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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 Il 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 (iIMSCs) were used. The purpose
was to assess the cellular responses following genotoxin-induced damage with a focus
on DNA damage, cell viabilty 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



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.



Zusammenfassung

Genotoxine spielen eine entscheidende Rolle bei der Entstehung und Entwicklung von
hamatologischen Erkrankungen und bdsartigen Tumoren, da sie DNA-Schaden
verursachen und so die Zellfunktion und die Genomintegritat beeintrachtigen.

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

Durch eine Reihe von in vitro Experimenten konnten wir zeigen, dass iPSCs die
hochste Empfindlichkeit gegenuber genotoxischem Stress aufweisen, der durch MNU
oder Etoposid ausgelost wurde. HSCs und MSCs zeigten eine robustere Resistenz
gegenlber diesen Wirkstoffen, was wahrscheinlich auf ihre erhdhten intrinsischen
DNA-Reparaturmechanismen zurlckzuflhren ist.

Ein Schwerpunkt dieser Arbeit war, die unterschiedliche Reaktion von zyklischen und
ruhenden HSCs auf genotoxischen Stress zu erfassen. Zyklische HSCs wiesen eine
héhere Resistenz gegenliber der Behandlung mit Etoposid auf. Hohe Konzentrationen
an MNU fuhrten jedoch zur Aktivierung der Apoptose in zyklischen HSCs. Ruhende
HSCs wurden durch Etoposid nicht beeintrachtigt, wahrend die Behandlung mit MNU
zu einem Stopp des Zellzyklus und einem dosisabhangigen Anstieg der Apoptoserate
flhrte.

Darlber 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 =~ Schaden die zelluldare  Schicksalsentscheidung
beeintrachtigten, da das osteogene Differenzierungspotenzial signifikant reduziert war,
vor allem bei Exposition gegenuber 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 beeintrachtigt.
Diese Ergebnisse verdeutlichen die Anfalligkeit von MSCs aus unterschiedlichen
Quellen und von verschiedenen Spendern und geben Anlass zur Sorge Uber die
langfristigen  Auswirkungen von Umweltgiften und chemotherapiebedingter
Genotoxizitat auch in Bezug auf das gesunde Gewebe.

DarlUber hinaus wurden iMSCs charakterisiert, um ihre Eignung als Alternative zu
primaren 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



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

Diese Forschungsarbeit liefert wertvolle Erkenntnisse Uber die unterschiedlichen
Reaktionen von Stamm- und Vorlauferzellen auf genotoxischen Stress und
unterstreicht die Notwendigkeit gezielter Schutzstrategien im klinischen Umfeld. Das
Verstandnis der Mechanismen von genotoxisch induzierten Schaden in Stammzellen
ist fur die Entwicklung verbesserter therapeutischer Mallnahmen flr Patienten, die sich
einer Chemotherapie unterziehen oder Umweltkarzinogenen ausgesetzt sind, von
wesentlicher Bedeutung. Die in vitro Experimente wurden durchgefuhrt, 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 a-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 N’-methylguanine adducts, the formation of pre-mutagenic O%-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
O6b-methylguanine-DNA  methyltransferase (MGMT). MGMT can remove methyl
groups from O86-methylguanine and O#*-methylthymine, with the repair of
O8%-methylguanine being 10°to 103 times faster than that of O4-methylthymine [10].
Kleihues and Margison studied the persistence of O%-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-POLB-LIG3), when activated. The last
BER step consists in the ligation of the nick by ligases after gap filing 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 O%-methylguanine adducts mispair with
thymine instead of cytosine during replication resulting in G:C to AT 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, O8-methylguanine is recognized by MutSa, which interacts with MutLa 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 MutSa 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 MutSa, thus preventing
downstream steps of DDR despite normal affinity to the mismatch bases [21, 22].
Moreover, MutSa has been reported to bind to the mispaired bases O%-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 HelLa
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 BRCAZ2 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 p or Pol A 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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Figure 1: Schematic representation of the mechanism of action of MNU.
1.2. Etoposide: Mechanism of Action and Genotoxic Potential

Etoposide (VP-16) is a chemotherapeutic drug used for treating several types of
cancers commonly lung cancer but also testicular cancer, ovarian, leukaemia,
lymphoma and neuroblastoma [26-30]. Since its introduction in 1971, its mechanism
of action and potent antineoplastic activity have been extensively studied. Due to its
limited single-agent activity, it has been used as an essential part of combination
therapies with cisplatin, carboplatin and cyclophosphamide [31-33]. While its primary
target is rapidly dividing tumor cells, etoposide is not selective and can also impact
healthy tissues and although it has been widely used, cases of therapy-related
secondary leukaemia have been reported.

In humans, etoposide oxidation to etoposide catechol mainly involves cytochrome
P450 3A family enzymes and/or peroxidases. Etoposide catechol is oxidized by
myeloperoxidases (MPO) in the liver of bone marrow lysosomes [34]. Etoposide can
also be directly metabolized to etoposide quinone by prostaglandin-endoperoxidases
1/2 (PGTS1/2) or by other peroxidases such as MPO. The oxidative metabolites of
etoposide show a higher potency regarding the inhibition of DNA topoisomerase Il than
etoposide [35].

The mechanism of action of the semi-synthetic epipodophyllotoxin derivative etoposide
is similar to the mechanism of action of its parent compound podophyllotoxin.
Podophyllotoxin inhibits microtubule assembly by preventing tubulin polymerization
and then destroying spindle fibres thus inhibiting the separation of sister chromatids
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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 Gz-phase [38, 39]. Currently, it is well known that etoposide primarily acts by the
inhibition of topoisomerase Il (alpha and beta isoforms), an essential enzyme involved
in DNA replication, transcription and chromosome segregation. Generally,
topoisomerase Il 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 |l 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 Il 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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Figure 2: Schematic representation of the mechanism of action of etoposide. Modified from [49].
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1.3. Testing of Genotoxic Effects during Drug Development and Risk
Assessment in Compliance with the 3R Principle

Genotoxicity testing plays a crucial role in drug development and risk assessment to
ensure the safety and efficacy of pharmaceutical compounds. Many regulatory
frameworks and guidelines, such as those outlined by the ICH, require a series of in
vivo tests assessing genotoxicity either per se or as follow-up to positive in vitro results.
Traditional methods include assays like the Ames test, the mammalian bone marrow
chromosomal aberration test (OECD TG 475) and the mammalian erythrocyte
micronucleus assay (OECD TG 474). These assays have been instrumental for
detecting mutagenic and clastogenic compounds. However, these approaches heavily
rely on animal models, raising ethical concerns regarding animal welfare even though
the identification of genotoxic effects is increasingly supported by an initial in silico
screening phase.

To address these concerns, the 3R principle —replace, reduce, refine — has become a
cornerstone of modern toxicological practices. This principle aims to minimize animal
use and enhance the ethical standards of research while maintaining scientific rigor.
Replacement focuses on the development and adoption of alternative methods such
as advanced cell culture systems, computational models or high-throughput screening
technologies. Reduction seeks to decrease the number of animals used for
experiments by optimizing the design of the study and statistical analysis. Refinement
involves improving the experimental procedures in order to minimize pain and stress
in animal studies. In the field of genotoxicity testing, the 3R principle has led to
significant advancements including the use of human-derived cell lines, organoids, 3D
tissue models and induced pluripotent stem cells that provide more physiologically
relevant data while reducing the alliance on animal models.

Cell culture models are highly valuable tools for toxicological testing in the 3R context,
offering a highly accurate and reliable platform for assessing the safety of
pharmaceutical compounds. Particularly models using human-derived cell lines closely
mimic the biological processes and genetic responses of human tissues making them
highly relevant for accurate predictions. Additionally, advanced techniques such as 3D
cultures, co-culture systems, and organoids replicate the cellular architecture and
microenvironment found in vivo, further enhancing their physiological accuracy. Cell
culture models also allow for precise control over experimental conditions, including
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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 Ilmportance 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, Kif4 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 KIf4 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, Kogler 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 |, 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,
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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
pMm 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-R), 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 PPARY [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/EBPa and
PPARYy [91]. Additionally, insulin promotes PPARy activation by inhibiting necdin, a
suppressor of CREB-induced PPARY 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/EBP [93]. This activation triggers a cascade inducing the
expression of adipocyte-specific genes, including PPARy. PPARYy 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/EBPJ or in a late stages such as C/EBPa,
C/EBP, PPARy 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-B, IGF1, and IGF2 [99]. Additionally,
transcription factors including PPARy and C/EBPa 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
PPARy and C/EBPa, 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 Il 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, iIMSCs, 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: Listof 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)

Farbekasten 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 30um

Miltenyi Biotec (Bergisch Gladbach)

Pyrex cloning rings

Merck (Darmstadt)

Safe-lock tube 1.5 mL

Sardtedt (NUmbrecht)

Safe-lock tube 2 mL

Eppendorf (Hamburg)
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Consumables

Manufacturer

Serological pipettes

Corning (NY, USA)

Sterile filters (0.45 pym)

Thermo Fisher Scientific (Waltham, MA, USA)

SuperfrostTMPlus Adhesion
microscope slides

Epredia (Basel, Switzerland)

Syringe (1,3,5 mL)

Braun (Melsungen)

Transfer pipette

Sarstedt (NUimbrecht)

Tube 15 mL

Greiner bio-one (Frickenhausen)

X200 Filterkarten Weiss 200 Stiick

Thermo Fisher Scientific (Waltham, MA, USA)

3.1.2. Chemicals

Table 2: Listof chemicals.

Chemicals

Manufacturer

100 bp ladder

New England Biolabs (lpswich, 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 (Kolin)

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

ddH20

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/uL)

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-Freeze™ Cryoembedding media

Merck (Darmstadt)
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Chemicals

Manufacturer

MgClz (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 pM)

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™ Il 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 (Darn

B-glycerophosphate disodium salt
hydrate

Sigma-Aldrich (Steinheim)

B-mercaptoethanol

Sigma-Aldrich (Steinheim)

3.1.3. Buffers

Table 3: Listof used buffers and their composition.

Buffer

Composition

10x TBE (gel electrophoresis)

Tris (108 g/L)
EDTA (8 g/L)
Boric acid (55 g/L)
ddH20 ad 1L

Na2EDTA (0.5 M, pH10)

Na2EDTA (186 g)
ddH20 ad 1L

NaOH (10 M)

NaOH (400 g)
900 mL ddH20

N-Lauroylsarcosine (10%)

N-Lauroylsarcosine (50 g)
ddH20 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 ddH20
N-Lauroylsarcosine (1%)
ddH20 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)
ddH20 ad 900 mL
Adjust to pH 7.5
ddH20 ad 1L

Low melting point agarose

LMP-agarose (0.5%)
ddH20
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Buffer

Composition

Propidium iodide staining solution

P1 (50 pg/mL)
ddH20

3.1.4. Technical Devices

Table 4: Listof used technical devices.

Device

Manufacturer

Alphalmager 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 (Mannedorf, Switzerland)

Mastercycler EP gradient S PCR

Eppendorf (Hamburg)

Microplate reader

Tecan Trading AG (Méannedorf,
Switzerland)

Microscope camera CC12

Olympus Soft Imaging (Minster)

Microscope Olympus CKX41

Olympus (Minster)

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: Listof 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 uM 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
107 M Dexamethasone 1% PSG

50 ug/mL Ascorbic acid

0.01 mg/mL Insulin

10 mM B-Glycerolphosphate

MSC chondrogenic medium

MSC adipogenic induction medium

DMEM high glucose

DMEM high glucose

1% PS

10% FCS

100 nM Dexamethasone

1% PSG

35 pg/mL Ascorbic acid 2-phosphate

0.1 mg/mL Insulin

1 mM Natrium pyruvate

1 mM IBMX

ITS (1:100 dilution)

10 M Dexamethasone

10 ng/mL TGF-31

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: Listof 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-31

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. Kogler group in the ITZ and were synthesized and purified by HPLC by
Thermo Fisher Scientific and diluted to a final concentration of 0.02 puM.

Table 7: Listof used oligonucleotides, their sequences and expected product size of the amplicon.

Oligonucleotide | Forward sequence (5°-3°) Reverse sequence (5°-3") Ztr(;?zue
[bp]
Osteogenic Genes
BMP2 CGCTCTTTCAATGGACGTGT CAACGCTAGAAGACAGCGGG | 98
BMP4 CCACCACGAAGAACATCTGG ACGTCGTTCTCAGGGATGC 96
BSP GGGCAGTAGTGACTCATCCG AAGCTGGATTGCAGATAACCC | 214
OCN (BGLAP) CCTCACACTCCTCGCCCTATT CCCTCCTGCTTGGACACAAA 117
ON TAAACCCCTCCACATTCCCGCG | [TCTTGCTOAGGEGCTEECAA 1 450
OPN GCCGAGGTGATAGTGTGGTT AACGGGGATGGCCTTGTATG 149
OSX (SP7) TGCTTGAGGAGGAAGTTCAC CTGAAAGGTCACTGCCCAC 153
RUNX2 GAGTGGACGAGGCAAGAG GGACACCTACTCTCATACTG 215
Adipogenic Genes
ADIPOQ (APM1) TCCGCAGTGTAGGCTTTACC TACACTTGCTGGGGCATCTG 195
C/EBPa GAGTCACACCAGAAAGCTAG GATGGACTGATCGTGCTTC 184
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C/EBPS TTTCGAAGTTGATGCAATCG ACAGCAACAAGCCCGTAGG 130
FABP4 GCTTTGCCACCAGGAAAGTG ATGACGCATTCCACCACCAG 280
PLIN1 CTCACCTTGCTGGATGGAGA CGAGTGTTGGCAGCAAATTC 485
PPARy 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 oS TCTACCAGAATCAGCTICAA | AAAGAGGTCTTCTGGGCTGE | 132
XRCC5 AGCATAGACTGCATCCGAGC TCCCCATACATCCACGACCT 315
XRCC6 TGCGTGGATTGTCGTCTTCT CTTCTTCATCGCCCTCGGTT 111
Housekeeping Genes
GAPDH GAGTCAACGGATTITGGTCGT TTGATTTTGGAGGGATCTCG 238
RPL13a GAGGTATGCTGCCCCACAAA TTCAGACGCACGACCTTGAG 136
3.1.8. Antibodies
Table 8: Listof used antibodies.
Antibodies Fluorophore Clone Manufacturer
ﬁgiipi'géﬂsefg? ® | None JBW301 Merck
MouSe ’ (Darmstadt)
Cell Signalling
53BP1, rabbit None Polyclonal Technology
(Danvers, USA)
Jackson
Anti-mouse, goat Rhodamine Red-X | Polyclonal I(rglr;u&(zl)?{esearch
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Jackson
Anti-rabbit, goat Alexa-Fluor 488 Polyclonal ImmunoResearch

(Ely, UK)

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

Miltenyi Biotec
CD34, mouse PE (Bergisch

Gladbach)

BD Biosciences
CD45, mouse FITC 2D1 (San Jose, USA)
CD38, mouse APC HIT2 BD Pharmingen

(Heidelberg)

BD Pharmingen

_ ™

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

Beckman Coulter
CD45RA, mouse ?gg'p"e"a Fluor (ZZHJL;DH”LDBQ (Marseile,

France)

Miltenyi Biotec
CD90, mouse FITC F15-42-1-5 (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% CO.-.

All MSCs used in this work were generated or isolated by the group of Prof. Kégler at
the Institute for Transplantation Diagnostics and Cell Therapeutics in the University
Hospital Dusseldorf. 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.

Donor gender or

Source Cell type Cell line age (if known or
relevant)
R24 M

iPSC R25 F
Neonatal Cord
Blood R26 M

Primary CD34* HSC | - )

CB-USSC SA5/73 i
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SA8/25

SA10/36

USSC86b

SA6/51

SA8/39
CB-MSC

USSC63

USSC120a

R26

iMSC R34

R35

KM9-14 23

KM9-15 32

KM114 43

Adult Bone KM120 )

marrow

BM-MSC

KMB8/06 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 Dusseldorf 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 pM 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 1x108 cells. For this, cells were centrifuged at 300 g for
3 min at RT. After discarding the supernatant, 1x10° cells were resuspended in 900 uL
culture medium with Y-2763215 (1:1000) before adding 100 uyL 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 1x107 MmL
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 cm? 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¢ M dexamethasone, penicillin (100 U/mL), streptomycin (0.1
mg/mL), and glutamine (2 mM). Adherent cells were transferred into 75 cm? flasks.
After cells were confluent again, they were transferred into 225 cm? 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 Dusseldorf GmbH as
described in [115]. For this, iPSCs generated from CD34* HSCs were differentiated
into IMSCs by adding 4 uM CHIR99021 into the iPSC culture medium for 6 days
followed by a medium switch to RoosterNourish-MSC-XF. After thawing, iIMSCs were
cultivated in the MSC culture medium (Table 5).
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Figure 3: Experimental workflow followed for the generation of iMSCs.

3.2.8. Determination of Cell Numbers Using the Improved Neubauer
Chamber

Manual determination of the cell count with the Improved Neubauer chambers was
performed for cell counting. For this purpose, 10 uL of the cell suspension were mixed
with 10 yL of 0.4% Trypan blue and added into the Improved Neubauer chamber. The
Trypan blue dye is not able to penetrate the membrane by itself and hence is excluded
from living cells, while it can pass the porous membrane of nonviable cells and stain
their cytoplasm [116]. Under the light microscope, dead cells can therefore be
distinguished from living cells due to their blue color.

To determine the cell numbers, cells on each of the four large squares were counted
and offset against dilution, sample volume and chamber factor (Equation 1).

Counted cells * Volume * Dilution * Chamber factor

Total cell t=
otal cetll coun Number of squares

Equation 1: Formula for the calculation of cell numbers using an Improved Neubauer chamber.

3.2.9. Passaging of MSCs and iMSCs

MSCs were passaged twice a week after reaching a confluency of approximately 80%.
For this, the cells were washed with PBS and incubated for 5 min at 37 °C with TrypLE
(1x). The reaction was stopped with basal DMEM medium and the cells were
centrifuged at 750 rcffor 7 min at 4 °C. After centrifugation, cells were resuspended in
the appropriate medium and counted prior to usage for further experiments.

3.2.10. Cryopreservation of MSCs and iMSCs

For cryopreserved storage, 0.5-2x106 MSCs were harvested in 500 pyL 80% FCS in
DMEM medium mixed with 20% DMSO in DMEM and immediately transferred to -80
°C. The cryotubes were stored permanently after a few days in liquid nitrogen.

3.2.11. Thawing of MSCs and iMSCs

To thaw cryopreserved MSCs, the cell suspension in the cryotube was thawed in a
water bath (37 °C) until only a small ice crystal remained. Subsequently, 2 mL 50%
FCS in DMEM was quickly added to the cell suspension and transferred into a 15 mL
tube and topped up with 15% FCS in basal DMEM. After a centrifugation step (7 min,
550 rcf, 4 °C), the supernatant was discarded and the cells were further transferred
into culture medium.
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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 uL 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 uL PBS/EDTA containing 0.5% HSA per 1x108 cells, 100 uL 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 ym 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+ CD45/ow,

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. 1x10° to 1x108 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 pL Iscove’s medium was layered onto 840 yL of CFU medium. Next, 1000

47



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 pL. The neighboring cells were filled with ddH20 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:

Y Colonies in 1mL * Total cell count
Total CFC =

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.
n
log—L
PD = —20

log,
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CPD = XPD

Equation 3: Formula for the calculation of the population doublings and cumulative populations doubling, where n1
is the number of harvested cells, and no 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

1-2x108 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 yL of the cell
suspension was added to 120 yL 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 ddH20 followed by 5 min incubation in 80-100% ethanol. Next, the slides
were diagonally tilted and dried o.N. For imaging, 50 pL Pl solution was added onto
the slide and covered with a coverslip. A minimum of 50 comets per condition were
counted.

3.2.25. yH2AX/53BP1 Immunostaining

5x10% 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 5Smin 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-yH2AX (Ser139) and anti-53BP1 rabbit polyclonal antibody was
performed with 0.5 pg/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 pg/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

Mitotracker™ 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 uM 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%x104 cells were washed twice with PBS for 7 min at
4 °C and 550 g. Cells were resuspended in 25 L 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, 0.1x108 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-
B1. After cell passaging, 2x10° cells were resuspended in 350 uyL 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 ddH20 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 ddH20 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 ddH20 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 1x10% 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 pyL 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 pL 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 L 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 yg RNA was mixed with 1 pL of 10 mM dNTP-Mix and 50 uM OligodT primers and
filled up to 10 yL with ddH20. 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 yL 5x first strand buffer, 1 yL DTT (0.1 M), 1 uL SuperScript Il
polymerase and 1 yL 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
ML) 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 L 10x PCR Buffer

0.5 uL 10 mM dNTP mix
0.75 uL 50 mM MgCl2

2 uL 0.2 uM forward primer
2 uL 0.2 uyM reverse primer
0.2 uL Taq Polymerase

0.5 uL (25 ng) cDNA template

16.55 L H20

Table 11: Used conditions for PCR.

Temperature Duration Cycles
96 °C 5 min 1

9 °C 30s

56 °C 30s 35

72 °C 30s

72 °C 10 min 1

3.2.36. Quantitative Reverse Transcription PCR (qRT-PCR)

gRT-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 gRT-PCR in a total volume of 25 yL containing Sybr
Green PCR Mastermix, 0.2 uM 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
AACT method. Differential gene expression was calculated by the formula 2-2ACT
normalized to untreated cells. Fold changes <1 were transformed by the formula
—-1/2-24CT 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 pL
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.

53



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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41. 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 um. B: Flow cytometry analysis showing
negative IgG control and positive expression of pluripotency markers (TRA-1-60, OCT-3/4and 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 successfulmaintenance
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 uM, 200 uM and 300 uM). Data from two different cells lines (n = 2)
was assessedby RT-qPCR. Fold changes are normalized to the untreated cells, represented as the baseline (Fold
change = 1). Fold change was calculated using the 2"*2CT 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, O%-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-gPCR. 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, XRCCS5,
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 uM, 7 uM and 10 uM). 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, cyclinB1; CCND1, cyclinD1; 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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Mitochondrial membrane potential
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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 yM MNU exhibited the highest reduction in
membrane potential. Treatment with 2 uM etoposide led to an increase in TMRM
followed by a decrease to comparable levels to the untreated cells after treatment with
7 UM 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 uM etoposide, first an
increase in mitochondrial activity was assessed, which was reduced to comparable
levels as the untreated control after treatment with 7 uM etoposide.
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Abstract

Hematopoietic stem cells {HSC} from cord blood can be applied as an alternative to bone marrow in transplantation to treat hematological
diseases. Umbilical cord blood (UCB) consists of cycling and non-cycling CD34'/CD45%* cells needed for long-term and short-term engraftment.
After sorting and subsequent in vitro culture, guiescent HSCs enter the cell cycle. This enables the analysis of HSCs in 2 different cell cycle
stages and the comparison of their responses to different genotoxic noxae. To analyze different mechanisms of DNA damage induction in cells,
2 different genotoxins were compared: etoposide, s topoisomerase || inhibitor that targets mitosis in the S/G_phase of the cell cycle and the
alkylating nitrosamine N-Nitroso-N-methylurea (MNU), which leads to the formation of methyl DNA adducts resulting in DNA double breaks
during DNA replication and persistent mutations. Cycling cells recovered after treatment even with higher concentrations of etoposide {1.5uM/
SuM/10puM), while sorted cells treated with MNU (0. 1TmM/0.3mM/0. 5mM/TmM/3Mm/ BmM) recovered after treatment with the lower MNU
concentrations whereas high MNU concentrations resulted in apoptosis activation. Quiescent cells were not affected by etoposide treatment
showing no damage upon entry into the cell cycle. Treatment with MNU, similarly to the cycling cells, resulted in a dose-dependent cell death.
In conclusion, we found that depending on the genctoxic trigger and the cycling status, CD34*cells have distinct responses to DNA damage.
Cycling cells employ both DDR and apoptosis mechanisms to prevent damage accumulation. Quiescent cells predominantly underge apoptosis
upon damage, but their cell cycle status protects them from certain genotoxic insults.

Key words: hematopoietic stem cell; cell cycle, DNA damage response; cord blood; quiescence; genotoxins.
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Significance Statement

Medicines Agency (EMA).

The neonatal HSCs isolated from cord blood are predominantly quiescent but their introduction into the cell cycle enables the comparison
between quiescent and cycling cells, which differ in their response mechanisms to DNA damage, eg, replication stress/double-strand
breaks. The differentiation between these populations is important during the toxicological assessment of therapeutical treatments in
terms of hematotoxicity for a better prediction of genotoxic exposure but also to predict the contribution to carcinogenesis caused by
nitrosamines, whose presence in food and pharmaceuticals is prohibited by the European Food Safety Authority (EFSA) and the Eurcpean

Introduction

Every cell is constantly exposed to endogenous stress such
as replication leading to daily DNA damage accumula-
tion.! Additonally, exogenous triggers, such as genotoxic
substances taken up through food, drug and environmental
contaminants or during chemotherapy, can lead to major
DNA damage.

UCB HSCs can be applied as an alternative source to
bone marrow HSCs for stem cell transplantation. Although
these cells have lower short-term engraftment capacity
compared to peripheral blood stem cells or bone marrow,
they have many advantages, eg, less-invasive collection pro-
cedure, low graft-versus-host disease {GvHD)}, and rapid
availability.?

HSCs isolated from UCB are mainly maintained in a qui-
escent state to protect against exogenous and endogenous
insults and avoid leukemic transformation and stem cell pool
depletion.”

Moreover, mutations induced during chemotherapy
are considered as the most severe side effects leading to
myelosuppression and therapy-related AML (t-AML). The
activation of the DNA damage repair (DDR) mechanisms
results in one of 2 outcomes: damage repair with following
genomic restoration and survival or damage persistence and
following induction of apoptosis, senescence or cell cycle ar-
rest thus preventing damage accumulation.*

Beside quiescence, HSCs are assumed to have additional ev-
olutionary characteristics enabling protection against damage
and resistance to acute injury. This is related to expression of
different DDR genes and epigenetic factors. Milyavsky et al.
reported a delayed DNA double-strand break {DSB) repair
and persistent YH2AX-foci combined with an increased p53-
dependent apoptosis upon #¥-irradiation in HSCs compared
to their progenitors allowing the in vive repopulating HSC
function.” Any DSB occurring during the quiescent cell stage
is repaired via the non-homologous end-joining (NHE])
pathway, which as an error-prone repair pathway, may be
the cause for accumulated DNA damage, while DDR shifts
toward homologous recombination (HR} upon cell cycle
entry.>”

In vitro, HSCs can be isolated from CB via enrichment/
sorting of CD34* cells in their quiescent state.* The mainte-
nance of HSCs and their progeny in vitro enables the investi-
gation of DDR and the underlying intracellular mechanisms
to various genotoxins.”

Etoposide, a cytostatic drug approved for treatment of var-
ious neoplasms, acts through the inhibition of topoisomerase
II, resulting in DSB accumulation as the DNA unwinding,
cleavage and re-ligation for the resolution of the topological
tension is blocked."'* The outcome varies from DSB repair to
cell death depending on the severity of damage and needs to
be considered as a key determinant of hematological toxicity
of cytotoxic drugs.”’
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Nitrosamines are considered as a broad-acting group of
carcinogens. Nitrosamine exposure occurs through diet, eg,
cured meats and beer and are formed by the reaction of sec-
ondary amines, amides, and carbamates with the nitrogen in
amino acids.'® Moreover, increased awareness to nitrosamine
impurities during the manufacturing process of several drugs,
solvents, and catalysts was reported in 2018. This resulted in
the establishment of a nitrosamine task force by the U.S. Food
and Drug Administration {(FDA) for guidance publication and
development of testing methods for nitrosamine impurities.
The EFSA provided a scientific opinion on the request of the
European Commission to evaluate human health risks related
to nitrosamine food contaminants.”

N-Methyl-N-nitrosourea (MNU) is an alkylating ni-
trosamine, which exerts its mutagenic effects by meth-
vlation of nucleotides, resulting in destabilization/
breakage of DNA.'® Without removal by the repair enzyme
Of-methylguanine-DNA  methyl-transferase (MGMT), the
modified base persists in the DNA and results in a point mu-
tation, but could also induce epigenetic changes if a motif is
lost.’®2" Besides this risk, the presence of O°-methylguanine
might cause DSBs during replication.?!

Although several DDR pathways have been identified for
various cell types in vitro, it is important to analyze in de-
tail how HSCs react to exogenous/endogenous insults with
respect to their cell cycle status.??

DDR of both quiescent and cycling HSCs from cord blood
was investigated. We hereby focused on 2 distinct genotoxins
interfering in different cell cycle phases leading to DSBs.

Materials and Methods

Isolation of Hematopoeietic Stem Cells

CB was collected from the umbilical cord with informed con-
sent from the mother and donated to the José Carreras Cord
Blood Bank Diisseldorf (Approval by the ethic commission
2975).

HSCs were isolated from CB by pre-enrichment of mono-
nuclear cells. Density gradient centrifugation was performed
using 1.077 g/cm® Histopaque-1077 Hybri-Max (Sigma-
Aldrich). Cells were washed with PBS/EDTA (Miltenyi)
and CD34cell fraction was isolated via magnetic-activated
cell sorting using human CD34 MicroBead Kit {(Miltenyi).
Isolation was performed according to the manufacturer
protocol.

Prior to MNU treatment, HSCs were subjected to
fluorescence-activated cell sorting (FACS) to increase cell
purity using the Moflo XDP (Beckmann Coulter). The in-
strument was used with standard optical configuration and
samples were sorted using a 100-pm nozzle. First, live cells
were selected based on FSC/SSC. Doublets were excluded
by the SSC-width parameter and dead cells by staining with
7-aminoactinomycin D (Beckman Coulter}. Phycoerythrin
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{PE)-conjugated anti-CD34 antibodies (BD Bioscience) and
fluorescein-isothiocyanate  {FITC)-conjugated  anti-CD45
antibodies (BD Bioscience) were used to determine HSCs.
The HSC population was sorted via CD34+CD45bw
{Supplementary Fig. S1).

Flow cytometry for CD34/CD45-markers was performed
using a CytoFlex Flow Cytometer (Beckman Coulter) fol-
lowing the protocol according to the International Society of
Hematotherapy and Graft Engineering (ISHAGE).?

Expansion of Hematopoietic Stem Cells
Cells were expanded on 24-well plates (Greiner AG) in

CellGenix-GMP-SCGM medium {CellGenix) with 100 pg/
mL penicillin (Lonza Group), 100 pg/mL streptomycin (Lonza
Group), and 25 ng/mL of the following cytokines (Miltenyi):
human stem cell factor (SCF), human Fle3-ligand (Flt3-L),
human thrombopoietin (TPO), human interleukin 6 {IL-6),
and human interleukin 3 (IL-3} and incubated at 37 °C in a
humidified atmosphere with 5% CO,.

Genotoxic Treatment of Cells

Quiescent CD34*cells were subjected to treatment immedi-
ately after isolation, whereas cycling cells were expanded for
5 days prior to treatment.

One hundred millimolars and 1M stock solutions of
Etoposide (TCI EUROPE NV} and MNU (MedChemExpress)
were prepared in DMSO (Wak-Chemie Medical GmbH), re-
spectively. Etoposide treatment was conducted for 24 h with
following concentrations: 1.5 pM/5 uM/10 pM. MNU treat-
ment was conducted for 1 h with following concentrations
for qPCR: 1 mM/3 mM/3 mM and 0.1 mM/0.3 mM/0.5 mM
for all other experiments. After treatment, cells were washed
with PBS (Miltenyi) prior to further cultivation or subsequent
analysis (Supplementary Fig. S2).

Coculture of Hematopoietic Stem Cells With Bone
Marrow Mesenchymal Stromal Cells (BM-MSC
Feeder)

One day before co-cultivation with CD34*cells, BM-MSCs
were plated on a 24-well plate in DMEM medium containing
30% FCS (Gibco GmbH), 100 pg/mL Penicillin (Lonza
Group), and 100 pg/mL Streptomycin {Lonza Group) at a
density of 1x 10° cells/well. 2 x 10° cells/well CD34+ cells
were seeded on BM feeder and treated either with the feeder
or before plating the cells on the feeder.

Cell Count and Assessment of Proliferation

Cell counting was performed using 10 uL trypan blue dye
{Sigma-Aldrich), with 10 uL of cell suspension at different
culture timepoints, and an improved Neubauer counting
chamber {(NanoEnTek). The cumulative population doublings
{CPD) were performed applying the formula: PD = [log(n1/
n0))/log2; CPD = ZPD; nl: number of counted cells. n0:
number of plated cells.

Cell Fate Analysis

The subpopulations present in the CD34*fraction were
analyzed by flow cytometry using following monoclonal
antibodies: CD34-PE (Miltenyi),CD38-APC{BD Pharmingen),
CD10-PE-Cy™7 (BD Pharmingen), CD45Ra-APC-A750
{Beckman Coulter), CD90-FITC (Miltenyi), Propidium Iodide
{BioLegend). Cells were co-stained with all antibodies for
15min and washed with PBS. For flow cytrometry, CytoFlex

Stem Cells, 2024,Vol. 42, No. 2

Flow Cytometer (Beckman Coulter) was used, The gating
strategy is shown in Supplementary Fig. §3.

Cell Cycle Analysis

For cell cycle analysis, propidium iodide (P1) was applied for
nuclear staining as described by C. Riccardi and I. Nicoletti
[43]. 2.5 % 10" cells were washed twice with PBS {Miltenyi)
(7 minutes/4 °C/350 g). Cells were resuspended in 25 uL
staining solution and incubated in the dark for 1 h/4 °C prior
to flow ¢cytometry (Beckman Coulter).

Apoptosis Assay

Apoptosis  detection/quantification was performed using
Annexin V-FITC Apoptosis Detection Kit (BD Bioscience
Pharmingen) according to the manufacturer protocol. Flow
cytometry analysis was performed using CytoFlex Flow
Cytometer (Beckman Coulter).

Total RNA Isolation and Reverse Transcription

At different timepoints during/after genotoxic treatment,
cells from each condition were collected for total RNA
isolation. RNeasy-Kit (Qiagen} was used according to the
manufacturer instructions including the optional 15 minutes
DNase digest. Determination of RNA concentrations
and purity was carried out using a Nanodrop device
{(NanoDropTechnologies).

Reverse transcription was applied using the first-strand
cDNA synthesis kit (Invitrogen) and oligo{(dT) 20 primer
(Thermo Fisher Scientific) following the manufacturer
instructions. One microgram of total RNA was converted
into first-strand ¢cDNA in a 20-pL reaction.

Quantitative PCR Analysis

qPCR analysis was carried out with intron-spanning primers
specific for each gene (Thermo Fisher Scientific). The respec-
tive primer sequences are given in Supplmentary Table S1.
RPL13a was used as a reference gene.

Fifty nanograms of ¢DNA were applied for RT-PCR
in a total volume of 25 upl containing Sybr Green PCR
Mastermix {Thermo Fisher Scientific), 0.2 pM of primer
(forward + reversed), distilled water, and 50 ng template (10
minutes/25 °C-15 $/95 °C-1 minutes/60 °C for 40 cycles).

To analyze the comparative CT experiments, Step One
Software v.1.5.1 was used. Relative changes in gene expres-
sion were calculated by applying the comparative AACT
method.?* Differential gene expression was calculated by the
formula 2-*“" normalized to untreated cells. Fold changes < 1
were transformed by the formula -1/2-2%¢T in the case of
downregulated genes and plotted together with positive fold
changes and upregulated genes, respectively.

Immunocytochemistry

§x 10" CD34°cells were harvested at different timepoints
{0.5-48 h) during treatment with MNU or etoposide. For
the latter, a media change was performed 24 h after its ad-
dition by washing with PBS (550 g/4 °C/7 minutes). After
resuspension in PBS/0.5% HSA, cells were transferred into
a funnel (Thermo Fisher Scientific) of Cytospin3 {Thermo
Shandon) inlets assembled with a microscope SuperFrost slide
{Thermo Fisher Scientific) and a filter card {(Epredia). Cells
were transferred onto the glass slide (600g/5min/room tem-
perature (RT)). A 8mm cloning ring {Merck} was placed on
the slide and cells were fixed with 4% formaldehyde-solution
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{AppliChem) for 15min, washed thrice with PBS for 5min,
permeabilized with ice-cold methanol for 20min/-2 0°C
and washed with PBS for 5 minutes. Non-specific antigen
were incubation in blocking buffer (5%(v/v) NGS (Thermo
Fisher Scientific) in PBS/0.3%(v/v) triton X-100 (Thermo
Fisher Scientific)) for 1h. Primary antibody co-staining with
anti-yH2AX (Ser139) (Merck) and anti-33BP1 rabbit poly-
clonal antibody (Cell Signaling Technology) was performed
with 0.5pg/mL each in blocking buffer overnight at 4 °C.
Afterward, cells were washed twice with PBS for Smin,
once with PBS/0.4M NaCL for 2min, and once with PBST
{PBS/0.3%(v/v) triton X-100) for 5min, before secondary
antibody incubation with 0.5ug/mL of Alexa Fluor 488
AffiniPure Goat Anti-rabbit IgG (JacksonlmmunoResearch)
and Rhodamine Red™-X (RRX) AffiniPure Goat Anti-
Mouse IgG (JacksonlmmunoResearch}) each in blocking
buffer for 1h at RT in the dark. After washing thrice with
PBS for Smin and rinsing twice with PBST, cloning rings were
removed, Fluoromount-G™ mounting medium (Thermo
Fisher Scientific) applied and slides covered with a coverslip.
Cells were examined using Axio Observer 7 (Zeiss), and foci
analysis was performed using (Fiji Is Just) Image] (Version
2.9.0).

Results

Characteristic Differences Between Quiescent and
Cycling CD34+ Cells

Isolation of cells from CB via CD34 marker vields a hetero-
geneous cell population. To distinguish these subpopulations,
a set of different markers was applied. Freshly isolated
quiescent CD34+cells have a spherical morphology (Fig.
1A) and consist of 97.7% CD34*CD38* (25.92% CLP,
1.4% LMPP, 0.65% CMP) and (.91% CD34°CD38" cells
{2% LMPP, 5.14% MPP) (Fig. 1C). They are considerably
smaller than their cycling counterpart and consist of 16.08%
CD34'CD38" (57.75% CLP, 5.7% LMPP, 7.97% CMP) and
77.91% CD34*CD38 cells (77.65% LMPP, 14.83% MPP;
Fig. 1C).

Directly after isolation, quiescent CD34*cells were prima-
rily in the G/G -phase of the cell cycle (295%). Expansion
with broad-acting cytokines induced cell cycle entry, where
the majority of cells (72.55%) were still in the G /G, -phase.
However, there were also actively dividing cells in S-phase
{14.15%) and G,/M-phase (5.99%) and a smaller fraction
of apoptotic cells (6.23%), represented by the sub-G -phase
(Fig. 1B).

Dose-Dependent Damage of Cycling CD34* Cells
Etoposide

Morphological analysis of cycling HSC, after treatment with
various concentrations of etoposide (1.5 uM/5 pM/10 pM) for
24 h, revealed visible cell damage with different stages of ap-
optotic morphology, ie, membrane blebbing and formation of
apoptotic membrane protrusions, in all conditions (Fig. 2A).
Within 3 days, increasing signs of apoptosis were observed
in a dose-dependent manner, ie, the cells treated with higher
concentrations showed severe apoptotic blebbing/vesicles
{Supplementary Fig. 54). Furthermore, on day 7, CD34*cells
treated with 1.5 pM reached a fold change of 9.9, whereas
5 and 10 pM treatment resulted in a fold change of only 3.2
and 1.5, respectively, compared to the fold change of un-
treated cells (13.5) {Fig. 2B).
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To investigate the origin of reduced cell count, both cell
cycle analysis and apoptosis assay was used. The distribution
of cells in each cell cycle phase did not fluctuate in the un-
treated control (on average 7.7% in the sub-G -phase, 54.8%
in the G /G -phase, 22.4% in the S-phase, and 15.0% in the
G,/M-phase) (Fig. 2D). In comparison, cells treated with 1.5
M etoposide showed a significant increase of cells in the
G,/M-phase {32.1%) and a decrease of cells in both G /G-
phase {22.2%) and S-phase (16.5%) on day 1. On the fol-
lowing days, the distribution of cells in each cell cycle was
comparable to that of untreated cells. Cells treated with 5
pM etoposide showed a similar trend of cell distribution in
the cell cycle on d1 (18.3% in the G /G, -phase, 15.6% in
the S-phase, and 22.9% in the G,/M-phase), except for a sig-
nificant increase in cells in the sub-G, phase (43.1%). In the
following 2 days, the amount of cells in sub-G -phase signif-
icantly increased (73.3%), whereas the overall cell numbers
decreased. After treatment with 10 pM etoposide, most cells
were in the sub-G,-phase {61.2%) and only a small fraction
was actively involved in the other cell cycle phases (22.1% in
the G/G,-phase, 13.1% in the S-phase, and only 3.4% in the
G,/M-phase) starting from day 1.

Dose-dependent increase of cells in the sub-G, phase
was further characterized as cells undergoing apoptosis via
Annexin V/PI staining, showing that over the 7 days, the
number of cells in the late apoptotic stage increased with
growing etoposide concentration, with more than 50% of
cells undergoing apoptosis after exposure to § and 10 pM
etoposide (Fig. 2E).

To study the effect of the microenvironment on damaged
CD34+ cells, a co-cultivation experiment with BM-feeder was
performed, with treatment of cells while they are in culture
with the feeder. Analyzes revealed no significant contrast to
the effect on cycling CD34*cells with the feeder present as
compared to cells treated without the feeder (Supplementary
Figs. $9 and S8).

MNU

Morphological analysis of cycling CD34* cells after treat-
ment with various concentrations of MNU (0.1 mM/0.3
mM/0.5 mM} for 1 h, revealed no visible cell damage on day
1 after treatment (Fig. 3A). At day 3, an extensive damage
was visible, with different stages of apoprotic morphology
observed in a dose-dependent manner, ie, cells treated with
higher concentrations showed severe apoptotic-blebbing
(Supplementary Fig. §7). Cell counts revealed a fold change
of 18.5 in the untreated control, whereas treatment with 0.1
mM MNU resulted in a lower fold change of 15.3, and cells
treated with both 0.3 and 0.5 mM MNU resulted in a near
complete proliferation stop (Fig. 3B).

Cell cycle analysis showed that on day 1 both 0.3 and
0.5 mM treatment resulted in increased cell numbers in
the sub-G -phase {62.45% and 78.24%, respectively). At
day 7, cells treated with 0.3 mM were able to reconsti-
tute their cell cycle, while most cells treated with 0.5 mM
remained in the sub-G, phase (86.21%). In contrast, treat-
ment with 0.1 mM showed no significant distinction in cell
cycle distribution compared to the untreated control (Fig.
3D). Accordingly, apoptosis assay showed increased late ap-
optotic populations after treatment with 0.3 and 0.5 mM
MNU until day 3. Between days 5 and 7, levels of apoptotic
populations in all conditions were comparable to the un-
treated control (Fig. 3E).
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Figure 1. Characterization of quiescent and cycling hematopoietic stem and progenitor cell populations. {A) Representative morphology of untreated
guiescent and cycling CD34' cells. To ensure examination of quiescent CD34' cells, they were immediately analyzed after isolation from cord blood;
cycling cells were analyzed after 5 days of culture; scale bar = 100 um. (B) Compariscon of cell cycle analysis of untreated quiescent and cycling
CD34+ cells. (C} Comparison of cell surface markers of quiescent and cycling CD34- cells. Abbreviations: CLP common lymphoid progenitor; CMP
common myeloid progenitor; LMPE lymphomyeloid-primed progenitor; MPE multipotent progenitor.
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Figure 2. Effect of etoposide treatment on morphology, growth and cell cycle of cycling CD34 cells. (A} Representative morphological images of
untreated and with 1.5, 5, and 10 uM etoposide treated cycling CD34 + cells. Analysis was performed after 24 h treatment. Scale bars = 100 um. (B,

C) Representative growth kinetics depicted via the total fold change over time and t

he CPD. After treatment of cycling cells with different etoposide

concentrations, the growth curves revealed a dose-dependent effect on cycling CD34' cells. (D) Cell cycle analysis of treated cycling CD34' cells via

staining with Pl and analysis by flow cytometry. (B-D} Representative data from 3 in
CB, cord blood; CPD, cumulative population doubling, Pl, propidium iodide.
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Figure 3. Effect of MNU treatment on morphology, growth and cell cycle of cycling CD34* cells. {A) Representative morphological images of untreated
and with 0.1, 0.3, and 0.5 mM MNU treated cycling CD34 + cells. Analysis was performed ~24 h after the 1 h treatment. Scale bars = 100 pm. (B,

C} Representative growth kinetics depicted via the total fold change over time and the CPD. After treatment of cycling cells with different MNU
concentrations, the growth curves revealed a dose-dependent effect on cycling CD34 cells. (D) Cell cycle analysis of treated cycling CD34"' cells via
staining with Pl and analysis by flow cytometry. (B-D) Shown are representative data from 3 independent experiments with different CB donations.
Abbreviations: CB, cord blood; CPD, cumulative population doubling; MNU, N-methyl-N-nitrosurea; PI, propidium iodide.
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Co-cultivation of cycling CD34* with a BM-feeder was
performed with 2 different treatment methods. After trearing
both CD34* cells and the feeder, CD34* cells showed no
improved recovery after damage compared to cultivation
without a feeder {Supplementary Figs S10 and $11). In con-
trast, transferring treated CD34* cells onto a healthy feeder
documented the protective capacity of the microenvironment
on damaged cells, as all concentrations depicted the same mor-
phology/cell count/cell cycle distribution/cell death tendencies
as untreated cells (Supplementary Figs. 512 and §13).

Dose-Dependent Damage of Quiescent CD34* Cells
Etoposide

Morphological analysis of quiescent HSC, after treat-
ment with various concentrations of etoposide {1.5, 5, or
10 pM) for 24 h, revealed some smaller cells and few cells
with membrane blebbing only in the fraction treated with
10 pM etoposide (Fig. 4A). Three days after treatment, no
further signs of apoptosis were visible (Supplementary Fig.
S3). Cell counts showed that quiescent CD34* cells were not
significantly damaged in their proliferative capacity, as fold
changes at day 7 were comparable between all conditions
{26.7 for untreated, 26.0 for 1.5 pM, 24.0 for 5 pM, 22.7
for 10 pM). However, proliferation start was delayed in a
dose-dependent manner up to 2 days after culture start (Fig.
4B, C).

Cell cycle analysis revealed that only treatment with 1.5
pM resulted in comparable distribution of cells in each
cell cycle to those of untreated cells {on average 13.6% in
the subG, -phase, 54.3% in the G/G,-phase, 18.5% in the
S-phase, and 10.5% in the G/M-phase). In contrast, 5 pM
treatment resulted in a slight shift of cell distribution (34%
in the sub-G -phase, 28.0% in the G/G,-phase, 25.1% in the
S-phase, and 12.8% in the G /M-phase}, and treatment with
10 uM had a more significant dispersion, with an increase of
cells in the sub-G, -phase {(49.7%), and a decrease in the G/
G,-phase(28.0%), the S-phase (15.9%), and the G,/M-phase
{6.4%). Both 5 and 10 uM etoposide treated cells regained a
comparable distribution of cells in each cell cycle to that of
untreated cells by day 7 (Fig. 4D). This slight shift of more
sub-G, cells in a dose-dependent manner was further con-
firmed via apoptosis assay, showing increased levels of late
apoptortic cells for § and 10 pM treatment. Nevertheless, as
seen in cell cycle analysis, the apoptotic population levels in
all conditions became comparable to those of untreated cells
at day 7 (Fig. 4E).

MNU

Morphological analysis of quiescent CD34+cells, after treat-
ment with various cencentrations of MNU (0.1, 0.3, or 0.5
mM) for 1 h, revealed no visible cell damage upon treatment
termination (Fig. SA). Only after day 3, the extensive damage
was visible, with different stages of apoptotic morphology
observed in cells treated with 0.5 mM MNU ie, higher
concentrations showed severe apoptotic blebbing and vesicles
{Fig. 5A). Cell counts for quiescent CD34+cells treated with
MNU revealed an overall fold change of 19,44 for the un-
treated control, treatment with 0.1 and 0.3 mM had a slightly
lower fold change of 17.78 and 12.42, respectively, whereas
(.5 mM treated cells only reached a fold change of 0.33 at
day 7 (Fig. 3B).

Although cell counts did not reveal any major discrepancy
between untreated cells and (.1/0.3 mM, cell cycle analysis

72

165

revealed a severe cell cycle arrest in the G /G -phase (83.51%
for 0.1 mM, 77.71% for 0.3 mM, 60.42% for 0.5 mM) at
day 1 (Fig. 5C). However, this arrest was resolved for 0.1
mM/0.3 mM, whereas with 0.5 mM nearly all cells converted
from cell eycle arrest into sub-G, phase (>93%), only a small
fraction recovered at day 7.

Accordingly, apoptosis assay showed increased early and
late apoptotic populations in a dose-dependent manner, with
0.5 mM treatment resulting in the highest number of apop-
rotic cells after cell cycle arrest (45.42%) at day 7 {Fig. SE).

Treatment of Hematopoietic Stem and Progenitor
Cells With Genotoxins Induces the Formation of
vyH2AX and 53BP1 Faci

To investigate DSB occurence after etoposide (1.5, 5, 10
pM) or MNU (0.1, 0.3, 0.5 mM) treatment, quiescent and
cycling CD34* cells were co-stained for yYH2ZAX and 53BP1.
Generally, 4 distinguished foci types were observed, (A)
cells displaying only yH2AX-foci, (B} partial or complete
co-localization of both yH2AX- and 53BP1-foci, and {C) rare
instances with cells displaying only 53BP1-foci that resembled
apoptotic rings {Supplementary Fig. $15). From the counted
mean number of foci/nucleus, a threshold of > 5 was selected
as significant to determine the amount of foci positive cells.
From this, co-localization of yH2AX/53BP1 was calculated.
Complete co-localization was defined as > 80% matching
yH2AX/53BP1-foci, whereas partial co-localization was de-
fined as < 80% vH2AX/53BP1-foci.

Analyzing the response of quiescent CD34* cells to treat-
ment with etoposide revealed a time- and dose-dependent foci
formation (Fig. 6A, D). In cells treated with 1.5 pM, most
foci were recorded 24 h after genotoxin addition, with more
vyH2AX-foci (45.4 =+17.2) than 353BPl-foci (17.6 = 10.2),
which resulted in only partial co-localization. Treatment
with 5 and 10 pM resulted in earlier foci detection, 6 and
1 h after addition of etoposide, respectively, with both
conditions displaying highest numbers of foci/mucleus after
48 h. Furthermore, there were more vYH2AX-foci (28.1 = 13.7
for 5 pM, 39.6 = 20.8 for 10 pM) than 33BP1-foci (9.5 = 7.6
for 5 pM, 11.9 = 11.8 for 10 pM)} detected, with the majority
only partially co-localized (~60%). On the other hand, cy-
cling CD34- cells treated with etoposide, displayed a similar
foci formation time course for all concentrations, with foci
detected between 0.5 and 1 h after addition of genotoxin
and highest numbers of foci/nuclens at 24 h, after which
only small numbers or no foci were counted (Fig. 6B, E).
The overall number of foci was reduced compared to those
counted in quiescent cells (yH2AX-foci/nucleus: 20.3 £ 9.5
for 1.5 pM, 18.5 9.7 for 5 pM, 30.5 = 15.8 for 10 uM).
The difference to 53BP1-foci/nucleus was not as high (53BP1-
foci/nucleus: 16.1 9.7 for 1.5 pM, 27.9 = 14.9 for 5 pM,
23.1 = 16.8 for 10 pM) with both foci being completely and
partially co-localized in cycling CD34* cells. In contrast to the
foci formation upon etoposide treatment, MNU treatment re-
vealed no foci formation in quiescent cells and only low foci
numbers in cycling cells with the majority being 53BP1-foci
rather than yH2AX-foci (Fig. 6C, F and Supplementary Fig.
514).

Discussion

This work focuses on the characterization of CD34+ cell re-
sponsc to damage induced by 2 different genotoxic noxac,
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Figure 4. Effect of etoposide treatment on morphology, growth, and cell cycle of quiescent CD34+ cells. (A) Representative morphological images of
untreated and with 1.5, 5, and 10 uM etoposide treated quiescent CD34+ cells. Analysis was performed after a 24 h treatment. Scale bars = 100 um. (B,
C} Representative growth kinetics depicted via the total fold change over time and the CPD. After treatment of quiescent cells with different etoposide
concentrations, the growth curves revealed no significant effect on quiescent CD34+ cells. (D) Cell cycle analysis of treated quiescent CD34+ cells via
staining with Pl and analysis by flow cytometry. (B-D) Shown are representative data from 3 independent experiments with different CB donations.

Abbreviations: CB, cord blood; CPD, cumulative population doubling, PI, propidium iodide.
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Figure 5. Effect of MNU treatment on morphology, growth and cell eycle of quiescent CD34* cells. (A) Representative morphological images of
untreated and with 0.1, 0.3, and 0.5 mM MNU treated quiescent CD34~ cells. Analysis was performed 24 h after the 1 h treatment. Scale bars = 100
pm. (B, C) Representative growth kinetics depicted via the total fold change over time and the CPD. After treatment of quiescent cells with different
MNU concentrations, the growth curves revealed a dose-dependent effect on quiescent CD34+ cells. (D) Cell cycle analysis of treated quiescent
CD34- cells via staining with Pl and analysis by flow cytometry. (B-D) Shown are representative data from 3 independent experiments with different CB
donations. Abbreviations: CB, cord blood; CPD, cumulative population doubling; MNU, N-methyl-Mnitrosurea; Pl, propidium iodide.
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Figure 6. yH2AX and 53BP1 foci formation kinetics in CD34- cells after treatment with genctoxic noxae etoposide or MNU. Quiescent or cycling

CD34* cells were treated with etoposide (1.5, 5, and 10 pM} or MNU (0.1, 0.3, and 0.5 mM), and harvested between 0.5 and 48 h and co-stained for
yH2AX {green) and 53BP1 {red), using HOECHST (blue) to visuslize the nucleus. Representative flucrescence co-staining images of (A} quiescent
CD34" cells treated with different doses of etoposide, (B} cycling CD34" cells treated with different doses of etoposide, and selective images of (C)
cycling CD34' cells treated with different doses of MNU. Time course for the formation of different foci in {D) quiescent CD34' cells treated with
different doses of etoposide, (E} cycling CD34' cells treated with different doses of etoposide, and (F) cycling CD34 ' cells treated with different doses
of MNU; the mean number of foci per nucleus includes at least 25 counted cells, from which the amount of foci positive cells (%) were determined. To
determine positive stained cells, for either yH2AX or B3BP1, a threshold of = B foci per nucleus was applied. From these, the co-localization of the 2 foci
was calculated using a = 80% overlap threshold of yH2AX and 53BP1 foci in one cell for the complete co-localization, and a < 80% overlap threshold of
yHZAX and B3BP1 foci in one cell for the partial co-localization. Scale bars = 20 um. Abbreviations: MNU, A-methyl-N-nitrosurea.
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with special interest in deciphering the importance of cell
cycle status in cell fate decision.?

Although the CD34* cell population has been characterized
to a certain degree in past works, differences in specific CD
marker expression were found in this work.?>?* CD38 ex-
pression was greatly upregulated in the tested CD34* cells
directly after isolation, with > 95% being CD34*CD38",
This would lead to the assumption that most cells isolated
from UCB were already at a later differentiation state with
no short-term (ST-HSC) or multipotent progenitors {(MPPs)
present. Contradictory to this, the CD34*CD38* population
was reduced during expansion, ie, ~80% CD34*CD38- cells
detected after day 35, raising the question of a massive
de-differentiation. As it is unlikely that the majority of cells
spontaneously de-differentiate during culture, a possible ap-
proach was suggested by McKenzie ef al., where CD38 was
described as a reversibly expressed HSC surface marker.?”

DDR in CD34cells is well studied in the adult counter-
part, with other groups showing that adult quiescent CD34*
cells, residing in the bone marrow, accumulate DNA damage
during aging thus triggering DDR when entering cell cycle.?®
Biechonski ez al. emphasize the sensitivity of adult quiescent
CD34" cells to DNA damage, in contrast to their progeny,
which in combination with the error-prone NHE] used by the
quiescent CD34+cells, leads to the drastically impaired regen-
erative capacity of these cells.”

We examined neonatal CD34* cells, whose response to
damage still needs to be extensively analyzed due to their clin-
ical application in treatment of hematological malignancies.

DDR in Cycling CD34* Cells

Cycling CD34* cells were damaged in a dose-dependent
manner when faced with distinct genotoxic noxae employing
different mode of actions. Cells are sensitive to MNU due
to its ability to methylate O%-guanine. If the methylation is
not removed through direct repair by MGMT or by the sev-
eral other repair mechanisms, mutations can be accumulated
during replication cycles and transferred to progeny. Mutation
prevention is thus of great significance for neonatal CD34+
cells. Treatment resulted in a high abrogation of cell replication
accompanied by the increase of the sub-G, cell fraction and
cell eyele stop in a concentration-independent manner until 7
days post-treatment. This comes along with the upregulation
of several DDR genes, eg, H2AX, BRCA2, XRCCé6, and LIG4
to reduce damage accumulation after treatment with higher
MNU concentrations (Supplementary Table 53}. The damage
increased 3 days after treatment and resulted in the complete
cell death of cells treated with = 0.5 mM MNU. This is in ac-
cordance with gene expression showing upregulated expres-
sion of the pro-apoptotic gene BID and the autophagy-related
gene BECN1.

Etoposide is a well-known cytostatic drug, applied to
combat a variety of different neoplasms by inducing DSBs in
cells through the inhibition of topoisomerase I during replica-
tion.” Cycling CD34* cells treated with various concentrations
of etoposide (1.5/5/10 puM) indicated different degrees of
damage in a dose-dependent manner. Cells treated with 1.5
uM only exhibited signs of proliferation decrease merely di-
rectly after treatment. On the other hand, cells treated with
both 5 and 10 pM showed different stages of apoprotic mor-
phology, including membrane-bound apoptotic bodies, im-
paired replication capacity and a cell cycle distribution shift,
with an increased sub-G -phase and a decreased S-/G,-phase.
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Our findings are in accordance with Tao et al., who showed
that treatment of cycling HSCs with etoposide leads to ap-
optosis.” They postulate a DDR response in HSCs, which
is tightly controlled by both pre-apoptotic genes, eg, BAX
and FAS, and pro-survival genes, eg, BCL-2 and CDKNI1A.
Their upregulation suggests that, depending on the severity
of the genotoxin-induced damage, the balance between the
DDR players is altered and thus the fate of the cell deter-
mined. The analyzed genes study showed similar regulation
upon etoposide exposure, as described by Tao et al., how-
ever, eventhough an upregulation of the cell cycle regulators
CDKNI1A and CCND1 in all conditions was registered, the
cell used different DDR mechanisms depending on the applied
concentration {Supplementary Table S2). While CDKN1A
upregulation is reported to promote cell cycle arrest in both
G /8- and G,/M-transition to protect the cell from undergoing
apoptosis after genotoxic stress,> CCND1 is reported to in-
duce cell cycle re-entry after etoposide-induced cell cycle
arrest.’® The interplay of these different pro-apoptotic and
pro-survival genes along with the analyzed dose-dependent
proliferation halt and cell-cycle arrest, leads to the assump-
rion that, while cycling CD34*cells treated with etoposide
were damaged in a dose-dependent manner, at the time of
damage, not all cells were actively cycling. Individual cells
were still quiescent or predominantly in the G -phase at the
time of damage. The initial response of CD34*cells to damage
is a CDKN1A-induced cell cycle arrest, whereby the response
rapidly shifts to the side of the pro-apoptotic players leading
to apoptosis. The alleged recovery of cycling cells after treat-
ment with etoposide can be explained by the fact that at
the time of damage a small cell fraction was still quiescent
and thus protected from the toxin. These CD34*cells could
then start proliferation after toxin removal and could thus
replenish the HSC pool in the culture. Howevet, analysis of
DSB markers YH2ZAX/53BP1 revealed that all conditions had
severe numbers of DSBs accumulated in nearly all cells. In
comparison to the extensively studied effect of irradiation
on yH2AX/53BP1-foci formation with fast kinetics directly
after exposure (1-3 minutes) and a disappearance of foci after
24-48 h,* etoposide treatment led to ambiguous results. With
a 1 h delay in foci formation, all conditions displayed sim-
ilar numbers of YH2AX/53BP1-foci, which did not persist
for more than 24 h. This rapid loss of foci leads to the ques-
tion whether DSBs have been repaired or cells appointed the
apoptotic pathway to reduce damage in all conditions. The
accurate interplay between YH2AX/53BP1 might also play
an important role as we have found cells with only partially
co-localized foci. De Feraudy ef al. studied DSB response in
human fibroblasts and suggested that a great number of cells
do not display vyH2AX/53BP1 co-localization postulating
that yH2AX-foci alone might not be an accurate marker of
DSBs. This leads to the assumption that only in cells where
both foci are present, DDR leads to accurate repair of DSBs.*

DDR in Quiescent CD34* Cells

Quiescent CD34" cells have inherently different DDR
mechanisms when faced with different genotoxic noxae. They
may apply to either repair damage or protect the cell from
transferring mutations to progeny by undergoing apoptosis.
It was found that cell cycle statuses protect the cell differently
from genotoxins depending on their mode of action. In recent
years, nitrosamines have increasingly become the focus of re-
search due to their potential carcinogenic effects. They have
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also been found to pass the placental barrier, thus possibly
posing a threat to neonatal HSCs,™ evoking the necessity to
study their effect on cord blood H5Cs. Quiescent CD34+cells
are sensitive to MNU treatment, in a dose-dependent manner.
Proliferation and further cell cycle progression is affected,
with cells being arrested in G, phase and predominantly
undergoing apoptosis upon progression to S-phase when
treated with high doses of MNU (0.5 mM)} to stop the transfer
of acquired mutations to progeny. This increase in apoptotic
levels is in accordance with the upregulation of pro-apoptotic
genes, eg, CAS3, CAS9, and FAS (Supplementary Table S5).
In contrast, quiescent CD34*cells are mostly protected from
cell cycle-specific agents, eg, etoposide, as it is believed that
only cells that entered the cell cycle during the 24 h treatment
would be affected. However, no significant damage of quies-
cent CD34*cells was observed in terms of morphology and
cell counts. Apoptosis assay revealed a small dose-dependent
increase in apoptotic cells, which is in accordance with the
dose-dependent upregulation of CDKNTA and FAS in all
conditions, thus explaining the cell cycle arrest and promotion
of apoptosis {Supplementary Table 54). However, the immu-
nocytochemical staining of YH2AX/53BP1-foci revealed the
induction of DSBs for all concentrations of etoposide tested,
with high numbers of yH2AX-foci detected, with only half as
many 53BP1-foci. This raises again the question for further
analyzes of DDR-specific genes on a protein basis to verify
if repair mechanisms are successfully enacted only in cells
with YH2AX/33BP1 co-localization.?* The high number of
vH2AX-single-foci might be an indicator, that once a DSB
is detected in quiescent cells, the apoptotic pathway is di-
rectly activated, rather than further repair mechanisms, as
it has been shown that non-chromatin-associated vH2AX
sensitizes cells to undergo apoptosis, leading to the assump-
tion that yYH2AX might not enly be a DSB-marker but also an
apoptosis-related marker.®

Qur findings suggest that neonatal CD34*cells similarly to
their adult counterpart, have elaborated response mechanisms
to DNA damage, which operate on a fine balance between
pro-apoptotic and pro-survival signals. In contrast to adult
CD34 cells which repair accumulated damage after cell cycle
entry, both quiescent and cycling neonatal CID34 cells favor
the apoptotic cell fate to prevent mutation accumulation and
passaging to progeny especially in the case of persistent meth-
vlation damage. Nevertheless, the quiescent state of neonatal
CD34" cells greatly protects cells from toxins especially those
operating in a cell cycle-dependent manner, thus allowing
CD34pool replenishment starting from the undamaged qui-
escent cell.
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Figure 51: Sorting strategy of CD34* CD45%ew quiescent HSCs after CliniMACS separation prior to MNU treatment. The figure
shows representative scatterplots.
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Figure 52: Schematic overview of the experimental setup of genotoxic treatment of quiescent and cycling CD34* cells isolated
from cord blood. {A) Quiescent H5Cs were isolated from cord biood and directly treated with etoposide (24h) or MNU (1h).
Analyzes were performed starting from d1. {B) Cycling H5Cs were cultivated for 5 days after isolation from cord blood before
treatment with etoposide (24h) or MINU (1h). Analyzes were performed starting from d1. Abbreviations: MNU, N-methy!-N-
nitrosurea.
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Figure S3: Gating strategy used for flow cytometric cell fate analysis. Alive cells were determined using Pl staining (P2). Based
on P2, the alive CD34* population was determined. CD38* CD34* and CD38 €D34* populations were distinguished based on
the FMO CD38 control. CLP (CD10* CD45Ra*}, CMP (CD10- CD45Ra’) and LMPP (CD10- CD45Ra*) were determined based on
the CD38* CD34* population. HSC (CD90* CD4A5Ra), MPP {CD90" CD45Ra ) and LMPP (CDI0" CD45Ra*) were determined based
on the CD38- CD34" population. Abbreviations: CLP, common lymphoid progenitor; CMP, common myeloid progenitor; LMPP,
lymphomyeloid-primed progenitor; FMO, fluorescence minus one; HSC, hematopoietic stem cell; MPP, multipotent progenitor.

81



Untreated

‘ | 1.5uM Etoposide

Day 2

Day 3

Untreated

Day 7

treatment. Scale bar = 100um.

Figure 54. Representative marphological images of cycling CD34* cells treated for 2 h with different etoposide concentrations
{1.5uM, S5uM, and 10uM) in comparison to untreated cells. Changes were documented on day 2, 3 and 7 after the start of
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Figure S5: Representative morphological images of cycling CD34* cells treated for 1h with different MNU concentrations
{0.1mM, 0.3mM, and 0.5mM} in comparison to untreated cells. Changes were documented on day 3 and 5 after the start of
treatment. Scale bar = 100um. Abbreviations: MINU, N-methyl-N-nitrosurea.
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Figure 56: Representative morphological imoges of quiescent CD34* cells treated for 24h with different etoposide
concentrations (1.5uM, 5uM, and 10uM) in comparison to untreated cells. Changes were documented on day 2, 3 and 7 after
the start of treatment. Scale bar = 100um.
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Figure S7: Representative morphological images of quiescent CD34* cells treated for 1h with different MNU concentrations

(0.1mM, 0.3mM, and 0.5mM} in comparison to untreated cells. Changes were documented on day 3 and 5 dfter the start of
treatment. Scale bar = 100um. Abbreviations: MNU, N-methyl-N-nitrosurea.
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Figure 58. Effect of etoposide treatment on morphology, growth, cell cycle and cell death of cycling CD34* cell on BM-Feeder.
{A) Representative morphological images of untreated and with 1.5uM, 5uM and 10uM etoposide treated cycling CD34" cells.
Analysis was performed after a 24h treatment. Scale bars = 100um. (B, C) Representative growth kinetics depicted via the
total fold change over time and the CPD. After treatment of cycling celis with different etoposide concentrations, the growth
curves revealed no significant effect on cycling CD34* cells. (D) Cell cycle analysis of treated cycling CD34" cells via staining
with Pl and analysis by flow cytometry. (E) Analysis of cell death levels of treated cycling CD34* cells via Annexin V/PI staining.
(B-E} Shown are representative data from three independent experiments with different CB donations. Abbreviations: BM-
Feeder, bone marrow feeder; CB, cord blood; CPD, cumulative population doubling, P, propidium iodide.
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Figure 59: Representative morphological images of cycling CD34* cells treated for 1h with different etoposide concentrations
{1.5uM, 5uM, and 10uM) on BM-Feeder in comparison to untreated cells. Changes were documented on day 2, 5 and 7 after
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Figure S10: Effect of MNU treatment on morphology, growth, cell cycle and cell death of cycling CD34* cell on BM-Feeder. (A}
Representative morphological images of untreated and with 0.1mM, 0.3mM and 0.5mM MNU treoted cycling CD34* cells.
Analysis was performed after a 1h treatment. Scale bars = 100um. (B, C) Representative growth kinetics depicted via the total
fold change over time and the CPD. After treatment of cycling cells with different MNU concentrations, the growth curves
revealed no significant effect on cycling CD34* cells. (D) Cell cycle analysis of treated cycling CD34* cells via staining with P/
and analysis by flow cytometry. (E} Analysis of cell death levels of treated cycling CD34* cells via Annexin V/Pl staining. (B-E)
Shown are representative data from three independent experiments with different CB donations. Abbreviations: BM-Feeder,

bone marrow feeder; CB, cord blood, CPD, cumulative population doubling, MNU, N-methyl-N-nitrosurea; Pl, propidium
jodide.
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Figure S11: Representative morphological images of cycling CD34* cells treated for 1h with different MNU concentrations
(G.1mM, 0.3mM, and 0.5mM) on BM-Feeder in comparison to untreated cells. Changes were documented on day 3, 5 and 7
after the start of treatment. Scale bar = 100um. Abbreviations: MNU, N-methyl-N-nitrosurea.
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Figure 512: Effect of MNU treatment on morphology, growth, cell cyele and cell death of cycling CD34* cell on healthy BM-
Feeder. (A) Representative morphological images of untreated and with 0.1mM, 0.3mM and 0.5mM MNU treated cycling
€D34* cells. Analysis was performed after a 1h treatment. Scale bars = 100um. (B, C) Representative growth kinetics depicted
via the total fold change over time and the CPD. After treatment of cycling cells with different MNU concentrations, the growth
curves revealed no significant effect on cycling CD34* cells. (D) Cell cycle anulysis of treated cycling CD34* cells via staining
with Pl and analysis by flow cytometry. (E) Analysis of cell death levels of treated cycling CD34* cells via Annexin V/Pl staining.
(B-E) Shown are representative data from three independent experiments with different CB donations. Abbreviations: BM-
Feeder, bone marrow feeder; CB, cord biood; CPD, cumulative population doubling, MNU, N-methyl-N-nitrosurea, P,
propidium iodide.
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Figure 513: Representative morphological images of cycling CD34* cells treated for 1h with different MNU concentrations
{0.1mM, 0.3mM, and 0.5mM) and cultivated on healthy BM-Feeder in comparison to untreated cells. Changes were
documented on day 3, 5 and 7 after the start of treatment. Scale bar = 100um. Abbreviations: MNU, N-methy/-N-nitrosurea.
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A Fluorescence Imaging of quiescent CD34"* Cells
Untreated 0.1mM MNU 0.3mM MNU 0.5mM MNU

B Fluorescence Imaging of cycling CD34* Cells
Untreated 0.1mM MNU 0.3mM MNU 0.5mM MNU

Figure S14: Representative fluorescence co-staining images of (A} quiescent CD34+ cells treated with different doses of
MNU, and (B) cycling CD34+ cells treated with different doses of MINU. Celis were treated with 0.1mM, 0.3mM, or 0.5mM
MNU, and harvested between 0.5h and 48h and co-stained for yH2AX (green) and 538P1 (red), using HOECHST {blue) to
visualize the nucleus. Scale bars = 20 um.
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Figure $15: Representative fluorescent images of yH2AX and 53BP1 co-localization staining. CD34* cells were treated with
different genotoxic noxae (etoposide or MNU) and celis stained with yH2AX [green} and 53BP1 (red), using HOFCHST (biue)
to visualize the nucleus. Distinct yH2AX/53BP1 staining types were detected. These different types of foci were (A) only
yH2AX with no 53BP1 foci present, (B) partial and complete co-localization of the yH2AX- and 53BP1-foci in a cell, and (C)
apoplotic rings, where staining of 53BP1 revealed staining of the circuit of cells. Scale bars = 20 um.
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Table 51: List of utilized gqRT-PCR primers. All primer sequences are listed from 5" to 3", All primers were obtained from Thermo

Fisher Scientific.

Gene Forward primer (5°-37) Reverse primer {5-37)
APEX1 ACAAAGAGGCAGCAGGAGAG CTGGGGCTTCTTCCTTTACC
ATG3 AGGACAATATAAGGCTTCAA TTCCAACAATCCACTCTC
ATM CCTTGTGCTAGTGGGCAGAA ATGGGGAGCAAAGAACCCAG
BAX CGGGGAGCAGCCCAG GGAGTCTGTGTCCACGGC
BCL-2 GAACTGGGGGAGGATTGTGG CCGTACAGTTCCACAAAGGC
BECN1 GGATGGAAGGGTCTAAGA CTGTGGTAAGTAATGGAG
BID GGGAAACTGTTGAGTGGCTGA CAGCTCCGACTCACTCCTG
BRCA1 CCACAGATCAACTGGAATGG GTAGAGTGCTACACTGTCCA
BRCA2 TTCTGAGGTGGACCTAATAGG TGATTTGGATICTGGTCGCC
CAS3 AGCAAACCTCAGGGAAACATT CTCAGAAGCACACAAACAAAAC
CAS8 AATGTTGGAGGAAAGCAATC CATAGTCGTTGATTATCTTCAGC
CAS9 AACCCTAGAAAACCTTACCCC CATCACCAAATCCTCCAGAAC
CCNB1 GCATCTAAGATTGGAGAGGTTGAT CAGGTAATGTTGTAGAGTTGGTG
CCND1 GATGCCAACCTCCTCAACGA GGAAGCGGTCCAGGTAGTTC
CDK1 AAATTGAGCGGAGAGCGACG TGGCTACCACTTGACCTGTAG
CDK6 TGGAGACCTTCGAGCACC CACTCCAGGCTCTGGAACTT
CDKN1A TACATCTTCTGCCTTAGT TCTTAGGAACCTCTCATT
CDKN1B ACAGCTCGAATTAAGAATA CTTATACAGGATGTCCATT
FAS TGTGTGATGAAGGACATGGCTTA ACTTGGTGTTGCTGGTGAGT
FANCA CGCAGGTCACGGTTGATGTA CCACTGAACACTCCGAACCA
FANCI CTGTGATATGAGCAACAATGG TTCACTGCTTGATTCTGAAGG
H2AX TTCTGGAAGACTTGGCCTTC ACTCTTGCTGTCCACATAGC
LiG4 TTGCCCGAGGCCAGTTAAA CACAAATCTGCAAAAGGAACGTG
MGMT ACCGTTTGCGACTTGGTACT GGGCTGGTGGAAATAGGCAT
mKI67 TCCTTTGGTGGGCACCTAAGACCTG TGATGGTTGAGGCCTGTTCCTTGATG
NHEJ1 CCATTGTTGAAGGACGCTGC CTAGCTCCCTCACTTGGCAC
RAD51 GCTGATGAGTTTGGTGTAGC AACATAGCTTCAGCTTCAGG
RPL13a GAGGTATGCTGCCCCACAAA TTCAGACGCACGACCTTGAG
TP53 TTCCGAGAGCTGAATGAGGC AATGTCAGTCTGAGTCAGGCC
XPC GACCTCAAGAAGGCACACCA TGGCTTCACAGGCAGAAGAG
XPG TGCACCCCGGTCTTCCATTA CCTCCCTGCTCCTACACAAC
XRCC1 GTCGCCATCTGTTCCCAAGA AAGCCACTCAGCACCACTAC
XRCC4 CCTCAGGAGAATCAGCTTCAAGA AAAGAGGTCTTCTGGGCTGC
XRCCS AGCATAGACTGCATCCGAGC TCCCCATACATCCACGACCT
XRCC6 TGCGTGGATTGTCGTCTTCT CTTCTTCATCGCCCTCGGTT
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Table S2: Selection of genes involved in DNA damage repair, cell cycle regulation and apoptosis analyzed in cycling CD34* treated with etoposide (1.5uM, SuM, and 10uM). Fold changes in mRNA
expression were anafyzed using GPCR and calculated with the 2-AACT method relative to untreated CD34' celis and normalized to the reference gene RPL13A. The value 1 corresponds to a basic
expression as in untreated cells; Values abave 2 are considered a significant upregulation (green) while valties below -2 are considered a significant downregulation (red) of o gene in treated CD34*
cefls. Abbreviations: ETO, Ftoposide; HR, Homologous Repair; NHE, Non-Homologous End Joining; n.p., not performed.

ETO 5h ETO 16h ETO 24h ETO 48h ETO 72h
1.5uM S5pM 10uM 1.5uM 5uM 10uM 1.5uM 5uM 10uM 1.51uM 5uM 10uM 1.5UM SpUM 10uM
ETO ETC ETO ETO ETG ETO ETO ETO ETO ETO ETO ETO ETG ETO ETO
Pathways Gene Fold Change
CDKN1A 3.853 | 17.372 | 17.395 8962 | 27429 | 27.505 ] 10.095| 30.143 | 53.895 | 16.058 | 30.960 | 54.927 | 13.13% | 11.133 | 18.198
CDKN1B 1.063 1.647 | -1.499 1.067 | -1.047 -1.838 | -1.198 1.277 1.112 | -1.252 | -1.433 | -1.148 | -1.842 -2.070 | -3.040
ri:':]g‘:; CCNB1 -1.164 | -1.563 | -2.793 1.009 | -1.188 | -3.802 1.140 | -1.073 -1.883 | -1.043 | -1.294 [ -3.155 1178 | -1.319 | -2.857
CCND1 1,128 1.046 | -1.282 1,501 1.886 1.618 3,301 | 13,588 5.572 3.041 4,542 2,779 6.566 7.875 4,440
CDK1 -1.179 | -2.899 | -1.704 1103 | -1.130 | -1.661 1.200 1.302 1.073 ]| -1.214 | -1.189 | -1.063 1.071 -1.314 | -3.759
BAX 1.298 1.283 1.757 1.446 2.267 2.253 2.158 2.530 2.817 2.640 2.304 2.652 4.272 3.440 4316
BCL-2 1.123 -1.270 -1.426 -1.017 1.048 -1.398 -1.022 1.034 -1.120 -1.462 -1.454 -1.279 -1.117 -1.409 -1.881
Apoptosis | CAS3 1,182 ( -1.081| -1.171| -1.123 | -1.3%1 | -3.373| -1.152| -149 | -1972| -1.582 | -1439 | -2090| -1.054 | -1.243 | -2.237
CAS9 1.228 1.012 | -1.173 1.005 1.013 -1.848 | -1.034 | -1.162 -1.278 | -1.384 | -1.292 | -1.021 1.091 1.048 1.176
FAS 2.686 5.347 5.266 3.488 5.770 3.204 3.515 5.220 5.874 2.507 3.909 5.240 3.846 4.644 2.159
XRCCB 1,252 1183 | -1.200 ) -1.253| -1.515| -3.205| -1.131| -1435 -1.634 | -1.610 | -2.024 | -1.745| -1.08% | -1.890 | -3.086
XRCC4 1.138 1.046 | -1.181] -1.181 | -1.245 | -2.079 1.049 | -1.155 -1.493 | -1.048 | -1466 | -1404| -1.130 | -1.748 | -2.151
NHEJ XRCCS 1115 -1.218 | -1.081 | -1.385| -1.508 | -2519| -1.076 | -1456| -1560|] -1.464 | -1.675| -1.441] -1.035 -1.435 | -1.302
NHEJ1 1,134 | -1.106 | -1.292 | -1.284 | -1.424 | -2.778| -1.071| -1.300| -1.377 | -1.094 | -1.333 | -1.357 1.057 | -1.486 | -1.898
LIG4 1.316 1.109 | -1.408 | -1.449 | -1.464 | -2.037 | -1.114 1.122 -1.03C 1.021 | -1.332 1.209 1.734 1.484 1172
RAD51 -1.166 | -1.280 | -1.142 1.078 1.088 1.053 1.051 | -1.065 -1.018 1.439 | -1.499 | -2.123 1.06% | -1.004 | -1.002
HR BRCA1 -1.124 | -1.068 | -1.086 1.022 1.144 | -1.401| -1.120| -1.311 -1.074 1.352 | -1.502 | -2.294 ) -1.003 1.014 1.220
BRCA2 -1.209 | -1.350 | -1.203 1.036 | -1.044 | -1.024| -1.125| -1.088 1.189 1.186 | -1.323 | -2.110 1.045 -1.073 1.237
ATM -1.170 | -1.433 1.088 | -1.319 | -1.387 -1.626 | -1.795 | -1608 | -1.486 ] -1.727 | -1.842| -1957] -1.44% | -1.351| -1.376
I?:T)I‘[;:d TP53 1.142 1663 | -1.171] -1120| -1.082 | -2119| -1.134| -1.351 -1.592 | -1.812 | -1.626 | -1.490 | -1.637 | -2.208 | -3.003
FANCA 1.095 [ -1.065 1.032 | -1.092 | -1.040 | -1.055| -1.410| -1.171 -1.092 1.185 | -1.949 [ -3.257 | -1.675 -1.379 | -1.166
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Table 53: Selection of genes involved in DNA damage repair, cell cycle regulation and apoptosis analyzed in cycling CD34*
treated with MINU (ImM, 3mM, and 5mM) for 1h. Fold changes in mRNA expression were analyzed using gPCR and calculated
with the 2-AACT method relative to untreated CD34* cells and normalized to the reference gene RPL13A. The value 1
corresponds to a basic expression as in untreated cells; Values above 2 are considered a significant upregulation (green) while
values below -2 are considered a significant downrequlation (red) of a gene in treated CD34* cells. Abbreviations: HR,
Homologous Repair; MNU, N-methyl-N-nitroso-urea; NHEJ, Non-Homologous End Joining; n.p., not performed.

MNU d3 MNU d5
1mM MNU 3mM MNU 1mM MNU 3mM MNU
Pathways Gene Fold Change
Direct repair | MGMT 1.033 1.331 1.909 2.868
CDKN1A -1,894 1,903 3,540 6,878
Cell cycle CDKN1B -1.126 1.601 1.205 3.846
regulation CCNB1 -1.226 -1.403 -1.353 1.805
CCND1 -1.249 1.382 -1.612 1.466
BAX 1.0601 2.000 1.336 5.039
BCL-2 -1.303 -1.216 -1.658 1.715
. CAS3 1.082 1.570 1.629 11.397
Apoptosis
CAS9 -1.354 1.469 n.p. n.p.
CAS8 -1.473 -1.165 1.460 1.958
FAS -2.490 1.019 1.281 10.027
XRCC6 1.507 3.374 2.730 29.396
XRCC4 1.356 1.241 2.017 5.186
NHEJ NHEJ1 -2.658 -1.414 2.316 15.138
LIG4 1.716 3.278 -2.351 1.688
RAD51 1.122 1.801 -1.251 2.378
HR BRCA2 2.109 3.931 3.815 13.061
BID 1.863 3.014 n.p. n.p.
Autophagy ATG3 1.594 2.110 1.803 8.467
BECN1 1.130 2.758 n.p. n.p.
XPC n.p. n.p. 1,500 3,810
NER
XPG n.p. n.p. 1.737 4.365
. mKi67 n.p. n.p. 1.521 12.985
Quiescence
CDK6 n.p. n.p. 1.431 10.572
H2AX 2.348 4.295 1.043 3.493
. TP53 1.144 1.666 3.552 12.585
'""‘I’)';id N APEXL 3.681 2.726 2222 6.354
XRCC1 n.p. n.p. 1.554 4.052
FANCI n.p. n.p. 2.897 26.101
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Tabelle $4: Selection of genes involved in DNA damage repair, cell cycle regulation and apoptosis analyzed in quiescent CD34*
treated with etoposide {1.5uM, and 10uM). Fold changes in mRNA expression were analyzed using gPCR and calculated with
the 2-AACT method relative to untreated CD34* cells and normalized to the reference gene RPL13A. The value 1 corresponds
to o basic expression as in untreated cells; Values above 2 are considered a significant upregulation (green) while values befow
-2 are considered o significant downreguliation (red) of a gene in treated CD34* cells. Abbreviations: ETO, Ftoposide; HR,
Homologous Repair; NHES, Non-Homologous End Joining.

ETO 24h
1.5uM ETO 10uM ETO

Pathways | Gene Fold Change
CDKN1A 6.16 29.19
Cell cycle CDKN1B -1.02 -1.49
regulation | CCNB1 -1.22 -2.77
CCND1 1.18 1.16
BAX 1.63 1.64
Apoptosis | BCL-2 -1.14 -1.41
FAS 2.32 3.82
NHEJ XRCC4 -1.09 -1.36
HR RAD51 -1.18 -1.27

Involved in

DDR TP53 1.01 -1.14
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Table S5: Selection of genes involved in DNA damage repair, celf cycle regulation and apoptosis analyzed in quiescent CD34*
treated with MINU (ImM, 3mM, and 5mM) for 1h. Fold changes in mRNA expression were analyzed using gPCR and calculated
with the 2-AACT method relative to untreated CD34* cells and normalized to the reference gene RPL13A. The value 1
corresponds to a basic expression as in untreated cells; Values above 2 are considered a significant upregulation (green) while
values below -2 are considered a significant downrequlation (red) of a gene in treated CD34* cells. Abbreviations: HR,
Homologous Repair; MNU, N-methyl-N-nitroso-urea; NHEJ, Non-Homologous End Joining; n.p., not performed.

MNU d1 MNU d3
1mM MNU 3mM MNU 1mM MNU 3mM MNU
Pathways | Gene Fold Change
Direct repair | MGMT -1.877 -1.841 -1.170 1.249
CDKN1A 7.707 6.219 1.142 5.943
Cell cycle CDKN1B -1.720 -1.506 -293.575 -265.398
regulation | CCNB1 -2.126 -1.569 -4.108 -4.772
CCND2 -2.602 -3.058 -1.234 1.500
BAX -1.301 -1.034 -886.362 -371.693
BCL-2 -1.914 -2.004 -1.707 1.789
CAS3 -2.054 -1.370 -1.136 2.304
Apoptosis CAS9S -1,351 1.060 1.059 3.759
CASS8 -1.436 -1.104 -1.350 -1.714
FAS 1.633 4.628 1.630 3.683
BID 1.102 1.667 n.p. n.p.
XRCC6 -1.304 -1.365 -1.363 2,774
NHEJ XRCC4 -1.786 -1.951 -307.726 -230.717
LIG4 -1.217 1.242 1.497 4.897
NHEJ1 -1.412 -128.783 1.135 1.935
RAD51 -1.337 -1.259 -1.058 1.555
HR BRCA1 -4.492 -6.207 1.131 2.377
BRCA2 -1.265 -1.452 1.064 2.112
ATG3 -1.429 -1.460 -1.312 2.190
Autophagy
BECN1 -1.220 -1.096 1.033 2.508
N mKi67 n.p. n.p. 1.356 2.882
Quiescence
CDKé6 n.p. n.p. 1.247 3.462
H2AX -1.996 -2.295 n.p. n.p.
Involvedin | TP53 -1.435 -1.406 1.221 1.960
DDR APEX1 -1.684 -2.218 -1.252 1.665
FANCA2 -1.140 1.074 n.p. n.p.
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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.
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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 dO.
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).
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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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Abstract: The present study investigates the influence of nitrosamines and etoposide on mesenchymal
stromal cells (MSCs) in a differentiation state- and biological age-dependent manner. The genotoxic
effects of the agents on both neonatal and adult stem cell populations after treatment, before, or during
the course of differentiation, and the sensitivity of the different MSC types to different concentrations
of MNU or etoposide were assessed. Hereby, the multipotent differentiation capacity of MSCs into
osteoblasts, adipocytes, and chondrocytes was analyzed. Our findings reveal that while all cell
types exhibit DNA damage upon exposure, neonatal CB-USSCs demonstrate enhanced resistance to
genotoxic damage compared with their adult counterparts. Moreover, the osteogenic differentiation
of MSCs was more susceptible to genotoxic damage, whereas the adipogenic and chondrogenic
differentiation potentials did not show any significant changes upon treatment with genotoxin.
Furthermore, we emphasize the cell-specific variability in responses to genctoxic damage and the
differences in sensitivity and reaction across different cell types, thus advocating the consideration of
these variabilities during drug testing and developmental biological research.

Keywords: mesenchymal stromal cells; osteogenesis; adipogenesis; chondrogenesis; nitrosamines;
etoposide

1. Introduction

Mesenchymal stromal cells (MSCs) are a heterogeneous population that was originally
identified in the bone marrow [1,2] but has also been discovered in various other tissues,
such as adipose tissue, umbilical cord blood, or placenta, thus offering unique advantages
regarding accessibility for clinical applications [3-5]. Due to their low expression of the
Major Histocompatibility Complex (MHC) I and lack of the MHC 11, MSCs are recognized
for their immunomodulatory properties on T-cell alloreactive responses and proliferation
but also for their ability to secrete bioactive molecules such as cytokines, chemokines and
growth factors that promote tissue repair and regeneration [6]. This versatility makes
them a focal point in regenerative medicine and tissue engineering, offering promising
approaches for the treatment of a wide range of diseases and injuries.

Beyond these immunomodulatory capacities, MSCs are also known for their multipo-
tent differentiation capacity, which allows them to differentiate into a variety of cell types,
including osteoblasts, chondrocytes, and adipocytes. All these properties make them ideal
candidates for cell-based therapies aiming for tissue repair or replacement in conditions
such as osteoarthritis, cardiovascular diseases, and neurodegenerative disorders. This abil-
ity is driven by complex signaling pathways and micro-environmental cues, highlighting
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the importance of understanding these mechanisms to harness the full therapeutic potential
of MSCs. This knowledge can furthermore be exploited in the field of toxicological risk
assessment. The use of MSCs for drug testing represents a significant advancement in
pharmacological and toxicological research, offering a reliable and human-relevant model
for evaluating drug toxicity. The multilineage differentiation potential of MSCs allows for
comprehensive testing across different tissue types, thus providing more accurate predic-
tions of a drug impact, enhances the predictive power of preclinical studies and, moreover,
reduces the reliance on animal models, which often fail to reflect human physiology.

MSCs are integral components of the bone marrow niche and thus play a crucial role
in supporting hematopoiesis by providing essential signals and a supportive microen-
vironment for the proliferation and differentiation of hematopoietic stem cells (HSCs).
This unique interaction underscores their importance in drug toxicity testing, as they can
influence the hematopoietic response to chemical substances. Thus, evaluating drug effects
on M5Cs is essential for understanding potential toxicities and side effects on the bone
marrow and overall hematopoietic function, thereby enhancing the safety and efficacy
profiles of new therapeutic agents.

Biological age is a crucial factor in drug testing since it influences how cells and tissues
respond to chemical compounds. Cells from younger sources with a lower biological
age typically exhibit higher proliferative capacity, robust regenerative properties, and pre-
dictable responses to drugs for an accurate assessment of drug efficacy and toxicity [7,8].
Conversely, cells with a higher biological age often have accumulated genetic and epige-
netic changes, reduced regenerative capacity, and altered metabolic profiles that can affect
drug metabolism and efficacy [9]. Incorporating the concept of biological age into drug
testing helps to ensure that the models used closely mimic the intended patient populations,
thus enhancing the relevance and reliability of preclinical studies. This approach can lead
to better predictions of clinical outcomes, reduce the incidence of adverse effects, and
improve the overall success rate of new drug development. The ability to isolate MSCs
from various sources provides a unique opportunity to analyze age-dependent reactions
to toxins. This versatility allows the comparison of MSC responses across different age
groups, from neonatal to adult, thereby gaining insights into how age-related cellular
and molecular changes influence responses to drugs. This is also crucial for developing
age-specific drug safety profiles, optimizing therapeutic strategies, and minimizing ad-
verse effects in different patient populations, ultimately leading to more personalized and
effective treatments.

The biological age difference between cord blood MSCs (CB-MSCs), cord blood unre-
stricted somatic stem cells (CB-USSCs}), and bone marrow MSCs (BM-MSCs) is a critical
factor influencing their therapeutic potential and functionality. MSCs derived from cord
blood (CB-MSCs and CB-USSCs) are derived from a perinatal source, making them biologi-
cally younger and more primitive compared with BM-MSCs, which are obtained from adult
tissues. This is associated with a higher proliferative capacity, greater telomerase activity,
and enhanced differentiation potential [10]. Additionally, CB-USSCs and -MSCs exhibit
lower immunogenicity and a greater ability to modulate immune responses, which can be
advantageous in clinical applications. In contrast, adult BM-MSCs, although well studied
and widely used, may have reduced regenerative abilities due fo the aging process and
accumulation of environmental stress-induced damage. Understanding these differences
is crucial for optimizing the selection of MSC sources for specific therapeutic and risk
assessment purposes.

Nitrosamines are a class of chemical compounds typically formed through the reaction
of nitrites and secondary amines, often found in processed meats, tobacco smoke, and
certain industrial settings. These compounds are potent carcinogens, known for their
ability to induce DNA damage through alkylation, leading, to mutations that can initiate
cancer development [11,12]. Upon metabolic activation, nitrosamines produce reactive
intermediates that form adducts with DNA, resulting in mutagenesis and potentially
triggering a cascade of cellular malfunctions. Chronic exposure to nitrosamines has been
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linked to various cancers, including those of the liver, esophagus, and stomach, highlighting
the importance of monitoring and limiting exposure to these toxic substances to mitigate
their health risks [13-15].

Etoposide is a chemotherapeutic agent commonly used to treat various cancers, in-
cluding testicular cancer, lung cancer, and lymphoma. It functions primarily by inhibiting
the enzyme topoisomerase II, which is crucial for DNA replication and transcription. By
stabilizing the DNA-topoisomerase II complex, etoposide induces DNA double-strand
breaks (DSBs) and prevents their re-ligation, leading to DSB accumulation. This disruption
in DNA integrity triggers cell cycle arrest and apoptosis in rapidly dividing cancer cells [16].
However, the toxic effects of etoposide also extend to normal, healthy cells, particularly
those with high proliferation rates, such as bone marrow cells, leading to side effects like
myelosuppression, increased risk of secondary hematological malignancies, and other
systemic toxicities [17,18]. The ability of etoposide to cause DNA damage underpins its
effectiveness as a cancer treatment but also necessitates careful management to mitigate
adverse effects on healthy tissue.

Drug and chemical testing on both target cancer cells and their surrounding non-
cancer cells is crucial to comprehensively assess the safety and efficacy of new therapies.
While specifically targeting diseased cells is essential for therapeutic efficacy, the impact
on neighboring healthy cells must also be evaluated to predict potential side effects and
systemic toxicity. Understanding how chemicals affect the microenvironment, including
supportive stromal cells, immune cells, and endothelial cells, helps to identify unintended
harmful effects that could compromise patient health. This holistic approach ensures
that treatments are not only effective against the intended targets but also safe for the
overall cellular milieu, leading to more reliable and effective therapeutic strategies with
minimized adverse effects. Furthermore, this study emphasized the need to evaluate not
only direct cytotoxicity on healthy tissues but also the influence of genotoxins both on the
differentiation capacity of tissue stem cells and on the responses to genotoxic damage at
different stages of cellular development. By conducting analyses at various time points
following the induction of differentiation, we sought to evaluate the effects of genotoxin
treatment on the initiation and progression of MSC differentiation. Additionally, this
approach allows comparing the susceptibility of undifferentiated with differentiated MSCs.
This dual focus provides insights into the potential risks posed by genotoxins in terms of
regenerative processes and mature tissue functionality.

2. Materials and Methods
2.1. Generation and Expansion of CB-MSCs and CB-USSCs

Cord blood was collected from umbilical cord vein with informed consent of the
mother. Briefly, mononuclear cells (MNC) were obtained by Ficoll” (Biochrom, Berlin,
Germany, density 1.077 g/cm®) gradient separation following lysis of RBCs by ammonium
chloride. A total of 57 x 105 CB-MNC/mL was cultured in low-glucose Dulbecco’s
modified Eagle’s medium (DMEM) (Lonza, Basel, Switzerland) with 30% fetal calf serum
(FCS) (Perbio, Bonn, Germany), 107 M dexamethasone (Sigma-Aldrich, St-Louis, MO,
USA), and penicillin/streptomycin (Lonza) until detection of adherent growing colonies.
Cells were expanded without dexamethasone in a closed system applying cell stacks
(Corning, New York, NY, USA), incubated at 37 °C in 5% CO, in a humidified atmosphere.
After reaching 80% confluency, cells were detached with 0.25% trypsin (Lonza) and re-
plated 1:3. CB-USSCs were distinguished from CB-MSCs by analysis of their HOX gene
expression pattern by PCR [19]. CB-USSCs lack most HOX gene clusters. The used CB-MSC
and CB-USSC cell lines are listed in Table S1.

2.2. Generation of BM-MSCs

Bone marrow from healthy adult donors was directly plated for the generation of
MSCs in DMEM low glucose with 30% FCS and PS until adherent colonies appeared. Cells
were expanded without dexamethasone in a closed system applying cell stacks (Corning),
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incubated at 37 °C in 3% CO; in a humidified atmosphere. After reaching 80% confluency,
cells were detached with 0.25% trypsin (Lonza) and re-plated 1:3. The used BM-MSC cell
lines are listed in Table S1.

2.3. Generation and Expansion of iPSCs

Clinical-grade iPSCs were generated from selected cord blood units based on informed
re-consenting of the donors as described by Terheyden-Keighley et al. [20].

2.4. MNU Treatment

Prior to treatment of cultivated cells with MNU (MedChemExpress, Monmouth Junc-
tion, NJ, USA), cells were washed twice with PBS (Lonza) and incubated for 7 min at 37 °C.
After removal of PBS, different concentrations of MNU (stock solution: 1 M in DMSQO) were
added to the cells. After 1 h treatment, MINU was removed prior to further cultivation
or differentiation.

2.5. Etoposide Treatment

Treatment with etoposide (TCI Europe N. V., Zwijndrecht, Belgium) was conducted
for 24 h in culture medium. After treatment with different etoposide concentrations {stock
solution: 100 uM in DMSQ), cells were washed with PBS prior to further cultivation
or differentiation.

2.6. Cell Viability Assay

Resazurin staining was used to determine cell viability 4 days after cytotoxic treatment
(1 h MNU or 24 h Etoposide). Resazurin is reduced to fluorescent resorufin by metabolically
active cells. Cells were cultured in 96-well plates, treated with resazurin solution after
4 days, and incubated for 2—4 h. The fluorescence intensity, which is proportional to the
number of living cells, was measured using a fluorescence microplate reader (excitation
wavelength: 560 nm; emission wavelength: 590 nm).

2.7. Assessment of MSC Growth

To evaluate the cumulative population doublings (CPD), the following formula was
applied: PD = [log(n; /ng)]/logy CPD = ZPD, where n; is the number of harvested cells, and
1 is the number of plated cells. Cells were treated 1 h with MINU or 24 h with etoposide,
and proliferation measurements were carried out for several passages.

2.8. In Vitro Osteogenic Differentiation and Alizarin Staining

In vitro osteogenic differentiation was conducted as described by Liedtke et al. [21].
Uninduced cells were used as a negative control. After culturing for 14 days, the cells were
fixed with 4% paraformaldehyde at 4 °C for 20 min, Next, the fixed cells were stained with
40 mM Alizarin Red S (Sigma-Aldrich) for 30 min at room temperature and observed under
an inverted microscope.

For quantification of calcium depositien, 800 uL 10% (v/v) acetic acid was added to
the cells, incubated at room temperature for 30 min with shaking until scaffolds detached,
and collected. After vortexing for 30 s, the samples were heated to exactly 85 °C for 10 min,
transferred to ice for 5 min, and centrifuged at 345x ¢ for 15 min. The supernatant was
removed into a collecting tube, and 200 pL of 10% (v/v) ammonium hydroxide was added
to neutralize the acid. OD was measured in triplicates at 4056 nm on a 96-well plate.

2.9. In Vitro Adipogenic Differentiation and Oil Red O Staining

In vitro adipogenic differentiation was conducted as described by Liedtke et al. [21].
Uninduced MSCs were used as a negative control. The cells were maintained for 21 days
and then fixed with 37% formaldehyde at room temperature for 10 min. Finally, the
cells were examined under an inverted microscope after staining with 0.3% Oil Red O
(Sigma-Aldrich) in 60% isopropanol for 20 min.
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For quantification, Oil Red O was extracted by adding 500 uL isopropanol. OD was
measured in triplicated at 500 nm on a 96-well-plate.

2.10. In Vitre Chondrogenic Differentiation and Safranin O Staining

In vitro adipogenic differentiation was conducted as described by Liedtke et al. [21].
The spheroidal chondrogenic pellets were embedded in Tissue Freezing Medium (Leica,
Wetzlar, Germany) and frozen at —80 °C before cutting them into sections of 6 um using a
cryotome (Leica). The areas and diameters of the pellets were measured on days 7, 14, and
21 of differentiation using AVISO CellCelector analySIS image software (Version 2.7). For
each time point, a minimum of n =7 pellets were measured, and the arithmetic mean and
standard deviation (SD) were calculated.

2.11. Total RNA Extraction and Reverse Transcription

Total RNA was extracted from the cell pellets in a 30 uL volume applying the RNeasy
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions, including
the optional 15 min DNase digest. RNA from differentiated cells was isolated using the
TRI Reagent” RNA Isolation reagent (Sigma-Aldrich) following a standard protocol of
a phenol-chloroform extraction. Determination of RNA concentrations and purity was
carried out using a Nanodrop device (NanoDropTechnologies, Wilmington, NC, USA).
Reverse transcription was applied using the first-strand cDNA synthesis kit (Invitrogen,
Waltham, MA, USA) and oligo(dT) primer (Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s instructions. A total of 1 pg of total RNA was converted into
first-strand cDNA in a 20 uL reaction.

2.12. Quantitative PCR Analysis (RT-gPCR)

RT-qPCR analysis was carried out with intron-spanning primers specific to each gene
(Therme Fisher Scientific). The respective primer sequences are given in Table S2. RPL13a
was used as a reference gene. A total of 50 ng of cDNA was applied for RT-qPCR in a total
volume of 25 uL containing Sybr Green PCR Mastermix (Thermo Fisher Scientific), 0.2 uM
of primer (forward + reverse), and distilled water (10 min/95 °C-155/95 “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 AACT
method. Differential gene expression was calculated by the formula 2~42¢T normalized to
untreated cells. Fold changes < 1 were transformed by the formula —1/222¢T in the case
of downregulated genes and plotted together with positive fold changes and upregulated
genes, respectively.

2.13. Alkaline Comet Assay

A total of 1-2 x 10° 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. A
total of 10 pL of the cell suspension was added to 120 pL 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 1 h in precooled
lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% lauroylsarcosine, Triton X-100,
DMSO) at 4 °C. The slides were removed from the lysis buffer, allowed to drain, and
placed into an electrophoresis chamber before overlayering (2-3 mm) with precooled
electrophoresis buffer. After an incubation step of 25 min for alkaline denaturation of DNA
at 4 °C, electrophoresis was carried out (25 min, 25V, and 300 mA) on ice. Subsequently,
the slides were removed from the chamber, allowed to drain, and three times overlayered
with neutralization buffer (400 mM Tris) for 5 min each. Next, the slides were immersed in
ddH,O, followed by 5 min incubation in 80-100% ethanol. Next, the slides were diagonally
tilted and dried overnight. For imaging, 50 uL PI solution was added onto the slide and
covered with a coverslip. A minimum of 50 comets per condition were counted.
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2.14. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA)
to evaluate the differences between groups in response to nitrosamines and etoposide
exposure. Quantitative data are presented as means + SD. Differences were considered
significant at p < 0.05. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001, and
*##* denotes p < 0.0001.

3. Results
3.1. Determination of Sublethal Treatiment Doses of MINU and Etoposide

Based on the resazurin reduction assay, doses ranging from 1 to 5 mM (for MNU
treatment) and 1 to 10 M (for etoposide treatment) for CB-USSC, CB-MSC, and BM-MSC
cell lines were used for further experiments (Figure 1). IPSCs showed a higher sensitivity
to both genotoxic agents compared with MSCs, with an ICsy of 220 pM for MNU and
14.9 nM for etoposide. When compared with neonatal MSC cell lines, iPSCs showed a
lower expression of DNA damage repair (DDR) genes and DDR-related factors (Figure S1).
This comes in accordance with their higher vulnerability to genotoxin-induced damage.
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Figure 1. Cell viability and corresponding ICs; values after MNU or etoposide treatment measured
by resazurin reduction assay. Representative data from an MSC from each source and an iPSC cell
line is shown (Mean = SD from N = 2, n = 3). Abbreviations: CB, cord blood; BM, bone marrow;
iPSC, induced pluripotent stem cell; MNU, N-methyl-N-nitroso-urea; USSC; unrestricted somatic
stem cells.

3.2. Effects of DNA Damage Resulting from MNU or Etoposide Treatment on MSC Morphology
and Proliferation Kinetics

MSCs from all sources showed an impaired morphology after treatment with 5 mM
MNU or 10 uM etoposide (Figure 2A). The untreated cells have a more elongated and
organized morphology, whereas the treated cells are less compact, indicating the effect of the
genotoxin treatment on cell proliferation already 72 h after treatment independently of the
biological age. Additionally, MNU treatment has a notable decrease in MSC proliferation
kinetics, shown by the CPDs traced after treatment and subsequent culture over the course
of 20 to 30 days (Figure 2B). CB-USSCs treated with 3 mM and 5 mM MNU only reached a
CPD of 2.9 and —3.3, respectively, after 20 days of cultivation. Expansion after 20 days was
not possible due to too low cell numbers. CB-MSCs treated with 3 mM MNU reached a
CPD of —5.16 after 28 days of culture, whereas treatment of BM-MSCs with 5 mM MNU
showed a CPD of —3.18 already after 20 days of cultivation. Treatment with low etoposide
concentrations led to a senescent state in CB-USSC and -MSC. Again, adult BM-MSCs show
a highly impaired proliferation compared with neonatal M5Cs similar to MNU treatment.
Treatment of neonatal cells with 10 uM etoposide led to negative CPD values already
after the first passaging. Comet assay analysis revealed high amounts of DSBs 24 h after
MNU treatment and 48 h after etoposide treatment, especially in CB-USSCs and CB-MSCs
(Figure 2C).
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Figure 2. (A) Morphological changes in MSCs from different sources 72 h after treatment with 5 mM
MNU for 1 h or 10 uM etoposide for 24 h in comparison with the untreated cells. Morphology was
representatively analyzed 72 h after 5 mM MNU or 10 pM etoposide treatment. Scale bars = 500 pm.
(B) Dose-dependent impact of genotoxic stress induced by MNU or etoposide on proliferation kinetics
of CB-USSC, CB-MSC, and BM-MSC. To determine long-term growth kinetics, cells were exposed to
different doses of MNU (untreated, 1 mM, 3 mM, and 5 mM) or etoposide (untreated, 1 pM, 5 uM,
10 uM), and cell numbers were counted after each passage. CPDs are shown (Mean =& SD from N = 3).
(C) Analysis of DNA damage in MSCs after MNU or etoposide treatment by alkaline comet assay.
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For each condition, the intensity of 50 comets was assessed. CB-USSC2, CB-US5C3, CB-US5C4,
CB-MSC1, CB-MSC2, CB-MSC3, CB-MSC4, BM-MSC2, BM-MSC3. Quantitative data are presented
as means = SD. * denotes p < 0.05 and **** denotes p < 0.0001. Abbreviations: BM, bone marrow;
CB, cord blood; CPD, cumulative population doublings; MNU, N-methyl-N-nitroso-urea; ns, no
significance; USSC; unrestricted somatic stem cells.

3.3. Effects of DNA Damage on the Multilineage Differentiation Potential of MSCs
3.3.1. Effects of MNU Treatment on Day 0

e Osteogenic Differentiation

In order to determine the effect of MNU treatment on the osteogenic differentiation
potential of MSCs, cells were damaged at d0 before osteogenesis induction and subsequent
culture until the final readout on d14. Hereby, CB-US5C, CB-MS5C, and BM-MSC were
compared. The calcification level, which is an indicator of the osteogenic capacity, was
assessed by Alizarin staining on d14.

MSCs from all sources showed a decreased osteogenic differentiation potential after
treatment with MNU on dO before induction of differentiation (Figure 3). A more than
2-fold decrease in calcification was traced by Alizarin staining after treatment with 5 mM
MNU before induction of osteogenic differentiation. Expression levels of osteogenic genes
were analyzed at d7 and d14 after induction of osteogenic differentiation. Runt-related
transcription factor 2 (RUNX2), which is considered the master regulator of osteogenic
differentiation and the stimulator of Osterix (OSX) expression [22], did not show any
significant downregulation in the treated samples on both d7 and 14, whereas OSX levels at
d14 were downregulated after treatment with high MNU doses in both CB-USSCs and CB-
MSCs to reach levels comparable to the uninduced negative control (Figure 52). BM-MSCs
first showed an upregulation of OSX levels after treatment with 1 mM or 3 mM MNU and
a downregulation in the case of treatment with 5 mM MNU.

o Adipogenic Differentiation

The low amount of characteristic lipid droplets formed during the adipogenic forma-
tion of BM-MSCs may be related to the possibly high passage number used for adipogenic
differentiation. In contrast to osteogenic differentiation, MNU treatment on d0 had no
effect on adipogenic differentiation of CB- and BM-MSCs (Figure 4). CB-USSCs were not
assessed since they lack the ability to differentiate into adipocytes [23].

Late adipogenic genes CCAAT/enhancer-binding-proteins (CEBPa and CEBPf),
which play a role in terminal adipocyte differentiation and maturation, showed a dose-
dependent increase in MNU-treated cells, whereas the peroxisome proliferator-activated
receptor v (PPARY), which is considered as the key regulator of adipogenic differentiation,
was not significantly dysregulated in treated samples (Figure S3).

e Chondrogenic Differentiation

The effects of 3 mM MNU treatment on the chondrogenic differentiation, in particular,
pellet area and pellet diameter of CB-USSC, CB-MSC, and BM-MSC over a period of 7, 14,
and 21 days, were assessed. In CB-USSCs, both untreated and MNU-treated conditions
showed no significant difference in pellet size over the course of differentiation, indicating
no impact of MNU on chondrogenic differentiation (Figure 5). Untreated CB-MSCs showed
higher condensation levels compared with the MNU-treated samples, which showed no
changes in size over the course of differentiation. However, untreated BM-MSCs exhibit
a decreased condensation level compared with the CB-derived cell types. This baseline
variation complicates the interpretation of MNU-related effects in BM-MSCs.
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Figure 3. (A) Osteogenic differentiation of MSCs after MNU treatment on d0. Representative data
(CB-USSC3-CB-MSC3-BM-MSC1) after Alizarin Red S staining on d14 of osteogenic differentiation is
shown. Scale bars = 500 um. (B) Osteogenic differentiation of MSCs after 1 h MNU treatment with
different doses (untreated, 1 mM, 3 mM, and 5 mM) on d0. Quantitative determination of Alizarin
Red S staining on d14 of osteogenic differentiation is shown. Quantitative data are presented as
means £ SD of N = 3, n = 3. Differences were considered significant at p < 0.05. * denotes p < 0.05,
** denotes p < 0.01 and **** denotes p < 0.0001. Abbreviations: BM, bone marrow; CB, cord blood; d,
day; MNU, N-methyl-N-nitroso-urea; USSC; unrestricted somatic stem cells.
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Figure 4. (A} Adipogenic differentiation of MSCs after MNU treatment on d0. Representative data
(CB-MSC3-BM-MSC4) after Oil Red O staining on d21 of adipogenic differentiation is shown. The
induced samples successfully underwent adipogenesis, while the uninduced sample was devoid of
characteristic lipid droplet formation after 21 days of differentiation. Scale bars = 500 um. (B) Adi-
pogenic differentiation of MSCs after 1 h MNU treatment with different doses (untreated, 1 mM,
3 mM, and 5 mM) on d0. Quantitative determination of Qil Red O staining on d21 of adipogenic
differentiation is shown. Quantitative data are presented as means = SD of N = 3, n = 3. Differ-
ences were considered significant at p < 0.05. ** denotes p < 0.01, and ns denotes non-significant.
Abbreviations: BM, bone marrow; CB, cord blood; d; day; MNU, N-methyl-N-nitroso-urea.
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Figure 5. Chondrogenic differentiation of MSCs after 1 h MNU treatment on dO of differentiation.
Areas and diameters of the chondrogenic pellets were measured on d7, d14, and d21 of chondrogenic
differentiation (Mean + SD N =3, n = 3). Abbreviations: BM, bone marrow; CB, cord bloed; d; day;
MNU, N-methyl-N-nitroso-urea; USSC; unrestricted somatic stem cells.

3.3.2. Effects of Etoposide Treatment on Day 0
e Osteogenic Differentiation

Similarly to MNU treatment on d0, etoposide treatment on d0 led to an impaired
osteogenic differentiation potential of CB-USSCs and BM-MSCs but had no significant
impact on the osteogenic differentiation potential of CB-MSCs (Figure 6).

A Uninduced Untreated 1uM Etoposide SpM Etoposide 10uM Etoposide

B _ CB-USSC + Etoposide d0 __ CB-MSC + Etoposide d0 _ BM-MSC + Etoposide d0
%150 EELTY % %",150 ok %150 sk koK 5
8 or H ns H o
o — 2 — A —
2 100 g 100 8 100
5 H 5
§ 5 g
8 s 2 50 € 50
E - z
3 3 8
] 5 5
E o E o £
= e @ = S CENCI) )
& & & ey P & Qf” Pl
S ROGIGG Rt
& ¥ b o F b F

Figure 6. (A) Osteogenic differentiation of MSCs after 24 h etoposide treatment on d0. Representative
data (CB-USSC4-CB-MSC2- BM-MSC1) after Alizarin Red S staining on d14 of osteogenic differen-
tiation is shown. Scale bars = 500 um. (B) Osteogenic differentiation of MSCs after 24 h etoposide
treatment with different doses (untreated, 1 uM, 5 uM, and 10 uM) on d0. Quantitative determination
of Alizarin Red S staining on d14 of osteogenic differentiation is shown. Quantitative data are pre-
sented as means + SD of N = 3, n = 3. Differences were considered significant at p < 0.05. * denotes
p < 0.05, ** denotes p < 0.01, *** denotes p < 0.0001 and ns denotes non-significant. Abbreviations:
BM, bone marrow; CB, cord blood; USSC, unrestricted somatic stem cells.
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Etoposide treatment on d0 led to a downregulation of RUNX2 and OSX expression on
d14, especially with high genotoxin doses, in contrast to MNU treatment on d0 (Figure 54).

e Adipogenic Differentiation

The results indicate that etoposide treatment on d0 has differing effects on the out-
come of CB-MSC and BM-MSC adipogenic differentiation. CB-MSCs showed no significant
difference in adipogenic potential following MNU treatment, whereas BM-MSCs exhibited
a reduced adipogenic potential in respense to MNU. Notably, even under untreated condi-
tions, the adipogenic potential of BM-MSCs was inherently lower than that of CB-MSCs,
suggesting an intrinsic difference between the two cell types (Figure 7). CB-MSCs show a
high upregulation of CEBPa and PPARy after treatment with 5 UM etoposide on d0 of adi-
pogenic differentiation, whereas BM-MSCs exhibit no significant change in all conditions.
CEBPp levels showed no significant changes under all treatment conditions (Figure 55).

Uninduced Untreated 1uM Etoposide 5uM Etoposide 10pM Etoposide

CB-MSC + Etoposide d0 BM-MSC + Etoposide d0
150 150

ns * K

100 100+

2]
o
1

Normalized adipogenesis level (%)
Normalized adipogenesis level (%)

0= 0-

D 3 A& M@ @ > > & NG @
bo"'a & 09\e> :)9\b c\b bo“a @6& o“\b B
o & ;
& F & F
WO W N X

Figure 7. (A) Adipogenic differentiation of MSCs after 24 h etoposide treatment on d0. Representative
data (CB-MSC2-BM-MSC2) after Qil Red O staining on d21 of adipogenic differentiation is shown.
The induced samples successfully underwent adipogenesis, while the uninduced sample was devoid
of characteristic lipid droplet formation after 21 days of differentiation. Scale bars = 1 mm. (B) Adi-
pogenic differentiation of MSCs after 24 h etoposide treatment with different doses (untreated, 1 uM,
5 uM, and 10 pM) on d0. Quantitative determination of Oil Red O staining on d21 of adipogenic
differentiation is shown. Quantitative data are presented as means £ SD of N = 3, n = 3, Differ-
ences were considered significant at p < 0.05. ** denotes p < 0.01, and ns denotes non-significant.
Abbreviations: BM, bone marrow; CB, cord blood.

e Chondrogenic Differentiation

A total of 10 uM etoposide treatment on d7 of chondrogenic differentiation did not
affect pellet condensation of CB-USSC and BM-MSC but led to an increase in the diameter
and area of chondrogenic pellets derived from CB-MSCs (Figure 8).
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Figure 8. Chondrogenic differentiation of M5Cs after 24 h etoposide treatment on d0 of differentiation.
Areas and diameters of the chondrogenic pellets were measured on d7, d14, and d21 of chondrogenic
differentiation (Mean + SD N = 3, n = 3). Abbreviations: BM, bone marrow; CB, cord blood; d; day;
MNU, N-methyl-N-nitroso-urea; USSC; unrestricted somatic stem cells.

3.3.3. Effects of MNU Treatment on Day 7 of Differentiation
e QOsteogenic Differentiation

MSC treatment with MNU on d7 after induction of osteogenic differentiation had
no significant effect on osteogenesis of CB-USSCs and BM-MSCs but led to a significant
decrease in calcification levels of CB-MSCs (Figure 9),
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Figure 9. (A) Osteogenic differentiation of MSCs after 1 h MNU treatment on d7. Representative data
(CB-USSC4-CB-MSC4-BM-MSC4) after Alizarin Red S staining on d14 of osteogenic differentiation is
shown. Scale bars = 500 um. (B) Osteogenic differentiation of MSCs after 1 h MNU treatment with
different doses (untreated, 1 mM, 3 mM, and 5 mM) on d7. Quantitative determination of Alizarin
Red S staining on d14 of osteogenic differentiation is shown. Quantitative data are presented as means
=+ SD of N = 3, n = 3. Differences were considered significant at p < 0.05. * denotes p < 0.05, ** denotes
p < 0.01, ** denotes p < 0.001 and ns denotes non-significant. Abbreviations: BM, bone marrow; CB,
cord blood; d, day; MNU, N-methyl-N-nitroso-urea; USSC, unrestricted somatic stem cells,
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RUNX2 levels did not show any significant dose-dependent changes upon MNU
treatment on d7. In contrast, OSX was downregulated in a dose-dependent manner in CB-
USSCs and CB-MSCs. BM-MSCs showed increasing OSX levels with increasing genotoxin
dose (Figure 56).

e Adipogenic Differentiation

Treatment of CB-MSCs with MNU on d7 of adipogenic differentiation had no sig-
nificant effect on their adipogenic potential. BM-MSCs showed a decreased adipogenic
potential after MNU treatment of d7 only after treatment with the highest genotoxin dose.
Here, again, CB-MSCs showed a reduced adipogenic differentiation potential compared
with the adult BM-MSCs (Figure 10). No significant changes regarding CEBP3 and PPARy
gene expression were registered upon MNU treatment (Figure 57).
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Figure 10. (A) Adipogenic differentiation of MSCs after 1 h MNU treatment on d7. Representative
data (CB-M5C3-BM-MSC1) after Oil Red O staining on d21 of adipogenic differentiation is shown.
The induced samples successfully underwent adipogenesis, while the uninduced sample was devoid
of characteristic lipid droplet formation after 21 days of differentiation. Scale bars = 500 um or 1 mm.
(B) Adipogenic differentiation of MSCs after 1 h MNU treatment with different doses (untreated,
1 mM, 3 mM, and 5 mM) on d7. Quantitative determination of QOil Red O staining on d21 of
adipogenic differentiation is shown. Quantitative data are presented as means + SD of N=3,n=3.
Differences were considered significant at p < 0.05. ** denotes p < 0.01, and ns denotes non-significant.
Abbreviations: BM, bone marrow; CB, cord blood; d, day; MNU, N-methyl-N-nitroso-urea.

e Chondrogenic Differentiation

Treatment of MSCs with 3 mM MNU on d7 of chondrogenic differentiation had no
impact on CB-USSC but led to a condensation impairment in the case of CB-MSCs. The
chondrogenic condensation of BM-MSCs was, in general, not as pronounced as in the
neonatal MSCs (Figure 11).
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Figure 11. Chondrogenic differentiation of MSCs after 1 h MNU treatment on d7 of differentiation.
Areas and diameters of the chondrogenic pellets were measured on d7, d14, and d21 of chondrogenic
differentiation (Mean + SD N = 3, n = 3). Abbreviations: BM, bone marrow; CB, cord blood; d; day;
MNU, N-methyl-N-nitroso-urea; USSC; unrestricted somatic stem cells.

3.3.4. Effects of Etoposide Treatment on Day 7 of Differentiation
e  Osteogenic Differentiation

Etoposide treatment of all MSC cell types on d7 of osteogenic differentiation had no
effect on their ability to differentiate into osteocytes (Figure 12).
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Figure 12. (A) Osteogenic differentiation of MSCs after 24 h etoposide treatment on d7. Repre-
sentative data (CB-USSC4-CB-MSC3-BM-MSC6) after Alizarin Red S staining on d14 of osteogenic
differentiation is shown. Scale bars = 1 mm. (B) Osteogenic differentiation of MSCs after 24 h
etoposide treatment with different doses (untreated, 1 uM, 5 UM, and 10 uM) on d7. Quantitative
determination of Alizarin Red S staining on d14 of osteogenic differentiation is shown. Quantita-
tive data are presented as means + SD of N = 3, n = 3. Differences were considered significant at
p < 0.05. ns denotes non-significant. Abbreviations: BM, bone marrow; CB, cord blood; d, day; USSC,
unrestricted somatic stem cells.
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RUNX2 showed a genotoxic damage-dependent downregulation in CB-MSCs and BM-
MSCs, whereas OSX levels were not significantly dysregulated in CB-USSCs and BM-MSCs,
although a slight increase was registered in CB-MSCs (Figure S8).

e Adipogenic Differentiation

Etoposide treatment of all MSC types on d7 had no effect on the outcome of adipogenic
differentiation (Figure 13). CEBP« showed no differences between treated and untreated
samples (Figure 59). CEBPp levels on d21 showed no significant changes in BM-MSCs,
whereas an upregulation was registered on d21 in CB-MSCs in a dose-dependent manner.
PPARy levels were slightly increased in CB-MSCs with increasing genotoxic dose, whereas
no significant change was seen in BM-MS5Cs.
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Figure 13. Adipogenic differentiation of MSCs after 24 h etoposide treatment on d7. (A) Represen-
tative data (CB-MSC3-BM-MSC2) after Qil Red O staining on d21 of adipogenic differentiation is
shown. The induced samples successfully underwent adipogenesis, while the uninduced sample was
devoid of characteristic lipid droplet formation after 21 days of differentiation. Scale bars = 500 um
or 1 mm. {B) Adipogenic differentiation of MSCs after 24 h etoposide treatment with different doses
(untreated, 1 uM, 5 uM, and 10 uM) on d7. Quantitative determination of Qil Red O staining on d21
of adipogenic differentiation is shown. Quantitative data are presented as means £ SDof N=3,n=3.
ns denotes non-significant. Abbreviations: BM, bone marrow; CB, cord blood; d, day.

e Chondrogenic Differentiation

The results indicate that treatment with 10 pM etoposide on d7 of differentiation
affects CB-US5Cs, CB-M5Cs, and BM-MSCs differently. While treated CB-US5Cs and BM-
MSCs showed an even higher condensation than the untreated control, CB-MSCs showed
increasing pellet size over the differentiation period after etoposide treatment (Figure 14).
This suggests that CB-MS5Cs may have a unique response to etoposide treatment, potentially
reflecting a differential sensitivity or the presence of adaptation mechanisms in CB-MSCs
as compared with CB-USSCs and BM-MSCs.
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Figure 14. Chondrogenic differentiation of MSCs after 24 h etoposide treatment on d7 of differen-
tiation. Areas and diameters of the chondrogenic pellets were measured on d7, d14, and d21 of
chondrogenic differentiation (Mean + SD N = 3, n = 3). Abbreviations: BM, bone marrow; CB, cord
blood; d, day; USSC, unrestricted somatic stem cell.

4, Discussion

In order to maintain their genomic integrity, cells developed adequate responses to
DNA damage. This is of particular interest in the context of cell differentiation. For this,
MSCs are an ideal in vitro model for studying genotoxin-induced stress responses due to
their multipotency and the possibility of testing cells of different biological ages.

Qur results show that iPSCs, which were used as controls for their embryonic sim-
ilar age, exhibit a higher sensitivity towards the genotoxic agents MNU and etoposide
compared with MSCs. This increased sensitivity could be due to more active cell division
compared with M5Cs and a lower DSB repair capacity of iPSCs. Others have reported
that in spite of fast DNA damage repair capacity, iPSCs are more prone to apoptosis [24].
Furthermore, their DNA repair capacities are more heterogeneous depending on their
source as compared with progenitor cells [24]. Moreover, the reprogramming process of
iPSCs imposes oxidative stress and other cellular changes that can diminish their overall
DNA repair efficiency [25].

In contrast to iPSCs, all types of MSCs were more resistant to the DNA-damaging
agents MNU and etoposide. Due to their prolonged lifespan, they usually acquire high
amounts of damage and may have specific damage coping mechanisms in order to avoid
loss of functional activity. Others have shown that this resistance is associated with an
induction of p53, proliferation arrest, or temporary G;/M cell cycle arrest upon genotoxic
damage [26]. Despite the lower sensitivity of M5Cs to damage, high MNU or etoposide
concentrations led to significant morphological changes, indicating functional changes
and impaired cell proliferation, regardless of the biological age, thus underlining the
significant effect of genotoxic substances on cell integrity. Genotoxin treatment additionally
led to decreased proliferation kinetics, which was more pronocunced in adult BM-MSCs,
even though this effect was not seen after analysis by comet assay. This is partly due to
their lower basal proliferation activity compared with neonatal MSCs but might also be
reinforced by the prior accumulated damage burden and the age-related decrease in their
DNA repair capacity during the aging process.

The multilineage potential of M5Cs is a valuable parameter that can be used for testing
drug effects on cell differentiation. This parameter, however, has not been previously
studied. Genotoxin treatment on d0 prior to the induction of osteogenic differentiation
showed more severe effects compared with genotoxin treatment on d7, with the exception
of etoposide-treated CB-MSCs. No significant changes were registered in the mRNA
expression of RUNX2 and OSX, although others have described RUNX2 involvement in
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DDR by regulation of H2AX phosphorylation and its accumulation after genotoxic stress in
muscular smooth muscle cells, thus leading to vascular calcification [27].

Genotoxin treatment applied on dO, prior to the induction of adipogenic and chon-
drogenic differentiation, did not significantly influence the differentiation outcomes in
these lineages, unlike in osteogenic differentiation, which appears to be more susceptible to
DNA damage at early time points of the differentiation process. This finding suggests that
adipogenic and chondrogenic pathways may have greater resilience to genotoxic stress ap-
plied at early time points of differentiation, potentially due to differences in lineage-specific
DNA repair mechanisms or stress response pathways that protect these differentiation
routes from early-stage damage. In accordance with this hypothesis, no significant de-
creased levels in the expression of the adipogenic genes CEBP«, CEBPf, and PPARy were
assessed. An exception was observed within CB-MSCs, which displayed a higher sen-
sitivity to genotoxin treatment compared with CB-USSCs and BM-MSCs, suggesting an
intrinsic vulnerability that may be due to differences in DNA repair efficiency or stress
response pathways. This enhanced sensitivity of CB-MSCs highlights the need to consider
cell-source-specific and age-related responses when evaluating the impact of genotoxins on
the differentiation potential of MSCs.

Interestingly, genotoxic noxae administered on d7 after induction of differentiation
appear to exert a generally reduced impact on MSC differentiation potential compared with
treatment on d0, suggesting that cells might have adapted protective mechanisms during
the late stages of differentiation, e.g., transcription-coupled repair or nucleotide excision
repair [28]. Among the conditions tested, only MNU treatment on d7 showed an effect on
osteogenic differentiation, specifically in CB-MSCs, underscoring their unique sensitivity
to DNA damage even at later stages of differentiation induction. For other MSC types
(CB-USSCs and BM-MSCs), no significant changes were observed across all differentiation
lineages following MNU or etoposide treatment on d7.

Regarding chondrogenic differentiation, genotoxic stress on dO did not affect this
lineage significantly, and the same held true for treatment on d7, further reinforcing the
idea that the chondrogenic pathway may possess a greater inherent resilience to DNA
damage compared with the osteogenic pathway. This observed resistance in chondrogenic
differentiation could indicate either an enhanced capacity for DNA repair in this lineage or
a differential reliance on DDR pathways, e.g., non-homologous end joining, which may
mitigate the effects of genotoxic agents. The extracellular matrix {(ECM) synthesized during
chondrogenic differentiation may play a protective role against genotoxic agents when
treatment is applied to d7 of differentiation. This matrix, rich in proteoglycans, collagen,
and other structural proteins, creates a dense, supportive environment that may help
shield the cells from harmful agents. The ECM could act as a physical barrier, limiting the
penetration and diffusion of genotoxic compounds into the cells and thus reducing their
effective concentration at the cellular level. Additionally, the matrix might interact with
cellular signaling pathways, potentially modulating cell responses to DNA damage and
enhancing their resilience during later stages of differentiation. This potentially protective
effect of the ECM may partially explain the reduced impact of genotoxin treatment on
chondrogenic differentiation compared with earlier treatments in other lineages.

Our findings contribute significantly to the understanding of MSC differentiation
and its therapeutic potential by highlighting genotoxin effects on undifferentiated and
differentiated MSCs. By analyzing these effects at various differentiation time points, we
have demonstrated that MNU- and etoposide-induced damage can not only impair cell
viability and proliferation but might also atfect the ability of MSCs to progress through
their differentiation pathway, which is a critical factor for their therapeutic application in
tissue repair and regeneration. Moreover, we have provided evidence about the resilience
of differentiated MSCs compared with their undifferentiated counterparts, showing that
the timing of genotoxic stress influences treatment outcomes. This is important to consider
in the context of drug testing and safety assessment, and a deeper understanding of the
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responses at different stages of differentiation allows the development of more refined
in vitro models to better mimic physiological conditions.

Nevertheless, a limitation of this study is the relatively small sample size and the
inherent variability in donor characteristics accentuating MSC-related heterogeneity. These
factors may influence the observed responses among the different cell lines. While efforts
were made to minimize these effects, individual donor variability, including genetic and
epigenetic differences, could still contribute to variations in the results. Future studies
with larger sample sizes and more standardized donor selection criteria will be essential to
validate and generalize these findings.

5. Conclusions

The insights obtained from this study emphasize the critical need to consider the
effects of genotoxic damage on cell differentiation in an agent- and biological age-specific
manner when conducting toxicological studies and during drug development. Neonatal
MSCs, with their enhanced proliferative capacity, differentiation potential, and lower
immunogenicity, present a significant promise for regenerative therapies and are a valuable
tool for new approach methodologies to avoid animal testing compared with adult MSCs.
Furthermore, in addition to therapy-related hematotoxicity, adverse effects on MSCs, which
are the main components of the hematopoietic stem cell niche, also need to be considered.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells13242134 /51, Table S1: List of used CB-USSC, CB-MSC and
BM-MSC cell lines; Table 52: List of used primers for RT-qPCR; Figure 5S1: Expression pattern of DDR
of an iPSC cell line (R26) compared to MSCs from different sources; Figure S2: Expression pattern of
early and late osteogenic genes in CB-USSC, CB-MSC and BM-MSC on d7 or d14 after induction of
osteogenic differentiation and 1 h treatment with MNU on d0 of differentiation; Figure S3: Expression
pattern of late adipogenic genes in CB-MSC and BM-MSC on d21 after induction of adipogenic
differentiation and 1 h treatment with MNU on d0 of differentiation; Figure S4: Expression pattern
of early and late osteogenic genes in CB-USSC, CB-MSC and BM-MSC on d7 or d14 after induction
of osteogenic differentiation and 24h treatment with etoposide on d0 of differentiation; Figure 55:
Expression pattern of late adipogenic genes in CB-MSC and BM-MSC on d21 after induction of
adipogenic differentiation and 24 h treatment with etoposide on dO of differentiation; Figure 56:
Expression pattern of early and late osteogenic genes in CB-USSC, CB-MSC and BM-MSC on d14 after
induction of osteogenic differentiation and 1 h treatment with MNU on d7 of differentiation; Figure S7:
Expression pattern of late adipogenic genes in CB-MSC and BM-MSC on d21 after induction of
adipogenic differentiation and 1 h treatment with MNU on d7 of differentiation; Figure 58: Expression
pattern of early and late osteogenic genes in CB-USSC, CB-MSC and BM-MSC on d14 after induction
of osteogenic differentiation and 24 h treatment with etoposide on d7 of differentiation; Figure 59:
Expression pattern of late adipogenic genes in CB-MSC and BM-MSC on d21 after induction of
adipogenic differentiation and 1 h treatment with MNU on d7 of differentiation.
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Supplementary Materials:

Table S1: List of used CB-USSC, CB-MSC and BM-MSC cell lines, all derived
from different donors and were numbered independently of the donor. The
donor age of BM-MSCs is listed. Abbreviations: BM, bone marrow; CB, cord
blood; d, day; USSC, unrestricted somatic stem cell; N.K., not known;

Cell type Number | Name Donor age
1 SA5/73
2 SA8/25
CB-USSC 3 SA10/36 >
4 USSC86b 8
1 SA6/51 g
2 SA8/39 =
CB-MSC 3 USSC63
4 USSC120a
1 KM9-14 23
2 KM9-15 32
3 KM114 43
4 KM120 N.K.
BM-MSC 5 KM8/06 52
6 KM1/23 36
7 KM2/23 31
8 KM3/23 24

Table S2: List of used primers for RT-qPCR. Abbreviations: ATM, Ataxia
Telangiectasia Mutated; BRCA1, Breast Cancer 1; BRCA2, Breast Cancer 2; CEBP,
CCAAT/Enhancer  Binding  Protein  Alpha;
Methyltransferase; NHE]J1, Non-Homologous End Joining Factor 1; OSX: Osterix;
P21, Cyclin-Dependent Kinase Inhibitor 1A (CDKN1A); PPARy, Peroxisome
Proliferator-Activated Receptor Gamma; RAD51, RAD51 Recombinase; RPL13a,
Ribosomal Protein L13a; RUNX2, Runt-Related Transcription Factor 2; TP53,
Tumor Protein 53 (p53); XRCC: X-Ray Repair Cross-Complementing;

Os-Methylguanine-DNA

Target Forward sequence 5'- 3’ Reverse sequence 5'- 3’

ATM CCTTGTGCTAGTGGGCAGAA ATGGGGAGCAAAGAACCCAG
BRCA1 CCACAGATCAACCTGGAATGG GTAGAGTGCTACACTGCTCA
BRCA2 TTCTGAGGTGGACCTAATAGG TGATTTGGATTCTGGTCGCC
CEBPa GAGTCACACCAGAAAGCTAG GATGGACTGATCGTGCTTC
CEBPB | TTTCGAAGTTGATGCAATCG ACAGCAACAAGCCCGTAGG
MGMT ACCGTTTGCGACTTGGTACT GGGCTGGTGGAAATAGGCAT
NHE]J1 CCATTGTTGAAGGACGCTGC CTAGCTCCCTCACTTGGCAC
OSX TGCTTGAGGAGGAAGTTCAC CTGAAAGGTCACTGCCCAC
P21 TACATCTTCTGCCTTAGT TCTTAGGAACCTCTCATT
PPARy | TCCATGCTGTTATGGGTGAA TCAAAGGAGTGGGAGTGGTC
RAD51 GCTGATGAGTTTGGTGTAGC AACATAGCTTCAGCTTCAGG
RPL13a | GAGGTATGCTGCCCCACAAA TTCAGACGCACGACCTTGAG
RUNX2 | GAGTGGACGAGGCAAGAG GGACACCTACTCTCATACTG
TP53 TTCCGAGAGCTGAATGAGGC AATGTCAGTCTGAGTCAGGCC
XRCC4 CCTCTAGGAGAATCAGCTTCAAGA | AAAGAGGTCTTCTGGGCTGC
XRCC5 AGCATAGACTGCATCCGAGC TCCCCATACATCCACGACCT
XRCC6 TGCGTGGATTGTCGTCTTCT CTTCTTCATCGCCCTCGGTT
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Figure S1: Expression pattern of DDR of an iPSC cell line (R26) compared to M5Cs from different
sources. Fold change was calculated using the 2-44T method relative to the untreated control and
normalized to the reference gene RPL13a. 2 represents a two-fold increase and -2 represents a
two-fold decrease. Abbreviations: BM, bone marrow; CB, cord blood; iPSC, induced pluripotent
stem cell; MSC, mesenchymal stromal cell; USSC, unrestricted somatic stem cell;
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Figure 52: Expression pattern of early and late osteogenic genes in CB-USSC, CB-MSC and BM-
MSC on d7 or d14 after induction of osteogenic differentiation and 1 h treatment with MNU on
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d0. Fold change was calculated using the 2-%4°T 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: d, day;
RUNX2, Runt-related transcription factor 2; OSX, Osterix; Und., undetermined;
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Figure S3. Expression pattern of late adipogenic genes in CB-MSC and BM-MSC on d21 after
induction of adipogenic differentiation and 1 h treatment with MNU on d0. Fold change was
calculated using the 24T 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: PPARy, Peroxisome
proliferator-activated receptor gamma; CEBP, CCAAT-enhancer-binding protein; d, day; MNU,

N-methyl-N-nitroso-urea;
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Figure 54. Expression pattern of early and late osteogenic genes in CB-USSC, CB-MSC and BM-
MSC on d7 or dl4 after induction of osteogenic differentiation and 24h treatment with
etoposide. Fold change was calculated using the 2T 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: d, day;

RUNX2, Runt-related transcription factor 2; OSX, Osterix;
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Figure S5. Expression pattern of late adipogenic genes in CB-MSC and BM-MSC on d21 after
induction of adipogenic differentiation and 24 h treatment with etoposide on d0. Fold change was
calculated using the 2-4¢" 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: PPARy, Peroxisome
proliferator-activated receptor gamma; CEBP, CCAAT-enhancer-binding protein; d, day;
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Figure S6. Expression pattern of early and late osteogenic genes in CB-US5C, CB-MSC and BM-
MSC on d14 after induction of osteogenic differentiation and 1 h treatment with MNU on d7 of
differentiation. Fold change was calculated using the 2:4%T 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 ftwo-fold decrease.
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Figure S7. Expression pattern of late adipogenic genes in CB-MSC and BM-MSC on d21 after
induction of adipogenic differentiation and 1 h treatment with MNU on d7. Fold change was
calculated using the 222<T 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: PPARy, Peroxisome
proliferator-activated receptor gamma; CEBP, CCAAT-enhancer-binding protein; d, day;
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d7 of ditferentiation. Fold change was calculated using the 2%%¢! 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.
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Figure S9. Expression pattern of late adipogenic genes in CB-MSC and BM-MSC on d21 after
induction of adipogenic differentiation and 1 h treatment with MNU on d7. Fold change was
calculated using the 2-22¢T 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: PPARy, Peroxisome
proliferator-activated receptor gamma; CEBP, CCAAT-enhancer-binding protein; d, day;
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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 dO or d7.

Bone morphogenetic proteins (BMPs) including BMP2 and BMP4 are members of the
TGF-B 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 dO 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 dO 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
22ACT 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 dO 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 dO 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.
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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-*ACT 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 dO 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 5SmM MNU on d7 and an upregulation of BSP in CB-MSCs and BM-MSCs in a
dose-dependent manner (Figure 14). Etoposide treatment on d0O 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 dO or on d7. Fold change was calculated using the 2-
AACT 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 dO 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 5SmM 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 2-2°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 dO 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
10uM etoposide on dO 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 dO or d7 of adipogenic differentiation in
addition to C/EBPa, C/EBPB and PPARy 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 dO 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
2-2ACT 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 dO 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 10uM 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 iIMSCs, 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.
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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 iIMSCs 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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Secretome analysis of iIMSCs compared to BM-MSCs
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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
AACT 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.

Division rate of cycling CD34" cells
on iMSC or BM-MSC feeder

10
- iMSC feeder only
BM-MSC feeder only
5 iIMSC feeder + cytokines
— ——e
& / -&- BM-MSC feeder + cytokines
[&]
Cytokines onl
0-¢ T — T | 4 Y
10 15
-5~ Time [Days]

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 iIMSCs 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 iIMSC 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 iIMSC and BM-MSC feeders supported similar levels of CD34+ HSCs
proliferation, indicating that cytokines compensated the limited support provided by
iIMSCs 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.
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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
iIMSC 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 iIMSC
feeder and BM-MSC feeder on d7 but were reduced on d14 in the iIMSC 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 iIMSC and
BM-MSC feeders, but the addition of cytokines resulted in lower colony numbers.
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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 iIMSC cell lines was weaker compared to
MSCs. Specifically, only iIMSC2 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 iIMSCs respond differently to genotoxic stress compared
to primary MSCs, iIMSCs 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 iIMSCs 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
iIMSCs and their potential suitability for therapeutic applications, especially in genotoxic
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environments such as those encountered in cancer therapies or chronic inflammatory
conditions.
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Figure 25: Dose-dependent impact of genotoxic stress induced by MNU on proliferation kinetics (A) and division
rate of iIMSCs (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 iIMSCs. 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 O8-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 |l 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
iIMSCs, 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. Gonzalez 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 iIPSCs 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 stressresponse 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 Gz2/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 Gi-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 Go/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 yH2AX/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
YH2AX/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 yH2AX/53BP1 foci,
also cells with single foci were registered. This confirms the suggestion of De Feraudy
and colleagues postulating that yH2AX 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 yH2AX and 53BP1 foci
revealed the induction of double-strand breaks (DSBs) at all tested etoposide
concentrations. A high number of YH2AX 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 yH2AX and 53BP1 co-localization is present,
warranting further analysis of DDR-related proteins at the protein level. The abundance
of yH2AX 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
yH2AX can sensitize cells to apoptosis, raising the possibility that yH2AX 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 ICso 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. Lutzkendorf and colleagues have shown that this
resistance in MSCs is associated with an induction of P53 and P21, proliferation arrest
or temporary Gz2/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 multiineage 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 dO 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 dO0 and d7 lead to the
downregulation of BMP2 and BMP4, which are major regulators during osteogenic
differentiation. Moreover, genotoxic treatment applied on dO 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 CEBPaq,
CEBPB and PPARy. 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 dO. 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, iIMSCs 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 iIMSCs was altered, with several key cytokines downregulated
compared to BM-MSCs. This reduced cytokine expression may underlie the decreased
hematopoietic support function of iIMSCs, as reflected by significantly lower CFC
numbers when CD34* HSCs were cultured on the iIMSC feeder. Altogether, these
findings highlight that although iIMSCs 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 iIMSCs 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 iIMSC -
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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