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Abstract 

Genotoxic agents play a crucial role in the onset and development of hematological 
disorders and malignancies by inducing DNA damage thus disrupting cellular function 
and genomic integrity.  

This thesis analyzed the genotoxic effects of the methylating agent 
N-methyl-N-nitrosourea (MNU) and the topoisomerase II chemotherapeutic agent 
etoposide on various cell types representing different developmental origins. The aim 
was to reflect the age-related considerations essential in toxicological assessments, 
including embryotoxicity, fetal toxicity, teratogenicity and age-specific sensitivity in 
children and adults, in vitro. To this end, induced pluripotent stem cells from CD34+ 
HSCs (iPSCs), neonatal hematopoietic stem cells (HSCs) and mesenchymal stromal 
cells (MSCs) isolated from umbilical cord blood, as well as adult-derived MSCs isolated 
from bone marrow and induced MSCs from iPSCs (iMSCs) were used. The purpose 
was to assess the cellular responses following genotoxin-induced damage with a focus 
on DNA damage, cell viability and differentiation capacity of cells with different 
developmental ages.  

Through a series of in vitro experiments, our experiments showed that iPSCs exhibited 
the highest sensitivity to genotoxic stress induced by MNU or etoposide. HSCs and 
MSCs demonstrated a more robust resistance to these agents likely due to their 
increased intrinsic DNA repair mechanisms.  

A key focus of this thesis was the differential response of cycling and quiescent HSCs 
to genotoxic stress. Cycling HSCs exhibited a higher resistance to etoposide 
treatment. High MNU doses, however, resulted in the activation of apoptosis in cycling 
HSCs. Quiescent HSCs were not affected by etoposide, whereas MNU treatment 
resulted in a cell cycle stop and a dose-dependent increase of cell death. 

Additionally, the study explored the impact of genotoxic exposure on stem cell 
differentiation by taking advantage of the multipotent differentiation potential of MSCs. 
Differentiation assays revealed that genotoxin-induced damage impaired lineage 
commitment since the osteogenic differentiation potential was significantly impaired 
mainly upon exposure to the genotoxin prior to the differentiation process. Treatment 
7 days post differentiation start however, did not have an impact on osteogenic 
differentiation of MSCs from different developmental ages. The adipogenic and 
chondrogenic differentiation potentials of MSCs were less impacted upon genotoxic 
damage. These findings highlight the vulnerability of MSCs from different sources and 
donors and raise concerns regarding the long-term effects of environment toxins and 
chemotherapy-induced genotoxicity. 

Furthermore, the iMSCs were characterized to evaluate their suitability as an 
alternative to primary MSCs and identified notable differences in their cytokine 
secretion profiles, which were more downregulated compared to BM-MSCs, HOX gene 
expression patterns, which were not expressed in contrast to BM-MSCs and a weak 
differentiation capacity into the osteogenic and adipogenic lineages. 

This work provides valuable insights into the differential responses of stem and 
progenitor cells to genotoxic stress and underscores the need for targeted protective 
strategies in clinical settings. Understanding the mechanisms of genotoxic-induced 
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damage in stem cells is essential for developing improved therapeutic interventions for 
patients undergoing chemotherapy or exposed to environmental carcinogens. The in 
vitro experiments were conducted to develop methods in compliance with the 3R 
principle, aiming to reduce, refine and replace animal experiments in toxicological 
assessments. 
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Zusammenfassung 

Genotoxine spielen eine entscheidende Rolle bei der Entstehung und Entwicklung von 
hämatologischen Erkrankungen und bösartigen Tumoren, da sie DNA-Schäden 
verursachen und so die Zellfunktion und die Genomintegrität beeinträchtigen.  

In dieser Arbeit wurden die genotoxischen Auswirkungen von 
N-Nitroso-Methyl-Harnstoff (MNU) und dem Chemotherapeutikum und 
Topoisomerase II Inhibitor Etoposid auf verschiedene Zelltypen untersucht, die 
unterschiedliche Entwicklungsstadien repräsentieren, darunter induzierte pluripotente 
Stammzellen (iPSCs), hämatopoetische Stammzellen (HSCs), mesenchymale 
Stromazellen (MSCs) und induzierte mesenchymale Stromazellen (iMSCs). Ziel dieser 
Studie war es, die zellulären Reaktionen nach genotoxin-induzierten Schäden zu 
bewerten, wobei der Schwerpunkt auf die Bewertung der DNA-Schäden, 
Zelllebensfähigkeit und Differenzierungspotential von Zellen mit unterschiedlichen 
Entwicklunsgsstadien lag. 

Durch eine Reihe von in vitro Experimenten konnten wir zeigen, dass iPSCs die 
höchste Empfindlichkeit gegenüber genotoxischem Stress aufweisen, der durch MNU 
oder Etoposid ausgelöst wurde. HSCs und MSCs zeigten eine robustere Resistenz 
gegenüber diesen Wirkstoffen, was wahrscheinlich auf ihre erhöhten intrinsischen 
DNA-Reparaturmechanismen zurückzuführen ist.  

Ein Schwerpunkt dieser Arbeit war, die unterschiedliche Reaktion von zyklischen und 
ruhenden HSCs auf genotoxischen Stress zu erfassen. Zyklische HSCs wiesen eine 
höhere Resistenz gegenüber der Behandlung mit Etoposid auf. Hohe Konzentrationen 
an MNU führten jedoch zur Aktivierung der Apoptose in zyklischen HSCs. Ruhende 
HSCs wurden durch Etoposid nicht beeinträchtigt, während die Behandlung mit MNU 
zu einem Stopp des Zellzyklus und einem dosisabhängigen Anstieg der Apoptoserate 
führte. 

Darüber hinaus wurden die Auswirkungen einer genotoxischen Exposition auf die 
Differenzierung von Stammzellen untersucht, indem das multipotente 
Differenzierungspotenzial von MSCs genutzt wurde. Differenzierungstests ergaben, 
dass genotoxin-induzierte Schäden die zelluläre Schicksalsentscheidung 
beeinträchtigten, da das osteogene Differenzierungspotenzial signifikant reduziert war, 
vor allem bei Exposition gegenüber dem Genotoxin vor dem Differenzierungsprozess. 
Die Behandlung 7 Tage nach Beginn der Differenzierung hatte jedoch keinen Einfluss 
auf die osteogene Differenzierung von MSCs aus verschiedenen Entwicklungsstadien. 
Das adipogene und chondrogene Differenzierungspotenzial von MSCs waren im 
Vergleich zum osteogenen Differenzierungspotenzial weniger stark beeinträchtigt. 
Diese Ergebnisse verdeutlichen die Anfälligkeit von MSCs aus unterschiedlichen 
Quellen und von verschiedenen Spendern und geben Anlass zur Sorge über die 
langfristigen Auswirkungen von Umweltgiften und chemotherapiebedingter 
Genotoxizität auch in Bezug auf das gesunde Gewebe. 

Darüber hinaus wurden iMSCs charakterisiert, um ihre Eignung als Alternative zu 
primären MSCs zu untersuchen. Dabei wurden Unterschiede in ihren 
Zytokinsekretionsprofilen, die herunterreguliert waren im Vergleich zu BM-MSCs, 
HOX-Genexpressionsmustern, die nicht exprimiert sind im Vergleich zu BM-MSCs und 



7 
 

ihrem osteogenen und adipogenen Differenzierungspotenzial, welche deutlich 
schwächer sind, festgestellt. 

Diese Forschungsarbeit liefert wertvolle Erkenntnisse über die unterschiedlichen 
Reaktionen von Stamm- und Vorläuferzellen auf genotoxischen Stress und 
unterstreicht die Notwendigkeit gezielter Schutzstrategien im klinischen Umfeld. Das 
Verständnis der Mechanismen von genotoxisch induzierten Schäden in Stammzellen 
ist für die Entwicklung verbesserter therapeutischer Maßnahmen für Patienten, die sich 
einer Chemotherapie unterziehen oder Umweltkarzinogenen ausgesetzt sind, von 
wesentlicher Bedeutung. Die in vitro Experimente wurden durchgeführt, um Methoden 
zu entwickeln, die dem 3R-Prinzip entsprechen und darauf abzielen, Tierversuche bei 
toxikologischen Bewertungen zu reduzieren, zu verfeinern und zu ersetzen.  
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1. Introduction 

1.1. Nitroso-Compounds: Mechanism of Action and Genotoxic 
Potential 

The presence of nitroso-compounds such as N-nitrosodimethylamine (NDMA) and 
N-nitrosodiethylamine (NDEA) as impurities in widely used pharmaceutical drugs 
including sartans, antibiotics, antacids and antidiabetics triggered significant concerns 
among global regulatory agencies including the European Medicines Agency (EMA) 
and the U.S. Food and Drug Administration (FDA). These findings led to recalls and 
bans on affected batches, emphasizing the need for stricter monitoring and control of 
these compounds. Moreover, the detection of nitrosamines highlighted their highly 
genotoxic and carcinogenic potential, thus increasing the risk of cancer incidence and 
harming of human health. The International Council for Harmonization of Technical 
Requirements for Pharmaceuticals for Human Use (ICH) classified nitrosamine 
impurities as Class 1 according to the M7 guidelines. Around 300 nitroso-compounds 
are known, whereof more than 20 were classified by the International Agency for 
Research on Cancer (IARC) as carcinogenic to humans. 

Nitrosamines are chemically stable compounds formed by the reaction of nitrites or 
nitrogen oxides with secondary or tertiary amines yielding in N-alkylnitrosamines and 
N-alkylnitrosamides [1]. This occurs during the manufacturing process of 
pharmaceuticals and personal care products but also during food processing and can 
be due to nitrite-containing starting raw materials, intermediates or re-used solvents, 
reactants and catalysts. Post-production factors such as moisture content, pH and 
storage temperature might also lead to nitrosamine impurity formation [2-4]. 
Additionally, nitrosamines can also be formed in the human body. Their precursors are 
ubiquitously present in processed meats, cheese, alcoholic beverages or cigarette 
smoke thus leading to the formation of nitrosamines under acidic pH in the mouth or 
stomach when the amino acids are converted to amines through bacterial 
decarboxylation followed by nitrosation [5].  

Nitrosamines are pro-carcinogens in such that a metabolic activation by the 
cytochrome P450 isoenzymes is required for converting nitrosamines into reactive 
intermediates capable of DNA alkylation. The key enzyme hereby is CYP2E1, which 
is predominantly expressed in the liver but is also found in the colon and rectum [6]. It 
catalyses the α-hydroxylation step and results in the formation of diazomethane 
resulting in its spontaneous decomposition into nitrogen and a DNA reactive methyl 
carbocation that is able to attack the nitrogen ring and the oxygen atoms of DNA bases 
by SN1-nucleophilic substitution at several positions depending on the given agent [7]. 
Beside N7-methylguanine adducts, the formation of pre-mutagenic O6-methylguanine 
is one of the main and most critical DNA lesions caused by alkylating nitrosamines. To 
a lower extent, also O2-methylthymine and O4-methylthymine adducts are formed. 
Opposite to nitrosamines, nitrosamides such as N-methyl-N-nitrosourea (MNU) do not 
require metabolic activation and decompose spontaneously in aqueous medium, 
forming diazonium ions and finally carbenium ions as alkylating species. 
N-nitrosoureas are the most relevant class among nitrosamides.  
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MNU was initially used as a first-generation anti-cancer drug, but was later on replaced 
by newly designed compounds such as procarbazine and dacarbazine, due to its 
instability [8]. These compounds, however, necessitate cytochrome P450 activation 
with the exception of temozolomide, which is nowadays preferentially used for 
treatment of malignant gliomas [9]. 

The DNA adducts resulting from MNU can be repaired by multiple DNA repair 
mechanisms. The first repair possibility is by the suicide enzyme 
O6-methylguanine-DNA methyltransferase (MGMT). MGMT can remove methyl 
groups from O6-methylguanine and O4-methylthymine, with the repair of 
O6-methylguanine being 105 to 103 times faster than that of O4-methylthymine [10]. 
Kleihues and Margison studied the persistence of O6-methylguanine adducts after 
intravenous injection of various rat tissues with MNU and showed that the neurotropic 
carcinogenicity of MNU depends on adduct removal [11]. Others have shown that 
overexpression of MGMT in transgenic mice skin leads to protection from tumor 
formation upon MNU exposure [12, 13]. Beside this, other groups have also shown 
that MGMT activity protects against different types of cancer including liver cancer, 
colon cancer and thymic lymphomas in various mouse models [14-17]. 
Mechanistically, MGMT acts by transferring the methyl group from guanine to the sulfur 
atom of the cysteine residue (C145) in its active site in a one-step reaction followed by 
its ubiquitination and degradation by the proteasome [18, 19]. 

Beside direct repair by MGMT, base excision repair (BER) is considered as one of the 
primary pathways involved in the removal of alkylation damage. This is accomplished 
in four sequential steps. The first step is catalyzed by DNA glycosylases that recognize 
and bind to the methylated base thus catalyzing cleavage of the glycosidic bond 
resulting in its release and in the formation of abasic apurinic or pyrimidinic sites (AP 
sites). In the second step, the emerged abasic sites are cleaved by apurinic 
endonucleases such as APEX1 thus generating 3´-OH and 5´-desoxyribose phosphate 
ends and DNA single-strand breaks (SSBs). In mammalian cells, AP sites and SSBs 
are recognized by the poly-ADP-ribose polymerase 1 (PARP1), which catalyzes the 
formation of ADP-ribose chains playing a role as a docking platform for the recruitment 
and assembly of the BER complex (XRCC1-POLβ-LIG3), when activated. The last 
BER step consists in the ligation of the nick by ligases after gap filling by DNA 
polymerases that use the undamaged strand as a template. The AP sites and SSBs 
formed during BER are highly toxic and mutagenic, hence the need of a tight process 
regulation and coordination to avoid intermediate accumulation. 

If not repaired by MGMT or BER, persistent O6-methylguanine adducts mispair with 
thymine instead of cytosine during replication resulting in G:C to A:T transition 
mutations. These mutations might play a pivotal role in the initiation of cytotoxicity, 
mutagenicity and carcinogenesis. In a repair attempt by the mismatch repair (MMR) 
machinery, O6-methylguanine is recognized by MutSα, which interacts with MutLα to 
initiate the excision of the newly synthesized strand. This however does not lead to 
removal of the methylated base, which is in the template strand. Removal of the 
mispaired thymine by MMR results in futile and abortive repair cycles with eventual 
SSBs in turn resulting in replication fork collapse and giving rise to DNA double strand 
breaks (DSBs) after an additional replication cycle followed by chromosomal aberration 
or cell death. In MMR-deficient cells, the transition mutation persists leading therefore 
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to cell survival and increased mutagenesis [20]. Another model has been proposed for 
MMR as an actor in direct signaling in terms of DNA damage signal transduction beside 
its role in DNA damage repair (DDR). The MutSα complex acts as sensor for the 
activation of other DDR machineries upon recognition of the methylated adduct. This 
has been shown in mice experiments where missense mutations of MSH2 and MSH6 
genes, leading to disruption of ATP processing ability of MutSα, thus preventing 
downstream steps of DDR despite normal affinity to the mismatch bases [21, 22]. 
Moreover, MutSα has been reported to bind to the mispaired bases O6-methylguanine 
and thymine with a higher affinity compared to other mismatches and directly 
participates in ATR activation in an S-phase specific manner as measured by the 
phosphorylation of CHK1 and SMC1. This was not observed in MSH2-deficient HeLa 
cells [23]. 

DSBs represent the most damaging form of DNA lesions. The repair of DSBs arising 
because of MMR involves two major pathways: homologous recombination (HR) and 
non-homologous end-joining (NHEJ), each of which acts in different cell cycle phases, 
with HR mainly acting during replication and NHEJ throughout the interphase.  

HR is a highly conserved and accurate DDR pathway as it uses the sister chromatid 
as a template to restore the DNA sequence at the break site. Its loss of functionality 
through defective BRCA1 or BRCA2 genes, leads to the preferential use of error-prone 
repair mechanisms thus elevating the risk of genomic alterations. Deleterious variants 
of other HR-related genes such as ATM, RAD51 and XRCC2 are associated with HR 
deficiency tumor phenotype, apoptosis and chromosomal aberrations [24].  

In contrast, NHEJ operates without a template, directly ligating the broken DNA ends, 
thus being much faster but more error-prone than HR [25]. NHEJ begins with the 
recognition of DNA ends by the Ku70/Ku80 heterodimer for protection of further 
degradation and simultaneously acting as a scaffold for the assembly of NHEJ repair 
complex. DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is recruited to 
the DNA-Ku complex thus forming the DNA-PK holoenzyme, which bridges and aligns 
the DNA ends. Following this, the DNA ligase IV/XRCC4 complex assisted by 
XRCC4-like factor (XLF) mediates the ligation of the DNA ends by sealing the 
phosphodiester bonds. The polymerases Pol μ or Pol λ fill the remaining gaps before 
ligation. After successful ligation, the NHEJ complex dissociates from the DNA. 
DNA-PKcs may undergo autophosphorylation to facilitate the release from DNA. 
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during mitosis [36]. This results in the arrest of cell division during mitosis with 
increased cell numbers in the metaphase. However, cells exposed to etoposide show 
a decreased metaphase ratio in contrast to podophyllotoxin [37]. Other studies have 
also shown that etoposide acts by a different mechanism compared to its parent 
compound since low doses of etoposide led to cell cycle perturbation in the late S- or 
early G2-phase [38, 39]. Currently, it is well known that etoposide primarily acts by the 
inhibition of topoisomerase II (alpha and beta isoforms), an essential enzyme involved 
in DNA replication, transcription and chromosome segregation. Generally, 
topoisomerase II enzymes create a transient cleavage complex with the DNA through 
covalent binding of each subunit to the broken end of the 5´-phosphate group. The 
transient cleavage site is subsequently rapidly resealed. Topoisomerase II inhibitors 
act through interaction with the enzyme resulting in its trapping and collapse of the 
bifurcation resulting in DSBs. In turn, DSB accumulation impedes the progression of 
the replication fork thus triggering the activation of cell cycle checkpoints, apoptosis 
initiation and cell death [40]. For this reason, topoisomerase II inhibitors including 
etoposide play an integral role in cancer treatment.  

NHEJ is commonly used for DSB repair. Hereby, the DNA ends are joined without the 
need for a homologous template. The trapped complex is first degraded by the 
proteasome and tyrosyl-DNA phosphodiesterase 2 releases the remaining end [41-
43]. This process is efficient, however, inherently error-prone, often resulting in 
insertions, deletions or mismatch mutations at the repair site. Alternatively, the more 
accurate and precise HR, which uses the complementary DNA strand as a template, 
can be applied. Hereby, the MRE11-RAD50-NBS1 (MRN) complex recruits and 
activates ataxia-telangiectasia mutant kinase (ATM) dimers after damage recognition, 
that in turn, interact with checkpoint kinases leading to a G2/M cell cycle arrest [44]. 
Following this, the nuclease activity of the MRN complex allows DNA cleavage 
prompting HR. However, HR is also associated with elevated mutagenesis, genetic 
instability and genomic rearrangements [45-47]. Faulty DSB repair can have varying 
consequences depending of mutation site and type, possibly resulting in protein loss 
or gain of function mutations thus increasing the risk of malignancies and neoplasms 
or structural alterations resulting in chromosomal rearrangements, which are strongly 
associated with secondary malignancies such as therapy-related acute myeloid 
leukaemia (t-AML). In addition to the increased risk of secondary malignancies, 
etoposide is well-known for its dose-limiting toxicity namely myelosuppression, which 
results from its cytotoxic effects on rapidly dividing hematopoietic cells in the bone 
marrow. This leads to increased infection risk, anaemia and bleeding. 

In addition to DSBs, studies have shown that etoposide induces oxidative stress by 
reactive oxygen species (ROS) generation and accumulation in mitochondria 
additionally to ERK activation in human kidney proximal tubular cells thus leading to 
cytotoxicity, p53-mediated anti-apoptotic pathway and necrosis [48]. The reason for 
this is that etoposide undergoes redox cycling, which can result in the formation of 
semiquinone radicals that interact with molecular oxygen, producing ROS such as 
superoxide anions and hydrogen peroxide. Cells with efficient antioxidant systems, 
such as glutathione and catalase, may be able to counteract ROS generation. 
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exposure time, dose, and environmental factors, which can be challenging in animal 
studies. Furthermore, these models provide unique opportunities to evaluate the 
effects of genotoxic compounds on cell differentiation, developmental age and cell 
cycle status, offering insights that would be difficult to achieve through traditional 
methods. 

In line with these advancements and in compliance with the 3R principle, this thesis 
explores the genotoxic effects of MNU and etoposide on various cell types representing 
different developmental stages. The objective was to reflect age-related considerations 
essential in toxicological assessments, including embryotoxicity, fetal toxicity, 
teratogenicity, and age-specific sensitivity in children and adults. To this end, induced 
pluripotent stem cells (iPSCs), neonatal hematopoietic stem cells (HSCs) and 
mesenchymal stromal cells (MSCs), as well as adult-derived MSCs and induced MSCs 
from iPSCs (iMSCs), were utilized. 

1.4. The Importance of Developmental Age in Evaluating Genotoxic 
Effects 

Aging is a universally conserved feature among eukaryotic organisms. It is 
characterized by a progressive decline of physiological integrity in molecules, cells, 
tissues and organisms. Biological and cellular age plays a pivotal role in understanding 
the impact of genotoxic agents as it reflects the cumulative physiological and cellular 
changes undergone by an organism, which can influence its susceptibility to DDR. 
Developmental age encompasses factors such as cellular senescence, oxidative 
stress and epigenetic modifications, which are critical determinants of a response to 
genotoxic stress.  

When exposed to genotoxic agents like ionizing radiation, chemicals (e.g., etoposide 
or nitrosamines), or UV radiation, older cells tend to have a slower response time and 
often fail to initiate proper repair or apoptosis pathways. In contrast, younger cells can 
efficiently activate DNA damage checkpoints and initiate repair or cell cycle arrest. 

Studies have shown that aged cells exhibit reduced DDR efficiency including HR and 
MMR leading to an increased accumulation of lesions and likelihood of mutations [50-
52].  For instance, the repair of DSBs, one of the most severe forms of DNA damage, 
is slower and less accurate in aged cells compared to young cells [52]. The reduction 
in repair efficiency is thought to be associated with changes in the expression and 
activity of repair proteins such as DNA-PKcs, RAD51, and XRCC4, which are crucial 
for DSB repair. DNA-PKcs, which play a role in NHEJ, showed a higher expression in 
brains of neonatal mice compared to young adult mice, suggesting an age-dependent 
decrease in DSB repair efficiency [53]. RAD51 plays a role in HR and regulates cell 
cycle progression by preserving the G2/M transition. Its expression showed an 
age-dependent decrease in mouse oocytes and its depletion is accompanied by 
decreased ATP production and mitochondrial membrane potential and increased DNA 
degradation [54]. Li and colleagues showed that the expression of XRCC4 and LIG4 
declined with increasing age in human fibroblasts and their restoration may suppress 
the stress-induced premature cellular senescence thus improving NHEJ efficiency and 
fidelity [55]. 
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Moreover, one of the key factors in the diminished DDR in aging cells is the reduced 
activation of key signalling pathways, such as the ATM/ATR-mediated DNA damage 
response, which coordinates the activation of repair processes and cell cycle 
checkpoints. As a result, aged cells may undergo inappropriate cell cycle progression, 
or alternatively, enter a state of senescence or apoptosis, both of which can lead to 
genetic instability. 

Furthermore, the decline in stem cell functionality and regenerative capacity with age 
can exacerbate the effects of genotoxic exposure, particularly in tissues reliant on high 
cellular turnover, such as the hematopoietic system. Incorporating developmental age 
into genotoxicity testing models ensures a more comprehensive risk assessment, 
capturing variations in susceptibility across different life stages and enhancing the 
relevance of preclinical findings to diverse populations. 

1.5. Induced Pluripotent Stem Cells (iPSCs): A Novel Model for 
Genotoxicity Testing 

In 2006, Takahashi and colleagues succeeded for the first time in generating iPSCs by 
retroviral transduction in a breakthrough experiment [56]. Four reprogramming 
transcription factors were selected as sufficient for the induction of pluripotency 
rendering mouse iPSCs resembling mouse embryonic stem cells (ESCs) in their 
biological potency, gene expression and epigenetic landscape: Oct4, Sox2, Klf4 and 
Myc [56]. In 2007, Yamanaka and Thomson independently demonstrated the 
possibility of generating iPSCs from human fibroblasts [57, 58]. Thomson and 
colleagues hereby used Nanog and Lin28 instead of Klf4 and Myc [58]. For this 
discovery, Shin´ya Yamanaka and Jon B. Gurdon were awarded the Nobel Prize for 
Medicine in 2012. The main motivation for their research was to overcome ethical 
concerns about the therapeutic use of ESCs and to provide better research 
approaches for understanding various diseases. The development of iPSCs has 
indeed opened vast opportunities for in vitro modelling of human biology, cell therapy 
applications and drug screening. Their usage is particularly attractive due to their 
similarity to embryonic stem cells but also given their human origin and the ability to 
derive patient-specific cells with a disease-relevant background. These factors may 
not be human-specific and not be manifested in animal models. Furthermore, iPSCs 
can be genetically modified and differentiated into other cell types that might otherwise 
be inaccessible thus holding a great promise for providing new approaches for 
next-generation cell therapies. The therapeutic use of iPSCs is, however, still very 
limited today due to their high self-renewal potential increasing the risk of tumor 
formation. Furthermore, the Sendai virus components of iPSCs pose a safety risk due 
to induced genetic instability [59]. Nowadays, various modifications to the original 
protocol have been developed for instance the usage of small-molecule assisted 
somatic cell reprogramming or fully chemical reprogramming. 

IPSCs provide an unlimited source of patient-specific cells capable of differentiating 
into various tissue types, making them highly versatile for modeling human-specific 
genetic responses. Their ability to replicate the genetic and epigenetic landscape of 
human tissues enhances the accuracy of genotoxicity studies, particularly for 
assessing the impact of toxicants on cell differentiation and development. IPSCs offer 
a powerful tool for generating physiologically relevant data, which is essential for 
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understanding toxicological mechanisms and improving the translatability of preclinical 
findings to human biology. 

1.6. The Hematopoietic Stem Cell Niche: Structure and Function 

The blood system serves as a paradigm for the understanding of stem cell biology. 
Mature blood cells are predominantly short lived. Hematopoietic Stem Cells (HSCs) 
residing in specialized niches mainly the bone marrow are required to sustain 
continuous blood production throughout the life on an individual and replenish 
multipotent progenitors towards hematopoietic lineages e.g. red blood cells, myeloid 
cells, lymphocytes and megakaryocytes. The existence of microenvironments or 
niches that are specific for HSC maintenance was initially proposed by Schofield in 
1978 [60]. This concept suggested that stem cells are in close association with other 
tissue-resident cells to determine their behaviour for instance by preventing their 
differentiation while ensuring their continuous proliferation. Based on this theory, 
advances in molecular biology and imaging techniques have resulted in a better 
understanding of the hematopoietic stem cell niche by determining the location of 
HSCs, thus revealing the molecular mechanisms underlying the stem cell niche. The 
bone marrow is a complex network between several cell types. Endothelial cells 
including arterioles, sinusoids and transition zone vessels. They regulate the trafficking 
and homing of hematopoietic stem cells and progenitors. Mesenchymal stromal cells 
are crucial elements of the bone marrow niche. They provide osteoblasts for bone 
tissue regeneration and control HSC fate both by direct interaction and through 
cytokine secretion. 

1.7. Hematopoietic Stem Cells (HSCs) 

HSCs sustain production of all blood cells throughout the life of an individual. Already 
in the 1960s, Till and McCulloch proposed the existence of self-renewing clonal 
precursor cells for all differentiated blood cells [61]. Weissmann and colleagues 
showed in 1989 that isolated mouse HSCs can reconstitute lethally irradiated mice 
upon transplantation, proving that HSCs are critical for sustaining lifelong 
hematopoiesis, enabling the continuous replenishment of blood cells and immune 
system components [62]. Further studies could identify different populations of 
hematopoietic stem and progenitor cells (HSPCs) and provided evidence for the 
hierarchical organization of hematopoiesis with long-term HSCs (LT-HSCs) at the top 
of the hierarchy, with their unique self-renewal and differentiation capacity in all types 
of blood cells. Moreover, LT-HSCs give rise to short-term HSC (ST-HSCs) and 
multipotent progenitors (MPPs), which possess a broad differentiation potential and 
proliferate rapidly but do not have the long-term self-renewal capacity. Further 
differentiation steps lead to increasingly lineage-specific progenitors until final 
production of mature cells.  

Nowadays, HSCs are one of the most studied tissue-specific stem cells and the 
cornerstone of the hematopoietic niche, where they reside in a delicately balanced 
microenvironment, which plays a crucial role in maintaining their quiescence, 
supporting their self-renewal and regulating their differentiation into various blood 
lineages. Beyond their fundamental biological role, HSCs hold an immense clinical 
importance particularly in transplantation therapies and regenerative medicine since 
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their transplantation with the bone marrow or peripheral blood grafts result in long-term 
reconstitution of the hematopoietic system making them ideal candidates in clinical 
hematology for treatment if various malignancies and autoimmune blood diseases. 

Fetal hematopoiesis begins around 2-3 weeks after fertilization in the yolk sac, where 
primitive hematopoietic cells emerge to meet the oxygenation needs of early 
embryonic tissues. This stage is characterized by the production of nucleated red blood 
cells and the absence of lymphoid differentiation. As development progresses, 
hematopoietic activity transitions to the fetal liver, which becomes the dominant site for 
definitive hematopoiesis. Unlike the yolk sac, the fetal liver supports the expansion of 
HSPCs capable of giving rise to a broader range of blood cell lineages. By 
mid-gestation, hematopoiesis gradually shifts to the bone marrow, a transition marked 
by the establishment of a more specialized and enduring hematopoietic niche. The 
coordinated movement between these sites ensures that the hematopoietic system 
can meet the dynamic physiological demands of growth and development. 

While HSCs can be derived from various sources, including the bone marrow, 
peripheral blood and umbilical cord blood, the source significantly influences their 
biological characteristics and clinical utility. In particular, neonatal HSCs from cord 
blood and adult HSCs from the bone marrow exhibit distinct properties in terms of their 
proliferation, differentiation, and therapeutic applications. Understanding these 
differences is critical for optimizing their use in both research and clinical settings. 

The umbilical cord consists of a vein allowing blood flow from the placenta to the 
embryo or foetus and two arteries carrying blood back to the placenta. Residual 
umbilical cord blood (UCB) can be collected in a non-invasive procedure after delivery 
by puncturing the umbilical cord vein without endangering the mother or the child. CB 
is rich in HSCs, which have been used since the first successful transplantation by 
Eliane Gluckman in 1988 for treatment of hematopoietic disorders as an alternative to 
the more invasive bone marrow transplantation [63]. Neonatal CB-HSCs from cord 
blood are considered more primitive and less mature compared to their counterparts 
for the adult bone marrow or from peripheral blood. They have various advantages 
including their high proliferation potential. Moreover, CB-HSCs exhibit lower 
immunogenicity, reducing the risk of graft-versus-host disease (GvHD) and making 
them an attractive option for unrelated allogeneic transplantation. After collection, CB 
units are stored in cord blood banks in order to immediately be available for allogeneic 
stem cell transplantations worldwide. However, due to the limited amount of umbilical 
CB and the resulting limited yield of HSCs, it has long primarily been used for treatment 
of children or by combination of two unrelated CB unit for treatment of adults [64]. 
Current research is focused on overcoming this limitation through ex vivo expansion 
technologies, which aim to increase the number of HSCs available for transplantation 
while preserving their functional integrity. 

In addition to their therapeutic potential, neonatal CB-HSCs offer a valuable and rare 
platform for investigating genotoxic insults. Their high proliferative potential and 
primitive state allow to study DDR mechanisms at an early developmental stage, 
providing insights that cannot be readily obtained from adult cells, offering a unique 
perspective on how immature hematopoietic cells respond to environmental or 
pharmacological stressors. These properties make them indispensable for 
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toxicological assessments aimed at understanding the long-term consequences of 
genotoxic exposure during early life stages. Additionally, CB-HSCs can be obtained in 
a quiescent state, making them particularly interesting for testing genotoxic effects on 
quiescent cells, which are known to have distinct DDR mechanisms compared to 
cycling cells.  

Adult HSCs from bone marrow have been extensively studied due to their critical role 
in maintaining lifelong hematopoiesis. Unlike neonatal CB-HSCs, adult bone marrow 
HSCs are typically more differentiated and have a lower proliferative potential, 
reflecting their function in maintaining the blood system over a longer period. Bone 
marrow HSCs are typically collected from healthy adult donors and serve as a gold 
standard for autologous and allogeneic stem cell transplants in clinical applications. 

1.8. Mesenchymal Stromal Cells (MSCs) 

Neonatal Cord Blood Unrestricted Somatic Stem Cells and Cord Blood Mesenchymal 
Stromal Cells (CB-USSCs and CB-MSCs) 

In addition to HSCs, umbilical CB (UCB) also contains non-hematopoietic cell types  
and is considered one of the most abundant sources of neonatal stem cells. Multipotent 
mesenchymal stromal cells were first described in umbilical CB in 2000 by Erices and 
colleagues [65]. They can be collected in a non-invasive and less expensive method 
after the umbilical cord is discarded at the time of birth. Since there are no ethical 
concerns are associated with UCB, CB-MSCs attract special interest due to specific 
advantages of embryonic and adult stem cells. Moreover, it has been shown that 
CB-MSCs are less immunogenic thus not eliciting the proliferative response of 
allogeneic lymphocytes in vitro [66]. Additionally, CB-MSCs expanded in vitro retained 
low immunogenicity, immunomodulatory effects along with lower graft rejection and 
post-transplant infections in comparison to other sources in children with severe T-cell 
immune deficiency disorders [67].  

In 2004, Kögler and colleagues characterized a population of cord blood unrestricted 
somatic stem cells (CB-USSCs), which were considered as more primitive than adult 
MSCs since they have a higher proliferative potential and longer telomeres [68]. Later 
on, MSCs have been also identified in cord blood (CB-MSCs). In contrast to CB-MSCs, 
CB-USSCs have been found to lack the adipogenic differentiation potential compared 
to CB-MSCs. This was shown to be due differentially expressed markers: CB-USSCs 
express the delta drosophila homolog-like 1 (DLK1) gene but not homeobox (HOX) 
genes, in contrast to CB-MSCs, which are negative for DLK1 but express all HOX 
genes [69, 70]. In addition to this, these cell populations also differ in their support of 
hematopoietic cells in vitro. CD34+ HSCs cultured on a CB-USSC feeder layer showed 
higher proliferation rates compared to co-culture with CB-MSCs [71]. The potential of 
stromal cells from CB for bone formation has been demonstrated in pre-clinical models. 
Osteogenic pre-differentiated CB-USSCs induced heterotopic ossification on a 
collagen bone matrix after implantation into rats [72]. Uchida et al suggested that 
CB-MSCs contribute to fracture healing after bone marrow engraftment and their 
transplantation not only reconstructed the hematopoietic system but also  the 
mesenchymal cell lineages in mice [73]. 
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Adult Bone Marrow MSCs (BM-MSCs) 

As described in 1.6 and 1.7, adult BM contains hematopoietic stem and progenitor cells 
but also non-hematopoietic cells, which are involved in forming the microenvironment 
and endosteal niche for the maintenance and support of HSCs. It is hypothesized that 
these cells function as in situ perivascular cells on the surface of sinusoids. 

In 1966, Friedenstein and colleagues identified this non-hematopoeitic population with 
osteogenic potential in the bone marrow [74]. This cell type was later on called 
mesenchymal stromal cells (MSCs). 

BM-MSCs exhibit a strong tendency to differentiate into osteoblasts followed by bone 
and cartilage when studied in vivo [75, 76]. This has been confirmed by Hochmann et 
al. and can be further influenced by culturing the cells under hypoxic conditions [77, 
78]. In the context of treating tendinopathy, BM-MSCs are considered particularly 
suitable due to their increased expression of tenogenesis-related factors, such as 
collagen I, Scleraxis, and Tenomodulin [79]. 

BM-MSCs are also the most extensively researched cell type for cartilage 
regeneration, largely because of their superior chondrogenic potential. Studies have 
shown that cells isolated from the iliac crest and vertebral body demonstrate a higher 
capacity for chondrogenesis compared to those harvested from the femoral head [80]. 
Hochmann et al. further investigated the molecular basis of stromal differentiation and 
found that specific transcription factor binding sites in enhancer and promoter regions 
of ossification-related genes are accessible only in BM-MSCs [77]. This suggests that 
their differentiation potential is influenced by epigenetic mechanisms that are 
dependent on the tissue of origin [77]. 

Despite all their advantages, BM-MSCs have relatively slow proliferation rates, shorter 
culture periods and longer population doubling times compared to MSCs from other 
tissues [81]. These properties are exacerbated by the natural aging process during in 
vitro culture, which leads to gradual telomere shortening and increased vulnerability to 
oxidative stress [82]. A further limitation of BM-MSCs is that their differentiation 
potential declines with donor age, making them less effective when harvested from 
elderly patients [83]. 

MSCs derived from cord blood or bone marrow, are highly valuable for toxicological 
testing due to their immunomodulatory properties and ease of isolation. These cells 
provide a robust platform for assessing genotoxic effects in stromal and hematopoietic 
environments, closely mimicking in vivo conditions. MSCs are particularly useful for 
studying the interaction of toxic agents with stromal support cells and their role in 
maintaining tissue integrity, thereby offering critical insights into the broader impacts of 
genotoxic exposure. 

1.9. Chondrogenic and Osteogenic Differentiation during Skeletal 
Development 

The human skeleton is an essential part of the human body consisting of 206 bones 
forming the framework supporting the body and providing shelter for vital organs. 
During human embryogenesis, skeletal development begins in the fourth pregnancy 
week with the formation of vertebral bodies. Between the fifth and the seventh week, 



26 
 

the cartilage is formed, followed by bone formation in the ninth week. Bone largely 
consists of the structural protein collagen (COL), which is formed by calcium phosphate 
crystals in the form of hydroxyapatite to provide additional stability, tensile strength and 
stress resistance. The inorganic matrix composed of calcium and phosphorus salts 
contribute to bone hardness and rigidity. Non-collagenous proteins such as the bone 
sialoprotein (BSP), water, polysaccharides, cells and blood vessels are also involved. 
The different bone types can be classified microscopically, macroscopically or on the 
basis of their external shape.  

Microscopical identification occurs by the determination of the arrangement of the 
collagen fibres. These appear disorganized in woven/fibrous bones with very rapid 
bone formation (more than 4 mm per day), a characteristic of foetal bone and callus 
formed during bone healing. In contrast, lamellar bone formation is slow (less than 1 
µm per day) but the collagen fibres are organized in parallel layers, so-called lamellae, 
in order to provide mechanical stability and greater stiffness.  

Macroscopically, bones are divided into cancellous/spongy/trabecular bones (roughly 
20% of the skeletal system) and cortical/compact bones (approximately 90% of the 
skeletal system). Cortical bones can be distinguished from trabecular bones by their 
dense mineralization with a significantly more bone tissue per unit volume than 
trabecular bone that has high porosity (70-80%). Moreover, trabecular bone has a large 
surface exposed to bone marrow, fat and blood flow. 

Finally, bones can also be distinguished on the basis of their external shape. The long 
bones such as the femur and the humerus are cylindrical in shape and function as 
levers to move muscles during contraction. The short bones such as hand and tarsal 
bones have a cubic-like shape and are formed by cancellous bone surrounded by a 
thin layer of cortical bone. Flat bones such as the sternum, the cranial bones and the 
scapulae have a similar structure to short bones. They are typically thin but curved, 
serve as points of attachment for muscles and protect organs. Irregular bones such as 
the vertebrae and the facial bones have more complex shape and consist of a thin 
layer of cortical bone. Sesamoid bones such as the patellae are small round bones 
that form in tendons for their protection since a great deal of pressure is generated in 
the joint. 

Bone formation is a highly regulated and complex process that begins during 
embryonic development and continues into adulthood. It involves the differentiation of 
mesenchymal precursor cells into osteoblasts. Two primary ossification types occur 
during this process: intramembranous ossification and endochondral ossification. 

Intramembranous ossification forms flat bones and begins during embryonic 
development when MSCs within the connective tissue membranes aggregate and 
differentiate into osteoblasts, which in turn secrete the osteoid matrix that mineralizes 
thus forming bone tissue. The osteoblasts become embedded within the matrix and 
mature into osteocytes. As the ossification process progresses, the woven bone is 
remodelled into lamellar bone and vascularization occurs supporting the formation of 
marrow cavities and ensuring nutrient supply. Intramembranous ossification is 
controlled by the runt-related transcription factor 2 (RUNX2), which is activated by bone 
morphogenetic proteins (BMPs). HOX genes also contribute to the regulation of 
intramembranous ossification. 
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Endochondral ossification is responsible for forming long bones and begins with a 
cartilage model acting as a template for bone development. The process starts by 
MSCs aggregating and differentiating into chondrocytes, which secrete the 
extracellular matrix (ECM) in form of COL2 and aggrecan (ACAN) to form hyaline 
cartilage. Proliferation and differentiation of non-hypertrophic chondrocytes is 
controlled by the SRY-Box 9 transcription factor (SOX9), the master regulator of 
chondrogenesis. SOX9 knockout in mice inhibits the expression of genes related to 
non-hypertrophic chondrocytes [84]. The formed cartilage undergoes apoptosis in the 
centre creating space for the invasion of blood vessels and osteogenic cells in such 
that cartilage is gradually replaced by bone and continues in both directions. 
Secondary ossification centres develop at one or both ends of the epiphysis, whereas 
a layer of cartilage cells remains to enable further bone growth. 

Following the migration of MSCs to the skeletogenesis site, interactions between 
epithelial and mesenchymal tissue lead to the initiation of the condensation process. 
This is achieved at the cellular level by the increases cell density and at the molecular 
level by the expression of characteristic molecules of the ECM and cell adhesion such 
as COL1, N-cadherin and neural cell adhesion molecule (NCAM, CD56). This is 
initiated by the transforming growth factor (TGF-ß), which also acts as an inducer of 
chondrogenesis during in vitro differentiation.  

BMPs including BMP2 and BMP4 were originally described as regulators of ossification 
but also play a role in mesenchymal condensation and in chondrogenesis. They 
support cell-cell contact formation through N-cadherin induction. Inhibition of BMP by 
noggin, preventing them from interaction with their receptors, blocked mesenchymal 
condensation in in vivo studies on chickens, resulting in complete inhibition of cartilage 
development [85]. 

In contrast to osteoblasts, osteoclasts are multinucleated cells derived from 
macrophages and thus from BM-HSCs and are responsible for the resorption of bone 
by dissolving hydroxyapatite and degrading the collagen-rich organic matrix. 
Osteoclasts enable continuous renewal and homeostasis of bone substance.  

1.10. Adipogenic Differentiation during Adipose Tissue Formation 

Adipose tissue is a dynamic organ that plays a role in energy storage and mobilization 
by adapting to physiological conditions with the goal of energetic balance in the 
organism. Moreover, the adipose tissue has emerged as the largest endocrine organ, 
secreting hormones and inflammatory molecules playing a role in adipogenesis, 
metabolism and inflammation. There are two different types of adipose tissue in 
mammals: white and brown adipose tissue. White adipose tissue is designed for 
energy storage in form of triglycerides whereas brown adipose tissue generates heat 
and dissipates energy. The adipose tissue consists of several types of cells such as 
adipocytes, pre-adipocytes, fibroblasts, stromal cells, T-cells, macrophages, 
monocytes and granulocytes. Identical to chondroblasts and osteoblasts, adipocytes 
develop from mesodermal progenitors. However, the embryogenesis of adipocytes  
remains to be clarified.  

For adipogenic differentiation in vivo, MSCs receive cytokine signals from surrounding 
cells. However, in vitro, they lack these cues and thus require specific induction factors 
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to drive their commitment towards the adipogenic lineage. Dexamethasone, 
indomethacin and insulin are the three essential factors for the in vitro adipogenic 
differentiation of MSCs [86]. Dexamethasone, a synthetic glucocorticoid agonist, 
serves as a strong promoter of MSCs differentiation in general [87]. Indomethacin, a 
nonsteroidal anti-inflammatory drug, facilitates adipogenesis by activating PPAR [88, 
89]. Insulin plays a multifaceted role in adipogenesis, primarily through its interaction 
with insulin-like growth factor-1 (IGF-1) receptors, which are more abundant in 
pre-adipocytes than insulin receptors [90]. This binding initiates a signaling cascade 
involving the phosphorylation of the cAMP response element-binding protein (CREB), 
ultimately upregulating key adipogenic transcription factors such as C/EBPα and 
PPAR [91]. Additionally, insulin promotes PPAR activation by inhibiting necdin, a 
suppressor of CREB-induced PPAR expression [92]. 

As MSCs commit to adipogenesis, transcriptional changes drive their transformation 
into pre-adipocytes. One of the earliest events is the phosphorylation of CREB, which 
subsequently activates C/EBPβ [93]. This activation triggers a cascade inducing the 
expression of adipocyte-specific genes, including PPAR. PPAR is indispensable not 
only for adipocyte differentiation but also for maintaining the mature adipocyte state[94] 
[95]. Once committed, MSCs transition into pre-adipocytes, which are flat, spindle-
shaped cells resembling fibroblasts or smooth muscle cells. These pre-adipocytes 
express markers such as pre-adipocyte factor 1 (Pref-1) and GATA2, which are no 
longer detectable in fully differentiated adipocytes [96, 97]. 

Throughout the adipogenesis process, pre-adipocytes stop proliferating, start 
accumulating lipid droplets and acquire both the structural and biochemical traits of 
mature adipocytes including the activation of hormone-regulated lipogenesis and 
lipolysis pathways. Nakamura et al. analysed human MSCs at several days after the 
induction of adipogenesis and identified a set of genes modulated after differentiation 
[98]. Hereby, it was revealed that several genes from other lineages were 
downregulated such as the cytoskeleton and the ECM, whereas others were 
upregulated in early stages such as C/EBPβ or in a late stages such as C/EBP, 
C/EBPβ, PPAR and FABP4. Other clusters related to lipid metabolism and adipocyte 
differentiation were also identified. Various other gene expression profile analyses 
conducted during the adipogenic differentiation have identified numerous upregulated 
genes associated with metabolic processes such as gluconeogenesis and fatty acid 
synthesis, as well as secreted proteins like TGF-β, IGF1, and IGF2 [99]. Additionally, 
transcription factors including PPAR and C/EBP displayed a time-dependent 
increase in expression, on day 14 and day 21, respectively [99]. Mature adipocytes 
also exhibit characteristics such as growth arrest, insulin sensitivity, and the secretion 
of adipokines such as adiponectin [100]. These cells maintain high expression of 
PPAR and C/EBP, which play crucial roles in sustaining their differentiated state.  
These findings highlight the early transcriptional shifts in MSCs as they transition 
toward an adipocyte phenotype. 

1.11. MSC Heterogeneity 

MSCs are a diverse and highly heterogeneous population of cells and this inherent 
variability represents a huge challenge but also an opportunity in their therapeutic 
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applications. MSC heterogeneity originates from various intrinsic and extrinsic factors 
including donor characteristics, tissue source and culture conditions.  

Donor-dependent variability is particularly pronounced and includes differences in age, 
gender and health status. For instance, MSCs derived from younger donors typically 
exhibit higher proliferative rates, reduced senescence, less apoptotic cells and 
enhanced differentiation capacity compared to cells from older donors [101]. Donor 
age has also been shown to negatively affect MSC differentiation into osteoblasts and 
to reduce the immunomodulatory effects and the cell response to oxidative stress. 
Moreover, Kanawa and colleagues showed a decreased expression of 
glycosaminoglycans (GAG), SOX9, collagen II and aggrecan in BM-MSCs harvested 
from older donors, which is associated with a decreased chondrogenic capacity [102]. 
These differences are crucial as age-related senescence can compromise the 
immunomodulatory effects and regenerative capacity of MSCs, which are necessary 
for clinical efficacy. A comparison of BM-MSCs isolated from 53 different donors  
showed differences in the phenotype with higher levels of CD71+, CD90+, CD106+, 
CD140b+, CD146+, CD166+, and CD274+ subpopulations in samples from younger 
donors [83]. 

Gender also influences MSC properties, with studies showing that female-derived 
MSCs may exhibit superior anti-inflammatory and pro-angiogenic capacities compared 
to cell derived from male donors [103, 104]. However, they may also display reduced 
adipogenic differentiation potential with increasing age [104]. 

In addition to donor age and gender, donor health status and functional deficiencies 
and basic treatment such as corticoid intake can also have an impact on MSC 
characteristics and functionality. MSCs derived from osteoporosis patients revealed a 
similar morphology and surface markers as cells from healthy individual but showed 
lower proliferation rates in response to insulin-like growth factor-1 (IGF1) and an 
upregulated expression of the alkaline phosphatase and calcium phosphate deposition 
related to a deficient osteogenic potential [105]. Similarly, cells harvested from multiple 
sclerosis patients showed higher senescence, low secretion levels of anti-inflammatory 
cytokines and a decreased inhibition of T cell proliferation compared to cells from 
healthy individuals [106]. AT-MSCs derived from obese donors also showed an altered 
plasticity in terms of changed patterns of surface markers, decreased proliferation and 
differentiation potential compared to MSCs from lean donors [107]. 

MSC source further contributes significantly to their functional diversity and 
heterogeneity. BM-MSCs are considered the most studied type and are known for their 
high osteogenic differentiation potential making particularly suitable for bone and 
cartilage repair. However, they display slower proliferation rates and are prone to 
culture-induced aging, which can limit their clinical scalability. In contrast, adipose 
tissue-derived MSCs (AT-MSCs) offer higher initial cell yields, faster proliferation and 
lower senescence levels making them more preferable for certain application such as 
immune modulation and tissue repair [108]. MSCs isolated from perinatal tissues such 
as the umbilical cord or placenta have even greater proliferation rates and reduced 
senescence compared to adult-derived MSCs along with their unique 
immunomodulatory properties. These neonatal sources provide MSCs with broader 
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differentiation potential and low immunogenicity, which are attributes for their particular 
advantage in allogeneic therapies. 

Culture conditions introduce another layer of variability, as MSC behaviour can be 
significantly influenced by environmental factors such as oxygen tension, medium 
composition and mechanical stimuli. For instance, MSCs cultured under hypoxic 
conditions better mimic their native niches such as bone marrow, leading to enhanced 
proliferation, reduced senescence and increased secretion of trophic factors that 
support angiogenesis and tissue repair [109, 110]. Similarly, the choice of culture 
medium for instance the presence of fetal bovine serum (FCS), chemically-defined 
media or xeno-free alternatives can affect cell morphology, genetic stability and thus 
therapeutic potential [111]. Repeated passaging during in vitro expansion can further 
amplify these differences, with higher passages often associated with reduced 
functionality and increased genetic instability [112]. 

The molecular and phenotypic diversity of MSCs, coupled with their variable 
differentiation potentials, complicates their standardization for clinical applications. For 
example, MSCs from different tissues may not only vary in their capacity to differentiate 
into osteogenic, chondrogenic or adipogenic lineages but may also differ in their 
paracrine effects including cytokines secretion and immunomodulation. Despite these 
challenges, recent efforts have been made to establish minimal criteria for MSC 
characterization, such as adherence to plastic, specific surface marker expression 
(e.g., CD44, CD73, CD90, CD105) and the ability to differentiate into specific lineages 
in vitro. However, these criteria fail to capture the functional and therapeutic nuances 
of MSC populations underscoring the need for more refined approaches to MSC 
standardization. 

MSC heterogeneity also impacts the outcomes of clinical trials, where inconsistent 
results are often attributed to variations in MSC source, processing and donor 
characteristics. For example, BM-MSCs may perform better in orthopaedic 
applications while AT-MSCs might be preferred for immune-related conditions such as 
GvHD. Therefore, ongoing research is focused on understanding and mitigating the 
effects of MSC heterogeneity including exploring MSC derived from iPSCs (iMSCs) as 
a potential solution. 

1.12. Induced Mesenchymal Stromal Cells (iMSCs) 

The use of MSCs is fraught with ageing-related shortfalls such as limited expansion 
and early senescence. For this, iMSCs, MSCs derived from iPSCs, have emerged as 
a promising alternative to primary MSCs to circumvent these drawbacks in clinically 
relevant scenarios. They offer a renewable and standardized source of MSCs, 
overcoming issues of donor-dependent variability while retaining key regenerative 
properties. Additionally, they can be generated in a patient-specific manner reducing 
the risks of immune rejection in autologous therapies. However, it is still unclear if 
iMSCs possess the same characteristics as MSCs and despite their advantages, 
concerns remain regarding their genomic stability and long-term safety, highlighting 
the need for further research into their therapeutic potential and behavior under stress 
conditions.  
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One of the major challenges in the use of induced mesenchymal stem cells (iMSCs) is 
the development of robust and reproducible differentiation protocols that ensure their 
functional compatibility with specific therapeutic applications. The iMSCs require 
carefully optimized differentiation conditions to acquire the trilineage potential of 
primary MSCs. The variability in differentiation efficiency, potential epigenetic memory 
from the iPSC state and differences in functional characteristics compared to primary 
MSCs pose significant hurdles for their clinical translation. Establishing standardized 
protocols that consistently yield iMSCs with the appropriate phenotypic and functional 
attributes is therefore crucial to harnessing their full therapeutic potential in 
regenerative medicine and disease modeling. 
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2. Aim of this Work 

This study aims to assess the genotoxic effects of MNU and etoposide in human cell 
types of varying developmental stages, including iPSCs, neonatal HSCs and MSCs, 
as well as adult MSCs and iMSCs in order to address developmental age-related 
sensitivities relevant for toxicological evaluations complying with the 3R principle. 

Specifically, the effects of MNU and etoposide on these cell types will be analyzed 
taking into account not only the type of damage induced by these agents, which 
significantly vary in their mechanisms and outcomes, but also the importance of cell 
type and cellular status. 

For HSCs, the study will investigate how quiescent and cycling cells respond differently 
to genotoxic damage induced by MNU or etoposide, as their DNA repair capacities and 
sensitivities to insults are closely tied to their cell cycle status. 

MSCs, on the other hand, provide and essential platform for studying the impact of 
developmental age on genotoxic responses. Their ability to be isolated from donor of 
varying ages and their capacity of self-renewal and differentiation make them ideal for 
the examination of age-dependent differences in DDR. 

Additionally, this study will assess the effects of DNA damage on the trilineage potential 
of MSCs in an agent-dependent manner but also the effect of MSC differentiation 
status on the outcome of the genotoxin-induced damage. This provides a unique 
opportunity to evaluate how DNA damage affects lineage commitment. 

Moreover, cord blood-derived HSCs and MSCs offer an exceptional system for this 
investigation, as they represent cells from a very early developmental age, allowing 
comparison with cells from older sources such as the adult bone marrow. 

This approach will enable a more comprehensive understanding of how both the 
differentiation status and developmental age influence cellular responses to genotoxic 
agents, shedding light on critical variables in toxicological and therapeutic contexts.  
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3. Material and Methods  

3.1. Material  

3.1.1. Consumables 

Table 1: List of consumables. 

Consumables Manufacturer 

15 mL / 50 mL tubes Greiner bio-one (Frickenhausen) 
24-well cell culture plate, tissue 
culture treated Corning Costar (Kennebunk, USA) 

6-well cell culture plate, tissue 
culture treated Corning Costar (Kennebunk, USA) 

96-well cell culture plate, flat 
bottom clear Greiner bio-one (Frickenhausen) 

Adhesive Clear PCR Seal Biozym (Hessisch Oldendorf) 

Blunt fill needle BD (Fraga, Spain) 
C-Chop Disposable 
hemocytometer NanoEntek (Seoul, South Corea) 

Cell culture flasks (T25, T75,T225) Corning Costar (Kennebunk, USA) 

Cell lifter 19 mm Corning (NY, USA) 

Cover slips Thermo Fisher Scientific (Schwerte) 

Cryotubes Greiner bio-one (Frickenhausen) 

Färbekasten ROTILABO® Carl Roth (Karlsruhe) 

MACS LS column Miltenyi Biotec (Bergisch Gladbach) 

MicroAmp™ optische 96-well plate Thermo Fisher Scientific (Schwerte) 

Millicell® EZ Slide 8-well glass Merck (Darmstadt) 

PCR tubes Biozym Scientific (Oldendorf) 

Pipette tips Starlab (Hamburg) 

Pipette tips OneTouch  Sorenson Bioscience (Salt Lake City, USA) 

Pre-separation filters 30µm Miltenyi Biotec (Bergisch Gladbach) 

Pyrex cloning rings  Merck (Darmstadt) 

Safe-lock tube 1.5 mL Sardtedt (Nümbrecht) 

Safe-lock tube 2 mL Eppendorf (Hamburg) 
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Consumables Manufacturer 

Serological pipettes Corning (NY, USA) 

Sterile filters (0.45 µm) Thermo Fisher Scientific (Waltham, MA, USA) 
SuperfrostTMPlus Adhesion 
microscope slides Epredia (Basel, Switzerland) 

Syringe (1,3,5 mL) Braun (Melsungen) 

Transfer pipette Sarstedt (Nümbrecht) 

Tube 15 mL Greiner bio-one (Frickenhausen) 

X200 Filterkarten Weiss 200 Stück Thermo Fisher Scientific (Waltham, MA, USA) 

3.1.2. Chemicals 

Table 2: List of chemicals. 

Chemicals Manufacturer 

100 bp ladder New England Biolabs (Ipswich, MA, 
USA) 

5x First strand buffer  Invitrogen (Karlsruhe) 

7-AAD viability dye Beckman Coulter 

ABsolute QPCR Mix, SYBR Green, low 
ROX Thermo Fisher Scientific (Schwerte) 

Accutase Merck (Darmstadt) 

Acetic Acid (glacial) Merck (Darmstadt) 

Agarose Eurogenetic (Köln) 

Alizarin Red S Sigma-Aldrich (Steinheim) 

Ammonium hydroxide Sigma-Aldrich (Steinheim) 

Annexin V-FITC Apoptosis Detection Kit BD Pharmingen (Heidelberg) 

Biolaminine 521 LN BioLamina (Sundbyberg, Sweden) 

Boric acid Roth (Karlsruhe) 

Chloroform Merck (Darmstadt) 

CliniMACS PBS/EDTA Buffer Miltenyi Biotec (Bergisch Gladbach) 

Cryosure DMSO WAK-Chemie Medical (Steinbach) 
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Chemicals Manufacturer 

ddH2O Fresenius AG (Hilden) 
Dexamethasone-soluble water, cell 
culture  
Tested 

Sigma-Aldrich (Steinheim) 

dNTP Mix (10 mM) Invitrogen (Carlsbad, USA) 

DTT (0.1 M) Invitrogen (Carlsbad, USA) 

E. coli RNase H (5 U/µL) Thermo Fisher Scientific (Waltham, MA, 
USA) 

Entellan Merck (Darmstadt) 

Ethanol (99.5%) VWR International (Leuven, Belgium) 

Ethanol ≥ 70% (v/v), TechniSolv® VWR International (Leuven, Belgium) 

Etoposide TCI Europe N. V. (Zwijndrecht, Belgium) 

FcR blocking reagent Miltenyi Biotec (Bergisch Gladbach) 

Fetal calf serum Gibco (Paisley, Great-Britain) 

Ficoll® (Biocoll Separating Solution) Bio&SELL GmbH (Feucht) 

Fluoromount-G™ Thermo Fisher Scientific (Schwerte) 

Glycerol-2-phosphate Sigma-Aldrich (Steinheim) 

High glucose DMEM (4.5 g/L) Sigma-Aldrich (Steinheim) 

Hoechst 33342 Solution (20 mM) Thermo Fisher Scientific (Schwerte) 

IBMX Sigma-Aldrich (Steinheim) 

Indomethacine Sigma-Aldrich (Steinheim) 

Insulin Gibco (Paisley, Great-Britain) 

Insulin-Transferrin-Selenium Thermo Fisher Scientific (Schwerte) 

Iscove's Medium (without L-Glutamine) Bio&SELL (Feucht) 

Isopropanol VWR International (Leuven, Belgium) 

Low glucose DMEM (1 g/L) Gibco (Paisley, Great-Britain) 

Methanol Merck (Darmstadt) 

M-FreezeTM Cryoembedding media Merck (Darmstadt) 
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Chemicals Manufacturer 

MgCl2 (50 mM) Invitrogen (Carlsbad, USA) 

Midori Green Biozym Scientific 

MitoTracker™ Green FM Thermo Fisher Scientific (Schwerte) 

N-Methyl-N-Nitrosourea Biozol (Eching) 

Normal Goat Serum Invitrogen (Karlsruhe) 

Oil Red O Waldeck  

Oligo(dT)20 (50 µM) Invitrogen (Karlsruhe) 

Oligonucleotides Thermo Fisher Scientific (Schwerte) 
Paraformaldehyde solution (PFA, 4% in 
PBS) AppliChem GmbH (Darmstadt) 

PBS pH 7.3 Sigma-Aldrich (Steinheim) 

Penicillin-Streptomycin Mixture (PS) Lonza (Basel, Switzerland) 
ProLong Gold Antifade reagent with 
DAPI Thermo Fisher Scientific (Schwerte) 

Propidium iodide Thermo Fisher Scientific (Schwerte) 
Penicillin-Streptomycin-Glutamin 
Mixture (PSG) Gibco (Paisley, Great-Britain) 

Resazurin sodium salt Sigma-Aldrich (Steinheim) 

Rnase-free water Sigma-Aldrich (Steinheim) 

RNaseOUT (100 mM) Thermo Fisher Scientific (Schwerte) 

RNeasy Mini Kit  Qiagen (Hilden) 

Sodium acetate Sigma-Aldrich (Steinheim) 

Sodium L-ascorbate Sigma-Aldrich (Steinheim) 

Sodium pyruvate Sigma-Aldrich (Steinheim) 

StemMACS ™ HSC-CFU lite with Epo Miltenyi Biotec (Bergisch Gladbach) 

SuperScript™ III Reverse Transcriptase Thermo Fisher Scientific (Schwerte) 
Tetramethylrhodamin, Methylester, 
Perchlorat (TMRM) Thermo Fisher Scientific (Schwerte) 

TRI Reagent Sigma-Aldrich (Steinheim) 

Triton X-100 Sigma-Aldrich (Steinheim) 
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Chemicals Manufacturer 

Trypan Blue Solution (0.4%) Sigma-Aldrich (Steinheim) 
TrypLE™ Express Enzyme (1X), no 
phenol red Thermo Fisher Scientific (Schwerte) 

Tween® 20 SERVA (Heidelberg) 

Xylene Merck (Darmstadt) 

Y-2763215 Xylene Merck (Darmstadt) 
β-glycerophosphate disodium salt 
hydrate Sigma-Aldrich (Steinheim) 

β-mercaptoethanol Sigma-Aldrich (Steinheim) 

3.1.3. Buffers 

Table 3: List of used buffers and their composition. 

Buffer Composition 

10x TBE (gel electrophoresis) 

Tris (108 g/L) 
EDTA (8 g/L) 
Boric acid (55 g/L) 
ddH2O ad 1 L 

Na2EDTA (0.5 M, pH10) Na2EDTA (186 g) 
ddH2O ad 1 L 

NaOH (10 M) NaOH (400 g) 
900 mL ddH2O 

N-Lauroylsarcosine (10%) N-Lauroylsarcosine (50 g) 
ddH2O ad 500 mL (90 °C and shaking) 

Lysis buffer (pH 10) 

NaCl (2.5 M, 146.25 g) 
EDTA (100 mM) 
Tris (10 mM, 1.2 g) 
400 mL ddH2O  
N-Lauroylsarcosine (1%) 
ddH2O ad 890 mL 
Directly before use:  
Triton X-100 (1 mL) 
DMSO (10 mL)  
Lysis buffer (89 mL) 

Electrophoresis buffer (pH13) NaOH (300 mM) 
Na2EDTA (1 mM) 

Neutralization buffer 

Tris (400 mM) 
ddH2O ad 900 mL 
Adjust to pH 7.5 
ddH2O ad 1 L 

Low melting point agarose LMP-agarose (0.5%) 
ddH2O 
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Buffer Composition 

Propidium iodide staining solution PI (50 µg/mL) 
ddH2O 

3.1.4. Technical Devices 

Table 4: List of used technical devices. 

Device Manufacturer 

AlphaImager MINI Biozym Scientific (Oldendorf) 

AVISO CellSelector robot control  Automated Lab Solutions (Jena) 

Axiovert 25 Zeiss (Jena) 

CELL-DYN Ruby  Abbott Diagnostics (Wiesbaden) 

Centrifuge MIKRO 200R Hettich (Tuttlingen) 

Centrifuge ROTIXA 50RS Hettich (Tuttlingen) 

CO2 Incubator Binder (Gleisdorf, Austria) 

CytoFlex Beckman Coulter (Marseille, France) 

Cytospin 3 Thermo Fisher Scientific (Schwerte) 

Holten Laminair Thermo Fisher Scientific (Schwerte) 
Infinite® M Plex, multimode microplate 
reader, monochromator optics Tecan (Männedorf, Switzerland) 

Mastercycler EP gradient S PCR Eppendorf (Hamburg) 

Microplate reader Tecan Trading AG (Männedorf, 
Switzerland) 

Microscope camera CC12 Olympus Soft Imaging (Münster) 

Microscope Olympus CKX41 Olympus (Münster) 

NanoDrop ND-1000 Thermo Fisher Scientific (Schwerte) 

Power supply PowerPac Basic Bio-Rad Laboratories (Feldkirchen) 

Quant Studio 3 qPCR cycler Thermo Fisher Scientific (Schwerte) 

Thermomixer comfort Eppendorf (Hamburg) 

Water bath Julabo SW 20 Julabo (Seelbach) 
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3.1.5. Media 

Table 5: List of used media for cell culture and differentiation and their composition. 

iPSC culture medium MSC and iMSC culture medium 

StemMACS iPS-Brew XF DMEM low glucose 

10 µM Y-2763215 30% FCS 

MSC osteogenic medium 1% PS 

DMEM low glucose MSC adipogenic culture medium 

10% FCS DMEM high glucose 

1% PS 10% FCS 

10-7 M Dexamethasone 1% PSG 

50 µg/mL Ascorbic acid 0.01 mg/mL Insulin 

10 mM β-Glycerolphosphate MSC chondrogenic medium 

MSC adipogenic induction medium DMEM high glucose 

DMEM high glucose 1% PS 

10% FCS 100 nM Dexamethasone 

1% PSG 35 µg/mL Ascorbic acid 2-phosphate 

0.1 mg/mL Insulin 1 mM Natrium pyruvate 

1 mM IBMX ITS (1:100 dilution) 

10-6 M Dexamethasone 10 ng/mL TGF-β1 

0.2 mM Indomethacine 

HSC culture medium 

SCGM 

25 ng/mL SCF 

25 ng/mL FLT3-L 

25 ng/mL TPO 

25 ng/mL IL-3 

25 ng/mL IL-6 
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3.1.6. Cytokines 

Table 6: List of used cytokines. 

Cytokine Manufacturer 

Human FLT3-L Miltenyi Biotec (Bergisch Gladbach) 

Human IL-3 Miltenyi Biotec (Bergisch Gladbach) 

Human IL-6 Miltenyi Biotec (Bergisch Gladbach) 

Human SCF Miltenyi Biotec (Bergisch Gladbach) 

Human TGF-β1 Miltenyi Biotec (Bergisch Gladbach) 

Human TPO Miltenyi Biotec (Bergisch Gladbach) 

3.1.7. Oligonucleotides 

All used oligonucleotides were designed for this or for previous works by members of 
Prof. Dr. Kögler group in the ITZ and were synthesized and purified by HPLC by 
Thermo Fisher Scientific and diluted to a final concentration of 0.02 µM. 
Table 7: List of used oligonucleotides, their sequences and expected product size of the amplicon. 

Oligonucleotide Forward sequence (5´-3´) Reverse sequence (5´-3´) 
Produ
ct size 
[bp] 

Osteogenic Genes 

BMP2 CGCTCTTTCAATGGACGTGT CAACGCTAGAAGACAGCGGG 98 

BMP4 CCACCACGAAGAACATCTGG ACGTCGTTCTCAGGGATGC 96 

BSP GGGCAGTAGTGACTCATCCG AAGCTGGATTGCAGATAACCC 214 

OCN (BGLAP) CCTCACACTCCTCGCCCTATT CCCTCCTGCTTGGACACAAA 117 

ON TAAACCCCTCCACATTCCCGCG TTCTTGCTGAGGGGCTGCCAA
G 159 

OPN GCCGAGGTGATAGTGTGGTT AACGGGGATGGCCTTGTATG 149 

OSX (SP7) TGCTTGAGGAGGAAGTTCAC CTGAAAGGTCACTGCCCAC 153 

RUNX2 GAGTGGACGAGGCAAGAG GGACACCTACTCTCATACTG 215 

Adipogenic Genes 

ADIPOQ (APM1) TCCGCAGTGTAGGCTTTACC TACACTTGCTGGGGCATCTG 195 

C/EBPα GAGTCACACCAGAAAGCTAG GATGGACTGATCGTGCTTC 184 
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C/EBPβ TTTCGAAGTTGATGCAATCG ACAGCAACAAGCCCGTAGG 130 

FABP4 GCTTTGCCACCAGGAAAGTG ATGACGCATTCCACCACCAG 280 

PLIN1 CTCACCTTGCTGGATGGAGA CGAGTGTTGGCAGCAAATTC 485 

PPAR TCCATGCTGTTATGGGTGAA TCAAAGGAGTGGGAGTGGTC 193 

DDR Genes 

ATM CCTTGTGCTAGTGGGCAGAA ATGGGGAGCAAAGAACCCAG 150 

BRCA1 CCACAGATCAACCTGGAATGG GTAGAGTGCTACACTGCTCA 209 

BRCA2 TTCTGAGGTGGACCTAATAGG TGATTTGGATTCTGGTCGCC 193 

MGMT ACCGTTTGCGACTTGGTACT GGGCTGGTGGAAATAGGCAT 246 

NHEJ1 CCATTGTTGAAGGACGCTGC CTAGCTCCCTCACTTGGCAC 217 

P21 (CDKN1A) TACATCTTCTGCCTTAGT  TCTTAGGAACCTCTCATT 162 

P53 TTCCGAGAGCTGAATGAGGC AATGTCAGTCTGAGTCAGGCC 166 

RAD51 GCTGATGAGTTTGGTGTAGC AACATAGCTTCAGCTTCAGG 215 

XRCC4 CCTCTAGGAGAATCAGCTTCAA
GA AAAGAGGTCTTCTGGGCTGC 132 

XRCC5 AGCATAGACTGCATCCGAGC TCCCCATACATCCACGACCT 315 

XRCC6 TGCGTGGATTGTCGTCTTCT CTTCTTCATCGCCCTCGGTT 111 

Housekeeping Genes 

GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG 238 

RPL13a GAGGTATGCTGCCCCACAAA TTCAGACGCACGACCTTGAG 136 

3.1.8. Antibodies 

Table 8: List of used antibodies. 

Antibodies Fluorophore Clone Manufacturer 

Phospho-Histone 
H2AX (Ser139), 
mouse 

None JBW301 Merck 
(Darmstadt) 

53BP1, rabbit None Polyclonal 
Cell Signalling 
Technology 
(Danvers, USA) 

Anti-mouse, goat Rhodamine Red-X Polyclonal 
Jackson 
ImmunoResearch 
(Ely, UK) 
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Anti-rabbit, goat Alexa-Fluor 488 Polyclonal 
Jackson 
ImmunoResearch 
(Ely, UK) 

CD34, mouse PE 8G12 BD Biosciences 
(San Jose, USA) 

CD34, mouse PE  
Miltenyi Biotec 
(Bergisch 
Gladbach) 

CD45, mouse FITC 2D1 BD Biosciences 
(San Jose, USA) 

CD38, mouse APC HIT2 BD Pharmingen 
(Heidelberg) 

CD10, mouse PE-Cy™7 HI10a BD Pharmingen 
(Heidelberg) 

CD45RA, mouse APC-Alexa Fluor 
750 

2H4LDH11LDB9 
(2H4) 

Beckman Coulter 
(Marseille, 
France) 

CD90, mouse FITC F15-42-1-5 
Miltenyi Biotec 
(Bergisch 
Gladbach) 

3.2.  Methods 

3.2.1. Cell Culture  

All cell culture work described below was carried out under sterile conditions under a 
sterile workbench. All cells were cultivated at 37 °C with 21% O2 and 5% CO2. 

All MSCs used in this work were generated or isolated by the group of Prof. Kögler at 
the Institute for Transplantation Diagnostics and Cell Therapeutics in the University 
Hospital Düsseldorf. Umbilical cord blood (UCB) units were donated to the José 
Carreras Cord Blood Bank by the respective mothers in accordance with the 
Declaration of Helsinki. The units used to isolate hematopoietic stem cells did not 
match the requirements for transplants and were used for research purposes with 
donator consent.  
Table 9: Overview of the used cell lines. 

Source Cell type Cell line 
Donor gender or 
age (if known or 
relevant) 

Neonatal Cord 
Blood 

iPSC 

R24 M 

R25 F 

R26 M 

Primary CD34+ HSC - - 

CB-USSC SA5/73 - 



43 
 

SA8/25 - 

SA10/36 - 

USSC86b - 

CB-MSC 

SA6/51 - 

SA8/39 - 

USSC63 - 

USSC120a - 

iMSC 

R26 - 

R34 - 

R35 - 

Adult Bone 
marrow BM-MSC 

KM9-14 23 

KM9-15 32 

KM114 43 

KM120 - 

KM8/06 52 

KM1/23 36 

KM2/23 31 

KM3/23 24 

 

3.2.2. Generation and Culture of iPSCs 

The iPSCs used in this work were generated by Catalent Düsseldorf GmbH by 
episomal reprogramming as described in Okita et. al. [113], from cord blood CD34+ 
HSCs after their isolation and expansion. They were subsequently maintained in 
StemMACS iPS Brew XF medium on Biolaminine 521 LN matrix and were routinely 
replated twice per week in the presence of 10 µM Y-2763215 using Accutase. Y-
2763215 (1:1000) was removed from the medium after 24 h. 
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3.2.3. Cryopreservation of iPSCs 

IPSCs were frozen as vials of 1x106 cells. For this, cells were centrifuged at 300 g for 
3 min at RT. After discarding the supernatant, 1x106 cells were resuspended in 900 µL 
culture medium with Y-2763215 (1:1000) before adding 100 µL DMSO. The tubes were 
inverted and frozen at -80 °C before transfer to liquid nitrogen. 

3.2.4. Thawing of iPSCs 

IPSCs were thawed in pre-warmed StemMACS iPS Brew XF medium, centrifuged at 
300 g for 3 min at RT. After discarding the supernatant, the cells were resuspended in 
2 mL medium containing Y-2763215 (1:1000) and plated as described in 3.2.2. 

3.2.5. Generation of CB-MSCs and CB-USSCs 

CB-MSCs and CB-USSCs were generated as described in [68].  
Mononuclear cells (MNC) were separated by Ficoll gradient. The cells in the interphase 
were washed and the remaining erythrocytes were lysed using ammonium chloride.  
The obtained MNCs were diluted in culture medium containing 1x10-7 M/mL 
dexamethasone. The medium was exchanged one a week. As soon as new colonies 
become visible, culture medium without dexamethasone was used. CB-MSC or CB-
USSC generation was only carried out if colonies were formed in the first 4 weeks. The 
single colonies were trypsinized using cloning rings for further expansion. To 
differentiate CB-MSC from CB-USSC colonies, DLK1 and HOX gene expression was 
analyzed. Additionally, the adipogenic differentiation potential was evaluated. 
The units used to isolate CB-MSCs and CB-USSCs did not match the requirements for 
transplants and were used for research purposes with donator consent.  

3.2.6. Generation of BM-MSCs 

BM-MSCs were generated as described in [114]. 
Human bone marrow was obtained from healthy unrelated bone marrow donors. 
Mononuclear cells were isolated and cultured in 225 cm2 flasks for 1 to 2 weeks at 37 
°C in a humidified atmosphere and 5% CO2 using low-glucose DMEM with 30% 
pretested FCS, 1x10-6 M dexamethasone, penicillin (100 U/mL), streptomycin (0.1 
mg/mL), and glutamine (2 mM). Adherent cells were transferred into 75 cm2 flasks. 
After cells were confluent again, they were transferred into 225 cm2 flasks, analyzed 
by flow cytometry to identify contaminating residual hematopoietic cells and used for 
the experiments. Hematopoietic cells were no longer detected from passage 3 on.  

3.2.7. Generation of iMSCs 

The iMSCs used in this work were generated by Catalent Düsseldorf GmbH as 
described in [115]. For this, iPSCs generated from CD34+ HSCs were differentiated 
into iMSCs by adding 4 µM CHIR99021 into the iPSC culture medium for 6 days 
followed by a medium switch to RoosterNourish-MSC-XF. After thawing, iMSCs were 
cultivated in the MSC culture medium (Table 5). 
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3.2.12. Isolation of Mononuclear Cells from Cord Blood 

In order to obtain HSCs from umbilical cord blood, mononuclear cells were isolated 
from cord blood units that were not suitable for transplantation. Since the numbers of 
CD34+ HSCs are limited (0.1-1%), the mononuclear cells are pre-enriched to improve 
the recovery of the stem cells using Ficoll®-Paque [117]. Ficoll® consists of inert 
polysucrose of high density and is used to establish a density gradient [118]. Thus, the 
individual cell types of the blood are hereby separated due to their respective densities. 
Therefore, 35 mL of blood was carefully layered on 15 mL Ficoll® in a canonical 50mL 
tube. After centrifugation at 850 g at 20 °C for 20 min and without brakes, the 
mononuclear cells were enriched in the interphase between Ficoll® and plasma. The 
interphase was transferred into two 50 mL tubes, which were then filled up to 50 mL 
with PBS. After centrifugation at 750 g and 10 °C for 10 min, the supernatant was 
discarded and the resulting pellets were pooled in one tube using PBS and filled up to 
50 mL. In order to further enhance purity and remove remaining platelets, an additional 
centrifugation step was conducted at 200 g and 20 °C for 15 min. The platelet 
containing supernatant was discarded and the pellet was resuspended in 50 mL of 
PBS/EDTA containing 0.5% HSA and filled up to 50 mL. After centrifugation at 550 g 
and 4 °C for 7 min, the supernatant was discarded and the pellet was resuspended in 
50 mL of the HSA-containing PBS/EDTA and again centrifuged at 300 g and 4 °C for 
5 min after determination of cell numbers using the CELL-DYN Ruby system. The 
resulting pellet was further used for isolation CD34+ HSCs via Magnetic Activated Cell 
Sorting (MACS). 

3.2.13. Determination of Cell Numbers using the CELL-DYN Ruby 
System 

The CELL-DYN Ruby system is an automated multi-parameter hematology analyzer, 
which uses multiple angles of side scatter and hydrodynamic focusing to determine the 
nuclear optical cell count (NOC). This value can be used to calculate the total nuclear 
count (TNC) by multiplication with volume and dilution of the sample. Determination of 
the cell numbers with the CELL-DYN Ruby system was performed when suspensions 
with large amounts of cells were analyzed like whole blood samples or MNC fractions 
prior to MACS isolation. For this method, 300 µL of cell suspension in PBS or blood 
were used. 

3.2.14. Magnetic Activated Cell Sorting (MACS) 

After washing the MNC fraction, CD34+ HSCs were further isolated using the MIDI-
MACS system according to the manufacturer´s protocol. This method relies on 
antibodies labelled with magnetic nanoparticles targeting the surface marker CD34 
expressed by the hematopoietic stem cells. After resuspension of the mononuclear cell 
pellet in 300 µL PBS/EDTA containing 0.5% HSA per 1x108 cells, 100 µL of FcR 
Blocking Reagent and CD34 Microbeads were added to the same cell number. For 
magnetic labelling, cells were incubated at 4 °C for 30 min, washed with 10 mL buffer 
and centrifuged at 300 g and 4 °C for 10 min. After discarding the supernatant, the 
cells were again resuspended in an appropriate buffer volume. 
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Before application of the labelled cells, a MACS column was placed in the magnetic 
field of the MACS separator and equilibrated with 3 mL buffer. After the application of 
the whole cell suspension into the column, this was washed three times with 3 mL 
buffer each. To elute the purified CD34+ HSCs, the column was transferred into a 15 
mL tube, 5 mL buffer were added onto the column and the labelled cells were flushed 
out using a plunger. If required, the purity of the eluted cells was increased by repeating 
the magnetic separation using a second column. 

3.2.15. Fluorescence Activated Cell Sorting (FACS) 

FACS was used to reach higher purities (> 99%) of CD34+ HSCs after MACS isolation. 
FACS allows the isolation of a certain cell type labelled with fluorescent antibody 
among a heterogeneous mixture. For this, the sample is injected into a narrow stream 
of sheath fluid with laminar flow in order to focus cells for analytics. Here, the cell 
characteristics are analyzed by the detector regarding the size (forward scatter), 
granularity (side scatter) or fluorescence signal of the cell. By breaking the stream into 
droplets containing only a single cell, a charge can be applied to each droplet 
depending on the cell characteristics. This way, a positive/negative charge can be 
applied to the desired cells and separate them from the remaining contaminants when 
passing a deflection system. 

After MACS isolation and 30 min prior to FACS cell sorting, antibodies were added. 
Cells were sorted based upon their respective characteristics using MoFlo XDP. The 
instrument was used with standard optical configuration and samples were sorted 
using a 100 µm nozzle. First, live cells were selected based on FSC/SSC. Doublets 
were excluded by the SSC-width parameter and dead cells by staining with 7AAD-PE. 
CD34-PE and CD45-FITC antibodies were used to determine the HSCs. The HSC 
population was sorted via CD34+ CD45low. 

3.2.16. Expansion of HSCs 

After isolation, HSCs were cultured in SCGM medium containing SCF, TPO, FLT3-L, 
IL-6 and IL-3 to final concentrations of 25 ng/mL. 1x105 to 1x106 cells per well were 
added into a 24-well plate and cultured in 2 mL medium per well. The duration of the 
expansion depended on the experiment and the respective readout. 

3.2.17. Colony Forming Unit Assay 

The ability of HSCs to differentiate into all cells of the blood lineage was used as a 
functional readout regarding stem cell properties of isolated and expanded CD34+ 

HSCs in culture. Every single CD34+ HSC has the potential of differentiating into a 
colony-forming unit (CFU). It enables the identification of CFU-erythroid (CFU-E) and 
burst-forming unit erythroid (BFU-E), that lack self-renewal capacity and can only 
differentiate into cells of these hematopoietic lineages and CFU-granulocyte, erythroid, 
monocyte/macrophage, megakaryocyte (CFU-GEMM), that have multi-lineage 
differentiation potential and limited self-renewal. 

Depending on the cell numbers and thus on the volume of the used CD34+ HSCs, up 
to 160 µL Iscove´s medium was layered onto 840 µL of CFU medium. Next, 1000 
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CD34+ HSCs were added to the upper layer of Iscove´s medium. The phases were 
mixed using a 1 mL syringe and transferred into three wells of a 24-well plate each 
containing 250 µL. The neighboring cells were filled with ddH2O to prevent dehydration. 
After 14 days of incubation, the readout was performed. For this, the colonies were 
counted and the total number colony forming cells (CFC) was calculated with respect 
to the total cell count in the sample with following equation:  

Total CFC =
∑ Colonies  in 1mL ∗ Total cell count

Cells used in assay
 

Equation 2: Formula for the calculation of the total number of colony forming cells. 

3.2.18. Cell Fate Analysis of CD34+ HSCs 

The subpopulations present in the CD34+ fraction were analyzed by flow cytometry 
using following monoclonal antibodies: CD34-PE, CD38-APC, CD10-PE-Cy™7, 
CD45Ra-APC-A750, CD90-FITC, propidium iodide. Cells were co-stained with all 
antibodies for 15 min and washed with PBS. The cells were subsequently analysed by 
flow cytometry. 

3.2.19. MNU Treatment of iPSCs, MSCs and iMSCs 

For MNU treatment, cells that were cultivated in culture medium medium were washed 
twice with PBS. The second PBS washing step was carried out at 37 °C for 5 min to 
remove any FCS remains, if included. MNU was diluted to the desired concentration 
in basal DMEM medium and added to the cells. After an incubation of 1 h at 37 °C, the 
treatment medium was removed and culture or differentiation medium was added to 
the cells. 

3.2.20. MNU Treatment of HSCs 

For MNU treatment, HSCs were washed once with PBS. MNU was diluted to the 
desired concentration in basal SCGM medium and added to the cells. After incubation 
for 1 h at 37 °C, the treatment medium was removed and culture SCGM medium was 
added to the cells.  

3.2.21. Etoposide Treatment of iPSCs, MSCs and HSCs 

For etoposide treatment, cells were washed once with PBS before incubation with 
etoposide diluted to the desired concentration in the appropriate culture medium. After 
24 h, the treatment medium was removed, cells were washed with PBS and culture 
medium was added to the cells. 

3.2.22. Growth Kinetics  

To evaluate the cumulative population doublings (CPD), the following formula were 
applied.  

𝑃𝐷 =
log

𝑛1

𝑛0

𝑙𝑜𝑔2
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𝐶𝑃𝐷 =  𝛴𝑃𝐷 
Equation 3: Formula for the calculation of the population doublings and cumulative populations doubling, where n1 
is the number of harvested cells, and n0 is the number of plated cells. 

3.2.23. Apoptosis Assay 

Apoptosis detection and quantification was performed using Annexin V-FITC 
Apoptosis Detection Kit according to the manufacturer protocol. Flow cytometry 
analysis was performed using CytoFlex Flow Cytometer. 

3.2.24. Alkaline Comet Assay 

1-2x106 cells were washed with PBS, pelleted and stored on ice or at -20 °C. The cell 
number used for the assay is fixed upon all samples to be compared. 10 µL of the cell 
suspension was added to 120 µL LMP-Agarose (37 °C), placed on an object slide and 
covered with a coverslip, which was then cooled for 5 min at 4 °C. Next, the coverslip 
was carefully laterally removed and incubated for 1h in pre-cooled lysis buffer at 4 °C. 
The slides were removed from the lysis buffer, allowed to drain and placed into an 
electrophoresis chamber before over layering (2-3 mm) with pre-cooled 
electrophoresis buffer. After an incubation step of 25 min for alkaline denaturation of 
DNA at 4 °C, electrophoresis was carried out (25 min, 25 V and 300 mA) on ice. 
Subsequently, the slides were removed from the chamber, allowed to drain and three 
times over layered with neutralization buffer for 5min each. Next, the slides were 
immersed in ddH2O followed by 5 min incubation in 80-100% ethanol. Next, the slides 
were diagonally tilted and dried o.N. For imaging, 50 µL PI solution was added onto 
the slide and covered with a coverslip. A minimum of 50 comets per condition were 
counted. 

3.2.25. H2AX/53BP1 Immunostaining 

5x104 CD34+ cells were harvested at different timepoints during treatment with MNU 
or etoposide. After resuspension in PBS/0.5% HSA, cells were transferred into a funnel 
of Cytospin3 inlets assembled with a microscope SuperFrost slide and a filter card. 
Cells were transferred onto the glass slide  and centrifuged at 600g for 5min at RT. An 
8 mm cloning ring was placed on the slide and cells were fixed with 4% formaldehyde-
solution for 15 min, washed three times with PBS for 5 min, permeabilized with ice-
cold methanol for 20 min at 0 °C and washed with PBS for 5 min. Non-specific antigen 
were incubated in 5% blocking buffer in PBS with triton X-100 for 1 h. Primary antibody 
co-staining with anti-H2AX (Ser139) and anti-53BP1 rabbit polyclonal antibody was 
performed with 0.5 µg/mL each in blocking buffer overnight at 4 °C. Afterward, cells 
were washed twice with PBS for 5 min, once with PBS containing 0.4 M NaCL for 2 
min and once with PBS-T (PBS/0.3%(v/v) triton X-100) for 5 min, before secondary 
antibody incubation with 0.5 µg/mL of Alexa Fluor 488 AffiniPure Goat Anti-rabbit IgG 
and Rhodamine Red™-X (RRX) AffiniPure Goat Anti-Mouse IgG each in blocking 
buffer for 1 h at RT and in the dark. After washing three times with PBS for 5 min and 
rinsing twice with PBS-T, cloning rings were removed, Fluoromount-G™ mounting 
medium was applied and the slides were covered with a coverslip. Cells were 
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examined using Axio Observer 7 and foci analysis was performed using ImageJ 
(Version 2.9.0). 

3.2.26. Mitochondrial Staining of iPSCs 

MitotrackerTM Green FM was used for membrane potential staining and 
Tetramethylrhodamin, Methylester, Perchlorat (TMRM) for staining of mitochondrial 
activity. Mitotracker was dissolved 1:20 in DMSO and a stock solution of TMRM at a 
concentration of 100 µM in DMSO was prepared. IPSCs were cultivated on thin slides 
for live imaging. Cell growth medium was removed. The staining solutions were added 
to the cells and incubated for 30 min at 37 °C before washing with PBS. A live imager 
for fluorescence was used for imaging and Image J for quantification. 

3.2.27. Cell Cycle Analysis 

For cell cycle analysis, propidium iodide (PI) was used for nuclear staining as described 
by Riccardi and Nicoletti [119]. 2.5×104 cells were washed twice with PBS for 7 min at 
4 °C and 550 g. Cells were resuspended in 25 μL staining solution and incubated in 
the dark for 1 h at 4 °C prior to flow cytometry. 

3.2.28. Osteogenic Differentiation of MSCs and iMSCs 

For osteogenic differentiation, 0.1x106 cells/well were seeded on a 6-well plate in 
culture medium. After 24 h or reaching a confluency of 50-70% cells, culture medium 
was exchanged by osteogenic differentiation medium to induced osteogenic 
differentiation. A medium exchange was carried out twice per week. Differentiation was 
carried out for 14 days. 

3.2.29. Adipogenic Differentiation of MSCs and iMSCs 

For adipogenic differentiation, adipogenic differentiation was induced by exchanging 
culture medium with induction medium after 24 h or reaching a confluency of 50-70% 
cells. The medium was exchanged twice a week, alternating between induction 
medium and adipogenic cultivation medium. Differentiation was carried out for 21 days. 

3.2.30. Chondrogenic Differentiation of MSCs 

Chondrogenic differentiation was conducted in 3D pellet culture and induced with TGF-
β1. After cell passaging, 2x105 cells were resuspended in 350 µL chondrogenic 
differentiation medium in a 15 mL tube and centrifuged for 7 min at 1500 rpm and 4 
°C. For each cell line, a minimum of seven pellets per time point (d7, d14 and d21) 
were applied. A medium exchange was carried out twice per week. On d7, d14 and 
d21, the chondrogenic pellets were transferred to 96-well plate for measurement using 
the Aviso CellCelector to determine their area and diameter. A minimum of five 
chondrogenic pellets were used for RNA isolation and a minimum of one chondrogenic 
pellet was embedded for histology and Safranin O staining. 
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3.2.31. Alizarin Staining after Osteogenic Differentiation 

To detect the presence of calcium deposits and thus for quantification of osteocyte and 
osteoblast mineralization, the Alizarin staining method was used. For this, 
differentiation cells were washed with PBS and fixed for 10 min with 70% Ethanol. 
Subsequently, the cells were washed with ddH2O and stained for 10 min with 2% 
Alizarin-Red staining solution (pH 4.1-4.3) at RT. After staining, cells were washed five 
times with ddH2O and in PBS was added for documentation using a microscope (4x 
magnification). 

3.2.32. Oil Red O Staining after Adipogenic Differentiation 

To detect the presence of lipids after adipogenic differentiation, cells were washed with 
PBS and fixed for 2 min at -20 °C with 4% formalin. Subsequently, cells were washed 
with 50% ethanol and stained for 20 min with the 0.2% Oil Red O working solution. For 
documentation, cells were washed with ethanol and ddH2O and the morphology was 
documented using a microscope (4x magnification). 

3.2.33. RNA Isolation  

RNA isolation from undifferentiated cells was conducted using the RNeasy Mini Kit. 
For this, pellets with a minimum of 1x106 cells were used following the manufacturer´s 
protocol. 

RNA isolation from differentiated cells was performed using the phenol-chloroform 
extraction method. For this, cells were washed with PBS and 1 mL TRI Reagent® per 
6-well was added. Subsequently, the cells were scraped off with the cell scraper and 
transferred into a 1.5 mL Eppendorf tube. 200 µL chloroform were added and the 
mixture was shaken until a pink milky mixture was obtained. After 3 min at RT, the 
mixture was centrifuged at 12000 g and 4 °C for 15 min. The upper aqueous phase 
was removed and transferred into a new tube. In the case of osteogenic samples, 3 M 
natrium acetate was added to a final concentration of 0.5 M. Next, 500 µL isopropanol 
was added and the samples were stored o.N. at -20 °C. Subsequently, the samples 
were centrifuged at 15000 rpm and 4 °C for 10 min before 1 mL 70% ethanol was 
added. After shortly vortexing, the samples were centrifuged for 5 min at 7500 g and 4 
°C and the supernatant was carefully completely removed. The pellets were allowed 
to dry completely and 30 µL RNase-free water was added and resuspended. 

Immediately after isolation, RNA concentration and purity were determined 
spectrophotometrically using the NanoDrop® ND-1000. RNA was either directly 
transcribed into cDNA or stored at -80 °C for later transcription. 

3.2.34. Reverse Transcription 

1 µg RNA was mixed with 1 µL of 10 mM dNTP-Mix and 50 µM OligodT primers and 
filled up to 10 µL with ddH2O. This mix was incubated for 5 min at 65 °C and then at 4 
°C for at least 1 min to increase polymerase accessibility to The RNA. Next, a mixture 
consisting of 4 µL 5x first strand buffer, 1 µL DTT (0.1 M), 1 µL SuperScript III 
polymerase and 1 µL RnaseOUT was prepared. The entire Mix 2 was added to Mix 1 
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and cDNA synthesis was carried out by incubation at 55 °C for 50 min. Following 
incubation at 70 °C for 15 min terminated the reaction. In a final step, remaining RNA 
was digested by adding 2 U of RNase H and incubating at 37 °C for 20 min. The 
resulting cDNA was stored at -20 °C.  

3.2.35.  Polymerase Chain Reaction (PCR) 

PCR was used to amplify the synthesized cDNA. For each reaction, 25 ng cDNA (0.5 
µL) was used as mixed as listed below. The chosen primers were designed with a 
melting temperature of 60 °C and the annealing temperature was set at 56 °C for 
amplification. Due to the short amplicon sizes (Table 7), the duration of the elongation 
phase was set to 30 s. An overview of the PCR conditions is shown on Table 11. 
Table 10: Compounds and volumes of the PCR reaction mix. 

Volume Reagent 

2.5 µL 10x PCR Buffer 

0.5 µL 10 mM dNTP mix 

0.75 µL 50 mM MgCl2 

2 µL 0.2 µM forward primer 

2 µL 0.2 µM reverse primer 

0.2 µL Taq Polymerase 

0.5 µL (25 ng) cDNA template 

16.55 µL H2O 
 
Table 11: Used conditions for PCR. 

Temperature Duration Cycles 

96 °C 5 min 1 

96 °C 

56 °C 

72 °C 

30 s 

30 s 

30 s 

35 

72 °C 10 min 1 

  

3.2.36. Quantitative Reverse Transcription PCR (qRT-PCR) 

qRT-PCR analysis was carried out with intron-spanning primers specific for each gene. 
The respective primer sequences are given on Table 7. RPL13a was used as a 
reference gene for differentiated samples and GAPDH for undifferentiated samples. 
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50 ng of cDNA were applied for qRT-PCR in a total volume of 25 µL containing Sybr 
Green PCR Mastermix, 0.2 µM of primer (forward and reverse) and distilled water (10 
min/95 °C – 15 s/95 °C – 1 min/60 °C for 40 cycles). 

To analyze the comparative CT experiments, Step One Software (v.1.5.1) was used. 
Relative changes in gene expression were calculated by applying the comparative 
∆∆CT method. Differential gene expression was calculated by the formula 2−∆∆CT 
normalized to untreated cells. Fold changes <1 were transformed by the formula 
−1/2−∆∆CT in the case of downregulated genes and plotted together with positive fold 
changes and upregulated genes, respectively. Fold changes exceeding 10000 result 
from high CT values used and should be disregarded. They do not indicate a true 
upregulation. 

3.2.37. Agarose Gel Electrophoresis 

In agarose gel electrophoresis, the PCR products were analyzed regarding product 
size and band intensity. Therefore, a 2% agarose in TBE gel was substituted with 4 µL 
Midori Green per 100 mL was prepared. This allows a proper separation of the DNA 
fragments based on their length. A 100 bp DNA ladder was used for determination of 
product size. The DNA fragments were separated in gel electrophoresis by application 
of 175 V for 20 min and analysed under UV-light with a wavelength of 305 nm. 
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4. Results 

In the following section, the results are presented in a structured manner, starting with 
the iPSCs, which represent the embryonic developmental stage (Chapter 4.1). This is 
followed by data on HSCs isolated from neonatal cord blood, representing the neonatal 
population (Chapters 4.2 and 4.3). Subsequently, results on MSCs of both neonatal 
and adult origin are presented (Chapters 4.4 and 4.5). The section concludes with 
findings on iMSCs, which are considered a promising alternative to primary MSCs for 
toxicological studies and clinical applications (Chapter 4.6). 
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4.1. DNA Damage Response of iPSCs after Treatment with MNU or 
Etoposide 

To ensure the reliability of downstream analyses, it is crucial to first confirm the identity 
and quality of the iPSCs used in this study. Since they serve as a model for the 
embryonic developmental stage, verifying their pluripotency and undifferentiated state 
is essential for drawing meaningful conclusions. Therefore, prior to testing, the iPSCs 
were characterized to confirm their stem cell properties and ensure their suitability for 
genotoxicity assessment. 
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Figure 4: Characterization of iPSCs. A: Immunocytochemistry (IHC) staining of pluripotency markers (OCT4, SOX2, 
SSEA4 and TRA-1-81). Nuclei were stained with DAPI. Scale bars = 200 µm. B: Flow cytometry analysis showing 
negative IgG control and positive expression of pluripotency markers (TRA-1-60, OCT-3/4 and SOX2). Results were 
shown from a representative experiment of one cell line. Abbreviations: iPSCs, induced pluripotent stem cells; OCT, 
octamer-binding transcription factor; SOX2, SRY-box transcription factor 2; SSEA4, stage specific 
embryonic antigen 4; TRA, tumor-related antigen. 

Figure 4 presents the characterization of iPSCs by immunofluorescence staining (A) 
and flow cytometry analysis (B). Panel A displays the expression of pluripotency 
markers OCT4a, SOX2, SSEA4 and TRA-1-81 of the R26 iPSC cell line, 
representatively for the other used iPSC cell lines. DAPI staining confirms nuclear 
localization and the merged images illustrate the co-localization of the nuclear markers 
with DAPI. The uniform distribution of these markers suggests successful maintenance 
of pluripotency. Panel B shows flow cytometry histograms of the TRA-1-60, OCT-3/4 
and SOX2 expression with their corresponding isotope controls (IgG). These results 
indicate high expression levels of all tested pluripotency markers in the used iPSC cell 
lines with 92.02% cells positive for TRA-1-60, 95.09% for OCT-3/4 and 95.72% for 
SOX2. 
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Figure 5: Analysis of DNA damage repair gene expression in iPSCs 24 h (A) and 48 h (B) after 1 h MNU treatment 
with varying concentrations (untreated, 100 µM, 200 µM and 300 µM). Data from two different cells lines (n = 2) 
was assessed by RT-qPCR. Fold changes are normalized to the untreated cells, represented as the baseline (Fold 
change = 1). Fold change was calculated using the 2-∆∆CT method relative to the untreated control and normalized 
to the reference gene GAPDH. The red lines indicate the significance thresholds. 2 represents a two-fold increase 
and -2 represents a two-fold decrease. Abbreviations: ATM, ataxia telangiectasia-mutated kinase; BRCA1/2, breast 
cancer gene 1/2; CCNB1, cyclin B1; CCND1, cyclin D1; FANCA1, fanconi anemia complementation group A; 
MGMT, O6-methyltransferase; MNU, N-methyl-N-nitrosourea; MSH2/6, mismatch repair proteins 2/6; NHEJ1, non-
homologous end joining factor 1; OCT4a, octamer-binding transcription factor 4A; P21, cyclin-dependent kinase 
inhibitor 1; RAD51, RAD51 homolog; SOX2, sex determining region Y-box 2; TP53, tumor protein P53 ; XRCC4-6, 
X-ray cross complementing protein group 4-6; 
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The expression of several pluripotency and DDR genes in iPSCs 24 h (Figure 5A) and 
48 h (Figure 5B) after MNU treatment was analyzed by RT-qPCR. In addition to a 
downregulation of OCT4a, SOX2 and Nanog expression 24 h after MNU treatment , 
the data also revealed a dose-dependent decrease in the RNA expression of DDR 
genes from various DDR pathways such as ATM, TP53 and MGMT. Cell cycle 
regulators including P21, CCNB1 and CCND1 were downregulated suggesting 
possible cell cycle arrest in response to MNU-induced damage. Additionally, HR and 
NHEJ genes including RAD51, BRCA1/2 and XRCC4/5/6 were downregulated. 48 h 
post MNU treatment, certain DDR genes including TP53, CCNB1, FANCA1, XRCC5, 
XRCC6 and RAD51 showed an increased expression compared to the 24 h time point. 
This was more pronounced in cells treated with lower doses of MNU and decreased 
with increasing genotoxin concentration. 

This data suggests that MNU treatment affects iPSC pluripotency and induced the 
downregulation of DNA damage response in iPSCs thus influencing cell cycle 
regulation and DNA repair. 
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Figure 6: Analysis of DNA damage repair gene expression in iPSCs 24 h (A) and 48 h (B) after 24 h Etoposide 
treatment with varying concentrations (untreated, 2 µM, 7 µM and 10 µM). Data from one cell line (n = 1) was  
assessed by RT-qPCR. Fold changes are normalized to the untreated cells, represented as the baseline (Fold 
change = 1). Fold change was calculated using the 2-∆∆CT method relative to the untreated control and normalized 
to the reference gene GAPDH. The red lines indicate the significance thresholds. 2 represents a two-fold increase 
and -2 represents a two-fold decrease. Abbreviations: ATM, ataxia telangiectasia-mutated kinase; BRCA1/2, breast 
cancer gene 1/2; CCNB1, cyclin B1; CCND1, cyclin D1; CDKN1b, cyclin-dependent kinase inhibitor 1b; FANCA1, 
fanconi anemia complementation group A; MGMT, O6-methyltransferase; MSH2/6, mismatch repair proteins 2/6; 
NHEJ1, non-homologous end joining factor 1; OCT4a, octamer-binding transcription factor 4A; P21, cyclin-
dependent kinase inhibitor 1; RAD51, RAD51 homolog; SOX2, sex determining region Y-box 2; TP53, tumor protein 
P53 ; XRCC4/6, X-ray cross complementing protein group 4/6; 
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Figure 7: Mitochondrial membrane potential, mass and activity in iPSCs 24 h after treatment with MNU (1 h) or 
etoposide (24 h). Mitochondrial membrane potential was measured using fluorescent TMRM staining (A) while 
mitochondrial mass and activity was measured using fluorescent MitoTracker (B) in a single iPSC cell line. A total 
of 50 cells per condition were counted. Abbreviations: h, hour; MNU, N-methyl-N-nitrosourea; TMRM, 
tetramethylrhodamine methyl ester. 

Mitochondrial membrane potential, mass and activity of iPSCs were assessed 24 h 
after MNU or etoposide treatment. Mitochondrial membrane potential measured via 
TMRM fluorescence intensity, showed a dose-dependent decrease following treatment 
with MNU. Notably, cells treated with 300 µM MNU exhibited the highest reduction in 
membrane potential. Treatment with 2 µM etoposide led to an increase in TMRM 
followed by a decrease to comparable levels to the untreated cells after treatment with 
7 µM etoposide.  

Mitochondrial mass and activity was evaluated through MitoTracker fluorescence 
intensity and also demonstrated similar dose-dependent effects as TMRM. Higher 
MNU concentrations were associated with a marked reduction in mitochondrial mass 
and activity compared to untreated cells. After treatment with 2 µM etoposide, first an 
increase in mitochondrial activity was assessed, which was reduced to comparable 
levels as the untreated control after treatment with 7 µM etoposide.  
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4.2. DNA Damage Response after Treatment of Cycling and Quiescent 
Cord Blood Hematopoietic Stem Cells with Distinct Genotoxic 
Noxae 
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4.3. Impact of Genotoxin-Induced Stress on Cord Blood Hematopoietic 
Stem Cell Colony Formation Capacity of Quiescent and Cycling 
HSCs 

This chapter presents additional, unpublished data that further supports the findings 
discussed in Chapter 4.2. Specifically, it highlights the impact of genotoxin-induced 
stress on the colony formation capacity of cord blood HSCs, both in quiescent and 
cycling states. These results provide further insight into the genotoxic effects on the 
differentiation capacity of HSCs and complement the observations made in the 
previous section. 

 
Figure 8: Colony-forming unit (CFU) assay of quiescent CD34+ HSCs treated with MNU. Cells were collected on 
d1, d3, d5 and d7 post-treatment for CFU assay, which was evaluated 14 days after assay start. Total CFC (up 
left), BFU-E (top right), CFU-GM (bottom left) and CFU-GEMM (bottom right) were counted. Data represent the 
mean ± standard deviation from three independent experiments, each performed with cells derived from different 
cord blood donations (n=3). Abbreviations: CFC, colony forming cell; BFU-E, burst-forming unit-erythroid; CFU-GM, 
colony-forming unit-granulocyte-macrophage; CFU-GEMM, colony-forming unit-granulocyte-erythroid-
macrophage-megakaryocyte; d, day; MNU, N-methyl-N-nitrosourea; ns, non-significant. 

Figure 8A illustrates that no significant impact on the colony-forming capacity of CD34+ 
HSCs was able to be evaluated on a period of seven days post-treatment on d0. 
Quiescent CD34+ HSCs demonstrated a resilient ability to form colonies under various 
doses of MNU. This suggests that the hematopoietic stem cells may possess 
mechanisms that protect against the immediate effects of genotoxic agents, or that the 
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extent of damage induced by MNU within this period was insufficient to affect the 
colony-forming ability.  

BFU-E colonies arise from erythroid progenitors that represent an early stage of 
erythrocyte development. Same as the CFC, BFU-E, CFU-GM and CFU-GEMM 
colonies did not show any significant differences between untreated and MNU-treated 
samples showing no effect of MNU on the formation of erythrocytes, granulocytes, 
monocytes and multipotent progenitors (Figure 8B-D).  

 
Figure 9: Colony-forming unit (CFU) assay of cycling CD34+ HSCs treated with MNU. Cells were collected on d1, 
d3, d5 and d7 post-treatment for CFU assay, which was evaluated 14 days after assay start. Total CFC (A), CFU-
GM (B), BFU-E (C), and CFU-GEMM (D) were counted. Data represent the mean ± standard deviation from two 
independent experiments, each performed with cells derived from different cord blood donations (n=2). * denotes p 
≤ 0.05. Abbreviations: CFC, colony forming cell; BFU-E, burst-forming unit-erythroid; CFU-GM, colony-forming unit-
granulocyte-macrophage; CFU-GEMM, colony-forming unit-granulocyte-erythroid-macrophage-megakaryocyte; d, 
day; MNU, N-methyl-N-nitrosourea; ns, non-significant. 

As shown on Figure 9, total CFC numbers were not significantly reduced in cells 
treated with MNU over the course of 7 days post-treatment (Figure 9A). Similarly to 
MNU-treated quiescent HSCs, the capacity to build BFU-E and CFU-GM colonies was 
not significantly affected (Figure 9B-C), whereas the CFU-GEMM colonies were 
significantly reduced in all MNU treated samples on d1 post-treatment (Figure 9D). 
This trend, however, was not seen on d3 to d7 post-treatment. 
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Figure 10: Colony-forming unit (CFU) assay of quiescent CD34+ HSCs treated with etoposide. Cells were collected 
on d1, d3 and d7 post-treatment for CFU assay, which was evaluated 14 days after assay start. Total CFC (A), 
CFU-GM (B), BFU-E (C), and CFU-GEMM (D) were counted. Data represent the mean ± standard deviation from 
three independent experiments, each performed with cells derived from different cord blood donations (n=3). 
Abbreviations: CFC, colony forming cell; BFU-E, burst-forming unit-erythroid; CFU-GM, colony-forming unit-
granulocyte-macrophage; CFU-GEMM, colony-forming unit-granulocyte-erythroid-macrophage-megakaryocyte; d, 
day; ns, non-significant. 

Etoposide treatment of CD34+ cells directly after their isolation showed no significant 
effect on their colony-forming capacity over 7 days post-treatment. Total CFC, CFU-
GM, BFU-E and CFU-GEMM remained unaffected across all tested conditions and 
time points, indicating that etoposide does not impair differentiation CD34+ HSCs 
under the testes genotoxin doses. 
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Figure 11: Colony-forming unit (CFU) assay of cycling CD34+ HSCs treated with etoposide. Cells were collected on 
d1, d3 and d7 post-treatment for CFU assay, which was evaluated 14 days after assay start. Total CFC (A), CFU-
GM (B), BFU-E (C), and CFU-GEMM (D) were counted. Data represent the mean ± standard deviation from two 
independent experiments, each performed with cells derived from different cord blood donations (n=2). * denotes p 
≤ 0.05, ** denotes p ≤ 0.01 and *** denotes p ≤ 0.001. Abbreviations: CFC, colony forming cell; BFU-E, burst-
forming unit-erythroid; CFU-GM, colony-forming unit-granulocyte-macrophage; CFU-GEMM, colony-forming unit-
granulocyte-erythroid-macrophage-megakaryocyte; d, day; ns, non-significant.  

Opposite of the quiescent CD34+ HSCs, cycling cells treated with etoposide on d5 were 
significantly affected by genotoxin treatment. Total CFC significantly decreased with 
increasing etoposide dose on d3 and d7 post-treatment, whereas no significant 
decrease was assessed on d1. CFU-GM colonies were significantly reduced upon all 
treatment conditions and time points. BFU-E colony numbers significantly dropped with 
increasing etoposide concentrations with a recovery on d7 post-treatment to 
comparable levels as the untreated cells. The CFU-GEMM colonies showed a slight 
decrease on d1 post-treatment and showed no significant difference compared to the 
untreated control on d3 and d7 post-treatment. 
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4.4. Evaluation of Genotoxic Effects of MNU and Etoposide on the 
Differentiation Potential of MSCs from Umbilical Cord Blood 
and Bone Marrow 
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4.5. Effects of MNU and Etoposide Treatment of MSCs on the 
Expression Pattern of Differentiation-related Genes 

This chapter presents unpublished results that complement the findings from Chapter 
4.4. Specifically, it examines the effects of genotoxic stress on several additional 
osteogenic and adipogenic differentiation-related genes. These data provide further 
insights into the broader implications of genotoxic stress on stem cell differentiation 
and enhance the understanding of the findings discussed in the preceding section. 

Osteogenic Differentiation 

Besides RUNX2 and OSX (Chapter 4.4), several other osteogenic differentiation-
related genes were tested upon MNU or etoposide treatment on d0 or d7. 

Bone morphogenetic proteins (BMPs) including BMP2 and BMP4 are members of the 
TGF-β family and are required for proper bone formation during MSC differentiation 
into osteoblasts in vitro and in vivo. Disruptions in the BMP signaling results in a variety 
of skeletal and extra-skeletal anomalies. BMP2 plays a role in the induction of  
osteogenesis regulating bone matrix microenvironment while BMP4 induces 
osteoprogenitor differentiation into mature osteoblasts and additionally stimulates 
osteoblasts to produce ECM. BMP2 and BMP4 RNA expression were analyzed upon 
MNU or etoposide treatment on d0 or on d7 of osteogenic differentiation. 
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Figure 12: Expression pattern of BMP2 and BMP4 in CB-USSC, CB-MSC and BM-MSC on d14 after induction of 
osteogenic differentiation and 1 h treatment with MNU on d0 or on d7. Fold change was calculated using the 2-∆∆CT 

method relative to the untreated control and normalized to the reference gene RPL13a. The red lines indicate the 
significance thresholds. 2 represents a two-fold increase and -2 represents a two-fold decrease. Abbreviations: 
BMP, bone morphogenetic protein; BM, bone marrow; CB, cord blood; d, day; MNU, N-methyl-N-nitrosourea; MSC, 
mesenchymal stromal cell; USSC, unrestricted somatic stem cell; 
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Figure 13: Expression pattern of BMP2 and BMP4 in CB-USSC, CB-MSC and BM-MSC on d14 after induction of 
osteogenic differentiation and 24 h treatment with etoposide on d0 or on d7. Fold change was calculated using the 
2-∆∆CT method relative to the untreated control and normalized to the reference gene RPL13a. The red lines indicate 
the significance thresholds. 2 represents a two-fold increase and -2 represents a two-fold decrease. Abbreviations: 
BMP, bone morphogenetic protein; BM, bone marrow; CB, cord blood; d, day; MSC, mesenchymal stromal cell; 
USSC, unrestricted somatic stem cell; 

MNU treatment on d0 or d7 did not result in any significant changes in the expression 
levels of BMP2 and BMP4 across the analyzed cell types. The observed fold changes 
remained within the variability range indicating that MNU exposure at these time points 
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did not notably affect BMP-induced differentiation pathways (Figure 12). Etoposide 
treatment on d0 lead to a downregulation of BMP2 expression at high doses of 
etoposide and to a dose-dependent downregulation of BMP4, whereas etoposide 
treatment at d7 lead to the downregulation of BMP2 in a dose-dependent manner in 
CB-MSCs and BM-MSCs but not in CB-USSCs and had no significant impact on BMP4 
expression (Figure 13). 

Bone sialoprotein (BSP) is one of the non-collagenous proteins in the bone ECM and 
plays an important role in mineralization and osteoclast adherence to bone but is also 
a marker for osteogenic differentiation.  

 
Figure 14:  Expression pattern of BSP in CB-USSC, CB-MSC and BM-MSC on d14 after induction of osteogenic 
differentiation and 1 h treatment with MNU on d0 or on d7. Fold change was calculated using the 2-∆∆CT method 
relative to the untreated control and normalized to the reference gene RPL13a. The red lines indicate the 
significance thresholds. 2 represents a two-fold increase and -2 represents a two-fold decrease. Abbreviations: 
BSP, bone sialoprotein; BM, bone marrow; CB, cord blood; d, day; MNU, N-methyl-N-nitrosourea; MSC, 
mesenchymal stromal cell; USSC, unrestricted somatic stem cell; 
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Figure 15: Expression pattern of BSP in CB-USSC, CB-MSC and BM-MSC on d14 after induction of osteogenic 
differentiation and 24 h treatment with etoposide on d0 or on d7. Fold change was calculated using the 2-∆∆CT method 
relative to the untreated control and normalized to the reference gene RPL13a. The red lines indicate the 
significance thresholds. 2 represents a two-fold increase and -2 represents a two-fold decrease. Abbreviations: 
BSP, bone sialoprotein; BM, bone marrow; CB, cord blood; d, day; MSC, mesenchymal stromal cell; USSC, 
unrestricted somatic stem cell; 

MNU treatment on d0 did not lead to any significant changes in the expression pattern 
of BSP whereas MNU treatment on d7 lead to a downregulation of BSP in CB-USSCs 
after 5mM MNU on d7 and an upregulation of BSP in CB-MSCs and BM-MSCs in a 
dose-dependent manner (Figure 14). Etoposide treatment on d0 lead to a 
downregulation of BSP in a dose-dependent manner in CB-USSCs and BM-MSCs but 
no significant changes in CB-MSCs. Etoposide treatment on d7 lead to the 
upregulation of BSP in CB-USSCs but not to significant changes in BSP expression in 
CB-MSCs and BM-MSCs (Figure 15). 

Osteonectin (ON), osteocalcin (OCN) and osteopontin (OPN) are matrix proteins and 
markers for mature osteoblasts. ON is involved in the first mineralization steps of 
skeletal tissue. It is found in active osteoblasts and osteoprogenitors and in young 
osteocytes but not in aged and quiescent osteocytes thus being a marker for functional 
osteoblastic differentiation. OCN is the most abundant non-collagenous bone matrix 
protein and is synthesized by mature osteoblasts. OPN is also produced by mature 
osteoblasts but its role in bone formation and remodeling is not yet understood. 
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Figure 16: Expression pattern of ON, OCN and OPN in CB-USSC, CB-MSC and BM-MSC on d14 after induction 
of osteogenic differentiation and 1 h treatment with MNU on d0 or on d7. Fold change was calculated using the 2-
∆∆CT method relative to the untreated control and normalized to the reference gene RPL13a. The red lines indicate 
the significance thresholds. 2 represents a two-fold increase and -2 represents a two-fold decrease. Abbreviations: 
BM, bone marrow; CB, cord blood; d, day; MNU, N-methyl-N-nitrosourea; MSC, mesenchymal stromal cell; OCN, 
osteocalcin; ON, osteonectin; OPN, osteopontin; USSC, unrestricted somatic stem cell; 

MNU treatment on d0 lead to the upregulation of ON in CB-USSCs and BM-MSCs and 
its downregulation in BM-MSCs whereas MNU treatment on d7 lead to ON 
downregulation after treatment with 5mM MNU in BM-MSCs but no significant changes 
in CB-USSCs and CB-MSCs. MNU treatment generally did not significantly affect OCN 
and OPN expression except treatment with 5mM MNU on d7 of CB-USSCs, which lead 
to the downregulation of OPN (Figure 16).  
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Figure 17: Expression pattern of ON, OCN and OPN in CB-USSC, CB-MSC and BM-MSC on d14 after induction 
of osteogenic differentiation and 24 h treatment with etoposide on d0 or on d7. Fold change was calculated using 
the 2-∆∆CT method relative to the untreated control and normalized to the reference gene RPL13a. The red lines 
indicate the significance thresholds. 2 represents a two-fold increase and -2 represents a two-fold decrease. 
Abbreviations: BM, bone marrow; CB, cord blood; d, day; MSC, mesenchymal stromal cell; OCN, osteocalcin; ON, 
osteonectin; OPN, osteopontin; Und., undetermined; USSC, unrestricted somatic stem cell; 

ON expression levels were not affected by etoposide treatment on d7 in all types of 
MSCs whereas etoposide treatment on d0 lead to the downregulation of ON in CB-
USSCs and BM-MSCs, while it was upregulated in CB-MSCs in a dose-dependent 
manner. OCN expression levels were downregulated after treatment with the highest 
etoposide dose on d0 in CB-USSCs and BM-MSCs and no changes after treatment on 
d7 were recorded. OPN showed a decreased expression only after treatment with 
10µM etoposide on d0 in BM-MSCs whereas etoposide treatment on d7 showed an 
increase in OPN expression in CB-MSCs in a dose-dependent manner (Figure 17). 

Adipogenic Differentiation 

To further assess the impact of genotoxic damage on adipogenic differentiation, the 
expression of key adipogenic markers PLIN1, ADIPOQ and FABP4 were assessed 
following exposure to MNU or etoposide at d0 or d7 of adipogenic differentiation in 
addition to C/EBP, C/EBPβ and PPAR shown in chapter 4.4. These genes play 
essential role in lipid storage, adipocyte function and terminal differentiation and their 
impairment may suggest potential disruptions in adipogenic commitment and 
maturation and can provide insights into how DNA damage may impair adipocyte 
formation and metabolic function. 
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Figure 18: Expression pattern of PLIN1, ADIPOQ and FABP4 in CB-MSC and BM-MSC on d21 after induction of 
adipogenic differentiation and 1 h treatment with MNU on d0 or on d7. Fold change was calculated using the 2-∆∆CT 

method relative to the untreated control and normalized to the reference gene RPL13a. The red lines indicate the  
significance thresholds. 2 represents a two-fold increase and -2 represents a two-fold decrease. Abbreviations: 
ADIPOQ, adiponectin; BM, bone marrow; CB, cord blood; d, day; FABP4, fatty acid binding protein 4;  MNU, N-
methyl-N-nitrosourea; MSC, mesenchymal stromal cell; PLIN1, perilipin 1; 

MNU treatment on d0 did not result in any changes in the expression pattern of PLIN1 
whereas ADIPOQ was downregulated in CB-MSCs and upregulated in BM-MSCs and 
FABP4 was upregulated in CB-MSCs and downregulated in BM-MSCs. MNU 
treatment on d7 induced the upregulation of PLIN1 in BM-MSCs treated with 1mM and 
3mM MNU whereas no changes in the expression of ADIPOQ and FABP4 both in CB-
MSCs and BM-MSCs were recorded (Figure 18). 
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Figure 19: Expression pattern of PLIN1, ADIPOQ and FABP4 in CB-MSC and BM-MSC on d21 after induction of 
adipogenic differentiation and 24 h treatment with etoposide on d0 or on d7. Fold change was calculated using the 
2-∆∆CT method relative to the untreated control and normalized to the reference gene RPL13a. The red lines indicate 
the significance thresholds. 2 represents a two-fold increase and -2 represents a two-fold decrease. Abbreviations: 
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ADIPOQ, adiponectin; BM, bone marrow; CB, cord blood; d, day; FABP4, fatty acid binding protein 4; MSC, 
mesenchymal stromal cell; PLIN1, perilipin 1; 

Etoposide treatment on d0 lead to a distorted expression of PLIN1, ADIPOQ and 
FABP4 in CB-MSCs but to no significant changes in the expression of these genes in 
BM-MSCs. Etoposide treatment on d7 resulted in the downregulation of PLIN1 in BM-
MSCs and FABP4 in CB-MSCs after 10µM etoposide whereas no significant changes 
in the expression of ADIPOQ were registered. 
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4.6. Characterization and MNU treatment of MSCs differentiated 
from iPSCs (iMSCs) generated from CD34+ HSCs 

To evaluate the developmental identity of iMSCs, the expression of HOX genes was 
analysed and compared to that of BM-MSCs, which express all four HOX gene clusters 
(A-D). HOX genes play a crucial role in embryonic development and positional identity 
and their expression patterns serve as molecular markers for the developmental origin 
of mesenchymal populations. The comparative analysis aimed to determine whether 
iMSCs exhibit a similar HOX code to BM-MSCs or if reprogramming and re-
differentiation lead to altered or incomplete HOX gene expression. 

 
Figure 20: Comparison of HOX gene cluster (A-D) expression profiles of iMSCs to BM-MSCs. Analysis occurred by 
PCR followed by gel electrophoresis. Representative analysis of one cell line. GAPDH was used as a reference 
gene. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HOX, homeobox; iMSC, MSCs  
differentiated from induced pluripotent stem cells; MSC, mesenchymal stromal cell ; 

As shown in Figure 20, the analyzed iMSCs exhibited no expression of genes from the 
HOXA, HOXB, or HOXC clusters, in contrast to BM-MSCs, which express all HOX 
clusters. Only a weak expression of HOXD3 and HOXD4 was detected in iMSCs, 
consistent with their low expression levels in BM-MSCs. 

MSC secretome plays a critical role in the maintenance and regulation of HSCs within 
the bone marrow niche. MSCs secrete a diverse array of growth factors, cytokines and 
extracellular matrix proteins that influence HSC self-renewal, quiescence and 
differentiation. Key components of the MSC secretome such as vascular endothelial 
growth factor (VEGF) and angiopoietins provide essential signalling cues, which are 
essential for the preservation of hematopoietic homeostasis. Therefore, it is important 
to test whether the secretome of iMSCs is comparable to that of BM-MSCs as this 
could reveal their potential to functionally support HSCs in a similar manner. 
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Figure 21: Comparative secretome analysis of iMSCs compared to BM-MSCs by RT-qPCR. Fold changes are 
normalized to BM-MSCs, represented as the baseline (Fold change = 1). Fold change was calculated using the 2-
∆∆CT method relative to the untreated control and normalized to the reference gene GAPDH. The red lines indicate 
the significance thresholds. 2 represents a two-fold increase and -2 represents a two-fold decrease. Abbreviations: 
ANGPT1, angiopoietin 1; ANGPTL3, angiopoietin like 3; CXCR4, CXC motif chemokine receptor 4; FGF4, fibroblast 
growth factor; IGF2, insulin-like growth factor 2; IGFBP1, insulin-like growth factor binding protein 1; IGFBP2, 
insulin-like growth factor binding protein 2; KITLG; tyrosine kinase receptor ligand; LIF, leukemia inhibitory factor; 
THPO, thrombopoietin; VEGF, vascular endothelial growth factor A; 

Figure 21 illustrates a comparative analysis of the expression of secretome-related 
genes between BM-MSCs and iMSCs, as determined by RT-qPCR. iMSCs showed a 
downregulated RNA expression of several genes involved in tissue vascularization, 
cellular signaling and cell growth pathways. Notably, the expression of IGF2 and 
IGFBP1 is markedly reduced in iMSCs compared to BM-MSCs. Others genes such as 
KITLG, THPO, IGFBP2 and VEGF are moderately downregulated. Conversely, the 
expression of ANGPTL1, ANGPTL3 and FGF4 are comparable between two cell types. 
These results indicate a divergence in the secretory profile of iMSCs potentially 
reflecting their cellular origin and functional properties. 

 
Figure 22: Division rate of cycling CD34+ HSCs cultured on iMSC or BM-Feeder with or without cytokines (TPO, 
SCF, IL-6, FLT3-L, IL-3). To determine long-term growth kinetics, CD34+ HSCs were counted after 7 and 14 days. 
CPDs are shown (Mean ± SD from N=2 for iMSCs and N=1 for BM-MSC). Abbreviations: BM-MSC, bone marrow 
mesenchymal stromal cell; CPD, cumulative population doubling time; iMSC, mesenchymal stromal cell from iPSC;  
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BM-MSCs are known to secrete factors that support the proliferation of CD34+ HSCs. 
This experiment aimed to determine whether iMSCs possess a similar ability to support 
CD34+ HSC proliferation. To investigate that, the division rate of cycling CD34+ cells 
was analyzed after co-culture on BM-MSC feeder and compared to iMSC feeder, either 
in the presence or in absence of broad-acting cytokines. 

The results showed that CD34+ HSCs cultivated on the iMSC feeder alone exhibited 
the lowest division rates over 15 days of culture, with a declining proliferation capacity. 
In contrast, cells co-cultured on the BM-MSC feeder without cytokines demonstrated a 
moderate increase in division rates, reflecting the supportive role of BM-MSCs in 
promoting cell proliferation. When cytokines were added to the to the culture 
conditions, both iMSC and BM-MSC feeders supported similar levels of CD34+ HSCs 
proliferation, indicating that cytokines compensated the limited support provided by 
iMSCs alone. Interestingly, the highest proliferation rates were observed in the 
condition where CD34+ HSCs were cultured with cytokines only, without any feeder 
cells. This finding highlights the strong proliferative effect of cytokines on CD34+ HSCs. 

 

Figure 23: Colony-forming unit (CFU) assay of cycling CD34+ HSCs cultured on iMSC feeder compared to BM-
MSC feeder. Cells were collected on d7 and d14 for CFU assay, which was evaluated 14 days after assay start. 
Total CFC (A), CFU-GM (B), BFU-E (C), and CFU-GEMM (D) were counted. Data represent the mean ± standard 
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deviation from two iMSC cell lines and one BM-MSC cell line. Abbreviations: BFU-E, burst-forming unit-erythroid; 
BM-MSC, bone marrow mesenchymal stromal cell; CFC, colony forming cell; CFU-GM, colony-forming unit-
granulocyte-macrophage; CFU-GEMM, colony-forming unit-granulocyte-erythroid-macrophage-megakaryocyte; d, 
day;  

Furthermore, the colony-forming capacity of CD34+ HSCs cultured on iMSC feeder 
was analyzed and compared to that of cells cultured on BM-MSC feeder (Figure 23). 
The total colony forming cell numbers on d7 and d14 were significantly lower in the 
iMSC feeder-only condition compared to BM-MSC feeder-only condition on both days. 
However, the addition of cytokines rescued the total CFC numbers to comparable 
levels between the two feeder conditions. 

Looking at specific colony types, CFU-GM numbers were similar between the iMSC 
feeder and BM-MSC feeder on d7 but were reduced on d14 in the iMSC feeder 
condition. Interestingly, in the presence of cytokines, CFU-GM numbers were much 
lower compared to the feeder-only conditions. The numbers of BFU-E colonies were 
comparable between the two feeder conditions on both d7 and d14, but a notable 
reduction was observed when cytokines were added. A similar trend was seen in CFU-
GEMM colonies, where comparable numbers were counted between the iMSC and 
BM-MSC feeders, but the addition of cytokines resulted in lower colony numbers. 

 
Figure 24: Differentiation of iMSCs into osteogenic and adipogenic Lineages. Comparison of uninduced and induced 
conditions at d14 for osteogenesis analyzed by Alizarin Red staining (A) and d21 for adipogenesis analyzed by Oil 
Red O staining (B). 

The osteogenic and adipogenic differentiation potential of two iMSC cell lines was 
assessed using the standard protocols, which were also applied on MSCs (Figure 24). 
However, the differentiation observed in the iMSC cell lines was weaker compared to 
MSCs. Specifically, only iMSC2 cell line exhibited an osteogenic differentiation 
potential as evidenced by Alizarin staining on d14 but this was more limited compared 
to MSCs. In contrast, neither of the iMSC cell lines displayed any visible Adipogenic 
differentiation as seen after Oil Red O staining on d21.  

To further investigate whether iMSCs respond differently to genotoxic stress compared 
to primary MSCs, iMSCs were subjected to MNU treatment under the same conditions 
used for BM-MSCs, CB-MSCs and CB-USSCs. Given the molecular and functional 
differences observed between iMSCs and primary MSC populations, the investigation 
focused on whether these discrepancies translate into altered sensitivity to DNA 
damage. This comparison could provide important insights into the genomic stability of 
iMSCs and their potential suitability for therapeutic applications, especially in genotoxic 



150 
 

environments such as those encountered in cancer therapies or chronic inflammatory 
conditions. 

 
Figure 25: Dose-dependent impact of genotoxic stress induced by MNU on proliferation kinetics (A) and division 
rate of iMSCs (B). To determine long-term growth kinetics, cells were exposed to different doses of MNU (untreated, 
1 mM, 3 mM and 5 mM), and cell numbers were counted after each passage. Fold change of cell numbers and 
CPDs are shown (Mean ± SD from N=2). Abbreviations: CPD, cumulative population doubling time; MNU, N-methyl-
N-nitrosourea; iMSC, mesenchymal stromal cell from iPSC;  

The results presented in Figure 25A and B illustrate the effects of MNU treatment on 
the proliferation and division rate of iMSCs. The fold change in cell numbers over time 
shows a dose-dependent suppression of proliferation with increasing MNU 
concentrations while untreated cells exhibit steady growth with a fold change maximum 
on day 20. Cells treated with MNU display reduced proliferation with the most 
pronounced suppression of proliferation recorded after treatment with 5 mM MNU 
where cell numbers fail to recover beyond initial seeding density. As measured by 
CPDs, Figure 25B further quantifies the impact of MNU on the division rate of iMSCs. 
Untreated cells maintain a positive CPD over 30 days, indicative of continued cell 
division. In contrast, cells treated with MNU show a marked decline in CPD with higher 
doses resulting in negative CPDs, suggesting cell death or a cessation of proliferation. 
This trend is particularly evident a 3 mM and 5 mM MNU where the division rates drop 
until day 20 and fail to recover. These results confirm the cytotoxic and anti-proliferative 
effects of MNU on iMSCs in a dose- and time-dependent manner.  
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5. Discussion 

To maintain genomic integrity, cells have developed complex and finely tuned 
mechanisms and distinct responses to DNA damage. These mechanisms are 
particularly important in the context of cell proliferation, cell cycle progression and cell 
differentiation. Evaluating this impact of genotoxicity is crucial in toxicological risk 
assessment studies during pharmacological testing and safety profile testing of new 
drugs to ensure compliance with regulatory guidelines. DNA damage responses are 
tightly linked to the regulation of the cell cycle with the checkpoints preventing the 
propagation of DNA damage. For instance, proliferating cells, which are actively 
dividing have a different response than non-dividing quiescent cells [120, 121]. For 
this, testing cells at different states allows the understanding of how genotoxic agents 
affect cells dependently on their cell cycle status. Moreover, reaction to DNA damage 
differs between undifferentiated and more mature cells thus the importance of a 
comparative analysis of the effects of toxins on different cell types with different 
maturation status [122]. To obtain a comprehensive evaluation, it is crucial to conduct 
these assessments not only on different cell types, but also on cells derived from 
various sources to account the influence of developmental age. Furthermore, including 
cells from multiple donors helps minimizing the effects of donor variability ensuring that 
the findings are more representative and applicable across diverse populations. This 
multifaceted approach enhances the reliability of toxicological studies and contributes 
to more accurate safety evaluations of pharmaceutical compounds. 

In this work, MNU and etoposide were selected as inducers of DSBs due to their well-
characterized mechanism of action and of genotoxicity and their relevance in the 
experimental and clinical setting. MNU is a direct-acting alkylating agent that induces 
DNA damage primarily through the formation of O6-methylguanine adducts, which can 
lead to replication stress and to the generation of DSBs, if left unrepaired. This 
compound is widely used in genotoxicity studies due to its ability to mimic endogenous 
and environmental mutagenic insults. Moreover, it has been established that 
nitrosamines are capable of crossing the placental barrier, raising concerns about their 
potential effects on embryonal development [123]. Exposure to nitrosamines during 
pregnancy could pose a significant risk to embryonic and fetal cells, which are highly 
proliferative and particularly sensitive to DSB-induced damage. Additionally, proper 
cell differentiation is crucial for normal embryo development thus the need of 
investigation genotoxin effect on the process of cell differentiation. Understanding how 
these compounds influence differentiation pathways can provide valuable insights into 
their potential role in developmental disorders and teratogenic effects. This is 
particularly relevant in the context of prenatal exposure, where low levels of genotoxic 
stress could have lasting consequences on tissue formation and organogenesis.  
Etoposide, on the other hand, is a topoisomerase II inhibitor that prevents the re-
ligation of cleaved DNA strands resulting in DSB accumulation. It is a commonly used 
therapeutic agent thus the high relevance of understanding its effect not only on the 
targeted population but also on stem cell populations particularly in the context of 
therapy-related toxicity. The use of two agents with distinct mechanisms of action 
allowed for a comprehensive assessment of the DDR in iPSCs, HSCs, MSCs and 
iMSCs, and their capacity to maintain genomic integrity under various genotoxic stress 
conditions. IPSCs are considered as promising candidates for future applications 
especially in personalized regenerative medicine. However, their high mutational load, 
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genetic abnormalities and their unpredictable responses to DNA damage remain major 
concerns since little is known about the mechanisms governing their genomic stability 
under genotoxic stress.  

Before assessing the effects of genotoxic stress, the iPSCs used in this work were first 
characterized by evaluating their capacity of expression of key pluripotency markers, 
namely OCT4a, SOX2, Nanog, TRA-1-60 and TRA-1-81. This step was essential to 
confirm that the used iPSCs maintained the undifferentiated state prior to treatment 
with genotoxins. These results confirmed robust expression of these markers, 
indicating that the iPSCs retained their pluripotent identity prior to treatment. This 
characterization was a critical prerequisite for our study, ensuring that any observed 
effects of genotoxic agents on differentiation or DNA damage response were not 
influenced by variability in pluripotency status. Moreover, our results show that the 
iPSCs, which served in this work as a negative control due to their embryonic-like age, 
are more sensitive to the genotoxic agents MNU and etoposide compared to MSCs. 
This heightened sensitivity may be aggravated by their higher rate of cell division 
compared to MSCs leading to high replicative stress, as well as their reported lower 
capacity for DSB repair [124]. Previous research has shown that despite rapid DDR, 
iPSCs are more prone to apoptosis, which appears as their primary defense 
mechanism to counteract and avoid genomic instability and de-differentiation [125]. 
IPSC source might also influence their DDR capacity as the intrinsic properties of the 
donor cells can affect genomic instability and stress response mechanisms. The iPSCs 
used in this work were derived from umbilical cord blood HSCs, which are known for 
their relatively low mutational burden and high proliferative potential. Additionally to 
their source, the reprogramming process of iPSCs induces oxidative stress, DSBs and 
other cellular changes that reduce their overall DNA repair efficiency. González et. al. 
showed that ectopic expression of reprogramming factors increases the level of 
phosphorylated histone H2AX as one of the earliest cellular responses to DSBs 
independently of viral integration or use of oncogenic transcriptional factors [126]. 
Moreover, the reprogramming process also promotes replication and oxidative stress. 
This can be counteracted by increasing the levels of the checkpoint kinase 1 (CHK1) 
or nucleoside supplementation [127]. The observed decrease in DDR gene expression 
with increasing MNU doses in iPSCs may be attributed to several factors namely the 
increasing cellular toxicity due to the high levels of genotoxic stress potentially 
damages the transcriptional machinery or causes widespread degradation of RNA. 
Severe DNA damage also leads cells towards apoptosis or necrosis thus globally 
downregulating transcription. Additionally, cells might employ protective mechanisms 
such as transcriptional shutdown to prevent errors caused by transcribing damaged 
DNA. Furthermore, high levels of DNA damage might overwhelm DDR pathways 
resulting in feedback inhibition or exhaustion of repair mechanisms further reducing 
their gene expression. The contrasting expression patterns observed between the 24 
h and the 48 h analysis time points reflect the different stages of the cellular responses 
to MNU-induced genotoxic stress. The initial decrease in DDR gene expression at 24 
h could be due to the acute toxicity of MNU, impairing transcriptional activity or causing 
widespread RNA degradation. In contrast, the increased expression of specific DDR 
genes such as XRRC5 and XRCC6 at 48 h may indicate activation of delayed repair 
mechanisms or adaptive stress responses as the cells attempt to cope with the 
accumulated DNA damage. 24 h after etoposide treatment, no significant changes in 
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the expression of several DDR genes could be assessed, which might have occurred 
since etoposide treatment was conducted for 24 h, which correlates with the population 
doubling time of the iPSCs. A replication cycle is necessary to arouse the effect of 
etoposide. A similar pattern to the MNU treated cells was observed 48 h after etoposide 
treatment, where the upregulation of FANCA1 and XRCC4 has been observed at low 
etoposide doses, which again might indicate a delayed upregulation of some DDR 
mechanisms. In this study, the impact of genotoxic damage induced by MNU or 
etoposide on iPSC mitochondria to determine whether DNA damage influences 
mitochondrial function was also assessed. Surprisingly, no significant differences were 
observed between the untreated and treated samples in terms of mitochondrial 
membrane potential, mass and overall activity, suggesting that the mitochondrial 
function remained largely unaffected by the genotoxic stress. This was in contrast to 
the clear morphological changes observed in the treated cells indicating that while 
nuclear and cytoskeletal integrity were compromised, mitochondrial homeostasis 
appeared to be maintained. These findings suggest a potential decoupling of 
mitochondrial function from genotoxic stress responses induced by MNU or etoposide 
in iPSCs or a high degree of mitochondrial resilience in these cells. Furda et. al. 
showed that mouse embryonic fibroblasts treated with oxidants showed a rapid loss of 
mitochondrial DNA and mitochondrial dysfunction whereas the alkylating agent methyl-
methanesulfonate did not induce mitochondrial DNA loss, mitochondrial dysfunction or 
decreasing levels of nuclear-encoded mitochondrial subunits [128]. Further studies are 
however, necessary to explore whether alternative stress response mechanisms, such 
as metabolic adaptations or enhanced mitophagy, contribute to the maintenance of 
mitochondrial integrity under these conditions. 

HSCs are particularly sensitive to DNA damage due to their pivotal role in 
hematopoiesis and their ability to self-renew. Most of the published studies investigate 
DDR of HSCs derived from adult sources such as the bone marrow or mobilized 
peripheral blood [120, 129]. In contrast, relatively few studies have examined the DDR 
of HSCs derived from neonatal sourced particularly those isolated from umbilical cord 
blood. Given the fundamental differences in the proliferative capacity, self-renewal 
potential, and metabolic state between neonatal and adult HSCs, it is crucial to 
understand how neonatal HSCs respond to genotoxic stress. Understanding these 
differences could provide valuable insights into age-related variations in HSC function 
and their implications for hematopoietic regeneration, transplantation and therapeutic 
applications.  

HSCs play a crucial role in understanding the impact of genotoxic stress, as they are 
integral to blood regeneration and immune function. The CD34+ HSCs used in this 
work were first characterized and differences were found in their expression of CD 
markers compared to other studies [130, 131]. CD38 expression was significantly 
upregulated suggesting that HSCs derived from cord blood are in a more differentiated 
state and lack short-term HSCs (ST-HSCs) or multipotent progenitors (MPPs) [132]. 
The CD34+ CD38+ population decreased over the time of expansion with an increase 
in the CD34+ CD38- population. This raises the question of whether a substantial de-
differentiation process occurred during cell culture or if the CD38 marker is a reversible 
surface marker as described by McKenzie and colleagues [133]. This characterization 
is essential to ensure reliable and biologically relevant results. As demonstrated by 
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Casorelli et al., CD34+ hematopoietic stem and progenitor cells exhibit distinct DNA 
repair gene expression profiles compared to their more differentiated counterparts, 
which are CD34− [134]. In their study, freshly isolated CD34+ cells displayed higher 
expression levels of genes involved in MMR, BER, and DSB repair, suggesting a more 
robust DNA damage response compared to CD34− cells [134]. However, these 
differences were not observed after CD34+ cells were expanded in cytokine-rich 
medium, indicating that cellular state and culture conditions can significantly influence 
DNA repair capacity [134]. Furthermore, when exposed to MNU, cycling CD34+ and 
CD34− cells exhibited similar levels of apoptosis, emphasizing that cellular sensitivity 
to DNA damage may depend on proliferation status rather than initial stemness 
markers [134]. These findings highlight the importance of thoroughly characterizing our 
cell populations, as variations in gene expression, differentiation state, and cycling 
status can significantly impact their response to genotoxic stress. Understanding these 
factors allows for a more precise interpretation of experimental outcomes and ensures 
that any observed effects are attributed to the intended experimental conditions rather  
than intrinsic cellular differences. 

The results indicate that HSCs exhibit increased sensitivity to genotoxic agents such 
as MNU and etoposide. This heightened sensitivity could be linked to their high 
proliferative capacity and the need for tight regulation of cell cycle progression to 
ensure proper hematopoietic function. Furthermore, the DDR mechanisms in HSCs 
may differ from those of other progenitor cells, potentially leading to a reduced ability 
to cope with genotoxic stress. In this study, a comparative analysis of the genotoxic 
effects on CD34+ cells derived from the neonatal cord blood by distinguishing between 
quiescent and cycling populations was conducted. Quiescent cells are generally more 
resistant to genotoxic stress due to their reduced replication-associated damage, 
whereas cycling cells, which are actively proliferating, may be more vulnerable due to 
increased DNA replication stress and a higher likelihood of replication fork collapse.  
To gain insights into the impact of cell cycle status on sensitivity to genotoxic agents, 
these two populations were compared. 

MNU treatment of cycling CD34+ HSCs resulted in the abrogation of cell replication 
accompanied by an increase in the Sub-G1 population and dose-independent cell cycle 
stop, which remained persistent until 7 days post-treatment. Additionally, several DDR 
genes were upregulated e.g. H2AX, BRCA2, XRCC6 and LIG4 in an attempt to 
reduced damage accumulation induced by MNU. The severity of the damage persisted 
for 5 days and finally resulted in complete cell death at high MNU doses, which comes 
in accordance with the gene expression showing the upregulation of the pro-apoptotic 
gene BID and the autophagy-related gene BECN1. Cycling cells treated with etoposide 
showed dose-dependent reactions with cells treated with low concentrations showing 
a decrease in proliferation capacity and cells treated with high concentrations showing 
an apoptotic morphology that manifests by the appearance of apoptotic bodies and 
vesicles, a reduced replicative capacity and a shift from the Sub-G1 to the S/G2 phase. 
These findings come in accordance with the results of Tao and colleagues, who 
showed that cycling cord blood CD34+ HSCs utilize pro-apoptotic pathways such as 
P53, BAX, FAS and TRAIL in response to etoposide treatment in order to arrest cell 
cycle progression at several checkpoints stop proliferation and induce apoptosis  but 
also induce pro-survival pathways e.g. BCL-2 and CDKN1A suggesting a dose- and 
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severity-dependent response controlling the cell fate [135]. Beside CDKN1A 
upregulation, which correlates with protection from apoptosis by the promotion of cell 
cycle arrest in both G1/S- and G2/M-transition, an increase in CCDN1 was registered, 
which in turn correlates with the induction of the re-entry into cell cycle after the 
formerly registered cell cycle arrest [136, 137]. This interplay between pro-apoptotic 
and pro-survival genes in response to etoposide along with the dose-dependent 
decrease of proliferation and the registered cell cycle arrest might be attributed to the 
existence of cells at different cycle status in the culture. The initial response of the still 
quiescent or G1-phase cells was a cell cycle arrest by the upregulation of CDKN1A, 
whereas the cycling cells rather induce pro-apoptotic genes. This might explain the 
recovery of the cycling cells after etoposide exposure, originating from the protected 
quiescent cell fraction that could replenish the stem cell pool. A potential experiment 
to further investigate this would involve the synchronization of the cell cycle before 
exposure to the DNA damaging agents. This can be achieved by various methods such 
as serum starvation for a G0/G1 block or nocodazole treatment for a G2/M arrest. 
However, it is important to consider that cell synchronization itself might introduce 
additional stress, which in turn may influence the response to genotoxin damage 
potentially confounding the results of genotoxicity studies. DSBs were analyzed using 
the H2AX/53BP1 markers that revealed a high accumulation of DSB breaks both in 
cycling cells treated with MNU and etoposide and nearly all cells were affected. In the 
etoposide-treated cells, these lesions started already after 1 h and persisted only for 
24 h. This rapid loss of foci either implies that the DSBs have been repaired or the cells 
have undergone apoptosis to reduced the impact of the damage. This however does 
not come in accordance with results deduced from cells exposed to irradiation, where 
H2AX/53BP1 foci formation kinetics were fast, already appeared after 1-3 min and 
disappeared in the first 48 h. Additionally to cells with co-localizing H2AX/53BP1 foci, 
also cells with single foci were registered. This confirms the suggestion of De Feraudy 
and colleagues postulating that H2AX foci alone might not be the accurate marker for 
DSBs [138]. Its coupling with 53BP1 ensures a more precise identification of DSBs 
since it is a key protein involved in NHEJ and is more selective for true DSBs thus 
providing additional structural information about the nature of the break.  

Quiescent CD34+ HSCs exhibit distinct DDR mechanisms when exposed to genotoxic 
damage. Depending on the type of damage and the mechanism of action of the 
damaging agent, they either attempt to repair the damage of initiate apoptosis if the 
risk of passing mutations to progeny is important. Quiescent CD34+ HSCs studied in 
this work exhibited a dose-dependent sensitivity to MNU. Exposure to high doses of 
MNU affects cell proliferation and disrupts cell cycle progression leading to a cell cycle 
arrest in G1 subsequently undergoing apoptosis when entering the S-phase likely as a 
protective measure to prevent the transmission of damage to progeny. This increase 
in apoptotic populations correlated with the upregulation of pro-apoptotic genes such 
as CAS3, CAS9 and FAS. In contrast to MNU, quiescent CD34+ HSCs appear to be 
largely protected from the cell cycle-specific agent etoposide. Etoposide primarily 
affects actively cycling cells. For this, only cells that have entered the cell cycle during 
the 24 h treatment period have been impacted. Morphological analysis and cell 
numbers did not indicate significant damage to quiescent cells and apoptosis assays 
showed only a low dose-dependent increase in apoptotic cells. This aligns with the 
dose-dependent upregulation of CDKN1A and FAS under all conditions, suggesting 
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that etoposide exposure induces cell cycle arrest and promotes apoptosis in quiescent 
CD34+ HSCs. However, immunocytochemical staining for H2AX and 53BP1 foci 
revealed the induction of double-strand breaks (DSBs) at all tested etoposide 
concentrations. A high number of H2AX foci were detected, but only about half as 
many 53BP1 foci were observed. This raises the question of whether DDR pathways 
are fully engaged in cells where H2AX and 53BP1 co-localization is present, 
warranting further analysis of DDR-related proteins at the protein level. The abundance 
of H2AX foci without corresponding 53BP1 foci suggests that once a DSB is detected 
in quiescent cells, the apoptotic pathway may be preferentially activated rather than 
DNA repair mechanisms. This aligns with previous findings that non-chromatin-bound 
H2AX can sensitize cells to apoptosis, raising the possibility that H2AX is not solely 
a marker of DSBs but may also play a role in apoptosis signaling.  

In terms of differentiation capacity, cycling CD34+ HSCs displayed a significant 
reduction in multipotent progenitors (CFU-GEMM) one day post MNU treatment 
suggesting that multipotent progenitors might be particularly susceptible to MNU-
induced damage at this early stage. However, this effect did not persist in later time 
points, indicating a potential recovery or compensatory mechanism over time. 
Similarly, cycling CD34+ cells treated with etoposide showed a significant reduction in 
total CFC numbers, particularly on d3 and d7 post-treatment, while no immediate effect 
was observed on d1. The impact on specific progenitor lineages varied: granulocyte-
macrophage (CFU-GM) colonies were consistently reduced across all conditions, while 
erythroid (BFU-E) colonies exhibited a dose-dependent decrease followed by a partial 
recovery by d7. Interestingly, CFU-GEMM colonies showed only a slight initial 
decrease on d1 but no significant difference was detected in later time points. Our 
findings also indicate that the colony-forming capacity of quiescent CD34+ HSCs 
remained largely unaffected by MNU treatment over a period of 7 days. The ability of 
these cells to form colonies across different hematopoietic lineages including erythroid 
(BFU-E), granulocyte-macrophage (CFU-GM) and multipotent progenitors (CFU-
GEMM) was not significantly impaired. This suggests that quiescent HSCs may 
possess intrinsic protective mechanisms against immediate genotoxic stress or that 
the extent of MNU-induced damage within this timeframe was insufficient to 
compromise their colony-forming ability. Similarly, etoposide treatment of quiescent 
CD34+ HSCs did not significantly alter their differentiation potential as no notable 
effects on total CFC numbers or specific progenitor colonies were observed. These 
results indicate that quiescent HSCs exhibit a remarkable resistance to both MNU and 
etoposide, at least within the tested doses and observation period. Together, these 
results highlight the differential sensitivity of cycling and quiescent CD34+ HSCs to 
genotoxic agents. While quiescent cells appear more resistant, possibly due to their 
inherit DDR mechanisms and reduced reliance on replication-dependent repair 
pathways, cycling cells are more vulnerable particularly at later analysis time points 
where damage accumulation might interfere with proliferation and differentiation. The 
observed recovery trends in certain progenitor populations further suggest that HSCs 
may activate compensatory mechanisms that allow for the maintenance of 
hematopoietic function despite genotoxic stress. These findings underscore the 
importance of considering cell cycle status when evaluating the impact of genotoxins 
on HSCs and their potential long-term effects on hematopoiesis. 
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In vivo, MSCs play a crucial role in supporting HSCs within the bone marrow niche. To 
investigate how this support is affected under genotoxic stress, HSCs were cultured 
on a BM-MSC feeder layer, which was either untreated or also exposed to MNU or 
etoposide and assessed their proliferation. Our findings revealed that when the MSC 
feeder was also damaged by genotoxins, HSCs exhibited a proliferation response 
similar to that of HSCs cultured without a feeder, suggesting that a compromised MSC 
layer fails to provide its usual protective support. In contrast, when HSCs were 
cultivated on a healthy MSC feeder, even those exposed to genotoxic treatment 
maintained a proliferation rate comparable to untreated HSCs. This suggests that an 
intact MSC feeder may secrete additional cytokines or growth factors that enhance 
HSC proliferation and mitigate the detrimental effects of genotoxic stress. These 
results highlight the importance of a functional MSC microenvironment in maintaining 
HSC resilience and suggest that the protective role of MSCs is compromised when 
they themselves are subjected to genotoxic damage. 

The results of this study also provide important insights into the effects of genotoxic 
stress induced by MNU or etoposide on different types of MSCs. Our findings 
demonstrate that MSCs exhibit a certain level of resistance to the genotoxic agents 
MNU and etoposide compared to the iPSCs, which displayed significantly higher 
sensitivity, as reflected in their lower IC50 values. This observation aligns with previous 
studies that have reported increased genomic instability in pluripotent stem cells 
compared to more differentiated cell types. The relative resistance of MSCs may be 
attributed to their intrinsic DNA repair mechanisms, which have been suggested to be 
more robust in adult stem cells, compared to pluripotent cells and may be due to their 
prolonged lifespan acquiring high amounts of damage thus the need of specific 
damage coping mechanisms. Lützkendorf and colleagues have shown that this 
resistance in MSCs is associated with an induction of P53 and P21, proliferation arrest 
or temporary G2/M cell cycle arrest upon genotoxic damage [139].  

Interestingly, variations in sensitivity among different MSC subtypes were observed, 
with CB-MSCs and BM-MSCs showing distinct responses to genotoxic stress. 24 h 
and 48 h after MNU or etoposide damage, BM-MSCs showed a less amount of damage 
compared to CB-USSCs and CB-MSCs, as shown by comet assay. This variability 
suggests that the tissue of origin and the developmental age may play a role in 
determining the extent of DNA damage and repair capacity, a notion supported by prior 
studies highlighting differences in proliferation rates, differentiation potential and 
senescence onset among MSC populations. While our findings are consistent with 
these reports, further mechanistic studies are needed to elucidate the molecular 
pathways underlying these differences.  

The multilineage potential of MSCs makes them a valuable model for assessing the 
impact of drugs and toxins on cell differentiation. However, this aspect has not yet been 
extensively investigated. Exposure to genotoxic agents on d0 before the initiation of 
osteogenic differentiation, led to more pronounced effects compared to treatment on 
d7, except in the case of etoposide-treated CB-MSCs. Despite this, no significant 
changes were observed in the mRNA expression levels of RUNX2, OSX, BMP2 and 
BMP4. This contrasts with previous findings suggesting that RUNX2 plays a role in the 
DNA damage response by regulating H2AX phosphorylation and promoting its 
accumulation following genotoxic stress in smooth muscle cells, a process linked to 
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vascular calcification [140]. Etoposide treatment on d0 and d7 lead to the 
downregulation of BMP2 and BMP4, which are major regulators during osteogenic 
differentiation. Moreover, genotoxic treatment applied on d0 before the initiation of 
adipogenic and chondrogenic differentiation did not significantly affect the 
differentiation outcomes in these lineages. In contrast, osteogenic differentiation 
appeared to be more sensitive to early DNA damage, suggesting that adipogenic and 
chondrogenic pathways may possess a higher resistance to genotoxic stress at early 
differentiation stages. This resilience could be attributed to lineage-specific differences 
in DNA repair mechanisms or stress response pathways that help protect these 
differentiation processes from early-stage damage. Supporting this idea, no notable 
reduction was observed in the expression of key adipogenic genes including CEBPα, 
CEBPβ and PPAR. However, CB-MSCs exhibited greater sensitivity to genotoxic 
treatment compared to CB-USSCs and BM-MSCs, indicating an intrinsic vulnerability 
that may stem from variations in DNA repair capacity or stress response pathways. 
This heightened sensitivity of CB-MSCs underscores the importance of considering 
cell source-specific and age-related factors when assessing the effects of genotoxins  
on MSC differentiation potential. Interestingly, administering MNU or etoposide on d7 
after the initiation of the differentiation process had a generally lower impact on MSC 
differentiation potential compared to treatment on d0. This suggests that cells may 
develop protective mechanisms during the later stages of differentiation such as 
transcription-coupled repair or nucleotide excision repair. Among the tested conditions, 
only MNU treatment on d7 affected the osteogenic differentiation, particularly in CB-
MSCs, highlighting their distinct sensitivity to DNA damage even at later differentiation 
stages. In contrast, no significant effects were observed in CB-USSCs and BM-MSCs 
across any differentiation lineage following treatment with MNU or etoposide on d7.  

Chondrogenic differentiation remained largely unaffected by genotoxic stress, whether 
applied on d0 or d7, suggesting that this lineage may have a greater intrinsic resistance 
to DNA damage compared to the osteogenic pathway. This resilience could be 
attributed to an enhanced ability to repair DNA damage or a distinct dependence on 
DDR mechanisms such as NHEJ, which may help counteract the effects of genotoxic 
agents. Additionally, the ECM produced during chondrogenic differentiation might play 
a protective role when genotoxic treatment was applied on d7. Composed of 
proteoglycans, collagen and structural proteins, this dense matrix may serve as a 
physical shield, limiting the penetration and diffusion of harmful agents, thereby 
reducing their effective concentration within the cells. Moreover, the ECM could 
influence cellular signaling pathways, modulating the response to DNA damage and 
further reinforcing the resilience of chondrogenic cells at later differentiation stages. 
This protective effect of the ECM may help explain why chondrogenic differentiation 
appears to be less affected by genotoxic stress compared to other lineages, particularly 
during later time points. 

These results enhance the understanding of MSC differentiation and its therapeutic 
relevance by shedding light on the impact of genotoxic agents on both undifferentiated 
and differentiated MSCs. By examining these effects at different stages of 
differentiation, it was shown that damage induced by MNU and etoposide not only 
compromises cell viability and proliferation but may also interfere with the ability of 
MSCs to successfully complete their differentiation process, which is an essential 
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factor for their potential use in tissue repair and regeneration. Furthermore, our findings 
highlight the greater resilience of differentiated MSCs compared to their 
undifferentiated counterparts, emphasizing that the timing of genotoxic exposure plays 
a crucial role in determining its effects. These insights are particularly relevant for drug 
testing and safety evaluations, as they underscore the need for considering 
differentiation stage-specific responses. A deeper understanding of these mechanisms 
will contribute to the refinement of in vitro models that more accurately replicate 
physiological conditions. 

Despite these insights, our study has certain limitations. The in vitro nature of our 
experiments does not fully recapitulate the complex microenvironment of MSCs in vivo, 
where interactions with niche factors and immune cells may influence their response 
to genotoxic agents. Additionally, while DNA damage responses were assessed, 
further work is required to evaluate the long-term consequences of genotoxic stress, 
such as potential senescence, apoptosis, or malignant transformation. Future studies 
should aim to integrate in vivo models and single-cell sequencing approaches to 
provide a more comprehensive understanding of MSC behavior under genotoxic 
stress. 

Overall, our study contributes to the growing body of literature on MSC biology by 
highlighting their differential responses to genotoxic agents and emphasizing the need 
for careful evaluation of their genomic stability in therapeutic settings. These findings 
provide a basis for further investigations into the molecular mechanisms governing 
MSC resistance to DNA damage and offer important considerations for their clinical 
application. 

The characterization of iMSCs revealed notable differences compared to primary MSC 
populations, which are crucial to consider when evaluating their therapeutic 
applicability. Unlike BM-MSCs and CB-MSCs, which express HOX genes, iMSCs are 
HOX-negative, a feature they share with CB-USSCs. This lack of HOX gene 
expression may contribute to the impaired differentiation potential observed in these 
cells, as previously described for CB-USSCs, which also fail to undergo adipogenic 
differentiation. Consistently, iMSCs displayed a marked inability to differentiate into 
adipocytes and exhibited only minimal osteogenic differentiation under the same 
conditions successfully applied to BM-MSCs and CB-MSCs. Furthermore, the cytokine 
secretion profile of iMSCs was altered, with several key cytokines downregulated 
compared to BM-MSCs. This reduced cytokine expression may underlie the decreased 
hematopoietic support function of iMSCs, as reflected by significantly lower CFC 
numbers when CD34+ HSCs were cultured on the iMSC feeder. Altogether, these 
findings highlight that although iMSCs share phenotypic similarities with MSCs, their 
molecular and functional discrepancies, particularly in HOX gene expression, cytokine 
secretion, and differentiation capacity must be carefully considered before proposing 
them as reliable alternatives for clinical applications. 

In the context of therapeutic applications, the accurate identification of iMSCs is crucial 
to ensure their reliability and effectiveness in clinical settings. Proper characterization 
of these cells helps to distinguish them from other stem cell types and ensures 
consistency in their functional properties. Additionally, establishing precise and 
standardized differentiation protocols is essential to achieve reproducible and 
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trustworthy outcomes. Without well-defined guidelines, variations in differentiation 
efficiency and cellular behavior could compromise the safety and efficacy of iMSC -
based therapies. Therefore, rigorous validation of identification markers and 
optimization of differentiation protocols are fundamental steps to enhance the clinical 
applicability of iMSCs and maximize their therapeutic potential. 
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