6 localized in the cytoplasm (Fig. 4B).  247 

 248 

In the pig heart, MYHC-B was expressed highly from E16 to E22 and decreased to low levels at E24 and E70 249 

(Figs. 3, 5 and Suppl. Fig. 2). At E16, MYHC-B was located within the looping heart, and at the later stages 250 

E18 - E24 in the myocardium of the AT, VE, BC and OFT (Fig. 5). At E70, MYHC-B was decreased within the 251 

AT and limited to the mature ventricle (Suppl. Fig. 2). Interestingly, we observed a differential pattern of 252 

expression in the human cardiomyocyte model, namely expression of MYHC-B only at D7 (Fig. 4B).   253 

 254 

 255 
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4. Discussion 256 

In this study, we characterized various stages of pig embryonic heart development using morphological 257 

features and molecular markers. We asked whether the markers used to identify different stages of human 258 

cardiomyocyte differentiation should be revised and determined if molecular differences exist between mouse 259 

and pig cardiogenesis. We provide novel and unique analysis of marker expression during pig heart 260 

development, however, our study is only based on one technique i.e. IHC. Although we cannot support our 261 

findings with a second technique, we provide adequate antibody controls and are therefore confident, that our 262 

data reflects true expression in the pig. Moreover, marker expression mostly correlates with findings in mouse 263 

and human.  264 

4.1 Anatomical features of early development of the pig heart 265 

We report for the first time sequential anatomical events in early pig cardiac development, which recapitulate 266 

early cardiac formation events in other mammalian species. At E15/E16 the pig heart is a linear tube and starts 267 

looping at E18. At E20 the endocardial cushions and conotruncal cushions appeared and were followed by 268 

valve formation at E22. The outflow tract division became visible later at E24. Red blood cells were present 269 

from E18 onwards within the heart chambers suggesting the pig heart begins to pump later than E15, as 270 

previously reported [22]. Knowledge on this temporal timing of events will be useful for future studies 271 

investigating the early developing pig heart. 272 

 273 

4.2 FLK1 is exclusively expressed in cardiac mesoderm but PDGFR-α is also expressed later on in cardiac 274 

progenitors 275 

We found FLK1 to be a good mesodermal marker in the pig and that it was expressed early on in the 276 

differentiating hiPSCs as well. The expression of FLK1 in the pig is comparable to Flk1 expression in the 277 

mouse, which is observed in the broad mesoderm around the primitive streak at E7.5 [30] and declines towards 278 

the end of gestation [31]. Therefore, FLK1 appears to be conserved in expression between humans, pigs and 279 

mice. Contrary, PDGFR-α was expressed also at later stages in the differentiating human hiPSC, co-280 

expressing with cardiac progenitor markers (ISL1 and NKX2.5) and therefore should only be used as a cardiac 281 

mesoderm marker when used together with FLK1.  282 

 283 

4.3 ISL1 is an excellent marker of cardiac progenitors but NKX2.5 is expressed throughout all stages  284 
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In the pig, ISL1 was expressed from E15 through to E24.Although Isl1 is a transcription factor and therefore 285 

expected to be detected only in the nucleus, we found clear signals also in the cytoplasm in the pig IHC as 286 

well as the EB IF. This cellular localization pattern has been shown before for Isl1 in the mouse [32,33], and 287 

we therefore speculate that cytoplasmic localization might be a mechanism to regulate Isl1. In support of this, 288 

Isl1 was localized to the cytoplasm at E70, a late stage where no Isl1 expression is expected. . Lastly, we can 289 

also confirm that ISL1 is present in both heart fields as recently reported [34], disproving older studies of Isl1 290 

as a second heart field marker [35]. In the differentiating hiPSC, ISL1 peaked on D2 in the nucleus, indicating 291 

the presence of cardiac progenitor cells at this stage of differentiation. With this, we can confirm with our study 292 

that ISL1 is a good marker of cardiac progenitors in large mammals. 293 

In the case of NKX2.5 expression in the pig, we observed expression from E16 – E70 throughout the heart, 294 

which is in accordance with Nkx2.5 expression in mice throughout gastrulation and adulthood [36] and confirms 295 

more studies in mice that revoke an older notion of NKX2.5 as an FHF marker [34]. Therefore, we confirm that 296 

NKX2.5 marks the progeny of both the FHF and SHF. In the hiPSC cardiomyocyte model we found that NKX2.5 297 

was already expressed in a few cells from D0. This is in contrast to previous reports from mice, where NKX2.5 298 

is expressed only in early heart progenitors [37] and at the cardiac progenitor stage in in vitro differentiation 299 

protocols after induction of ISL1 [38,39]. We previously reported low levels of NKX2.5 gene expression at D0 300 

in the human EBs (four orders of magnitude lower than at D7) [26]. The expression we do observe in the in 301 

vitro human iPSC model might reflect spontaneous induction of the cardiac lineage at a very early stage. Single 302 

cell profiling of the EBs in the future might help confirm the genotype of these cells. Moreover, our 303 

immunostaining results showed that on D0, D1 and D2, NKX2.5 was predominantly expressed in the outer 304 

layer of the EBs, suggesting the presence of a differentiation wave, starting from the outside of the EB. Taken 305 

together, NKX2.5 was expressed at almost all stages in the pig heart and human cardiomyocyte model, 306 

supporting the notion that NKX2.5 is a good marker for the cardiac lineage that is conserved from mice to 307 

humans. 308 

 309 

4.4 CTNT is a good marker for immature cardiomyocytes and MYHC-B marks both cardiac progenitors and 310 

immature cardiomyocytes 311 

We detected CTNT in the pig in a similar time window as reported in mice, namely in the linear heart tube at 312 

E16 which corresponds to E8 in mice [40]. In the human cardiomyocyte model, however, it was detectable 313 
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very weakly at D0 and D1 before it became strongly expressed at D6 and D7. Interestingly, previous studies 314 

on in vitro cardiac differentiation only report CTNT expression at later stages when the cells begin to show 315 

cardiomyocyte identity [2,41]. The weak expression of CTNT on D0 and D1 might indicate the presence of pre-316 

cardiac mesoderm, which has been shown to express cTnT in the mouse on day E7.5 prior to heart tube 317 

formation [40]. In support of this, we have previously found that TNNT2 (the gene encoding CTNT) was 318 

expressed in human iPSC at weak levels on D0, D1 and D2 of our differentiation, however, increasing by four 319 

orders of magnitude at D7 [26]. When comparing the timely pattern of CTNT with other markers we found an 320 

intriguing difference between the pig and the human model: While in the pig, CTNT and NKX2.5 were 321 

upregulated together on E16 – 24, in the cardiomyocyte model CTNT was upregulated much later than 322 

NKX2.5. Many other in vitro studies have reported the same relationship [42–45], while others have observed 323 

a parallel regulation of CTNT and NKX2.5 as we detected in the pig [2,46]. This suggests that the human 324 

differentiation protocols themselves affect the expression pattern of the developmental markers. Our findings 325 

also suggest that the developmental pathways that take place in the developing heart are not replicated 326 

identically to in vitro differentiation methods.  327 

 328 

We found the immature cardiomyocyte marker MYHC-B to be expressed from E16 – E24 in the looping heart 329 

and the myocardium of the pig and to be restricted to the ventricle at E70. Restriction to the ventricle has also 330 

been reported in human fetal hearts [47]. Of note, in rodents MYHC-B expression decreases postnataly and 331 

is replaced by the variant MYHC-A [48]. Therefore, in contrast to humans, MYHC-A is the predominant form 332 

in the adult ventricle in rodents [14]. In this study, we only analyzed MYHC-B as we expected the expression 333 

in the pig to be more similar to humans than to rodents. Our data confirm this and show that MYHC-B is indeed 334 

restricted to the ventricle at later stages of pig development. Furthermore, we conclude that MYHC-B also 335 

marks cardiac progenitors and also specifically immature ventricular cardiomyocytes in the developing pig 336 

heart. In differentiating human PSCs, we and others detected MYHC-B only at the later stages of differentiation 337 

[2,3,49]. This disagreement of MYHC-B levels in cardiac progenitors between in vitro and in vivo cardiac cells 338 

has been shown before. MYHC-B was upregulated in fetal heart tissue compared to in vitro differentiated 339 

cardiomyocytes at three weeks after first contraction [12] and in a recent RNA-Seq study where human fetal 340 

heart progenitors from week 4 - 6 had 60-fold higher levels of MYHC-B expression than in vitro produced D3 341 

progenitors [11]. This suggests that human PSC differentiation into cardiomyocytes may not faithfully replicate 342 
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the expression of MYHC-B in the human fetus. To sum, MYHC-B expression seems to consistently differ 343 

between in vivo heart tissues and in vitro differentiation protocols and could therefore be used as a marker to 344 

improve in vitro protocols. 345 

 346 

4.5 CX43 should be used with caution as a mature cardiomyocyte marker as it is also expressed in the 347 

mesoderm and immature cardiomyocytes in the developing heart 348 

The mature cardiomyocyte marker, CX43, was evident in the mesoderm and immature and mature 349 

cardiomyocytes in the pig, while it was expressed mostly at early and not later time points in the human 350 

differentiating iPSCs. Interestingly, it was downregulated at the pig cardiac progenitor stages but well 351 

detectable in the differentiating hiPSCs at D3. Both the pig heart and human iPSC model expressed CX43 at 352 

the cardiac mesoderm stage. In contrast, CX43 is first expressed in the mouse heart at E9.5 while being 353 

detectable in other tissues much earlier [50–52]. Therefore, our data suggest that CX43 expression differs in 354 

the mouse compared to pigs and potentially humans, as suggested by our hiPSC data. However, this would 355 

have to be elucidated in detail in future studies.  356 

At later stages of human fetal development, CX43 has been shown to be upregulated at the time when fetal 357 

cardiomyocytes align in the smooth helical organization needed for coordinated contraction of the ventricle 358 

and normal heart function [53]. Hence, it is used in vitro differentiation as a marker for mature and synchronized 359 

cardiomyocytes [2–4,54,55]. In our hiPSC differentiation model, no maturation or synchronization step was 360 

included and we therefore expected low or absent expression of CX43 in the cardiomyocytes on D7. We 361 

suggest that CX43 should only be assessed when comparing expression levels between matured and 362 

immature cardiomyocytes, in order to determine the degree of maturation and synchronization. Importantly, 363 

the cells should be co-labeled with other stage-specific markers, such as sarcomeric proteins to confirm 364 

cardiomyocyte identity.  365 

 366 

5. Conclusion 367 

We have for the first time performed a temporal evaluation of commonly used markers for human 368 

cardiomyocyte differentiation protocols using a large mammalian model, the pig. We found that expression 369 

within the developing pig heart overlapped well with murine and human expression for the mesoderm markers 370 

FLK1 and the progenitor marker ISL1. Expression in the pig also faithfully recapitulated expression of the 371 
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immature cardiomyocyte marker, MYHC-B and the mature cardiomyocyte marker CX43, when compared to 372 

the human. However, MYHC-B was also detectable in cardiac progenitor cells, immature cardiomyocytes and 373 

ventricular mature cardiomyocytes in both the pig and hiPSC model. Further, expression in the pig heart and 374 

the hiPSC model indicated that CX43 is also expressed in mesoderm and immature cardiomyocytes and not 375 

only in matured cardiomyocytes. Based on this study, we propose that a combination of FLK1+/PDGFR-α+ 376 

would be valuable for identifying cardiac mesoderm, ISL1+/NKX2.5+ is a good combination for identifying 377 

cardiac progenitors and CTNT+/MYHC-B+ for marking immature cardiomyocytes.  CTNT+/ISL1+ could be 378 

used to mark immature cardiomyocytes and CTNT+/ISL1- used to mark mature cardiomyocytes. CX43 379 

remains an excellent marker for maturation and synchronization of cardiomyocytes, but should be used in 380 

combination of other sarcomeric proteins to confirm cardiomyocyte identity. This comparison of the expression 381 

of cardiogenesis markers in various species will lead to improved characterization of differentiating human 382 

cardiomyocytes in the future. 383 
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 397 

Figure 1: Pig heart developmental stages. A) Sagittal sections of HE-stained pig embryos at indicated days 398 

of embryonic development (E15 – E24) (upper panel) and magnifications of the heart area with depicted heart 399 

structures (lower panel).VE: Ventricle, OFT: Outflow tract, AT: Atrium, BC: Bulbus cordis, SV: Sinus venosus. 400 

*: conu-truncal cushions, little black arrow: endocardial cushions. Orientation arrows: A: Anterior, P: Posterior, 401 

D: Dorsal, V: Ventral. B) Table indicating the stages in embryonic days and key morphological features 402 

compared in the mouse, pig and human. ECC: Endocardial cushions. 403 

 404 
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 405 

Figure 2: Expression of early cardiac markers in the pig heart. A) Immunohistochemical images of FLK1, 406 

ISL1 and NKX2.5 in the pig heart at embryonic days E15 – 24 with overview images of the heart (upper row) 407 

and magnifications to see cellular distribution (lower row). Representative images of sections from three 408 

embryos per marker. Scale bar for low magnification = 200 µM,  higher magnification images = 30 µM. 409 

 410 
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 411 

Figure 3: Marker expression levels during pig embryonic heart development. Reciprocal intensity values 412 

from immunohistochemical images displaying strong, normal, weak or no expression. Predominant location of 413 

each marker is indicated (Heart tissue as well as cellular location). Average values of all slices from three pig 414 

embryos.  415 

 416 
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 417 

Figure 4: Expression of cardiac markers in the human cardiomyocyte model. A) Immunohistochemical 418 

images of early cardiac markers FLK1, ISL1, NKX2.5 and PDGFR-α in differentiated human iPSCs from day 419 

D0 – D7 of differentiation. B) Immunohistochemical images of late cardiac markers CTNT, CX43 and MYHC-420 

B in differentiated human iPSCs from day D0 – D7 of differentiation. Counterstaining with Hoechst (blue) for 421 

DNA. Representative images of 2 - 3 embryoid bodies per marker. Scale bar = 500 um. 422 
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 423 

 424 

 425 

Figure 5: Expression of late cardiac markers in the pig heart. A) Immunohistochemical images of CTNT, 426 

CX43 and MYHC-B in the pig heart at embryonic days E15 – 24 with overview images of the heart (upper row) 427 

and magnifications to see cellular distribution (lower row). Representative images of sections from three 428 

embryos per marker. Scale bar for low magnification = 200 µM,  higher magnification images = 30 µM. 429 

 430 

 431 

 432 
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Supplementary material 433 
Table 1: Cardiomyocyte differentiation media 434 
mTeSR-ROCK 
mTeSR1 (STEMCELL Technologies 85850) 10 ml 
ROCK (5 mM, Cayman Chemical 10005583) 20 µl 
PSG (Life technologies 10378016) 100 µl 
DO medium 
KO-DMEM  10 ml 
PSG (Life technologies 10378016) 100 μl 
ITS (BD 354351) 10 μl 
Y (10 mM, Abcam 120129) 10 μl 
FGF2 (10 μg/ml, Peprotech 100-18B) 10 μl 
Activin A (10 μg/ml, eBioscience 34-8993-85) 10 μl 
CHIR (1 mM, Axon Medchem 1386) 25 μl 
BMP4 (10 μg/ml, R&D 314-BP-010) 1 μl 
TS medium 
KO-DMEM (Life technologies 10829018) 10 ml 
PSG (Life technologies 10378016) 100 μl 
TS * 100 μl 
Asc (250 mM, Sigma-Aldrich 49752) 10 µl 
Wnt medium 
KO-DMEM (Life technologies 10829018) 10 ml 
PSG (Life technologies 10378016) 100 μl 
TS * 100 μl 
Asc (250 mM, Sigma-Aldrich 49752) 10 μl 
Wnt (2mM, Tocris Cat.-No. 5148) 20 μl 

*TS is prepared by adding 1ml of sodium selenite (27 mg sodium selenite Sigma-Aldrich 435 
S5261 in 400 ml PBS w/o Ca and Mg) to the 99 ml transferrin (55 mg transferrin Sigma-436 
Aldrich T8158 in 99 ml PBS w/o Ca and Mg) 437 
 438 
Table 2. Reciprocal intensity values with their corresponding integer number used to create the heat 439 
map and the heat map label.  440 

Reciprocal intensity values Integer number Heat map label 

0 - 50 0 No expression 

50 - 120 2 Weak expression 

120 - 170 4 Normal expression 

170 - 250 6 Strong expression 

 441 
 442 
 443 
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 444 
Supplementary figure 1: Pluripotency markers in D0 EBs. Immunohistochemical images of pluripotency 445 
markers SSEA3, OCT4 and SOX2 in EBs on D0 of the differentiation protocol.  446 
 447 
 448 

 449 
Supplementary figure 2: Marker expression in the E70 pig embryo heart. Immunohistochemical images 450 
of FLK1, ISL1, NKX2.5, CTNT, CX43 and MYHC-B in the pig heart at embryonic day E70 with overview 451 
images of the heart (upper row) and magnifications to see cellular distribution (lower row). Scale bar for low 452 
magnification = 200 µM,  higher magnification images = 30 µM. 453 
 454 
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Abstract 19 

Conazole fungicides such as epoxiconazole are mostly used on cereals of crops and inhibit fungal 20 

growth through direct inhibition of sterol 14α-demethylase (CYP51A1). However, this enzyme is 21 

highly conserved and in humans it is part of the steroid hormone synthesis pathway. Endocrine 22 

disrupting effects of epoxiconazole have been shown in rodents and in vitro assays, however, the 23 

underlying molecular mechanisms are not clear. We took advantage of a human stem cell based in 24 

vitro model for developmental toxicity to study the molecular effects of epoxiconazole. Using this 25 

model, we had previously shown that epoxiconazole is potentially hazardous for human embryonic 26 

development. We employed global transcriptome analysis using RNA-Seq and found the steroid 27 

synthesis pathway highly deregulated in our model. This pathway includes CYP51A1, the human 28 

sterol 14α-demethylase. We confirmed that most genes of the steroid synthesis pathway were 29 

upregulated, including CYP51A1, suggesting a compensatory mechanism on the gene expression 30 

level. Our data suggest that epoxiconazole acts mainly by decreasing cholesterol synthesis in the cells. 31 

We conclude that epoxiconazole bears the potential to harm human embryonic development through 32 

inhibition of the steroid synthesis pathway. We therefore add evidence to the assumption that 33 

epoxiconazole may be hazardous to humans, which may be a common feature of compounds that 34 

target sterol 14α-demethylase.  35 

 36 

Introduction  37 

Studying molecular mechanisms underlying the adverse effects of chemicals can be challenging, 38 

especially in the case of developmental toxicity. In vitro models are a good option not only for 39 

studying human developmental toxicity but also the causative molecular mechanisms (Liu et al. 2017; 40 

Zink et al. 2020). Human induced pluripotent stem cells (hiPSC) can be used to model early 41 
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embryonic development by formation of embryoid bodies (EBs), in which cells can differentiate into 42 

early cell types, such as cardiomyocytes (Takahashi et al. 2007; Liu et al. 2017). The heart is the first 43 

functional organ and starts beating after three weeks of pregnancy (Carlson 2014). Accordingly, 44 

cardiomyocyte differentiation in EBs is one of the most widely used developmental toxicity test 45 

systems (Seiler and Spielmann 2011; Worley et al. 2018). We have previously shown that hiPSC 46 

differentiating into cardiomyocytes in an eight-day protocol can detect developmental toxicity of 47 

thalidomide. Moreover, we detected the pesticide epoxiconazole as a positive in our assay, suggesting 48 

its known adverse effects in rodents might also happen in the human (Lauschke et al. 2020).  49 

Epoxiconazole belongs to a group of fungicides called conazoles. Its mode of action in fungi is 50 

through direct inhibition of sterol 14α-demethylase (in humans encoded by the CYP51A1 gene) and 51 

aromatase. Blocking of sterol 14α-demethylase leads to a lack of ergosterol, which is essential for 52 

yeast and fungal cell membranes (Zarn et al. 2003). However, sterol 14α-demethylase is highly 53 

conserved among organisms and epoxiconazole also inhibits the human CYP51A1 enzyme  (Trösken 54 

et al. 2006). In humans, CYP51A1 is involved in the production of cholesterol that is the precursor 55 

of steroid hormones and the endocrine disrupting activity of epoxiconazole and other conazoles has 56 

been investigated during the last years (Taxvig et al. 2007, 2008; Kjærstad et al. 2010; Hass et al. 57 

2012; Chambers et al. 2014; Munkboel et al. 2019; Draskau et al. 2021). Epoxiconazole has been 58 

shown to have weak estrogenic activity, to be an androgen receptor antagonist and to affect sex steroid 59 

hormone synthesis in vitro (Kjærstad et al. 2010; Lucia Pinto et al. 2018). Furthermore, epoxiconazole 60 

was shown to be feto-toxic at high doses and to increase birth weight at lower doses upon prenatal 61 

exposure in rats (Taxvig et al. 2007, 2008). After being widely used as a fungicide for cereals, its 62 

approval in the EU ended in 2020 due to emerging health concerns (National Farmers Union of 63 

England and Wales, NFU, 2020).  64 



4 
 

We set out to investigate the molecular mechanism of epoxiconazole in a human stem cell based 65 

model of development. To this end, we compared the gene expression levels in differentiating stem 66 

cells upon exposure to epoxiconazole and the solvent control using RNA-Seq. We exposed 67 

differentiating hiPSC to epoxiconazole at the highest efficacious, non-cytotoxic exposure level we 68 

had previously published (Lauschke et al., 2020) and collected samples on day two (D2) and day 69 

seven (D7) of differentiation as well as from the pluripotent cells. We further analyzed the 70 

differentially expressed genes in the epoxiconazole groups compared to the control and found the 71 

steroid synthesis pathway to be enriched. We confirmed these gene expression changes using qRT-72 

PCR, showing that most genes of the steroid biosynthesis pathway were affected as well as genes 73 

involved in steroid hormone synthesis. Our results indicate that epoxiconazole disrupts cholesterol 74 

synthesis in human cells and we speculate that the endocrine disrupting effects, which have been 75 

shown in rodents, might also be relevant to humans.  76 

 77 

Methods 78 

Cell culture 79 

The hiPSC line BIONi010-C was used for all experiments (Bioneer A/S, Hørsholm, Denmark). 80 

HiPSC were cultured in mTeSR™1 medium (STEMCELL Technologies, Vancouver, Canada) on 81 

hESC-Qualified Matrigel (Corning, Corning, USA) coated cell culture dishes (Thermo Fisher 82 

Scientific, Waltham, USA). Medium was exchanged daily except for weekends (weekend-free 83 

culture) and cultured in 5 % CO2 at 37 °C. Cultures were split approximately once a week using 0.02 84 

% EDTA in DPBS. 85 

Cardiomyocyte differentiation  86 
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HiPSC were differentiated into cardiomyocytes as described in Lauschke et al. 2020. Briefly, cells 87 

were harvested as single cells by incubation in Gibco™ TrypLE™ Select (Thermo Fisher Scientific) 88 

for 1-2 min. Cells were resuspended as single cells and a suspension of 5*104 cells/ml seeded at 100 89 

µl per well into a 96-well Polystyrene Conical Bottom MicroWell™ Plate (249952, Thermo Fisher 90 

Scientific) in mTeSR-ROCK. The plates were centrifuged at 500 g for 5 min at RT and incubated 91 

overnight. After 20 h, 80 µl/well old medium was removed and 80 µl/well D0 medium added. After 92 

this, medium was exchanged daily (24 h ± 2h) with respective medium on the following days: TS-93 

medium on day 1, Wnt-medium on day 2, TS-medium on day 3 and TS-medium on day 6. 80 µl/well 94 

old medium was removed and 80 µl/well new medium added, except for day 6, where only 60 µ/well 95 

was removed. Media are listed in Supplementary Table 1. 96 

Chemicals exposure and sampling 97 

Epoxiconazole was purchased from Sigma Aldrich (St. Louis, USA) and prepared as 600 mM stock 98 

solution in dimethyl sulfoxide (DMSO, cell culture grade) (Sigma Aldrich). The stock solution was 99 

diluted in DMSO to create a 20 mM solution. Differentiating cells were exposed on D2, D3 and D6 100 

by diluting the 20 mM solution or DMSO (as a control) 1:1000 in medium of the respective day (Wnt- 101 

or TS-medium). 102 

Cells were harvested for RNA extraction by the following procedure: Pluripotent samples were 103 

harvested from the single cell suspension created for seeding into 96-well conical bottom plates. 104 

Approximately 1x106 cells from the excess single cell suspension were centrifuged at 200 g for 5 105 

min, supernatant removed and the cell pellet snap frozen in liquid nitrogen. For D2 and D7 samples, 106 

EBs were collected from the 96-well plates on day 2 and day 7, respectively, using a P1000 pipette 107 

with wide orifice tips and collection in 15 ml centrifugation tubes. Cells were spun down at 200 g for 108 

5 min, the supernatant discarded except for approximately 500 µl. In this, the cells were resuspended, 109 

transferred to 1.5 ml centrifugation tubes and centrifuged at 1000 g for 5 min. The supernatant was 110 
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removed carefully and the pellet made as dry as possible before snap freezing in liquid nitrogen. All 111 

cell samples were stored at -80 °C for few weeks until RNA extraction.  112 

RNA extraction 113 

RNA was extracted using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the 114 

manufacturer’s specifications. Briefly, the cell pellets were thawed slightly and 400 µl RLT buffer 115 

containing 1% beta-mercaptoethanol added. The cells were lysed and homogenized by passing the 116 

sample through a 20-gauge needle attached to a sterile 1ml plastic syringe at least 10 times. One 117 

volume of 70 % EtOH was added, mixed with the lysate and transferred to an RNeasy spin column. 118 

All steps of the subsequent RNA extraction protocol were followed as suggested by the manufacturer, 119 

including DNaseI digestion. RNA was eluted in 50 µl RNase free water and concentration measured 120 

on a Nanodrop (Thermo Fisher Scientific). For qRT-PCR analysis, 200 ng of RNA with an 121 

A260/A280 ratio > 1.8 was used.  122 

For RNA-Seq, RNA integrity was measured on a Bioanalyzer with the RNA 6000 Nano Kit (Agilent 123 

Technologies, Santa Clara, USA) according to the manufacturer’s instructions. Samples with a RIN 124 

value < 9.0 were further cleaned up using the Qiagen RNeasy Micro Kit (Qiagen). Briefly, samples 125 

were thawed on ice and the volume adjusted to 100 µl using RNase-free water. Then, 350 µl RLT 126 

buffer containing 1% beta-mercaptoethanol were added followed by 250 µl 96–100 % EtOH. The 127 

samples were mixed by pipetting, transferred to a MinElute spin column and centrifuged. All 128 

following steps were followed according to the manual except for DNaseI digestion, which was not 129 

included in the cleanup. RNA was eluted in 16 µl RNase-free water and RNA integrity measured 130 

again on a Bioanalyzer with the RNA 6000 Nano Kit (Agilent Technologies). Final concentrations of 131 

all samples with RIN > 9.0 were measured using the Qubit™ RNA Assay Kit (Thermo Fisher 132 

Scientific) according to the manufacturer’s instructions. Samples with a total of > 300 ng RNA in at 133 

least 24 µl volume and a RIN value > 9.0 were used for RNA sequencing.  134 
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Library preparation 135 

Sequencing libraries were prepared at Novogene Co. Ltd. (Beijing, China) according to their standard 136 

procedures using 1 μg RNA per sample. Libraries were generated using the NEB Next® UltraTM RNA 137 

Library Prep Kit for Illumina (NEB, Ibswich, USA) following the manufacturer’s instructions 138 

including addition of index codes to identify sequences in each sample. Briefly, mRNA was purified 139 

from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was performed using 140 

divalent cations under elevated temperature in NEB Next First Strand Synthesis Reaction Buffer 141 

(5X). For cDNA synthesis, the first strand cDNA was synthesized using random hexamer primer and 142 

M-MuLV Reverse Transcriptase (RNase H-) and the second strand cDNA using DNA Polymerase I 143 

and RNase H. Remaining overhangs were converted into blunt ends and 3’ ends of the retrieved 144 

cDNA adenylated, to enable ligation with NEB Next Adaptors with hairpin loops. To select cDNA 145 

fragments of 150 – 200 bp, the fragments were purified with the AMPure XP system (Beckman 146 

Coulter, Beverly, USA). Then 3 μl USER Enzyme (NEB) was incubated with the size-selected, 147 

adapter-ligated cDNA at 37 °C for 15 min followed by 5 min at 95 °C. Then PCR was performed 148 

with Phusion High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. Lastly, 149 

PCR products were purified using an AMPure XP system and library quality assessed on the Agilent 150 

Bioanalyzer 2100 system. 151 

Clustering and sequencing 152 

These steps were performed after library preparation at Novogene according to their standard 153 

procedures. Briefly, clustering was performed on a cBot Cluster Generation System using PE Cluster 154 

Kit cBot-HS (Illumina) according to the manufacturer’s instructions. Sequencing was performed on 155 

an Illumina platform and paired-end reads generated.  156 

Bioinformatics 157 
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After sequencing, bioinformatics analysis was performed at Novogene. Raw data was retrieved as 158 

FASTQ format files, which include the read sequences and numeric scores for the quality of each 159 

nucleotide (Cock et al. 2009). For quality control, the raw data was analyzed for Q20, Q30 and GC 160 

content and the reads containing adapter and poly-N sequences filtered out.  161 

Mapping of the clean paired-end reads to the human reference genome was performed using the 162 

HISAT2 (hierarchical indexing for spliced alignment of transcripts 2) algorithm (Kim et al. 2019). 163 

The reference genome and gene model annotation files were downloaded from the genome website 164 

browser (NCBI/UCSC/Ensembl).  165 

To count the read numbers mapped to each gene, the program featureCounts was used (Liao et al. 166 

2014). Gene expression levels were estimated as FPKM (Fragments Per Kilobase of transcript 167 

sequence per Millions base pairs sequenced), which takes sequencing depth and gene length into 168 

consideration (Mortazavi et al. 2008). Differential gene expression analysis between the groups (each 169 

including three biological replicates) was performed using the DESeq2 package in R which yields 170 

Log2FoldChange of gene expression (Anders and Huber 2010). The connected p-values were 171 

corrected using the Benjamini and Hochberg’s approach to control the false discovery rate. Genes 172 

with an adjusted p-value < 0.05 were considered to be differentially expressed.  173 

Enrichment analysis of KEGG pathways was performed with the clusterProfiler package in R (Yu et 174 

al. 2012). KEGG-terms with corrected p-value < 0.05 were considered significantly enriched.  175 

Principle component analysis was performed in house using the package pcaExplorer in R (Marini 176 

and Binder 2019). Venn-diagrams were created in house using the Bioinformatics and Evolutionary 177 

Genomics web-tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).  178 

qRT-PCR and gene expression analysis 179 
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For confirmatory qRT-PCR, 200 μg RNA were reverse transcribed into cDNA using the Omniscript® 180 

Reverse Transcription Kit (Qiagen). Then, 3.75 ng cDNA were used per well in a 384-well microtiter 181 

plate for qRT-PCR. This was performed with the TaqMan Assay Kits (Thermo Fisher Scientific) 182 

listed in Supplementary Table 2 on a QuantStudio 7 Flex (Applied Biosystems, Foster City, USA). 183 

Each sample was measured in technical duplicates. Samples with cycle threshold (CT) values < 30 184 

had to reach a CT difference between technical duplicates < 1. Samples with CT values > 35 were 185 

regarded as non-detectable. Relative gene expression was calculated with the ΔΔCT method, 186 

normalized to the average of the two house-keeping genes, GAPDH (Glyceraldehyde 3-phosphate 187 

dehydrogenase) and ACTB (β-actin). Experiments were performed in biological triplicates for D2 188 

samples and biological duplicates for D7 samples, each with a pool of 32 – 96 EBs per group.  189 

Statistical analysis was performed in GraphPad prism version 8. Relative gene expression of 190 

epoxiconazole and DMSO control of each day was compared using an unpaired two-tailed t-test. If 191 

SDs were significantly different in the two data sets, Welch's correction was performed. The data was 192 

checked for normal distribution and if the data was not normally distributed it was log-transformed 193 

for statistical analysis. Stars indicate the following significance: * = p-value < 0.05, ** = p-value < 194 

0.01, *** = p-value < 0.001. 195 

Results 196 

We investigated an early and a late time point of cardiomyocyte differentiation, namely day 2 (D2) 197 

and day 7 (D7). D2 samples had been exposed for 24 h to epoxiconazole or DMSO solvent control 198 

and D7 samples for six days (144 h). The cells on D2 represented mostly cardiac mesoderm and 199 

progenitor cells, while they had committed to cardiomyocyte identity on D7 (Lauschke et al., 2020) 200 

(Fig. 1A). We hypothesized that pathways disturbing cardiac mesoderm development into cardiac 201 

progenitor cells would be visible in D2 samples, while effects on cardiomyocyte development would 202 
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be revealed in D7 samples. Our principle component analysis confirmed that the samples clustered 203 

according to experimental day, with the pluripotent samples showing the largest distance along PC2, 204 

and the D2 and D7 samples along PC1 (Fig. 1B). There was no apparent grouping according to control 205 

or epoxiconazole exposure on either day, suggesting that the differentiation stage had a larger impact 206 

on the transcriptome than exposure to the test chemical.  207 

When comparing the differentially expressed genes on D2 and D7, we found 440 significantly 208 

differentially regulated genes on D2 and 2,410 on D7. On D2, 296 genes were upregulated and 144 209 

genes downregulated (Figure 2A, left panel). On D7, as many as 911 genes were upregulated and 210 

1,499 downregulated (Figure 2A, right panel). We also assessed the genes that were commonly 211 

deregulated in both groups and found that these were 103 genes (Figure 2B).  212 

In order to identify genetic pathways targeted by epoxiconazole we conducted a KEGG pathway 213 

analysis of the differentially regulated genes and found that on both days, the steroid biosynthesis 214 

pathway was among the most significantly enriched pathways (Figure 3). 215 

This pathway caught our attention because epoxiconazole inhibits one of the enzymes in this pathway, 216 

namely CYP51A1 (Trösken et al. 2006). Therefore, we analyzed this pathway more closely and found 217 

ten genes to be deregulated on either one or both days upon epoxiconazole treatment (Figure 4A). 218 

These were almost all genes included in the steroid biosynthesis pathway, as indicated in red on 219 

Figure 4B. The steroid biosynthesis pathway produces cholesterol, which in turn is the precursor for 220 

all steroid hormones (Figure 4B). Therefore, we also investigated this pathway and found four genes 221 

to be deregulated upon epoxiconazole treatment (Figure 4C).  222 

This suggested that epoxiconazole treatment affects the expression of genes involved in steroid and 223 

steroid hormone synthesis and we set out to confirm this using qRT-PCR. We were able to detect all 224 

candidate genes from our RNA-Seq analysis using qRT-PCR with the exception of HSD17B6 and 225 
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SULT2B1 (both part of the steroid hormone biosynthesis pathway). The expression levels of these 226 

genes were too low to be detected with our conditions in qRT-PCR (data not shown). As shown on 227 

Figure 5A, all investigated genes of the steroid biosynthesis pathway were upregulated in the 228 

epoxiconazole treated samples compared to controls on both days. This confirmed our RNA-Seq data 229 

except for MSMO1 and SC5D, for which the RNA-Seq analysis had shown downregulation on day 230 

7 or day 5, respectively (Fig. 4A). In the steroid hormone biosynthesis pathway, CYP1B1 did not 231 

appear to be differentially expressed in epoxiconazole and control samples, and for HSD17B12 we 232 

only showed a non-significant trend in upregulation on both days (Fig. 5B). All together, we 233 

confirmed that most genes involved in steroid biosynthesis were upregulated upon epoxiconazole 234 

treatment, while the steroid hormone biosynthesis genes were either too low expressed or not 235 

significantly changed.  236 

Discussion 237 

In this study, we found genes of the steroid synthesis pathway to be deregulated upon exposure to 238 

epoxiconazole. Endocrine disrupting effects of epoxiconazole are evident in rodents and in in vitro 239 

assays, and our study is the first to investigate the molecular mechanism of epoxiconazole in human 240 

cells.  241 

We used an in vitro model for developmental toxicity that is based on the differentiation of hiPSC 242 

into cardiomyocytes. The cells undergo stages similar to those in the developing embryo such as 243 

cardiac mesoderm and cardiac progenitor formation, before they become cardiomyocytes (Lauschke 244 

et al. 2020). Our model can predict developmental toxicity (Lauschke et al. 2020), however, it is not 245 

clear yet to which extent endocrine disrupting effects can be detected. However, the majority of 246 

chemicals with endocrine disrupting activities also impose developmental toxicity (Choi et al. 2004) 247 

and we speculate that we therefore also detect the endocrine disrupting chemical epoxiconazole in 248 
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our assay. Furthermore, stem cells do express the androgen receptor and genes essential for androgen 249 

synthesis, as it has been shown for mouse embryonic stem cells (Goldman-Johnson et al. 2008). These 250 

cells also secrete testosterone at levels comparable to Leydig cells and differentiate into 251 

cardiomyocytes more efficiently when exposed to testosterone (Goldman-Johnson et al. 2008; Al 252 

Madhoun et al. 2013; Hashimoto and Yuasa 2013). We also have an indication for expression of the 253 

androgen receptor in the hiPSC (unpublished observation). This suggests that stem cells have a basic 254 

level of steroid hormone production with potential function in differentiation processes and we 255 

speculate that our assay can therefore detect endocrine disrupting effects.   256 

We found genes of the steroid and steroid hormone biosynthesis pathway expressed in our cells on 257 

D2 and D7, and we speculate whether the cells can therefore produce steroid hormones. This will 258 

have to be assessed by measuring steroid hormones in future studies.  259 

Epoxiconazole inhibits the human CYP51A1 enzyme (Trösken et al. 2006) and our data suggests that 260 

this manifests at the gene expression level. We showed that not only CYP51A1 but most genes 261 

upstream (FDFT1, SQLE and LSS) and downstream (TM7SF2, NSDHL, HSD17B7 and DHCR7) of 262 

it were upregulated. This indicates a compensatory mechanism in the cells at the transcriptional level 263 

to repair loss of enzyme activity.  264 

We hypothesize that epoxiconazole exposure disturbs steroid hormone biosynthesis mainly at the 265 

level of cholesterol production. In support of this, SULT2B1, an enzyme that sulfonates cholesterol 266 

to make it available for other cellular pathways (Fuda et al. 2002; Strott and Higashi 2003; Cook et 267 

al. 2009), was strongly downregulated in our RNA-Seq data. However, we were not able to detect 268 

SULT2B1 using qRT-PCR and therefore could not support this observation with a second technique. 269 

Moreover, we also found the KEGG-pathway “cholesterol metabolism” significantly enriched in the 270 

D2 samples, emphasizing the role of cholesterol in the effects of epoxiconazole. Epoxiconazole 271 

decreases serum levels of cholesterol in adult rats and mice (US Environmental Protection Agency 272 
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2003; Hester et al. 2012) and inhibitory effects on cholesterol synthesis have been shown for other 273 

conazole fungicides as well (Kan et al. 1985). Cholesterol levels upon epoxiconazole exposure in our 274 

model are currently being investigated in our laboratory.  275 

In conclusion, we provide evidence that the molecular mechanism of epoxiconazole’s developmental 276 

toxicity is through deregulation of the steroid synthesis pathway. Our data connect the previously 277 

shown inhibition of human CYP51A1 enzyme with endocrine disrupting effects in rodents. This 278 

further supports the notion, that epoxiconazole is potentially hazardous to humans, which might also 279 

be applicable to other azole fungicides. We therefore suggest that other conazole fungicides that target 280 

sterol 14α-demethylase are studied at the molecular level and are relevant candidate compounds for 281 

future investigations with our stem cell based in vitro model.   282 
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 293 

Figure 1: Study design and principle component analysis. A) Outline of the cardiomyocyte differentiation 294 
protocol and sampling. Cells are differentiation from day -1 through day 7 and undergo the stages of 295 
differentiation (diff. stage) as indicated: pluri = pluripotent cells, mes = mesoderm, CM = cardiac mesoderm, 296 
CP = cardiac progenitor, until they become cardiomyocytes on the last days. Cells are exposed to control or 297 
epoxiconazole on the days indicated with red arrowheads. Samples are taken at experiment start (pluri), day 2 298 
(D2) and day 7 (D7). B) Principle component (PC) analysis of all samples: Pluripotent cells (pluri), control 299 
(Ctrl) or epoxiconazole (Epoxi) exposed on day 2 (D2) or day 7 (D7). The samples cluster together according 300 
to experimental day, not exposure.  301 
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 302 

Figure 2: Differential gene expression analysis. A) Volcano plots of differentially regulated genes on day 2 303 
(D2, left panel) and day 7 (D7, right panel). Shown is the Log2FoldChange in gene expression between 304 
epoxiconazole and control samples. Genes with p-value < 0.05 are differentially expressed, others are not 305 
significantly changed and indicated in blue. Upregulated genes are indicated in red and downregulated genes 306 
in green. B) VENN-diagram showing the overlap of differentially regulated genes between D2 and D7.  307 

 308 
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 309 

Figure 3: KEGG-pathway analysis of differentially expressed genes on day 2 (A) and day 7 (B). 310 
Shown are the top 20 enriched KEGG-pathways on either day. Pathways with p < 0.05 are indicated 311 
with *.  312 

 313 

 314 
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 315 

Figure 4: Deregulated genes in the steroid and steroid hormone biosynthesis pathways. A) 316 
Deregulated genes of the steroid biosynthesis pathway in a heat map depicting Log2FoldChange of 317 
epoxiconazole vs. control samples of day 2 (D2) and day 7 (D7). B) Main part of the steroid 318 
biosynthesis pathway, the end product cholesterol is the precursor for steroid hormone biosynthesis. 319 
Significantly deregulated genes are indicated in red, the molecular target of epoxiconazole, 320 
CYP51A1, is highlighted in orange. C) Deregulated genes of the steroid hormone biosynthesis 321 
pathway in a heat map depicting Log2FoldChange of epoxiconazole vs. control samples from D2 and 322 
D7. For B) and C), gene expression was analyzed by RNA-Seq, only significantly regulated genes 323 
with p-values < 0.05 are shown. If no significant change on one of the days, the value 0 (no change) 324 
was given. Red = upregulation, green = downregulation, black = no significant change.  325 
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 326 

Figure 5: Confirmatory qRT-PCR of differentially expressed genes identified by RNA-Seq. A) 327 
Genes of the steroid biosynthesis pathway. B) Genes of the steroid hormone biosynthesis pathway. 328 
Gene expression relative to the house-keeping genes GAPDH and β-actin, in the control (Ctrl) and 329 
epoxiconazole (Epoxi) treated samples from day 2 (D2) and day 7 (D7). Statistically significant 330 
differences between the epoxiconazole and control samples on each day are indicated with stars.  331 

 332 

  333 
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Supplementary Table 1 434 

mTeSR-ROCK 
Component  Vol. 
mTeSR1 (STEMCELL Technologies 85850) 10ml 
ROCK (Cayman Chemical 10005583) 20µl 
PSG (Life technologies 10378016) 100µl 
 435 

DO medium 
Component  Vol. 
KO-DMEM  10ml 
PSG (Life technologies 10378016) 100μl 
ITS (BD 354351) 10μl 
Y (10 mM, Abcam 120129) 10μl 
FGF2 (10 μg/ml, Peprotech 100-18B) 10μl 
Activin A (10 μg/ml, eBioscience 34-8993-85) 10μl 
CHIR (1 mM, Axon Medchem 1386) 25μl 
BMP4 (10 μg/ml, R&D 314-BP-010) 1μl 
 436 

TS medium 
Component  Vol. 
KO-DMEM (Life technologies 10829018) 10ml 
PSG (Life technologies 10378016) 100μl 
TS * 100μl 
Asc (250 mM, Sigma-Aldrich 49752) 10µl 
 437 

Wnt medium 
Component  Vol. 
KO-DMEM (Life technologies 10829018) 10ml 
PSG (Life technologies 10378016) 100μl 
TS * 100μl 
Asc (250 mM, Sigma-Aldrich 49752) 10μl 
Wnt (2mM, Tocris Cat.-No. 5148) 20μl 
 438 

*TS is prepared by adding 1ml of sodium selenite (27 mg sodium selenite Sigma-Aldrich S5261 in 439 
400 ml PBS w/o Ca and Mg) to the 99 ml transferrin (55 mg transferrin Sigma-Aldrich T8158 in 99 440 
ml PBS w/o Ca and Mg) 441 

 442 

 443 
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Supplementary Table 2: List of TaqMan gene expression assays 444 

Gene TaqMan Assay 
ACTB Hs01060665_g1 
GAPDH Hs02786624_g1 
FDFT1 Hs00926054_m1 
SQLE Hs01123768_m1 
LSS Hs01552331_m1 
CYP51A1 Hs01567880_g1 
TM7SF2 Hs00162807_m1 
NSDHL Hs00210873_m1 
DHCR7 Hs01023087_m1 
HSD17B7 Hs04937189_g1 
HSD17B7 Hs00367686_m1 
SC5D Hs00999007_m1 
MSMO1 Hs00932159_m1 
HSD17B12 Hs00275054_m1 
HSD17B6 Hs00366258_m1 
CYP1B1 Hs00164383_m1 
SULT2B1 Hs00190268_m1 
ACTC1 Hs01109515_m1 
MYOCD Hs00538076_m1 
CTF1 Hs00173498_m1 
TNNC1 Hs00896999_g1 

 445 
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Table 1: Commonly deregulated genes in thalidomide, valproic acid and epoxiconazole exposed groups on 
day 2 (D2) and day 7 (D7).  

D2 D7 
AC011330.5 ABCD2 
AC016739.2 ACTC1 
COL11A1 AGXT 
FGD5 ALS2CL 
GABRE ARHGEF28 
GLI2 BACE2 
GNG11 BMPER 
KIAA1147 CAMK1G 
LINC01415 CD14 
LYNX1 CNNM1 
MAGEB3 CNTN1 
MAPK11 CPE 
MPZL2 CPEB2 
OTX1 CSDC2 
RP11-369C8.1 CTTNBP2 
SEMA5B DCC 
SHISA7 DES 
SLC16A2 DIO3OS 
STAC DLX2 
TMC3 DUSP6 
TPPP3 EXTL3 
Y_RNA FAXDC2 
  FEZF1-AS1 
  FJX1 
  GFRA2 
  GGNBP2 
  GPR176 
  HAS2 
  HBA2 
  HBE1 
  HBG2 
  HES6 
  HOXB1 
  HOXB-AS1 
  HPSE2 
  IRX5 
  KCNT2 
  KCNV1 



2 
 

  LPAR2 
  LRRN4 
  MAN1C1 
  Metazoa_SRP 
  MIR133A1HG 
  MPP2 
  MTPN 
  NAV2 
  NBEA 
  NELL1 
  NID2 
  NIPSNAP3A 
  NIPSNAP3B 
  NMRK2 
  PGM2L1 
  PLEKHB1 
  PRRG3 
  PRRX1 
  RAB3B 
  RARB 
  RASL11B 
  RNF157 
  RP11-384O8.1 
  RP5-1182A14.5 
  RPL11 
  RPL37 
  SLC13A2 
  SMOC1 
  SNCA 
  SOX21 
  SPOCK1 
  SQLE 
  SV2A 
  THBD 
  TIAM1 
  TMEM173 
  TMEM50A 
  TMEM55A 
  TMSB15A 
  TPPP 
  TSPAN15 



3 
 

  TSPEAR-AS2 
  VWDE 
  XKR7 
  AAK1 
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