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Abstract 

Malignant melanoma is the most aggressive and lethal type of skin cancer with rising incidence 

worldwide. The unequivocal risk factor is exposure to solar and artificial UV radiation. Despite 

the central role of UV-induced cyclobutane pyrimidine dimers (CPDs), particularly in the 

formation of UV signature mutations, the precise cellular and molecular mechanisms driving 

melanomagenesis are far from being understood in detail. Moreover, the cell of origin remains 

a subject of debate, with discussions centering on whether transformation initiates in mature 

epidermal melanocytes or stem cell precursors. An alternative theory proposes a damaged 

extrafollicular dermal melanocyte stem cell as the earliest origin. Within human skin, 

multipotent neural crest-derived dermal stem cells (DSCs) may serve as a reservoir for 

epidermal melanocytes. Although DSCs are constantly exposed to solar UV radiation, 

potentially contributing to the onset of melanoma, there is still insufficient investigation into 

how DSCs react to UV-induced damage. Therefore, this study aimed to establish workflows 

for the in vitro investigation of DSCs as potential cell of origin and of their response to UV 

irradiation. The work focused on examining functional stem cell features and understanding 

protection mechanisms to determine if UV-induced cell damage poses a higher risk in DSCs. 

It was demonstrated that DSCs isolated from human foreskin can serve as a model to study their 

potential relevance in the genesis of malignant melanoma. Cultivated in specific stem cell 

medium, primary DSC cultures exhibited neural crest stem cell characteristics, including the 

expression of relevant markers, the ability to form three-dimensional spheres, and the potential 

for melanocytic differentiation. However, fibroblast contamination was a serious limitation for 

certain applications, necessitating the enrichment of DSCs. Immunomagnetic separation with 

negative selection based on CD90 and alternative non-cell-specific approaches, such as 

Geneticin treatment or selective detachment, proved unsuitable for DSC purification. Highly 

enriched DSCs with a good recovery rate were obtained using column-based MACS® positive 

selection targeting NGFRp75. These purified DSCs maintained viability and differentiation 

potential, although further validation is needed. This in vitro purification marks a crucial 

advancement in DSC research. 

 A comparative study of the DNA damage response after UVA and UVB irradiation 

revealed that DSCs reacted similarly to fibroblasts and melanocytes, displaying functional 

DNA repair and apoptosis induction. Protective mechanisms in DSCs were not superior to those 

of differentiated skin cells. Interestingly, DSCs exhibited an exceptional cell cycle regulation 

with a lack of growth arrest following UV irradiation, potentially indicating deficiencies in cell 
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cycle checkpoints. This could lead to replication through unrepaired damage, mutations, and an 

elevated risk of transformation. Although initial evidence hints at a possibly heightened 

susceptibility of DSCs to UV-mediated carcinogenesis, further research is needed to establish 

a causal link between this specific radiation response and melanoma development. 

 UV irradiation predominantly had no impact on stem cell features and epigenetic 

regulation. Exposure to a single dose of UVA or UVB did not alter the expression of selected 

melanoma-specific microRNAs or the ability of DSCs to differentiate into melanocytes, neither 

impairing nor triggering differentiation. The radiation scheme might have been insufficient to 

induce UV-related effects, requiring multiple irradiations to adequately mimic physiological 

conditions. Irrespective of irradiation, a set of eight differentially expressed microRNAs 

allowed a clear distinction between DSCs, melanocytes, and melanoma cells, indicating 

significant differences in their overall baseline microRNA expression. By contrast, both single 

and multiple UVB exposures affected the sphere-forming potential of DSCs, resulting in 

reduced sphere counts. However, uncertainties arose regarding the influence of fibroblasts and 

cell aggregation in the utilized sphere formation assay, hindering a comprehensive evaluation 

of the results. 

In summary, this study has successfully met its objectives by establishing workflows and 

methods that enabled an initial in vitro investigation of functional stem cell features and UV 

protection mechanisms in DSCs. While these findings yield a preliminary assessment of DSCs 

as potential cell of origin for malignant melanoma, they also raise questions for future 

investigations that could provide further insights into mechanisms underlying UV-induced 

melanomagenesis. Understanding how DSCs respond to UV exposure could enhance 

knowledge of early events in melanoma initiation, potentially improving prevention, early 

diagnosis, and the development of new treatment strategies. 
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Zusammenfassung 

Das maligne Melanom ist die aggressivste und tödlichste Hautkrebsform mit steigender 

Inzidenz weltweit. Der Hauptrisikofaktor ist die Exposition gegenüber solarer und künstlicher 

UV-Strahlung. Trotz der zentralen Rolle von UV-induzierten Cyclobutan-Pyrimidin-Dimeren 

(CPDs), insbesondere bei der Entstehung von UV-Signaturmutationen, sind die genauen 

zellulären und molekularen Mechanismen der Melanomgenese noch nicht im Detail verstanden. 

Auch die Ursprungszelle ist weiterhin unklar, wobei sowohl die Transformation von reifen 

epidermalen Melanozyten als auch von Stammzellen diskutiert wird. Eine alternative Theorie 

vermutet eine geschädigte, extrafollikuläre, dermale melanozytäre Stammzelle als den 

frühesten Ursprung. In der menschlichen Haut könnten multipotente, aus der Neuralleiste 

stammende dermale Stammzellen (DSCs) als Reservoir für epidermale Melanozyten dienen. 

Obwohl DSCs ständig solarer UV-Strahlung ausgesetzt und möglicherweise in die Entstehung 

des malignen Melanoms involviert sind, ist das Wissen darüber, wie DSCs auf UV-induzierte 

Schäden reagieren, noch unzureichend. Ziel dieser Arbeit war es daher, Arbeitsabläufe für die 

in vitro Untersuchung von DSCs als potenzielle Ursprungszellen und ihrer Antwort auf UV-

Bestrahlung zu etablieren. Der Fokus lag darauf, funktionelle Stammzelleigenschaften und 

Schutzmechanismen zu untersuchen, um festzustellen, ob UV-induzierte Zellschäden bei DSCs 

ein höheres Risiko darstellen. 

Es wurde gezeigt, dass aus menschlicher Vorhaut isolierte DSCs als Modell dienen können, um 

ihre Relevanz bei der Entstehung des malignen Melanoms zu untersuchen. In speziellem 

Stammzellmedium kultivierte primäre DSC-Kulturen wiesen Merkmale von Stammzellen aus 

der Neuralleiste auf, wie die Expression relevanter Marker, die Fähigkeit zur Sphärenbildung 

und das Potenzial zur Melanozytendifferenzierung. Allerdings stellte die Kontamination mit 

Fibroblasten eine erhebliche Einschränkung für bestimmte Anwendungen dar, was eine 

Anreicherung der DSCs erforderlich machte. Magnetische Separation mit Negativselektion 

basierend auf CD90 sowie alternative, nicht-zellspezifische Ansätze, wie die Behandlung mit 

Geneticin oder selektive Ablöse, erwiesen sich als ungeeignet für die DSC-Aufreinigung. 

Hochangereicherte DSCs mit einer guten Ausbeute konnten mittels säulenbasierter MACS® 

Positivselektion gewonnen werden, die auf NGFRp75 abzielte. Die aufgereinigten DSCs 

behielten ihre Viabilität und Differenzierungsfähigkeit bei, es sind jedoch weitere 

Validierungen erforderlich. Diese in vitro Aufreinigung stellt einen entscheidenden Fortschritt 

in der DSC-Forschung dar. 
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 Vergleichende Untersuchungen zur DNA-Schadensantwort nach UVA- und UVB-

Bestrahlung zeigten, dass DSCs ähnlich wie Fibroblasten und Melanozyten mit einer 

funktionalen DNA-Reparatur und Apoptoseinduktion reagierten. Die Schutzmechanismen der 

DSCs schienen im Vergleich zu differenzierten Hautzellen nicht überlegen. Interessanterweise 

wiesen DSCs eine außergewöhnliche Regulation des Zellzyklus mit ausbleibendem Arrest nach 

UV-Bestrahlung auf, was möglicherweise auf Defizite in den Zellzykluskontrollpunkten 

hinweist. Dies könnte zu Zellteilung bei noch bestehenden Schäden, Mutationen und einem 

erhöhten Risiko der Transformation führen. Obwohl erste Hinweise auf eine eventuell erhöhte 

Anfälligkeit von DSCs für UV-vermittelte Karzinogenese hindeuten, sind weitere 

Untersuchungen erforderlich, um eine kausale Verbindung zwischen dieser spezifischen 

Strahlenantwort und der Melanomgenese herzustellen. 

 UV-Bestrahlung hatte überwiegend keinen Einfluss auf Stammzelleigenschaften und die 

epigenetische Regulation. Akute UVA- oder UVB-Exposition veränderte weder die Expression 

ausgewählter, Melanom-spezifischer miRNAs, noch beeinträchtigte oder stimulierte sie die 

Fähigkeit von DSCs, sich in Melanozyten zu differenzieren. Das Bestrahlungsschema könnte 

unzureichend gewesen sein, um UV-bedingte Effekte hervorzurufen, sodass mehrfache 

Bestrahlungen erforderlich sind, um physiologische Bedingungen angemessen zu imitieren. 

Unabhängig von der Bestrahlung ermöglichte ein Set aus acht differentiell exprimierten 

miRNAs eine eindeutige Unterscheidung zwischen DSCs, Melanozyten und Melanomzellen, 

was signifikante Unterschiede in der gesamten Baseline-miRNA-Expression vermuten lässt. Im 

Gegensatz dazu beeinflussten sowohl akute als auch mehrfache UVB-Bestrahlungen die 

Sphärenbildung und führten zu einer Verringerung der Sphärenanzahl. Es traten jedoch 

Unsicherheiten hinsichtlich des Einflusses von Fibroblasten und Zellaggregation im 

verwendeten Sphärenbildungs-Assay auf, was eine umfassende Bewertung der Ergebnisse 

verhinderte. 

Insgesamt konnten erfolgreich Arbeitsabläufe und Methoden etabliert werden, die eine in vitro 

Untersuchung von funktionellen Stammzelleigenschaften und UV-Schutzmechanismen in 

DSCs ermöglichten. Diese Ergebnisse geben eine erste Einschätzung von DSCs als potenzielle 

Ursprungszellen für das maligne Melanom und werfen Fragen auf, die weitere Einblicke in die 

Mechanismen der UV-induzierten Melanomgenese liefern könnten. Das Verständnis dafür, wie 

DSCs auf UV-Exposition reagieren, könnte das Wissen über frühe Ereignisse bei der Initiierung 

von Melanomen verbessern und somit möglicherweise die Prävention, die Früherkennung und 

die Entwicklung neuer Behandlungsstrategien voranbringen. 
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1 Introduction 

1.1 Structure of Human Skin 

With an area of approximately 2 m², the skin is the largest human organ and accounts for about 

one sixth of the total body weight. It consists of different cell types and fulfills a variety of 

physiological tasks, such as maintenance of homeostasis, metabolic functions through vitamin 

D synthesis, and thermoregulation. In addition, the skin is a physical and immunological barrier 

against mechanical, chemical, physical, thermal and microbial environmental influences [1,2]. 

Having pain, heat, and tactile receptors, it is also an important peripheral sensory organ. In 

addition, the skin mediates immune-stimulatory effects through antigen presenting cells in the 

epidermis. The skin consists of three layers from the outside in: epidermis, dermis, and 

subcutaneous tissue (hypodermis) [1,3]. Figure 1.1A shows a schematic representation of the 

skin structure with the different skin layers. 

 

Figure 1.1 Structure of human skin. (A) The skin is made up of three layers: epidermis, dermis, and 

subcutaneous tissue. The epidermis is further divided into the superficial stratum corneum and three 

underlying layers of living cells. The dermis is the connective tissue underneath the epidermis. It 

contains collagen fibers, structural proteins, and many different cell types. The subcutaneous tissue 

consists mainly of fat and connective tissue (B) Anatomy of the hair follicle with attached sebaceous 

gland and arrector pili muscle (created with BioRender.com). 
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The thickness, texture, and color of the skin vary depending on the location in the body. In areas 

consistently subjected to pressure and friction, the skin is thicker and lacks hair follicles, for 

example on palms, soles, and the volar parts of fingers and toes [3,4]. 

1.1.1 Epidermis 

The epidermis represents the covering of the body and therefore the primary interface to the 

environment. It is characterized as a stratified, cornificated squamous epithelium (30–300 µm 

thick) and is a classic proliferation tissue due to constant renewal. The epidermis consists 

mainly of keratinocytes (90–95%) in diverse stages of differentiation, forming four epidermal 

layers, which are characterized by different keratin proteins: stratum corneum (cornified layer), 

stratum granulosum (granular layer), stratum spinosum (spinous layer) and stratum basale 

(basal layer) [1,2] (Figure 1.1A). Keratinocytes derive from epidermal stem cells localized 

within the basal layer. There is a permanent cell migration from basal to superficial, while 

passing various differentiation stages up to the flattened, anuclear corneocytes, which 

ultimately form the stratum corneum. That way, the epidermis completely renews itself over 

the course of four weeks [2,5]. 

 Further epidermal cell populations encompass melanocytes (see section 1.1.1.1), 

Langerhans cells, and Merkel cells. Langerhans cells, located in the spinous layer, act as 

antigen-presenting dendritic cells of the immune system. Merkel cells are associated with nerve 

cells and are a part of the tactile sense. They are localized in the basal layer, just like 

melanocytes [1,3]. 

1.1.1.1 Melanocytes 

Melanocytes are a heterogeneous group of dendritic cells. They can be found in the skin 

(epidermis, hair) and the eye (iris), where they are part of the pigmentary system [6]. In human 

skin, melanocytes are located in the basal layer of the epidermis as the second most common 

cell type, determining the skin color [4]. The basal layer maintains a constant homeostatic ratio 

of 1:10 between melanocytes and keratinocytes throughout life that only changes during nevus 

or melanoma formation [7,8]. Melanocytic nevi (moles) are benign growths of melanocytes [9] 

that often have oncogenic mutations in BRAF (v-Raf murine sarcoma viral oncogene homolog 

B1) and NRAS (Neuroblastoma RAS viral oncogene homolog), proteins that are part of the 

MAPK signaling pathway [10]. A high number of nevi is associated with a significantly 

increased risk of developing melanoma [9]. 
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 Melanocytes are also present in the matrix of hair follicles (Figure 1.1B) with a denser 

proportion of 1:5, determining the hair color [11]. Hair follicle melanocytes and epidermal 

melanocytes are two biologically different populations in their own niches. Epidermal 

melanocytes are long-living cells, surviving in the epidermis for decades [12], although the 

exact duration is unknown. With age, their density decreases, morphological changes occur, 

and both tyrosinase activity [13] (a key protein in melanin synthesis) and proliferative activity 

[14] decline. Hair melanocytes, on the other hand, have a lifespan corresponding to the hair 

cycle, which is around 3–8 years [6]. Unlike hair follicle melanocytes, epidermal melanocytes 

rarely proliferate under natural conditions [11]. This requires the presence of growth factors, 

hormones, and cytokines, activating pathways like MAPK signaling, α-MSH/cAMP/PKA 

signaling, and endothelin/PKC signaling [6,15] (see section 1.1.1.3). 

In this work, epidermal melanocytes were primarily of interest. Each melanocyte is connected 

to approximately 30–40 satellite keratinocytes through dendrites, forming the epidermal 

melanin unit [6,16]. Melanocytes play a crucial role in determining skin color and providing 

photoprotection. They synthesize melanin from tyrosine through melanogenesis, involving the 

enzymes tyrosinase (TYR), tyrosinase-related protein 1 (TRP1), and tyrosinase-related protein 

2 (TRP2, or dopachrome tautomerase DCT). The melanin is produced and stored in cytoplasmic 

organelles called melanosomes, which are released to the surrounding keratinocytes via the 

melanocytes’ dendrites. The exact melanosome transfer mechanism remains unclear but may 

include exo-/endocytosis, cytophagocytosis, tunneling nanotubes, or membrane vesicle-

mediated transfer [17]. In keratinocytes, melanin is stored over the cell nuclei, providing UV 

protection by absorbing and scattering UV rays [5,6]. The process of melanogenesis in hair 

melanocytes is similar to that of epidermal melanocytes. However, hair graying results from 

the higher sensitivity of hair follicle melanocytes to aging influences, such as oxidative stress 

[6,13]. Melanin synthesis is regulated through intercellular communication among 

keratinocytes, fibroblasts, and melanocytes via paracrine signaling (see section 1.1.1.3) and can 

also be induced by environmental stimuli, e.g., UV radiation, chemical compounds, drugs, and 

stress (adaptive pigmentation) [18], whereby UVA is more potent than UVB in triggering 

pigmentation. Moreover, UV radiation darkens pre-existing melanin and leads to redistribution 

from the basal to suprabasal layers [19,20]. 

There are two major types of melanin: yellow-red pheomelanin and brown-black eumelanin. 

Skin color variation (constitutive pigmentation) is determined by the activity of melanocytes, 

meaning the quantity of produced melanin and the ratio of the different melanin types [8,19]. 
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Especially the eumelanin content plays a crucial role in determining skin color and is greater in 

dark-skinned individuals. Variants in the melanocortin-1 receptor (MC1R), which induces 

eumelanin synthesis, result in reduced or absent receptor activity, favoring pheomelanin 

production. This is associated with phenotypes of fair skin, red hair, and freckling [21,22]. 

Eumelanin has better photoprotective properties against UV-induced damage and exhibits 

antioxidant activity [23]. Therefore, in lighter skin with less eumelanin, the risk of skin cancer 

is higher. Pheomelanin is associated with the pathogenesis of melanoma not only due to its 

weak UV protection capacity, but indeed also acts as a carcinogenic photosensitizer, amplifying 

UV-induced production of reactive oxygen species (ROS) and oxidative DNA damage. The 

pheomelanin pathway can induce a pro-oxidant state even without UV irradiation, promoting 

melanoma formation in a UV-independent fashion [24-26]. 

1.1.1.2 Differentiation into Melanocytes 

Melanocytes derive from the neural crest during vertebrate development. The neural crest, a 

temporary embryonic structure formed between the neural tube and surface ectoderm during 

neurulation, gives rise to various cell populations, including (neuro-) ectodermal derivatives 

like neurons, glial cells and melanocytes, as well as mesenchymal progeny such as osteocytes 

[6,27]. A reliable marker for neural crest-derived stem and progenitor cells is the expression of 

low-affinity nerve growth factor receptor p75 (NGFRp75), also known as p75 neurotrophin 

receptor or CD271. NGFRp75 serves as the common receptor for neurotrophins, such as NGF, 

NT-3, NT-4/5, and BDNF, playing a role in survival, apoptosis, migration, and differentiation 

[28]. The interaction of neurotrophins with stem cell factor (SCF) guides neural crest cells 

towards the melanocytic lineage [28]. During embryonic development, neural crest cells evolve 

into melanoblasts, which are melanocyte precursors. These melanoblasts migrate through the 

dermis to their final destinations in the epidermis and hair follicle, where they undergo 

differentiation into melanocyte stem cells (McSC) and mature melanocytes [29,30]. 

Additionally, melanocytic precursors might also persist in the dermis [30-32]. The most 

common markers for melanoblasts are c-Kit, MITF (microphthalmia-associated transcription 

factor), SOX10 (sex-determining region Y-box 10), Pax3 (paired box 3), and DCT/TRP2 

[6,33]. 

Numerous genes, epigenetic factors, and environmental factors, such as UV radiation and 

influences from surrounding keratinocytes and fibroblasts, regulate the differentiation of 

melanocytes. Key factors in this process include the transcription factors MITF, SOX10, and 

Pax3, the receptor tyrosine kinase c-Kit, the Wnt signaling pathway, and the G protein-coupled 



INTRODUCTION 

5 

 

endothelin B receptor (ETBR) [27,34] (Figure 1.2). The activity of these intrinsic factors is 

finely tuned and influenced by extracellular growth factors, including SCF (c-Kit ligand), Wnt 

proteins, endothelins, neuregulin-1, and α-MSH [27,33]. 

 

Figure 1.2 Key signaling pathways in melanocyte development. Schematic overview of the major 

network involved in melanocyte development, including the α-MSH/MC1R/PKA pathway, the 

endothelin/ETBR/PKC pathway, the Wnt/Frizzled/β-catenin pathway, and the SCF/c-Kit pathway with 

MAPK and PI3K/AKT signaling (created with BioRender.com, adapted from [35,36]). 

In the course of melanoblast and melanocyte development, crucial pathways involve c-Kit, 

Wnt, and ETBR signaling, ultimately inducing MITF (Figure 1.2). Notch and α-MSH signaling 

also play a role. Signaling via the ETB receptor is required for melanoblast migration, survival, 

proliferation, and differentiation [37,38], with endothelins (ET) binding to ETBR triggering 

downstream pathways like PKC and MAPK. This cascade results in increased phosphorylation 

of MITF and the transcription factor CREB [34]. Additionally, CREB is able to activate MITF 

in response to MC1R-induced elevated cAMP signaling. The ligand α-MSH, for example 

released by keratinocytes, binds to the MC1 receptor, activating adenylate cyclase, which 

generates cAMP. The cAMP-dependent protein kinase A (PKA) subsequently phosphorylates 

and activates CREB, resulting in transcriptional activation of MITF [35]. c-Kit signaling is 

necessary for (embryonic) melanoblast migration, proliferation, and survival [34,37]. SCF-

induced activation of c-Kit triggers receptor dimerization and activation of downstream events, 

including RAS, MAPK, and PI3K/AKT pathways [29,34]. 



INTRODUCTION 

6 

 

 The Notch pathway plays a crucial role during the embryonic period in inducing neural 

crest cells at the neural plate border [33]. Notch signaling through cell-cell interaction between 

membrane-bound ligands Delta and Jagged and the Notch receptor is also essential for 

maintenance of the immature status and survival of melanoblasts and neural crest stem cells 

(NCSCs) during both development and adulthood [37,39]. In mature melanocytes, Notch 

signaling is inactive; however, its activation can dedifferentiate and reprogram melanocytes 

into multipotent NCSCs [40]. Wnt/Frizzled/β-catenin signaling is essential for the induction 

and specification of melanocyte fate in NCSCs, inhibiting neuronal/glial differentiation. 

Conversely, the absence of Wnt signaling promotes neuronal cell fates [41,42]. In the canonical 

Wnt/β-catenin pathway, binding of Wnt ligands such as Wnt3a and Wnt7a to the Frizzled 

receptor leads to inhibition of glycogen synthase kinase-3β (GSK3β), thereby stabilizing β-

catenin. This allows β-catenin to translocate into the nucleus, where it interacts with TCF/LEF 

family transcription factors to stimulate MITF transcription [29,34,43]. Furthermore, Wnt 

ligands suppress the Notch pathway through upregulation of the Notch inhibitor Numb. UV 

irradiation increases the secretion of Wnt7a by keratinocytes [42]. 

MITF is the master regulator in melanocyte development, proliferation, differentiation, 

migration, survival, dendrite formation, and melanin synthesis [44]. A pivotal step in 

committing neural crest cells to the melanocytic lineage involves the downregulation of the 

transcription factors FOXD3 and SOX2, which act as repressors of MITF [37]. Disruptions 

such as mutations or deletions in MITF cause melanocyte deficiency and pigmentation defects 

[27]. The MITF-M isoform is expressed almost exclusively in the melanocyte lineage, 

regulating propagation of melanoblasts during early development and melanogenesis in adult 

melanocytes. The transcription factors Pax3 and SOX10 collaborate with CREB and TCF/LEF 

to regulate and activate the MITF promotor [29,44]. The activity of CREB is controlled by 

phosphorylation through kinases AKT, ERK1/2, PKC, and PKA [23]. Besides transcriptional 

regulation, MITF also undergoes phosphorylation mediated by ERK1/2 and GSK3β [44]. 

 MITF is responsible for controlling the expression of genes related to differentiation and 

pigmentation, including tyrosinase, TRP1, TRP2, and melanosomal proteins (Melan-A/MART-

1, HMB45). Together with MITF, these melanocyte-specific proteins serve as the main markers 

for adult melanocytes [6]. Furthermore, MITF is involved in proliferation and survival through 

regulation of cell cycle- and apoptosis-related genes, such as CDK2, p16, and p21, as well as 

the anti-apoptotic Bcl-2, respectively [23,29,45]. MITF has also been reported to influence the 

expression of the microRNA-processing enzyme DICER [29,46]. 
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The in vitro differentiation of pluripotent stem cells (PSCs) like embryonic stem cells (ESCs) 

or induced pluripotent stem cells (iPSCs) mirrors the in vivo process, involving sequential steps: 

differentiation into neural crest cells, followed by transformation into melanoblasts, and 

ultimately maturation into melanin-producing melanocytes [33]. Typically, protocols for 

melanocyte differentiation employ various factors such as SCF, endothelin-3, Wnt3a, bFGF, 

CHIR-99021, cAMP, BMP4, B27, ascorbic acid, along with feeder cells for the seeding of PSCs 

[33]. 

1.1.1.3 Regulation of Melanocytes 

Melanocyte proliferation, differentiation, melanin synthesis, and dendrite formation are on the 

one hand controlled by genetic factors, but on the other hand also through the crosstalk between 

melanocytes, keratinocytes, and dermal fibroblasts. This communication involves cell-cell 

contacts (e.g., E-cadherin) and the secretion of paracrine factors (e.g., cytokines, proteins, 

growth factors) [7,12,15,47] (Table 1.1). 

Table 1.1 Paracrine factors with stimulating effect in human melanocyte regulation. 

Proliferation Differentiation Melanogenesis Dendrite formation 

SCF SCF SCF SCF 

GM-CSF GM-CSF GM-CSF GM-CSF 

ET-1 ET-1 ET-1 ET-1 

HGF HGF HGF HGF 

α-MSH - α-MSH α-MSH 

β-endorphin - β-endorphin β-endorphin 

NRG-1 - NRG-1 - 

bFGF - - bFGF 

Sema7a - - Sema7a* 

NT-3 - - - 

TGF-β - - - 

CCN1 - - - 

FAP-α - - - 

- Wnt7a - - 

- - ACTH ACTH 

- - PGE2, PGF2α PGE2, PGF2α 

- - NO NO 

- - KGF - 

- - - NGF 

- - - IL-6, IL-8 
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SCF (stem cell factor), GM-CSF (granulocyte-macrophage colony-stimulating factor), ET-1 (endothelin-1), HGF 

(hepatocyte growth factor), α-MSH (melanocyte-stimulating hormone), NRG-1 (neuregulin-1), bFGF (basic 

fibroblast growth factor), Sema7a (semaphorin 7a), NT-3 (neurotrophin-3), TGF-β (transforming growth factor-

β), FAP-α (fibroblast activation protein-α), ACTH (adrenocorticotropic hormone), PGE2 (prostaglandin E2), 

PGF2α (prostaglandin F2α), NO (nitric oxide), KGF (keratinocyte growth factor), NGF (nerve growth factor), IL-

6 (interleukin 6), IL-8 (interleukin 8). *depending on receptor and pathway. Not included in table but in text: 

CCN1 (cellular communication network factor 1), ET-2 (endothelin-2), ET-3 (endothelin-3), LIF (leukemia 

inhibitory factor), IL-1 (interleukin 1), DKK1 (Dickkopf-related protein 1), sFRP2 (secreted frizzled-related 

protein 2), TNF-α (tumor necrosis factor). 

In humans, keratinocyte-derived factors include SCF, α-MSH, ACTH, GM-CSF, ET-1, bFGF, 

NGF, HGF, PGE2, PGF2α, IL-6, IL-8, β-endorphin, and Sema7a. Evidence for ET-2, ET-3, LIF, 

and IL-1α is currently limited to mice [12,15,47,48]. Dermal fibroblasts secrete SCF, bFGF, 

HGF, KGF, NT-3, NRG-1, TGF-β, ET-3, IL-1, sFRP2, Sema7a, CCN1, FAP-α, and DKK1 

[7,10,12,49]. The binding of these factors to specific receptors on the melanoblast/melanocyte 

membrane leads to the activation of PKA, PKC, or MAPK signaling (Figure 1.3). 

 

Figure 1.3 Regulation of melanocytes through paracrine factors. Mechanisms of keratinocyte- 

(red) and fibroblast-derived factors (green) on melanocytes. Factors secreted by both cell types are 

shown in gray. Binding of paracrine factors, including cytokines, proteins, and growth factors, to their 

specific receptors on the melanoblast/melanocyte membrane activates PKA, PKC, or MAPK signaling. 

UV exposure can induce the secretion (created with BioRender.com, adapted from [6,12,47]). 

UV irradiation stimulates the secretion by keratinocytes, resulting in increased proliferation, 

differentiation, dendrite formation and melanogenesis in human melanocytes [47,50]. 

Moreover, DNA repair, antioxidant defense, and survival pathways are activated [23]. UV-

inducible soluble factors include SCF, GM-CSF, ET-1, α-MSH, ACTH, Wnt7a, bFGF, NGF, 

PGE2/PGF2α, NO, as well as pro-inflammatory cytokines IL-1α/1β, IL-6, and TNF-α 

[10,12,15,51]. For example, α-MSH and ACTH bind to the MC1 receptor on melanocytes, 

leading to cAMP production and activation of PKA and CREB, resulting in induction of MITF. 
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MITF-regulated genes control cell cycle and melanogenesis, blocking cell cycle progression 

and increasing eumelanin production [8,15,52]. Similar to ET-1 and NGF, α-MSH can induce 

the DNA damage response via p53, including nucleotide excision repair (NER), base excision 

repair (BER), and antioxidant genes. The three factors also inhibit UV-induced apoptosis by 

elevating levels of anti-apoptotic Bcl-2 [12,23]. 

The dysregulation of paracrine factors is linked to diverse pigmentary disorders, such as 

melasma, solar lentigines, post-inflammatory hyperpigmentation, and vitiligo. The malignant 

transformation of melanocytes into melanoma is characterized by the evasion of the control by 

keratinocytes (through downregulation of receptors crucial for cell-cell communication), 

autocrine production of growth factors, and insensitivity to growth-inhibitory factors [7]. The 

abnormal paracrine and autocrine production contributes to enhanced survival, proliferation, 

and resistance to therapies [12,49]. 

In addition to soluble secreted factors, skin cells also communicate through extracellular 

vesicles (EVs). Pigmentation in melanocytes can be regulated through keratinocyte-secreted 

exosomes in a miRNA-dependent manner, e.g., involving miR-3196 and miR-203, which 

control the expression and activity of melanosomal proteins like tyrosinase. UVB radiation 

alters the miRNA profile of exosomes, thereby stimulating pigmentation [50]. 

1.1.2 Dermis 

The dermis is the connective tissue that lies underneath the epidermis. Both layers are separated 

by the dermal-epidermal junction including the basement membrane, which is composed of 

extracellular matrix (ECM) proteins, such as collagen, fibronectin, and elastin. The dermis 

supports the epidermis physically and with nutrients, and is responsible for mechanical strength 

as well as for the provision of immune cells. It contains blood vessels and lymphatic vessels, 

mechanoreceptors, nerve endings, and skin appendages such as hair follicles, sebaceous glands 

and sweat glands (Figure 1.1A). The dermis is composed of many cell types, including 

fibroblasts, blood vessel components (endothelial cells, smooth muscle cells, and blood vessel-

associated fibroblasts/pericytes), lymphatic vessel components, neurons, tissue-resident 

immune cells (leukocytes), adipocytes, and dermal stem cells (DSCs, explained in detail in 

section 1.2.3). Connective tissue cells are classified as either resident (fixed) cells, meaning 

fibroblasts, fibrocytes, adipocytes, and stem cells, or wandering (transient) cells. The latter 

group comprises leukocytes such as eosinophils, lymphocytes, plasma cells, macrophages, 

monocytes, and mast cells. Fibroblasts are the primary cell type. They produce ECM proteins, 
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mainly collagen fibers, which contribute to the main substance of the dermis, forming a 

fibroelastic tissue that is responsible for the elasticity of the skin, tensile strength, and 

mechanical strength [1,2]. 

 Human dermis is divided into the finely structured stratum papillare (papillary layer) in 

the upper area and the underlying coarsely structured stratum reticulare (reticular layer). The 

papillary dermis is a thin layer of loose connective tissue interlocked with the epidermis through 

dermal papillae. It consists of randomly distributed connective tissue cells, thin, poorly 

organized collagen fibers (primarily type I and III), and loose elastic fibers and is rich in 

capillaries, veins, and lymphatic vessels. In contrast, the reticular dermis is composed of 

meshed dense connective tissue featuring thick, well-organized collagen fibers (mainly type I) 

and coarse elastic fibers. Hair follicles, sebaceous glands, and sweat glands are located within 

this layer as well. Cell density is lower in the reticular layer than in the papillary layer 

[3,4,53,54]. 

1.1.3 Subcutaneous Tissue 

The subcutaneous tissue (hypodermis) is located below the dermis, with the boundary between 

the two layers being rather indistinct. This layer is functionally connected to the skin, but not 

actually a part of it. It consists largely of subcutaneous adipose tissue and loose connective 

tissue, and contains nerves as well as larger blood vessels that supply the overlying layers of 

skin. The adipose tissue serves as pressure padding, energy storage and contributes to thermal 

insulation [1,3]. 

1.2 Stem Cells 

Stem cells are unspecialized and immature cells that are responsible for the development of 

organ and tissue systems. They replenish lost cells throughout an organism’s lifespan and thus 

play a crucial role in tissue homeostasis, regeneration, and wound repair [1,55,56]. The activity 

of stem cells varies depending on the organ they reside in. For example, bone marrow stem 

cells exhibit constant division, while stem cells in the pancreas have a low activity [56]. Stem 

cells are characterized by two features: the capacity for self-renewal and differentiation into 

mature cells building different tissues and organs. The term self-renewal refers to the ability of 

numerous mitotic cell divisions with resistance to senescence, permanent cell cycle arrest or 

differentiation. By contrast, precursor cells can only divide a few times before they differentiate 

and acquire lineage-specific characteristics. Differentiated cells are non-mitotic and have a 

limited lifespan. 
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 Self-renewal of stem cells occurs either through symmetric or asymmetric division. In 

symmetric replication, the stem cell divides into two identical stem cells. Asymmetric 

replication means that one of the daughter cells remains an identical stem cell, while the other 

daughter cell—the so-called transit-amplifying cell (TAC)—divides a finite number of times 

until it enters terminal differentiation [1]. The balance between self-renewal and differentiation 

is essential for the physiological maintenance of tissues and organs [57]. 

Stem cells are located in a specialized microenvironment known as the stem cell niche, which 

governs their behavior and shields them from harmful influences. The niche is composed of 

stromal cells, ECM, and paracrine factors [57,58]. Progeny of stem cells, such as TACs, may 

also be an important component, providing feedback signals [59]. The stem cell niche is a key 

regulatory element for maintaining the functionality of the stem cell population and controlling 

cell fate [60]. The interplay between intrinsic mechanisms of the stem cell (gene expression, 

metabolism) and external signals from the surrounding cells (cell-cell contact, molecular 

crosstalking) regulates self-renewal, proliferation, survival, activation, and differentiation of 

stem cells [56]. When stem cells are separated from their specialized environment, they lose 

their stem cell identity and undergo differentiation [60]. 

 Being a dynamic domain, the niches coevolve with the maturation of stem cells from 

embryonic development into adulthood. While fetal progenitors in emerging niches exhibit high 

proliferation, adult stem cells are mostly quiescent, meaning non-proliferating in the G0 phase 

[61]. The balance between stem cell quiescence and activity is a hallmark of a functional niche. 

Excessive stem cell production could lead to tumors [62]. Communication in the niche is 

bidirectional, with stem cells not only receiving signals from niche cells, but also actively 

emitting signals to influence the organization and function of their microenvironment in the 

adult organism. This has been demonstrated, for example, in hair follicle stem cells [63]. 

Dysregulation of stem cell behavior by the niche is implicated in disease onset [60]; e.g., genetic 

defects in the stem cell niche can contribute to the development of congenital myopathies [61]. 

Changes in both stem cells and their niche also play a role in the aging process, leading to 

reduced tissue homeostasis and repair upon injury in older individuals. Different mechanisms 

contribute to the aging-associated decline in stem cell function and number [64,65]. Lower self-

renewal and differentiation capacity are caused by intrinsic transcriptional changes, epigenetic 

alterations, stress responses (mainly accumulation of DNA damage and oxidative stress), 

mitochondrial malfunction, telomere shortening, and deficiencies in DNA repair [66-69]. Aging 

is also marked by an increased number of stem cells entering senescence or deep quiescence 
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with limited reactivation potential [64]. Additionally, genotoxic stress can trigger 

differentiation of stem cells, leading to a depletion of stem cells [70]. Age-related alterations in 

the supporting niche result in a decline in niche function, contributing to stem cell defects [67]. 

These changes include transcriptomic shifts, accumulation of DNA damage, variations in cell 

and ECM composition of the niche, infiltration with immune cells, and changes in paracrine 

and soluble factors, such as decreased production of local self-renewal factors and an increase 

in inflammatory signals [60,64,65]. 

1.2.1 Potency of Stem Cells 

The potency of a stem cell refers to its ability to differentiate into various cell types or tissues 

within the body. Stem cells can be classified according to their differentiation potential (Figure 

1.4). 

a. Totipotent stem cells have the highest potency and can give rise to all cell types of an 

organism, including extra-embryonic tissues. They are found in the zygote (fertilized 

egg) in the first three days after fertilization in the morula stage (16–32 cells). These 

totipotent stem cells develop into the embryo and the trophoblast as the extra-embryonic 

part and precursor of the placenta [55,56]. 

b. Pluripotency is the capacity to differentiate into cells of all three germ layers 

(endoderm, mesoderm, and ectoderm). During embryogenesis, the blastocyst develops 

from the morula on day five to six when there are approximately 70–100 cells. 

Pluripotent stem cells (PSCs) are then found in the inner cell mass (embryoblast) of the 

blastocyst. They have already lost the ability to differentiate into the trophoblast. 

Another source of pluripotent stem cells are induced pluripotent stem cells (iPSCs) 

which are artificially generated through genetic reprogramming of somatic cells in the 

laboratory [55,56]. 

c. Multipotent stem cells have a more limited differentiation spectrum and can 

differentiate into multiple cell types within a specific lineage or tissue, e.g., neural stem 

cells, mesenchymal stem cells (MSCs), or hematopoietic stem cells (HSCs) in the bone 

marrow, which can give rise to various blood cell types [56]. 

d. Oligopotency is the ability to differentiate into a few closely related cell types. An 

example is a myeloid stem cell derived from HSCs, which can give rise to different 

types of blood cells within the myeloid lineage, but not in the lymphoid lineage [56]. 

e. Unipotent stem cells can divide repeatedly, but only differentiate into one specialized 

cell type [56]. 
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Cells with restricted differentiation capacity are sometimes labeled as precursor or progenitor 

cells. In addition to the limited potency, they also lack the ability of self-renewal, have a limited 

division capacity and a heightened differentiation level towards a specific cell type compared 

to conventional stem cells. Sometimes, the boundary between stem cell and precursor cell is 

not clearly defined [55]. Only multipotent and unipotent stem cells are found in the adult 

organism, allowing for the regeneration of cells and tissues. 

 

Figure 1.4 Potency of stem cells. Stem cells are categorized into different potency levels, including 

totipotent, pluripotent, multipotent, oligopotent, and unipotent, with the differentiation potential ranging 

from high to low. Totipotent stem cells found in the zygote exhibit the highest spectrum of 

differentiation, capable of giving rise to all cell types in the body. In contrast, oligopotent and unipotent 

precursor cells have the lowest potency and are restricted to differentiation into a few or only one defined 

cell type, respectively (created with BioRender.com). 

When classified according to their occurrence, embryonic stem cells (ESCs) and adult (somatic) 

stem cells are distinguished. ESCs play a crucial role in the whole-body development and can 

be totipotent as well as pluripotent. During the initial divisions following fertilization, cells in 

the morula stage are still totipotent. In the blastocyst stage, pluripotent ESCs can be derived 

from the embryoblast/inner cell mass [55]. When the term ESCs is used, it usually refers to the 

pluripotent population. ESCs undergo symmetric cell division. Subsequently, they can further 

differentiate into multipotent and unipotent cells. The application and study of ESCs is 

controversial, raising ethical concerns and encountering legal obstacles [1,55]. 

 Although pluripotency can occur naturally only in ESCs, induced pluripotent stem cells 

(iPSC) represent an alternative. iPSCs are genetically reprogrammed from adult somatic cells 
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through the introduction of reprogramming factors, such as Oct-3/4, SOX2, KLF4, and c-Myc 

[71] or SOX2, Oct-4, Lin28, and Nanog [72], using for example viral vectors or plasmids. This 

process induces changes in the epigenetic status and gene expression. iPSCs exhibit features 

similar to ESCs, including comparable morphology, gene expression patterns, self-renewal 

capacity, potential for differentiation into various cell types, and telomerase activity [1,56]. 

Consequently, iPSCs are highly attractive for both research and medical applications in disease 

modeling and stem cell therapy [73]. 

Adult stem cells are typically multipotent, exhibiting sufficient phenotypic plasticity to develop 

into different tissues, but some are also oligopotent or unipotent. They are present in 

regenerative tissues of adult organisms, distributed across nearly every organ and tissue, e.g., 

bone marrow, intestine, skin, muscle, brain, heart, adipose tissue, liver, reproductive organs, 

and blood [55]. Their primary role is to maintain and repair the tissue in which they reside, 

ensuring its functionality by replacing senescent or damaged cells [56]. This occurs via the 

process of asymmetric cell division [74]. However, there is evidence that certain tissue-based 

adult stem cells, for instance neural stem cells, may have a broader differentiation capacity than 

previously assumed [75,76]. Adult stem cells are located next to differentiated cells [57], mostly 

in a dormant, non-proliferating state (quiescence) within their stem cell niche to minimize 

metabolic and oxidative stress and prevent stem cell exhaustion, ensuring the prolonged 

maintenance of the stem cells in the tissue [69,77]. In response to tissue damage or cell loss, 

they are activated to proliferate and differentiate [78]. Mesenchymal stem cells (MSCs) 

exemplify adult stem cells, with populations found, among other places, in the bone marrow 

and subcutaneous adipose tissue [1]. The utilization of adult stem cells is usually free from 

ethical or legal concerns [55]. 

The potency of stem cells dictates their regenerative and therapeutic potential. Totipotent and 

pluripotent stem cells are highly valuable for research and potential medical applications due 

to their ability to generate a wide range of cell types. Hence, ESCs and iPSCs are promising for 

the use in regenerative medicine, transplantology and tissue engineering. However, they also 

come with ethical considerations, especially in the case of ESCs, and practical issues, bearing 

the risk of immunogenicity and tumorigenicity [1,73]. Therefore, multipotent and unipotent 

adult stem cells are highly advantageous for cell therapy and tissue engineering as well, since 

they lack these adverse effects and ethical issues, although they have more limited applications 

[55,78]. Especially MSCs are considered to have great potential and they are easy to isolate [1]. 

There are numerous preclinical and clinical studies on stem cell therapy worldwide, e.g., for 
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cardiovascular disorders, neurodegenerative diseases (like Parkinson’s disease, Alzheimer’s 

disease, Huntington’s disease), macular degeneration, skin damage (e.g., chronic wounds, burn 

injuries), and type 1 diabetes. Moreover, stem cell therapy is already approved for certain 

applications, such as the use of limbal stem cells for eye burns or hematopoietic stem cell 

transplantation to treat leukemia [56,78,79]. Apart from the direct application of stem cells, 

there is an alternative method known as stem cell-based cell-free therapy. In this approach, only 

the bioactive molecules (e.g., growth factors and immunomodulatory molecules) generated by 

stem cells and enclosed in extracellular vesicles are extracted and utilized, since the 

regenerative effect primarily relies on these autocrine produced factors [55]. 

1.2.2 Types of Stem Cells in The Skin 

The skin being a complex and highly regenerative organ, contains various precursor and stem 

cell populations. These skin stem cells play a dual role in maintaining skin homeostasis through 

continuous tissue regeneration and contributing to wound healing in response to injury [80], 

thereby preserving the integrity and functionality of the skin. The primary reservoirs for skin 

stem cells are the epidermis, hair follicles, and the dermis. Different types of stem cells include 

interfollicular epidermal stem cells, hair follicle stem cells, sebaceous gland stem cells, sweat 

gland stem cells, adipose-derived stem cells, melanocyte stem cells, and dermal stem cells. 

Epidermal stem cells are located in the basal layer of the interfollicular epidermis, constituting 

1–10% of the cells in this layer [81]. They are highly proliferative and possess a high degree of 

self-renewal potential. Asymmetric mitotic division generates a new epidermal stem cell and a 

TAC, which undergoes several divisions before leaving the basal layer to ultimately 

differentiate into keratinocytes [62,82]. Epidermal stem cells play a central role in the constant 

regeneration of the epidermis (epidermal homeostasis) and in wound repair [81]. 

The bulge region integrated into the outer root sheath of the hair follicle (Figure 1.1B) is the 

primary site for stem cells within the hair follicle [11] and contains multipotent epithelial stem 

cells, also termed hair follicle stem cells (HFSCs). These HFSCs give rise to various cell types 

within the follicle, including epithelial cells/follicular keratinocytes and sebaceous gland cells, 

but they can differentiate into interfollicular keratinocytes as well [62,83]. Their primary 

function is the regeneration of the hair follicle during the hair cycle. However, when skin 

integrity is severely compromised after injury, e.g., after burns, HFSCs are also involved in the 

repair of the epidermis [82,83], even though they are not typically responsible for building the 

interfollicular epidermis [84]. 
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Sebaceous gland stem cells are located in the sebaceous glands associated with hair follicles 

[85] (Figure 1.1B). They have the capacity to generate both sebocytes and epidermal 

keratinocytes, potentially contributing to the regeneration of the epidermis and other skin 

structures following injury [62]. Sebocytes are responsible for producing lipids and sebum, an 

oily substance that lubricates the skin and hair, thereby protecting and moisturizing the skin 

[80,85]. 

Sweat gland stem cells are found in the sweat glands distributed throughout the skin. They 

encompass various subpopulations, with most of them having functions in sweat gland repair 

and maintenance. Another subpopulation includes epidermal stem cells [86]. The ability to form 

a stratified, interfollicular epidermis with keratinocytes [87] is indicative of a potential role of 

sweat gland stem cells in wound healing [88]. Sweat glands regulate body temperature by 

producing sweat and are a component of the innate immune system [86]. 

Adipose-derived stem cells (ADSCs) are MSCs located at the dermal papilla and dermal 

sheath of hair follicles (Figure 1.1B), in the interfollicular dermis, and subcutaneous tissue [89]. 

They produce ECM proteins and regulate skin homeostasis as well as wound healing [89]. 

During wound healing, ADSCs are activated to recruit fibroblasts [90]. ADSCs can also migrate 

into wounded sites, differentiating into dermal fibroblasts, endothelial cells, and keratinocytes 

[89]. Dermal fibroblasts may also originate from other MSCs in human skin or from fibrocytes, 

bone marrow-derived progenitor cells related to monocytes, which migrate from the bone 

marrow or blood to the site of dermal injury and participate in tissue restoration [91,92]. 

Melanocyte stem cells (McSCs) serve as a reservoir to replenish lost melanocytes during 

adulthood. The precise location of these cells in adult skin is a topic of ongoing debate. While 

there is a confirmed niche for McSCs in the hair follicle [11,93], studies have suggested 

additional localizations in dermis and epidermis [6]. Several reports even propose that 

peripheral nerves could potentially act as a McSC niche from which cutaneous melanocytes are 

recruited for skin regeneration and repair [94-96]. 

 In the hair follicle, McSCs reside in the bulge region along with HFSCs (Figure 1.1B). 

These hair follicle McSCs replenish hair matrix melanocytes during each hair cycle [11]. They 

can also migrate to the basal layer of the surrounding epidermis and differentiate into epidermal 

melanocytes when needed [18], serving as a melanocyte reservoir for both hair and skin 

pigmentation [11]. Yu and colleagues were able to isolate adult stem cells with neural crest 

characteristics from human hair follicle bulge [93,97], which were different from previously 

identified lineage-specific McSCs from hair follicles. These cells expressed NCSC markers, 
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proliferated as spheres, and demonstrated self-renewal as well as differentiation into multiple 

lineages in vitro, namely neurons, smooth muscle cells, melanocytes [93], adipocytes, 

chondrocytes, and osteocytes [97]. 

 In individuals with vitiligo—a pigmentary skin disorder characterized by the loss of 

melanocytes—the process of skin repigmentation typically occurs through ‘follicular 

repigmentation’, starting around hair follicles and expanding from there over the entire 

depigmented skin area [11]. However, occasional instances of repigmentation in areas without 

hair follicles, like the palms of the hands, suggest the existence of McSC niches in other 

(extrafollicular) skin structures [98,99]. Additionally, with aging, hair follicle McSCs lose their 

self-renewal ability; depletion and dysfunction of McSCs and hair matrix melanocytes result in 

hair graying [100,101]. In contrast, skin melanocytes maintain lifelong proliferative potential, 

and skin pigmentation persists even after hair graying, being also indicative of another, hair 

follicle-independent source of McSCs. While much research has been conducted in murine 

skin, studies on McSCs in human skin are limited. Nevertheless, findings from mice cannot 

simply be extrapolated to humans due to significant differences in skin structure and physiology 

between the two (e.g., skin thickness, distribution of melanocytes) [10,102,103]. Recent 

research suggests the presence of melanocyte precursor cells in human interfollicular epidermis. 

Michalak-Micka et al. identified a c-Kit–/CD90+ cell population that has neural crest 

characteristics and can differentiate into multiple lineages in vitro [104]. It is further 

hypothesized that in humans, precursor cells for melanocytes could originate from dermal cell 

populations. However, a confined McSC niche in non-hairy skin has not yet been found. The 

growing evidence of a dermal melanocyte stem cell reservoir [30-32,105,106] is detailed in 

section 1.2.3. 

The presence of stem cells in the dermis remains largely unexplored. So far, THE ONE dermal 

stem cell singularly responsible for the maintenance and repair of the dermis has not been 

identified. This issue is discussed in the following section. 

1.2.3 Dermal Stem Cells 

In the literature, the term ‘dermal stem cell’ is confoundingly used to describe various dermis-

derived adult stem cell populations, employing different culture systems. The distinction is 

often challenging due to the terminological choices and the unclear origin in most cases. The 

studies described below demonstrate the presence of multipotent adult stem cell populations in 

the dermis; however, these populations are often not well-characterized. In in vitro 

examinations, the culture-initiating cell population is commonly undefined and heterogeneous, 
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being derived from the entire dermis. Consequently, the measured cell characteristics strongly 

rely on the culture system, including the isolation method and the utilized medium. Moreover, 

differences may arise depending on the specific anatomical location of the starting tissue [107]. 

While adult stem cells were traditionally thought to have stringent tissue-restricted 

differentiation potential, several findings indicate that they can also give rise to cells of different 

embryonic lineages [75,76,108,109]. Given the development of the dermis from mesenchymal 

precursors, one might hypothesize the existence of a multipotent embryonic mesenchymal 

precursor in the dermis responsible for homeostatic maintenance and regeneration. 

Mesenchymal stem cells (MSCs) are derived from the mesoderm and characterized by their 

ability of multi-lineage differentiation, with the extent of this capacity varying depending on 

the source in the body [110]. Usually, they can differentiate into cells of the osteogenic (bone), 

adipogenic (fat), chondrogenic (cartilage), and myogenic (muscle) lineages, while the potential 

to generate cells of the neurogenic lineage is still under debate. The existence of multipotent 

MSC-like cells in the dermis, demonstrating multi-lineage differentiation into mesodermal 

(osteocytes, adipocytes, myocytes) [110-112] and endodermal cells (hepatocytes) [112] was 

confirmed in several studies with human juvenile foreskin [110,111] and adult skin [112]. Other 

studies have demonstrated the additional potential of human dermis-derived stem cells for 

(ectodermal) neurogenic differentiation, generating cell types (neurons) that are not typically 

found in this tissue [105,113,114]. Besides MSCs, the dermis contains various other stem cell 

subpopulations, including neural crest stem cells (NCSCs) [115]. 

In a major breakthrough in the early 2000s, Toma and colleagues identified multipotent adult 

precursors with neural crest characteristics in the dermis. Initially discovered in juvenile and 

adult rodent and adult human skin [109], these cells termed ‘skin-derived precursors’ (SKPs) 

were later also found in neonatal human foreskin [105]. SKPs express mesenchymal markers 

like fibronectin and vimentin, along with neural crest markers such as nestin, Pax3, Snail, and 

Slug, whereas NGFRp75 is expressed minimally or not at all [105]. Thus, Toma et al. suggested 

a novel, previously unidentified dermal stem cell population, as SKPs differ from bone marrow 

MSCs in expression profile, growth behavior, and morphology [109]. Their antigen profile 

mostly aligns with embryonic NCSCs [105] and shares similarities with the pattern of the neural 

crest-characteristic hair follicle-derived McSCs described by Yu et al. [97] (see section 1.2.2). 

In vitro, SKPs grow as self-renewing spheres and exhibit the capacity for multi-lineage 

differentiation into both neuroectodermal (neurons, glial cells, Schwann cells) and mesodermal 

cells (smooth muscle cells, adipocytes) [105], all of them representing neural crest progeny. 



INTRODUCTION 

19 

 

The fact that SKPs can differentiate into functional myelinating Schwann cells [116], a cell type 

only derived from the neural crest, supports a potential neural crest origin [105]. These findings 

suggest that SKPs are embryonic neural crest-related stem cells that persist in lower numbers 

in the skin after embryogenesis, with the potential to generate neural crest progeny found in the 

skin, including melanocytes [117]. Other studies have confirmed the neurogenic potential of 

rodent and human dermis-derived SKPs [118-120]. However, their overall function in skin 

remained uncertain. 

The localization of these multipotent adult stem cells in the dermis and whether they have a 

confined niche are yet to be defined. Several studies concluded that the hair follicle dermal 

papilla and dermal sheath (Figure 1.1B) serve as niches for MSCs [115,121,122] and SKPs 

[117,123,124] in human and rodent skin. However, data from studies using foreskin tissue 

[105,110,111,113], which does not contain hair follicles, provide evidence that multipotent 

cells also exist in other extrafollicular zones of the dermis. A spatially restricted stem cell 

reservoir in non-hairy skin has not yet been identified. 

After Toma et al. were the first to demonstrate the presence of multipotent adult stem cells in 

extrafollicular regions through the isolation of SKPs [105], neural crest-derived stem cells from 

the skin have been extensively studied. In search of melanocyte precursors beyond hair follicles, 

in 2010 the group led by Meenhard Herlyn at The Wistar Institute in Philadelphia, USA, 

reported on multipotent dermis-derived stem cells with neural crest-like characteristics that 

demonstrated melanocytic differentiation potential [31]. These ‘dermal stem cells’ or ‘DSCs’ 

were isolated from human neonatal foreskin [125] and are the focus of this study. DSCs form 

three-dimensional spheres in human ESC medium, exhibiting self-renewal capabilities. They 

express NCSC markers NGFRp75 and nestin, along with the ESC marker Oct-4, while lacking 

expression of E-cadherin, N-cadherin, and melanocytic markers such as HMB45 or S100. In 

vitro, DSCs can differentiate into various neural crest-derived lineages, including melanocytes, 

neurons, Schwann cells, smooth muscle cells, chondrocytes, and adipocytes [31,126]. 

Consequently, DSCs are McSCs but retain flexibility to alter their fate depending on culture 

conditions. Foreskin-derived DSCs and SKPs [105] are similar but differ in some aspects, 

possibly attributable to the different culture media used: a melanocytic differentiation potential 

of SKPs is unknown and they lack solid expression of NGFRp75 and Oct-4. 

 Using a 3D human skin reconstruct model, Herlyn’s group showed for the first time that 

DSCs differentiate into HMB45+/S100+ melanocytes, which migrate from the dermis to the 

epidermis and align at the basal layer [31,125]. Following contact with epidermal keratinocytes, 
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they gain E-cadherin, while losing NGFRp75 expression [31]. This process of differentiation is 

triggered by keratinocytes secreting Wnt ligands after UV irradiation [42]. The 3D model 

comprised dermal foreskin fibroblasts and DSCs embedded in collagen as the dermal 

compartment, and epidermal keratinocytes above as a stratified epidermis, separated by a 

functional basement membrane [102]. Staining of foreskin sections revealed no distinct niche 

but rather the distribution of individual DSCs throughout the entire dermis. Overall, the findings 

from Herlyn and colleagues provide strong evidence that DSCs serve as a reservoir for 

extrafollicular epidermal melanocytes in the more protected dermis [31,32]. Meanwhile, in the 

dermis of glabrous depigmented areas of vitiligo patients, NCSCs have indeed been identified 

[106] using Li et al.’s protocols [31]. Due to their features (NGFRp75+/nestin+, self-renewal 

capacity, melanocytic differentiation potential), these cells are very likely to be DSCs [106], 

thereby further confirming the existence of a dermal McSC niche. 

 All of these findings initiated a debate on whether DSCs are involved in pathological 

events such as malignant transformation into melanoma. Accordingly, early epigenetic or 

genetic changes might already occur in the dermis in melanocytic precursors [31], as discussed 

further in section 1.5.2.3. 

When the term ‘dermal stem cells’ or ‘DSCs’ is used hereinafter, it refers to the melanocyte 

precursors from foreskin described by Herlyn's group. 

1.3 UV Radiation 

UV radiation is a form of electromagnetic radiation with wavelengths between ionizing 

radiation (<100 nm) and visible light (VIS; ~400–780 nm) on the electromagnetic spectrum 

(Figure 1.5). It is classified into three spectral bands: UVA (315–400 nm), UVB (280–315 nm) 

and UVC radiation (100–280 nm). UVA photons have the lowest energy at the longest 

wavelength, while UVC has the shortest wavelength but the highest energy. UVB covers the 

wavelength range between UVC and UVA radiation. Together with VIS and infrared radiation 

(IR), UV radiation is emitted by the sun. Each UV spectral band has a variety of effects on cells, 

tissues, and molecules [127,128]. UVA and UVB are classified as fully carcinogenic, meaning 

they have both tumor-causing and tumor-promoting effects [127,129]. Skin cancers primarily 

result from exposure to UV radiation, coming from the sun or from artificial sources such as 

tanning beds [127,130]. 
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Figure 1.5 UV wavelength range in the spectrum of electromagnetic radiation. Ultraviolet 

radiation refers to electromagnetic radiation with wavelengths between 100–400 nm. It is divided into 

UVA (315–400 nm), UVB (280–315 nm), and UVC radiation (100–280 nm). Gamma and X-rays with 

shorter wavelengths <100 nm but higher energy belong to ionizing radiation. Visible light, infrared 

radiation (IR), microwaves and radio waves have lower energy but longer wavelengths than UV 

radiation (created with BioRender.com, adapted from [131]). 

1.3.1 Physical Principles of UV Radiation 

The energy of electromagnetic radiation is described by the following formulas according to 

the wave-particle duality: 

𝑐 = 𝜆 ×  𝑣 and     Formula 1 

𝐸 = ℎ ×  𝑣 = ℎ × 
𝑐

𝜆
    Formula 2 

with  E = energy of the radiation quantum (J) 

  h = Planck constant (6.626 × 10-34 Js) 

  v = frequency of the radiation quantum (Hz) 

  c = speed of light in vacuum (m/s) 

   = wavelength (nm) 

The energy of electromagnetic radiation is therefore dependent on the wavelength . The longer 

the wavelength, the lower the energy and vice versa. The irradiance E (W/m²) is calculated from 

the radiant power per unit area. 

𝐸 = ∫ 𝐸𝜆(𝜆)𝑑𝜆

𝜆2

𝜆1

                                                 Formula 3 

The dose or radiant exposure H (J/m²) describes the integral over time of the irradiance and thus 

the energy that acts on a surface over a defined period of time t [132]. 
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𝐻 = ∫ 𝐸(𝑡)𝑑𝑡

𝑡

0

                                                     Formula 4 

The different UV spectral bands differ in their irradiance for inducing certain biological effects. 

Therefore, it is necessary to weigh UV radiation according to its biological effectiveness. The 

minimal erythema dose (MED) is often used as a measure of the biological effectiveness. It is 

defined as the lowest UV dose that causes a just noticeable reddening (erythema) on previously 

non-exposed skin 24 hours after exposure [133,134]. The MED is a subjective measure and 

varies greatly depending on the individual skin type, skin thickness, prior UV exposure, 

immune status, sex, season, and meteorological factors [135-137]. For a fair-skinned European 

with skin type II, the MED averages around 250–400 J/m² [127]. 

 The calculation of erythema-weighted doses is based on standardization by the 

International Commission on Illumination (CIE). This weighting according to standardization 

is shown in Figure 1.6. The relative effectiveness decreases significantly with increasing 

wavelengths. Since nucleic acids and proteins exhibit absorbance maxima at 260 nm and 

280 nm, respectively, UVB radiation (280–315 nm) has the highest biological effectiveness, 

while in the range of UVA rays (315–400 nm), it decreases by a factor of 1,000–10,000. 

Consequently, a much higher UVA dose is required to induce equivalent physiological effects 

compared to UVB radiation. UVC radiation (100–280 nm) is not shown due to its low 

proportion in solar radiation and low relevance in the development of skin cancer [138-140]. 

 

Figure 1.6 Erythema-weighted spectral effectiveness. The biological effectiveness varies depending 

on the spectral band. It is greatest with short-wave UV radiation (UVB). At increasing wavelengths 

shifting into the UVA range, it decreases sharply (adapted from [140]). 
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1.3.2 Solar UV Radiation 

Solar radiation is largely optical radiation. Epidemiological studies together with molecular 

biological data confirm a causal association between exposure to solar radiation and the major 

types of skin cancer [141]. Therefore, solar radiation is classified as carcinogenic to humans 

[129]. The solar radiation spectrum on the Earth’s surface (terrestrial radiation) is composed of 

50% visible light (VIS), 45% infrared radiation (IR), and 5% UV radiation. Although UV 

radiation only accounts for such a small portion of the total terrestrial solar energy, it is 

responsible for a large portion of all known biological effects that are associated with harmful 

effects of solar radiation exposure [134,136]. 

 Passing through the Earth’s atmosphere, the sunlight is filtered and scattered by various 

atmospheric components, including ozone and other gaseous and pollutant particles. Especially 

the short-wave UV range is absorbed, resulting in almost complete absorption of UVC radiation 

by the ozone layer. UVB rays are also largely absorbed by the Earth’s atmosphere, while nearly 

all of the emitted UVA radiation reaches the surface of the Earth [142]. Therefore, terrestrial 

UV radiation primarily consists of UVA (90–95%) and UVB radiation (5–10%) [129,134]. 

 A variety of factors, such as the position of the sun, cloudiness, altitude, reflectance, and 

the atmospheric composition (ozone content, amount of scattering and absorbing particles, 

pollution) affect the intensity and the proportion of solar UV radiation at the Earth’s surface 

that is biologically active for humans [134,143]. This results in diurnal, seasonal, and 

geographical variations [127,128,136]. Given the influencing factors mentioned above, climate 

change will also have an effect on terrestrial UV levels. 

1.3.3 Penetration Depth of UV Radiation into Human Skin 

Depending on the wavelength, solar radiation penetrates the human skin to varying degrees, 

with increasing wavelengths corresponding to greater penetration depth (Figure 1.7). The 

penetration depth is influenced by the absorption characteristics of chromophores and by tissue 

reflection [136,144] and can vary depending on the angle of entry and the thickness of the 

different skin layers. Absorption at specific wavelengths is primarily associated with distinct 

components of the skin. Around 280 nm, it is attributed to keratin in the epidermis and stratum 

corneum, while absorption at 425, 500, and 600 nm is linked to blood and fat in the dermis and 

subcutaneous tissue. At approximately 970 nm, water plays a central role in absorption. 

Melanin is a broadband UV absorber. Scattering and absorption of radiation in the different 

skin layers lead to a gradual, non-linear reduction of energy density with depth [145]. 
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 The stratum corneum is an effective barrier to UVC radiation, but since solar UVC is 

almost completely absorbed by the ozone layer, it is not considered further. The long-

wavelength UVA rays are less scattered upon entering the epidermis compared to UVB. 

Approximately 20% of UVA and 9% of UVB radiation reach the basal layer of the epidermis, 

where epidermal stem cells and melanocytes are located [128]. UVA can penetrate deep into 

the dermis and one percent even transmits into the subcutaneous tissue, contributing to skin 

aging and wrinkling by damaging elastic fibers and collagen. UVB radiation, on the other hand, 

is almost entirely absorbed in the epidermis due to molecular interactions and only a small 

fraction reaches the dermis [5,127]. The wavelengths of VIS and infrared radiation (particularly 

IR-A) are able to penetrate deeper into the skin [136,146,147]. Around 20% of VIS arrives at 

the subcutaneous tissue, whereas for IR-A, larger percentages transmit into dermis (65%) and 

subcutaneous tissue (40%) [148]. Longer-wavelength IR-B and IR-C radiation are mostly 

absorbed in the epidermis by water and released as thermal energy to surrounding tissues [147]. 

 

Figure 1.7 Penetration depth of UV radiation into human skin. The depth to which electromagnetic 

radiation penetrates the skin is dependent on its wavelength. Greater wavelength corresponds to 

increased penetration depth. UVC is almost completely absorbed by the ozone layer. UVB is largely 

absorbed in the epidermis, with a minor portion still penetrating into the upper dermis. UVA reaches 

deep into the dermis and even into the subcutaneous tissue. Both VIS and IR-A reach the subcutaneous 

tissue as well (created with BioRender.com, adapted from [5,149]). 
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1.3.4 Biological Effects of UV Radiation (on The Skin) 

Exposure to UV radiation results in a variety of acute and long-term effects in the human body 

and can impair the integrity of the skin barrier. Solely UVA and UVB radiation are biologically 

relevant, since exposure to UVC is only possible through artificial sources such as electric-arc 

welding and germicidal lamps [127,128]. UV radiation triggers photochemical effects due to 

the absorption of photons by specific molecules. These effects are dependent on the dose and 

on the wavelength. The primary organs affected by UV radiation are skin and eyes [136]. 

However, effects to the eyes are not relevant for this work and not discussed in detail. 

 Acute adverse effects of UV exposure include erythema/sunburn, pigmentation (tanning), 

photodermatoses, photokeratitis, photoconjunctivitis, local and systemic immunosuppression 

[150,151]. At the molecular level, UV radiation causes DNA damage, such as cyclobutane 

pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts (6-4PPs) [152], as 

well as the formation of free radicals and reactive oxygen species (ROS) [136]. 

 UV radiation also has some beneficial biological effects, including vitamin D3 synthesis in 

the skin. Recent research indicates that UV might even lower blood pressure [151,153]. 

Moreover, it is used therapeutically for the treatment of certain (inflammatory) skin diseases 

like vitiligo vulgaris, psoriasis, atopic dermatitis, cutaneous T-cell lymphoma, and cutaneous 

sclerosis due to its anti-inflammatory/immunosuppressive effect (e.g., phototherapy with 

narrowband UVB, psoralen + UVA (PUVA), UVA1) [154,155]. 

 Chronic exposure to UV radiation leads to long-term adverse effects, such as photoaging 

of the skin (wrinkling, hyperpigmentation, loss of elasticity, dryness), eye damage like cataract, 

and ultimately photocarcinogenesis due to the accumulation of mutations [156]. Except for 

vitamin D3 synthesis, both acute and chronic effects are causally linked to UV-induced DNA 

damage and are mainly attributed to CPDs [128,157]. UVB radiation is acknowledged as the 

primary cause of sunburn and skin cancer; however, both UVB and UVA contribute to the 

development of cutaneous tumors [5]. 

1.3.5 UV-Induced DNA Lesions 

Exposure to UV radiation can lead to both direct and indirect DNA damage [57,141]. 

Absorption of UVB photons by DNA causes direct damage, most frequently resulting in 

dimerization of adjacent pyrimidine bases (cytosine, thymine). The two main photoproducts are 

CPD and 6-4PP [138,141] (Figure 1.8). 6-4PPs are generated by formation of a covalent bond 

between the C6 of the 5’-base and the C4 of the 3’-base. On the other hand, CPDs are formed 
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by the coupling of the 5,6-double bonded carbons of two adjacent pyrimidine nucleotides and 

are induced most frequently [141,152]. About 75% of UV-specific DNA lesions are CPDs, 

while 6-4PPs account for the remaining 25% [133,158]. The phenomenon of dark CPDs 

encompasses the formation of CPDs up to three hours after irradiation. This process involves 

chemiexcitation, where the energy is transferred to chemical intermediates such as melanin, 

which in turn transfer the energy to DNA molecules, resulting in the subsequent, time-delayed 

CPD formation [151,159]. 

 DNA photolesions can lead to mutations and are involved in the development of cancer, 

with CPDs being considered to have a higher mutagenic potential [5,127,160]. 6-4PPs are 

typically repaired more efficiently and are less likely to cause mutations [138,161,162]. CPDs 

and 6-4PPs cause different biological effects in UV-damaged cells. For example, 6-4PPs tend 

to induce apoptosis as the initial cellular response, while CPDs are more often associated with 

cell cycle arrest followed by DNA repair [163,164]. 

 Several studies have shown that CPDs are also the most common UVA-induced DNA 

damage in human skin cells and human skin in vivo [138,165,166]. The exact mechanism of 

induction by UVA, however, is still unknown [152,167]. Nevertheless, UVB radiation induces 

CPDs with an approximately 1,000- to 10,000-fold higher efficacy than UVA radiation 

[133,138,168]. 

 

Figure 1.8 Chemical structures of pyrimidine dimers. The most common UV-induced DNA lesions 

are pyrimidine dimers, namely the cyclobutane pyrimidine dimer (CPD) and the pyrimidine (6-4) 

pyrimidone photoproduct (6-4PP) (created with Marvin JS). 
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The formation of CPDs is not uniform and depends on the base sequence and chromatin state, 

with lesions occurring more frequently in heterochromatin than in euchromatin. Thus, 

nucleosomes and other DNA-binding proteins affect CPD induction [169-171]. Most 

frequently, adjacent thymines undergo dimerization (TT). Thymine-cytosine or cytosine-

thymine lesions (TC, CT) occur less often, and cytosine-cytosine dimers (CC) are extremely 

rare [138,152,156,166]. 

 While TT dimers rarely lead to mutations, CC photolesions have a high mutagenicity, 

leading to the formation of specific UV signature mutations as a result of CCTT tandem 

transitions [172]. Nevertheless, the predominant mutations are CT transitions [138]. The 

prevailing emergence of mutations from cytosine-containing CPDs is likely attributed to two 

mechanisms. First, lesion bypass through error-prone DNA polymerases can result in incorrect 

base pairing of the damaged cytosine with adenine. Second, within the dimer, cytosine may 

deaminate to uracil, leading to the subsequent ‘correct’ insertion of adenine opposite uracil. 

During the next replication, thymine is inserted opposite the adenine, ultimately representing a 

CT transition [141]. These signature mutations are found in UV-irradiated cells as well as in 

skin tumors, e.g., in the p53 gene [129,133,173], a tumor suppressor with crucial roles in cell 

cycle regulation, DNA repair, and apoptosis (see section 1.4). Due to increased energy 

absorption, CPDs and thus CT mutations are often induced at 5-methylcytosine within CpG 

dinucleotides [138,141]. This leads to UV-induced mutation hotspots within CpG islands in 

promoter regions, for example, of tumor suppressor genes like p53, impacting their activity 

[174]. Consequently, CPDs play a pivotal role in skin carcinogenesis and, along with UVB 

radiation, are considered one of the main causes of skin cancer [141]. 

 However, also UVA is implicated in the promotion of skin cancer and causes characteristic 

signature mutation patterns [138,175]. With similar physiological doses, UVA-induced 

pyrimidine dimers might be even more mutagenic than those induced by UVB, attributed to a 

less effective UVA-triggered DNA damage response. UVA activates p53 to a significantly 

lesser extent, while cell cycle arrests and deceleration of DNA replication occur more frequently 

and prolonged after UVB exposure [152,176]. Consistent with these findings, the repair rate of 

UVA-induced CPDs in human skin is reported to be lower than that of UVB-induced CPDs. It 

is assumed that not only different cell cycle dynamics but also degradation of DNA repair 

proteins under oxidative stress contribute to this circumstance, although the precise underlying 

mechanisms remain unknown [165]. 

UV radiation causes additional cancer-promoting changes apart from CPDs, which also lead to 

mutations. Predominantly UVA radiation indirectly damages DNA by stimulating endogenous 
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cellular chromophores like porphyrins, flavins, melanin, and NADH. These chromophores 

interact with molecular oxygen, giving rise to free radicals and ROS, such as hydrogen peroxide 

(H2O2), hydroxyl radicals (OH–), singlet oxygen (1O2), and superoxide anions (O2
–). These ROS 

subsequently interact with membrane lipids, proteins, and also DNA bases and result in DNA-

protein crosslinks, DNA single- and double-strand breaks, abasic sites, and oxidative base 

damage [24,177-179]. The DNA lesion 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-dG) is 

the most common oxidative damage caused by UVA and leads to GT transversions due to 

incorrect base pairing with adenine. These mutations were detected in skin tumors, suggesting 

a carcinogenic potential of oxidative damage [127,180]. 

This study primarily focuses on CPDs as UV-induced DNA damage, since they are responsible 

for the majority of UV-specific mutations. 

1.4 DNA Damage Response 

The DNA damage response (DDR) refers to an evolutionary conserved, complex network of 

interacting pathways designed to detect and regulate specific forms of DNA damage, aiming at 

preserving genomic stability [181]. Therefore, the DDR plays a crucial role in preventing 

carcinogenesis [57]. During differentiation, the DDR undergoes modifications, thereby 

establishing different levels of tolerance to DNA damage between stem cells and post-

mitotic/somatic cells [182]. This section will focus primarily on the cellular response to UV 

exposure. 

 The formation of photoproducts through UV radiation triggers the DDR (Figure 1.9A). 

Activation of DNA damage checkpoints initiates multiple signaling cascades, including DNA 

repair, cell cycle arrest, transcriptional reprogramming [183], and chromatin remodeling 

[184,185]. As part of the DNA damage tolerance, the so-called translesion DNA synthesis 

(TLS) allows for DNA synthesis while UV-induced DNA lesions are still present, but may 

incorporate mutations [186]. This can lead to the inactivation of tumor suppressors, the 

activation of oncogenes, and in stem cells, the dysregulation of genes involved in differentiation 

and self-renewal [66]. All these factors can ultimately contribute to carcinogenesis. In case of 

extensive or irreparable DNA damage, apoptotic or senescent mechanisms are activated 

[183,186]. Another alternative outcome of the DDR in adult stem cells is the promotion of 

differentiation in response to excessive DNA damage [66,181]. The diverse pathways of the 

DDR are regulated by various transcriptional, post-translational, and epigenetic mechanisms 

[187-189]. 
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Figure 1.9 UV-induced damage response. (A) Schematic overview of the different outcomes in the 

DNA damage response to UV radiation. NER: nucleotide excision repair, BER: base excision repair, 

TLS: translesion DNA synthesis, MM: malignant melanoma, SCC: squamous cell carcinoma, BCC: 

basal cell carcinoma. (B) Induction of the DNA damage checkpoints with ATM and ATR as damage 

sensors. ATM: ataxia-telangiectasia mutated, ATR: ataxia-telangiectasia and Rad3-related (ATR). (C) 

Regulation of the cell cycle checkpoints following ATR checkpoint signaling and activation of p53. (D) 

Different steps of the nucleotide excision repair. TCR: transcription-coupled repair, GGR: global 

genome repair. (E) Extrinsic and intrinsic apoptosis pathways induced by UV radiation. The different 
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pathways (1–4) are further explained in section 1.4.4. ROS: reactive oxygen species (created with 

BioRender.com, D and E adapted from [184] and [5]).  

1.4.1 DNA Damage Checkpoints 

DNA damage checkpoints are constant cellular surveillance mechanisms that are activated in 

response to DNA damage, limiting the growth of damaged cells through various processes 

[66,183]. They consist of four components (Figure 1.9B): 

• Sensors, e.g., ATM, ATR, DNA-PK 

• Mediators, e.g., 53BP1, Claspin, BRCA1 

• Signal transducers, e.g., Chk1, Chk2  

• Effectors, e.g., p53, Cdc25A 

The interaction of these proteins can result in either temporary cell cycle arrest and DNA repair, 

or the elimination of the damaged cell through apoptosis and/or cellular senescence [190]. In 

mammalian cells, the DDR is primarily regulated by two main kinases of the PI3K-like kinase 

family: ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia and Rad3-related (ATR). 

The damage sensor ATM acts primarily on DNA double-strand breaks from ionizing radiation, 

whereas ATR is activated by replication stress, such as unprocessed damage, stalled replicative 

DNA polymerase, or single-stranded DNA (ssDNA) [191,192]. UV-induced DNA damage is 

mainly detected by ATR [183], although in non-cycling cells, UV radiation can also activate 

the ATM pathway [186]. Mediators simultaneously interact with damage sensors, signal 

transducers, and effector molecules, contributing to signal transduction specificity [183]. ATR 

activates the checkpoint kinase 1 (Chk1), which phosphorylates effector proteins like tumor 

suppressor p53 and phosphatase Cdc25A [186] (Figure 1.9A). 

One key element of the DDR is the transcription factor and tumor suppressor p53, the ‘guardian 

of the genome’ [191,193]. Under normal conditions, MDM2-mediated degradation keeps p53 

at constant low levels [194]. Upon damage-induced phosphorylation by ATR and Chk1, p53 is 

stabilized [183,186], accumulates in the nucleus, and activates several downstream targets 

associated with cell cycle arrest (p21), DNA repair (e.g., PCNA, NER recognition protein 

XPC), apoptosis (pro-apoptotic proteins Bax, Noxa, Puma), senescence (p16, p19), antioxidant 

defense, and/or chromatin remodeling (interaction with remodeling complexes, e.g., SWI/SNF) 

[184,195-200]. Changes in chromatin structure are also mediated through the interaction of p53 

with histone acetyltransferases (HATs) and histone deacetylases (HDACs) [191,201]. In 

addition, microRNAs that subsequently act in the DDR are also among the p53 targets [202]. 
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Activation of p53 with low levels, involving the classical p53-MDM2 feedback loop, typically 

activates cell cycle arrest, while apoptosis is associated with high p53 levels lacking MDM2 

accumulation [191]. 

 The dynamics of p53 vary based on the stimulus and cell fate. UV radiation induces a 

single pulse of p53 activation with a dose-dependent increase in amplitude and duration. In 

response to DNA double-strand breaks (e.g., ionizing radiation), p53 displays pulsed dynamics 

with fixed amplitude and duration, but a dose-dependent number of pulses. These variations 

arise from ATR instead of ATM acting as a sensor for UV-induced damage, involving different 

negative feedback loops. Moreover, distinct dynamics determine diverse cell fates. Pulsatile 

kinetics are associated with cell cycle arrest and repair, whereas sustained levels lead to 

apoptosis and senescence [197]. Furthermore, p53 dynamics are also cell type-specific [203]. 

1.4.2 Cell Cycle Arrest 

The ability to undergo cell cycle arrest after DNA damage is essential for maintaining genomic 

integrity and facilitating the repair of damage before DNA synthesis and subsequent cell 

divisions. The activation of checkpoints is controlled by the kinases ATM and ATR. ATR 

checkpoint signaling can induce different cell cycle checkpoints: G1/S, intra-S, and G2/M 

(Figure 1.9C). The ATR/Chk1-triggered proteolysis and inhibition of Cdc25A prevent the 

activation of cyclin-dependent kinases 2 and 1 (CDK2 and CDK1) that usually mediate the 

transition from G1 into S phase and the mitotic entry, respectively, temporarily arresting the 

cell cycle at G1/S and G2/M [186,192]. This initial, short-lasting arrest is accompanied by 

prolonged p53-mediated cell cycle checkpoint activation. Upon UV radiation, p53 also arrests 

the cell cycle in G1 and G2 phases [184], whereby p21 plays a crucial role as an inhibitor of 

several CDK complexes [191]. The stabilization of p53 after phosphorylation by ATR (at 

Ser15) and Chk1 (at Ser20) allows for the activation of p21 [183]. The p53-regulated G1/S 

arrest occurs through the inhibition of CDK2 by p21 [204]. Additionally, p21 binds to the cyclin 

D/CDK4 complex, preventing it from phosphorylating retinoblastoma protein (Rb), thereby 

inhibiting the transcription of E2F-dependent S phase genes [183]. On the other hand, the 

interaction of p21 with CDK2 can be enhanced by the release of p21 from cyclin D/CDK4 due 

to the disruption of the complex by p16 [205] and through p53-independent degradation of 

cyclin D [206]. In the G2/M arrest, p21 is involved in the inhibition of cyclin A- and cyclin 

B/CDK complexes, although p21 is not essential for this checkpoint [191]. The intra-S 

checkpoint is triggered by ATR-Chk1 signaling with the inhibition of Cdc25A and cyclin 

E/CDK2, inhibiting the firing of replication origins [183]. In addition to cell cycle arrest, p53 
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also activates a variety of DNA repair genes [207,208], chromatin remodeling [184,198], 

antioxidant defense, and apoptosis. 

1.4.3 DNA Repair 

Preserving the genomic integrity is essential for organismal development, cellular homeostasis, 

and cancer suppression. When DNA repair is absent or incomplete, DNA photolesions may 

lead to cell death and senescence, contributing to aging. Alternatively, the formation of 

mutations and genomic alterations can promote carcinogenesis [209]. Eukaryotic cells possess 

various highly conserved DNA repair mechanisms with differing fidelity levels. The activation 

of a specific mechanism depends on the type of DNA lesion and the cell cycle stage in which 

the cell resides [195,209]. Many organisms from bacteria to vertebrates are able to repair UV-

induced pyrimidine dimers through photoreactivation with photolyase enzymes. These 

enzymes directly cleave CPDs and 6-4PPs into their corresponding monomers via a light-

dependent reaction. However, humans are excluded from this, since placental mammals, due to 

evolutionary changes, lack the photolyase enzymes necessary for photoreactivation 

[175,183,210]. In humans, repair of UV-induced DNA damage is possible only through 

nucleotide and base excision mechanisms [186]. 

The primary pathway for repairing bulky, helix-distorting adducts like UV-induced pyrimidine 

dimers is the nucleotide excision repair (NER) (Figure 1.9D), where a lesion-containing 

oligonucleotide (~25–30 nucleotides long) is enzymatically removed and replaced by an intact 

sequence [211]. A distorted helix conformation inhibits physiological processes, such as 

replication and transcription [184]. 6-4PPs alter the helix structure more strongly than CPDs, 

leading to quicker detection and removal [186]. Additionally, the chromatin state (compactness) 

influences the recognition of UV-induced DNA lesions, affecting the rapidity and efficiency of 

NER [171,212]. 

 NER comprises two distinct subpathways that differ in DNA damage recognition [211]. 

Global genome repair (GGR) operates throughout the entire genome, independent of 

transcription and replication, with initiation through the XPC-RAD23B complex detecting helix 

distortion. Transcription-coupled repair (TCR) targets only the transcribed strand of active, 

expressed genes during transcription through stalled RNA polymerase II at the damage site with 

the assistance of CSA and CSB [184,186]. Additionally, a mechanism called transcription 

domain-associated repair (DAR) involves proficient repair on both strands of transcribed genes 

in otherwise NER-deficient cells. This has been observed, for example, in neuron-like cells, 

appearing to be a subset of GGR, but the underlying molecular mechanism is unknown 
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[211,213]. Following damage recognition, both subpathways (GGR and TCR) share subsequent 

steps (Figure 1.9D): DNA unwinding by helicases XPB and XPD, subunits of the transcription 

factor IIH (TFIIH) complex; stabilization of the resulting single-strand structure by XPA and 

RPA; incision 5’ and 3’ to the damaged site via the endonucleases ERCC1-XPF and XPG, 

respectively; excision of the oligonucleotide; filling of the ssDNA gap through DNA synthesis 

by DNA polymerase δ or ε associated with PCNA, using the opposite DNA strand as a template; 

sealing of the new oligonucleotide by DNA ligase I or III [184,211,214]. 

 p53 contributes to DNA repair by regulating transcription and directly interacting with 

components of the repair machinery (e.g., RPA), although the precise mechanisms remain 

unknown [191]. Additionally, p53 seems to recruit HAT complexes to enable access of NER 

factors to damaged sites through chromatin relaxation [191,201]. 

If a DNA lesion remains unrepaired or undergoes slow repair, TLS polymerases may read 

across the lesion during the S phase as part of a DNA damage tolerance mechanism. This 

process can potentially lead to the generation of mutations in an error-prone manner by 

incorporating incorrect nucleotides [186,215]. The significance of functional DNA repair in 

preventing photocarcinogenesis is exemplified by xeroderma pigmentosum (XP), a rare 

autosomal recessive congenital disorder affecting DNA repair due to mutations in NER genes, 

categorized into eight complementation groups/subtypes (XPA to XPG, XPV) [216]. 

Deficiencies in the repair capability of DNA photolesions result in hypersensitivity of the skin 

to sunlight and UV radiation, along with an almost 10,000-fold increase in non-melanoma skin 

cancers (NMSCs) and a 2,000-fold increase in malignant melanomas (MMs) among XP patients 

under 20 years old [217,218]. Approximately a quarter of XP patients also suffer from 

progressive neurological damage [216]. The majority of XP patients face premature death due 

to metastatic MMs and invasive squamous cell carcinomas (SCCs) [219]. Similarly, the 

autosomal recessive disorders trichothiodystrophy and Cockayne syndrome are characterized 

by mutations in the NER pathway as well. Patients exhibit features, such as developmental 

disorders, neurodegeneration, and premature aging, however, without solar hypersensitivity 

[158,218]. 

Oxidative UV-induced DNA damage like 8-oxo-dG is repaired via base excision repair (BER). 

In this repair process, typically individual damaged bases are replaced, but single-strand breaks 

are also addressed. Various DNA glycosylases detect modified DNA bases (such as oxidation, 

deamination, depurination, alkylation) and catalyze their excision, resulting in an abasic site. 
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The APEX1 endonuclease cleaves the DNA backbone, the gap is re-synthesized by DNA 

polymerase β and PCNA, and finally sealed through the XRCC1-ligase III complex [220,221]. 

1.4.4 Apoptosis 

When DNA damage exceeds the cell’s repair capacity or DNA repair fails, leaving unprocessed 

DNA lesions, cells usually enter a state of cellular senescence through permanent cell cycle 

arrest in G1 or undergo programmed cell death through apoptosis. By restricting replicative 

expansion, apoptosis serves as a protective, tumor-suppressing mechanism against unrepaired 

DNA lesions that could lead to mutations and carcinogenesis. This is particularly important in 

stem cells, where mutations otherwise could be passed on to self-renewing daughter cells and 

accumulate over time. UV radiation triggers apoptosis by causing DNA damage and ROS [5]. 

The emergence of epidermal sunburn cells following exposure to high-dose solar radiation is 

an example of UV-induced apoptosis in keratinocytes [222]. 

 Apoptosis is an active process in which the cell undergoes successive breakdown without 

harming neighboring tissue. Characteristic features of apoptotic cells are: cell shrinkage; 

chromatin condensation; protein cleavage via caspases; DNA fragmentation via caspase-

activated DNase, causing the characteristic ‘nucleosome ladder’ [5]; and formation of 

membrane-bound apoptotic bodies (membrane blebbing), which are phagocytosed by 

macrophages and dendritic cells [184]. Caspases, cysteine proteases, play a pivotal role in this 

process by cleaving the cell’s own proteins, such as lamin (nuclear membrane) and actin 

(cytoskeleton), and activating secondary target proteins like DNase or other caspases through 

proteolysis. Necrosis, in contrast to apoptosis, is a passive process where massive damage leads 

to cellular swelling and disruption of the cell membrane, subsequently causing an inflammatory 

reaction [222]. 

Mammalian cells exhibit two pathways to induce apoptosis (Figure 1.9E). The intrinsic 

(mitochondrial) pathway is initiated from within the cell due to cellular stressors, regulated by 

pro-apoptotic (Bax, Bak, Bid, Bim, Puma, Noxa) and anti-apoptotic (Bcl-2, Bcl-x) members of 

the Bcl-2 protein family. Initially, excessive DNA damage activates p53, leading to the 

transcription of pro-apoptotic Bax and Bak. These proteins cause mitochondrial membrane 

permeabilization and subsequent release of cytochrome c from mitochondria into the cytosol. 

Cytochrome c forms a complex with apoptotic protease activating factor-1 (Apaf-1) called the 

apoptosome, which activates the caspase cascade, starting from initiator Caspase-9 and 

progressing to effector Caspase-3 and Caspase-7 [5,184]. 
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 Conversely, UV radiation can also initiate apoptosis independently of DNA photoproducts 

through the extrinsic (death receptor) pathway, involving the activation of membrane death 

receptors. This pathway is mitochondria-independent and starts with an external signal, such as 

Fas ligand (FasL) or autocrine and paracrine-released TNF-α, binding to death receptors in the 

plasma membrane (e.g., Fas receptor/CD95). Downstream signal transduction includes the 

recruitment of cytosolic FAS-associated death domain protein (FADD) and subsequent 

activation of the caspase cascade. This cascade starts with initiator Caspase-8 and Caspase-10, 

which cleave and activate effector Caspase-3 and Caspase-7 [5,184,222]. 

The capacity of p53 to trigger apoptosis could be considered its foremost role in suppressing 

tumors [191]. Phosphorylation of p53 at Ser46 is associated with the activation of various genes 

involved in both death receptor pathways (e.g., Fas) and mitochondrial pathways (e.g., Apaf-1, 

Bax, Noxa, Puma) [191,197]. Additionally, p53 can directly interact with the mitochondrion or 

members of the Bcl-2 protein family [191]. In melanocytes, both UVA- and UVB-induced 

apoptosis are p53-dependent, though the intracellular location of p53 differs [223]. UVA 

induces oxidative damage, disrupting the intracellular redox balance and causing the 

translocation of p53 to the mitochondria. In contrast, UVB induces DNA damage, leading to 

the expression of p53, which then translocates to the nucleus. Both mechanisms ultimately 

result in the translocation of Bax to the mitochondria, release of cytochrome c, and activation 

of caspases [200].  

In summary, UV radiation can initiate apoptosis via several pathways (Figure 1.9E): 

(1) DNA damage, leading to p53 activation and release of cytochrome c from 

mitochondria (intrinsic pathway) [222] 

(2) Induction of death ligands and subsequent activation of death receptors, initiating 

the caspase cascade (extrinsic pathway) [222] 

(3) Direct, ligand-independent activation of death receptors through the induction of 

receptor clustering [222], accompanied by the translocation of Bax to mitochondria 

and release of cytochrome c 

(4) Overproduction of ROS, resulting in protein and DNA damage, and release of 

cytochrome c [5] 

1.4.5 Transcriptional, Post-Translational, and Epigenetic Regulation 

The DDR is regulated by a rapid cascade of post-translational modifications (PTMs), primarily 

phosphorylation through kinases (e.g., inhibition of Cdc25A), and a delayed transcriptional 
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response, involving changes in gene expression (e.g., transcription of p21). Additionally, post-

transcriptional epigenetic regulation also contributes to this process [187-189,224]. 

Epigenetic generally refers to potentially heritable alterations in gene expression without 

modifying the primary DNA sequence. The three major epigenetic mechanisms include DNA 

methylation (addition of a methyl group at the C5-position of cytosine), histone modifications, 

and non-coding RNAs [225]. DNA hypermethylation in gene promoter regions is associated 

with transcriptional repression, whereas hypomethylation promotes gene activation. 

 In response to UV-induced DNA damage, histone modifications induce chromatin 

remodeling, resulting in either enhanced gene accessibility (euchromatin) or inactivation 

(heterochromatin) [185,226] to support chromosomal stability, depending on the type and 

location of the modification [227]. PTMs of the histone tails encompass acetylation, 

methylation, phosphorylation, and ubiquitination. Moreover, the specific type of modification 

dictates the cell’s fate, determining whether it undergoes DNA repair [228] or apoptosis [229]. 

Certain histone modifications serve as binding site for repair and checkpoint proteins or act as 

signals, for instance, triggering chromatin condensation for apoptosis [184,230]. 

 Non-coding RNAs that are implicated in post-transcriptional gene regulation and RNA 

silencing include small interfering RNAs (siRNAs) and microRNAs (miRNAs) [231]. miRNAs 

are small, endogenous, single-stranded RNA molecules with a length of about 18–25 

nucleotides [232]. Their primary mode of action involves binding to the 3’ untranslated region 

(3’UTR) of target mRNAs, thereby suppressing the protein translation or causing degradation 

of the mRNA, depending on the degree of complementarity [231]. Notably, a single miRNA 

can target hundreds of mRNAs, and conversely, each mRNA can be (cooperatively) regulated 

by multiple miRNAs [233,234]. miRNAs play integral roles in various physiological and 

pathological processes like embryonic development, cell differentiation, proliferation, 

carcinogenesis, tumor progression, and metastasis [232]. In the context of tumor development, 

miRNAs exhibit dual functionality as both tumor suppressors and oncogenes [235,236]. Recent 

research shows that miRNAs are involved in the initiation, maintenance, and termination of 

DDR signaling, introducing an additional layer of regulation and complexity to the intricately 

controlled cellular responses to UV radiation [187,189,237]. The regulation of UV-DDR by 

miRNAs is suggested to occur at an intermediate stage, positioned between rapid protein 

modifications within minutes and the much slower transcriptional reprogramming that requires 

several hours to days [188,189]. 
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UV radiation causes dose-dependent transcriptional alterations in both skin and cultured skin 

cells. These changes vary significantly based on whether transient cell cycle arrest or apoptosis 

is triggered. Generally, UV irradiation results in global repression of transcriptional activity, 

characterized by a predominantly reduced gene expression [238,239], and leads to a short-term 

miRNA-mediated gene silencing by upregulation of UV-responsive miRNAs [188]. On the 

contrary, multiple genes associated with stress response, cell cycle regulation, DNA repair, 

apoptosis [238], immunity, inflammation, and pigmentation are upregulated [151,186]. The 

transcriptional targets [191] and miRNA expression changes [189] are quite similar in 

keratinocytes, melanocytes, and fibroblasts. 

In the regulation of miRNAs during DDR, p53 plays a pivotal role as well. Certain miRNAs 

participating in survival and cell death processes are activated or repressed by p53 in response 

to DNA damage. The miR-34 family, including miR-34a, -34b, and -34c, is induced in a p53-

dependent manner. These miRNAs promote cell cycle arrest at G1/S, apoptosis, and senescence 

by downregulating targets, such as cyclin E2, CDK4/6, E2F3, c-Myc, and Bcl-2 [187,202,240]. 

Notably, miR-34a stands out as the most significantly activated miRNA by p53 [202]. Other 

p53-induced miRNAs with anti-proliferative activity include mir-16 [188], miR-192, miR-215 

[241], miR-15a, let-7 [202], miR-23a, miR-29, miR-194, and miR-605 [242], targeting for 

example Bcl-2 and RAS [202,242]. miR-16 suppresses Cdc25A, cyclin D1, and cyclin E, 

inducing cell cycle arrest [188], and influences the cell fate decision between apoptosis and 

senescence [243]. Conversely, p53 represses certain miRNAs like miR-221/222, which 

downregulate the CDK inhibitor p27 [202], and miR-17-92 cluster [242]. 

 The regulation of miRNAs by p53 not only occurs on the transcriptional level, but also 

encompasses modulation of miRNA processing and maturation steps [237]. For example, the 

interaction of p53 with the Drosha processing complex leads to upregulation of growth-

suppressive miR-16, miR-143, and miR-145 [236]. miR-145 represses c-Myc and CDK6, 

inhibiting cell proliferation and inducing apoptosis [244]. In addition, p53 may influence the 

processing of let-7, miR-200c, miR-107, miR-134, miR-449a, miR-503, and miR-21 [245]. 

On the one hand, miRNAs act downstream in the DDR, but conversely, they also actively 

participate in the regulation of core proteins, such as p53, p21, and Cdc25A [237]. For instance, 

p53 itself undergoes negative regulation by miR-125b and miR-504 [237]. The repression 

mediated by miR-125b contributes to maintaining a low baseline expression level of p53 [246]. 

Overexpression of these two miRNAs results in reduced p53 protein levels and enhances the 

tumorigenicity of cells in vivo. p21 is repressed by members of the miR-106b family, whose 
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overexpression potentially supports tumor cell proliferation by promoting cell cycle 

progression [247]. In the DDR of hESCs, miRNAs from the miR-302 family (miR-302a, -302b, 

-302c, and -302d) negatively regulate the p21 expression, contributing to a non-functional G1/S 

checkpoint after DNA damage [248]. Elevated expression of the miR-290 cluster may also 

contribute to the lack of G1/S checkpoint [249]. Furthermore, there is evidence indicating that 

Cdc25A can be inhibited by miR-21 [250], suggesting that miR-21 may be involved in cell 

cycle arrest in addition to the ATR-Chk1 signaling. However, the mechanism underlying the 

induction of miR-21 in response to DNA damage remains unknown [187]. Cdc25A is also 

targeted by miR-16 and miR-449a/b [188,237]. 

The majority of DNA repair proteins or genes undergo regulation through PTMs, such as 

ubiquitination, phosphorylation, methylation, and acetylation. Additionally, they are subject to 

post-transcriptional regulation by miRNAs [233]. For instance, miR-192 can suppress NER by 

inhibiting helicase XPB and endonuclease XPF [251]. Hypoxia-inducible miR-373 has the 

capacity to repress RAD23B, a key factor in the recognition of DNA lesions along with XPC 

[252]. Several members of the BER and TLS pathways are also regulated by miRNAs (miR-

34c, miR-199a, miR-499 in BER; miR-145, miR-630, miR-96 in TLS) [233]. 

1.5 Skin Cancer 

The term skin cancer refers to malignant neoplasms of the skin. Skin cancers are the most 

common group of cancers worldwide, showing an increasing incidence, particularly in older 

people [57,253]. Skin cancer is classified into malignant melanoma (MM), arising from cells 

of the melanocyte lineage, and non-melanoma skin cancer (NMSC). The latter category mainly 

includes basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), both originating 

from epidermal keratinocytes [127,130,151]. Less common types of NMSCs are Merkel cell 

carcinoma, primary cutaneous B-cell lymphoma, Kaposi sarcoma, and dermatofibrosarcoma 

protuberans. In Germany, around 308,800 new skin cancer diagnoses are estimated for 2023, 

comprising 14% MMs, 52% BCCs, and 34% SCCs. After an increase in the total number of 

new skin cancer cases until 2015, the number has since stabilized at approximately 300,000 

new cases per year [254]. 

The main etiological factor for the formation of cutaneous carcinomas is exposure to UV 

radiation from solar radiation or artificial sources such as tanning beds [138,144,255]. Further 

risk factors include carcinogenic substances, ionizing radiation, as well as age and 

immunosuppression but only in combination with UV radiation [130,151,256,257]. An 
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estimated 75% of MMs and 90% of NMSCs worldwide are causally related to UV exposure 

[127,130]. In certain countries, even more than 90% of MMs are attributable to UV radiation, 

including for example New Zealand, Australia, Norway, Denmark, and also Germany 

[258,259]. The risk of developing UV-induced skin cancer is also dependent on the skin 

color/pigmentation. Lighter pigmentation like in skin type I and II is associated with higher 

sensitivity to UV damage and thereby a higher skin cancer risk due to a decreased 

photoprotection from lower melanin levels [19,136,151,253,256]. Hence, darker-skinned 

populations have markedly lower melanoma incidence rates [253]. 

 Photocarcinogenesis is a complex, multi-stage process [255]. The primary mechanisms 

include: (a) formation and accumulation of DNA photoproducts within cancer-related genes, 

resulting in DNA mutations that disrupt signal transduction pathways, influencing cell growth 

and cell cycle regulation, (b) promotion of cutaneous inflammation through UV-induced 

oxidative stress and DNA damage [57,151], and (c) suppression of anti-tumor immune 

responses through upregulation of immunosuppressive cytokines like interleukin 10 (IL-10), 

creating an environment conducive to cancer cell growth and progression [150,260,261]. 

The significant role that UV radiation plays in skin carcinogenesis is reflected in the occurrence 

of UV signature mutations in cutaneous tumors. The spectrum of hotspot (driver) mutations 

resulting from CT transitions found in multiple genes in cutaneous melanoma (e.g., in STK19, 

the oncogene RAC1, and the tumor suppressor PPP6C) provides genomic evidence for a direct 

mutagenic role of UV radiation in MM pathogenesis [173,262]. Pleasance et al. demonstrated 

that up to 70% of the single nucleotide and dinucleotide substitutions in a melanoma metastasis 

were CT and CCTT signature mutations [263]. These UV-specific mutations are found in 

BCCs and SCCs as well, affecting genes like the tumor suppressor genes patched, p16, and 

p53, as well as the protooncogene RAS. UV-induced carcinogenesis often involves inactivation 

of one or more tumor suppressor genes or activation of growth-stimulating protooncogenes 

[156]. The tumor suppressor p53 is a crucial factor in cell cycle regulation, DNA repair, and 

apoptosis, and represents the most frequently mutated gene in skin tumors. UV signature 

mutations in p53 are found in more than 50% of BCCs, often involving CT transitions [264]. 

In SCCs, this applies to up to 90% of tumors, with mutations occurring predominantly in so-

called hotspot regions of the p53 gene, where repair rates of pre-mutagenic lesions like CPDs 

are reduced (‘repair coldspots’) [130,133]. Loss of p53 in the regulation of cell cycle and 

apoptosis promotes uncontrolled proliferation and transformation in the process of 

carcinogenesis. Besides dysregulation of signal transduction pathways and cell cycle, mutations 

can lead to a depletion of antioxidant defenses as well [255]. 
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 In addition to UV-induced genetic changes/mutations (in tumor suppressor genes and 

protooncogenes), epigenetic dysregulation also plays an important role in improper activation 

or silencing of genes in skin carcinogenesis [265]. Detailed information about epigenetic 

changes in the genesis of malignant melanoma can be found in section 1.5.2.2. 

1.5.1 Non-Melanoma Skin Cancer 

Frequently, diagnoses of NMSCs are not routinely recorded in cancer registries and occurrence 

of more than one lesion is not considered, leading to an under-estimated incidence [144]. 

Nevertheless, they are the most common malignant tumors in the European population and in 

fair-skinned people throughout the world. Their incidence increases with age [57,136] and is 

considerably higher among men than among women [266]. Worldwide, an estimated 

1,198,073 people were diagnosed with NMSC in 2020 (data of first occurrence, excluding 

BCC) [267,268]. However, the World Health Organization (WHO) estimates 2–3 million cases 

per year [269], while the Global Burden of Disease Study even assumed 6.4 million NMSC 

cases worldwide in 2019 [270]. Australia (ASR=140.0 (per 100,000/year)) and New Zealand 

(ASR=127.5) had the highest incidence, followed by the United States (ASR=64.9) and Canada 

(ASR=60.6). Germany was ranked 8th with an ASR of 31.3. NMSCs caused 63,731 global 

deaths in 2020, with the highest mortality in Papua New Guinea (ASR=5.1), followed by 

Namibia (ASR=3.8) [267,268]. 

 Basal cell carcinoma (BCC) is the most prevalent type of skin cancer and accounts for 

approximately 80% of NMSCs. These tumors mainly occur in the head and neck region, but 

also in less sun-exposed areas. Risk factors include high intermittent UV exposure in both 

childhood and adulthood, high cumulative lifetime dose, fair skin, and genetic predisposition. 

BCCs rarely metastasize, leading to a low mortality of <1% [128,130,151,256,264]. 

 Squamous cell carcinoma (SCC) ranks as the second most common type of skin cancer, 

constituting 19% of NMSC. Usually, it originates from in situ carcinoma and is primarily found 

in high sun-exposed areas. High cumulative exposure to UV radiation is the primary risk factor, 

with other contributing factors including chronic exposure to ionizing radiation, heat, arsenic, 

as well as human papillomavirus. Compared to BCC, SCCs have a higher risk of metastasis and 

related mortality, but early diagnosis at small tumor sizes reduces the probability of metastasis 

and the mortality rate [130,151,256,264]. 
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1.5.2 Malignant Melanoma 

For the sake of completeness, it must be mentioned that the term ‘melanoma’ encompasses 

various melanocytic tumors, not only cutaneous melanoma of the skin but also extracutaneous 

melanomas, such as uveal melanoma of the eye and mucosal melanoma found, for example, on 

mucosal surfaces of the gastrointestinal and genital tracts [271]. However, these extracutaneous 

melanomas are much less common and not relevant to this work. When using the term 

malignant melanoma here, it always refers to cutaneous melanoma. 

The incidence of malignant melanoma (MM) has been steadily increasing worldwide in the last 

50 years, especially in the fair-skinned populations and among older age groups >50 years 

[136,253]. In some countries, however, incidence rates have stabilized or decreased in recent 

generations [151,253,272]. According to the Global Burden of Diseases Study 2015, the five 

world regions with the greatest MM incidence and mortality rates are Australasia (Australia, 

New Zealand), North America, Eastern Europe, Western Europe, and Central Europe [273]. An 

estimated 324,635 people worldwide were diagnosed with melanoma in 2020 (1.7% of all new 

cancer cases), including large geographic variations. The highest incidence rates were observed 

in Australia (ASR=36.6) and New Zealand (ASR=31.6), followed by Denmark (ASR=29.7) 

and the Netherlands (ASR=27.0). On the other hand, MM is rare in most African and Asian 

countries (ASR<1). Germany had the eighth-highest incidence (ASR=20.5) [151,253,267,268] 

and in 2023, an estimated 42,300 new melanoma cases with virtually equal distribution among 

men and women are predicted for Germany [254]. In most world regions, however, MM is 

more frequent among males [253,266]. Moreover, melanoma is nearly 30 times more common 

in White people than in Black people [274]. 

The MM is the most aggressive type of skin cancer, tends to metastasize early, and is associated 

with a high mortality rate [258,275]. Despite accounting for only about 10–20% of skin cancer 

cases, MM is responsible for the vast majority of skin cancer deaths [253,274] owing to the 

high potential of metastasis and therapy resistance [141]. Survival rates are usually lower in 

men [266,273] and for Black people [272]. The survival rate depends on various factors, 

including gender, tumor location, tumor thickness, and stage at diagnosis [258]. In the United 

States, the 5-year relative survival rate for individuals with localized melanoma (confined to 

the primary tumor without spreading) ranges from 80–99%, depending on the tumor thickness. 

For regional melanoma that has extended to nearby lymph nodes, the 5-year survival rate is 

71%. If the MM has metastasized to distant parts of the body, the survival rate drops to 

approximately 32% [274]. In 2020, melanoma was responsible for 57,043 global deaths (0.6% 
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of all cancer deaths), with the highest mortality in New Zealand (ASR=4.7), followed by 

Norway (ASR=3.2). The lowest mortality rates are found in most African and Asian countries 

(ASR<1) [151,253,266-268]. Similar to the incidence, mortality has also plateaued or even 

decreased, partly due to the introduction of systemic therapies for advanced disease, including 

immune checkpoint inhibitors (anti-CTLA-4 and anti-PD-1 antibodies) and targeted therapies 

(BRAF and MEK inhibitors) for metastatic MM [151,253,272]. When extrapolating the 

melanoma burden based on the 2020 rates, global incidence is estimated to increase to 510,000 

new cases (50% increase) and global mortality will increase to 96,000 deaths (68% increase) 

by 2040 [253]. 

The most relevant etiological factor for MM is high intermittent UV exposure with repeated 

childhood sunburns. Other key risk factors include a fair skin type, the presence of numerous 

or atypical melanocytic nevi (moles), and genetic predisposition [130,264,276,277]. While the 

average age at diagnosis is 65 [278], melanoma also frequently affects younger individuals, 

including those under 30 years old [276]. In younger ages, MM often occurs on less UV-

exposed skin areas, such as trunk and limbs. Melanomas at these sites are strongly associated 

with nevi. In contrast, at older ages, MM arises on more UV-exposed sites like head and neck 

[128,253]. 

Cutaneous melanoma is classified into four histological subtypes that differ in growth patterns, 

anatomical site of origin, and molecular profile. The most common subtype is superficial 

spreading melanoma (50% of all MMs), frequent in fair-skinned individuals on trunk and legs. 

Other subtypes, with decreasing incidence, include nodular melanoma (16%), lentigo maligna 

melanoma (10%), and acral lentiginous melanoma (4%) [45,57]. Nodular melanoma is the most 

aggressive subtype, appearing as a firm lump on the skin surface, typically in fair-skinned 

people aged over 65. Lentigo maligna melanoma affects older patients with sun-damaged skin, 

primarily observed on face, ears, and neck. Acral lentiginous melanoma commonly affects 

individuals with darker skin and manifests as a dark spot on the soles or palms [279]. 

1.5.2.1 Melanomagenesis 

The development of MM involves a complex interplay of genetic changes (mutations) and 

epigenetic alterations (miRNAs, non-coding RNAs, histone modifications, DNA methylation), 

which can be induced by UV radiation. The primary contributors to melanoma are UV exposure 

and genetic predisposition, whereby the association between sun exposure and MM appears to 

vary based on the location of the tumor. According to a dual pathway hypothesis [280], MM 
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can develop independent of nevi or from inside a benign nevus. Melanomas on less frequently 

exposed areas (trunk and limbs) are strongly linked to pre-existing benign nevi [151]. 

Approximately 25% of MMs are thought to originate from nevi [18], whereas in contrast, the 

majority of melanoma cases seem to arise without a connection to nevus. These melanomas, 

predominantly found in sun-exposed areas (head and neck), are associated with cumulative sun 

exposure [151] and have a higher mutational burden than those arising from nevi. Worldwide, 

an estimated 75% of MMs is attributed to UV radiation [130]. 

The precise cellular and molecular mechanisms underlying melanomagenesis are far from being 

understood in detail. However, it is generally accepted that, besides chromosomal aberrations 

(translocations, amplifications, deletions) [281] and UV-induced DNA lesions serving as 

mutagenesis precursors [282], dysregulation of signaling pathways plays a crucial role in MM 

development. This primarily involves the MAPK pathway, PI3K/PTEN/AKT pathway, cell 

cycle regulation pathways, MITF signaling pathways (related to pigmentation), and p53 

pathways [279]. The activation of MAPK signaling, e.g., through activating NRAS and BRAF 

mutations, is a pivotal step in melanoma pathogenesis, leading to uncontrolled proliferation and 

survival. This is accompanied by the suppression of senescence through multiple mechanisms. 

These include the progression of cell cycle (via inactivation of CDKN2A/p16, TERT), activation 

of PI3K/AKT signaling (via loss of PTEN or NF1, activating NRAS mutation), and activation 

of Wnt/β-catenin signaling (via stabilization of β-catenin) [18,283,284]. Many of these 

pathways result in the amplification of MITF, which therefore plays a central role in melanoma 

biology and, for instance, causes the dysregulation of anti-apoptotic proteins [262]. The skin 

microenvironment, especially keratinocytes, contributes to the dysregulation of signaling 

pathways by suppressing senescence-related genes, while promoting the proliferation of 

transformed melanocytes [285]. 

When considering the mutational background driving melanomagenesis, it is essential to 

differentiate between familial (hereditary) and sporadic (non-familial) forms of melanoma. The 

majority of MM cases are sporadic, meaning that genetic changes (somatic mutations) are 

acquired throughout life and are not inherited, with UV radiation being the primary contributor. 

Owing to UV signature mutations, MM has the highest mutational burden among all cancers 

(>10 mutations/megabase) [258]. Hayward and colleagues’ analysis of 140 cutaneous MM 

samples found a mean tumor mutational burden of around 50 mutations/megabase [286]. 

Numerous whole-genome sequencing studies have identified a variety of so-called ‘early driver 

mutations’ [262,263,286] occurring in key genes at critical points in the evolution of melanoma, 
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providing the mutated cell with a survival advantage. These genes control cell proliferation 

(BRAF, NRAS, NF1), cell cycle and replication (CDKN2A, p53, TERT), and metabolic 

pathways (PTEN, KIT) [45,286]. Additional driver mutations may include RAC1, PPP6C, 

STK19, MAP2K1, SNX31, TACC1, IDH1, ARID2, and RB [45,262]. 

 The most common gene defects in cutaneous melanoma are activating mutations of the 

(proto)oncogenes BRAF (BRAFV600, 50–60% of MMs), NRAS (NRASQ61, 20–25%), and KIT 

(<15%) [45,262]. The Kit receptor signaling pathway, inclusive of the MAPK signaling cascade 

with NRAS and BRAF, plays a key role in melanocytes, activating MITF and inducing cell 

growth and survival (see section 1.1.1.2) [35]. In melanoma, mutations in components of this 

pathway lead to its constitutive activation and contribute to oncogenesis. Additionally, 10–15% 

of MMs exhibit mutations in several tumor suppressor genes, including p53, NF1, CDKN2A, 

and PTEN [45]. Molecular classification of melanoma involves the subtypes BRAF-mutant, 

RAS-mutant, NF1-mutant, and the so-called ‘triple wild-type’ form (also called triple-negative 

or pan-negative; 10% of MMs), which lacks driver mutations in all three aforementioned genes 

[279]. The mutational profile can predict the response to and the efficacy of certain therapies. 

Therefore, molecular characterization is often conducted prior to therapy decision-making. 

BRAFV600 mutations predict responsiveness to BRAF inhibitors, KIT mutations to tyrosine 

kinase inhibitors, and NRAS mutations to MEK inhibitors [262]. 

In contrast to sporadic MM with somatic mutations, about 10% of cutaneous melanomas have 

a significant family history, with multiple close relatives also diagnosed with MM [253,258]. 

Genetic predisposition for familial (hereditary) melanoma is evident through an inheritance 

pattern of genetic changes (germline mutations) in a specific set of genes. These melanoma 

susceptibility genes are related to cell cycle control (CDKN2A, CDK4), DNA damage repair 

(BAP1, PARP1, ATM, APEX1, RAD51B, POLE), melanin synthesis (MITF, MC1R, TYR, TRP1, 

ASIP, SLC45A2, OCA2, KIT), and telomere length control (TERT, POT1, ACD, TERF2IP) 

[18,45,52,287]. Individuals with these germline mutations face an increased risk of developing 

primary melanomas and other malignancies, including pancreatic, lung, and breast cancer, as 

well as NMSC. Onset at an earlier age is a notable characteristic of familial melanoma [288]. 

 The most significant and well-characterized genes involved in familial MM are CDKN2A 

and MC1R, with around 20–40% and 70–90% of familial MMs having mutations in these genes, 

respectively [288]. CDKN2A encodes the two tumor suppressors p16 and p14, which both 

function in cell cycle regulation. p16 inhibits CDK4 and CDK6 kinases, preventing Rb 

phosphorylation, thereby causing cell cycle arrest at the G1/S checkpoint and promotion of 

senescence. p14 inhibits MDM2-induced p53 ubiquitination and degradation, stabilizing p53 



INTRODUCTION 

45 

 

[289]. Inactivating mutations therefore result in uncontrolled cell cycle progression and bypass 

of senescence [18]. Melanoma primarily exhibits loss of p16, while p14 is often unaffected by 

the mutations [289]. The MC1 receptor is involved in eumelanin production and can also trigger 

nucleotide excision repair in melanocytes. Hence, loss-of-function mutations in MC1R increase 

susceptibility to UV radiation due to reduced photoprotection, less antioxidant defense, and 

impaired CPD repair. Accordingly, MM patients with MC1R variants have increased UV 

signature mutational burdens [290]. 

1.5.2.2 Epigenetic Dysregulation in Melanoma 

Alterations to the epigenome are common in MM and are as crucial in development as distinct 

genetic events. These changes play a role not only in cancer initiation but also in progression 

and resistance to therapy [279,291]. Certain epigenetic marks can serve as important 

biomarkers for diagnosis and prediction of outcomes, and as targets for therapeutic 

interventions [279,292]. The epigenetic modifications encompass aberrant DNA methylation, 

histone modifications, and altered miRNA expression [293]. 

Changes in the DNA methylation pattern are a well-recognized hallmark of cancer, including 

both genome-wide (global) hypomethylation and site-specific hypermethylation of CpG islands 

in promoters. These patterns are also evident in melanoma [294]. Promoter hypermethylation 

is linked to transcriptional repression, while hypomethylation facilitates gene activation. 

Numerous studies provide evidence of dozens to hundreds of genes with epigenetic silencing 

due to promoter hypermethylation during MM development and progression, e.g., Apaf-1, 

Caspase-8, E-cadherin, P-cadherin, endothelin-2, PCNA, PTEN, CDKN2A/p16/p14, RASSF1A 

[295], p27, and cyclin D2 [296]. For instance, inactivation of the cell death effector Apaf-1 

results in defective apoptotic mechanisms and chemoresistance in melanomas [297]. Apaf-1 

typically collaborates with cytochrome c and Caspase-9 to mediate apoptosis [296]. The tumor 

suppressors PTEN, CDKN2A (p16, p14), and RASSF1A are among the most frequently reported 

and best characterized hypermethylated genes in MM [293,298]. Silencing of PTEN increases 

AKT activity, since PTEN usually inhibits the PI3K/AKT pathway [299], and also serves as a 

predictor for poor survival [300]. Promoter hypermethylation of CDKN2A, encoding p16 and 

p14, is associated with increased tumor proliferation and reduced survival [301]. Hence, in 

melanoma, CDKN2A is silenced not only by chromosomal deletions and inactivating mutations 

but also by promoter hypermethylation [295,298]. RASSF1A, involved in cell cycle regulation 

and apoptosis through interactions with cyclins and RAS [302], exhibits increasing methylation 

levels with disease stage. Therefore, it might be a potential progression and prognosis 
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biomarker [303]. The dysregulated methylation of promoters in MM seems to be connected to 

an overexpression of the DNA methyltransferase DNMT1 [295]. 

 Besides altered promoter methylation, melanoma also displays global hypomethylation 

within its genome [298], for example, in the repetitive LINE-1 sequence [304]. Additionally, 

the loss of global 5-hydroxymethylcytosine (5-hmC) is an epigenetic hallmark of MM. High 

levels of 5-hmC are present in melanocytes and nevi, but decrease in primary and metastatic 

melanoma. The loss of 5-hmC is linked to poor prognosis, suggesting its potential as a 

diagnostic and prognostic biomarker [294]. 

Additional factors influencing gene expression encompass histone modifications and chromatin 

remodeling, which impact how DNA is packaged. Overexpression of the chromatin remodeling 

factor MTA1 may be implicated in melanoma development [295]. Histones can be modified by 

acetylation, methylation, phosphorylation, and ubiquitination. Generally, acetylation is linked 

to transcriptionally active chromatin, whereas deacetylation promotes chromatin condensation 

and repression of gene transcription. Upregulation of histone deacetylases HDAC1, 2, and 3 

[305], as well as Sirtuin 1 (SIRT1) [306] plays a role in MM development, likely by promoting 

proliferation and DNA repair, while preventing apoptosis [295]. De-/hypoacetylation of 

histones leads to silencing of tumor suppressors such as p21 [307], PIB5PA (suppressor of 

PI3K/AKT signaling) [308], and pro-apoptotic factors Bim, Bax, and Bak in melanoma cells 

[293,309]. 

 Histone methylation can result in either activation or repression, depending on the specific 

residue that is methylated. Trimethylation of lysine 27 (H3K27me3) and lysine 9 on histone H3 

(H3K9me3) are associated with heterochromatin and gene silencing [295]. Overexpression of 

the histone methyltransferase EZH2, governing repressive H3K27me3, leads to transcriptional 

repression of tumor suppressors like p21. Protein levels of EZH2 increase from benign nevi to 

melanoma, with elevated levels being associated with MM progression and more aggressive 

tumor subtypes [310,311]. The histone methyltransferase SETDB1, mediating repressive 

H3K9me3, is also upregulated in MM but not in benign nevi or normal melanocytes. Its specific 

targets are unknown. Genomic amplification of SETDB1 has been shown to promote 

melanomagenesis in a zebrafish melanoma model [312]. 

miRNAs target various cellular processes and pathways involved in MM development and 

progression, acting as either oncogenic miRNAs (onco-miRNAs) or tumor-suppressive 

miRNAs [234,235,313] (see Appendix Table 8.1). Dysregulation of miRNA expression 

correlates with various hallmarks of MM pathogenesis, including promotion of proliferative 
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signaling, resistance to cell death, replicative immortality, migration/invasion or metastasis, and 

immune evasion [293,314]. Moreover, differential miRNA expression is linked to several 

clinicopathological variables, such as treatment resistance, cancer reoccurrence, and response 

to therapeutic agents [234]. Multiple miRNAs play a role in melanomagenesis by modulating 

the expression of genes involved in MAPK signaling, PI3K/AKT signaling, and cyclin/CDK-

dependent cell cycle regulation [291,315]. The MAPK pathway is targeted, for example, by let-

7 miRNAs, which are downregulated in MM, leading to MAPK activation and increased 

proliferation. Conversely, the activated MAPK pathway negatively regulates certain growth-

inhibitory miRNAs, such as let-7i, miR-34a, miR-211, and miR-22, while upregulating growth-

promoting miRNAs like miR-17, miR-92, and miR-221/222 [316]. 

Several notable onco-miRNAs upregulated in MM include miR-21 [317-319], miR-155 [234], 

miR-221/222 [320], and miR-182 [321,322]. miR-21 increases proliferation, oxidative stress, 

angiogenesis, invasion, metastasis, genetic instability, and diminishes apoptosis by affecting 

crucial genes involved in these processes (e.g., suppression of PTEN, Apaf-1, TIMP3, FOXO1, 

p53; induction of PI3K, AKT, cyclin D1, Bcl-2, hTERT, VEGF, HIF1α) [317,318]. High miR-

21 expression correlates with an advanced clinical stage and predicts poorer survival [323]. UV 

radiation has been shown to stimulate miR-21 expression in the skin [318]. Cellular responses 

to miR-155 overexpression include immune evasion, tumor growth, and angiogenesis, for 

example through inhibition of TRP1 and MITF, whereas VEGF, MMP2, MMP9, and IL-1β are 

upregulated [234]. Levels of miR-155 are increased in MM cases with sentinel lymph node 

involvement [324]. The miR-221/222 cluster suppresses the CDK inhibitor p27 (enhancing 

proliferation) and the c-Kit receptor (blocking differentiation) [320,325]. Serum miR-221 levels 

correlate with disease stage and tumor thickness, and rise again during recurrence. Therefore, 

miR-221 serves as potential MM biomarker for diagnosis, progression, and monitoring during 

follow-up [326]. Amplification of miR-182 promotes tumor growth, invasion, and metastasis, 

while inhibiting apoptosis by directly repressing MITF and FOXO3, as well as its downstream 

target, the pro-apoptotic Bim [321,322]. 

The majority of dysregulated miRNAs in melanoma exhibit downregulation (see Appendix 

Table 8.1). Some of these tumor suppressor miRNAs include miR-205 [327-329], miR-125b 

[330,331], miR-211 [329,332,333], the let-7 family [334,335], miR-34a [315,336], miR-16 

[337], miR-137 [338,339], miR-31 [340], miR-203 [329,341], and the miR-200 family 

[329,342]. Downstream targets of miR-205 comprise E2F1 and E2F5, implicated in cell cycle 

progression and AKT pathway [327], as well as ZEB2, whose upregulation leads to E-cadherin 
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downregulation. Consequently, miR-205-mediated tumorigenesis may involve the promotion 

of epithelial-mesenchymal transition (EMT) and metastasis [328], in addition to increased 

proliferation. Expression of miR-125b is already diminished in atypical nevi [343]. Evidence 

indicates that miR-125b facilitates tumor progression by influencing proliferation, migration, 

cellular senescence, and apoptosis [317]. Cells with reduced levels show less spontaneous 

apoptosis [344]. miR-211 stands out as one of the most differentially expressed miRNAs in 

MM. Downregulation decreases cellular adhesion and promotes invasive potential, partially 

through indirect inhibition of MITF [317,332]. Members of the let-7 family (let-7a, -7b, -7d,  

-7e, and -7g) contribute to MM development and progression as regulators of cell cycle and 

proliferation [314]. They target various cancer-promoting factors, such as NRAS, RAF, c-Myc, 

Rb, cyclin D, and CDK4 [335]. Let-7a also negatively regulates the adhesion molecule Integrin 

β3, implying increased invasive potential upon let-7a loss [334]. Downregulation of miR-34a 

and upregulation of its target, the transcription factor and E-cadherin inhibitor ZEB1, amplifies 

proliferation and migration [336]. In addition, miR-34a is a key mediator of p53, usually 

inducing cell cycle arrest, apoptosis, and senescence through inhibition of cyclin E2, CDK4/6, 

E2F3, c-Myc, and Bcl-2 [187,202,240]. miR-16 exerts growth-suppressive functions, targeting 

Cdc25A, cyclin D1, and cyclin E [188], resulting in enhanced proliferation upon 

downregulation in MM. Expression of miR-16 positively correlates with longer survival, 

indicating diagnostic and prognostic potential [337]. Downregulation of the well-established 

tumor suppressor miR-137 prevents apoptosis and promotes cell cycle progression. miR-137 

usually targets MITF, which regulates anti-apoptotic Bcl-2, as well as EZH2, which induces 

the repression of p21 [339]. Low miR-137 levels indicate a poor prognosis for MM patients 

[338]. miR-31 also serves as negative regulator of EZH2 and of oncogenic kinases [340]. 

Downregulation of miR-203, targeting E2F3 and BMI1, prevents cell cycle arrest and 

senescence [345], while enhancing the invasive potential [341]. Low miR-203 expression is 

associated with short overall survival, tumor thickness, and tumor stage [346]. Reduced 

expression of miR-200c from the miR-200 family (miR-200a, -200b, -200c) leads to BMI1-

mediated E-cadherin downregulation, promotion of cell proliferation, and migration [342]. Loss 

of miR-200a is linked to decreased E-cadherin expression as well [347]. 

In the clinical context, miRNAs hold the potential for use in MM diagnosis, prognosis, or 

prediction of treatment responses, complementing established tissue markers (e.g., tumor stage, 

tumor thickness) and circulating molecular biomarkers (e.g., LDH, S100B, circulating tumor 

DNA) [234,292,348]. The remarkable stability of miRNAs in body fluids [349] and formalin-

fixed paraffin-embedded (FFPE) tissues [350] presents a significant advantage in this regard. 



INTRODUCTION 

49 

 

For instance, miR-17-5p-mediated upregulation of PD-L1 in MM is associated with increased 

disease aggressiveness. Therefore, miR-17-5p may function as a marker for PD-L1 expression 

and predict the response to BRAF or MEK inhibitors [351]. The expression of a 4-miRNA set, 

in combination with disease stage, predicts the likelihood of developing brain metastases [352]. 

A 17-miRNAs panel (MELmiR-17) is capable of predicting stage, recurrence, and survival. 

Another seven-miRNA panel (MELmiR-7) signifies the presence of melanoma and more 

accurately characterizes the survival of MM patients than serum LDH and S100B [353]. 

1.5.2.3 Cell of Origin 

The specific cell in which changes involved in carcinogenesis initially occur remained uncertain 

for a long time. Vital insights into the cellular origins of numerous solid tumors have been 

provided by genetic lineage-tracing experiments [354]. Furthermore, it was revealed that 

microenvironmental cues have a decisive impact on the tumor predisposition of cells. 

Cutaneous melanoma is a neuroectodermal tumor arising from cells of the neural crest-derived 

melanocyte lineage. However, there is still discussion on whether the gradual transformation to 

MM initiates from mature melanocytes or stem cell precursors [7,32,281,355-362]. Essentially, 

the stochastic model faces the cancer stem cell model of carcinogenesis. 

The stochastic model implies that cancer development takes place through a series of genetic 

and epigenetic changes in somatic cells, followed by the clonal expansion of cells harboring 

advantageous mutations [57]. Consequently, according to this ‘classical’ hypothesis, 

melanoma originates from a mature, fully differentiated epidermal melanocyte in a gradual 

transformation, during which it accumulates mutations in oncogenes and tumor suppressor 

genes over time, primarily due to UV exposure, providing survival and growth advantages 

[355,357] (Figure 1.10). 

On the other hand, the cancer stem cell (CSC, also known as tumor-initiating cell) model 

proposes that cancer originates from the transformation of tissue-specific stem or progenitor 

cells that maintain stem cell-like properties in the tumor, such as the ability to self-renew 

[57,363,364]. For instance, there is compelling evidence indicating that stem cells might be the 

founder population in blood [365], brain [366], colon [367], prostate [368], pancreatic [369], 

and breast cancers [370]. Moreover, stem cells might also be involved in development of BCC 

[371] and SCC [372,373]. 
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Figure 1.10 Melanoma theories. The classical theory states that malignant melanoma originates from 

a mature, fully differentiated melanocyte located in the basal layer of the epidermis, accumulating 

damage from UV exposure. According to the alternative theory proposed by Hoerter [357,358], the cell 

of origin is an extrafollicular melanocyte precursor in the dermis, a dermal stem cell (DSC), which is 

damaged in an early stage by UV radiation penetrating deeply into the skin. The pre-damaged DSC 

accumulates further damage during migration to the epidermis and differentiation into a melanocyte, 

subsequently leading to melanomagenesis (created with BioRender.com). 

The detection of phenotypic heterogeneity, morphologic plasticity, embryonic-like 

differentiation potential, self-renewal capacity, high tumorigenicity, and cells with stem cell 

markers (CD20, CD133, CD34) in MM tumors and cell lines [355,356,374-376] also suggest 

the presence of CSCs and thus the involvement of mutated McSCs or progenitor cells in MM 

initiation, progression, and drug resistance [281,362]. In lentigo maligna melanoma, stem cells 

expressing the CSC markers CD113 and CD34 were identified in the outer root sheath of hair 

follicles, partly mixed with MM cells [355]. Certain characteristics of melanomas support the 

idea of a mutated stem cell as origin. Nevi and MMs may stem from the same source—a 

genetically defective stem cell—with the extent of the defective growth regulation determining 

whether the outcome is a benign or malignant neoplasia. Moreover, this model could offer a 

more straightforward explanation for delayed onset and tumor dormancy [356]. The CSC model 

contradicts the concept of dedifferentiation: stem-like features might also emerge during the 

transformation of melanocytes through a gradual dedifferentiation process involving genetic 

and/or epigenetic modifications that trigger a plastic, pluripotent phenotype [355,356]. This 

was demonstrated in vivo with lineage-tracing in a mouse model, where melanoma originated 

through the transcriptional reprogramming and dedifferentiation of mature epidermal 

melanocytes [359]. The generation and maintenance of CSCs are also significantly influenced 
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by the microenvironment, e.g., via growth factors secreted by endothelial cells and fibroblasts 

[281,364,377]. 

The alternative theory of MM initiation proposed by Hoerter et al. aligns with the CSC model 

and specifically suggests a damaged extrafollicular dermal McSC, such as a DSC, or a 

melanocyte precursor derived from it, as the earliest origin of melanoma [357,358] (Figure 

1.10). Li and colleagues have proven the existence of multipotent neural crest-derived DSCs in 

the dermis of human non-hairy skin, serving as a dermal reservoir for epidermal melanocytes 

[31,32]. Given that adult stem cell populations are frequently more radiosensitive and more 

prone to tumor initiation than TACs and mature, differentiated cells [364,378], it is assumed 

that a melanocyte precursor is more susceptible to UV-induced damage than a fully 

differentiated melanocyte. 

 According to Hoerter’s model, McSCs in their dermal niche are frequently exposed to solar 

(or artificial) UV radiation, especially to UVA in deeper layers, inducing photolesions (Figure 

1.10). Damage to repair, apoptosis, and defense pathways will result in the progressive 

accumulation of DNA damage as well as genetic and epigenetic changes in dermal McSCs over 

the lifetime, with a higher likelihood in quiescent, non-proliferating McSCs [357], since DNA 

damage checkpoints and the majority of DNA repair mechanisms are cell cycle-dependent 

[182]. Similar to what is found in squamous cell carcinoma [379], UVA radiation, ROS-induced 

damage to (repair) proteins and DNA, and UVA fingerprint mutations could thus play a 

significant role as important carcinogens in the dermal stem cell compartment, especially in the 

early stages of MM initiation [32,357]. When a senescent, non-functional, or excessively 

damaged, apoptotic epidermal melanocyte needs replacement, a pre-damaged extrafollicular 

McSC will migrate to the epidermis to reestablish skin homeostasis [7]. The exact signaling 

mechanisms for this migration remain poorly understood and could originate from surrounding 

keratinocytes and fibroblasts [12] or from the dying cell itself [380]. The migration mechanism 

to the epidermis and differentiation into melanocytes has been demonstrated for DSCs in a 3D 

skin reconstruct model [31,102]. Secretion of Wnt ligands by keratinocytes, e.g., following UV 

irradiation, was identified as a stimulating factor [42]. The sequence of events remains uncertain 

regarding whether dermal McSCs initially undergo differentiation into melanocytes in the 

dermis before migrating to the epidermis and localizing at the basal membrane, or if they 

migrate first and subsequently complete the differentiation process in the epidermis [31]. 

During their differentiation/migration to the epidermis, dermal McSCs are subjected to 

increasing UVA and UVB doses, leading to further DNA damage and mutations, increasing the 

probability of transformation. Growth factors present in the epidermis are likely to stimulate 
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additional proliferation. If a damaged McSC reaches the epidermis without undergoing 

transformation, it may result in a pre-damaged melanocyte, which is more vulnerable to 

subsequent UV exposure [357,360]. 

DSCs share numerous phenotypic and biological similarities with certain melanoma cell 

populations, presumably CSCs. These features include self-renewal, differentiation into 

multiple neural crest-derived lineages, high migratory and invasive capabilities, association 

with mesenchymal cells, absence of melanocytic markers in late-stage tumors, expression of 

NCSC markers NGFRp75 and nestin, non-canonical Wnt signaling, and Notch activation 

[32,42]. MMs exhibiting these NCSC-like characteristics are associated with increased 

aggressiveness, invasiveness, higher metastatic ability, worse prognosis, as well as resistance 

to immune response and therapy [32,381-383]. This similarity between DSCs and CSCs could 

be an indication that transformed DSCs serve as CSCs and represent the cell of origin. Instead 

of progressing through pre-damaged melanocytes as intermediates and then undergoing 

dedifferentiation, the malignant transformation might occur directly from the stem cell 

[7,358,362]. 

Some studies have already described the vulnerability of McSCs or melanocyte precursors to 

UV radiation [358,361], along with their ability to develop melanomas [361,384,385]. 

Preliminary findings from zebrafish studies show that both UVA and UVB radiation can impair 

McSC function, resulting in abnormal pigmentation patterns and abnormal regrowth of the 

caudal fin [358]. Furthermore, neural crest cells and melanoblasts in zebrafish tend to undergo 

transformation due to BRAF and p53 mutations more readily than mature melanocytes [384]. 

Discussions on the stem cell theory of MM initiation not only involve extrafollicular McSCs, 

but also consider the involvement of McSCs located in the bulge region of hair follicles 

[11,93,386,387]. Various research groups, utilizing in vivo lineage-tracing experiments in 

mouse models, have shown that hair follicle McSCs can act as melanoma cells of origin, and 

these MMs resemble human melanoma [361,385]. Moon et al. even demonstrated the induction 

of MM due to UV stimulation [361]. Irradiation with UVB was sufficient to initiate the 

activation, translocation, and malignant transformation of quiescent, adult hair follicle McSCs 

harboring a mutational load, in an inflammation-dependent process. These findings suggest that 

pre-damaged McSCs may persist in a quiescent state until UV radiation, acting as an extrinsic 

stimulus, triggers their activation and melanomagenesis [361]. While a melanoma-forming 

capacity of DSCs upon UV exposure is also supposed [32], this aspect is yet to be investigated. 
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Therefore, the examination of DSCs is of great importance for gaining a more detailed 

understanding of the mechanisms underlying MM development. 

The McSC theory of melanomagenesis is further supported by several other aspects. Since skin 

stem cells are long-living cells, they are more likely to accumulate DNA damage and mutations 

with age compared to mature cells with a shorter lifespan [66,355]. Epidermal stem and 

progenitor cells in murine epidermis are prone to the accumulation of persistent CPDs upon 

chronic UV exposure, despite NER proficiency [388,389]. These CPD-retaining basal cells 

(CRBCs) evade apoptosis, thus serving as potential hotspots for subsequent mutagenesis and 

carcinogenesis [389]. Interestingly, CRBCs have been observed in unaffected skin tissue of 

BCC and MM patients as well [388]. Therefore, it is quite likely that McSCs and/or their 

progeny also accumulate DNA damage over time, contributing to melanomagenesis. Especially 

stem cells in a non-proliferating, dormant state (quiescence) would be susceptible to this 

process, since the global repression of transcription, a compacted chromatin structure, and the 

absence of DNA replication hamper DNA repair via NER [390]. Without active replication, 

repair through TCR might not function properly. Additionally, GGR seems to be arrested in 

quiescent cells, facilitating damage accumulation and formation of mutations at both 

transcribed and temporally silent genes [391]. Active and quiescent adult stem cell 

subpopulations coexist in the same tissue, whereby the majority is quiescent and non-

proliferating [77]. In the mouse hair follicle, the coexistence of activated McSCs, quiescent 

McSCs, and differentiated melanocytes has been demonstrated [392]. 

The age-related decline in DNA repair pathways, owing to factors like UV-induced mutations, 

oxidative stress from mitochondria, or chemical exposures, renders aging adult stem cells more 

vulnerable to malignant transformation, since their processes of self-renewal, proliferation, 

survival, quiescence, differentiation, and migration from the stem cell niche may be altered 

[393]. Aging of hair follicle McSCs due to external influences is evident in the loss of their self-

renewal ability and subsequent hair graying [100,101]. Therefore, it can be hypothesized that 

extrafollicular dermal McSCs may eventually exhibit age-related reductions in DNA repair 

capacity as well, leading to increased genomic instability [357,358]. 
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2 Aim of This Work 

Melanoma is the most aggressive and lethal type of skin cancer [258,275] and primarily linked 

to UV radiation as its main etiological factor. Numerous epidemiological and biological studies 

have provided substantial evidence for the causal relationship between UV exposure, which can 

induce genetic and epigenetic changes, and the development of melanoma [130]. UV-specific 

cyclobutane pyrimidine dimers (CPDs) and the resulting mutations play a crucial role in this 

process [138,141]. The identity of the original target cell responsible for acquiring the necessary 

alterations for transformation into melanoma remains elusive [32,356]. An alternative theory 

suggests the involvement of multipotent neural crest-derived melanocytic precursors in the 

dermis, known as dermal stem cells (DSCs), in the origin of melanoma [31,32,357,358]. Being 

constantly exposed to solar UV radiation in the human skin, DSCs are at risk of accumulating 

UV-induced mutations. Such pre-damaged cells may be more susceptible to malignant 

transformation. However, how DSCs react to UV-induced damage is still an insufficiently 

answered question. Consequently, developing an in vitro model to investigate the potential role 

of DSCs in melanoma development is of significant interest. It is imperative to examine the 

differentiation process and the DNA damage response (DDR) of DSCs, as UV radiation may 

induce alterations in these mechanisms that are conducive to malignant degeneration. 

Additionally, deficiencies in the DDR represent a crucial etiological factor in the multistep 

development of skin cancer [394]. Understanding the regulatory mechanisms in DSCs will help 

to define tumor-promoting changes. 

Therefore, the aim of this thesis was to establish and initially investigate human multipotent 

DSCs as a novel model for melanomagenesis. This involved the isolation and propagation of 

primary DSCs from foreskin, as well as their characterization with respect to certain functional 

stem cell features. Thereafter, the main objective was to examine the response of DSCs to UV 

exposure. 

 I begin by discussing the issue of contaminating fibroblasts in primary DSC cultures and 

emphasize the importance of a high degree of DSC purification for accurate investigations. By 

comparing various methods, I show how effective enrichment of DSCs can be achieved in a 

reliable and reproducible manner without significantly affecting cell characteristics. 

Furthermore, I demonstrate an initial characterization of DSCs focusing on two essential 

functional properties of (neural crest) stem cells, the potential for melanocytic differentiation 

and sphere formation, while comparing native and purified DSC cultures. 
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 Subsequently, I examine how DSCs respond to UV-induced DNA damage and whether 

UV irradiation affects stem cell characteristics or epigenetic regulation. These investigations 

involve both UVA and UVB radiation, with UVC wavelengths deemed insignificant for this 

study due to their absence in the terrestrial solar radiation spectrum. By comparing DSCs to 

differentiated skin cell types isolated from foreskin, I assess if the DDR in DSCs—including 

fundamental mechanisms, such as DNA repair, cell cycle regulation, and induction of 

apoptosis—exhibits any features or abnormalities that might render them more susceptible to 

tumorigenesis. Additionally, I investigate the effects of UV irradiation on DSC properties, 

specifically in terms of differentiation and sphere formation capability. Finally, using a selected 

melanoma-specific miRNA panel, I search for potential UV-induced miRNA patterns in DSCs 

that are associated with the development of melanoma. 

Studying the effects of UV exposure on DSCs will be important for comprehending the role of 

radiation-damaged melanocyte stem cells in the etiology of cutaneous melanoma. The findings 

from these investigations might advance our understanding of the molecular and cellular risk 

factors that lead to UV-induced malignant transformation during melanoma development. 
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3 Materials 

3.1 Devices 

Table 3.1 Devices. 

Device Model Manufacturer 

Analytical balance 870-61 Kern & Sohn (Balingen-Frommern, Germany) 

Aspirator Accuvac Basic 

E 341 Battery 

Weinmann (Hamburg, Germany) 

ATMOS MedizinTechnik (Lenzkirch, Germany) 

autoMACS® Separator Pro Miltenyi Biotec (Bergisch Gladbach, Germany) 

Beam combiner 45°, 315 nm custom-made S1 Optics (Nürtingen, Germany) 

Beam combiner 45°, 400 nm custom-made S1 Optics (Nürtingen, Germany) 

Camera DX40C-285FW Kappa opto-electronics GmbH (Gleichen, Germany) 

Centrifuge Micro Centrifuge AL 

Mikro 200 

Mikro 22 R 

Rotina 46 

Universal 320 

Carl Roth GmbH (Karlsruhe, Germany) 

Hettich (Tuttlingen, Germany) 

Hettich (Tuttlingen, Germany) 

Hettich (Tuttlingen, Germany) 

Hettich (Tuttlingen, Germany) 

EasySep™ Magnet EasyEights™ StemCell Technologies (Vancouver, Canada) 

Filter for UVA lamp 

(UVB filter) 

Schott WG 320 long-

pass 

Schott AG (Mainz, Germany) 

Filter for UVB lamp 

(UVA filter) 

Asahi Spectra UV325 

short-pass (ZUS0325) 

Mountain Photonics GmbH (Landsberg am Lech, 

Germany) 

Filter for UVB lamp 

(UVC filter) 

Schott B270 long-

pass 

Reichmann-Feinoptik GmbH (Brokdorf, Germany) 

Filter metal mesh  Modulor GmbH (Berlin, Germany) 

Flow cytometer Guava® easyCyte 

8HT 

Merck (Darmstadt, Germany) 

Fluorescence microscope DMRB Leica (Wetzlar, Germany) 

Fume hood 7590 Köttermann (Uetze/Hänigsen, Germany) 

Hybridization Oven Hybri 6/12 LTF Labortechnik GmbH (Wasserburg, Germany) 

Incubator CB 210 Binder GmbH (Tuttlingen, Germany)  

Laminar flow hood class 2 Gelaire BSB-4A Flow Laboratories GmbH (Meckenheim, Germany) 

Magnetic stirrer IKAMAG RH IKA Labortechnik (Staufen, Germany) 

Microscope CKX53 Olympus (Hamburg, Germany) 

pH meter 766 Calimatic  Knick Elektronische Messgeräte GmbH (Berlin, 

Germany)  

Photometer BioPhotometer 6131 Eppendorf (Hamburg, Germany)  

Pipetting aid Pipetus-Accu  Hirschmann (Eberstadt, Germany) 

Plate Thermo-Shaker PST-100HL Biosan (Riga, Latvia) 

Platform Shaker KL2 

Rotamax 120 

Edmund Bühler GmbH (Bodelshausen, Germany) 

Heidolph Instruments GmbH (Schwabach, 

Germany) 

Rocking platform shaker WT14 Biometra GmbH (Göttingen, Germany)  
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Device Model Manufacturer 

Shaking water bath 1083 GFL mbH (Burgwedel, Germany) 

Thermal shaker Thermomixer 5436 

ThermoMixer C 

Eppendorf (Hamburg, Germany) 

Eppendorf (Hamburg, Germany) 

Thermocycler qTOWER3 G touch 

T-personal 48 

Analytik Jena (Jena, Germany) 

Biometra (Göttingen, Germany) 

UV irradiation lamp KAUVIR KAUVIR consortium, Technical University of 

Darmstadt (Darmstadt, Germany) 

Vacuum manifold for 96-well 

filter plates 

 Firefly BioWorks (Cambridge, MA, USA) 

Vortexer All-in-one 

Vibrofix VF2 

Biozym (Hessisch Oldendorf, Germany) 

IKA Labortechnik (Staufen, Germany) 

 

3.2 Consumables 

Table 3.2 Consumables. 

Product Manufacturer 

autoMACS® Columns Miltenyi Biotec (Bergisch Gladbach, Germany) 

Cell culture dishes (35 mm, 60 mm, 94 mm) Greiner Bio-One GmbH (Frickenhausen, Germany) 

Cell culture flasks, adherent cells (25 cm², 75 cm²) Greiner Bio-One GmbH (Frickenhausen, Germany) 

Cell culture flasks, suspension cells (50 mL) Greiner Bio-One GmbH (Frickenhausen, Germany) 

Cell culture plates (6-well, 24-well) Greiner Bio-One GmbH (Frickenhausen, Germany) 

Cell scraper Greiner Bio-One GmbH (Frickenhausen, Germany) 

Cell strainer (40 µm, 100 µm) Corning (Corning, NY, USA) 

Centrifuge tubes (15 mL, 50 mL) Greiner Bio-One GmbH (Frickenhausen, Germany) 

Coverslips (13 mm) VWR (Radnor, PA, USA) 

Disposable syringe (5 mL, 10 mL) Becton, Dickinson and Company (Franklin Lakes, 

NJ, USA) 

Filter plates + Catch plates (96-well) Abcam (Cambridge, UK) 

Forceps Carl Roth GmbH (Karlsruhe, Germany) 

Freezing container, Mr. Frosty™ VWR (Radnor, PA, USA) 

Freezing tubes (1 mL) Greiner Bio-One GmbH (Frickenhausen, Germany) 

Graduated pipettes Karl Hecht GmbH (Sondheim v.d. Röhn, Germany) 

Microplates ELISA, F-bottom (96-well) Greiner Bio-One GmbH (Frickenhausen, Germany) 

Microplates, V-bottom (96-well) Greiner Bio-One GmbH (Frickenhausen, Germany) 

Microscope slides Karl Hecht GmbH (Sondheim v.d. Röhn, Germany) 

Microtome blades, stainless steel, S35 FEATHER Safety Razor (Osaka, Japan) 

Neubauer hemocytometer Karl Hecht GmbH (Sondheim v.d. Röhn, Germany) 

Pasteur pipettes Henze (Elmshorn, Germany) 

PCR strips Greiner Bio-One GmbH (Frickenhausen, Germany) 

Bioplastics (Landgraaf, Niederlande) 
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Product Manufacturer 

Pipettes Eppendorf (Hamburg, Germany) 

Pipette tips Greiner Bio-One GmbH (Frickenhausen, Germany) 

Ratiolab GmbH (Dreieich, Germany) 

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

Reaction tubes (0.5 mL, 1.5 mL, 2 mL) Greiner Bio-One GmbH (Frickenhausen, Germany) 

Round-bottom polystyrene tubes (5 mL) Corning (Corning, NY, USA) 

Scissors Carl Roth GmbH (Karlsruhe, Germany) 

Sieve, stainless steel, coarse-meshed (75 mm) Carl Roth GmbH (Karlsruhe, Germany) 

Sterile filter, Millex®GP (0.22 µm) Merck (Darmstadt, Germany) 

Sterile filter, Steritop® 45 mm Neck Size (0.22 µm) Merck (Darmstadt, Germany) 

UV cuvette Eppendorf (Hamburg, Germany) 

 

3.3 Reagents 

Table 3.3 Reagents and chemicals. 

Product Manufacturer 

Accutase™ cell detachment solution Capricorn Scientific (Ebsdorfergrund, Germany) 

Acetone Carl Roth GmbH (Karlsruhe, Germany) 

Annexin-V-FITC, recombinant (50 µg/mL) Biotium (Fremont, CA, USA) 

L-Ascorbic acid Sigma-Aldrich (Taufkirchen, Germany) 

autoMACS® Rinsing solution Miltenyi Biotec (Bergisch Gladbach, Germany) 

autoMACS® Washing solution Miltenyi Biotec (Bergisch Gladbach, Germany) 

BSA Carl Roth GmbH (Karlsruhe, Germany) 

Calcium chloride CaCl2 Carl Roth GmbH (Karlsruhe, Germany) 

Calcium chloride dihydrate CaCl2 × 2 H2O Carl Roth GmbH (Karlsruhe, Germany) 

CHIR-99021 Biogems (Westlake Village, CA, USA) 

Chloroform/Trichloromethane (99%) Carl Roth GmbH (Karlsruhe, Germany) 

Cholera toxin Sigma-Aldrich (Taufkirchen, Germany) 

Collagenase type IV (255 U/mg) Gibco Life Technologies (Carlsbad, CA, USA) 

Cultrex™ Stem Cell Qualified Reduced Growth Factor 

Basement Membrane Extract (8–12 mg/mL) 

Bio-Techne (Minneapolis, MN, USA) 

DABCO (99%) Sigma-Aldrich (Taufkirchen, Germany) 

DAPI Sigma-Aldrich (Taufkirchen, Germany) 

DermaLife K keratinocyte medium Lifeline Cell Technology (Frederick, MD, USA) 

DermaLife Ma melanocyte medium Lifeline Cell Technology (Frederick, MD, USA) 

Dexamethasone Sigma-Aldrich (Taufkirchen, Germany) 

Dibutyryl-cAMP Biogems (Westlake Village, CA, USA) 

Disodium hydrogen phosphate Na2HPO4 

 

Merck (Darmstadt, Germany) 
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Product Manufacturer 

Disodium hydrogen phosphate dihydrate Na2HPO4 × 

2 H2O 

Carl Roth GmbH (Karlsruhe, Germany) 

Dispase II (0.5 U/mg) Sigma-Aldrich (Taufkirchen, Germany) 

DMEM, low glucose, pyruvate Capricorn Scientific (Ebsdorfergrund, Germany) 

DMEM powder Gibco Life Technologies (Carlsbad, CA, USA) 

DMSO Carl Roth GmbH (Karlsruhe, Germany) 

DNase I from bovine pancreas (min. 3,000 Kunitz U/mg) SERVA Electrophoresis GmbH (Heidelberg, 

Germany) 

EDTA Titriplex III (99%) Merck (Darmstadt, Germany) 

Endothelin-3 Sigma-Aldrich (Taufkirchen, Germany) 

Ethanol (100%) VWR (Radnor, PA, USA) 

FBS (12A, CP18-2361) Capricorn Scientific (Ebsdorfergrund, Germany) 

FGF-basic, recombinant human PeproTech (Hamburg, Germany) 

FirePlex® Cytometer Run Buffer I (ab245836) Abcam (Cambridge, UK) 

Geltrex™ LDEV-Free Reduced Growth Factor Basement 

Membrane Matrix (12–18 mg/mL) 

Gibco Life Technologies (Carlsbad, CA, USA) 

Geneticin (50 mg/mL) Gibco Life Technologies (Carlsbad, CA, USA) 

Gentamycin (10 mg/mL) Merck (Darmstadt, Germany) 

D-glucose (dextrose) Sigma-Aldrich (Taufkirchen, Germany) 

Goat serum Dako (Glostrup, Denmark) 

Glycerol (99.5%) Carl Roth GmbH (Karlsruhe, Germany) 

HEPES Carl Roth GmbH (Karlsruhe, Germany) 

Hydrochloric acid HCl (32% = 10 M) Carl Roth GmbH (Karlsruhe, Germany) 

Isopropyl alcohol, for freezing container Carl Roth GmbH (Karlsruhe, Germany) 

ITS liquid medium supplement (100×) Sigma-Aldrich (Taufkirchen, Germany) 

Kanamycin Carl Roth GmbH (Karlsruhe, Germany) 

Linoleic acid-BSA (100 mg/mL) Sigma-Aldrich (Taufkirchen, Germany) 

MACS® BSA stock solution Miltenyi Biotec (Bergisch Gladbach, Germany) 

Magnesium chloride hexahydrate MgCl2 × 6 H2O Carl Roth GmbH (Karlsruhe, Germany) 

Magnesium sulfate MgSO4 × H2O Carl Roth GmbH (Karlsruhe, Germany) 

MCDB 201 medium Sigma-Aldrich (Taufkirchen, Germany) 

Biomol GmbH (Hamburg, Germany) 

β-Mercaptoethanol Gibco Life Technologies (Carlsbad, CA, USA) 

Methanol Carl Roth GmbH (Karlsruhe, Germany) 

Mowiol 4-88 Carl Roth GmbH (Karlsruhe, Germany) 

PBS tablets Gibco Life Technologies (Carlsbad, CA, USA) 

Penicillin + streptomycin 

10,000 U/mL penicillin 

10,000 µg/mL streptomycin 

Gibco Life Technologies (Carlsbad, CA, USA) 

Phenol red Sigma-Aldrich (Taufkirchen, Germany) 

PMA / TPA Sigma-Aldrich (Taufkirchen, Germany) 
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Product Manufacturer 

Potassium chloride KCl Carl Roth GmbH (Karlsruhe, Germany) 

Potassium dihydrogen phosphate KH2PO4 Merck (Darmstadt, Germany) 

Propidium iodide powder Sigma-Aldrich (Taufkirchen, Germany) 

Propidium iodide solution (100 μg/mL) Miltenyi Biotec (Bergisch Gladbach, Germany) 

Proteinase K (30 U/mg) Sigma-Aldrich (Taufkirchen, Germany) 

RNase A from bovine pancreas (85–110 Kunitz U/mg) Sigma-Aldrich (Taufkirchen, Germany) 

Roti®Block blocking and washing solution (10×) Carl Roth GmbH (Karlsruhe, Germany) 

RPMI 1640 powder Gibco Life Technologies (Carlsbad, CA, USA) 

SCF PeproTech (Hamburg, Germany) 

Sodium acetate C2H3NaO2 Merck (Darmstadt, Germany) 

Sodium chloride NaCl Carl Roth GmbH (Karlsruhe, Germany) 

Sodium hydrogen carbonate NaHCO3 Carl Roth GmbH (Karlsruhe, Germany) 

Soybean trypsin inhibitor Sigma-Aldrich (Taufkirchen, Germany) 

Staurosporine Santa Cruz Biotechnology (Dallas, TX, USA) 

StemPro™ hESC SFM medium 

includes DMEM/F-12+GlutaMAX™ medium, 

StemPro™ hESC supplement, and 25% BSA 

Gibco Life Technologies (Carlsbad, CA, USA) 

Sulfamethoxazole Sigma-Aldrich (Taufkirchen, Germany) 

TE-Buffer (100×) Carl Roth GmbH (Karlsruhe, Germany) 

Tris base C4H11NO3 Carl Roth GmbH (Karlsruhe, Germany) 

Tris hydrochloride C4H11NO3 × HCl Carl Roth GmbH (Karlsruhe, Germany) 

Trisodium citrate dihydrate C6H5Na3O7 × 2 H2O Merck (Darmstadt, Germany) 

Triton X-100 Sigma-Aldrich (Taufkirchen, Germany) 

Trypsin Biochrom GmbH (Berlin, Germany) 

Water, nuclease-free, 

sterile-filtered, double-distilled 

Carl Roth GmbH (Karlsruhe, Germany) 

B. Braun Melsungen AG (Melsungen, Germany) 

Wnt3a, recombinant human R&D Systems (Minneapolis, MN, USA) 

 

3.4 Buffers and Solutions 

Table 3.4 Composition of buffers and solutions. 

Name Formula 

Annexin incubation buffer 2.4 g/L HEPES (= 10 mM), 8.2 g/L NaCl (= 140 mM), 0.56 g/L CaCl2 

(= 5 mM) in ddH2O. pH 7.4. Store at 4 °C. 

Annexin staining solution 1.25 µg/mL Annexin-V-FITC, 1.25 µg/mL propidium iodide in Annexin 

incubation buffer. 

L-Ascorbic acid (100 mM) 100 mg L-ascorbic acid in 5.678 mL ddH2O. Store at -20 °C. 

BSA (0.1%) 1 g/L BSA in PBS-/-. Store at 4 °C. 

BSA (3%) 30 g/L BSA in PBS+/+. Store at 4 °C. 

CHIR-99021 (3 mM) 1 mg CHIR-99021 in 716 µL DMSO. Store at -20 °C. 
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Name Formula 

Cholera toxin (10 µM) 0.5 mg cholera toxin in 589 µL ddH2O. Store at 4 °C. For the preparation of 

medium, the stock solution (10 µM) was further diluted to 20 nM with 

ddH2O, and from this dilution the required amount was taken. 

Collagenase type IV 

(100,000 U/mL) 

1 g collagenase type IV in 2.55 mL HBSS+/+. Store at -20 °C. 

Collagenase type IV 

(500 U/mL) 

50 µL collagenase type IV (100,000 U/mL) in 10 mL HBSS+/+. Sterile-

filtered. 

DAPI (10 µg/mL) 1 mg DAPI in 100 mL ddH2O. Store at -20 °C. The solution was diluted 

1:100 with ddH2O to a concentration of 0.1 µg/mL before use. 

Dexamethasone (25 µM) 25 mg dexamethasone in 2.548 mL ethanol (= 25 mM). From this stock, 

10 µL in 10 mL ethanol. Store at -20 °C. 

Dibutyryl-cAMP (100 mM) 25 mg dibutyryl-cAMP in 508.75 µL ddH2O. Store at -20 °C. 

Dispase II 

(0.48% = 2.4 U/mL) 

480 mg dispase II in 100 mL PBS-/-. pH 7.4, sterile-filtered. Store at -20 °C. 

DNase I (20,000 U/mL) 25 mg DNase I in 3.75 mL sterile 0.15 M NaCl. Store at -20 °C. 

Endothelin-3 (100 µM) 100 µg endothelin-3 in 378 µL PBS-/-. Store at -20 °C. 

FACS buffer 

(0.5% BSA/2 mM EDTA) 

5 g/L BSA, 744 mg/L EDTA in PBS-/-. pH 7.2. Store at 4 °C. 

FGF-basic (100 µg/mL) 100 µg FGF-basic in 1 mL sterile 0.1% BSA/PBS-/-. Store at -20 °C. For the 

preparation of medium, the stock solution (100 µg/mL) was further diluted 

to 10 µg/mL with 0.1% BSA/PBS-/-, and from this dilution the required 

amount was taken. 

Goat serum (5%) 500 µL goat serum, 9500 µL PBS-/-. Store at 4 °C. 

HBSS+/+ 140 mg/L CaCl2, 100 mg/L MgCl2 × 6 H2O, 49 mg/L MgSO4 × H2O, 

400 mg/L KCl, 60 mg/L KH2PO4, 350 mg/L NaHCO3, 8 g/L NaCl, 48 mg/L 

Na2HPO4, 1 g/L D-glucose, 10 mg/L phenol red, 100 U/mL penicillin, 

100 µg/mL streptomycin in ddH2O. pH 7.8, sterile-filtered. Store at 4 °C. 

HBSS-/- 400 mg/L KCl, 60 mg/L KH2PO4, 350 mg/L NaHCO3, 8 g/L NaCl, 60 mg/L 

Na2HPO4 × 2 H2O, 1 g/L D-glucose, 100 mg/L phenol red, 100 U/mL 

penicillin, 100 µg/mL streptomycin in ddH2O. pH 7.8, sterile-filtered. Store 

at 4 °C. 

HCl (2 M) 80 mL ddH2O, 20 mL 10 M HCl. 

Kanamycin (100 mg/mL) 5 g kanamycin in 50 mL ddH2O. Sterile-filtered. Store at -20 °C. 

MCDB 201 medium 1 g in 56 mL ddH2O. pH 7.6, sterile-filtered. Store at 4 °C. 

Mowiol mounting medium Dissolve 2.4 g Mowiol 4-88 in 6 g glycerol for 1 h at RT, with stirring. Add 

6 mL ddH2O, stir for one more hour at RT. Add 12 mL 0.2 M tris-HCl, 

incubate for 2 h at 50 °C under periodical stirring (for 2 min every 

20 minutes). Add 25 mg/mL DABCO. Store at -20 °C. 

NaCl (0.15 M) 58.44 g/L NaCl in ddH2O. Sterile-filtered. 

PBS+/+ Two tablets of PBS, 100 mg/L MgCl2 × 6 H2O, 132 mg/L CaCl2 × 2 H2O in 

ddH2O. pH 7.3. 

PBS-/- Two tablets of PBS in 1 L ddH2O. pH 7.3. 

Phenol red (0.01 g/L) 0.1 mg phenol red in 10 mL PBS-/-. Sterile-filtered. Store at 4 °C. 

PMA (500 µM) 1 mg PMA in 3.242 mL DMSO. Store at -20 °C. 

Propidium iodide (1 mg/mL) 

 

10 mg propidium iodide in 10 mL PBS-/-. Store at 4 °C. 
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Name Formula 

Proteinase K 

(50 µg/mL = 1.5 U/mL) 

5 mg proteinase K in 100 mL PBS+/+. Store at -20 °C. The solution was 

diluted 1:10 with PBS+/+ to a concentration of 5 µg/mL = 0.15 U/mL before 

use. 

RNase A (0.1%) 1 g/L RNase A in 10 mM sodium acetate. Heat to 100 °C for 15 min, allow 

to cool to RT. Adjust to pH 7.4 with 1 M tris-HCl. Store at -20 °C. The 

solution was diluted 1:10 with PBS-/- to a concentration of 0.01% before use. 

Roti®Block-Triton 

(1×/0.125%) 

10 mL 10× Roti®Block blocking and washing solution, 90 mL ddH2O, 

125 µL Triton X-100. 

SCF (100 µg/mL) 50 µg SCF in 100 µL ddH2O and 400 µL sterile 0.1% BSA/PBS-/-. Store at 

-20 °C. 

Selection buffer ES 

(2% FBS/1 mM EDTA) 

2 mL FBS, 372 mg/L EDTA, 98 mL PBS-/-. Store at 4 °C. 

Selection buffer M 

(0.5% BSA/2 mM EDTA) 

MACS® BSA stock solution diluted 1:20 with autoMACS® Rinsing 

solution. Store at 4 °C. 

Sodium acetate (10 mM) 820 mg/L sodium acetate in ddH2O. pH 5.2. 

Soybean trypsin inhibitor 

(10 mg/mL) 

25 mg soybean trypsin inhibitor in 2.5 mL ddH2O. Sterile-filtered. Store at 

-20 °C. 

Staurosporine (1 mM) 1 mg staurosporine in 2.143 mL DMSO. Store at -20 °C. 

Sulfamethoxazole (20 mg/mL) 0.5 g sulfamethoxazole in 25 mL ethanol. Sterile-filtered. Store at -20 °C. 

TBS (10×) 12.12 g/L tris base, 87.66 g/L NaCl in ddH2O. pH 7.5. Store at 4 °C. The 

buffer was diluted 1:10 with ddH2O to 1× concentration before use. 

Tris-HCl (0.2 M) 31.52 g/L tris hydrochloride in ddH2O. pH 8.5. 

Tris-HCl (1 M) 157.6 g/L tris hydrochloride in ddH2O. pH 8.1. 

Trypsin (0.1%) 1 g/L trypsin powder, 2.6 g/L trisodium citrate dihydrate, 6 g/L NaCl, 

0.2 g/L EDTA, 100 U/mL penicillin, 100 µg/mL streptomycin in ddH2O. pH 

7.8, sterile-filtered. Store at -20 °C. 

Trypsin-EDTA 

(0.25%/0.02%) 

2.5 g/L trypsin powder, 0.2 g/L EDTA in PBS-/-. pH 7.5, sterile-filtered. 

Store at -20 °C. 

Trypsin-EDTA 

(0.5%/0.2%) 

5 g/L trypsin powder, 2 g/L EDTA in PBS-/-. pH 7.5, sterile-filtered. Store at 

-20 °C. 

Wnt3a (20 µg/mL) 10 µg Wnt3a in 500 µL sterile 0.1% BSA/PBS-/-. Store at -20 °C. 

 

3.5 Culture Media 

Table 3.5 Composition of cell culture media. 

Name Formula 

DMEM 13.38 g/L DMEM powder, 3.7 g/L NaHCO3, 100 U/mL penicillin, 100 µg/mL 

streptomycin in ddH2O. pH 7.3, sterile-filtered. 

DMEM+10%FBS 13.38 g/L DMEM powder, 3.7 g/L NaHCO3, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 10% FBS. pH 7.3, sterile-filtered. 

Freezing medium 70% FBS-free cell-specific medium, 20% FBS, 10% DMSO, sterile-filtered. 

Keratinocyte medium DermaLife K keratinocyte medium, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 1 µg/L phenol red. 
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Name Formula 

Melanocyte differentiation 

medium 

50% DMEM, 0.5% FBS, 30% DMEM low glucose, 20% MCDB 201 medium, 

1× ITS liquid medium supplement, 1 mg/mL linoleic acid-BSA, 100 µM L-

ascorbic acid, 100 ng/mL SCF, 50 nM dexamethasone, 20 pM cholera toxin, 

100 nM PMA, 4 ng/mL FGF-basic, 100 nM endothelin-3, 20 ng/mL Wnt3a, 

100 µM dibutyryl-cAMP, 3 µM CHIR-99021, 100 U/mL penicillin, 100 µg/mL 

streptomycin. Sterile-filtered. 

Melanocyte medium DermaLife Ma melanocyte medium, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 100 µg/mL kanamycin, 1 µg/L phenol red. 

RPMI+10%FBS 10.43 g/L RPMI 1640 medium, 2 g/L NaHCO3, 100 U/mL penicillin, 

100 µg/mL streptomycin, 10% FBS in ddH2O. pH 7.3, sterile-filtered. 

Stem cell medium StemPro™ hESC SFM medium, 1.8% BSA, 1× StemPro™ hESC supplement 

(provided as a kit), 8 ng/mL FGF-basic, 0.1 mM β-mercaptoethanol, 100 U/mL 

penicillin, 100 µg/mL streptomycin, 100 µg/mL kanamycin, sterile-filtered. 

Transport medium 13.38 g/L DMEM powder, 5.958 g/L HEPES, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 100 µg/mL gentamycin, 100 µg/mL kanamycin in ddH2O. pH 

7.3, sterile-filtered. 

 

3.6 Kits 

Table 3.6 Kits. 

Name Cat. # Manufacturer 

Anti-PE MicroBeads 130-048-801 Miltenyi Biotec (Bergisch Gladbach, Germany) 

Basic MicroBeads 130-048-001 Miltenyi Biotec (Bergisch Gladbach, Germany) 

CD90 MicroBeads, human 130-096-253 Miltenyi Biotec (Bergisch Gladbach, Germany) 

EasySep™ Human CD271 

Positive Selection Kit II 

17849 StemCell Technologies (Vancouver, Canada) 

EasySep™ Human PE Positive 

Selection Kit II 

17664 StemCell Technologies (Vancouver, Canada) 

FirePlex® miRNA Assay Core 

Reagent Kit V2 - Biofluid 

ab218342 Abcam (Cambridge, UK) 

FirePlex® miRNA Assay Custom 

Particle Panel RGPC P1 

ab254477 Abcam (Cambridge, UK) 

Guava® ViaCount™ Reagent 4000-0040 Luminex Corporation (Austin, TX, USA) 

miRNeasy Mini Kit 217004 Qiagen (Hilden, Germany) 

Neural Crest Stem Cell (NCSC) 

MicroBeads, human 

130-097-127 Miltenyi Biotec (Bergisch Gladbach, Germany) 

peqGOLD DNase I Digest Kit 13-1091-01 VWR (Radnor, PA, USA) 

peqGOLD Total RNA Kit 12-6834-02, replaced 

by 13-6834-02 

PEQLAB Biotechnologie GmbH (Erlangen, 

Germany) 

SensiFAST™ cDNA Synthesis Kit BIO-65053 Bioline GmbH (Luckenwalde, Germany) 

SensiMix™ SYBR No-ROX Kit QT650-05 Bioline GmbH (Luckenwalde, Germany) 
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3.7 Antibodies 

3.7.1 Primary Antibodies 

Table 3.7 Primary antibodies. 

Antigen, Label Host Clone Application Cat. # Supplier 

CD90, PE Mouse 5E10 Flow, IMS 60045PE StemCell Technologies 

(Vancouver, Canada) 

CPD Mouse KTM53 Flow MC-062 Kamiya Biomedical 

Company (Seattle, WA, 

USA) 

NGFRp75 

(intracellular) 

Rabbit EP1039Y Flow, ICC ab52987 Abcam (Cambridge, UK) 

NGFRp75 (CD271), 

APC (surface) 

Recom-

binant 

REA844 Flow 130-112-602 Miltenyi Biotec (Bergisch 

Gladbach, Germany) 

CD90 Mouse AS02 ICC DIA100 Dianova (Hamburg, 

Germany) 

HMB45 Mouse - ICC sc-59305 Santa Cruz Biotechnology 

(Dallas, TX, USA) 

Melan-A Mouse A103 ICC M7196 Dako (Glostrup, Denmark) 

Pan-keratin Mouse PAN-CK ICC MA5-13203 Thermo Fisher Scientific 

(Waltham, MA, USA) 

TRP2 Mouse C-9 ICC sc-74439 Santa Cruz Biotechnology 

(Dallas, TX, USA) 

CD90, PE Mouse DG3 IMS 130-117-388 Miltenyi Biotec (Bergisch 

Gladbach, Germany) 

Flow: flow cytometry, ICC: immunocytochemistry, IMS: immunomagnetic separation. 

 

3.7.2 Secondary Antibodies 

Table 3.8 Secondary antibodies. 

Antigen, Label Host Application Cat. # Supplier 

Mouse IgG (H+L), FITC Goat Flow 115-095-062 Dianova (Hamburg, 

Germany) 

Rabbit IgG (H+L) Cross-Adsorbed, APC Goat Flow A10931 Thermo Fisher Scientific 

(Waltham, MA, USA) 

Mouse IgG (H+L) Highly Cross-

Adsorbed, Alexa Fluor 488 

Goat ICC A11029 Thermo Fisher Scientific 

(Waltham, MA, USA) 

Rabbit IgG (H+L) Cross-Adsorbed, 

Alexa Fluor 594 

Goat ICC A11012 Thermo Fisher Scientific 

(Waltham, MA, USA) 

Flow: flow cytometry, ICC: immunocytochemistry, IMS: immunomagnetic separation. 
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3.8 mRNA Primers for qPCR Expression Analysis 

Primer sequences were taken from the literature or designed in-house. Primers were purchased 

from Biomers.net (Ulm, Germany), dissolved in 1× TE buffer, and forward and reverse primers 

were combined to an equimolar solution of 3 µM before use. 

3.8.1 Primer Sequences 

Table 3.9 mRNA primer sequences. 

Gene  Sequence 5‘  3‘ Amplicon [bp] Design 

ACTB (HKG) F 

R 

TTCCTGGGCATGGAGTC 

CAGGTCTTTGCGGATGTC 

84 [395] 

FRZB F 

R 

TGGAAGGATCGACTCGGTAAA 

TGAGTCCAAGATGACGAAGC 

64 [40] 

HPRT1 (HKG) F 

R 

TGACACTGGCAAAACAATGCA 

GGTCCTTTTCACCAGCAAGCT 

94 [396] 

MITF F 

R 

GAACACACACATTCACGAGCG 

CAATCAAGTTTCCCGAGACAG 

154 [397] 

MSX1 F 

R 

AGCTGCCAGAAGATGCGCT 

CGGCTTACGGTTCGTCTTGT 

152 in-house [398] 

Nestin F 

R 

ACCTCAAGATGTCCCTCAGC 

TCCAGCTTGGGGTCCTGA 

127 in-house [398] 

NGFRp75 F 

R 

GCTGCTGTTGCTGCTTCTG 

TCGGAGAACGTCACGCTG 

180 in-house [398] 

TBP (HKG) F 

R 

TTCGGAGAGTTCTGGGATTGTA 

TGGACTGTTCTTCACTCTTGGC 

227 [399] 

TRP1 F 

R 

GCTCCAGACAACCTGGGATA 

TCAGTGAGGAGAGGCTGGTT 

185 [400] 

TRP2 F 

R 

ACGCCTGGGTGCAGAGTC 

AGGGCCTTGTGTCGGCTC 

86 [400] 

Tyrosinase F 

R 

GTACAGGGATCTGCCAACGA 

GCCCAGATCTTTGGATGAAATAA 

210 modified from [400] 

HKG: housekeeping gene. F: forward. R: reverse. 

 

3.8.2 Internet Addresses for Primer Design 

Table 3.10 Internet addresses for primer design. 

URL Accessed on 

http://biotools.nubic.northwestern.edu/OligoCalc.html February 11, 2019 

http://bisearch.enzim.hu/?m=genompsearch February 11, 2019 

http://www.bioinformatics.org/sms/rev_comp.html February 11, 2019 

http://www.ensembl.org/Homo_sapiens/Info/Index February 11, 2019 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/ February 11, 2019 
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3.9 MicroRNA Panel 

Table 3.11 Custom human melanoma miRNA panel for FirePlex® miRNA Assay. 

hsa-let-7a-5p hsa-mir-145-5p hsa-mir-193b-5p hsa-mir-218-5p hsa-mir-338-3p 

hsa-let-7d-5p hsa-mir-146b-5p hsa-mir-197-3p hsa-mir-21-5p hsa-mir-33a-5p 

hsa-let-7g-5p hsa-mir-148a-3p hsa-mir-199a-3p hsa-mir-221-3p hsa-mir-342-3p 

hsa-let-7i-5p hsa-mir-150-5p hsa-mir-199a-5p hsa-mir-222-3p hsa-mir-34a-3p 

hsa-mir-100-5p hsa-mir-155-5p hsa-mir-200c-3p hsa-mir-23a-3p hsa-mir-34a-5p 

hsa-mir-101-3p hsa-mir-15a-5p hsa-mir-203a-3p hsa-mir-23b-3p hsa-mir-34b-3p 

hsa-mir-124-3p hsa-mir-15b-5p hsa-mir-204-5p hsa-mir-29a-3p hsa-mir-425-5p 

hsa-mir-1246 hsa-mir-16-5p hsa-mir-205-5p hsa-mir-29b-3p hsa-mir-494-3p 

hsa-mir-125b-5p hsa-mir-17-5p hsa-mir-20a-5p hsa-mir-29c-3p hsa-mir-509-3p 

hsa-mir-132-3p hsa-mir-182-5p hsa-mir-20b-5p hsa-mir-301a-3p hsa-mir-92b-3p 

hsa-mir-137 hsa-mir-185-5p hsa-mir-210-3p hsa-mir-30d-5p hsa-mir-93-5p 

hsa-mir-142-3p hsa-mir-192-5p hsa-mir-211-5p hsa-mir-31-3p  

hsa-mir-142-5p hsa-mir-193b-3p hsa-mir-214-3p hsa-mir-31-5p  

The nine most stable microRNAs for normalization are shown in bold. The five microRNAs highlighted in gray 

were excluded from the analysis due to low fluorescence values in measurements. 

 

3.10 Software 

Table 3.12 Used software. 

Name Version Company 

BioRender  BioRender (Toronto, Canada), https://www.biorender.com/ 

EHDView x64, 3.7.9432 EHD imaging GmbH (Damme, Germany) 

EndNote™ 21.2 Clarivate Analytics (London, UK) 

FirePlex® Analysis 

Workbench 

2.0.274-ext Abcam (Cambridge, UK) 

Flowing Software 2.5.1 Perttu Terho, Turku Bioscience Centre (Turku, Finland) 

Guava® InCyte™ 3.1 Luminex Corporation (Austin, TX, USA) 

ImageJ 1.50i National Institutes of Health (Bethesda, MD, USA), 

https://www.imagej.nih.gov/ij/ 

Kappa Camera Control 1.4.2.9031 Kappa opto-electronics GmbH (Gleichen, Germany) 

Marvin JS 23.13.0 Chemaxon (Budapest, Hungary) 

Microsoft Office 2016 Microsoft Corporation (Redmond, WA, USA) 

miRTargetLink 2.0 Saarland University (Saarbrücken, Germany), https://ccb-

compute.cs.uni-saarland.de/mirtargetlink2/ 

ModFit LT 4.1 Verity Software House (Topsham, ME, USA) 

qPCRsoft 4.1 Analytik Jena (Jena, Germany) 

R 3.5.1 or higher R Foundation for Statistical Computing (Vienna, Austria), 

https://www.r-project.org/ 

SigmaPlot 13.0 Systat Software Inc. (San José, CA, USA) 
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3.11 Cell Strains 

3.11.1 Primary DSCs, Fibroblasts, Melanocytes, and Keratinocytes 

All primary skin cells—including DSCs, fibroblasts, melanocytes, and keratinocytes—were 

isolated from human foreskins derived from routine circumcisions as discarded tissue, kindly 

provided by Dr. M. Said (Hamburg, Germany). The children’s legal guardians gave their 

written informed consent before donation of foreskin samples, which were anonymized. 

3.11.2 Melanoma Cells 

Melanoma cells were available as frozen stocks from 2010 and 2013. Cells were previously 

isolated in the Department of Molecular Cell Biology from melanoma metastasis tissue that 

was not required for further diagnostics, obtained from surgery at the Department of 

Dermatology at the Elbe Clinics Stade-Buxtehude (Buxtehude, Germany). The patients gave 

their written informed consent before donation of metastasis tissue samples, which were 

anonymized. 
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4 Methods 

4.1 Cell Culture 

4.1.1 Isolation of Cells 

All cells were isolated from human foreskins as previously described [31,125,126] with slight 

modifications [398]. After excision, the skin was stored at 4 °C in a sterile centrifuge tube 

containing 20 mL of transport medium (Table 3.5) and delivered to the laboratory within 48 h. 

Foreskins were washed in a 6-well cell culture plate in phosphate-buffered saline (PBS-/-), 70% 

ethanol, and again in PBS-/-, cut open with scissors and then into elongated stripes 2–3 mm 

wide. The foreskin stripes were washed three times for 10 min in a 6-well cell culture plate in 

PBS-/- containing 200 µg/mL gentamycin and 200 µg/mL sulfamethoxazole, at 200 rpm on a 

platform shaker. Afterwards, skin stripes were finally incubated in 5 mL of 0.48% dispase II 

overnight at 4 °C. 

On the next day, epidermis and dermis were separated with forceps and collected in Ca2+- and 

Mg2+-free HBSS (HBSS-/-) and PBS-/-, respectively, until further processing to prevent from 

drying out. The dermis was finely chopped with a microtome blade and incubated in 5 mL of 

500 U/mL collagenase type IV in Hanks' balanced salt solution with Ca2+ and Mg2+ (HBSS+/+) 

at 37 °C for 1 h with shaking every 15 min. The resulting suspension was then diluted with 

25 mL HBSS-/- and sequentially passed through a coarse-meshed sieve, a 100 µm cell strainer 

and a 40 µm cell strainer. Cells were counted and centrifuged at 200× g for 10–30 min, 

depending on the turbidity of the supernatant. Fibroblasts were cultured by seeding whole 

dermal cells at a density of 2 × 104 cells/cm² in RPMI+10%FBS (Table 3.5). 

 To obtain DSCs, whole dermal cells were seeded at a density of 0.8–1.0 × 106 cells/mL in 

stem cell medium (Table 3.5) in suspension culture flasks to be initially cultivated in spheres. 

For medium change, the whole content of the flasks including cells and medium was collected 

in a centrifuge tube. If cells were also attached to the bottom of the flasks, they were scraped 

off with a cell scraper beforehand. Cell aggregates/spheres were allowed to settle for 5–10 min. 

Then, half of the supernatant was aspirated and refilled with fresh stem cell medium. Only at 

the first medium change after isolation, the supernatant was not discarded but collected and 

mixed with fresh medium for further cultivation. After roughly two weeks of cultivation in 

suspension, the dermal spheres were dissociated (see section 4.1.2), and cells were seeded in 

cell culture vessels coated with basement membrane extract (BME) (see section 4.1.3) in order 

to let the cells proliferate and to obtain sufficient amounts of cells for subsequent experiments 
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with adherent growing cultures. Depending on the cell count, experiments with DSCs were 

performed with either single donor cell strains or a combination of multiple donor cell strains. 

To prepare keratinocytes, one third of the epidermis was incubated in 2 mL 0.25%/0.02% 

trypsin-EDTA for 5 min at 37 °C. Afterwards, the suspension was vigorously pipetted up and 

down for 1–2 min with a Pasteur pipette, and diluted with 10 mL Dulbecco's modified Eagle 

medium (DMEM) containing 10% fetal bovine serum (DMEM+10%FBS). Cells were 

centrifuged at 200× g for 10 min, counted, and seeded at a density of 2.7–4.0 × 104 cells/cm² in 

keratinocyte medium (Table 3.5). 

 The isolation of melanocytes was adapted from a method by Herlyn and colleagues [401]. 

Two thirds of the epidermis were finely chopped with a microtome blade, incubated in 1–2 mL 

0.5%/0.2% trypsin-EDTA for 5 min at 37 °C, and pipetted up and down 80 times with a Pasteur 

pipette. Trypsinization was stopped with 1 mg/mL soybean trypsin inhibitor and the suspension 

was further diluted with 10 mL DMEM+10%FBS. Cells were centrifuged for 10 min at 200× g, 

counted, and seeded in melanocyte medium (Table 3.5) at a density of 4.0–5.4 × 104 cells/cm². 

In the first 48–72 h, it was necessary to refrain from disturbing the melanocytes and avoid any 

repositioning. 

Melanoma cells, derived from melanoma metastases in earlier isolations, were already available 

as frozen stocks. For experiments, melanoma cells were thawed and cultured in 

RPMI+10%FBS (Table 3.5) at a density of 1.6 × 104 cells/cm². All cells were cultured in an 

incubator with 5% CO2 and 95% humidity at 37 °C. Half of the medium was changed twice 

each week or when required. 

4.1.2 Dissociation of Dermal Spheres 

Following a suspension cultivation period of 12–14 days after isolation, the dermal spheres 

were dissociated. The medium containing spheres and scraped-off cells was transferred to a 

centrifuge tube and allowed to settle for 10 min. Half of the medium was removed, and the 

resulting cell suspension was centrifuged at 200× g for 10 min. After aspiration of the 

supernatant, the pellet was resuspended in around 1 mL Accutase™ per cell culture flask and 

incubated at 37 °C for 1 h within a water bath, with occasional shaking. Spheres were 

additionally pipetted up and down with a graduated pipette and a Pasteur pipette for further 

dissociation. Subsequently, the cells were counted and centrifuged for 10 min at 200× g, before 

seeding into cell culture vessels coated with BME (see section 4.1.3) at a density of 

approximately 1.4–2.7 × 104 cells/cm² to enable adherent growth. Furthermore, following 
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dissociation of the spheres, the DSC frequency in the culture was determined via flow 

cytometry, using the stem cell marker NGFRp75 (see section 4.6.2.1). 

4.1.3 Coating with Basement Membrane Extract for DSCs 

For adherent cell growth of DSCs, coating of the cell culture vessels with basement membrane 

extract (BME) was necessary. This soluble mixture containing laminin, collagen IV, entactin, 

and heparin sulfate proteoglycan purified from Engelbreth-Holm-Swarm tumor cells resembles 

the basement membrane and gels at temperatures >15 °C. First, the thawed but cold extract 

(Geltrex™ or Cultrex™) was diluted 1:100 with pre-chilled DMEM low glucose to a final 

concentration of around 80–140 µg/mL. The dilution was applied to the cell culture vessels 

with the volumes shown in Table 4.1, and culture vessels were incubated at RT for at least 

30 min. Flasks were placed on a rocking platform shaker for an even distribution. (Vessels with 

coating solution could also be stored in an incubator for several days.) The BME-coating 

solution was carefully aspirated immediately before seeding of DSCs. 

Table 4.1 BME-coating for adherent growing DSCs. 

Cell culture vessel Volume of diluted BME 

Cell culture dish (35 mm) 1.5 mL 

Cell culture dish (60 mm) 2.5 mL 

Cell culture dish (94 mm) 5 mL 

Cell culture flask (25 cm²) 3 mL 

Cell culture flask (75 cm²) 5 mL 

Coverslip (13 mm) placed in 24-well cell culture plate 0.5 mL 

 

4.1.4 Splitting of Cells 

At 80–90% confluency of adherent cell cultures, the cells were detached and split according to 

the following cell-specific protocols (Table 4.2). In case of contamination of melanocyte 

cultures with keratinocytes, both cell types could be separated with this differential 

trypsinization protocol as melanocytes detached fast and keratinocytes remained behind. The 

number of obtained cells was determined using a Neubauer hemocytometer. After 

centrifugation at 200× g for 10 min, cells were either seeded in cell culture vessels for further 

cultivation and experiments, or cells were frozen. 
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Table 4.2 Protocols for detachment of adherent growing cells. 

DSCs & DSC-fibroblast 

co-cultures 

Fibroblasts Melanocytes Keratinocytes 

Aspiration of medium Aspiration of medium Aspiration of medium Aspiration of medium 

Washing with PBS-/- HBSS-/-, 10 min, 37 °C Washing with PBS-/- Washing with PBS-/- 

Accutase™, 5 min, 

37 °C 

0.1% trypsin, 5 min, 

37 °C 

0.25%/0.02% trypsin-

EDTA, 1 min, RT 

0.25%/0.02% trypsin-

EDTA, 5–10 min, 37 °C 

Tapping of culture vessel 

and dissociation of cells 

Tapping of culture vessel 

and dissociation of cells 

Only slight tapping of 

culture vessel 

Tapping of culture vessel 

and dissociation of cells 

Addition of 

DMEM+10%FBS to 

dilute Accutase™ to stop 

detachment reaction 

Addition of 

RPMI+10%FBS to stop 

detachment reaction 

Addition of 

DMEM+10%FBS to stop 

detachment reaction 

Addition of 

DMEM+10%FBS to stop 

detachment reaction 

 

4.1.5 Freezing of Cells 

Cells were detached according to the cell-specific protocol (Table 4.2) and centrifuged for 

10 min at 200× g. The supernatant was aspirated and cells were resuspended in freshly 

prepared, cell-specific freezing medium with a concentration of 1–2 × 106 cells/1 mL per 

freezing tube. The tubes were placed in a freezing container and stored at -70 °C for at least one 

day. The freezing container, filled with isopropyl alcohol, allows for a controlled cooling rate 

of -1 °C/min. Afterwards tubes were transferred to liquid nitrogen (-196 °C) for long-term 

storage. 

4.1.6 Thawing of Cells 

Cells were taken out of the liquid nitrogen and thawed quickly at 37 °C in a water bath. The 

cell suspension was transferred to a centrifuge tube filled with 10 mL of DMEM+10%FBS and 

centrifuged at 200× g for 10 min. The supernatant was aspirated, cells were resuspended in the 

required amount of cell-specific culture medium (Table 3.5), and transferred to a culture flask. 

Approximately 0.7–1.5 × 106 cells/75 cm² flask were seeded in 13–15 mL medium or around 

0.5–1 × 106 cells/25 cm² flask in 5 mL medium. Flasks for cultivation of DSCs were BME-

coated (see section 4.1.3). 

4.2 Enrichment of DSCs 

Cultivating whole dermal cells obtained from foreskin dermis in stem cell medium leads to the 

natural growth of DSCs in heterogeneous co-cultures with fibroblasts (see section 5.1). Given 
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that the fibroblasts not only pose a minor contamination, but represent the majority of the DSC 

culture, these mixed cultures are subsequently referred to as ‘DSC-fibroblast co-cultures’. 

4.2.1 Geneticin Treatment 

Dissociated DSC-fibroblast co-cultures were seeded on BME-coated coverslips (13 mm) 

placed in 24-well cell culture plates (5.0–5.7 × 104 cells/coverslip) and in BME-coated cell 

culture dishes (3.1–3.9 × 104 cells/cm²) in stem cell medium. Starting the following day (day 0), 

the cultures were treated with 50 µg/mL or 100 µg/mL Geneticin for a total of two days. 

Subsequently, the cells were washed with PBS-/-, fresh medium without Geneticin was added 

(day 2), and the cultures were maintained for a total of six days. Control cells were treated 

analogously, but without the addition of Geneticin. On days 0, 3, and 6 of the experiment, cell 

growth was monitored via light microscopy (Olympus CKX53 microscope with integrated 

camera and the EHDView software), the total number of cells grown in cell culture dishes was 

determined, and cells grown on coverslips were fixed for subsequent immunocytochemical 

staining (see section 4.6.1) to evaluate the proportion of DSCs in culture. 

4.2.2 Selective Detachment 

Dissociated DSC-fibroblast co-cultures were seeded in BME-coated cell culture dishes  

(2.6–3.1 × 104 cells/cm²) in stem cell medium. Upon reaching 80–90% confluency, cells were 

washed with PBS-/- and then incubated with the detachment reagents Accutase™ or trypsin-

EDTA (0.25%/0.02%) for varying periods of time. For Accutase™ treatment, cells were 

collected at 1-, 2-, and 3-minute time points, while trypsin-EDTA treatment required incubation 

periods of 0.5, 1, and 2 min. Control cells were incubated for 5 min. At the respective points, 

the culture dish was tapped slightly, and the supernatant containing the detached cells was 

collected. The remaining adherent cells were monitored via light microscopy (Olympus CKX53 

microscope with integrated camera and the EHDView software) and then further detached, 

reaching a total incubation time of 5 min. Subsequently, the cell count for each sample was 

measured, and the proportion of DSCs in culture was determined via flow cytometric staining 

of NGFRp75 and CD90 (see section 4.6.2.1). Cell viability was assessed through propidium 

iodide staining (1 µg/mL). 

4.2.3 Immunomagnetic Separation 

DSC-fibroblast co-cultures were subjected to both positive or negative immunomagnetic 

separation (IMS) (Figure 4.1), while also comparing EasySep™ column-free and MACS® 
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automatic column-based separation methods. Magnetic bead separation was performed on fresh 

DSC-fibroblast co-cultures grown on BME-coating prior to selection to allow the cells to 

proliferate and to obtain sufficient amounts of cells. The co-cultures were dissociated according 

to the cell-specific protocol (Table 4.2), and the resulting single-cell suspensions were subjected 

to separation protocols. The cell counts were determined before and in both fractions after the 

separation. The recovery was calculated as the ratio of the absolute number of DSCs in the 

purified fraction to the absolute number of DSCs in the initial sample. 

 

Figure 4.1 Illustration of immunomagnetic separation in a column-based approach. For positive 

selection, DSCs are labeled with beads via NGFRp75. Unbound fibroblasts pass through the magnetic 

field into the negative fraction, while labeled DSCs are retained in the column and eluted in the positive 

fraction. For negative selection, fibroblasts are labeled with beads via CD90. Unbound DSCs pass 

through the magnetic field into the negative fraction, while labeled fibroblasts are retained in the column 

and eluted in the positive fraction. For a column-free approach, a tube containing the labeled cell 

suspension is placed into a magnet. The supernatant with the unbound cells (negative fraction) is pipetted 

off, while the labeled cells are retained in the tube and subsequently resuspended (positive fraction) 

(created with BioRender.com). 

4.2.3.1 EasySep™ Column-Free Separation 

The EasySep™ column-free separation of fibroblasts and DSCs was performed using 5 mL 

polystyrene round-bottom tubes, the EasyEights™ EasySep™ Magnet, and EasySep™ 

Selection Kits from StemCell Technologies. PBS-/- containing 2% FBS and 1 mM EDTA was 

used as selection buffer (selection buffer ES). 
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For EasySep™ negative selection (labeling of fibroblasts), the EasySep™ Human PE Positive 

Selection Kit II along with a PE-conjugated anti-CD90 antibody (clone 5E10) was used 

according to the manufacturer’s protocol, with slight modifications. Changes to the kit protocol 

included: 

1. Up to 1 × 107 cells were resuspended in 1 mL of selection buffer ES (instead of 

1 × 108 cells/mL). 

2. Addition of 100 µL FcR blocker/mL of sample and 20 µL of PE-conjugated anti-CD90 

antibody/mL of sample meaning 1 µg/mL antibody (within the recommended 

concentration range of 0.3–3 µg/mL) and incubation for 15 min at RT. 

3. Wash step with centrifugation at 200× g for 10 min and resuspending of cell pellet in 

1 mL selection buffer ES. 

4. For an optimal ratio of the selection cocktail to antibody, 50 µL of selection cocktail/mL 

of sample (instead of 100 µL/mL) were added and incubated for 15 min at RT. 

5. Due to the high number of fibroblasts to be captured, 100 µL of RapidSpheres™ 

(beads)/mL of sample (instead of 75 µL/mL) were added and incubated for 10 min at 

RT. 

6. The sample was topped up with selection buffer ES to 2.5 mL and placed into the 

magnet for 10 min. 

7. The supernatant was carefully pipetted off and transferred to a new tube. 

8. Cells left in the tube were resuspended in 2.5 mL selection buffer ES, and the isolation 

step in the magnet was repeated with both the supernatant and the resuspended beads to 

a total of 2–3 separations. 

For EasySep™ positive selection (labeling of DSCs), the EasySep™ Human CD271 Positive 

Selection Kit II was used. The procedure followed the manufacturer’s protocol, with minor 

modifications: 

1. Approximately 1–2 × 107 cells were resuspended in 1 mL of selection buffer ES 

(instead of 1 × 108 cells/mL). 

2. Addition of 25 µL FcR blocker/mL of sample and 50 µL of selection cocktail/mL of 

sample and incubation for 15 min at RT. 

3. Addition of 50 µL RapidSpheres™ (beads)/mL of sample and incubation for 5 min at 

RT. 

4. The sample was topped up with selection buffer ES to 2.5 mL and placed into the 

magnet for 5 min. 

5. The supernatant was carefully pipetted off and transferred to a new tube. 
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6. Cells left in the tube were resuspended in 2.5 mL selection buffer ES, and the isolation 

step in the magnet was repeated to a total of 3–4 separations. 

The supernatant was designated as the negative fraction, while the leftover CD90-PE- or 

CD271(NGFRp75)-labeled cells bound to the magnetic beads were referred to as the positive 

fraction. Both of these cell suspensions obtained from magnetic separation were collected for 

immunostaining via flow cytometry (see section 4.6.2.1). The fraction containing the enriched 

DSCs was further cultivated for approximately 10–12 days. 

4.2.3.2 MACS® Automatic Column-Based Separation 

The MACS® automatic column-based separation was conducted with 5 mL polystyrene round-

bottom tubes, the autoMACS® Pro Separator, autoMACS® Columns, and MACS® 

MicroBeads from Miltenyi Biotec. PBS-/- containing 0.5% bovine serum albumin (BSA) and 

2 mM EDTA was used as selection buffer (selection buffer M). Prior to starting the separation 

protocol, the dissociated cell suspensions were filtered through 30 µm pre-separation filters to 

remove cell clumps that could potentially clog the columns. In addition, DNase I digestion was 

performed on the cell suspension to reduce non-specific binding and cell clumping caused by 

free DNA. Cells were treated with 200 U/mL DNase I diluted in 5 mL of DMEM+10%FBS for 

5 min at RT. Subsequently, the samples were washed with 15 mL DMEM+10%FBS and 

subjected to separation. Cells and buffer were kept cold (4 °C) throughout the entire separation 

protocol. 

Only one attempt of removing non-specific binding material prior to separation was conducted 

(see Appendix Figure 8.1), using Basic MicroBeads following the manufacturer’s protocol: 

1. Up to 1 × 107 cells were resuspended in 50 µL of selection buffer M. 

2. Addition of 5 µL of pre-diluted (1:10) Basic MicroBeads/1 × 107 cells and incubation 

for 15 min at 4 °C. 

3. Wash step by adding 2 mL of selection buffer M per 1 × 107 cells and centrifugation at 

300× g for 5 min. 

4. The cell pellet (up to 1 × 108 cells) was resuspended in selection buffer M to a total 

volume of 500 µL. 

5. The sample was placed into the tube rack in the autoMACS® Pro Separator and 

subjected to the sensitive single-column depletion program DepleteS (loading rate of 

1 mL/min) and the wash program Rinse. 
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6. The negative fraction, which contained the unbound cells, was then used for the 

separation protocols. 

All other separations shown in the results section below were performed without the prior use 

of Basic MicroBeads. 

For MACS® negative selection (labeling of fibroblasts), two different MACS® MicroBeads 

were tested. 

(a) Anti-PE MicroBeads in combination with a PE-conjugated anti-CD90 antibody (clone DG3) 

were used according to the manufacturer’s protocol, with minor adjustments: 

1. Up to 1 × 107 cells were resuspended in selection buffer M, reaching a total volume of 

200 µL (instead of 100 µL/1 × 107 cells). 

2. Addition of 16 µL PE-conjugated anti-CD90 antibody/1 × 107 cells meaning 8 µg/mL 

antibody (instead of 2 µL/1 × 107 cells meaning 2 µg/mL) and incubation for 10 min at 

4 °C protected from light. 

3. Wash step with centrifugation at 300× g for 5 min and resuspending of cell pellet in 

selection buffer M to a total volume of 120 µL (instead of 80 µL/1 × 107 cells). 

4. Due to the high number of anti-CD90 bound fibroblasts to be captured, the number of 

magnetic beads was increased four-fold. Specifically, 80 µL of Anti-PE 

MicroBeads/1 × 107 cells (instead of 20 µL/1 × 107 cells) were added and incubated for 

15 min at 4 °C protected from light. 

5. Wash step with centrifugation at 300× g for 5 min and resuspending of cell pellet in 

1 mL of selection buffer M (instead of 500 µL). 

6. The sample was placed into the tube rack in the autoMACS® Pro Separator and 

subjected to the single-column depletion program Deplete (loading rate of 4 mL/min) 

and the wash program Rinse. 

(b) CD90 MicroBeads were used following the manufacturer's instructions, with slight 

modifications. Changes to the protocol included: 

1. Up to 1 × 107 cells were resuspended in selection buffer M, reaching a total volume of 

20 µL (instead of 80 µL/1 × 107 cells). 

2. Due to the high number of fibroblasts to be captured, the number of magnetic beads was 

increased four-fold. Specifically, 80 µL of CD90 MicroBeads/1 × 107 cells (instead of 

20 µL/1 × 107 cells) were added and incubated for 15 min at 4 °C. 

3. Wash step with centrifugation at 300× g for 5 min and resuspending of cell pellet in 

1 mL of selection buffer M (instead of 500 µL). 
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4. The sample was placed into the tube rack in the autoMACS® Pro Separator and 

subjected to the single-column depletion program Deplete (loading rate of 4 mL/min) 

or the more sensitive program DepleteS (loading rate of 1 mL/min), and the wash 

program Rinse. 

For MACS® positive selection (labeling of DSCs), the Neural Crest Stem Cell (NCSC) 

MicroBeads, which are conjugated to anti-NGFRp75 antibodies, were used according to the 

manufacturer’s protocol, with slight adjustments: 

1. Up to 1 × 107 cells were resuspended in selection buffer M, reaching a total volume of 

160 µL (instead of 80 µL/1 × 107 cells). 

2. Addition of 40 µL NCSC MicroBeads/1 × 107 cells (instead of 20 µL/1 × 107 cells) and 

incubation for 15 min at 4 °C. 

3. Wash step with centrifugation at 300× g for 5 min and resuspending of cell pellet in 

1 mL of selection buffer M (instead of 500 µL). 

4. The sample was placed into the tube rack in the autoMACS® Pro Separator and 

subjected to the double-column positive separation program Posseld2 (loading rate of 

4 mL/min) and the wash program Rinse. 

Upon completion of the separation process, the autoMACS® Pro Separator collected two 

separate fractions: the negative cell fraction consisted of unlabeled cells that passed through the 

column without binding, whereas the positive cell fraction comprised the magnetically labeled 

cells (Figure 4.1). Subsequently, the fraction containing the enriched DSCs was further 

cultivated for approximately 10–12 days. The proportion of DSCs and fibroblasts in the culture 

was measured via flow cytometric staining of NGFRp75 and CD90 (see section 4.6.2.1) before, 

immediately after separation, and after several days of cultivation, to monitor whether 

fibroblasts were growing back in the purified DSC culture. 

4.3 UV Irradiation 

4.3.1 Irradiation Device 

The UVA and the UVB sources used in these studies are part of a custom-made, patented solar 

simulating irradiation device (patent number 10 2022 102 915.8) that combines four different 

radiation sources (IR-A, visible light, UVA, UVB) with irradiances similar to the solar spectrum 

[402] (Figure 4.2). The lamps are arranged one above the other and can be regulated 

individually, thereby allowing different irradiation combinations to mimic different exposure 
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conditions. In this study, only UVA or UVB were used separately, therefore the IR-A and 

visible light sources are not considered further. 

 

Figure 4.2 Schematic construction of the irradiation device. The solar simulating combination lamp 

includes radiation sources for IR-A, visible light, UVA, and UVB. The irradiance of each spectral band 

is similar to the solar spectrum. Different dichroic beam combiners and optional filters were used for 

the individual lamps [402]. The sample was placed centered at the bottom of the device on a heated 

Peltier element. By courtesy of Bente Siebels [403]. 

Different dichroic beam combiners/mirrors and optional filters (optical and metal mesh) were 

utilized to control the spectral ranges of the individual lamps (Table 4.3). For UVB irradiation, 

four units of PL-S 9W/12 2P UVB broadband tubes (Philips) were used. The UVB lamp was 

filtered with an Asahi Spectra UV325 short-pass filter to reduce the UVA radiation of the UVB 

source. Additionally, a Schott B270 UVB long-pass filter was used to filter out any UVC 

radiation (wavelengths <295 nm). A custom-made 315 nm (45°) beam combiner deflected the 

emission of the UVB lamp to the sample. 

Table 4.3 Radiation sources and filters. [402] 

Lamp Source Filters 

UVA Philips HPA CLEO flexpower 440 W - Metal mesh filter 

- Schott WG 320 nm long-pass (UVB filter) 

UVB 4× Philips PL-S 9W/12 2P - Metal mesh filter 

- Schott B270 long-pass (UVC filter) 

- Asahi Spectra UV325 short-pass (UVA filter) 

For UVA exposure, an HPA CLEO flexpower 440 W high-pressure lamp (Philips) was used. 

The UVA lamp was filtered with a Schott WG 320 nm long-pass filter to prevent cross-

contamination with small amounts of UVB emitted from the UVA lamp [402]. A custom-made 
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400 nm (45°) beam combiner was used to deflect the emitted UVA radiation to the sample. In 

front of both UVA and UVB lamp, metal mesh filters with defined open apertures were 

incorporated. 

For irradiation, the samples were placed centered at the bottom of the irradiation device on a 

heated Peltier element to maintain a constant temperature of 35 °C during irradiation (Figure 

4.2). The homogeneous irradiation area of 17 cm × 17 cm allowed for the simultaneous 

irradiation of multiple cell culture dishes. Depending on the size, eight (35 mm diameter), four 

(60 mm), or two (94 mm) cell culture dishes could be irradiated at the same time. 

4.3.2 Cell Preparation for Irradiation 

Cells were seeded in cell culture dishes and cultured until they reached 80–90% confluency. 

The cell culture medium was aspirated and cells were washed once with PBS-/-. To prevent cells 

from drying out during irradiation, 1, 3, or 5 mL of PBS-/- were added, depending on the size 

of the cell culture dish (35, 60, or 94 mm diameter, respectively). Control cells were treated 

analogously, but maintained at 35 °C in darkness for the duration of irradiation. 

4.3.3 Irradiation of Cells 

The irradiation protocols for the different experiments are listed in Table 4.4, including details 

on the spectral band, dose, irradiance, and time of analysis post-irradiation. 

Table 4.4 Irradiation protocols. 

Experiment Spectral 

band 

Dose H Irradiance E Time of analysis 

(post-irradiation) 

CPD induction UVB 285, (400) J/m² 0.713 W/m² 0 h 

Repair kinetics UVB 285, (400) J/m² 0.713 W/m² 0, 24, 48, 72, 96 h 

Remaining DNA damage UVB 285, (400) J/m² 0.713 W/m² 96 h 

Cell cycle UVB 300, 900 J/m² 0.705 W/m² 0, 16, 24, 48, 72 h 

UVA 37, 74 kJ/m² 39.16 W/m² 

Apoptosis UVB 300, 900 J/m² 0.705 W/m² 24, 48 h 

UVA 37, 74 kJ/m² 39.16 W/m² 

Differentiation UVB 300 J/m² 0.669 W/m² 3, 10, 16 days of 

differentiation UVA 37 kJ/m² 36.71 W/m² 

Sphere formation UVB 300, 3×100, 

900, 3×300 J/m² 

0.669 W/m² 48 h + additional 

5 days in suspension 

UVA 37, 3×12.33, 

74, 3×24.67 kJ/m² 

36.71 W/m² 

miRNAs UVB 300 J/m² 0.669 W/m² 6, 24 h 

UVA 37 kJ/m² 36.71 W/m² 
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CPD induction, Repair kinetics, and Remaining DNA damage: DSC-fibroblast co-cultures, 

fibroblasts, and keratinocytes were irradiated with a single UVB dose of 285 J/m². Melanocytes, 

on the other hand, were exposed to two different doses of either 285 or 400 J/m² UVB, as the 

lower dose was insufficient to induce the same amount of CPDs as in the other cell types. Cells 

were harvested either directly after irradiation (0 h) or after further cultivation for 24, 48, 72, 

and 96 h. As negative controls, non-irradiated cells collected at 0 h and 96 h post sham-

irradiation were included in the study. 

Cell cycle: DSC-fibroblast co-cultures, fibroblasts, melanocytes and keratinocytes were 

irradiated with a single dose of 300 J/m² or 900 J/m² UVB, or with 37 kJ/m² or 74 kJ/m² UVA. 

Cells were harvested either directly after irradiation (0 h) or after further cultivation for 16, 24, 

48, and 72 h. For every time point, non-irradiated cells served as negative controls. 

Apoptosis: DSC-fibroblast co-cultures, fibroblasts, melanocytes and keratinocytes were 

irradiated with a single dose of 300 J/m² or 900 J/m² UVB, or with 37 kJ/m² or 74 kJ/m² UVA. 

Cells treated with 1 µM staurosporine for 3 h, a commonly used inducer of apoptosis, served 

as positive controls. Irradiated and staurosporine-treated cells were harvested after further 

cultivation for 24, and 48 h. For every time point, non-irradiated cells served as negative 

controls. 

Differentiation: DSC-fibroblast co-cultures and purified DSCs were irradiated with a single 

dose of 300 J/m² UVB or 37 kJ/m² UVA one day before starting the differentiation. Cells were 

harvested on days 3, 10, and 16 of differentiation. As controls, non-irradiated cells in stem cell 

medium and non-irradiated cells in differentiation medium were included for every time point. 

Sphere formation: Naturally enriched DSC-fibroblast co-cultures (cultures with naturally high 

number of DSCs) were irradiated as monolayer culture with 300 J/m², 3×100 J/m², 900 J/m², or 

3×300 J/m² UVB, or with 37 kJ/m², 3×12.33 kJ/m², 74 kJ/m², or 3×24.67 kJ/m² UVA, harvested 

after 48 h, and further cultivated for 5 days in suspension culture. Non-irradiated cells served 

as controls. 

microRNAs: Naturally enriched DSC-fibroblast co-cultures, purified DSCs, and melanocytes 

were irradiated with a single dose of 300 J/m² UVB or 37 kJ/m² UVA. Cells were lysed for 

miRNA analysis after further cultivation for 6 and 24 h. For every time point, non-irradiated 

cells served as controls. Non-irradiated melanoma cells were included for comparison. 
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4.4 Differentiation of DSCs into Melanocytes 

4.4.1 Differentiation for Characterization 

Differentiation assay was performed as previously described [31,125,126,398] with minor 

modifications. DSC-fibroblast co-cultures and purified DSCs were grown in BME-coated cell 

culture dishes (35 mm diameter) to 80–90% confluency. To start the differentiation, stem cell 

medium was replaced with freshly prepared melanocyte differentiation medium (Table 3.5), 

and cells were maintained for 2–3 weeks with medium changes twice a week (alternating 

between half and full medium change). Control cells were cultivated in stem cell medium for 

the same period and were treated analogously. The differentiation progress was monitored via 

light microscopy, immunocytochemistry (see section 4.6.1), and gene expression analysis (see 

section 4.7) at different times. 

4.4.2 Differentiation after UV Irradiation 

For irradiation experiments, upon 80–90% confluency, DSC-fibroblast co-cultures and purified 

DSCs grown in BME-coated cell culture dishes (35 mm diameter) were irradiated with a single 

dose of 300 J/m² UVB or 37 kJ/m² UVA (day -1), and subsequently cultured for another day in 

stem cell medium. Non-irradiated cells for differentiation and control cells were supplied with 

fresh stem cell medium. On the next day, cells were provided with freshly prepared melanocyte 

differentiation medium (Table 3.5) and maintained for 16 days with medium changes twice a 

week (alternating between half and full medium change). On days 3, 10, and 16, cells were 

monitored via light microscopy (Olympus CKX53 microscope with integrated camera and the 

EHDView software) and lysed for gene expression analysis (see section 4.7). Non-irradiated 

control cells for normalization were cultured in stem cell medium for the same period and were 

treated analogously.  

4.5 Sphere Formation Assay 

4.5.1 Sphere Formation for Characterization 

The formation of spheres was examined using a DSC-fibroblast co-culture (17% DSCs), a 

MACS®-purified population from the same donor cell strain (87% DSCs), and two different 

fibroblast cultures. The adherently growing cells were enzymatically dissociated, filtered 

through a 40 µm cell strainer, and recultured in stem cell medium in suspension culture flasks. 

The two DSC samples were seeded with 2 × 106 cells, while the fibroblast strains were seeded 
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with 0.8 × 106 cells (#1) and 1.1 × 106 cells (#2). Sphere formation was monitored via light 

microscopy (Olympus CKX53 microscope with integrated camera and the EHDView software) 

for six days. 

4.5.2 Sphere Formation after UV Irradiation 

Naturally enriched DSC cultures with high stem cell proportions of 49%, 65%, and 89% were 

grown as monolayer in BME-coated cell culture dishes (94 mm diameter) to 80–90% 

confluency. Cells were irradiated once or multiple times with different doses of UVA or UVB 

(Figure 4.3). Multiple irradiations with 3×100 J/m² or 3×300 J/m² UVB, or with 3×12.33 kJ/m² 

or 3×24.67 kJ/m² UVA were carried out on three consecutive days. Single irradiation with 

300 J/m² or 900 J/m² UVB, or with 37 kJ/m² or 74 kJ/m² UVA was conducted on the last day 

of the multiple irradiations schedule. Non-irradiated cells served as controls. 

 

Figure 4.3 Schematic setup of the ‘sphere formation after UV irradiation’ experiment. DSC 

cultures were irradiated once or multiple times with different doses of UVA and UVB on three 

consecutive days. After 48 h, cells were detached and viability of DSCs as well as the DSC frequency 

were measured. Cells were seeded in suspension culture flasks and cultivated for five days. Formed 

spheres were analyzed for number of spheres and size (created with BioRender.com). 

After 48 h following the last irradiation, cells were detached and viability of DSCs as well as 

the stem cell proportion were measured via flow cytometry (see section 4.6.2.6). Based on these 

data, in a multiple-cell plating approach [404], equal amounts of viable NGFRp75+ cells were 

seeded in suspension culture flasks (2 × 106 cells for two donor cell strains and 0.6 × 106 cells 

for the third donor cell strain due to lower cell numbers). After five days of cultivation in 

suspension, for each sample, spheres were transferred to a 96-well flat-bottom ELISA 

microplate and allowed to settle for at least 5 min. From each well, pictures were taken at three 

predefined spots to count the number of spheres and to measure their size (diameter). The 

diameter of spheres was determined using digital image processing with an ImageJ macro that 

measured the area of each sphere. If necessary, the detection of the spheres was manually 
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corrected. Using the formula 𝑑 = 2 ∙ √𝐴
𝜋⁄ , the area A was then calculated back to the diameter 

d. Only cell clusters with a diameter ≥25 µm were considered as spheres. 

Statistical analysis was conducted in SigmaPlot 13.0 with multiple comparisons versus the 

control with One-way ANOVA followed by Dunnett’s method. For viability results, the 

percentage of viable cells was used for statistics and depiction. The proportion of DSCs in the 

samples is displayed as binary logarithm of the fold change (log2(FC)) of DSC frequency, but 

for statistical analysis, fold changes (FC) were used instead of log2(FC). Statistics for sphere 

counts were performed using the raw counts, while the results are shown as relative values 

obtained through normalization relative to the respective control for each donor cell strain 

separately, followed by calculating the mean of all three donors. Regarding the size distribution 

of formed spheres, results are displayed as histogram showing the percentage of DSC spheres 

divided into defined ranges of 25 µm diameter, whereas statistics for sphere diameter were 

conducted with raw counts as well. 

4.6 Immunostaining and Imaging 

4.6.1 Immunocytochemistry 

Cells grown on glass coverslips were washed with PBS-/- and fixed with ice-cold methanol and 

acetone for 5 min each at -20 °C. Slides were blocked with 3% BSA in PBS containing 0.9 mM 

Ca2+ and 0.5 mM Mg2+ (PBS+/+) followed by 5% goat serum in PBS-/- both for 30 min at RT. 

Cells were incubated with primary antibodies specific for CD90 (clone AS02, 1 µg/mL), 

HMB45 (2 µg/mL), Melan-A (clone A103, 2 µg/mL), NGFRp75 (clone EP1039Y, 3 µg/mL), 

Pan-keratin (clone PAN-CK, 4 µg/mL), and TRP2 (clone C-9, 2 µg/mL) (Table 3.7) diluted in 

3% BSA/PBS+/+ for 2 h at 37 °C or overnight at 4 °C. After washing the slides with PBS-/-, 

4 µg/mL secondary anti-mouse and anti-rabbit antibodies conjugated to Alexa Fluor 488 or 

594, respectively (Table 3.8), were incubated for 1 h at 37 °C. Finally, cells were washed with 

PBS-/-, counterstained with 0.1 µg/mL DAPI for 5 min at RT, and again rinsed with PBS-/-. 

Samples were embedded in Mowiol mounting medium, and examined using a Leica DMRB 

fluorescence microscope. Fluorescent images were taken with a DX40C-285FW camera and 

the Kappa Camera Control software. 



METHODS 

84 

 

4.6.2 Flow Cytometry 

4.6.2.1 NGFRp75 and CD90 Staining of DSCs 

Around 30,000–50,000 cells per sample were incubated with 0.3 µg/mL APC-conjugated 

recombinant anti-NGFRp75 antibody (clone REA844) and 0.5 µg/mL PE-conjugated mouse 

anti-CD90 antibody (clone 5E10) diluted in 50 µL FACS buffer for 10 min at 4 °C protected 

from light. Afterwards, 100 µL FACS buffer and 1 μg/mL propidium iodide were added to 

exclude dead cells. Samples were transferred to a 96-well microplate for measurement of 

10,000 cells per sample via flow cytometry. The proportion of NGFRp75+ cells represented the 

frequency of DSCs. 

4.6.2.2 Doubling Time 

Dissociated cell cultures were seeded with a defined cell count in cell culture dishes (60 mm 

diameter) in cell-specific medium. DSC-fibroblast co-cultures, purified DSC cultures (both on 

BME-coating), melanocytes, and keratinocytes were seeded at a density of 8.9 × 10³ cells/cm², 

while fibroblasts were seeded with 9.3 × 10³ cells/cm². Starting the following day, biological 

replicates were harvested at four time points with an interval of 24 hours each. After detachment 

according to the cell-specific protocols (Table 4.2), cells were collected in a total volume of 

5 mL. From each sample, three times 750 µL were transferred to 1.5 mL reaction tubes and 

centrifuged for 10 min at 200× g. Next, 700 µL of the supernatant was discarded and 100 µL 

PBS-/- was added to resuspend the cell pellet. Cell concentration was determined via flow 

cytometry measuring 20,000 cells. To distinguish between DSCs and fibroblasts in DSC 

cultures, they were additionally stained with 0.3 µg/mL APC-conjugated recombinant anti-

NGFRp75 antibody (clone REA844) diluted in PBS-/- for 10 min at 4 °C protected from light 

prior to measurement. 

 For evaluation, each sample’s technical triplicates were averaged to the cell count c. The 

natural logarithm of the cell count ln(𝑐) of biological replicates was plotted against time, and a 

linear fit was applied for the exponential growth phase. Using the growth rate µ, which 

corresponds to the slope of the fit, the doubling time was calculated with the formula 𝑡𝑑 =
ln(2)

µ
. 

4.6.2.3 Evaluation of DNA Damage (CPDs) 

Irradiated samples (285 J/m² or 400 J/m² UVB) and non-irradiated control samples from DSC-

fibroblast co-cultures, fibroblasts, melanocytes, and keratinocytes were harvested at various 
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times (0, 24, 48, 72, and 96 h after (sham-)irradiation) according to the cell-specific protocol 

(Table 4.2), washed with PBS-/-, and fixed overnight with ice-cold 70% ethanol at -20 °C. 

Staining for CPDs was carried out in a 96-well microplate with intermediate centrifugation at 

500× g for 3 min, discarding the supernatant by overturning the microplate with a swift motion. 

First, 2.5 × 105 cells were rehydrated in tris-buffered saline (TBS) and then permeabilized for 

10 min at RT in 1× Roti®Block blocking and washing solution containing 0.125% Triton X-

100 (Roti®Block-Triton). For denaturation of DNA, cells were resuspended in 2 M HCl for 

10 min at RT. Washing one time with Roti®Block-Triton and two times with PBS+/+ was 

followed by a 10-minute incubation with 5 µg/mL (= 0.15 U/mL) proteinase K at 37 °C and 

400 rpm in a plate thermo-shaker. Samples were again washed, one time with PBS+/+ and two 

times with Roti®Block-Triton. The cells were incubated with 1 µg/mL mouse anti-CPD 

antibody (clone KTM53) in Roti®Block-Triton overnight at 4 °C and 150 rpm on a platform 

shaker. The next day, cells were washed two times with Roti®Block-Triton and then incubated 

with 15 µg/mL FITC-conjugated goat anti-mouse antibody in Roti®Block-Triton for 1 h at 

37 °C and 400 rpm in a plate thermo-shaker. Samples were washed two times with Roti®Block-

Triton and finally stained for 5 min at RT with 10 µg/mL propidium iodide in 0.01% RNase A. 

At least 5000 cells per sample were measured via flow cytometry. DSC-fibroblast co-cultures 

and fibroblast cultures were co-stained with 3 µg/mL rabbit anti-NGFRp75 antibody (clone 

EP1039Y) and 5 µg/mL APC-conjugated goat anti-rabbit antibody to exclude the undesired 

population in the respective cell culture when analyzing the measurement. For DSC-fibroblast 

co-cultures, the assessment exclusively focused on NGFRp75+ cells. Conversely, in fibroblast 

cultures, the analysis was restricted to NGFRp75– cells. 

Analysis of data and statistical computations were executed using Flowing Software 2.5.1, 

SigmaPlot 13.0, and R 3.5.1 or higher (https://www.r-project.org/). Only cells within the G1 

phase were examined in order to exclude dividing cells with greater DNA content and doublets 

that may distort the results. The assessment of DNA damage induction was accomplished by 

quantifying the CPD content immediately post-exposure. CPD levels at the indicated points of 

time were used to analyze repair capacities, with the fitting of an exponential decay as a function 

of time (𝑁(𝑡) = 𝑁𝑖 ∙ 𝑒−
𝑡

𝜏) providing an evaluation of the repair time constant τ. The repair time 

constant denotes the duration when the initially induced CPD amount diminished to 1/e, 

equivalent to 37%. Unrepaired DNA damage was measured by detecting CPDs 96 h after 

irradiation, relative to the initial CPD induction. 
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 An ANOVA was performed on all data on CPD induction, repair time constant, and 

remaining damage. Data were checked for homogeneity of variance of residuals with Levene 

test and for normal distribution of residuals with Shapiro-Wilk test. Due to the normal 

distribution of the data sets, a pairwise t-test was employed to compare each cell type against 

the basemean (mean of all groups). In the examination of remaining DNA damage, no post-hoc 

tests were applied since ANOVA was not significant. 

4.6.2.4 Cell Cycle Analysis 

Measurement of the cell cycle phases was done through quantification of the DNA content via 

staining with the nucleic acid dye propidium iodide (PI). PI intercalates stoichiometrically into 

the cellular DNA, resulting in a fluorescence signal that is directly proportional to the DNA 

content [405]. 

DSC-fibroblast co-cultures, fibroblasts, melanocytes, and keratinocytes in 35 mm cell culture 

dishes were irradiated with a single dose of 300 J/m² or 900 J/m² UVB, or with 37 kJ/m² or 

74 kJ/m² UVA. Non-irradiated cells served as controls. Cells were harvested after 0, 16, 24, 48, 

and 72 h according to the cell-specific protocol (Table 4.2), washed with PBS-/-, and fixed 

overnight with ice-cold 70% ethanol at -20 °C. Staining of DNA was carried out in a 96-well 

microplate with intermediate centrifugation at 500× g for 3 min, discarding the supernatant by 

overturning the microplate with a swift motion. The staining protocol of DSC-fibroblast co-

cultures differed from that of fibroblasts, melanocytes, and keratinocytes. 

DSC-fibroblast co-cultures: At first, 2.8 × 105 cells were rehydrated in TBS and subsequently 

permeabilized in Roti®Block-Triton for 45 min at 4 °C. Cells were stained with 3 µg/mL rabbit 

anti-NGFRp75 antibody (clone EP1039Y) in Roti®Block-Triton for 1 h at 37 °C and 400 rpm 

in a plate thermo-shaker. Following two wash steps with Roti®Block-Triton, the samples were 

incubated with 5 µg/mL APC-conjugated goat anti-rabbit antibody in Roti®Block-Triton for 

45 min at 37 °C and 400 rpm in a plate thermo-shaker. Cells were again washed two times with 

Roti®Block-Triton, and finally stained for 10 min at RT with 10 µg/mL propidium iodide in 

0.01% RNase A, prior to measurement of 30,000 cells via flow cytometry. 

Fibroblasts, melanocytes, keratinocytes: At first, 2.8 × 105 cells were rehydrated in TBS and 

subsequently permeabilized in Roti®Block-Triton for 5 min at RT. Finally, samples were 

incubated for 15 min at RT with 10 µg/mL propidium iodide in 0.01% RNase A, prior to 

measurement of 20,000 cells via flow cytometry. 
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Fitting of the cell cycle phases was done with ModFit LT 4.1 and a G1/G2 ratio of 1.9. DSC-

fibroblast co-cultures were gated on NGFRp75+ cells in advance to exclude contaminating 

fibroblasts. Statistical analysis was performed in R 4.2.3 or higher. Differences were tested for 

significance with One-way ANOVA followed by Dunnett’s test from R’s DescTools package 

against non-irradiated controls for various factor combinations. Bonferroni adjustment was 

applied afterwards. Data was log-transformed before statistical testing as residual analysis 

revealed approximation of a normal distribution of model residuals after log-transformation. 

4.6.2.5 Apoptosis Assay 

Induction of apoptosis was measured via Annexin-V/PI staining combined with flow cytometric 

analysis. Annexin-V detects exposure of phosphatidylserine residues which are translocated to 

the outer layer of the plasma membrane via phospholipid scramblases during the early apoptotic 

process as an ‘eat me’ signal for macrophages [406,407]. Additional intake of the membrane-

impermeant nucleic acid dye propidium iodide marks late apoptotic or necrotic cells that lost 

their membrane integrity [408]. 

DSC-fibroblast co-cultures, fibroblasts, melanocytes, and keratinocytes in 35 mm cell culture 

dishes were irradiated with a single dose of 300 J/m² or 900 J/m² UVB, or with 37 kJ/m² or 

74 kJ/m² UVA. Non-irradiated cells served as controls. Cells treated with 1 µM staurosporine 

for 3 h served as positive controls. At 24 h and 48 h after irradiation or staurosporine treatment, 

cell culture supernatants were collected and cells were harvested according to the cell-specific 

protocol (Table 4.2). Harvested cells and supernatants were combined with a ratio of 

0.5 × 105 cells plus half of the supernatant. A wash step in PBS-/- with centrifugation at 200× g 

for 10 min was followed by incubation in 50 µL Annexin staining solution for 15 min at RT 

protected from light. DSCs were simultaneously also stained with 0.3 µg/mL APC-conjugated 

recombinant anti-NGFRp75 antibody (clone REA844) to distinguish between DSCs and 

contaminating fibroblasts. Afterwards, 100 µL Annexin incubation buffer was added and 

samples were transferred to a 96-well microplate for measurement of 10,000 cells per sample 

via flow cytometry. The proportion of total apoptotic cells (early + late) and the proportion of 

NGFRp75+ cells, representing the DSC frequency, were evaluated with Guava® InCyte™ 3.1. 

Statistical analysis of apoptotic cells was performed in R 4.2.3 or higher. Differences were 

tested for significance with One-way ANOVA followed by Dunnett’s test from R’s DescTools 

package against non-irradiated controls for various factor combinations. Bonferroni adjustment 
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was applied afterwards. Data was log-transformed before statistical testing as residual analysis 

revealed approximation of a normal distribution of model residuals after log-transformation. 

 Statistical analysis of DSC frequency was conducted in SigmaPlot 13.0 with multiple 

comparisons versus the control with One-way ANOVA followed by Dunnett’s method. The 

proportion of DSCs was displayed as log2(FC) of DSC frequency, but for statistical analysis, 

fold changes were used instead of the binary logarithm of FC. 

4.6.2.6 Viability Assay 

Cell viability for the sphere formation assay was measured using Guava® ViaCount™ Reagent, 

which allows distinguishing viable and apoptotic/dead cells based on differential permeabilities 

of two DNA-binding dyes. The nuclear dye permeates all membranes and thereby stains all 

nucleated cells, while the viability dye only enters cells through defective membranes and 

therefore stains dying cells. 

 DSCs were harvested and 1 × 105 cells were resuspended in 15 µL PBS-/- plus 35 µL 

Guava® ViaCount™ Reagent containing 0.3 µg/mL APC-conjugated recombinant anti-

NGFRp75 antibody (clone REA844). Samples were incubated for 10 min at RT protected from 

light. After addition of 100 µL Guava® ViaCount™ Reagent and further incubation for another 

5 min, at least 20,000 cells per sample were measured via flow cytometry. Gated on NGFRp75+ 

cells beforehand, the proportion of viable cells was evaluated with Guava® InCyte™ 3.1. 

Statistical analysis was performed in R 4.2.3 with multiple comparisons versus the control with 

One-way ANOVA followed by Dunnett’s method, using the proportions of viable cells. 

4.7 Transcriptional Analysis 

Gene expression was measured using the qPCR method. Initially, the isolated mRNA was 

converted into cDNA through reverse transcription. Then, the relative number of transcripts 

was determined in a quantitative real-time approach. 

4.7.1 RNA Isolation 

Cells were lysed for gene expression analysis by washing with PBS-/- and then adding 400 µL 

of the lysis buffer from the RNA extraction kit directly to the cells in the cell culture dish. The 

cells were scraped off with a cell scraper, transferred to a 1.5 mL reaction tube and stored at -

70 °C until further processing. Total RNA was extracted using peqGOLD Total RNA Kit 

including a DNase I digestion step using the peqGOLD DNase I Digest Kit according to the 

manufacturer’s protocols. Briefly, the lysate was loaded onto a DNA Removing Column and 
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centrifuged at 12,000× g for 1 min. The filtrate was mixed with an equal volume of 400 µL 

70% ethanol, loaded onto a PerfectBind RNA Column and centrifuged at 10,000× g for 1 min. 

The filtrate was discarded, as was the case with all subsequent centrifugation steps. The column 

was washed with 500 µL RNA Wash Buffer I, with centrifugation at 10,000× g for 15 s. Next, 

a DNase I digestion step was performed with 73.5 µL DNase I Digestion Buffer plus 1.5 µL 

RNase-free DNase I (20 Kunitz units/µL) for 15 min at RT, followed by addition of 400 µL 

RNA Wash Buffer I and another 5-minute incubation at RT. The column was centrifuged at 

10,000× g for 15 s, and washed two times with 600 µL RNA Wash Buffer II. To completely 

dry the column matrix, the empty column was centrifuged at 10,000× g for 2 min. For elution 

of RNA, the column was placed into a fresh 1.5 mL reaction tube and 35–80 µL preheated 

(70 °C) PCR-H2O, depending on the input of cells, were added to the column, incubated for 

5 min, and centrifuged at 5,000× g for 1 min. The eluted RNA was stored at -70 °C. 

4.7.2 Determination of RNA Concentration 

The concentration of the RNA was determined photometrically by measuring the UV 

absorption at a wavelength of 260 nm (OD260). First, a blank measurement was conducted with 

5 µl PCR-H2O + 60 µL TE buffer (1×). To measure the RNA samples, 5 µL of the sample were 

diluted with 60 µL of TE buffer (1×). One OD260 unit corresponded to 40 µg/mL RNA. The 

quality and degree of purity of the RNA were assessed with the OD260/OD280 ratio and the 

OD260/OD230 ratio. 

4.7.3 Reverse Transcription 

cDNA was synthesized with SensiFAST™ cDNA Synthesis Kit, which uses oligodT- and 

random-hexamer-primers for transcription. Between 0.3–1.0 μg of RNA was used as starting 

material and the synthesis was carried out according to the manufacturer's instructions. The 

protocol for the reaction mixture is displayed in Table 4.5 and the thermocycler program is 

shown in Table 4.6. 

Table 4.5 Reaction mixture for reverse transcription. 

Component Volume [µL] 

5× TransAmp Buffer 4 

Reverse transcriptase 1 

RNA (0.3–1.0 μg) n 

PCR-H2O 15-n 

Total 20 
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Table 4.6 Reverse transcription thermocycler program. 

Step Temperature Duration 

Primer annealing 25 °C 10 min 

Reverse transcription 42 °C 15 min 

Incubation 48 °C 15 min 

Inactivation 85 °C 5 min 

Finally, the reaction product was diluted 1:2.5 with 30 µL PCR-H2O (at low input of 0.3 µg 

RNA) or 1:5 with 80 µL PCR-H2O (at high input of up to 1 µg RNA) and stored at a temperature 

of -20 °C. 

4.7.4 Quantitative PCR 

Real-time quantitative polymerase chain reaction (RT-qPCR) was performed using SensiMix™ 

SYBR No-ROX Kit and gene-specific primers for FRZB, MITF, MSX1, nestin, NGFRp75, 

TRP1, TRP2, and tyrosinase (Table 3.9). Forward and reverse primers were utilized as an 

equimolar solution. The protocol for the qPCR reaction mixture is displayed in Table 4.7 and 

the qPCR thermocycler program is shown in Table 4.8. 

Table 4.7 Reaction mixture for qPCR. 

Component Volume [µL] 

SensiMix™ SYBR No-ROX (2×) 10 

Primer [3 µM] 2 

cDNA template 5 

PCR-H2O 3 

Total 20 

 

Table 4.8 qPCR thermocycler program. 

PCR step  Temperature Duration 

Initial denaturation  95 °C 10 min 

Denaturation  95 °C 15 s 

Annealing 45 cycles 61.5 °C 20 s 

Extension  72 °C 20 s 

Melting curve  60–95 °C 10 min (ΔT 1 °C every 15 s) 

For the qPCR program, 45 cycles and an annealing temperature of 61.5 °C were used as 

standard. Different combinations of the three reference housekeeping genes ACTB (β-actin), 

HPRT1 (hypoxanthine phosphoribosyltransferase 1), and TBP (TATA-binding protein) were 

used for normalization. Data analysis was conducted using qPCRsoft 4.1 by quantifying relative 
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to the controls using the ΔΔCt method [409]. The relative changes in gene expression to the 

controls are depicted as binary logarithm, termed log2(fold change). 

Characterization of DSCs: The gene expression analysis within dermal spheres (Figure 5.1B), 

in DSC-fibroblast co-cultures, and fibroblast cultures (Figure 5.8C) included NCSC genes 

NGFRp75, nestin, MSX1, FRZB. Data were normalized to HPRT1 and TBP. The calculation 

of fold changes was conducted relative to foreskin-derived melanocytes. An additive two-way 

ANOVA was performed. Data were checked for homogeneity of variance of residuals by 

Levene test, and for normal distribution of residuals by Shapiro-Wilk test. Given the normal 

distribution of the data sets, the comparison between the cell types for each gene was assessed 

using a t-test. 

Differentiation of DSCs into melanocytes: Gene expression analysis of NGFRp75 and 

melanocytic markers MITF, tyrosinase, TRP1, and TRP2 as part of the differentiation assay 

(Figure 5.11D and Figure 5.18) included the reference housekeeping genes ACTB and TBP for 

normalization. Fold changes were calculated relative to (non-irradiated) DSCs grown in stem 

cell medium for the same time period (control cells). 

4.8 MicroRNA Analysis 

The miRNA expression was examined using one naturally enriched DSC-fibroblast co-culture 

(93% DSCs), two MACS®-purified DSC cultures (both 97%), two melanocyte cell strains, and 

three melanoma cell cultures. DSCs and melanocytes were irradiated with a single dose of 

300 J/m² UVB or 37 kJ/m² UVA, and cells were lysed for miRNA expression analysis after 6 

and 24 h. Non-irradiated cells served as controls. Melanoma cells were not irradiated. 

4.8.1 MicroRNA Isolation 

Cells were lysed by washing with PBS-/- and then adding 700 µL of QIAzol® Lysis Reagent 

from the miRNA extraction kit directly to the cells in the cell culture dish. The cells were 

scraped off with a pipette tip, transferred to a 1.5 mL reaction tube and stored at -70 °C until 

further processing. miRNA was extracted using miRNeasy Mini Kit (without a DNase digestion 

step) according to the manufacturer’s protocol. 

 Briefly, the thawed cell lysate was incubated for 5 min at RT before addition of 140 µL 

chloroform. The sample was shaken for 15 s and incubated for 3 min at RT, followed by 

centrifugation at 4 °C at 12,000× g for 15 min. Next, 300 µL of the upper aqueous phase were 

mixed with 450 µL 100% ethanol and loaded onto a RNeasy® Mini Column. After 
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centrifugation at 8,000× g for 15 s, the filtrate was discarded, as was the case with all 

subsequent centrifugation steps. The column was washed once with 700 µL Buffer RWT, and 

twice with 500 µL Buffer RPE each, with centrifugation at 8,000× g for 15 s the first two times 

and for 2 min in the latter case. To completely dry the column matrix, the empty column was 

further centrifuged at 12,000× g for 1 min. For elution of miRNA, the column was placed into 

a fresh 1.5 mL reaction tube, 40 µL PCR-H2O were added to the column and centrifuged at 

8,000× g for 1 min. The eluted miRNA was stored at -70 °C. The concentration and degree of 

purity of the miRNA were determined photometrically as described in section 4.7.2. A dilution 

of 0.2 ng/µL was prepared from the miRNA samples using ddH20. 

4.8.2 FirePlex® MiRNA Assay 

miRNA expression was analyzed using the FirePlex® miRNA Assay Core Reagent Kit V2 - 

Biofluid in combination with a custom multiplex melanoma panel (FirePlex® miRNA Assay 

Custom Particle Panel RGPC P1) comprising 63 miRNAs that were selected by colleagues via 

literature review (Table 3.11). This assay enables multiplex microRNA profiling with a high 

sensitivity using uniquely encoded hydrogel particles with miRNA-specific binding sites, and 

included the following steps: 1. Hybridization of miRNAs with particles. 2. End-labeling with 

universal adapter sequences. 3. Elution of miRNAs from particles. 4. PCR amplification of 

miRNAs using universal primers. 5. Re-hybridization of miRNAs to the particles. 6. Labeling 

with fluorescent reporter. 7. Detection of fluorescence via flow cytometry (Figure 4.4). miRNA 

expression was quantified based on fluorescence intensity [410]. 

 

Figure 4.4 Principle of the FirePlex® miRNA Assay. (1) Binding of sample miRNAs to 

complementary sequences coupled to uniquely encoded hydrogel particles. (2) Ligation of universal 

adapter sequences to the universal adapter regions at the ends of the particle-bound sequences. (3) 

Elution of miRNA-adapter complexes. (4) Amplification of miRNA-adapter sequences in a PCR with 

universal primers that non-specifically hybridize with the adapter sequences. (5) Re-hybridization of the 

amplified miRNAs to the particles through the miRNA-specific sequence. (6) Labeling with fluorescent 

reporter. (7) Quantification of miRNA expression through flow cytometric detection of fluorescence. 

By courtesy of Marc Bender [411] (created with BioRender.com). 
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The procedure followed the manufacturer’s protocol, with minor adjustments. For each sample, 

35 µL of FirePlex® Particles per well were added to a 96-well Filter plate. Storage buffer was 

removed by applying vacuum using a vacuum manifold, and 25 µL of hybridization buffer were 

transferred to each well. A total of 5 ng miRNA were added by taking 25 µL of the 0.2 ng/µL 

dilution. A negative control was included with 25 µL ddH2O instead of miRNA. Samples were 

incubated for 1 h at 38 °C and 1130 rpm in a plate thermo-shaker, and were afterwards rinsed 

twice with 165 µL 1× rinse buffer A, followed by application of vacuum. Next, 75 µL of 

1× labeling mix (Table 4.9) were added and incubated for 1 h at RT and 1150 rpm in a plate 

thermo-shaker. 

Table 4.9 Reaction mixtures for FirePlex® miRNA Assay. 

1× labeling mix PCR mix 1× reporter mix 

78.4 µL labeling diluent 

1.6 µL labeling buffer 

0.4 µL labeling enzyme 

19.8 µL PCR buffer 

2.4 µL primer mix 

1.2 µL dNTP mix 

0.6 µL PCR enzyme 

64 µL RNase free H2O 

16 µL 5× reporter 

After rinsing twice with 150 µL 1× rinse buffer B and once with 165 µL 1× rinse buffer A, 

followed by application of vacuum, 110 µL RNase-free H2O were added and incubated for 

30 min at 55 °C and 1130 rpm in a plate thermo-shaker. The Filter plate was placed on top of a 

96-well Catch plate inside the vacuum manifold to transfer the eluant to the Catch plate upon 

application of vacuum. The Filter plate was filled with 1× rinse buffer A and stored at 4 °C until 

further use. In a separate PCR strip, 20 µL PCR master mix (Table 4.9) were mixed with 30 µL 

eluant and transferred to a thermocycler for amplification (Table 4.10). 

Table 4.10 miRNA PCR thermocycler program. 

Temperature  Duration 

93 °C  15 s 

93 °C   5 s 

57 °C 32 cycles 30 s 

68 °C  60 s 

68 °C  5 min 

94 °C  4 min 

The stored Filter plate was emptied and 60 µL hybridization buffer as well as 20 µL PCR 

product were added to the respective well from which the corresponding eluant was taken. 

Samples were incubated for 30 min at 38 °C and 1130 rpm in a plate thermo-shaker. Next, wells 

were rinsed twice with 150 µL 1× rinse buffer B and once with 165 µL 1× rinse buffer A, 

followed by application of vacuum. Each well was supplied with 75 µL 1× reporter mix (Table 
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4.9) and incubated for 15 min at RT and 1150 rpm in a plate thermo-shaker. After rinsing twice 

with 165 µL 1× rinse buffer A, followed by application of vacuum, 175 µL FirePlex® 

Cytometer Run Buffer I were added and 12,000 particles per sample were measured via flow 

cytometry. 

 Data analysis was performed using the software FirePlex® Analysis Workbench 2.0.274-

ext through normalization with the most stable miRNAs. miRNAs with a median fluorescence 

value <2.5 a.u. were excluded from the investigation. For further analysis in R 4.2.3 or higher, 

raw fluorescence values (corresponding to gene expression) were log2-transformed.  

4.8.3 Cluster and Pathway Analysis 

Hierarchical cluster analyses were conducted with the R package ComplexHeatmap [412] and 

are displayed as heatmaps with dendrogram. Baseline microRNA expression of DSCs, 

melanocytes, and melanoma cells was assessed from non-irradiated control samples. For DSCs 

and melanocytes, controls from 6 h and 24 h were combined. Significant differences of the 

differentially expressed microRNAs have been assessed with the R package limma as described 

by the authors [413]. Subsequent network analysis with miRTargetLink 2.0 [414] was executed 

using sets of differentially expressed miRNAs as input. This web application allows for the 

visualization of interactions between microRNAs and mRNA targets in the form of interactive 

networks. Networks include only target genes that are regulated by at least two of the input 

miRNAs. 

 Pathway analysis was conducted via enrichment analysis/over-representation analysis 

(ORA) to understand the functional roles of the miRNAs and target genes, and to identify 

enriched biological processes or pathways. ORA is a commonly used method to assess whether 

known functions or processes are over-represented/enriched in a list of genes, for example a set 

of differentially expressed genes [415]. GO (Gene Ontology) and KEGG (Kyoto Encyclopedia 

of Genes and Genomes) are the two most frequently used database resources for functional 

annotation and pathway analysis of genes. GO provides a defined vocabulary to describe the 

functions of genes and their products [416]. The category of ‘GO - Biological Process’ was 

used for analysis. KEGG includes pathway maps representing sets of molecular interactions 

and reactions in a biological process. It provides information about pathways, networks, 

diseases, drugs, and orthologs [417]. Enrichment analysis was performed with the miRNA sets 

using miEAA 2.0 [418], or alternatively with the target gene sets via GeneTrail 3.0 [419]. Both 

applications are integrated with the miRTargetLink 2.0 application. 
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4.9 Statistical Evaluation 

Data analysis and statistical analysis are described directly under the respective method section. 

Statistical significance is indicated by asterisks. Significance levels were defined as follows: 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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5 Results 

This thesis aimed to establish and investigate multipotent DSCs as a novel model for 

melanomagenesis. This involved isolation and purification of primary DSCs from human 

foreskin. Initial characterization focused on melanocytic differentiation potential and sphere 

formation in both native and purified DSC cultures. The study further investigated the response 

of DSCs to UV exposure. Comparisons with differentiated skin cells assessed the DNA damage 

response in DSCs, examining DNA repair, cell cycle regulation, and apoptosis induction for 

abnormalities that potentially influence susceptibility to tumorigenesis. Moreover, the impact 

of UV irradiation on the melanocytic differentiation ability and the sphere-forming potential of 

DSCs were also studied. Finally, a melanoma-specific miRNA panel was used to identify 

potential UV-induced miRNA patterns in DSCs associated with melanoma development. 

5.1 Stem Cell Frequency of DSC Cultures 

DSCs were isolated from the dermis of human foreskins. Upon placement in stem cell medium, 

the dissociated dermal cells formed small cell clusters in suspension culture within the initial 

3–5 days. These clusters transformed into free-floating or loosely adherent spheres over the 

subsequent days (Figure 5.1A). The expression levels of the neural crest stem cell (NCSC) 

marker NGFRp75 within these dermal spheres increased throughout the cultivation (Figure 

5.1B). After approximately 14 days of cultivation in suspension, the dermal spheres were 

enzymatically dissociated, the stem cell frequency was measured via staining for NGFRp75 

and CD90, and cells were subsequently cultivated on BME-coating to grow adherently. 

 Notably, the DSC frequency measurement revealed, that not only DSCs but also fibroblasts 

got incorporated into the dermal spheres. After the initial two-week cultivation period in stem 

cell medium, the proportion of DSCs in dissociated dermal spheres averaged only 10.5% 

(median 8.7%, IQR 5.7–13.3%) (Figure 5.1C). There was a great donor-dependent variation 

ranging between 0.7% (minimum outlier) and 35.7% (maximum outlier). The majority of the 

donor cell strains (66 out of 79, equivalent to around 83.5%) displayed a stem cell frequency 

below 15% (Figure 5.1D). Higher proportions of DSCs were rare and did not occur frequently. 

During cultivation, the stem cell content may decrease or increase but was usually relatively 

stable and varied only within a small percentage range. Cultures of DSCs seem to be particular 

cell cultures, which are more likely to be termed a heterogeneous co-culture of DSCs and 

fibroblasts (and maybe other dermal cells in a very small proportion) rather than a fibroblast-
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contaminated DSC culture. As a result, the term ‘DSC-fibroblast co-cultures’ is used in the 

further course of the study to describe these mixed cultures. 

 

Figure 5.1 Characterization of DSCs. (A) Formation of dermal spheres in stem cell medium 

monitored at days 0, 3, and 6. Scale bars: 200 µm. (B) Gene expression analysis of NGFRp75 in dermal 

spheres during the 14-days cultivation period in stem cell medium. Values are presented as mean ± SDs. 

Sample size: n=3, with technical duplicates. Normalized on melanocytes. (C) Frequency of stem cells 

in DSC-fibroblast co-cultures. Dermal spheres were enzymatically dissociated after two weeks, and the 

percentage of DSCs (NGFRp75+ cells) in the culture was determined via flow cytometry. Boxplot 

displaying the median with 25th/75th percentiles (inclusive method). The length of the box marks the 

interquartile range (IQR). The cross (×) inside the box indicates the mean DSC frequency. Dots represent 

outliers. Results from 79 donors. (D) The histogram shows the abundance distribution of DSC 

frequencies of individual donor cell strains divided into ranges of 5%. Results from 79 donors (adapted 

from [398] and [420]). 

 

5.2 Enrichment of DSCs from DSC-Fibroblast Co-Cultures 

The usage of DSC-fibroblast co-cultures does not pose a problem for experiments that involve 

flow cytometric analysis and immunocytochemistry as these methods allow for a cell-specific 

evaluation based on distinct cell surface markers and ensure exclusive examination of DSCs 

while excluding fibroblasts. However, certain experiments that cannot discriminate between 

cell populations (e.g., analysis of epigenetics, gene expression, miRNA expression, protein 

expression) are impracticable using co-cultures. Therefore, it was indispensable to establish a 

technique for enriching/purifying DSCs. 
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 To diminish the substantial fibroblast population in DSC-fibroblast co-cultures and thus 

amplify the DSC frequency, three different methods were tested. Geneticin treatment and 

selective detachment were examined due to the benefits of simplicity and availability. 

Immunomagnetic separation was chosen for higher specificity. While these methods were well 

described and practical for various cell types, their application to DSCs had yet to be explored. 

The objective was to acquire highly pure or enriched populations of DSCs, targeting a minimum 

purity level of 85% or higher. These enriched DSCs would then be utilized for subsequent 

research delving into the genetic and epigenetic effects of UV irradiation on these cells. 

5.2.1 Elimination of Fibroblasts with Geneticin 

The antibiotic Geneticin exhibits varying cytotoxic effects on eukaryotic cells depending on 

their growth rates. Consequently, rapidly dividing cells are more susceptible to its impact 

compared to cells with lower proliferation rates. In this study, treatment with Geneticin was 

performed to selectively kill fibroblasts in DSC-fibroblast co-cultures. Additionally, the growth 

rates of both DSCs and the corresponding fibroblasts in (non-Geneticin-treated) co-cultures 

were assessed. 

After three days of Geneticin treatment, cell densities were visibly reduced compared to the 

control cells. While untreated cells were nearly confluent by day six of the experiment, both 

concentrations of Geneticin caused distinct growth inhibition or cell death, and changes in cell 

morphology (Figure 5.2A). Quantitative analysis of the total cell numbers confirmed these 

observations. The control cells proliferated, exhibiting an average relative cell count of 

2.3 ± 0.8 by day six (compared to the beginning of the experiment), whereas cell cultures 

treated with 50 µg/mL Geneticin showed stagnant cell counts (1.0 ± 0.3) at the same time point 

(Figure 5.2C). Samples subjected to 100 µg/mL Geneticin even displayed a continuous decline 

in cell numbers, resulting in a relative cell count of 0.6 ± 0.2 at the end of the experiment. 

Geneticin not only harmed fibroblasts, but also dramatically affected the frequency of DSCs, 

as revealed by immunocytochemical staining of the treated cultures (Figure 5.2B). Initially, 

DSCs accounted for 5.1 ± 3.3% of the total cell population at day 0. However, both 

concentrations of Geneticin caused a loss of stem cells, with the higher concentration of 

100 µg/mL nearly eradicating DSCs (0.1 ± 0.1%) by day six (Figure 5.2D). The lower dose of 

50 µg/mL Geneticin also diminished the proportion of DSCs to 1.4 ± 1.6% in the final culture. 

Instead of enriching the stem cell proportion in DSC-fibroblast co-cultures, treatment with 

Geneticin even reduced the DSC frequency. 
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Figure 5.2 Geneticin treatment of DSC-fibroblast co-cultures. DSC-fibroblast co-cultures were 

cultured in stem cell medium without Geneticin or with 50 µg/mL or 100 µg/mL Geneticin for two days 

and monitored for a total of six days. (A) Cell growth recorded at days 0, 3, and 6. Scale bars: 500 µm. 

(B) Immunocytochemical staining for NCSC marker NGFRp75 (red) and fibroblast marker CD90 

(green) at day 6. Nuclei were counterstained with DAPI (blue). Scale bars: 200 µm. (C) Number of total 

cells in relation to the cell count of control cells at day 0 and (D) frequency of DSCs in culture measured 

at days 0, 3, and 6. Values are presented as mean ± SDs. Sample size: n=3. (E) Doubling time of DSCs 

and the respective fibroblasts in the DSC-fibroblast co-cultures without Geneticin treatment. Boxplot 

displaying the median with 25th/75th percentiles (inclusive method). The length of the box marks the 

interquartile range (IQR). The cross (×) inside the box indicates the mean doubling time. Dots represent 

outliers. Sample size: n=7 (adapted from [420]). 

The measurement of growth rates of the two cell types in co-cultures showed that, on average, 

both cell types proliferated at a similar rate, with DSCs doubling every 38.8 hours (median 

35.2 h, IQR 31.8–39.8 h) and fibroblasts reduplicating every 39.7 hours (median 35.9 h, IQR 

30.1–47.6 h) (Figure 5.2E). 

5.2.2 Separation of DSCs and Fibroblasts via Selective Detachment 

A second approach investigated whether DSCs and fibroblasts exhibit different adhesion 

properties, enabling the separation of both cell types from DSC-fibroblast co-cultures via 

selective detachment. For this, three donor cell strains with different stem cell proportions 

(<5%, 10–20%, >30%) were examined. 
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Figure 5.3 Selective detachment of DSC-fibroblast co-cultures. DSC-fibroblast co-cultures were 

incubated with Accutase™ for 1, 2, or 3 min or with trypsin-EDTA for 0.5, 1, or 2 min, and detached 

cells were collected. (A) Light microscopy of the remaining cells at the different time points of 

detachment with Accutase™ or trypsin-EDTA with the percentage of detached total cells. Scale bar: 

500 µm. (B) Frequency of DSCs in samples measured using NGFRp75 staining. (C) Viability of total 

cells examined with propidium iodide. (D) Plot of recovery rate (x-axis) versus purity (y-axis) of 

detached cells at the individual incubation times. Purity: frequency of DSCs. Recovery rate: ratio of the 

absolute number of DSCs in the detached sample to the absolute number of DSCs before detachment. 

Dotted lines indicate the DSC frequency of control cells detached with Accutase™ (light gray) or 

trypsin-EDTA (dark gray). Results from three donor cell strains with different stem cell proportions (#1: 

<5%, #2: 10–20%, #3: >30%) (adapted from [420]). 
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In general, with Accutase™ cells detached more slowly compared with trypsin-EDTA, where 

a lot of cells were immediately released and floating in the supernatant (Figure 5.3A). Analysis 

revealed that fibroblasts seemed to adhere more strongly to the Geltrex™-coated cell culture 

vessel than DSCs. DSCs were therefore detached faster—with both Accutase™ and trypsin-

EDTA—and were found at higher proportions in the detached samples, while showing 

decreasing frequencies in the remaining samples (Figure 5.3B). When using Accutase™, the 

highest increase in DSC frequency was observed at the 2-minute time point, ranging between 

3.6–23.6 percentage points depending on the donor. For trypsin-EDTA, the strongest increase 

in DSC frequency occurred at the 0.5-minute or 1-minute time points, varying from 1.0–21.1 

percentage points. Overall, Accutase™ resulted in a higher enrichment of DSCs compared to 

trypsin-EDTA. However, it's worth noting that those control cells which were detached with 

trypsin-EDTA (total detachment after 5 min) also showed lower DSC frequencies. 

 Regarding cell viability (Figure 5.3C), in all samples (detached, remaining, and controls) 

treated with trypsin-EDTA more than 90% of the cells were viable. In contrast, detachment 

with Accutase™ slightly impaired cell viability in general, as seen in the controls with 80–90% 

viable cells. Incubation with Accutase™ for 1 min significantly reduced the viability of the 

detached cells to 65%, 42%, and 38%, while cells collected at 2 min or 3 min showed higher 

values between 74-88%. The remaining cells, however, were not affected. 

 Apart from the purity of the detached DSCs, the recovery rate (or yield) is also crucial in 

assessing the success of this purification method. The recovery was calculated as the ratio of 

the absolute number of DSCs in the detached sample to the absolute number of DSCs before 

detachment. Naturally, the recovery rates increased with longer incubation times for both 

detachment solutions (Figure 5.3D), but higher recovery rates were always linked to decreasing 

purity. The highest purity was in turn associated with the second-lowest recovery, leaving 

almost no cells for further cultivation (Figure 5.3D, A2: Accutase™ for 2 min).  

5.2.3 Segregation of The Two Cell Types via Immunomagnetic Separation 

Immunomagnetic separation (IMS) was tested for better and more specific targeting, as this 

method relies on specific cell surface antigens and thus enables the enrichment of a particular 

cell population. This technique offers both negative selection (labeling of undesired cells) and 

positive selection (labeling of target cells) options, depending on the particular antigen that is 

used [421,422]. In this study, the fibroblast marker CD90 and the stem cell marker NGFRp75 

(CD271) were chosen for negative and positive selections, respectively. These surface proteins 
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are well-described, cell-specific markers [32,423,424] that serve as the targets for many 

commercially available selection kits. 

 Co-cultures of DSCs and fibroblasts with a stem cell frequency averaging below 15%, 

which is characteristic for the majority of primary donor cell strains, underwent both negative 

and positive selection. Additionally, a comparison was made between the EasySep™ method 

(column-free) and the MACS® method (automatic column-based). At the beginning, numerous 

different strategies were tested, especially in the EasySep™ approach, yielding limited success, 

e.g., usage of self-coated beads, various magnets, different kits, varying cell numbers, 

adjustments in the volumes of labeling reagents and beads, repeatedly labeling with beads, and 

sequential separation (data not shown). The established and improved protocols were repeated 

multiple times, leading to the outcomes detailed below. 

5.2.3.1 Negative Selection 

The EasySep™ negative selection of DSC-fibroblast co-cultures involved depleting fibroblasts 

using anti-PE RapidSpheres™ in combination with a CD90-PE antibody. This resulted in an 

approximately four-fold increase in DSCs from 14.0 ± 3.3% in the pre sample to 59.4 ± 19.8% 

in the negative fraction (DSC fraction) (Figure 5.4A). However, a substantial amount of CD90+ 

fibroblasts and occasionally also a smaller population of CD90–/NGFRp75– double-negative 

cells remained in the negative fraction (Figure 5.4B). The separation led to significant loss of 

(CD90dim) DSCs in the positive fraction (fibroblast fraction) (10.8 ± 4.7%), and showed a 

decrease in the stem cell frequency during the subsequent cultivation of the purified DSC 

fraction (48.8% on day 11–12) (Figure 5.4A+C). Fibroblast depletion with EasySep™ negative 

selection was not reliably reproducible, as evidenced by large variations across different 

experiments. 

 For negative selection (labeling of fibroblasts) with the MACS® approach, two different 

methods were used to label fibroblasts. The first method involved indirect labeling with Anti-

PE MicroBeads in combination with a PE-conjugated anti-CD90 antibody. This led to a five-

fold enrichment of DSCs from 9.6 ± 5.3% to 52.0 ± 24.8%, with minimal loss of stem cells in 

the positive fibroblast fraction (4.5 ± 2.6%) (Figure 5.4D). Nevertheless, a small population of 

double-negative cells (CD90–/NGFRp75–) and a considerable number of fibroblasts (CD90dim) 

persisted in the negative DSC fraction (Figure 5.4E). On average, cultures were able to maintain 

the increased DSC frequency during subsequent cultivation for 11–12 days (52.8 ± 23.4%) 

(Figure 5.4D+F). This method showed huge standard deviations, too. 
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Figure 5.4 Negative selection (labeling of fibroblasts) of DSC-fibroblast co-cultures. (A–C) 

EasySep™ column-free negative selection with the EasySep™ Human PE Positive Selection Kit II in 

combination with a PE-conjugated anti-CD90 antibody. Sample size: n=5. (D–F) MACS® automatic 

column-based negative selection with Anti-PE MicroBeads in combination with a PE-conjugated anti-

CD90 antibody and the autoMACS® Pro Separator. Program: Deplete. Sample size: n=3. (G–I) 

MACS® automatic column-based negative selection with CD90 MicroBeads and the autoMACS® Pro 

Separator. Program: Deplete. Sample size: n=2. (J–L) MACS® automatic column-based negative 

selection with CD90 MicroBeads and the autoMACS® Pro Separator. Sensitive Program: DepleteS. 

Sample size: n=3. Values are presented as mean ± SDs. Pre: initial sample, neg frac: DSC fraction, pos 

frac: fibroblast fraction, d11–12: 11–12 days of cultivation. Frequency of DSCs in the separate fractions 
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was determined via flow cytometry analysis of NGFRp75 (y-axis of dot plots) and CD90 (x-axis of dot 

plots) (B+E+H+K). Following separation, the enriched DSC fraction was cultivated in stem cell 

medium. After 11–12 days, the proportion of DSCs in culture was measured again via flow cytometry, 

and cells were additionally stained immunocytochemically for NGFRp75 (red) and CD90 (green) 

(C+F+I+L). Nuclei were counterstained with DAPI (blue). Scale bars: 200 µm (adapted from [420]). 

 A similar outcome was observed with the second MACS® negative selection method, 

which involved direct labeling of fibroblasts with CD90 MicroBeads. This method resulted in 

a comparable increase in DSC frequency from 7.7 ± 5.4% to 47.7 ± 7.8%, and only a minor 

proportion of stem cells was separated out with the fibroblast fraction (4.5 ± 2.5%) (Figure 

5.4G). However, the DSC proportion declined to 33.9% on day 11–12 of subsequent cultivation 

(Figure 5.4H–I). Flow cytometry analysis revealed a similar distribution of cell populations as 

observed in the Anti-PE MicroBeads separation (Figure 5.4E). Surprisingly, both MACS® 

negative selection procedures yielded a significant number of CD90–/NGFRp75– cells in the 

positive fibroblast fraction. 

 Effective purification of DSC-fibroblast co-cultures with a stem cell frequency below 15% 

was achieved using MACS® negative selection with CD90 MicroBeads (direct labeling) and a 

more sensitive separation program (DepleteS). The selection led to a remarkable seven-fold 

enrichment of DSCs from 12.2 ± 5.5% to 86.1 ± 9.8% (Figure 5.4J), along with a clear 

separation of the different cell populations in flow cytometry analysis (Figure 5.4K). The 

negative fraction (DSC fraction) still contained double-negative cells (CD90–/NGFRp75–), 

while all CD90+ fibroblasts were successfully removed. However, a considerable amount of 

NGFRp75+/CD90dim DSCs (8.6 ± 5.2%) got lost in the positive fibroblast fraction. The enriched 

cultures maintained a high DSC frequency during cultivation (85.6 ± 9.5% on day 11–12) 

(Figure 5.4J+L). Comparable results were obtained with MACS® Anti-PE MicroBeads and the 

sensitive separation program (data not shown). 

A very small number of donor cell strains (see Figure 5.1C–D) initially displayed or 

spontaneously attained a relatively high frequency of DSCs (≥30%) during their growth. This 

led to the assumption that the purification process for these cultures would be more effective, 

given the reduced number of fibroblasts that required removal. Consequently, the negative 

selection (labeling of fibroblasts) was also implemented on DSC-fibroblast co-cultures that 

already had a higher proportion of stem cells. These cultures were enriched either naturally or 

through manual pre-enrichment using negative selection, as described earlier, with an 

intermediate cultivation step. 

 Employing the EasySep™ negative separation technique on these ‘pre high’ co-cultures 

(38.0 ± 2.6%) yielded a significantly enriched DSC fraction containing 88.4 ± 12.0% DSCs 
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(Figure 5.5A–B). The subsequent follow-up comprised only one experiment after 28 days, 

indicating that the cells required notably more time to proliferate, but cells were able to maintain 

the elevated stem cell content (89.8%) (Figure 5.5A+C). Furthermore, a large number of DSCs 

got lost in the positive fibroblast fraction (34.9 ± 10.1%). 

 Utilizing MACS® negative separation with CD90 MicroBeads on co-cultures of DSCs 

and fibroblasts with a higher initial proportion of stem cells led to an increase in the DSC 

frequency from 54.3 ± 5.0% to 77.0 ± 6.5%, accompanied by a notable loss of DSCs in the 

fibroblast fraction as well (49.4 ± 4.2%) (Figure 5.5D–E). Over an 11–12-days period, the 

proportion of stem cells decreased to 66.7 ± 10.8% (Figure 5.5D+F). 

 

Figure 5.5 Negative selection (labeling of fibroblasts) of DSC-fibroblast co-cultures with higher 

initial DSC frequency. (A–C) EasySep™ column-free negative selection with the EasySep™ Human 

PE Positive Selection Kit II in combination with a PE-conjugated anti-CD90 antibody in cell cultures 

with higher initial DSC frequencies. Sample size: n=3. (D–F) MACS® automatic column-based 

negative selection with CD90 MicroBeads and the autoMACS® Pro Separator in cell cultures with 

higher initial DSC frequency. Program: Deplete. Sample size: n=2. Values are presented as mean ± SDs. 

Pre: initial sample, neg frac: DSC fraction, pos frac: fibroblast fraction, d28/d11–12: 28 or 11–12 days 

of cultivation. Frequency of DSCs in the separate fractions was determined via flow cytometry analysis 

of NGFRp75 (y-axis of dot plots) and CD90 (x-axis of dot plots). Following separation, the enriched 

DSC fraction was cultivated in stem cell medium. After 11–12 or 28 days, the proportion of DSCs in 

culture was measured again via flow cytometry, and cells were additionally stained 

immunocytochemically for NGFRp75 (red) and CD90 (green). Nuclei were counterstained with DAPI 

(blue). Scale bars: 200 µm (adapted from [420]). 
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5.2.3.2 Positive Selection 

Since the outcomes of negative selection were unsatisfactory, a positive selection strategy was 

employed on DSC-fibroblast co-cultures with a stem cell frequency below 15%, which 

represented the majority of primary donor cell strains. This was done while comparing the 

separation methods of EasySep™ (column-free) and MACS® (automatic column-based). 

 The EasySep™ positive selection technique involving CD271(NGFRp75)-labeling of 

DSCs led to an enrichment of cultures. The positive fraction (DSC fraction) showed an average 

stem cell content of 61.8 ± 28.5%; a significant increase from the initial 11.1 ± 6.0% in the pre 

sample (Figure 5.6A). There was minimal loss of DSCs in the negative fraction (fibroblast 

fraction) with a proportion of 2.7 ± 2.4% stem cells (Figure 5.6B). During subsequent 

cultivation for 11–12 days, the DSC cultures maintained an average enrichment level of 

56.1 ± 16.2% (Figure 5.6A+C). However, in some experiments, DSC separation was not well 

tolerated, resulting in morphological changes and poor attachment when cultivated after 

separation. 

 

Figure 5.6 Positive selection (labeling of DSCs) of DSC-fibroblast co-cultures. (A–C) EasySep™ 

column-free positive selection with the EasySep™ Human CD271 Positive Selection Kit II. Sample size: 

n=6. (D–F) MACS® automatic column-based positive selection with NCSC MicroBeads and the 

autoMACS® Pro Separator. Program: Posseld2. Sample size: n=13. Values are presented as 

mean ± SDs. Pre: initial sample, neg frac: fibroblast fraction, pos frac: DSC fraction, d11–12: 11–

12 days of cultivation. Frequency of DSCs in the separate fractions was determined via flow cytometry 

analysis of NGFRp75 (y-axis of dot plots) and CD90 (x-axis of dot plots). Following separation, the 

enriched DSC fraction was cultivated in stem cell medium. After 11–12 days, the proportion of DSCs 
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in culture was measured again via flow cytometry, and cells were additionally stained 

immunocytochemically for NGFRp75 (red) and CD90 (green). Nuclei were counterstained with DAPI 

(blue). Scale bars: 200 µm (adapted from [420]). 

 With MACS® positive selection using NCSC MicroBeads targeting NGFRp75, nearly 

pure DSC cultures were achieved. The positive fraction contained a high DSC content of 

90.5 ± 12.0% compared to the initial 16.4 ± 8.4% in the pre sample. Importantly, there was 

negligible loss of stem cells in the negative fraction (0.3 ± 0.3%) (Figure 5.6D–E). A notable 

proportion of the other remaining cells in the positive DSC fraction were CD90–/NGFRp75– 

cells, although the majority of them were effectively separated along with the fibroblast fraction 

(Figure 5.6E). DSC cultures that underwent purification via this method maintained a 

consistently high stem cell frequency, averaging 84.9 ± 10.5% throughout a 11–12-days 

cultivation period (Figure 5.6D+F). 

5.2.3.3 Overall Assessment of The Different IMS Methods 

To properly assess the efficacy of the individual separation methods for low initial DSC 

frequencies, the evaluation must consider not only the purity of the DSC cultures following 

selection (Figure 5.7A) but also the recovery rate or yield of the technique (Figure 5.7B). The 

recovery is the ratio of the absolute count of DSCs in the purified fraction to the absolute count 

of DSCs in the pre sample.  

 

Figure 5.7 Purity and recovery of DSCs for the individual selection methods. (A) Purity: 

frequency of DSCs in the purified fraction after separation determined via flow cytometry analysis of 

NGFRp75. Values are presented as mean ± SDs. (B) Recovery rate: ratio of the absolute number of 

DSCs in the purified fraction after separation to the absolute number of DSCs in the pre sample. Values 

are presented as mean ± SDs. (C) Plot of recovery rate (x-axis) versus purity (y-axis) of the individual 

selection methods. Sample size: a. n=5; b. n=3; c. n=2; d. n=3; e. n=3; f. n=2; g. n=6; h. n=13 (adapted 

from [420]). 
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 Regarding purity, the MACS® positive selection (Figure 5.7: h, purity 90.5 ± 12.0%, 

recovery 0.64 ± 0.10) and the MACS® negative selection (CD90) utilizing a more sensitive 

program (Figure 5.7: d, pur 86.1 ± 9.8%, rec 0.08 ± 0.05) worked best. However, the latter 

approach was deemed unfeasible due to an extremely low recovery rate, leaving very few cells 

available for subsequent cultivation or experiments. 

 For the other three negative selection methods (Figure 5.7: a, b, c) and the EasySep™ 

positive selection (Figure 5.7: g), comparable purity results within the range of 50–60% were 

observed. Nevertheless, upon evaluating the recovery rate, clear advantages were evident for 

the MACS® negative selection Anti-PE (Figure 5.7: b, pur 52.0 ± 24.8%, rec 0.50 ± 0.14), the 

MACS® negative selection CD90 (Figure 5.7: c, pur 47.7 ± 7.8%, rec 0.43 ± 0.12), and the 

EasySep™ positive selection (Figure 5.7: g, pur 61.8 ± 28.5%, rec 0.42 ± 0.10), over the 

EasySep™ negative selection (Figure 5.7: a, pur 59.4 ± 19.8%, rec 0.18 ± 0.22). 

 For samples with higher initial DSC frequencies (≥30%), both the EasySep™ negative 

selection (Figure 5.7: e, pur 88.4 ± 12.0%, rec 0.08 ± 0.05) and the MACS® negative selection 

(Figure 5.7: f, pur 77.0 ± 6.5%, rec 0.29 ± 0.09) achieved notable purity but simultaneously 

(very) low recovery rates. When plotting the recovery rate against the purity (Figure 5.7C), the 

MACS® positive selection (Figure 5.7: h) emerged as the optimal choice for enhancing DSC 

frequency in cell cultures, owing to its highest purity and highest recovery rate. 

In the following experiments, both purified DSC cultures—obtained through MACS® positive 

selection with NCSC MicroBeads (see Figure 5.6D–F)—and DSC-fibroblast co-cultures were 

used in different experiments. Co-cultures were only used in those experiments where the 

analysis allowed for a distinction between DSCs and fibroblasts. To avoid ambiguity, it is stated 

explicitly where co-cultures and where enriched/purified DSCs were used. 

5.3 Characterization of DSCs 

5.3.1 Morphology and Gene Expression of The Skin Cell Types 

This thesis frequently compared DSCs with other skin cell types, namely fibroblasts, 

melanocytes, and keratinocytes, to ensure a comprehensive analysis. All four skin cell types 

were successfully isolated from the same foreskin: DSCs and fibroblasts from the dermis, as 

well as melanocytes and keratinocytes from the epidermis. This procedure was reproducible 

using foreskin tissue from multiple different donors. The cells were identified based on their 

morphology and expression profile. Each cell type was cultured using cell-specific medium and 

showed characteristic cellular morphologies in monolayer culture (Figure 5.8A). To exclude 
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contaminations with other cell types (data not shown) and demonstrate the purity of the cultures, 

cell-specific markers were used for staining (Figure 5.8B). With the exception of DSC cultures, 

which—as mentioned above—also included fibroblasts (indicated by CD90 staining), all other 

cell cultures were pure. The presence of fibroblasts in DSC cultures was attributed to the fact 

that all dermal cells were initially seeded post-isolation, and fibroblasts displayed robust 

proliferation in the stem cell medium. 

 

Figure 5.8 Characterization of DSCs, fibroblasts, melanocytes and keratinocytes. (A) Light 

microscopy of the four different skin cell types isolated from the same foreskin and cultured in the 

appropriate media. Scale bars: 500 µm. (B) Immunocytochemical staining for specific marker proteins 

NGFRp75, CD90, TRP2, and Pan-keratin. Scale bars: 50 µm (C) Gene expression analysis of NCSC 

genes NGFRp75, nestin, MSX1, and FRZB in DSC-fibroblast co-cultures and fibroblast cultures. 

Values are presented as mean ± SDs. Sample size: DSC-fibroblast co-cultures n=6, fibroblasts n=4, with 

technical duplicates. Normalized on melanocytes. t-test: *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001 

(adapted from [398]). (D) Doubling times of DSCs, fibroblasts, melanocytes, and keratinocytes. DSCs 

are subdivided into DSCs in fibroblast-containing co-cultures and purified DSCs. Boxplots displaying 

the median with 25th/75th percentiles (inclusive method). The length of the box marks the interquartile 

range (IQR). The cross (×) inside the box indicates the mean doubling time. Dots represent outliers. 

Sample size: DSC-fibroblast co-cultures n=8, purified DSCs n=3, fibroblasts n=8, melanocytes n=7, 

keratinocytes n=10. (E) Plot of DSC frequency (x-axis) versus doubling time (y-axis) of different donor 

cell strains. 
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 Examination of the expression profiles of NCSC-related genes revealed significantly 

elevated expression levels of NGFRp75 (p = 0.021), MSX1 (p = 0.005), and FRZB 

(p < 0.0001) in DSC-fibroblast co-cultures compared to fibroblast cultures derived from the 

same donor (Figure 5.8C). While nestin also displayed increased abundance in DSC-fibroblast 

co-cultures, the difference was not deemed statistically significant (p = 0.056). These findings 

underscore that the stem cell medium specifically promotes the proliferation and enrichment of 

stem cells, despite the concurrent presence of fibroblasts in the same culture. Low expression 

levels of stem cell-associated genes in fibroblast cultures suggested that a minor fraction of 

DSCs might have proliferated within the fibroblast cultures as well. 

5.3.2 Doubling Times of The Skin Cell Types 

DSCs not only displayed morphological differences to the other skin cells, but partially also 

differed in their proliferation rate (Figure 5.8D). Due to an extreme outlier among the DSCs in 

DSC-fibroblast co-cultures, the median was more suitable for comparison than the mean. The 

doubling time of DSCs in co-cultures with 37.4 h (IQR 33.1–46.2 h, mean 48.2 h) was slightly 

shorter than fibroblasts with 41.2 h (IQR 34.9–53.6 h, mean 44.3 h) and melanocytes with 

43.3 h (IQR 38.2–48.5 h, mean 42.1 h), although this difference was quite small. Keratinocytes, 

on the other hand, proliferated considerably faster with a doubling time of 22.3 h (IQR 20.5–

30.0 h, mean 26.3 h). Purified/enriched DSCs showed only minor changes in their proliferation 

rate and continued to double every 33.8 h (IQR 31.2–38.0 h, mean 34.9 h). 

 Additionally, it was investigated whether the stem cell frequency is a predictor of the 

proliferation rate. It was assumed that a higher proportion of stem cells may be the result of 

faster reduplication of DSCs in these cultures. Consequently, DSCs in cultures with a lower 

stem cell content would be expected to exhibit a longer doubling time compared to DSCs in 

cultures with a higher stem cell content. However, when plotting the DSC frequency of different 

donor cell strains against the DSC doubling time, no correlation between the two parameters 

was observed (Figure 5.8E). 

5.3.3 Differentiation of DSCs into Melanocytes 

As part of the functional characterization of DSCs, the aim was to investigate if in vitro cultured 

DSCs show multiple properties of NCSCs. A NCSC-characteristic gene expression in DSC-

fibroblast co-cultures has already been demonstrated above (Figure 5.8C). The multipotency of 

DSCs was initially shown by Li and colleagues [31]. In this work, only melanocytes among the 

various progeny of the DSCs were relevant. Hence, the capability of DSCs to generate 
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differentiated melanocytes was evaluated in both DSC-fibroblast co-cultures and purified 

DSCs, to simultaneously verify if the differentiation potential of DSCs was affected by the 

enrichment via IMS. The progression of differentiation was tracked using light microscopy, 

immunocytochemistry, and gene expression analysis. 

 

Figure 5.9 Morphology of DSC cultures during differentiation. Light microscopy of (A) a DSC-

fibroblast co-culture (10% DSCs), (B) EasySep™ positive selection-purified DSCs (69% DSCs), and 

(C) MACS® positive selection-purified DSCs (97% DSCs) cultivated in melanocyte differentiation 

medium at days 0, 3, 10, and 16 of differentiation. Scale bars A–C: 200 µm. 

During cultivation in melanocyte differentiation medium over a span of two to three weeks, the 

cells transitioned from a fibroblast-like morphology to a dendritic shape (Figure 5.9A–C). On 

day 0, the DSC fibroblast co-culture (containing 10% stem cells) had grown very densely 

(Figure 5.9A), while the EasySep™-purified DSCs (69% stem cells) displayed slightly less 

confluency (Figure 5.9B), and the MACS®-purified DSCs (97% stem cells) showed a network-

like growth pattern (Figure 5.9C). As the differentiation progressed, cell density decreased in 

all three cultures, and the cell morphology became more distinct. Moreover, the cells reduced 
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in size, and an increasing number of long dendritic extensions became visible. By day 16, 

certain cells clearly exhibited the characteristic morphology of melanocytes (Figure 5.9A–C), 

especially in the MACS®-purified DSC cultures (see Appendix Figure 8.2A). However, in the 

DSC-fibroblast co-culture, identifying these cells was more challenging than in the purified 

cultures due to the presence of numerous large-sized fibroblasts and the resulting higher 

confluency. 

Immunocytochemical staining was used to visualize the various stages of differentiation 

throughout the differentiation process, unveiling a heterogeneous cell culture. The 

representative pictures shown in Figure 5.10 derive from DSC-fibroblast co-cultures on day 13 

of differentiation. Some cells displayed strong expression of NGFRp75, denoting DSCs  

(Figure 5.10A), while others exhibited concurrent expression of both NGFRp75 and the 

melanocyte marker HMB45, suggesting an ongoing differentiation process into melanocytes 

(Figure 5.10B). Notably, the expression of NGFRp75 was weaker in these double-positive cells 

compared to undifferentiated DSCs. Cells exclusively expressing HMB45 were also observed, 

indicative of terminally differentiated melanocytes (Figure 5.10A). 

 

Figure 5.10 Transition from DSCs into melanocytes. Immunocytochemical staining for NCSC 

marker NGFRp75 (red), and melanocytic marker HMB45 (green) at day 13 in DSC-fibroblast co-

cultures. (A) Co-existence of DSCs and differentiated melanocytes. (B) Arrows mark cells with 

expression of multiple markers. Nuclei were counterstained with DAPI (blue). Scale bars A–B: 100 µm. 

Staining after 17–21 days at the end of the experiment revealed successful differentiation into 

melanocytes in DSC-fibroblast co-cultures (Figure 5.11A), EasySep™-purified DSC cultures 

(Figure 5.11B), and MACS®-purified DSC cultures (Figure 5.11C), reflected by cells with 
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strong expression of HMB45 and TRP2. However, the number of HMB45+ cells in EasySep™-

purified DSCs appeared lower than in the other two cultures. 

 

Figure 5.11 End of differentiation process. (A–C) Immunocytochemical staining for NCSC marker 

NGFRp75 (red), and melanocytic markers HMB45 (green), TRP2 (green), and Melan-A at the end of 

differentiation (day 17–21) in (A) DSC-fibroblast co-culture, (B) EasySep™ positive selection-purified 
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DSCs, and (C) MACS® positive selection-purified DSCs. Nuclei were counterstained with DAPI 

(blue). Scale bars: 100 µm. (D) Gene expression analysis of NGFRp75 and melanocytic markers (MITF, 

tyrosinase, TRP1, TRP2) at day 16 of differentiation in naturally enriched DSC-fibroblast co-cultures 

with 40–50% and 70–85% stem cell frequency, EasySep™-purified DSCs with 55% stem cells, and 

MACS®-purified DSCs with 96–97% stem cells. Foreskin-derived melanocytes served as positive 

control. Values are presented as mean ± SDs. Sample size with technical duplicates: DSC-fibroblast co-

cultures (40–50%) n=2, DSC-fibroblast co-cultures (70–85%) n=2, EasySep™-purified DSCs n=1, 

MACS®-purified DSCs n=3. Normalized on the respective control cells cultivated in stem cell medium. 

 The melanocytes were mostly not evenly dispersed throughout the culture but instead 

clustered together in several small groups. Throughout the differentiation process, the 

percentage of NGFRp75+ cells in DSC-fibroblast co-cultures declined (data not shown), 

resulting in little to no DSCs by the end of differentiation when the initial stem cell frequency 

was already relatively low (Figure 5.11A). In contrast, MACS®-purified DSC cultures 

continued to exhibit strong expression of NGFRp75 (Figure 5.11C), while EasySep™-purified 

DSC cultures also contained unstained cells, likely representing fibroblasts. Additional 

immunocytochemical staining of DSC-fibroblast co-cultures and MACS®-purified DSCs at the 

end of differentiation can be found in the Appendix Figure 8.2B–C. 

For quantification of differentiation via qPCR, DSC-fibroblast co-cultures were divided into 

two groups (42–53% and 70–85%), depending on their DSC frequency at the start of 

differentiation. Despite their relatively high stem cell proportions, all of them were naturally 

enriched. The reduced NGFRp75 expression in DSC fibroblast co-cultures at day 16 of 

differentiation (3–14-fold reduction, depending on the initial DSC proportion) (Figure 5.11D) 

matched the observations of a decreasing DSC frequency in immunocytochemical staining (see 

Figure 5.11A). In purified DSC cultures (EasySep™ with 55%, MACS® with 96–97%), on the 

other hand, the NGFRp75 expression level remained stable. Gene expression analysis 

confirmed the successful differentiation into melanocytes in both DSC-fibroblast co-cultures 

and purified DSC cultures, as evidenced by the upregulated expression of all four melanocytic 

markers compared to control cells in stem cell medium. In general, TRP1 and tyrosinase 

exhibited the highest expression levels, and gene expression was more pronounced in cultures 

with a higher initial stem cell proportion (dark gray and light orange bars). With all four 

melanocytic genes, the most substantial upregulation was observed in DSC-fibroblast co-

cultures with 70–85% stem cell content, followed by MACS®-purified DSCs (96–97%), and 

DSC-fibroblast co-cultures with 42–53% stem cell frequency (Table 5.1). EasySep™-purified 

DSCs (55%) consistently displayed the lowest gene expression, though it is important to note 

that these results were based on a single experiment. 
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Table 5.1 Increase in melanocytic gene expression at day 16 of differentiation. Values are the mean 

fold change. 

 MITF Tyrosinase TRP1 TRP2 

DSC-fibroblast co-cultures (70–85%) 219-fold 41,631-fold 155,831-fold 1,161-fold 

MACS®-purified DSCs (96–97%) 18-fold 5,595-fold 39,219-fold 222-fold 

DSC-fibroblast co-cultures (42–53%) 22-fold 1,610-fold 10,476-fold 147-fold 

EasySep™-purified DSCs (55%) 2-fold 34-fold 228-fold 27-fold 

Considering the stem cell content in this particular experiment, EasySep™-purified DSCs 

(55%) and the first group of DSC-fibroblast co-cultures (42–53%) had similar DSC frequencies, 

while MACS®-purified DSCs (96–97%) were more akin to the second group of DSC-fibroblast 

co-cultures (70–85%). When contrasting DSC-fibroblast co-cultures and purified DSCs with 

similar DSC frequencies, it became apparent that purified DSCs consistently displayed lower 

expression levels of melanocytic markers than co-cultures at day 16 of differentiation, whereby 

the difference for the MACS®-purified DSCs was only minimal. 

5.3.4 Sphere Formation of DSCs 

Another functional property of stem cells is their ability to form spherical structures when 

cultured in suspension [425], frequently employed to assess self-renewal capability, which is 

another common NCSC feature [426]. It is essential to mention that in this experiment, owing 

to the initial multiple-cell plating, only the capacity of sphere formation, not self-renewal, was 

examined. As demonstrated above, dermal cells produced spheres after their isolation from 

foreskin tissue. Now it was of interest, whether DSC cultures can persistently generate these 

stem cell-specific spheres throughout later passages, especially after being subjected to 

prolonged monolayer cultivation. In addition, it was essential to verify whether the purification 

procedure affected the potential for sphere formation. To address this, both the native cell 

population (17% DSCs) and an enriched population from the same donor cell strain (87% 

DSCs) were examined. Two fibroblast cultures were also incorporated into the analysis. 

Enzymatically dissociated and filtered cell cultures were seeded in suspension culture flask in 

stem cell medium and monitored over a span of six days. 
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Figure 5.12 Sphere formation ability in suspension culture. Filtered cell suspensions of dissociated 

single cells from (A) a native DSC-fibroblast co-culture in passage 3 (17% DSCs), (B) the same DSC 

culture in passage 5 after purification via MACS® positive selection (87% DSCs), (C) a fibroblast 

culture in passage 5, and (D) another fibroblast culture in passage 7, were seeded in suspension culture 

flasks in stem cell medium. Formation of spheres was monitored at days 1, 4, and 6. Scale bars: 500 µm. 

The two fibroblast cultures were cultivated in RPMI+10%FBS prior to the experiment. 

Within just one day, the native DSC-fibroblast co-culture formed spheres of remarkable size 

that continued to expand, culminating in large spheres by day six (Figure 5.12A). These spheres 

bore a close resemblance to the morphology of the dermal spheres, which were typically formed 

within the initial two weeks after isolation from foreskin (see Figure 5.1A). By contrast, the 

same DSC culture subjected to enrichment via MACS® positive selection displayed only small 

cell clusters on the first day, albeit in considerable numbers (Figure 5.12B). These clusters 

transformed into spheres in the following days but remained significantly smaller than the 

native spheres. Intriguingly, fibroblast cultures, previously cultivated in fibroblast-specific 

medium, were also able to generate spheres in stem cell medium (Figure 5.12C–D). The 

fibroblast spheres reached sizes comparable to the native DSC-fibroblast co-culture and arose 

similarly fast. One noticeable difference, however, was the tendency of fibroblast-derived 

spheres to frequently attach to the bottom of the cell culture flask. In addition, a notable number 

of cells exhibited adherent growth, either individually or forming larger colonies. 

5.4 UV-Induced DNA Damage Response 

In this section of the study, first investigations on the DNA damage response of DSCs following 

UV irradiation were performed. The main focus was on CPDs—displaying the main type of 
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DNA damage and a substantial result of UV exposure—and the mechanisms involved in 

overcoming DNA damage. All of the experiments shown in this section represent a comparative 

study of DSCs with three other skin cell types, in order to be able to classify the results of the 

DSCs adequately. Fibroblasts were chosen because they are direct neighbors of the DSCs in the 

same skin layer and therefore obtain the most similar exposure scenario. Melanocytes are of 

particular interest as direct progeny of DSCs. Keratinocytes are the skin cells that are most 

exposed to UV radiation and from which (other) skin tumors can derive. 

 The following experiments (subitems of section 5.4) were actually conducted with DSC-

fibroblast co-cultures, since the enrichment of DSC cultures (see section 5.2) was not yet 

established. However, the methods of analysis allowed for the discrimination of DSCs and 

fibroblasts. Therefore, the findings shown for DSC cultures represent the results of the DSCs 

only, excluding the results from the fibroblasts grown in the same culture. 

5.4.1 CPD Induction, DNA Repair, and Remaining DNA Damage 

To evaluate DNA damage in terms of CPDs, cells were exclusively subjected to UVB 

irradiation and not UVA, given that UVB is the main cause of CPD induction. The UVB dose 

that was used in these experiments was comparable to the minimal erythema dose in vivo. For 

an adequate comparison, it was essential to ensure that same amounts of DNA lesions were 

induced in the different cell types. 

The induction of CPDs after 285 J/m² UVB exposure showed almost identical levels and 

consistent variances among various donors in DSCs (604 ± 81 a.u.), fibroblasts (645 ± 79 a.u.), 

and keratinocytes (642 ± 95 a.u.) (Figure 5.13A). However, melanocytes exhibited a 

significantly lower CPD induction level, measuring 388 ± 131 a.u. (p = 0.04). By comparison, 

UVB irradiation with 285 J/m² induced nearly 40% fewer CPDs in melanocytes than in DSCs. 

In order to establish comparable initial levels of CPD induction, melanocytes were exposed to 

a UVB dose 40% higher, equivalent to 400 J/m². With this increased UVB dose, the prior lower 

level of initial DNA lesions turned into approximately 20% more CPDs in melanocytes 

(727 ± 185 a.u.) compared to DSCs, and exhibited a broader variance among different donor 

cell strains. This variance was most probably attributed to the utilization of other donor cell 

strains for the higher dose irradiation of melanocytes, deviating from the initial irradiation at 

the lower dose. 
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Figure 5.13 CPD induction, repair time constant and remaining DNA damage after UVB 

irradiation. Cells were irradiated with 285 J/m² UVB (melanocytes were irradiated with a single dose 

of 285 J/m² or 400 J/m² UVB), harvested at different times, and CPDs were measured via flow 

cytometry. (A) Induction of CPDs immediately post-irradiation. Sample size: DSCs n=5, fibroblasts 

n=7, keratinocytes n=7, melanocytes 285 J/m² n=6, melanocytes 400 J/m² n=5. (B) The fitting of an 

exponential decay to the CPD amount over five different points of time provided the repair time constant 

τ. Representative kinetics from combined results of multiple samples. Sample size: DSCs n=7, 

fibroblasts n=18, keratinocytes n=13, melanocytes n=11. Values are presented as mean ± SDs. (C) 

Repair time constant τ of the distinct cell types obtained by CPD kinetics. (D) Remaining CPD content 

at 96 h after irradiation. Sample size for C and D: DSCs n=7, fibroblasts n=18, keratinocytes n=13, 

melanocytes 285 J/m² n=11, melanocytes 400 J/m² n=5. Values in A, C, and D are presented as 

mean ± SDs. Red dotted lines indicate basemean. Pairwise t-test: *p ≤ 0.05; **p ≤ 0.01 (adapted from 

[398]). 

 The repair time constant τ (see Appendix Table 8.2) extracted from CPD kinetics (Figure 

5.13B) served as a measure for the DNA repair rate. The analysis of the overall mean repair 

time constants revealed a gradual increase in repair times from melanocytes (τ = 26.6 ± 6.1 h) 

to fibroblasts (τ = 28.3 ± 5.0 h) and DSCs (τ = 30.9 ± 4.9 h) (Figure 5.13C). However, owing 

to τ values predominantly spanning between 22–34 h among different donors, these differences 

failed to reach statistical significance. In contrast, keratinocytes demonstrated significantly 

faster repair (τ = 19.9 ± 4.9 h; p = 0.004) in comparison to the other cell types. Remarkably, 

even with an enhanced initial CPD content after exposure to 400 J/m² UVB, melanocytes 

exhibited the same repair capacities (τ = 26.2 ± 2.8 h). 
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 To further investigate DNA repair, the remaining DNA damage at the final point of the 

kinetics was determined. Assessing the quantity of unrepaired CPDs 96 h after UVB irradiation 

(285 J/m²), both fibroblasts (11.0 ± 6.7%) and keratinocytes (9.6 ± 7.1%) demonstrated nearly 

equivalent values (Figure 5.13D). These cell types exhibited a notably wide distribution, 

encompassing up to 28.4% and 21.4% of remaining CPDs, respectively. DSCs (5.9 ± 7.1%) 

and melanocytes (6.4 ± 3.6%) presented slightly lower mean percentages. Following exposure 

to 400 J/m² UVB, melanocytes left 10.1 ± 4.3% of initial CPDs unrepaired. The small 

disparities in remaining DNA damage among the four skin cell types did not yield statistical 

significance (ANOVA, p = 0.216). 

5.4.2 Cell Cycle Progression 

DNA repair is closely linked to cell cycle regulation to allow for proper removal of lesions 

before the cell proceeds to proliferate. Therefore, the investigation of the damage response of 

DSCs also included the analysis of the cell cycle distribution following UV irradiation. 

Measurement time points were selected based on first cell cycle findings of our group published 

by Mhamdi-Ghodbani et al. (2021) [398]. The final 96-hour point was replaced with an earlier 

point at 16 h post-irradiation. Additionally, this investigation was expanded beyond UVB 

exposure to also include UVA, each with two different doses. 

It was noticeable that the baseline cell cycle distribution in non-irradiated controls at 0 h 

differed depending on the cell type. DSCs (G1: 68.0%, S: 18.3%, G2/M: 13.7%, Figure 5.14A) 

showed the highest resemblance to keratinocytes (G1: 68.3%, S: 20.9%, G2/M: 10.9%, Figure 

5.14D), both having a G1-S-G2/M ratio of approximately 70:20:10. Fibroblasts (G1: 85.9%, S: 

7.8%, G2/M: 6.4%, Figure 5.14B) and melanocytes (G1: 89.0%, S: 7.0%, G2/M: 4.0%, Figure 

5.14C) also demonstrated similarity, characterized by a predominant G1 phase of >85%, and 

nearly equal shares of S and G2/M phases. Melanocytes displayed a very small G2/M phase. 

Conspicuously, after sham-irradiation, all cell types, except for DSCs, exhibited an increasing 

S phase proportion in control cells. Keratinocytes reached the largest S phase proportion after 

16 h (Figure 5.14D), while fibroblasts and melanocytes took up to 24 h (Figure 5.14B+C), 

followed by a gradually declining S phase at the subsequent time points. By the 72-hour point, 

the cell cycle distribution appeared to have leveled off in all cell types, reaching nearly baseline 

distribution from the 0-hour point. DSC controls, on the other hand, showed an invariable cell 

cycle distribution throughout the whole experiment (Figure 5.14A). 
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Figure 5.14 Cell cycle distribution after UV irradiation. Cells were irradiated with 300 or 900 J/m² 

UVB or with 37 or 74 kJ/m² UVA, and harvested after 0, 16, 24, 48, and 72 h. Distribution of the cell 

cycle phases was measured with propidium iodide staining via flow cytometry in (A) DSCs, (B) 

fibroblasts, (C) melanocytes, and (D) keratinocytes. Values are presented as mean ± SDs. Sample size: 

DSCs n=5, fibroblasts n=7, melanocytes n=7, keratinocytes n=5. Multiple comparisons versus the 

respective control (One-way ANOVA and Dunnett's method): *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; 

****p ≤ 0.0001. 

UV irradiation resulted in notably different cell cycle progressions in DSCs compared to the 

other three skin cell types. DSCs did not exhibit any significant cell cycle alterations at all, 

neither with UVB nor with UVA exposure (Figure 5.14A). There were only slight indications 

of a G2 arrest after UVB irradiation; otherwise, the cell cycle distribution remained stable. On 

the contrary, especially 900 J/m² UVB induced a distinct arrest in the G1 phase, accompanied 

by a reduced S (and G2/M) phase in fibroblasts (Figure 5.14B), melanocytes (Figure 5.14C), 

and keratinocytes (Figure 5.14D) after 24 h. In fibroblasts and keratinocyte, this effect was 

already evident at 16 h post-irradiation. Similar tendencies were observed after exposure to 
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300 J/m² UVB, albeit statistically significant only in fibroblasts. After 48 h, the proportions of 

cell cycle phases in UVB-irradiated cells aligned with those of the control cells. Irradiation with 

UVA did not affect cell cycle regulation in any of the cell types, neither with 37 kJ/m² nor with 

74 kJ/m². An overview of all significant alterations along with the corresponding p-values is 

displayed in Table 5.2. 

Table 5.2 Statistically significant cell cycle alterations following UV irradiation. 

Cell type Time Irradiation Cell cycle phase with p-value 

Fibroblasts 16 h 300 J/m² UVB S p = 7.578e-4 (***) 

 16 h 900 J/m² UVB S 

G1 

p = 2.072e-5 (****) 

p = 0.042 (*) 

 24 h 900 J/m² UVB S p = 1.336e-6 (****) 

Melanocytes 24 h 900 J/m² UVB S 

G1 

p = 1.608e-3 (**) 

p = 0.039 (*) 

Keratinocytes 16 h 900 J/m² UVB S p = 2.769e-3 (**) 

 

5.4.3 Induction of Apoptosis 

Simultaneous to the cell cycle analysis, it was verified whether the applied UVB and UVA 

doses were tolerated by the examined skin cells, or if cell damage led to the induction of 

apoptosis. Additionally, the cell numbers were determined at harvesting and plotted against 

time. In none of the four cell types did irradiation with both UVA doses (37 kJ/m², 74 kJ/m²) 

or the lower UVB dose (300 J/m²) lead to the induction of apoptosis. Following exposure to the 

higher UVB dose of 900 J/m², DSCs showed a small increase in apoptotic cells 24 h after 

irradiation (21.4 ± 3.8%) as well as an obvious induction after 48 h (35.4 ± 18.1%) that were 

both, however, not deemed statistically significant (Figure 5.15A). This lack of statistical 

significance was most probably attributed to the high variability, since looking at the results 

from the different donors individually showed a clear effect of apoptosis induction after 

900 J/m² UVB at both times (see Appendix Table 8.3). In line with this increase in apoptotic 

cells, the same samples showed a statistically significant simultaneous decrease in the DSC 

frequency following 900 J/m² UVB, with a fold change of 0.80 (log2(FC) = -0.33; p = 0.005) 

and 0.82 (log2(FC) = -0.30; p = 0.026) at 24 h and 48 h, respectively (see Appendix Figure 8.3). 

This higher UVB dose also induced apoptosis in fibroblasts after 48 h (17.0 ± 2.5%, 

p = 1.060e-9) (Figure 5.15B) as well as in melanocytes after both 24 h (23.4 ± 7.0%, 

p = 1.021e-3) and 48 h (26.6 ± 7.0%, p = 6.399e-4) (Figure 5.15C), whereas keratinocytes were 

not affected (Figure 5.15D). 
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Figure 5.15 Induction of apoptosis and cell counts after UV irradiation. Cells were irradiated with 

300 or 900 J/m² UVB or with 37 or 74 kJ/m² UVA, and harvested after 0, 16, 24, 48, and 72 h. (A–D) 

Proportion of total (early + late) apoptotic cells was measured after 24, and 48 h with Annexin-V assay 

via flow cytometry in (A) DSCs, (B) fibroblasts, (C) melanocytes, and (D) keratinocytes. Values are 

presented as mean ± SDs. Sample size: DSCs n=6, fibroblasts n=7, melanocytes n=6, keratinocytes n=6. 

Staurosporine-treated cells (1 µM for 3 h) served as positive controls. Multiple comparisons versus the 

respective control (One-way ANOVA and Dunnett's method): **p ≤ 0.01; ***p ≤ 0.001; 

****p ≤ 0.0001. The individual results from each donor can be found in Appendix Table 8.3. (E–H) 

Cell counts at the time of harvest after 0, 16, 24, 48, and 72 h, relative to the counts of control cells at 

0 h determined in (E) DSCs, (F) fibroblasts, (G) melanocytes, and (H) keratinocytes. Values are 

presented as mean ± SDs. Sample size: DSCs n=5, fibroblasts n=7, melanocytes n=6, keratinocytes n=5. 
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The positive controls confirmed the validity of the method with significantly increased amounts 

of apoptotic cells at both times in all four cell types, while revealing different susceptibility of 

the skin cells to the staurosporine treatment. Fibroblasts appeared to be most sensitive (24 h: 

95.9 ± 3.1%; 48 h: 96.0 ± 3.2%), followed by DSCs (24 h: 63.3 ± 15.3%; 48 h: 70.0 ± 15.6%), 

keratinocytes (24 h: 40.5 ± 9.0%; 48 h: 67.3 ± 17.1%), and melanocytes (24 h: 45.6 ± 27.0%; 

48 h: 46.1 ± 35.3%), including high donor-dependent variability in the last three cell types. An 

overview of all significant changes along with the corresponding p-values is displayed in Table 

5.3. 

Table 5.3 Statistically significant induction of apoptosis. 

Cell type Time Treatment p-value 

DSCs 24 h 1 µM staurosporine p = 4.863e-9 (****) 

 48 h 1 µM staurosporine p = 1.067e-6 (****) 

Fibroblasts 24 h 1 µM staurosporine p < 0.0001 (****) 

 48 h 900 J/m² UVB 

1 µM staurosporine 

p = 1.060e-9 (****) 

p < 0.0001 (****) 

Melanocytes 24 h 900 J/m² UVB 

1 µM staurosporine 

p = 1.021e-3 (**) 

p = 1.430e-7 (****) 

 48 h 900 J/m² UVB 

1 µM staurosporine 

p = 6.399e-4 (***) 

p = 2.575e-5 (****) 

Keratinocytes 24 h 1 µM staurosporine p = 9.594e-7 (****) 

 48 h 1 µM staurosporine p = 5.232e-11 (****) 

Corresponding to the induction of apoptosis, DSCs exhibited steadily decreasing cell counts 

when irradiated with 900 J/m² UVB (Figure 5.15E). They also showed a drop in cell numbers 

48 h following 300 J/m² UVB and 37 kJ/m² UVA, although no apoptotic cells were detected. 

In fibroblasts, melanocytes, and keratinocytes, apoptosis results and cell count also correlated 

very well. Fibroblasts (Figure 5.15F) and melanocytes (Figure 5.15G) displayed lower cell 

numbers following exposure to 900 J/m² UVB, consistent with increased proportions of 

apoptotic cells, while in the other samples the cell count increased continuously. In 

keratinocytes, the similarly developing cell numbers of control and irradiated cells matched the 

absence of apoptosis (Figure 5.15H). 

5.5 Effect of UV on The Differentiation Potential of DSCs 

The capability of DSCs to differentiate into melanocytes was already proven in section 5.3.3. 

Since DSCs in the human skin are subjected to UV radiation, it was of utmost interest, if their 

differentiation potential is affected by UV radiation or if UV exposure promotes differentiation. 
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For this, DSC-fibroblast co-cultures and MACS® positive selection-purified DSCs were 

exposed to a single dose of 300 J/m² UVB or 37 kJ/m² UVA one day before starting the 

differentiation process. The progression of differentiation was tracked using light microscopy 

and gene expression analysis. 

 

Figure 5.16 Differentiation in DSC-fibroblast co-cultures after UV irradiation. Light microscopy 

of three different DSC-fibroblast co-cultures with varying initial stem cell frequencies at days 0 and 16 

of differentiation assay. Stem cell proportion: (A) 42% DSCs, (B) 55% DSCs, (C) 70% DSCs. Cells 

were cultivated in melanocyte differentiation medium and irradiation with a single dose of 300 J/m² 

UVB or 37 kJ/m² UVA was conducted one day prior to starting the differentiation. Control cells were 

cultivated in stem cell medium. Scale bars: 200 µm. 
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Figure 5.17 Differentiation in MACS®-purified DSC cultures after UV irradiation. Light 

microscopy of two different MACS® positive selection-purified DSC cultures at days 0, 3, 10 and 16 

of differentiation assay. Purified DSCs in (A) and (B) both with 97% DSCs. Cells were cultivated in 

melanocyte differentiation medium and irradiation with a single dose of 300 J/m² UVB or 37 kJ/m² 

UVA was conducted one day prior to starting the differentiation. Control cells were cultivated in stem 

cell medium. Scale bars: 200 µm. 
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As previously demonstrated, the cultures exhibited lower cell density when supplied with 

differentiation medium in comparison to control cells cultured in stem cell medium (see 

section 5.3.3). It is noteworthy that different donor cell strains displayed different sensitivity to 

the differentiation medium (as well as to UV irradiation), strikingly illustrated in diverse DSC-

fibroblast co-cultures. In one culture (initially 42% DSCs), dense cell growth continued (Figure 

5.16A), whereas another culture (70% DSCs) exhibited a noticeably reduced confluency 

(Figure 5.16C), and in a third culture (55% DSCs), an exceptionally high number of cells died, 

leaving only individual cells and small colonies (Figure 5.16B). 

 A reduced confluency when cultured in differentiation medium was evident in the purified 

DSC cultures (97% DSCs) as well (Figure 5.17), which additionally also showed diverse 

growth patterns in stem cell medium. On the one hand, cultures with an initially uniform and 

widespread growth became denser over time and the DSCs appeared innervated to cluster 

together, consequently evolving network patterns at high confluency (Figure 5.17A). On the 

other hand, some donor cell strains already displayed a network-like growth pattern right after 

purification and in extreme cases, tended to form spheres upon a high cell count, despite the 

BME-coating (Figure 5.17B). 

When DSC cultures were irradiated with UVB prior to differentiation, the previously described 

decline in cell density was even more pronounced. This effect was particularly noticeable in 

purified DSC cultures (Figure 5.17B), where the UVB-irradiated samples occasionally 

experienced complete cell death within the initial 7–10 days of the differentiation assay if the 

initial confluency was too low (data not shown). UVA irradiation, on the other hand, had 

minimal impact on the cell density of DSC-fibroblast co-cultures (Figure 5.16), and in purified 

DSCs, any reduction in confluency following UVA was only mildly pronounced (Figure 5.17). 

Hence, the morphology of UVA-exposed samples mostly resembled the non-irradiated 

differentiation samples. At day 16 of differentiation, in both DSC-fibroblast co-cultures (Figure 

5.16) and purified DSC cultures (Figure 5.17), cells with distinct melanocyte-like morphology 

were detected, even after UV irradiation. Macroscopically, there was no observable difference 

in the number of these dendritic cells between irradiated and non-irradiated cultures. 

 At various times during the differentiation process, gene expression of multiple 

melanocytic markers and the NCSC marker NGFRp75 were examined. Overall, no differences 

were found between UVB-irradiated (‘diff + 300 J/m² UVB’) or UVA-irradiated cells (‘diff + 

37 kJ/m² UVA’) and non-irradiated cells (‘diff’), neither in DSC-fibroblast co-cultures nor in 

MACS®-purified DSC cultures (Figure 5.18). 
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Figure 5.18 Gene expression analysis of differentiation following UV irradiation. Gene expression 

analysis of NGFRp75 (A) and melanocytic markers MITF (B), tyrosinase (C), TRP1 (D), and TRP2 (E) 

at days 3, 10, and 16 of differentiation in naturally enriched DSC-fibroblast co-cultures and MACS®-

purified DSCs. Foreskin-derived melanocytes served as positive control. Values are presented as 

mean ± SDs. Sample size with technical duplicates: DSC-fibroblast co-cultures n=5 at day 3, n=1 at day 

10, n=4 at day 16; MACS®-purified DSCs n=3 at all times. Normalized on the respective control cells 

cultivated in stem cell medium. 

 The expression levels of NGFRp75 in DSC-fibroblast co-cultures decreased throughout 

the differentiation, resulting in a 6–7-fold reduction (log2(FC) ≈ -2.7) by day 16 in all samples, 

while in MACS®-purified DSCs, nearly no changes were observed (Figure 5.18A). 

Melanocytic genes were gradually upregulated over time in both DSC-fibroblast co-cultures 
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and purified DSCs, showing considerably high values at day 16. These final expression values 

were in the same range for DSC-fibroblast co-cultures and for purified DSCs. However, the 

upregulation occurred more rapidly in purified DSCs, as evidenced by higher expression levels 

at day 3 and 10. Among all the melanocytic genes examined, MITF was ultimately expressed 

with the lowest values (log2(FC) = 4–6, corresponding to a 15–65-fold upregulation) at day 16 

(Figure 5.18B), while tyrosinase was more abundant with log2(FC) values ranging around 12–

13 (corresponding to 4,000–8,000-fold upregulation) (Figure 5.18C). For both genes, the 

variance between different donors was noticeably larger in purified cells. TRP1 was 

upregulated the most, leading to an increase of up to 40,000-fold in both DSC-fibroblast co-

cultures and purified DSCs (log2(FC) ≈ 15) (Figure 5.18D). TRP2 expression was markedly 

lower with a 200–400-fold upregulation (log2(FC) = 7.5–8.5) (Figure 5.18E). When 

interpreting these results, it is important to consider that there were datasets from only one 

donor cell strain available for DSC-fibroblast co-cultures on day 10. 

5.6 Effect of UV on The Sphere Formation Capability of DSCs 

In this section, the impact of UV irradiation on functional properties of DSCs was further 

investigated, assessing their ability to form spheres after UV exposure. Naturally enriched DSC 

cultures with stem cell frequencies of 49%, 65%, and 89% were irradiated with UVB or UVA 

in monolayer culture, either as a single dose or with multiple irradiations over three consecutive 

days, resulting in the same cumulative dose as the single irradiation. First, the viability of DSCs 

and the DSC frequency in culture were analyzed 48 h post-irradiation, before seeding them in 

suspension culture. 

Compared to non-irradiated control cells (89.0 ± 2.3% viable cells), DSCs exposed to a total 

dose of 900 J/m² UVB showed significantly reduced viability, regardless of whether the dose 

was applied in a single irradiation (74.0 ± 4.2% viable cells, p = 1.270e-4) or fractionated over 

three days with 3×300 J/m² UVB (75.7 ± 2.5% viable cells, p = 4.999e-4) (Figure 5.19A). 

Exposure to 300 J/m² UVB and 3×100 J/m² UVB was well tolerated by the cells. Except for 

multiple irradiations with 3×24.67 kJ/m² UVA (79.6 ± 3.1% viable cells, p = 0.016), UVA had 

no significant effect on the viability. 

 Analogous to the cell viability results, the DSC frequency also decreased 48 h after single 

or fractionated irradiation with the higher UVB dose (Figure 5.19B). Exposure to 900 J/m² 

UVB resulted in an approximately 2-fold decrease of the DSC proportion (FC = 0.54 ± 0.16, 

log2(FC) = -0.94 ± 0.48, p < 0.001), while 3×300 J/m² UVB led to a fold change of 0.64 ± 0.12 
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(log2(FC) = -0.66 ± 0.28, p < 0.001). Following all other irradiation treatments, the stem cell 

content remained unchanged. 

 

Figure 5.19 Sphere formation after UV irradiation. DSC cultures in monolayer were irradiated once 

or multiple times with 300, 3×100, 900, or 3×300 J/m² UVB, or with 37, 3×12.33, 74, or 3×24.67 kJ/m² 

UVA. After 48 h, cells were harvested and (A) viability of DSCs, gated on NGFRp75+ cells as well as 

(B) fold changes in DSC frequency relative to non-irradiated control cells were measured via flow 

cytometry. Equal amounts of viable NGFRp75+ cells were seeded in suspension culture flasks. After 

five days of cultivation, (C) numbers of spheres were determined relative to non-irradiated control cells 

and (D) diameters of spheres were measured. Size distribution of spheres in ranges of 25 µm diameter, 

determined using digital image processing. Red histogram overlay shows non-irradiated controls. 

Values are presented as mean ± SDs. Sample size: n=3. Multiple comparisons versus control (One-way 

ANOVA and Dunnett's method): *p ≤ 0.05; ***p ≤ 0.001. 

Based on the DSC proportion and viability results, equal amounts of viable NGFRp75+ cells 

were cultured in suspension, and examined for the number and diameter of formed spheres after 

five days. The count of spheres was calculated relative to the non-irradiated control (fold 

change) (Figure 5.19C). A notable reduction of 30–35% fewer spheres was observed following 

single irradiation with 300 J/m² UVB (FC = 0.71 ± 0.15) and 900 J/m² UVB (FC = 0.66 ± 0.23, 

p = 0.042), as well as after multiple irradiations with 3×300 J/m² UVB (FC = 0.69 ± 0.14). 

However, due to the large overall variance among all samples, these alterations were 

statistically significant only for 900 J/m² UVB. On average, UVA irradiation had no effect on 

the number of formed spheres. 
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 The size distribution analysis of formed spheres illustrates the percentage of spheres falling 

within specific size ranges of 25 µm diameter steps (Figure 5.19D). There was heterogeneity in 

the size of the spheres, ranging from approximately 25 µm for the smallest to over 200 µm in 

diameter for the largest. The cutoff value as the minimum size of a structure to be considered a 

sphere rather than a cell cluster was set to 25 µm diameter. The histograms did not display a 

normal distribution with a symmetric bell shape but instead a unimodal distribution, mostly 

skewed to the right (toward greater sizes) without any outliers. The central peak consistently 

appeared in the 51–75 µm diameter range, with a higher proportion of spheres having a 

diameter >75 µm than <51 µm. Following any UV irradiation, both UVA and UVB, there was 

a tendency for fewer small spheres to be formed. In other words, the size distribution slightly 

shifted towards larger diameters upon irradiation, except for irradiation with 300 J/m² UVB, 

where notably high standard deviations were observed. In irradiated samples, the proportion of 

small spheres with a diameter of up to 50 µm was lower than in non-irradiated control cells 

(ANOVA, p = 0.315). Consequently, in the irradiated samples, larger percentages of spheres 

were observed in greater diameter ranges of 51–75 µm (ANOVA, p = 0.162) or 76–100 µm 

(ANOVA, p = 0.076) compared to the controls. However, these changes did not reach statistical 

significance. 

5.7 Effect of UV on The MicroRNA Expression 

In this section, at first, the baseline miRNA expression in DSCs was compared to that of 

melanocytes and melanoma cells. Further, it was investigated whether UV irradiation induces 

changes in the miRNA expression patterns of DSCs that are associated with the development 

of skin cancer. One naturally enriched DSC-fibroblast co-culture (93% DSCs) and two 

MACS® positive selection-purified DSC cultures (both 97%) were utilized. For comparison, 

two melanocyte cell strains derived from foreskin were also subjected to UV irradiation. 

Additionally, non-irradiated melanoma cells (MM) were included as an ‘endpoint’ of UV-

induced melanomagenesis. These three melanoma cell cultures were obtained from different 

melanoma metastases. 

During the evaluation of measured data, normalization is performed using the most stable 

miRNAs, typically around ten in number. Therefore, it was examined which miRNAs exhibited 

stability across the different cell types. Upon analyzing measurements from all eight donor cell 

strains separately (3 DSCs, 2 melanocytes, 3 MM), only one miRNA was found to be 

consistently stable in all eight cell strains: hsa-mir-23a-3p (see Appendix Table 8.4). 
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 Comparing cell strains solely within their specific cell type led to more consistency. When 

comparing all three DSC strains to each other, at least three matching, stably expressed miRNAs 

were found (hsa-mir-23a-3p, hsa-mir-20a-5p, hsa-mir-17-5p) (see Appendix Table 8.5). 

Similarly, the comparison of the two melanocyte strains revealed eight matched, stably 

expressed miRNAs (hsa-mir-23a-3p, hsa-mir-20a-5p, hsa-mir-17-5p, hsa-mir-100-5p, hsa-mir-

15a-5p, hsa-mir-23b-3p, hsa-mir-15b-5p, hsa-mir-221-3p) (see Appendix Table 8.6). 

Furthermore, when the three melanoma cell strains were compared among themselves, five 

matched, stably expressed miRNAs were identified (hsa-mir-23a-3p, hsa-mir-185-5p, hsa-mir-

197-3p, hsa-mir-222-3p, hsa-mir-301a-3p) (see Appendix Table 8.7). This already indicated 

distinct differences in the miRNA expression patterns among the three different cell types. 

 Hence, it was considered to evaluate the measured data of the cell strains grouped by cell 

type, meaning all DSC strains together, all melanocyte strains together, and all melanoma cell 

strains together. Then, the three cell type groups were compared with regard to their most stable 

miRNAs. This analysis revealed an entirely different set of miRNAs compared to the previous 

assessments. Here, only two miRNAs were consistently expressed in a stable manner in all 

three groups (hsa-let-7g-5p, hsa-let-7i-5p) (see Appendix Table 8.8). 

 However, using the normalization methods described earlier, it would be possible to 

investigate only effects within individual cell types, such as the impact of UV irradiation on 

DSCs. A comparison between the cell types based on different normalizations would have been 

inadequate, due to fundamental differences. Especially if the transition from DSCs to 

melanocytes and then to malignant melanoma is to be investigated, a common normalizer is a 

prerequisite. Therefore, ultimately, the measurements of all different cell strains were analyzed 

together, ensuring that all presented results are based on the same normalization miRNAs. This 

led to the identification of the nine most stable miRNAs for normalization shown in Table 5.4. 

Table 5.4 Most stable microRNAs for normalization. 

hsa-mir-17-5p hsa-let-7g-5p hsa-let-7a-5p hsa-let-7d-5p hsa-let-7i-5p 

hsa-mir-93-5p hsa-mir-21-5p hsa-mir-16-5p hsa-mir-197-3p  

Following normalization, the five miRNAs hsa-mir-124-3p, hsa-mir-142-3p, hsa-mir-142-5p, 

hsa-mir-150-5p, and hsa-mir-182-5p were excluded from the analysis due to their low median 

expression values. 
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5.7.1 Baseline MicroRNA Expression Levels in DSCs, Melanocytes, and 

Melanoma Cells 

Using the non-irradiated control cells, the baseline miRNA expression profile in DSCs was first 

investigated in comparison to their progeny, melanocytes, and to melanoma cells. Hierarchical 

cluster analysis of baseline miRNA expression revealed eight differentially expressed miRNAs 

in DSCs, which allowed a clear discrimination from melanocytes and melanoma cells (Figure 

5.20A–B). This microRNA pattern included four overexpressed miRNAs in DSCs (hsa-mir-

137, hsa-mir-15a-5p, hsa-mir-33a-5p, hsa-mir-494-3p) and, conversely, four miRNAs that were 

overexpressed in melanocytes and melanoma cells while downregulated in DSCs (hsa-mir-

146b-5p, hsa-mir-204-5p, hsa-mir-222-3p, hsa-mir-34a-3p). Statistically significant differences 

in expression levels between DSCs and melanoma cells were observed for all eight miRNAs 

(hsa-mir-137, p = 0.032; hsa-mir-146b-5p, p = 0.005; hsa-mir-15a-5p, p = 0.034; hsa-mir-204-

5p, p = 0.037; hsa-mir-222-3p, p = 0.008; hsa-mir-33a-5p, p = 0.012; hsa-mir-34a-3p, 

p = 0.029; hsa-mir-494-3p, p = 0.007). However, for the comparison of DSCs and melanocytes, 

only the differences in hsa-mir-146b-5p expression were deemed statistically significant 

(p = 0.017), although clearly visible disparities were also evident for hsa-mir-137, hsa-mir-204-

5p, and hsa-mir-33a-5p (Figure 5.20A). The lack of statistical significance is most probably 

attributed to the smaller sample size of melanocytes. Notably, all three examined DSC cultures 

showed very similar expression levels, regardless of whether they were naturally enriched or 

MACS®-purified (Figure 5.20B). 

To identify target genes of the eight differentially expressed miRNAs in DSCs, a network 

analysis was conducted. The search for targets regulated by at least two of the 4-miRNA set 

overexpressed in DSCs (hsa-mir-137, hsa-mir-15a-5p, hsa-mir-33a-5p, hsa-mir-494-3p) 

resulted in the identification of 39 targets (Figure 5.20C). These targets were not regulated by 

hsa-mir-137. Consequently, no targets were found that are regulated by all four miRNAs. Target 

genes (that should be inhibited) included, for instance, CDK6, MYC, BCL2, CCND1 (Cyclin 

D1), AGO2, RAD23B, and HIF1α. To identify biological processes and pathways in which the 

miRNAs are involved, an enrichment analysis/over-representation analysis (ORA) was 

conducted with regard to enriched KEGG pathways and Gene ontology (GO) terms. The top 

20 biological processes repressed by the overexpressed miRNA set, obtained from the analysis 

of significantly changed GO terms, can be found in Appendix Table 8.9. 
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Figure 5.20 Baseline microRNA expression in DSCs compared to melanocytes and melanoma 

cells. Expression of a selected panel of miRNAs was measured via flow cytometry using the FirePlex® 

miRNA Assay. (A) Differential expression levels of eight miRNAs. Values are presented as mean ± SDs 

of log2-transformed raw expression values. Sample size: DSCs n=3, melanocytes n=2, melanoma cells 

n=3, with technical duplicates. Significant differences have been assessed with the R package limma: 

*p ≤ 0.05; **p ≤ 0.01. (B) Hierarchical cluster analysis shows differentially expressed miRNAs between 

DSCs, melanocytes, and melanoma cells. Downregulated miRNAs are shown in purple, upregulated 

miRNAs in yellow as scaled and centered values (Z-score). The cell types are depicted with different 

colors above the heatmap. DSCs = blue, melanoma cells = gray, melanocytes = yellow. The individual 

clusters are visually highlighted by the division of the dendrograms. Sample size: DSCs n=3, 

melanocytes n=2, melanoma cells n=3, with technical duplicates. (C) Network analyses of the 4-miRNA 

set overexpressed in DSCs and (D) the 4-miRNA set downregulated in DSCs with target genes that are 

regulated by at least two of the four miRNAs (created with miRTargetLink 2.0, accessed on September 

21, 2023). 
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For the 4-miRNA set that was downregulated in DSCs (hsa-mir-146b-5p, hsa-mir-204-5p, hsa-

mir-222-3p, hsa-mir-34a-3p), searching for targets that are regulated by all four or by at least 

three of the miRNAs provided no results. A network analysis, considering a minimum of two 

shared targets, identified 40 target mRNAs (Figure 5.20D). Among the target genes (that should 

be upregulated) were, e.g., AKT3, KIT, SIRT1, PTEN, SMAD4, SMAD5, and there were 

overlaps with the targets of the overexpressed miRNAs, including CDK6, MYC, and BCL2. 

The subsequent ORA with the miRNA set as input did not yield any significantly altered GO 

terms. Therefore, ORA was alternatively performed with the target genes. The top 20 GO terms 

of activated biological processes are displayed in Appendix Table 8.10. The reduced expression 

of the four miRNAs and the subsequent induction of target genes were also associated with the 

significant activation of KEGG pathways shown in Appendix Table 8.11. 

5.7.2 MicroRNA Expression Following UV Irradiation 

To investigate the effect of UV irradiation on miRNA expression in DSCs, they were irradiated 

with a single dose of 300 J/m² UVB or 37 kJ/m² UVA, and harvested following 6 h and 24 h. 

Melanocytes were also irradiated in the same way, while melanoma cells remained non-

irradiated. Hierarchical cluster analysis of the 58 miRNAs after irradiation revealed variations 

in the miRNA patterns (Figure 5.21). However, these differences were predominantly 

attributable to differences in cell lineages, as the samples clustered according to the three cell 

types. Within each cell type, samples from the same donor consistently grouped together, 

irrespective of irradiation, and allowed for a clear discrimination between the different cell 

strains. Consequently, there was no discernible impact from UV irradiation in DSCs and 

melanocytes, and no similarities were found between irradiated DSCs and melanoma cells or 

irradiated melanocytes and melanoma cells. Furthermore, there were no considerable 

differences between naturally enriched DSCs (labeled as DSC 02 in the figure) and MACS®-

purified DSCs (labeled as DSC 17 and DSC 33). Rather, one of the MACS®-purified DSC 

cultures (DSC 17) differed from the other two DSC cultures in the expression of multiple 

miRNAs. 
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Figure 5.21 microRNA expression after UV irradiation. Cells were irradiated with a single dose of 

300 J/m² UVB or 37 kJ/m² UVA, and harvested after 6 h and 24 h. Expression of a selected panel of 

miRNAs was measured via flow cytometry using the FirePlex® miRNA Assay. Hierarchical cluster 

analysis of 58 miRNAs following irradiation of DSCs and melanocytes (Mc), compared to non-

irradiated melanoma cells (MM). Downregulated miRNAs are shown in purple, upregulated miRNAs 

in yellow as scaled and centered values (Z-score). The cell types, time points, and treatments are 

depicted with different colors above the heatmap. Cell types: DSCs = blue, melanocytes (Mc) = yellow, 

melanoma cells (MM) = gray. Time points: 6 h = light brown, 24 h = dark brown. Treatment: control = 

green, 37 kJ/m² UVA = pink, 300 J/m² UVB = purple. The individual clusters are visually highlighted 

by the division of the dendrograms. Sample size: DSCs n=3, melanocytes n=2, melanoma cells n=3, 

with technical duplicates. 
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6 Discussion 

The first objectives of this study were the characterization and purification of DSCs derived 

from human foreskin. Subsequently, the investigation aimed to determine whether these cells 

exhibit any special features or abnormalities in their response to UV irradiation that may 

contribute to an increased risk of UV-induced malignant transformation. 

6.1 Characterization of DSCs 

DSCs were successfully isolated from human foreskin and expanded in cell culture using 

specific stem cell medium, following methodologies similar to those described by Li et al. 

[31,125]. DSCs grew in three-dimensional dermal spheres, which were found to be 

heterogeneous and also contained fibroblasts. This heterogeneity was attributed to the 

cultivation of all isolated dermal cells and the low percentage of DSCs present in the skin. The 

proportion of DSCs varied greatly among different donors, with fibroblasts predominantly 

representing the major cell population in these DSC-fibroblast co-cultures. The mean 

proportion of 10.5% NGFRp75+ DSCs in the dermal spheres is in agreement with the 12% 

reported by Herlyn’s group [31]. To enable in-depth analysis of DSCs, a critical step involved 

the purification of DSC-fibroblast co-cultures, which was established by comparing different 

enrichment approaches. Detailed discussions of these results can be found in section 6.2. 

Furthermore, multiple characteristics of neural crest stem cells (NCSCs) were confirmed, 

providing compelling evidence that the dermis-derived stem cells in this work were indeed the 

DSCs previously described by Herlyn’s group [31,125,126]. The DSCs expressed NCSC-

characteristic markers like NGFRp75, MSX1, and FRZB. They were able to form three-

dimensional spheres in human ESC medium (discussed in section 6.5) and possessed the 

capability to differentiate into melanocytes upon appropriate stimulation with melanocyte 

differentiation medium (discussed in section 6.4). Inadvertent enrichment of melanocytic stem 

cells from the hair follicle instead of DSCs can be ruled out, as foreskin lacks hair follicles. 

In monolayer culture, DSCs showed characteristic cellular morphology that differed from those 

of the other three foreskin-derived skin cell types (fibroblasts, melanocytes, keratinocytes), 

which were cultured using cell-specific medium. DSCs (median 37.4 h) proliferated at a rate 

similar to fibroblasts (41.2 h) and melanocytes (43.3 h), while keratinocytes (22.3 h) exhibited 

a significantly faster doubling time. A direct comparison with doubling times from the literature 

is challenging, as they may vary depending on factors such as age, passage, culture conditions, 

material (primary cultures, cell lines), and, in the case of primary cells, the body location from 
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which they were obtained [427,428]. For example, in studies by Moulin et al., doubling times 

of dermal fibroblasts ranged from 40–55 h [429], whereas Trokovic and colleagues found a 

range of 18–33 h [428]. Horvath et al. measured doubling times of 38–42 h for primary neonatal 

foreskin keratinocytes [430]. For melanocytes, the variations are even greater, with reports 

including values of 48 h or even multiple days [358,431]. There are no available comparative 

data for DSCs. 

6.2 Purification of DSCs 

After being isolated from foreskin, DSCs grew in co-cultures with fibroblasts. It is widely 

recognized that the presence of contaminating fibroblasts with high proliferative potential can 

result in the overgrowth of the desired cell population, even if the initial fibroblast 

contamination is minimal [423,424]. Moreover, their coexistence poses challenges in certain 

analyses where both cell types are indistinguishable. However, for various studies such as those 

involving epigenetics, gene expression, miRNA expression, and protein expression, it is crucial 

to work with enriched or pure DSC cultures. Hence, it was imperative to establish a method for 

eliminating this undesired cell population before conducting experiments. Numerous attempts 

to remove unwanted fibroblasts from cell cultures have been previously described for different 

cell lines and types. Traditional methods encompass: 

(i) Adding antimitotic drugs like cytosine arabinoside (Ara-C) [432,433] or antibiotics 

such as Geneticin (G418) [434-436] into the cell culture medium. 

(ii) Employing differential adhesion [437,438] and selective detachment techniques 

[439,440]. 

(iii) Cultivating in media without serum [440,441]. 

(iv) Utilizing immunomagnetic separation based on differential cell surface antigens 

[423,436,442]. 

(v) Employing fluorescence-activated cell sorting (FACS) that combines multiple 

parameters such as distinct surface markers, size, and granularity [443-446]. 

This study evaluated three approaches to reduce the significant fibroblast population in DSC-

fibroblast co-cultures. Geneticin treatment and selective detachment were considered due to 

their simplicity and availability. Immunomagnetic separation was selected for its enhanced 

specificity. Although these methods have been well described for several cell types, their 

application to enrich DSCs in primary cell cultures containing fibroblasts had not been explored 

before. 



DISCUSSION 

138 

 

6.2.1 Treatment with Geneticin 

Geneticin is an aminoglycoside antibiotic and commonly used for selecting transfected cells. It 

functions by inhibiting protein synthesis, specifically targeting the elongation step in both 

prokaryotic and eukaryotic cells, thereby disrupting cell growth and proliferation. Its known 

variable cytotoxic effects on eukaryotic cells with different growth rates make it a valuable tool 

for eliminating contaminating fibroblasts from mixed cultures. Cytotoxicity becomes evident 

after 1–2 cell divisions, with the most pronounced impact on rapidly dividing cells. 

Additionally, Geneticin may induce Caspase-3-dependent apoptosis, ultimately leading to cell 

death [435,447]. 

In this study, treatment of DSC-fibroblast co-cultures with the antibiotic Geneticin failed in 

enriching the stem cell content. On the one hand, Geneticin caused a decrease in total cell 

numbers and the death of fibroblasts. On the other hand, it also resulted in distinct cell death 

among DSCs, leading to a decline in the stem cell frequency. 

 To compare the effectiveness of Geneticin treatment in different cell cultures, several 

aspects need to be considered, with the proliferation rate of the various cell populations being 

the most crucial factor since Geneticin acts on the most rapidly dividing cells. DSCs and 

fibroblasts exhibited similar growth rates in the co-cultures in stem cell medium. This similarity 

explains why both cell populations were affected similarly by the Geneticin treatment. While 

the minor population of DCSs in culture succumbed to the treatment, some of the outnumbering 

fibroblasts survived. In contrast, Geneticin has proven to be an effective eliminator of 

fibroblasts in melanocyte cultures from various tissues [447]. Melanocytes are slow-dividing 

cells with infrequent in vivo proliferation that show varying in vitro doubling time from 

48 hours up to 10 days, depending on the growth conditions [358,431]. The fact that fibroblasts 

divide much faster with duplication ranging from roughly 40–55 hours [429] permits an 

effective purification of melanocyte cultures. 

 The response of cells to Geneticin is also influenced by their cell metabolism, leading to 

varying degrees of tolerance to this kind of cellular stress among different cell lines and types. 

Melanocytes, for instance, seem to have a natural resistance to Geneticin. By contrast, stem 

cells—and as confirmed in this study particularly DSCs—appear notably sensitive to this 

antibiotic. Maybe due to the sensitivity, Geneticin is not commonly used to enrich stem cell 

cultures. Additionally, variations in culture media compositions (e.g., serum, glutamine, 

insulin) could influence the impact of Geneticin, impeding the straightforward transfer of an 

established procedure from one cell culture condition to another. On top of that, the huge donor-
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dependent variations observed in DSC cultures in general—which include differences in stem 

cell content, proliferation rate and possibly also cell metabolism/sensitivity—further 

complicate the establishment of a standardized protocol for Geneticin treatment of primary 

DSC cultures. 

Moreover, one has to keep in mind that non-cell-specific agents such as Geneticin may also 

affect the proliferation, phenotype, and functional properties of the surviving cell population, 

potentially influencing downstream applications [436,445,446]. Despite being an efficacious 

and cost-effective method for eliminating fibroblasts from melanocyte cultures [435,436,447], 

Geneticin is not suitable for purifying DSC cultures. 

6.2.2 Selective Detachment 

The method of selective detachment becomes applicable when different cell populations in 

adherently growing cell cultures exhibit varying detachment properties, allowing for their 

release at different times during incubation. Depending on the particular cell culture, either 

fibroblasts detach first and can be removed with the supernatant [440], or fibroblasts initially 

remain attached due to stronger adhesion while the desired cells are released earlier [439]. In 

this study, two different detachment reagents, Accutase™ and trypsin-EDTA, were examined. 

When selectively detaching DSC-fibroblast co-cultures, DSCs tended to detach more rapidly 

than fibroblasts, resulting in a slight enrichment of DSCs, albeit only by a small percentage. 

Detachment with Accutase™ yielded higher purity compared to trypsin-EDTA; however, it 

also resulted in lower viability and recovery rates, leaving an insufficient number of cells for 

subsequent experiments or cultivation. Notably, higher viability and recovery always came 

along with lower purity. Hence, extended cultivation periods would be necessary after the 

selective detachment protocol to propagate DSCs or to perform multiple cycles to enhance 

purity, resulting in undesirably high passages and significant time consumption. Similarly, 

Kisselbach et al. required multiple treatments of primary human CEC (corneal epithelial cell) 

cultures with trypsin-EDTA due to fibroblast regrowth, eventually leading to senescence of the 

desired cells. Consequently, they described this approach as simple and initially successful but 

inefficient [440]. On the contrary, this method has proven efficient for HDMEC (human dermal 

microvascular endothelial cell) cultures during the first week of primary cell culture, before 

fibroblasts proliferate excessively and the HDMECs adhere too strongly [439]. Considering the 

conditions of the DSC-fibroblast co-cultures in this study, it is likely that the number of 

fibroblasts was already too high, and the DSCs adhered too strongly to efficiently separate the 
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two cell types through selective detachment. In addition, the growth of the DSC-fibroblast co-

cultures on BME-coating could make a selective detachment more difficult. 

Comparing the detachment reagents, Accutase™ is generally considered a mild-acting enzyme 

that is gentle on cells. As a result, cells detached with Accutase™ are less likely to lose or alter 

their cell surface markers, maintaining their structural integrity and functionality. In contrast, 

trypsin is harsher and degrades many cell surface markers [448-450]. The degradation of 

surface proteins and ECM components during proteolytic enzyme digestion can impact the 

detectability of surface markers and reduce cell viability, especially in the case of stem cells 

[448]. Therefore, preserving the integrity of cell surface markers and receptors is essential for 

accurately characterizing and identifying the enriched DSC population. Consistent with the 

milder proteolytic activity, in this study, cells were detached more slowly with Accutase™; 

however, the decreased viability was unexpected. Multiple studies reported lower cell viability 

with trypsin compared to Accutase™, for example when dissociating epithelial cancer cells 

[451] or digesting neurospheres [452], whereas Accutase™ led to more apoptosis as a result of 

digestion. The authors ascribed the reduced apoptosis observed after trypsin dissociation to 

extensive disruption of the cell membrane by trypsin, hampering the detection of apoptotic cells 

via Annexin-V assay [451]. A compromised cell membrane structure could explain the 

consistently lower proportions of NGFRp75+ cells with trypsin-EDTA compared to Accutase™ 

shown here. By contrast, the results from this study agree with data from Skog et al. who found 

higher viability of trypsin-dissociated cells after digestion of epidermis, while in subsequent 

cultivation, Accutase™-dissociated cells seemed healthier in the long term [450]. These 

collective findings indicate that the impact of detachment reagents on the viability is strongly 

cell type-dependent. 

So, while Accutase™ seemed to impair cell viability, trypsin appeared to slightly degrade 

NGFRp75 on the cell surface, leading to a decreased detection of stem cells. Recent studies 

have suggested that Accutase™ may also influence the expression of certain cell surface 

proteins and that cells require around one day of recovery time after detachment before 

conducting experiments [448]. In summary, due to low enrichment, reduced viability and low 

cell counts of DSCs, the method of selective detachment has also proven unsuitable for the 

purification of DSC cultures. 
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6.2.3 Immunomagnetic Separation 

As a third approach to obtain pure DSC cultures, immunomagnetic separation (IMS) was 

performed using two different techniques: negative selection (labeling of undesired cells, 

fibroblasts) and positive selection (labeling of target cells, DSCs). Additionally, two widely 

used IMS approaches were compared: EasySep™ (column-free) technology from StemCell 

Technologies and the MACS® (automatic column-based) technology from Miltenyi Biotec. 

IMS is a well-established method for the separation of diverse cell populations based on specific 

cell surface antigens, enabling the enrichment of a particular cell type. In principle, specific 

antibodies bound to magnetic beads capture cells expressing the corresponding epitope. By 

using a magnetic field, the labeled cells are retained and therefore separated from unlabeled 

cells. 

6.2.3.1 Negative Selection 

Negative selection is usually preferred to positive selection, because the cells of interest remain 

‘untouched’—meaning they are not bound by antibodies and beads—and thus should remain 

functionally unaltered [453,454]. This approach also helps remove non-specifically labeled 

dead cells and debris [455]. However, compared to positive selection, negative selection is often 

less pure since it is challenging to target all unwanted cells, necessitating exact knowledge of 

the starting cell types and their unique surface markers [456]. 

In this study, with both EasySep™ and MACS® negative selection targeting the fibroblast 

marker CD90, a complete elimination of CD90+/dim fibroblasts was not achieved. Multiple 

purification steps may be required to fully remove the remaining fibroblasts [436]. Experiments 

with two consecutive purification steps were unsatisfactory: firstly, although the purity 

continued to increase, it did not reach the desired level, and secondly, the number of remaining 

cells was very low and not usable (data not shown). Besides the numerous CD90+/dim cells, there 

was also a subset of double-negative (CD90–/NGFRp75–) cells persisting within the purified 

(negative) DSC fraction post-selection, implying that separation based on the CD90 marker was 

insufficient for these cells [457]. It is unclear whether these cells were originally resided in the 

dermis of the skin and co-cultured over time, or if they represent fibroblasts with altered CD90 

expression levels under stem cell medium cultivation conditions. Since fibroblasts are the most 

prevalent cell type in the dermis, it was assumed that the contaminating cells were fibroblasts. 

However, other dermal cell types could also be involved. This problem of inconclusive 

identification is not uncommon. Contaminating cells are often referred to as fibroblasts, even 



DISCUSSION 

142 

 

though their origin and specific characteristics are uncertain [423]. When the double-negative 

cells are indeed cells other than fibroblasts, they could be eliminated using appropriate markers 

for immune/hematopoietic cells (CD45), endothelial and lymphatic cells (CD31, Tie2), and 

mesenchymal stem cells (CD106, CD105, CD73) [53,458]. 

CD90 is the most common and best characterized cell surface marker to separate fibroblasts 

[54]. However, it appears that using only this marker to target the unwanted cells was 

insufficient, also with regards to a possible CD90dim DSC subpopulation (see below). In the 

human body, various functionally distinct fibroblast subtypes exist. On the one hand, there is 

phenotypic diversity between different organs/tissues (anatomical diversity), but also within the 

same tissue or anatomical site (layer-specific diversity) [54,459]. Specifically, dermal 

fibroblasts represent a heterogeneous cell population of at least two lineages with different 

morphology, expression profiles, proliferation rates, and functions depending on their 

localization (papillary and reticular) (see section 1.1.2). Papillary fibroblasts have a lean, 

spindle-shaped morphology, they maintain an increased proliferative potential in culture, and 

exhibit a more undifferentiated phenotype, while reticular fibroblasts are characterized by a 

flatter, spread out, stellate shape, lower proliferative activity, and a more differentiated 

phenotype [459-461]. Several studies showed significant differences in the expression of 

several cell markers of these fibroblast subtypes in both cell culture and human skin 

[459,460,462-464]. Notably, there are varying reports regarding the expression of the cell 

marker CD90. While some sources state that all dermal fibroblasts express CD90 [54], others 

declare two subpopulations with differential CD90 expression. For instance, Korosec et al. 

identified the combination of the two cell surface markers FAP (fibroblast activation protein) 

and CD90 as a means to distinguish papillary (FAP+/CD90–) and reticular (FAP–/CD90+) 

dermal fibroblasts in human skin, while there was also a subpopulation that expressed both 

markers [53]. Papillary fibroblasts tend to acquire a reticular phenotype and morphology during 

long-term in vitro cultivation [53,460], possibly due to loss of signaling between papillary 

dermal fibroblasts and basal keratinocytes [463]. However, it is hypothesized that this transition 

might not apply to all cells and that those cells, which were not separated via CD90, were a 

remaining population of CD90– papillary fibroblasts. Consequently, this aspect could be one of 

the reasons for variances in purification quality and the varying proportion of double-negative 

cells observed in different donor cultures. The composition of the fibroblast population is 

probably already individually different right after the isolation from foreskin. Further disparities 

in the rapidness of the expression change of the subtypes and the duration of cultivation prior 

to purification might contribute to different prerequisites of individual DSC cultures. 
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Another important point to consider is the phenotypic stability of cells, influenced by the 

microenvironment. Extrinsic signals play a significant role in preserving cellular identity during 

ex vivo cultivation. There is evidence indicating that fibroblasts undergo a notable shift in their 

expression of cell surface markers when transitioning to in vitro cell culture [53,458,465]. 

Therefore, depending on the culture conditions and environment, markers allegedly attributed 

to a specific cell type may not be reliably used. It cannot be excluded that the stem cell medium 

might contribute to a change in the cell identity of the fibroblasts, potentially resulting in a 

reduction or loss of specific antigens like CD90, rendering them less susceptible to CD90 

antibodies. Moreover, the presence of BSA in the stem cell medium might not be conducive to 

optimal CD90 expression and fibroblast proliferation, as they typically require FBS [440,441]. 

Deprivation of FBS from medium is a method to partially eliminate contaminating fibroblasts, 

especially from non-serum dependent cell cultures [440,441]. However, fibroblasts proliferated 

well in the stem cell medium, otherwise they would have been naturally diluted during 

cultivation. 

Altogether, dermal fibroblasts represent a complex group of cells, and it is advisable to consider 

additional markers for their separation from DSCs to target all subtypes effectively. While there 

are multiple specific markers available for both fibroblast subtypes, there is generally a lack of 

unique surface markers. A comprehensive review of the literature has identified a range of 

surface markers that could be combined with CD90 to cover both subtypes (e.g., FAP, CD39, 

CD36, CD26, PDGFRα, PDGFRβ, CD13) [54,461,462]. To perform immunomagnetic 

separation with the highest possible effectiveness and to eliminate the CD90–/NGFRp75– cell 

population, a phenotypic analysis of the co-culture would be necessary, in order to identify and 

characterize all the included cell types and their specific properties, for example through single-

cell RNA-seq analysis. 

Another issue encountered with negative selection was the loss of many DSCs in the (positive) 

fibroblast fraction during the selection process, possibly due to non-specific binding, 

endocytosis of beads [466], or the presence of a CD90dim DSC subpopulation. In humans, CD90 

has been identified on a variety of stem cells such as mesenchymal stem cells (MSCs), 

hematopoietic stem cells, and keratinocytic stem cells as well as on fibroblasts, neurons and 

endothelial cells [440], but has not yet been described as a marker on DSCs. The selection 

efficiency can be hampered by non-specific binding between cells and antibodies or magnetic 

beads [454,467], but also by sticky dead cells and cell debris that bind to antibodies, beads, and 

living cells, preventing the correct binding of antibodies and causing cell aggregation [421,454]. 
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Introducing a dead cell removal kit and/or DNase digestion before separation can mitigate these 

issues. While pre-incubating with Basic MicroBeads in the MACS® method was ineffective 

(see Appendix Figure 8.1), a prior DNase digestion and cell suspension filtering led to better 

results and thus were included in the protocol. This could account for the minimal loss of DSCs 

in the positive fraction as compared to the EasySep™ method, advising the incorporation of 

DNase digestion, filtering, and possibly a dead cell removal kit in the EasySep™ protocol as 

well. In addition, working with the EasySep™ RapidSpheres™ at room temperature might have 

favored endocytosis/internalization of the beads [468] and non-specific binding, so that 

working at 4 °C like the MACS® approach should also be considered. Further research is 

required to uncover reasons for the loss of (CD90dim) DSCs during negative selection and 

improve separation efficiency. Varying parameters such as the incubation times, the 

concentrations of beads and antibodies are promising approaches. 

Applying the more sensitive DepleteS program in the MACS® negative separation led to high 

purity of DSCs, but with an extremely low recovery rate, making this approach practically non-

applicable to conduct downstream experiments. To obtain sufficient cells, extended culture of 

these purified DSCs is necessary, causing additional costs for the expensive stem cell medium, 

and risking a decreasing DSC frequency due to rapid growth of surviving fibroblasts. 

 Successful negative selection was also achieved with cultures having a higher initial 

proportion of DSCs (≥30%) using both EasySep™ and MACS®, yielding high purity but (very) 

low recovery rates. However, DSC-fibroblast co-cultures with a high DSC frequency were rare. 

Among the seventy-nine donor cell strains examined in this study, only four, representing five 

percent, exhibited natural enrichment, indicating that this is an exception rather than the rule. 

These findings suggest that a two-step sequential negative selection approach with intermediate 

cultivation might yield high purity, but low output would result in several weeks of propagation 

between the separations. 

These negative selection results contrast with studies that have effectively removed fibroblasts 

from endothelial cell cultures [424] or human umbilical vein endothelial cells (HUVECs) [440] 

using CD90-dependent IMS, possibly due to different culture conditions affecting CD90 

expression in fibroblasts, as mentioned above. This study utilized naturally occurring DSC-

fibroblast co-cultures cultivated in stem cell medium. In contrast, the other research groups 

experimentally mixed fibroblasts, cultured in their appropriate medium, just before selection, 

potentially leading to different CD90 expression patterns. Another essential aspect to consider 

is the fibroblast percentage in co-culture. While this study exhibited an average fibroblast 
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content of 90%, the highest fibroblast contamination in the other reports reached around 50% 

[424,440]. As a result, adequately comparing these studies to the presented results is difficult. 

6.2.3.2 Positive Selection 

Given the unsatisfactory outcomes of the negative selection, a positive selection strategy 

targeting the stem cell marker NGFRp75 (CD271) was implemented for DSCs. Positive 

selection typically yields highly purified cells by specifically targeting the desired cell type. In 

comparison to negative selection, it offers a higher cell yield and quicker performance when 

dealing with multiple unwanted cell populations, as it requires only one antibody [456]. 

Nevertheless, it is possible that cell debris and dead cells are also selected due to non-specific 

binding [455]. However, a notable disadvantage of this approach is that the target cells become 

bound to antibodies or other labeling agents (e.g., beads), potentially impacting downstream 

assays and influencing cell viability and proliferation. Labeling of the desired cells is associated 

with the risk of inducing artificial cell activation [422,456,466] and potentially altering cellular 

function [454,468]. 

Both positive selection methods resulted in DSC enrichment; however, the EasySep™ positive 

selection exhibited unreliability across various experiments and occasionally was not well 

tolerated by the DSCs, leading to atypical cell morphology and poor attachment post-

separation. Impaired stem cell proliferation (observation) led to a rapid decline in DSC 

frequency and a resurgence of fibroblasts. It is recognized that magnetic particles can introduce 

adverse effects on cell phenotype, function [469,470], and viability [471-473], suggesting a 

potential impact on the DSCs via the antibodies and RapidSpheres™ they remained attached 

to. The amount of labeling reagent is an important aspect in positive selection [455]. A low 

bead number may lead to target cell loss, but an overly high number of beads might impede 

proper cell growth afterwards [442]. Thus, a reduction of labeling reagent and the incorporation 

of a post-separation bead removal step might enhance cell viability and support the maintenance 

of the enriched DSC frequency. 

In contrast, MACS® positive selection yielded highly enriched DSC cultures in a reproducible 

manner. Notably, DSCs showed better tolerance to this method although they remained 

attached to the beads as well. This discrepancy could be attributed to the small size (explained 

in detail below under section 6.2.3.3) and the biodegradability of MACS® MicroBeads. They 

are internalized via endocytosis and subsequently degraded in lysosomes within a few hours to 

days [474,475]. Additionally, magnetic beads are diluted through cell division in proliferating 
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cells, while they can persist on and within non-dividing cells for up to two weeks after 

separation [476]. Indeed, MACS®-purified DSCs demonstrated superior post-separation 

proliferation compared to EasySep™-purified DSCs (observed as faster reached confluence 

and higher cell numbers after the same cultivation period), implying faster dilution of MACS® 

MicroBeads than EasySep™ RapidSpheres™. This aligns with previous studies comparing 

MACS® and EasySep™ technologies for isolating monocytes and osteoprogenitor cells 

through positive selection, where MACS® outperformed EasySep™ in terms of yield and 

purity [468,477]. 

Further research is recommended to comprehensively understand the impact of both 

technologies (MACS® and EasySep™) on DSC functionality, especially regarding their 

potential to differentiate into melanocytes. In particular, examination of bead persistence on 

and inside the cells [476] is crucial. Several studies have demonstrated that MACS®-purified 

cells maintain viability and functionality after positive selection [423,436]. Meyers et al. 

showed that human perivascular stem/stromal cells maintained their multilineage 

differentiation capacity and were even effective in repairing bone defects in vivo after positive 

MACS® selection [478]. Initial experiments with MACS®-purified DSCs indicated that their 

differentiation potential persists and is not significantly impaired post-positive selection (see 

section 6.4), though further verification is required. 

Despite the substantial enrichment achieved through positive selection, residual CD90+ 

fibroblasts and double-negative (CD90–/NGFRp75–) cells were still present in the purified DSC 

fraction. This cell contamination after separation is likely attributed to direct non-specific 

binding between undesired cells and magnetic beads [454,467], or the adhesive nature of dead 

cells and cell debris, causing non-specific aggregation involving antibodies, beads, and living 

cells [421,454]. The DNase digestion, pre-selection cell suspension filtration, and handling at 

4 °C in the MACS® approach presumably contributed to its superior purification compared to 

EasySep™, and these steps should be incorporated into the latter method as well. The use of 

Basic MicroBeads in the MACS® separation to remove material non-specifically binding to 

magnetic beads, however, did not influence the separation efficiency (see Appendix Figure 8.1). 

6.2.3.3 Overall Assessment of IMS 

Balancing purity and recovery is crucial, but optimizing one parameter often compromises the 

other [455]. In negative selection, increasing antibody volume, bead amount, and incubation 

duration could enhance fibroblast targeting and purity, but might elevate non-specific binding 
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of DSCs, thus reducing recovery. During the negative selection approaches, already significant 

DSC loss occurred within the fibroblast fraction, especially in the EasySep™ method, 

contributing to its poor recovery rate. This makes increased labeling reagents more feasible for 

MACS® negative selection. Conversely, high purity negative selection approaches (see Figure 

5.7: d, e, f) could potentially enhance recovery by reducing labeling reagents or incubation 

times, albeit at the cost of purity. In terms of positive selection, purity could be improved by 

shortening incubation times, yet recovery might decrease [455]. 

IMS efficiency depends on factors like binding of antibodies and beads to cells, magnetic 

susceptibility, and magnetic field strength [455,456]. Divergences in viability and proliferation 

of enriched DSCs following positive separation may arise from different bead technologies. 

Column-free approaches typically utilize micro-sized paramagnetic beads with diameters 

ranging from 0.5 to 5 µm [466]. EasySep™ uses bispecific tetrameric antibody complexes 

(TACs, included in the selection cocktail) to link labeled target cells to dextran-coated 

RapidSpheres™, but specific particle size information is lacking from the manufacturer. 

However, literature cites sizes ranging from 150 nm [466,476] to 200 nm [422]. Conversely, 

the MACS® technique by Miltenyi Biotec utilizes nano-sized superparamagnetic MACS® 

MicroBeads—around 50 nm in size—the smallest commercially available beads for cell 

isolation [475]. These MACS® MicroBeads are said to be biodegradable, non-toxic, compatible 

with various downstream applications, and should maintain cell viability and proliferation 

[453]. 

The weaker magnetic field used in column-free methods (EasySep™) necessitates extensive 

labeling and/or large beads, potentially promoting non-specific labeling and epitope saturation, 

which could affect downstream applications like flow cytometry. More importantly, this 

impacts cell viability, cell characteristics, and triggers cell activation [466,479] as well as 

biological alterations [468]. In contrast, the stronger magnetic field in column-based methods 

(MACS®) allows minimal labeling and smaller (nano-sized) beads, reducing non-specific 

labeling and epitope blocking. Minimal cell stress and preservation of cell functionality make 

column-based approaches better tolerated by target cells [478]. 

In summary, each method has distinct advantages and disadvantages, as listed in Table 6.1. For 

time-sensitive molecular analyses like gene expression profiling or signal transduction assays, 

the MACS® method is preferable. 
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Table 6.1 Comparison of EasySep™ column-free and MACS® automatic column-based selection 

technology. [480,481] 

EasySep™ Column-Free MACS® Automatic Column-Based 

- considerably cheaper - more expensive 

- minimum space requirements - device takes up a lot of space in the laminar flow 

hood 

- lower risk of sample loss - samples can get lost through clogging of 

columns or intake of air bubbles 

 - new columns are needed periodically 

 - excessive washing necessary to avoid 

contaminations 

- time-consuming - fast protocol 

- labor-intensive - easy handling [478] 

- lower recovery, more loss of cells - better separation 

- success is strongly dependent on the handling of 

the executing person 

- standardized separation, well reproducible 

- weak magnetic field - strong magnetic field [453,466] 

- thereby extensive labeling and/or larger beads 

required [456] 

- thereby minimal labeling and smaller beads 

(nano-sized) are sufficient [456] 

• leads to epitope saturation • no epitope blocking [478] 

• promotes non-specific labeling • less non-specific labeling 

• impacts the viability and cell 

characteristics 

• little cell stress 

• can lead to activation of cells 

[466,479] and biological alteration 

[468] 

• preservation of cell functionality 

• well tolerated by target cells 

 

6.2.4 Conclusion to Purification of DSCs 

Increasing evidence suggests that neural crest-derived DSCs in human skin might play a role 

in (UV-induced) melanomagenesis. DSCs obtained from human foreskin provide a suitable 

platform to investigate the underlying mechanisms. However, due to the considerable number 

of contaminating fibroblasts in primary DSC cultures, it becomes imperative to purify these 

DSC-fibroblast co-cultures for certain investigations. Various methods such as Geneticin 

treatment and selective detachment to remove fibroblasts prove inadequate for effective DSC 

enrichment. Negative selection techniques were suboptimal and would require further 

optimization to achieve the desired level of purity. Overall, positive selection through MACS® 

technology emerged as the optimal choice for purifying DSCs from primary cell cultures. 

Assessing multiple parameters like purity, recovery rate, and proliferation capability post-

separation, this approach was perceived to be superior to all other methods examined in this 
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study. The simple and convenient MACS® positive selection protocol detailed in this study 

presents an appealing tool for enriching DSCs in upcoming experiments. 

Overall, non-cell-specific methods appear to be generally less effective, offering lower chances 

of successful purification. However, further cell-specific methods relying on established 

surface markers like NGFRp75 may also work very well. Based on the successful results with 

MACS® positive selection, it is assumed that fluorescence-activated cell sorting (FACS) via 

NGFRp75 would also be a suitable method to separate DSCs and fibroblasts. This approach 

usually provides high purity and can be more specific, because cells can be sorted based on 

multiple parameters at once (different surface markers, size, granularity) [438,482]. Moreover, 

FACS allows separating more than one population simultaneously [443]. However, the sorting 

process with FACS is sophisticated and slow [438], and requires expensive technology as well 

as specialized operators [443,482]. Additionally, just like immunomagnetic separation, the 

binding of antibodies may lead to activation of intracellular signal transduction and changes in 

cell functionality [443]. Unfortunately, it was not possible to conduct FACS in this study since 

it is mostly provided only at core facilities. 

The in vitro purification and expansion of enriched DSCs mark a crucial development in 

investigating the effects of UV radiation on their ability to differentiate into melanocytes, and 

exploring genetic and epigenetic changes. Consequently, enriched DSCs represent a novel and 

unique model for investigating their potential involvement in the development of malignant 

melanoma, possibly improving the understanding of melanomagenesis. 

Purified DSCs are also a prerequisite for the establishment of a stable DSC cell line, which 

would greatly facilitate the study of these cells. Adult neural crest-derived skin stem cells pose 

a challenge in long-term cultivation due to their limited proliferation potential and gradual loss 

of multipotency over time [40]. A cell line would mitigate this issue. One potential drawback 

with purified DSCs could be that with the removal of fibroblasts the last remaining component 

of the skin microenvironment is eliminated. This could result in purified DSCs losing their stem 

cell properties over time in culture. The resolution of this concern through the establishment of 

a stable cell line remains to be investigated. Organotypic cultures (OTCs) with a fibroblast-

derived matrix mimic the structure of human skin and resembles the in vivo dermal 

microenvironment [483-485]. The inclusion of purified DSCs in these 3D skin tissue 

experiments would reduce uncertainties associated with the absence of a microenvironment. 
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6.3 UV Damage Response 

The response of human adult stem cells to DNA damage is still an insufficiently answered 

question. Existing studies on the DNA damage response (DDR) predominantly involve ESCs, 

iPSCs, or murine stem cells in combination with ionizing radiation, H2O2, or UVC exposure 

[486-489]. However, none of these investigations have incorporated an examination of human 

DSCs as McSCs in response to UVB and UVA radiation. Due to significant variations in DDR 

mechanisms among stem cells from different tissues, at different developmental stages, and 

different activity levels, mechanisms observed in one stem cell population cannot be readily 

extrapolated to another [195]. For instance, during development, fetal stem cells might be more 

susceptible to elimination upon damage to establish an immaculate stem cell pool with lifelong 

functionality, whereas in adult stem cells, the emphasis may shift towards survival and DNA 

repair as crucial factors for preserving tissue homeostasis [195]. Moreover, only a limited 

number of studies have conducted a comparative analysis between stem cells and their 

downstream progenitors or across various types of skin cells. Emerging evidence suggests that 

DNA repair and DDR exhibit variations depending on cell type and differentiation stage, with 

stem cells addressing DNA damage differently than their somatic counterparts [182,190]. 

Therefore, this study stands as one of the first presentations of comparative data on the UV 

damage response in DSCs in contrast to diverse differentiated skin cells derived from human 

foreskin, including fibroblasts, melanocytes, and keratinocytes. 

To minimize interindividual variabilities caused by age, ethnicity, and skin type that can 

influence damage induction and repair [490-493], all four cell types were obtained from 

juvenile foreskin. This provided the benefit of exclusively comparing primary cell cultures 

without the need of cell lines. Previous reports showed an age-related reduction in the repair 

capacity of fibroblasts [494,495], while in human keratinocytes, DNA repair was unaffected by 

age [496,497]. The donors in this study displayed consistent ethnicity and age, with 129 of 148 

donors (87%) being younger than a year, and 108 of 148 donors (73%) being even younger than 

six months (see Appendix Figure 8.4). The donor’s skin types were not classified according to 

the Fitzpatrick scale, but—based on observations—most of them ranged from fair to medium 

brown, with dark brown being rare. 

6.3.1 DNA Repair Capacity 

The individual radiation risk of stem cells differs from that of differentiated cells, due to 

disparities in DDR, cell cycle regulation, gene expression, chromatin structure, and epigenetic 



DISCUSSION 

151 

 

patterns [498-502]. Stem cells, with their high proliferation potential, are more prone to 

replication-associated mutations. Additionally, the lifelong residence of stem cells in tissue 

increases their risk to accumulate genetic and epigenetic changes, thereby acquiring genomic 

instability [503]. Radiation-induced damage or mutations can disseminate in the stem cell pool 

through self-renewal or be transferred to daughter cells [190]. Therefore, both embryonic and 

adult stem cells possess highly efficient DNA repair mechanisms and an exceptional DDR to 

prevent these processes and maintain normal function [181,182]. However, protective 

mechanisms in DSCs following UV exposure have hardly been explored. The first part of the 

damage response analysis examined whether DSCs exhibit different repair capacities compared 

to more differentiated skin cells, contrasting the rate (using the repair time constant τ) and the 

efficacy (using remaining DNA damage) of DNA repair. 

This necessitated the induction of equivalent levels of CPDs beforehand. Melanocytes showed 

significantly lower CPD induction compared to the other skin cells when exposed to the same 

dose of 285 J/m² UVB. This difference was most probably attributed to the presence of melanin, 

as the melanocytes displayed diverse pigmentation intensities during cell culture, mirroring the 

donor’s skin phenotype [504]. Absorption and scattering of UV radiation by melanin acts as a 

protective mechanism, resulting in an inverse correlation between UVB-induced CPDs and 

melanin content/skin type [19,23,492,493,505]. Additional factors that may also influence the 

extent of damage induction include nucleus size and chromatin compactness [171,506-508]. 

Comparable initial CPD levels were induced by irradiating melanocytes with a higher UVB 

dose of 400 J/m². 

When left unrepaired, UV-induced DNA damage has the potential to induce genetic mutations 

and genomic instability, contributing to cancer initiation and progression [211]. Deficiencies in 

the repair of photolesions are a significant etiological factor in the multistep development of 

skin cancer [394]. Following UVB exposure, there were indications that DSCs removed CPDs 

at the slowest pace, however without statistical significance. Hence, while DSCs, fibroblasts, 

and melanocytes exhibited comparable repair time constants τ (~27–31 h), keratinocytes 

demonstrated the fastest DNA repair. Their repair time constants shown here after 285 J/m² 

UVB exposure (~20 h) align with the repair kinetics of HaCaT keratinocytes following 

irradiation with 300 J/m² UVB (21 h) [394]. The repair rate of melanocytes was independent of 

the initial quantity of CPDs, consistent with findings from numerous in vitro and in vivo studies 

including cultured melanocytes, as well as animal models and humans with diverse skin 

pigmentation [19,492]. 
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Rate and efficiency of nucleotide excision repair (NER) of UV-induced photoproducts are 

described to vary greatly across cell types [211,509,510]. The process of differentiation is often 

associated with a decline in DNA repair capacity [511]. Removal of DNA lesions is crucial in 

actively replicating cells, particularly from active genes. In contrast, terminally differentiated, 

post-mitotic cells—which no longer replicate their DNA—could potentially refrain from repair, 

at least for non-expressed genes, displaying restricted DNA repair/DDR [182,211,510]. 

Nouspikel and Hanawalt’s review summarized several types of (terminally) differentiated cells, 

including neurons [512], macrophages [213], and muscle cells [513], where the removal of 

CPDs via NER is progressively downregulated throughout cellular differentiation [510]. This 

repair attenuation in terminally differentiated cells, as opposed to proliferating cells, solely 

involves global genome repair (GGR), while in active genes both the transcribed and non-

transcribed strand undergo proficient repair through transcription-coupled repair (TCR) and 

transcription domain-associated repair (DAR) [509]. Base excision repair (BER) can also be 

downregulated in terminally differentiated cells [182]. Why is there such a significant 

difference in repair rates among the differentiated skin cells in this study, meaning fibroblasts 

and melanocytes in comparison to keratinocytes? Fibroblasts and especially melanocytes 

represent highly differentiated cells that might have attenuated DNA repair capabilities, at least 

in vivo in their normal physiological setting in the skin, where melanocytes also exhibit poor 

proliferation ability [23]. On the other hand, keratinocytes are highly proliferative in the skin 

compared to other cell types and can be found in all stages of differentiation in the epidermis, 

from undifferentiated to terminally differentiated. These conditions would match the repair 

results. However, cell culture represents an artificial environment that drives all cells to 

proliferate, even against their natural behavior. Although the foreskin-derived fibroblasts and 

melanocytes regained their proliferative potential in cell culture following isolation, their DNA 

repair was in fact slower compared to keratinocytes, similar to what might be expected in vivo 

based on differentiation and proliferative states. Accordingly, in earlier UVB studies, 

keratinocytes outperformed fibroblasts in pace and efficiency of CPD removal [514,515]. As 

the primary target for UV radiation and UV-induced cutaneous malignancies, keratinocytes 

might possess specialized strategies for maintaining genomic integrity, including efficient and 

rapid DNA repair mechanisms. 

Given the context of restricted DNA repair in terminally differentiated cells [182,211,510] and 

the decrease in DNA repair capacity during the differentiation process [511], it was unexpected 

that DSCs, holding high differentiation potential, did not repair faster than the differentiated 

skin cells in this study, or at least faster than fibroblasts and melanocytes. Usually, both 
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embryonic and adult stem cells are equipped with a superior DDR [181]. Human mesenchymal 

stem cells (MSCs) repair UVB-induced CPDs more rapidly than dermal fibroblasts [516]. 

Higher NER capacity has been reported in adult stem cells from the monocytic [213] and neural 

lineage [512] compared to their differentiated progeny, macrophages and neurons, respectively. 

The repair of CPDs induced by UVA and UVC is significantly greater in keratinocyte stem 

cells and generally basal epidermal cells than in upper epidermal layer keratinocytes [496,517]. 

Adult neural stem cells [518] and keratinocyte stem cells [519] have also demonstrated superior 

repair capacities to ionizing radiation compared to their more differentiated counterparts. 

Moreover, enhanced expression and activity of BER components have been found in murine 

neural stem cells [520]. Human pluripotent stem cells (PSCs), such as hESCs and iPSCs, 

possess highly active DDR mechanisms as well. Their DNA repair capacities, both for NER 

and BER, surpass those of non-pluripotent, differentiated cells [511]. For example, hESCs 

exhibit enhanced BER activity compared to foreskin fibroblasts in response to various types of 

DNA lesions induced by H2O2 (oxidized bases), UVC (pyrimidine dimers), and ionizing 

radiation (single- and double-strand breaks) [487]. The NER of UVC-induced CPDs is even 2–

3 times faster in hESCs and iPSCs than in fibroblasts, supposedly caused by enhanced GGR 

[486] and increased expression of multiple components involved in DNA damage signaling, 

checkpoint function, and DNA repair [487,488]. 

The question arises as to why DSCs do not demonstrate a higher NER capacity than 

differentiated cells. The robust and faster repair observed in PSCs is likely attributable to their 

accelerated proliferation and cell cycle progression (see section 6.3.2). PSCs, like ESCs and 

iPSCs, progress through G1 phase relatively fast compared to committed somatic cells to 

support self-renewal and maintain pluripotency [521,522]. They are characterized by short G1 

and G2 phases and a large S phase [523,524]. This necessitates rapid and efficient repair in G1 

prior to the next DNA replication in the S phase, especially considering that ESCs fail to 

activate the G1/S and intra-S checkpoints in response to DNA lesions [181,488]. In contrast to 

ESCs, adult stem cells, depending on the specific tissue, tend to be predominantly in a quiescent 

state, residing in the G0 phase of cell cycle with restricted or halted proliferation to reduce 

intrinsic cell stress and prevent stem cell exhaustion [69]. Recent studies indicate the 

coexistence of active and quiescent stem cell subpopulations in the same tissue, serving for 

tissue replenishment and as backup population, respectively [77]. Similar to terminally 

differentiated cells (see above), (temporarily) quiescent but not terminally differentiated cells, 

such as growth-arrested mouse embryo fibroblasts [391] or B lymphocytes [525], also show 

attenuated DNA repair. This applies to quiescent adult stem cells as well [190]. Regarding the 
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DDR, quiescence poses a challenge since DNA damage checkpoints and numerous repair 

pathways are cell cycle dependent [190]. The dormant state involves global repression of 

transcription, condensed chromatin, and absence of DNA replication [390]. These factors 

impede DNA repair through TCR, while GGR also seems to be arrested in quiescent cells. 

Consequently, in quiescent, non-proliferating (stem) cells, the accumulation of mutations at 

both transcribed and temporally silent genes and/or imperfect repair could potentially contribute 

to cancer-causing mutations [391]. So, could quiescence be the reason why DSCs do not have 

a better repair capacity than the other skin cells? The DSCs in these experiments were actively 

proliferating during repair kinetics (see Appendix Figure 8.5), indicating that at least a certain 

portion of the DSCs in cell culture is not (anymore) in a quiescent state and should exhibit a 

normal DDR. If quiescent DSCs were also isolated from foreskin, it is likely that they were 

mostly excluded during the initial two-week cultivation in free-floating dermal spheres. 

Formation of spheres primarily involves actively proliferating cells, conflicting with a quiescent 

state [425]. This may result in the elimination of quiescent DSCs prior to subsequent 

experiments. Under physiological conditions in human skin, however, DSCs are likely to also 

exist in a quiescent state, which accordingly could be associated with low/halted proliferation 

and attenuated DNA repair. 

Throughout the entire study, the DSCs proliferated at approximately the same rate as fibroblasts 

and melanocytes, evident in only slightly shorter doubling times for DSCs. Additionally, the 

baseline cell cycle proportions in DSCs differed from the extremely short G1 and large S phase 

described in ESCs [523,524]. Even after UV irradiation, the cell cycle distribution did not 

indicate enhanced proliferation of DSCs. Consequently, unlike ESCs, DSCs appear to be less 

proliferative and progress through the G1 phase at a slower rate, suggesting that a faster repair, 

as observed in PSCs, may not be necessary. In contrast, keratinocytes demonstrated the shortest 

doubling times and, after UV irradiation, the highest proliferative activity, as indicated by a 

markedly increase in the S phase proportion and a decrease in the G1 phase. In this case, the 

rapid DNA repair, associated with the shortest repair time constant, aligns with the quick 

progression through the cell cycle. Consequently, there is some evidence that in these 

investigations, the proliferative ability of the various isolated skin cells in cell culture may have 

significantly influenced the rapidity of CPD repair. 

Another possible reason why DSCs do not display the superior DNA repair attributed to stem 

cells [181] could be their lower potency (multipotency) compared to pluripotent ESCs or iPSCs. 

The one-step further differentiation might have already led to a reduction in DNA repair 
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capacity [511]. This could explain why in the case of DSCs, even after a potential exit from 

quiescence following isolation, there is not a significant difference in repair times compared to 

differentiated skin cells (fibroblasts and melanocytes) in vitro. 

The findings of this study therefore indicate that for the applied UVB dose of 285 J/m²: 

(i) CPD repair rates in DSCs are either comparable or even marginally slower than 

those in differentiated skin cells. 

(ii) Repair of photolesions in DSCs might still be equally ‘efficient’ as in other human 

skin cells, as indicated by similar unrepaired CPD levels at the investigated time 

following irradiation. 

The remaining DNA damage did not correlate with the repair time constants, as keratinocytes 

removed DNA lesions more rapidly but to the same extent as the other cell types. However, it 

is important to note that determining the final residual damage precisely may require more time 

for the repair curve to plateau, potentially beyond 96 h after irradiation. Additionally, both the 

repair time and the remaining DNA damage do not allow for an adequate assessment of the 

actual efficiency of CPD repair. In essence, a short repair time is preferable as it reduces the 

likelihood of cell division in the presence of persisting DNA damage, thereby decreasing the 

risk of mutation incorporation through error-prone translesion DNA synthesis (TLS) 

polymerases [526]. However, faster repair is not necessarily synonymous with better or more 

efficient outcomes; it could also be more prone to errors, suggesting that a slow but thorough 

repair may be advantageous. The actual efficiency of DNA repair can only be determined 

through mutation frequency analysis [527]. For instance, this method was used to demonstrate 

that mouse embryonic stem cells (mESCs) efficiently remove photolesions at low UVC doses 

[489]. The necessity of mutation frequency analysis to determine final repair efficiency is 

emphasized by the discovery that NER-proficient epidermal stem and progenitor cells in murine 

epidermis still accumulate persistent CPDs upon chronic UV exposure [388,389] and then 

evade apoptosis, rendering these CPD-retaining basal cells (CRBCs) predisposed to 

mutagenesis and carcinogenesis [389]. Thus, a functioning DNA repair with minimal remaining 

damage does not automatically imply efficient DNA repair if mutations result from it. 

The pronounced donor-dependent interindividual variabilities observed in these results are not 

uncommon and have been noted in previous reports. Studies on in situ irradiation of human 

skin [490] and in vitro irradiation of primary keratinocytes and fibroblasts [394] have 

demonstrated variability in CPD induction, repair time constants, and remaining damage as 

well. This high variability might reflect individual variations in the degree of tolerable damage 
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and/or the saturation of the enzymatic repair system [394,490]. The involvement of the 

circadian clock in the NER activity [528] and the state of chromatin [171,212] may represent 

further reasons for the measured variabilities. Both the quantity of UV damage and the 

percentage of removed photoproducts have been shown to be influenced by the circadian time 

at which cultured cells and mouse skin are exposed to UV radiation, owing to differing 

chromatin condensation [506] and oscillating expression of certain NER proteins [529]. Bee et 

al. reported that the formation and removal of photolesions are highest at maximum chromatin 

relaxation [506]. Since the cells in this study were not synchronized, it is quite likely that 

varying chromatin compactness in different donor cell strains may have affected the CPD 

induction levels and the accessibility of DNA for repair proteins, which has direct implications 

for repair time and remaining DNA damage, leading to high variabilities. 

6.3.2 Cell Cycle Progression 

The cell cycle plays a crucial role in the DDR by enabling a temporary arrest to facilitate the 

repair of DNA damage. Before examining the cell cycle response to UV radiation, the baseline 

cell cycle distribution of the four skin cell types was compared. The baseline distribution of the 

cell cycle phases in the non-irradiated samples (0 h) was quite similar to our former studies 

[398]. Minor deviations, such as a slightly larger S phase observed in all cells in this study, can 

be attributed to donor-dependent interindividual variabilities and the utilization of two different 

evaluation software products (Flowing Software in Mhamdi-Ghodbani et al. [398] vs. ModFit 

LT in this study). Additionally, different cell densities due to varying rates of cell growth, 

different levels of medium consumption, and working with non-synchronized cells can have an 

impact as well. 

The predominantly high G1 and small S phase of melanocytes observed at baseline (0 h) in this 

study suggested low proliferation in cell culture, reflecting the actual in vivo situation under 

normal physiological conditions, since in human skin, melanocyte mitosis is rare [530]. 

Terminally differentiated melanocytes demonstrate high levels of CDK inhibitors (e.g., p27, 

p16), dephosphorylated Rb (retinoblastoma protein), and decreased levels of cyclin D1, leading 

to the inhibition of cell cycle progression [6,14]. In contrast, DSCs exhibited a smaller baseline 

proportion of G1 compared to fibroblasts and melanocytes, suggesting a higher proliferative 

potential, despite the fact that in vivo, adult stem cells are predominantly in a non-proliferative 

state, depending on the organ or tissue [503]. The baseline cell cycle distribution of 

keratinocytes resembled that of DSCs. Measurement of the general doubling times revealed that 

DSCs proliferated only slightly faster than fibroblasts and melanocytes, whereas keratinocytes 
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reduplicated with the fastest pace. Differences in baseline cell cycle parameters between stem 

cells and committed somatic cells were described before. In hESC [521] and mESCs [522], a 

short G1 phase supports self-renewal and maintains pluripotency, since susceptibility to 

differentiation is higher in G1 [499]. The rapid progression through G1 in hESCs is associated 

with high transcription of G1-related CDK4/cyclin D2, whereas CDK inhibitors p21, p27, and 

p57 are expressed at very low levels [521]. In general, pluripotent stem cells like ESCs and 

iPSCs exhibit rapid proliferation, characterized by short G1 and G2 phases and a large 

proportion of cells in S phase. During early stages of differentiation, cell division times 

increase, accompanied by an elongation of the G1 phase [499,523,524]. In differentiated cells, 

the G1 proportion predominates. For cultured cells, inhibition of cell proliferation in G1 is 

typically a necessary step for the process of differentiation [531]. This is in agreement with the 

high baseline G1 proportions seen in fibroblasts and melanocytes in this survey. Compared to 

an extremely small G1 proportion (19%) and large fraction of actively proliferating S phase 

cells (66%) in hESCs [521], the results of the DSCs (68.0% G1, 18.3% S) indicate that DSCs 

are less proliferative than ESCs, but seem at least more proliferative than the fibroblasts and 

melanocytes in this study. 

Cell proliferation in fibroblasts, melanocytes, and keratinocytes appeared to be stimulated by 

the addition of fresh medium at the beginning of the experiment, as evidenced by a strong 

increase in S phase in the initial 24 h (also evidenced by cell counts of controls at harvest for 

apoptosis measurement), with the most pronounced effect observed in keratinocytes. Notably, 

among these cells, keratinocytes are also the most proliferating cells in skin tissue. In contrast, 

melanocytes only divide continuously when removed from their physiological niche and 

cultured in a laboratory setting [532,533]. Unlike the other three cell types, DSCs appeared to 

proliferate at a constant rate throughout the whole experiment without further stimulation, 

reflected by the steady cell cycle distribution. DSCs indeed proliferated during cultivation as 

seen by increasing percentage of NGFRp75+ cells during repair kinetics (see Appendix Figure 

8.5). The varying baseline cell cycle distributions across different cell types may influence their 

response to DNA damage. For instance, in human skin fibroblasts, declined DNA repair 

capacities have been demonstrated to correlate with alterations in cell cycle parameters [494]. 

For efficient repair of damage and maintenance of genomic integrity, cells undergo temporary 

growth arrest at various cell cycle checkpoints. Low UV doses trigger a transient cell cycle 

arrest (with transient p53 induction), while high doses induce cell death via apoptosis or 

permanent cell cycle arrest and senescence (with a slower, but more sustained and pronounced 
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p53 induction) [238,534], leading to a loss of pluripotency in ESCs [66,181]. The findings of 

this thesis indicate that the cell cycle response to DNA damage varies depending on the skin 

cell type. UV irradiation had no impact on the cell cycle profile of DSCs, whereas fibroblasts, 

melanocytes, and keratinocytes experienced a transient cell cycle arrest in the G1 phase 

following exposure to a high dose of 900 J/m² UVB. 

These results are partly consistent with previous cell cycle data from our group, using a UVB 

dose comparable to the lower UVB dose of 300 J/m² in this study. Back then, we also observed 

no alterations in DSCs and a temporary cell cycle arrest in fibroblasts (with tendencies of an 

arrest in melanocytes and keratinocytes). However, the observed arrest occurred in the S and 

not in the G1 phase, accompanied by a reduced G1 proportion [398]. These disparities are most 

likely a result of differences in experimental setups. In the former experiments, we used control 

cells only at the beginning of the experiment, whereas in this study, control cells were 

implemented for every single measurement time point. Interestingly, the control cells in this 

study showed a pronounced S phase at the initial two points following sham-irradiation, 

possibly due to the supply of fresh medium and initiated proliferation. Hence, comparison of 

irradiated cells to their respective controls at the same time revealed an arrest in the G1 phase, 

resulting in a diminished portion of S phase cells. In our previous study, however, controls were 

harvested directly at the beginning, lacking introduction of fresh medium unlike in the irradiated 

cells, thus exhibiting an insufficient basis for comparison [398]. This underlines the importance 

of employing adequate controls to exclude all other possible confounding effects. Rünger et al. 

have also demonstrated a cell cycle arrest in G1 in foreskin fibroblasts following UVB exposure 

when cells were synchronized before irradiation, and in the S phase in non-synchronized cells 

[176]. Other studies reported an S phase arrest in fibroblasts, while keratinocytes remained 

unaffected, however, they lacked sufficient controls, hindering a thorough evaluation and 

comparability of the results [515]. 

The findings presented here suggest that the utilized UVA doses of 37 kJ/m² and 74 kJ/m² did 

not cause sufficient damage to induce cell cycle arrest in any of the skin cell types. Other studies 

have observed UVA-related cell cycle effects in HaCaT keratinocytes only at higher doses of 

100 kJ/m² or more [402]. In primary foreskin fibroblasts, UVA mostly fails in activating cell 

cycle checkpoints or induces only short-lasting alterations [176]. Using equimutagenic doses, 

UVA (up to 300 kJ/m²) leads to less effective cell cycle arrest and lower activation of p53 

compared to UVB (up to 300 J/m²) [176]. In this study, the applied doses were not 

equimutagenic, making a direct comparison of UVA and UVB effects challenging. The UVB 
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doses had a comparatively higher biological effectiveness, explaining the more robust cell cycle 

arrest observed in melanocytes, fibroblasts, and keratinocytes following UVB irradiation. 

Unlike DSCs, which showed no alterations in the cell cycle in this work, studies of MSCs 

reported that MSCs exhibit a cell cycle arrest after both low-dose (250 J/m²) and high-dose 

(1000 J/m²) UVB irradiation that is, however, significantly less pronounced than in dermal 

fibroblasts. Simultaneously, this arrest is accompanied by a dose-dependent increase in p53 and 

p21 protein levels in MSCs [516]. The constant cell cycle distribution of DSCs after UV 

exposure resembles previous reports of human ESCs that lack proper G1/S checkpoint due to 

the absence of the p21 protein following UVC irradiation [535]. This also aligns with the low 

expression levels of CDK inhibitors such as p21 in hESCs as described by Becker et al. (see 

above) [521]. Moreover, the absence of hypophosphorylated Rb seems to play a role as well 

[536]. Other studies, on the other hand, demonstrate that hESCs are indeed capable of activating 

the G1/S checkpoint after UVC exposure through downregulation of CDK2. However, this 

activation also occurs in a p21- and p53-independent manner, mediated by checkpoint kinases 

Chk1 and Chk2, and the loss of phosphatase Cdc25A [537]. Likewise, following exposure to 

ionizing radiation, hESCs experience an ATM-dependent transient cell cycle arrest in the G2 

phase [538]. Similar to hESCs, iPSCs can temporarily arrest the cell cycle at the G2 phase after 

ionizing radiation, but not at the G1/S checkpoint [488]. Multiple reports suggest that hESCs 

can modulate the CDK activity to promote and/or inhibit cell cycle progression [537]. The 

activity profile of cell cycle regulators in ESCs differs significantly from that in specialized 

somatic cells, with CDKs and cyclins not exhibiting the typical oscillating peaks of restricted 

activity [499,539]. The organized regulation of processes typically responsible for prompting 

somatic cells to undergo apoptosis or temporarily pause the cell cycle for DNA damage repair 

thus seems to be absent in ESC. Moreover, the p53-induced cell cycle arrest appears to interfere 

with the maintenance of pluripotency and self-renewal in ESCs, which is why p53 can guide 

ESCs with DNA damage towards differentiation instead of promoting DNA repair to maintain 

intact DNA [524]. Overall, it seems that the p53-p21-pathway in hESCs does not follow the 

typical regulation of cell cycle observed in somatic cells [540]. Whether this phenomenon of 

an atypical cell cycle structure also applies to DSCs and contributes to cell cycle progression 

instead of an arrest following UV exposure requires further investigation in subsequent studies. 

A lack of growth arrest in response to UVB irradiation would increase the probability of 

insufficient DNA repair, eventually leading to mutations and genomic instability. 
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In summary, the DSCs not only failed to exhibit any cell cycle arrest post-irradiation, but also 

did not manifest the changes in baseline cell cycle distribution observed in the non-irradiated 

controls of the other three cell types (increased S phase within the initial 24 h, implying 

proliferation due to the addition of fresh medium). These findings point to an exceptionally cell 

type-specific regulation of the cell cycle in DSCs, both in general and in response to UV 

irradiation, that does not resemble any of the observed patterns in the other examined skin cell 

types. 

6.3.3 Induction of Apoptosis 

Together with proliferation and differentiation, apoptosis is an essential process to ensure tissue 

homeostasis in the human epidermis [380,541]. In its function as a protective mechanism, 

apoptosis represents a double-edged sword, especially concerning stem cells. A high 

susceptibility to cell death ensures rapid removal of damaged cells from the stem cell pool, 

preventing stem cell dysfunction or malignant transformation, but at the same time would lead 

to faster stem cell exhaustion in the tissue and aging [190]. Conversely, resistance to apoptosis 

would ensure the survival of the stem cell population and the preservation of tissue 

regeneration. However, this comes at the expense of the long-term maintenance of genomic 

integrity, allowing for the accumulation and propagation of cancerous mutations in the stem 

cell pool through self-renewal [195]. Therefore, achieving a delicate balance in the mechanism 

of apoptosis is particularly important for stem cells to prevent the accumulation of irreparable 

DNA damage and mutations that would be permanently transferred to daughter cells [542]. 

In this study, keratinocytes were completely resistant to apoptosis when exposed to single UVB 

(300 J/m² or 900 J/m²) or UVA irradiation (37 kJ/m² or 74 kJ/m²), whereas the higher dose of 

UVB induced apoptosis in DSCs, fibroblasts, and melanocytes. Although the induction of 

apoptosis in DSCs after 900 J/m² UVB was not statistically significant due to high variability, 

the effect of apoptosis induction was clearly evident when examining the individual donor cell 

strains separately. Additionally, not only were fewer total cell counts measured simultaneously, 

but the frequency of DSCs also decreased, strongly indicating cell death. This implies that many 

DSCs were already damaged to a degree that rendered them undetectable with the anti-

NGFRp75 antibody. Indeed, the apoptotic fraction in the DSC samples exhibited a weaker 

NGFRp75 signal intensity than the viable DSCs, particularly pronounced in the staurosporine-

treated cells (data not shown), suggesting damage to the cell membrane. A diminished cell count 

and reduced proportion of stem cells may also arise from a more substantial impairment of DSC 

proliferation compared to fibroblasts in the same culture. However, as the cell cycle distribution 
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following UV irradiation did not indicate an impact on the proliferation rate of DSCs, cell death 

appears to be a more plausible cause. Consistently, the sphere formation assay also 

demonstrated a significantly decreased viability and reduced DSC frequency after UVB 

irradiation with 900 J/m² (see section 6.5.2), providing further support for the observed 

induction of apoptosis in DSCs. The generally higher baseline proportion of apoptotic cells in 

DSC controls compared to the other skin cells might be explained by the use of a different 

detachment reagent. Other studies have indicated that detachment with Accutase™ results in 

more apoptotic cells compared to, for example, trypsin [451]. Overall, DSCs behaved similarly 

to fibroblasts and melanocytes regarding the induction of apoptosis, and in all four skin cell 

types (DSCs, fibroblasts, melanocytes, keratinocytes), cell numbers and apoptosis results 

provided a consistent picture. The decrease in cell counts observed in fibroblasts and 

melanocytes following exposure to 900 J/m² UVB, in comparison to the non-irradiated controls, 

could be attributed to a combination of cell cycle arrest, leading to halted proliferation, and 

induced cell death. 

When stem cells experience irreparable DNA damage, they tend to undergo early senescence 

or apoptosis to prevent the accumulation of genetic damage. For instance, both hESCs and 

iPSCs are very sensitive to DNA damage and thereby more prone to apoptosis [181], despite 

their enhanced CPD repair capabilities (see section 6.3.1). Even at low UVC doses (5–10 J/m²), 

which induce minimal or no apoptosis in non-pluripotent cells like fibroblasts and 

lymphoblasts, they display high rates of apoptosis [486,535]. The increased propensity for 

apoptosis in ESCs and iPSCs is attributed to several factors, including a lack of G1/S checkpoint 

activation [535,543,544], the presence of constitutively active pro-apoptotic Bax [542], and 

constitutive mitochondrial priming, which shifts the balance of pro-apoptotic and anti-apoptotic 

proteins closer to the apoptotic threshold [181,545]. Moreover, this hypersensitivity of ESCs to 

UV irradiation is linked to highly expressed p53 as compared to differentiated cells [546,547] 

and its accumulation in response to UV exposure [548,549]. Favoring cell death over DNA 

repair is assumed to be a strategy of pluripotent stem cells to maintain genomic integrity and 

avoid the propagation of mutated cells [489,535]. In line with this, the rate of spontaneous 

mutations in ESCs is notably lower than in somatic cells [544]. Similarly, in DSCs, the DDR 

also appears to lean towards apoptosis rather than cell cycle arrest for DNA repair, at least after 

exposure to 900 J/m² UVB. However, further verification of this hypothesis requires an 

examination of DNA repair at this higher dose, where apoptosis induction was observed in 

DSCs. The repair data presented in this study are based on a lower dose of 285 J/m² UVB. 

Following a similar dose of 300 J/m² UVB, no apoptosis was detected, suggesting that DNA 
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repair remains the preferred response over cell death at lower doses. In addition, the DSCs in 

this study were not as hypersensitive to UV as described for ESCs and iPSCs, leading to the 

speculation that DSCs may not express p53 as highly as PSCs. 

In adult stem cells, the response to DNA damage in terms of cell death is less straightforward 

compared to PSCs, with instances of both sensitivity and resistance. In the interfollicular 

epidermis, the proliferating and less differentiated cells in the basal layer are more susceptible 

to UV-mediated apoptosis than the more committed progeny in the suprabasal layers [195]. 

Following UV irradiation, a sustained activation of p53 is observed in the longer-lived basal 

epidermal cells compared to suprabasal cells [550]. Additionally, there is an Nrf2 gradient with 

higher expression in suprabasal layers, leading to increased activation of antioxidant defense 

and less apoptosis in suprabasal keratinocytes [551,552]. In agreement with this, studies have 

shown that keratinocyte stem cells exhibit significant photosensitivity to UVA irradiation 

(100 kJ/m²), resulting in decreased viability and colony-forming ability [517]. By contrast, a 

UVB dose of 400 J/m², similar to the lower dose used in this study, does not induce apoptosis 

in keratinocyte stem cells [553]. Another example of insensitivity are multipotent hair follicle 

bulge stem cells that are resistant to ionizing radiation-induced apoptosis, displaying enhanced 

survival owing to high expression of anti-apoptotic Bcl-2 and rapid DNA repair compared to 

other epidermal cells [554]. Hair follicle melanocyte stem cells located in the same niche also 

avoid apoptosis; instead, they are eliminated through premature differentiation [70]. Human 

mesenchymal stem cells (MSCs) are more resistant to UVB exposure than dermal fibroblasts, 

showing higher viability and, if any, very low apoptosis rates after irradiation with 250 J/m² or 

1000 J/m² UVB. In contrast, fibroblasts experience significant apoptosis induction. On the 

contrary, MSCs demonstrate increased senescence rates, while in fibroblasts senescence is not 

induced [516], suggesting that MSCs may evade apoptosis by undergoing senescence 

[516,555]. In future studies, senescence should be investigated as an additional endpoint to 

elucidate whether it plays a role in DSCs as well. 

Altogether, there are great differences in the sensitivity of tissue-specific stem cells to DNA 

damage and apoptosis throughout the entire body [195]. The extent of p53 activation and the 

expression levels of the anti-apoptotic protein Bcl-2 apparently play a pivotal role in these 

differences [190]. The discrepancies among various stem cell populations arise from the fact 

that the sensitivity of adult stem cells to genotoxic stress is dependent on the proliferation rate 

[190]. Tissues characterized by high proliferation, like embryonic tissue and the intestinal 

epithelium [556], display heightened susceptibility to DNA damage caused by both endogenous 
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factors (e.g., replication stress) and exogenous sources (e.g., irradiation) [181]. In contrast, adult 

stem cells that proliferate slowly or are in a quiescent state, such as colon stem cells, 

demonstrate increased resistance to DNA-damaging agents, making them more susceptible to 

the accumulation of mutations and the potential for carcinogenesis [190,556]. 

As mentioned above, there were indications of membrane damage and compromised cell 

surface antigen expression in DSCs after UV irradiation, as evidenced by the decreased 

intensity of the NGFRp75 staining signal in flow cytometry within the apoptotic fraction. This 

raises the concern that apoptotic DSCs with an impaired NGFRp75 signal may be mistakenly 

omitted from the analysis when gating with fibroblasts, resulting in the underestimation of 

apoptotic cell numbers. To eliminate the possibility of an affected cell membrane causing false-

negative NGFRp75 signals and excluding DSCs, experiments with purified DSC cultures 

should be conducted, as no gating based on surface markers is necessary to distinguish DSCs 

from fibroblasts in such cultures. Preliminary experiments with purified DSC cultures also 

showed no apoptosis after 300 J/m² UVB, whereas notably higher apoptosis rates were 

measured after 900 J/m² UVB compared to the DSC-fibroblast co-cultures in this study 

(Mhamdi-Ghodbani, unpublished data). Extensive disruption of the cell membrane can also 

hinder the detection of apoptotic cells via the Annexin-V assay, as shown in other studies where, 

despite reduced viability, only few apoptotic cells could be detected with the Annexin-V assay, 

likely due to this reason [451,452]. Annexin-V binds to cell membrane structures, specifically 

phosphatidylserine, resulting from morphological and biochemical changes during apoptosis 

[408]. This implies that the cell membrane must remain sufficiently intact for accurate detection 

of phosphatidylserine. Although the Annexin-V assay is widely employed for apoptosis 

detection, it might be worthwhile to consider an additional membrane-independent apoptosis 

assay. For example, measuring mitochondrial cytochrome c release could be an alternative, but 

this might exclude the induction of apoptosis via the extrinsic pathway. Caspase-3 is a well-

established, early, and specific apoptosis marker commonly used [557]. Activation of Caspase-

3 and -7 even precedes the translocation of phosphatidylserine residues to the membrane 

surface, since Caspase-3/7 cleave and activate scramblase Xkr8, which is responsible for the 

phosphatidylserine switch during apoptosis [558,559]. 

A review of the existing literature on the other three skin cell types revealed a mixture of 

consistent and contradictory findings. Consistently, other studies also report no significant 

induction of apoptosis in foreskin fibroblasts after 300 J/m² UVB, and even a considerably 

higher UVA dose of 300 kJ/m² shows no effect [176]. The results obtained in this work are 
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further supported by studies of primary human skin cells, revealing that epidermal keratinocytes 

are less affected by solar-simulated radiation than dermal fibroblasts regarding various cellular 

damage biomarkers such as ROS generation, mitochondrial DNA damage, and nuclear DNA 

damage [560]. In colony formation assays, keratinocytes display higher survival rates than 

fibroblasts when exposed to UVA, UVB [561], and oxidizing agents [514]. Contradictorily, 

TUNEL assays demonstrate that keratinocytes are more susceptible to UVB-induced and 

oxidizing agent-induced apoptosis than fibroblasts [514]. Irradiation with 500 J/m² UVB was 

shown to induce apoptosis in foreskin keratinocytes via suppression of Bcl-2 expression and 

activation of Caspase-3, -8, and -9 [562]. Another report showed that exposure to a slightly 

higher dose of 90 kJ/m² UVA could indeed induce cell death, as evidenced by significantly 

reduced viability in mouse embryonic fibroblasts (MEFs), human foreskin fibroblasts, and adult 

human epidermal keratinocytes (HEKs) [563]. Larsson et al.’s studies show that irradiation with 

similar UVA (30–60 kJ/m²) and UVB doses (150–300 J/m²) to those used here lead to an 

increased number of apoptotic cells in both foreskin melanocytes and keratinocytes [564]. 

Discrepancies in the results across different studies may arise from variations in experimental 

settings and the use of different UV sources with varying irradiances and emission spectra, 

potentially containing contaminating wavelengths to different extents. Additionally, factors 

such as different cell types, cell densities, and media, as well as varied analysis and evaluation 

methods contribute to the diversity of outcomes. 

Cells in the skin respond differently to UV irradiation. Following high-dose UV exposure, 

keratinocytes undergo apoptosis, typically perceived as sunburned cells [222], whereas 

melanocytes display higher resistance, surviving acute sunburn with elevated amounts of DNA 

lesions [57]. However, at low UVB or UVA doses, keratinocytes in the skin are protected from 

UV-induced apoptosis, partly due to sustained activation of Nrf2, a transcription factor that 

induces antioxidant defense (glutathione and cysteine). The baseline expression level of Nrf2 

is roughly two-fold higher in keratinocytes compared to fibroblasts and melanocytes [551,552]. 

Apoptosis pathways in keratinocytes might be less pronounced or absent at lower UV doses in 

order to maintain tissue structure and skin barrier integrity in the face of permanent damage 

from chronic UV exposure [209]. This potential insensitivity of keratinocytes to apoptosis at 

lower doses is counterbalanced by the skin’s natural process of terminal differentiation of 

epidermal keratinocytes in the cornified layer, including the loss of nuclei, that basically 

represents physiological apoptosis [5]. This aligns with the findings of the keratinocytes in this 

study, which omitted apoptosis while repairing CPDs, using more moderate UV doses that 

would not trigger excessive sunburn. However, in the skin, the basal epidermal cells are indeed 
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sensitive to UV-induced apoptosis compared to the suprabasal keratinocytes [195]. The 

composition of the keratinocyte cultures in this study following isolation from foreskin 

epidermis remains uncertain—whether they consist of undifferentiated keratinocytes from the 

lower layers, prevailing due to their higher division potential, or more differentiated 

keratinocytes from suprabasal layers, which are numerically superior. Considering previous 

literature findings and the results of this work, it is reasonable to assume the latter—a 

composition of more differentiated keratinocytes from suprabasal layers, which are less 

sensitive to UV radiation. 

In this investigation, melanocytes displayed the highest susceptibility to apoptosis. This was 

surprising in view of the facts that they typically constitutively express the anti-apoptotic 

protein Bcl-2 in both skin and cell culture settings [565], are slowly proliferating, and 

considered more resistant to apoptosis than keratinocytes [193]. Additionally, it is assumed that 

the presence of melanin likely resulted in less extensive damage in melanocytes compared to 

other skin cells [492,493] and hence, one would rather expect less apoptosis induction. One 

unique factor distinguishing melanocytes from other cells is precisely this melanin, prompting 

speculation about its potential active role in apoptosis induction. Melanocytes inherently 

possess higher baseline levels of oxidative stress compared to keratinocytes and fibroblasts due 

to melanin synthesis, with this pro-oxidant state rendering them particularly vulnerable to 

oxidative stress [166,566]. Melanin amplifies UV-induced production of ROS and oxidative 

DNA damage. Studies have shown that upon UVB and UVA irradiation, survival is 

significantly lower and accumulation of oxidative DNA damage higher in melanocytes than in 

keratinocytes, respectively, attributed to (pheo)melanin acting as an endogenous 

photosensitizer [24,166]. Overall, melanin and its intermediates exert cytotoxicity and damage 

melanocytes through oxidative stress [18], promoting the induction of apoptosis following UV 

exposure. This concept of melanin-mediated apoptosis, described by Yamaguchi et al., is 

supported by multiple in vivo (human and animals) and in vitro studies [20]. Thus, apoptosis 

can be initiated not only by DNA damage but also by melanin-triggered damage. Accordingly, 

UV-induced apoptosis is significantly greater in darker skin [20]. The pathways involved in this 

mechanism seem to include Ser46-phosphorylated p53 while being Caspase-3-independent 

[567]. Photothermolysis through the generation of heat from absorbed UV energy may also 

contribute [20]. Therefore, the active involvement of melanin, contributing to a prevailing pro-

oxidative state that promotes ROS damage, and triggering melanin-mediated apoptosis could 

be causative for the slightly higher sensitivity of melanocytes to UVB compared to the other 

three cell types. Moreover, evidence suggests that keratinocytes have better antioxidant activity 
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than fibroblasts, based on higher heme oxygenase activity and higher ferritin levels [568]. This 

collectively could explain why apoptosis occurred in melanocytes and fibroblasts, but not in 

keratinocytes. The extent of antioxidant defense in DSCs remains to be investigated. 

6.3.4 Conclusion to UV Damage Response 

The DNA damage response (DDR) plays a crucial role in UV carcinogenesis. The competition 

between the repair rate and the time available for DNA repair within the cell cycle ultimately 

determines the extent of unrepaired lesions that could lead to mutations. Stem cells are 

particularly susceptible to DNA damage accumulation and genomic instability due to their 

longevity and often non-proliferating, quiescent state [503]. While DDR mechanisms are highly 

active in pluripotent stem cells [511], active in somatic cells, and not fully active in terminally 

differentiated cells, the activity of DDR mechanisms in adult stem cells is tissue-specific and 

varies with developmental stages [182]. One could hypothesize that DSCs, in comparison to 

more differentiated skin cells, possess uniquely robust protection mechanisms in order to 

maintain genomic integrity. 

The findings presented in this study revealed that, despite DSCs not displaying superior DDR, 

the various skin cell types exhibited different responses to UV radiation. Generally, effects were 

only observed after UVB exposure, with UVA having no discernible influence. This can be 

attributed to the use of relatively low UVA doses, and furthermore, UVB is the primary 

determinant of cell cycle arrest and cell death [402]. When comparing with previous literature, 

it is crucial to note that the radiation source in this study mimics solar UVB by blocking 

wavelengths below 295 nm. This is an essential difference to other lamps used in earlier studies, 

which frequently include some contaminating UVC wavelengths. This difference may 

potentially account for variations in the reported outcomes. The damage caused by the same 

UVB dose, or in other words, the same extent of damage (at least in DSCs, fibroblasts, and 

keratinocytes; melanocytes probably even with lower CPD induction), seems to be perceived 

differently by the diverse skin cells (Table 6.2). Keratinocytes exhibited cell cycle arrest for 

DNA repair without the induction of apoptosis. In contrast, melanocytes and fibroblasts 

demonstrated both cell cycle arrest and apoptosis. DSCs, on the other hand, did not induce cell 

cycle arrest but exhibited some degree of apoptosis, though not excessively strong. 
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Table 6.2 Summary of DNA damage response mechanisms in the different cell types. 

Cell type DNA repair 

285 J/m² UVB 

Cell cycle arrest 

900 J/m² UVB 

Induction of apoptosis 

900 J/m² UVB 

DSCs + - + 

Fibroblasts + ++ ++ 

Melanocytes + ++ ++ 

Keratinocytes ++ ++ - 

In general, this study unveiled a very coherent picture regarding the CPD repair rate and 

proliferation ability. A higher proliferative potential, indicated by short doubling times and 

increased S phase proportions in cell cycle analysis, was associated with faster DNA repair 

times, likely to ensure completed DNA repair before the next cell division. Consequently, the 

rapidly proliferating keratinocytes repaired DNA more quickly than DSCs, fibroblasts, and 

melanocytes, all of which shared similar doubling times and repair time constants. Only the cell 

cycle distribution of DSCs after UV irradiation, marked by a lack of cell cycle arrest, got out 

of line. Furthermore, a consistent correlation emerged between the rapidity of DNA repair and 

susceptibility to apoptosis (albeit assessed at different doses). Keratinocytes, being the most 

rapidly repairing cells, did not undergo apoptosis, whereas DSCs, melanocytes, and fibroblasts, 

characterized by slower repair time constants, were able to induce apoptosis. This connection 

of rapid DNA repair contributing to resistance to cell death was demonstrated, for instance, in 

hair follicle bulge stem cells [554]. 

The results from the CPD repair analysis suggest that DSCs possess a functional DNA repair 

system for UV-induced CPDs, comparable to that of fibroblasts and melanocytes in terms of 

both rapidity and remaining damage. However, the extent to which the efficiency of DNA repair 

matches or differs from that of other cells remains uncertain. Moreover, it can be hypothesized 

that DSCs seem to prefer apoptosis over cell cycle arrest. The notable absence of cell cycle 

arrest following exposure to both low and high doses of UVB and UVA, along with ongoing 

proliferation, constrains the available time for DNA repair before replication. This predisposes 

DSCs to the accumulation of mutations and/or the possibility of undergoing extensive apoptosis 

[535]. Indeed, certain donor cell strains exhibited pronounced apoptosis induction following 

exposure to the higher UVB dose. However, overall, the proportion of apoptotic cells seemed 

not large enough to assume the elimination of all stem cells with unrepaired damage. For the 

surviving cell population, these circumstances definitely increase the potential for resumed 

DNA synthesis and replication while a substantial amount of DNA lesions remains in their 

genome. Damage bypass by TLS polymerases lacking proof-reading activity is recognized to 
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be error-prone and result in high mutagenesis [526,535]. Therefore, it is crucial to further clarify 

whether DSCs repair the CPDs correctly or if, due to a repair process that is equally fast but 

less accurate, more mutations are incorporated compared to differentiated skin cells that 

exhibited cell cycle arrest. This necessitates mutation frequency analysis. 

In addition, it is important to elucidate the mechanisms underlying the UV-induced DDR in 

DSCs and the consequences of absent cell cycle arrest in more detail. In future investigations, 

the examination of gene and protein expression of cell cycle regulators, including Cdc25A, Rb, 

cyclins, CDKs, and particularly p53 and p21, is crucial to decipher the behavior at different 

checkpoints and determine whether DSCs exhibit deficiencies in the cell cycle checkpoints, 

similar to ESCs [535]. p53 plays a pivotal role in activating cell cycle checkpoints (via 

activation of p21) and inducing apoptosis [191,197,204]. It is very likely that the activation of 

the G1/S checkpoint in fibroblasts, melanocytes, and keratinocytes with UVB was mediated by 

p53 and p21. Therefore, it would be intriguing to investigate whether the lack of growth arrest 

in DSCs is influenced by changes in these two proteins. Another challenge is to understand the 

dynamics of p53 in DSCs, as p53 kinetics vary depending on the stimulus, degree of stress, and 

cell fate [197]. The proteins p21 and p53 are not only essential for regulating cell cycle 

regulation and inducing apoptosis, but are also deemed to function as negative regulators of 

translesion DNA synthesis (TLS) [535]. Cells with reduced expression levels of these proteins 

are more prone to engage in error-prone TLS to bypass DNA damage. Additionally, cells 

lacking p21 or p53 demonstrate an increased incidence of TLS-associated mutations [569]. In 

this context, a loss of p53 and p21 would be even more detrimental. In subsequent 

investigations, it is advisable to include the cell type-specific expression analysis of genes 

associated with DNA damage checkpoints (e.g., ATR, Chk1), DNA repair pathways (e.g., XP 

proteins), and apoptosis (members of the Bcl-2 protein family). The role of miRNAs in the 

regulation of the DDR could also be of interest [237]. However, all of these studies cannot be 

performed with DSC-fibroblast co-cultures. Since the purification of DSC cultures was not yet 

established during the examination of DNA repair, cell cycle, and apoptosis as part of this 

thesis, the corresponding studies can only now be conducted in the course of the joint project 

‘UV-DHDS: Effekte von UV-Exposition auf die Differenzierung von humanen dermalen 

Stammzellen in der Melanom-Genese’ (02NUK083). 

In summary, the findings reported here might indicate that DSCs lack proper cell cycle 

checkpoints. In this context, their repair capacity may be insufficient to preserve genomic 

integrity. Unrepaired DNA damage in DSCs could be passed on to their self-renewing progeny 
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and accumulate over time. If tumor-suppressing mechanisms, such as limiting replication 

through apoptosis, are not functioning effectively, pre-damaged stem cells may acquire 

malignant potential. This is particularly noteworthy in the context of skin carcinogenesis, given 

that DSCs are targets of UVB and UVA radiation in the human skin. Considering the ability of 

DSCs to differentiate into melanocytes, initial damage prior to differentiation may elevate the 

subsequent potential for transformation. Therefore, it is of significant importance to investigate 

DSCs as potential sources of melanoma and examine their biological response to UV radiation. 

6.4 Differentiation into Melanocytes 

6.4.1 In Vitro Melanocytic Differentiation Potential of DSCs 

DSCs were previously shown to be multipotent, possessing the ability to differentiate into 

various neural crest-derived cell types, including melanocytes, neurons, Schwann cells, smooth 

muscle cells, chondrocytes, and adipocytes [31,126]. With regard to the alternative theory of 

melanoma initiation proposed by Hoerter et al. [357,358], the focus in this study was on 

melanocytes as progeny. Therefore, only the potential of DSCs for melanocytic differentiation 

was examined. Additionally, it was verified whether the differentiation ability was affected by 

enrichment via immunomagnetic separation (IMS). A comparison of DSC fibroblast co-

cultures, EasySep™-purified DSCs, and MACS®-purified DSCs confirmed that differentiation 

into melanocytes following stimulation with melanocyte differentiation medium was successful 

in all three cases. This was evidenced by the observation of melanocyte-like cell morphology 

with long dendritic extensions, the presence of melanocytic markers in immunocytochemistry, 

and the expression of melanocyte-specific genes. The transition from DSCs to melanocytes was 

validated by the co-expression of both the DSC marker NGFRp75 and the melanocyte marker 

HMB45. 

The detected reduction in NGFRp75 expression levels in DSC-fibroblast co-cultures during 

differentiation is logical, considering both the decrease in cell density and the visually 

noticeable decline in DSC frequency, while the fibroblasts remained present. Stem cells likely 

disappeared from the culture due to differentiation and presumably also due to cell death. In the 

purified cultures, the NGFRp75 expression values remained unchanged, given the negligible 

proportion of fibroblasts and the relatively low proportion of differentiated melanocytes at the 

end. Purified DSCs seemingly exhibited a slightly faster increase in the expression of 

melanocytic markers (as observed in the UV experiment), but this might be attributed to the 

presence of fibroblasts during analysis of DSC-fibroblast co-cultures as well. Ultimately, 
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considerably high final expression of melanocytic genes was detected in all cultures, co-cultures 

and purified cultures, confirming successful differentiation into melanocytes, albeit with some 

differences. 

Regardless of the degree of purification, melanocytic gene expression levels were higher in 

cultures with a larger initial stem cell proportion (see Table 5.1), either due to the fewer 

fibroblasts in the analysis or because a greater number of DSCs might actually enhance the 

differentiation process. Comparison between purified DSCs and DSC-fibroblast co-cultures 

indicated that purified DSCs remained viable and retained their differentiation capability after 

IMS. However, the enrichment with EasySep™ positive selection appeared to impact the 

differentiation ability of DSCs more than the MACS® positive selection, as displayed by the 

lowest expression values of melanocytic genes in EasySep™-purified DSCs. On the other hand, 

the differentiation potential of MACS®-purified DSCs persisted and was, if at all, only 

minimally impaired, agreeing with studies by Meyers et al., where human perivascular 

stem/stromal cells maintained their differentiation capacity following positive MACS® 

selection [478]. Consistent with these results were the visual observations of lower numbers of 

melanocytes in EasySep™-purified DSCs. The reason for the seemingly more compromised 

differentiation ability after EasySep™ positive selection could be the potentially better 

tolerability of MACS® MicroBeads due to their biodegradability [453,475], smaller size 

[422,466,475], and lower bead persistence [476] compared to the EasySep™ RapidSpheres™, 

as described in section 6.2.3.2. However, it is important to note that these were only initial 

experiments that require further validation with larger sample size. 

The similar (as observed in the UV experiment) or even higher final melanocytic marker 

expression in DSC-fibroblast co-cultures compared to purified DSC cultures supports the 

notion of slightly better differentiation in co-cultures, as they contained a relatively lower 

amount of stem cells. The diminished differentiation ability of purified DSCs could stem from 

functional alterations caused by the separation process and/or the beads. Magnetic particles 

have the potential to induce adverse effects on cell phenotype, function [454,468-470], and 

viability [471-473]. Alternatively, the presence of fibroblasts in the culture may influence the 

differentiation of DSCs, and the purified DSCs might lack the influence and signals of 

fibroblasts as their microenvironment. The stem cell niche or microenvironment is known to 

have a significant impact on stem cell features, such as differentiation potential, and to play a 

crucial role in controlling stem cell behavior [56,60]. For instance, the differentiation potential 

of epidermal stem cells is heavily defined by the local microenvironment, with fibroblasts being 
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indispensable for a functional stem cell niche. Therefore, epidermal stem cells cannot be 

maintained in culture indefinitely without losing their stemness [58]. Fibroblasts play a major 

role in tissue development and the differentiation of keratinocytes, among other functions, by 

triggering epigenetic changes. The underlying molecular mechanisms, however, are not well 

understood [54]. It is expected that fibroblasts in the dermis play a major role in the 

differentiation of melanocyte stem cells (McSCs) as well [7], as part of their microenvironment. 

Additionally, paracrine factors from fibroblasts contribute to the regulation of melanocytes, 

influencing processes such as proliferation and melanogenesis [12,49]. Thus, it is plausible that 

fibroblasts in DSC-fibroblast co-cultures may release paracrine signals, creating a 

differentiation-promoting microenvironment. The clustering of differentiating cells in small 

groups could be indicative of such microenvironmental influences; specific locations may 

create differentiation-favoring conditions, leading to nearby cells undergoing differentiation. 

Whether purified DSCs, similar to epidermal stem cells, lose their stemness in long-term 

cultivation lacking fibroblasts is unclear and warrants further investigation. Finally, it must be 

noted that a direct comparison of the differentiation potential between DSC-fibroblast co-

cultures and purified DSCs from different donors is challenging due to significant 

interindividual variability [570]. For a more accurate assessment, co-cultures and purified 

cultures from the same donor cell strain should be utilized. 

Besides potential influences from fibroblasts, the in vitro differentiation process is primarily 

regulated by the factors present in the differentiation medium, mimicking the signals that 

McSCs usually receive when they undergo differentiation in the skin (see section 1.1.1.2). The 

composition of the differentiation medium utilized in this study (see Table 3.5) was based on 

research conducted by the Herlyn laboratory with hESCs [571], hair follicle McSCs [93], and 

DSCs [31]. For in vitro differentiation, the interplay of the three growth factors endothelin-3, 

SCF, and Wnt3a is indispensable to obtain melanocytes that ultimately express characteristic 

melanocyte markers (MITF, tyrosinase, TRP1, TRP2) and produce melanin [31,32,571]. They 

activate key pathways for melanocyte development—ETBR, c-Kit, and Wnt signaling (see 

section 1.1.1.2). 

 Early studies by Yamane and colleagues demonstrated melanocytic differentiation of 

mouse ESCs, requiring co-cultivation on a stromal cell line as feeder cells. The differentiation 

was strictly dependent on SCF, enhanced by endothelin-3 and dexamethasone, while being 

independent of Wnt3a, possibly due to stromal cell production of this factor. They also used 

bFGF, PMA, and cholera toxin based on their promoting effects [572-574]. The Herlyn 

laboratory later adapted this protocol for human cells, highlighting the indispensable role of 
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Wnt3a in human melanocyte differentiation. Fang et al. derived melanocytes from human ESCs 

without feeder cells using Wnt3a-conditioned medium and fibronectin-coating, initially 

involving the formation of embryoid bodies. These melanocytes correctly integrated into the 

basal epidermal layer of reconstructed skin [571]. This protocol was also effective for 

melanocytic differentiation of human iPSC [575]. The critical role of Wnt signaling was 

supported by further studies showing its necessity for neural crest induction in human PSCs 

[576,577]. Endothelin-3 and SCF signaling are crucial for the maintenance and survival of both 

melanocyte precursors [578] and differentiated melanocytes [579]. 

 Li et al. and Yu et al. from the Herlyn laboratory used the same conditions for 

differentiating DSCs [31] and hair follicle McSCs [93] into melanocytes. In addition to Wnt3a, 

SCF, and endothelin-3, the differentiation media contained dexamethasone, cholera toxin, 

PMA, bFGF, insulin-transferrin-selenium (ITS), linoleic acid‐BSA, L‐ascorbic acid, FBS, low‐

glucose DMEM, MCDB 201, and DMEM [31,93,571]. PMA and cholera toxin activate PKC 

and increase intracellular cAMP, respectively [571,575]. They are commonly used in 

melanocyte medium as growth enhancers [532,580]. Dexamethasone and bFGF also support 

melanocyte growth in culture [571,581]. Furthermore, PMA has been shown to induce neural 

crest cell differentiation into melanocytes and melanin synthesis through MITF upregulation 

[582]. In the present work, cAMP and CHIR-99021 were added to the medium, similar to other 

reports [104,581]. CHIR-99021 is a GSK3β inhibitor, further activating the canonical Wnt 

pathway [577]. cAMP promotes differentiation and pigment production in melanocytes, 

typically activated by α-MSH/MC1R signaling, leading to the expression of genes like MITF 

[583]. 

 Zabierowski et al. suggested a crucial role for Wnt signaling in DSCs. The canonical Wnt 

pathway seems to be repressed in DSCs due to the high expression of Wnt inhibitors (DKKs 

and sFRPs). Conversely, non-canonical Wnt signaling appears to maintain the multipotent state 

of DSCs. The induction of differentiation involves a Wnt3a-mediated switch from the non-

canonical to canonical Wnt pathway [32]. The functionality of DSC differentiation is preserved 

when Wnt3a is substituted with recombinant Wnt7a [42]. In 3D skin reconstructs, exogenous 

Wnt3a is not required for the differentiation of DSCs [32], as it is likely expressed by the 

epidermal keratinocytes [584]. 

 In addition to a suitable composition of the cell culture media, the coating of the cell culture 

vessels plays a crucial role in differentiation. Depending on the concentration, various 

mechanisms such as stem cell maintenance, differentiation into melanocytes, or differentiation 
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into other cells can be triggered or supported. Mechanical stimulation, as a third important 

factor promoting the differentiation of stem cells in vitro [55], was not considered in this work. 

The DSCs appeared to be quite sensitive to artificially induced differentiation. The reduced cell 

density in differentiation medium compared to control cells in stem cell medium indicates that 

the cells were stressed and exhibited lower cell proliferation or even underwent cell death. In 

DSC-fibroblast co-cultures, cellular stress was observed through a decrease in cell density and 

DSC frequency. In purified cultures, due to the high DSC frequency, the stress manifested only 

in the cell density. The reduced confluency and the observation of cells floating in the medium 

strongly suggested that cell death occurred as a consequence of the switch to the differentiation 

medium. This aligns with the findings of Li et al., who also reported a great amount of dying 

cells in differentiation medium and a significant decrease in NGFRp75 expression [31]. The 

change in culture conditions to a differentiation medium also induces apoptosis in other cell 

types, such as in skeletal myoblasts [585]. In future experiments, the extent of cell death during 

differentiation of DSCs should be analyzed. If the cultures indeed also exhibited reduced 

proliferative activity, this could be due to the differentiation of cells instead of proliferation or 

because the differentiation medium possibly does not promote proliferation as much as the stem 

cell medium. Generally, differentiation medium is designed to promote differentiation rather 

than sustained proliferation. However, in vitro differentiation does not necessarily result in a 

permanent stop of cell division for all cells. Some cells may still undergo limited proliferation 

in differentiation medium, while others may enter a state of growth arrest. Whether and how 

(symmetric or asymmetric) the DSCs continue to replicate in the differentiation medium could 

be tracked using proliferation markers like Ki67 or by using dye dilution with DNA-traceable 

dyes like BrdU, IdU, or EdU, which are titrated out as cells divide [586,587]. However, it is 

important to note that these tracking dyes may affect biological processes in the DSCs, 

potentially impacting both proliferation and differentiation [588,589]. By monitoring 

NGFRp75, a DNA-traceable dye, and a differentiation marker, it is further possible to 

investigate whether replicating DSCs are able to differentiate or not. In order to differentiate, 

cells need to enter cell cycle arrest, and usually, the rate of proliferation decreases when cells 

differentiate [590,591]. Studies with ESCs have shown that proteins involved in promoting cell 

cycle progression prevent differentiation and vice versa [536], leading to the downregulation 

of proliferation at the onset of differentiation. 

At the end of the differentiation assay, both melanocytes and DSCs were present in the cultures. 

This shows that not all DSCs underwent differentiation into melanocytes, and a lot of them 
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instead maintained their stem cell character. It is unclear why this occurs and which factors 

determine whether a DSC undergoes differentiation or not. Defining the percentage of DSCs 

that differentiate into melanocytes is challenging, especially if the stem cells continue to 

proliferate, albeit possibly at a slower rate. To ascertain the proportion of differentiated DSCs, 

a proliferation assay would be necessary in this case as well. 

In the differentiation experiments, interindividual variabilities were also evident, as the 

sensitivity of DSC cultures (to the differentiation medium and to UV irradiation) was highly 

dependent on the donor. Often, sensitivity appeared to be associated with the stem cell 

frequency, with cultures having a higher stem cell content being more sensitive and especially 

purified DSC cultures tending to exhibit a higher likelihood of cell death during the 

differentiation assay. However, this cannot be the sole reason, and other interindividual 

variances must also play a role, as this rule did not always hold true. In DSC-fibroblast co-

cultures with a lower stem cell content, the presence of more robust fibroblasts likely 

contributed to the cultures appearing visually less sensitive. 

In conclusion, DSCs isolated from foreskin possess a melanocytic differentiation potential, 

which persists even after purification with IMS, albeit with a slightly reduced ability. Possible 

factors contributing to this include potential impairment of cell function due to the purification 

process and the presence of attached beads, as well as the absence of influences from fibroblasts 

as a supporting microenvironment. Positive selection via the EasySep™ method had a stronger 

impact on DSCs compared to the MACS® approach. It is noteworthy that the only minimal 

reduction in differentiation capability following MACS® positive selection does not hinder 

differentiation experiments with these purified DSCs. 

6.4.2 Differentiation Following UV Irradiation 

By subjecting DSCs to a single UVB (300 J/m²) or UVA dose (37 kJ/m²) one day before 

initiating differentiation, the aim was to investigate whether UV irradiation affects the 

differentiation capability. Both DSC-fibroblast co-cultures and purified DSCs were able to 

differentiate into melanocytes after UV irradiation. The significant increase in the gene 

expression of melanocytic markers and the observed number of cells with melanocyte-like 

morphology were consistent with those in non-irradiated cultures. Likewise, MSCs preserve 

their multi-lineage differentiation potential after single irradiation with a similar UVB dose of 

250 J/m² [516]. In the scenario of UV irradiation influencing differentiation, there were two 

potential outcomes. On the one hand, there could be less differentiation due to senescence or 
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cell death resulting from DNA damage. On the other hand, UV-induced differentiation might 

act as an escape and anti-tumor mechanism, removing DSCs from the stem cell pool to prevent 

the accumulation of persistent damage and the dissemination of mutations [592,593]. Especially 

considering that in ESCs with DNA damage, p53 activation can promote differentiation instead 

of DNA repair [524], this hypothesis seems plausible. Cell stressors, encompassing oxidative 

and genetic damage, are recognized as significant mediators of cell fate decisions [69,593]. 

Genotoxic stress (ionizing radiation) [70] and UV radiation [594] have the potential to induce 

stem cell differentiation through damage induction. For instance, it has been shown that 

epidermal stem cells with DNA double-strand breaks are selectively eliminated from the niche 

through differentiation [595]. In hematopoietic stem cells (HSCs), the accumulation of ROS 

and DNA damage can lead to a loss of quiescence and self-renewal ability, followed by 

subsequent differentiation [593]. Ionizing radiation triggers differentiation of hair follicle 

McSCs into mature melanocytes, leading to hair graying [70]. Undifferentiated human 

melanocytes in the interfollicular epidermis differentiate in response to genotoxic damage from 

radiotherapy (ionizing radiation) [596]. Furthermore, foreskin keratinocytes undergo further 

differentiation upon irradiation with 100–250 J/m² UVB as a response to DNA damage [594]. 

The osteogenic differentiation potential of MSCs also increases after 250 J/m² UVB exposure, 

while their adipogenic and chondrogenic differentiation is relatively unaffected [516]. 

However, in the current study, none of the two hypotheses could be confirmed for UV 

irradiation of DSCs. Neither a decrease in differentiation potential nor an increase in triggered 

differentiation was observed. Single UV irradiation with the applied doses of 300 J/m² UVB or 

37 kJ/m² UVA had no discernible effect on the differentiation ability of DSCs. 

It is assumed that a single irradiation prior to differentiation might be insufficient to induce UV-

related effects in DSCs. The investigations should be extended with multiple irradiations, since 

DSCs are constantly exposed to UV radiation during their migration from the dermis to the 

epidermis [357]. Whether DSCs migrate to the epidermis first and subsequently complete the 

differentiation process, or if they undergo differentiation into melanocytes in the dermis before 

migrating or even during migration remains to be investigated [31]. To mimic the physiological 

conditions, depending on the scenario, it may therefore be relevant to expose DSCs to UV 

radiation not only before but also during the differentiation process. There were indeed attempts 

of multiple irradiations in combination with the differentiation assay (data not shown). 

However, this approach proved to be highly challenging, since DSCs exhibited extreme 

sensitivity to UV irradiation during differentiation, resulting in significant cell death. As 

demonstrated in the results of this study, DSCs with preceding UV irradiation already suffered 
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more compared to non-irradiated cells in the following differentiation, with an increased 

amount of dying cells. Especially prior UVB irradiation led to reduced cell density or 

sometimes even cell death across the entire sample (data not shown). In contrast, the UVA-

exposed DSC cultures did not visually differ from the non-irradiated differentiation samples. 

Generally, DSCs appear to be highly sensitive during differentiation. When exposed to damage 

from UVB radiation during this process, there is evidently an increased initiation of cell death, 

indicating a protective mechanism against UV-induced damage during differentiation. A 

protein that plays a crucial role in cell death is p53. It not only induces cell cycle arrest, DNA 

repair, apoptosis, and senescence upon DNA damage, but is intriguingly also implicated in the 

regulation of embryonic development and differentiation in adult tissues, exhibiting a dual 

function—acting as either an inhibitor or an inducer, depending on the cell type and fate 

[597,598]. In osteogenic [599] and adipocyte precursors [600], p53 functions as negative 

regulator of differentiation. Instead, in neural precursors [601], myoblasts [602], and HSCs 

[603], it plays a crucial role in promoting differentiation through multiple possible mechanisms. 

One possibility is that p53 can induce differentiation with its ability to suppress stem cell self-

renewal [604], for instance, by inhibiting the transcription of Nanog and Oct-4, as shown in 

mESCs [544,605] and hESCs [199]. Other reports suggest the p53-dependent block of cell cycle 

progression in G0/G1 phase as a mechanism behind differentiation by p53 [540]. Both p53-

driven apoptosis and p53-driven differentiation appear to be strategies employed by ESCs to 

maintain the genomic stability of the entire population. Whether p53 also plays a promoting 

role in the differentiation of McSCs like DSCs into melanocytes, remains to be investigated. If 

this were the case, the differentiating cells, with their elevated p53 level, might be more prone 

to rapid induction of cell death in response to damage during differentiation, facilitated by a 

quick switch between the two pathways. 

 Additionally, the key apoptotic regulator Caspase-3 can also mediate differentiation or 

exhibit pro-differentiation effects in ESCs [606], HSCs [607], myoblasts [608], osteoblasts 

[609], and neural progenitors [610], for instance, by limiting self-renewal, thus providing 

another link between differentiation and apoptosis. Moreover, cAMP present in the 

differentiation medium can trigger both differentiation and apoptosis in certain cell types, 

depending on the expression of pro- and anti-apoptotic regulators [611-613]. All these findings 

suggest that there could be multifaceted reasons for the increased susceptibility of DSCs to 

apoptosis during differentiation. Whether this indeed beneficial process of cell death following 

irradiation during differentiation also occurs in vivo in human skin, thereby preventing the 

differentiation of possibly pre-damaged DSCs into melanocytes as part of an anti-tumor 
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mechanism [69], remains uncertain. This could be explored, for example, using organotypic 

cultures (OTCs), whose fibroblast-derived matrix closely resembles the dermal 

microenvironment in vivo [483-485], similar to how Li et al. demonstrated the migration 

process of DSCs from the dermis to the epidermis in a 3D model [31,125]. 

It is notable that cell death in DSCs appears to be triggered in response to various extrinsic 

cellular stresses, including UV irradiation, loss of cell-cell contact, or changes in cultivation 

conditions with different growth factors. Stem cells, given their characteristics and functions, 

are particularly vulnerable to stresses, with apoptosis and senescence serving as anti-cancer 

mechanisms [69]. hESCs, mESCs, and iPSCs react highly sensitive to environmental 

influences, displaying an increased tendency toward apoptosis in response to low UVC 

exposure (5–10 J/m²), ionizing radiation, other DNA-damaging agents, replication inhibitors, 

and oxidative stress inducers. This sensitivity may represent a strategy to ensure the genomic 

integrity of the whole stem cell population by sacrificing damaged cells [486,535,538,614]. 

Consequently, it would be interesting to investigate the extent to which UV irradiation during 

differentiation induces cell death in DSCs.  

Taken together, single irradiation with a low UVB or UVA dose prior to differentiation has no 

effect on the differentiation ability of DSCs. However, it seems that both UV exposure and 

cultivation in differentiation medium create a dual stress scenario for DSCs. This complicates 

the execution of differentiation experiments in combination with multiple UV irradiation before 

or during differentiation. Additionally, the varying sensitivity of different donor cell strains 

adds complexity to the establishment of a uniform irradiation regimen. Nevertheless, to further 

investigate the differentiation ability of DSCs in the context of UV damage and 

melanomagenesis, conducting chronic irradiation experiments is imperative. Future studies 

should also explore the impact of UV irradiation before and during differentiation on the 

expression of tumor suppressor genes (e.g., p16, p14, p53) and key melanoma driver genes 

(e.g., BRAF, NRAS, MITF, c-Kit) in the differentiated melanocytes. 

6.5 Sphere Formation 

Originally introduced by Reynolds and Weiss in 1992, sphere-forming culture with growth of 

cells in non-adherent conditions, was initially used for isolating neural stem cells from the adult 

brain, known as the neurosphere assay [615]. Since then, this technique has found widespread 

application in the identification, enrichment, and proliferation of various adult stem cells, 

populations with stem-cell properties [616,617], and cancer stem cells (CSCs), due to their 
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capability to grow in suspension culture [404,425]. The assay’s outcome is significantly 

influenced by crucial parameters such as medium composition, seeding cell density, and 

cultivation duration. Notably, there is considerable variability in cell density reported across 

different studies [425]. 

 On one hand, the gold standard for assessing the self-renewal capacity or clonal properties 

of stem cells is the sphere formation assay with single-cell plating using serial dilution 

[404,425]. This method ensures clonality as each sphere originates from a single cell through 

proliferation. However, it has the drawback of extended assay duration, attributed to the reduced 

sphere-forming efficiency with single-cell plating, linked to the absence of autocrine and/or 

paracrine signals released by co-cultured cells [425]. 

 On the other hand, another commonly used approach is the sphere formation assay with 

multiple-cell plating, where seeding density varies greatly between studies [404]. Although this 

approach generally results in faster sphere formation, a limitation is the potential aggregation 

of cells within spheres due to their tendency to merge, especially at higher cell densities. 

Consequently, this method is unsuitable for measuring self-renewal ability or clonality [425]. 

6.5.1 Sphere-Forming Potential of DSCs 

Following the confirmation of NCSC marker gene expression and the melanocytic 

differentiation potential of DSCs, another functional characteristic of stem cells—the ability to 

form three-dimensional spherical structures in suspension culture [425]—was also explored. 

The study aimed to determine if the sphere-forming potential observed in the initial generation 

of dermal spheres after the isolation of DSCs from foreskin persists in later passages following 

extended cultivation. To maintain similar seeding conditions as in the initial cultivation, a multi-

cell plating approach was used. 

It was confirmed that native DSC cultures were still able to form stem cell-specific spheres in 

human ESC medium, even in later passages. The morphology closely resembled the dermal 

spheres formed in the initial weeks after isolation. Consequently, this stem cell feature was 

preserved even after prolonged monolayer cultivation of DSC-fibroblast co-cultures. Moreover, 

the investigation revealed that DSCs maintained the ability to form spheres after purification 

via MACS® positive selection, as demonstrated by a purified population from the same donor 

cell strain. Notably, after purification, the generated spheres exhibited a significantly smaller 

size. This size difference could be attributed to two possible reasons. Firstly, the selection 

procedure may have influenced cell properties and function [466,468,479], affecting sphere 

formation potential. However, given the retained differentiation potential after positive 
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selection (see section 6.4.1), it would be surprising why only the capability for sphere 

generation is impaired. The sphere-forming capacity of purified DSCs may, however, be 

diminished through prolonged cultivation in later passages, independent of the enrichment 

process. In comparison, it is commonly assumed that stem cells produce larger spheres, while 

progenitor cells, having lost their ability for self-renewal, generate smaller spheres [425]. 

Secondly, it should be considered that fibroblasts were present in the spheres of the native DSC-

fibroblast co-culture used for comparison—just as observed in dermal spheres which typically 

predominantly consisted of fibroblasts, resulting in a relatively low stem cell frequency (see 

Figure 5.1C–D). Since DSCs have a considerably smaller size than fibroblasts (own 

observations in ICC and flow cytometry), the absence of large-sized fibroblasts in spheres of 

purified DSCs is most likely primarily accountable for the smaller size compared to the native 

DSC-fibroblast co-culture. It is also conceivable that fibroblasts might release paracrine factors 

that enhance the cellular merging process, and consequently, these factors are absent in purified 

DSC cultures. 

Intriguingly, fibroblast cultures (previously cultured in RPMI+10%FBS) also generated three-

dimensional spherical structures when cultured in stem cell medium. These fibroblast spheres 

exhibited comparable sizes to those observed in the DSC-fibroblast co-culture and were 

generated similarly fast. The initial question arose about why fibroblasts can survive in a non-

adherent culture. In vivo, anchorage-dependent cells that lose cell-cell and cell-matrix contacts 

undergo apoptosis through anoikis, while cells with anchorage independence or a motile 

phenotype resist anoikis [618]. Some cells, notably cancer cells, are excluded from anoikis or 

gain resistance. Similarly, in cell culture, cells that typically grow attached to the culture flask 

or an extracellular matrix usually die when cultured in suspension. Stem cells and cells with 

stem cell-like properties are able proliferate without adhesion solely through cell-cell 

interaction in a free-floating sphere culture [617]. When stem cells differentiate and thereby 

lose typical stem cell properties, their survival in suspension is significantly reduced, as 

demonstrated for skin-derived precursor [616]. Fibroblasts are typically not known for their 

ability to form spheres or aggregates under standard in vitro culture conditions. However, 

research indicates that normal fibroblasts can demonstrate anchorage independence and anoikis 

resistance [618], leading to the formation of spheres [619]. Furthermore, the resistance to 

anoikis in fibroblasts is implicated in pulmonary fibrosis, contributing to excessive proliferation 

[620]. In the current study, when cultivated in stem cell medium, dermal fibroblasts seem to 

exhibit induced or intrinsic properties that promote their survival in suspension. The specific 

culture conditions, featuring various growth factors, including basic fibroblast growth factor 
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(bFGF), appear to stimulate fibroblasts to organize into three-dimensional structures. Within 

stem cell medium, dermal fibroblasts thus seem mostly anchorage-independent, but not 

entirely. Strikingly, fibroblast-derived spheres tended to attach to the bottom of the cell culture 

flask, and a substantial number of cells continued to grow adherently. This heterogeneity in 

growth behavior could suggest acquired/induced anchorage independence. 

The findings of fibroblast-derived spheres resemble previous studies conducted by our group, 

which also demonstrated sphere formation of fibroblast cultures in the same stem cell medium 

(StemPro™ hESC SFM medium), with induced gene expression of NCSC markers NGFRp75 

and nestin compared to fibroblasts cultivated in RPMI+10%FBS [621]. In contrast, as part of 

their studies on DSCs, Li et al. cultivated melanocytes and fibroblasts from foreskin in stem 

cell medium as well, but used a different human embryonic stem cell medium, specifically 

HESCM4 conditioned by mouse embryonic fibroblasts (MEFs). Despite strong proliferation, 

fibroblasts in their study did not form spheres and instead grew in adherent monolayer cultures. 

Melanocytes even died within two weeks [31]. This raises questions about the discrepancy in 

the fibroblasts’ sphere-forming ability and simultaneously suggests a significant influence of 

the stem cell medium used in this study. It seems that the StemPro™ hESC SFM medium not 

only promotes the growth of stem cells, but also facilitates the universal formation of 

spheres/aggregation of cells in a non-stem cell-specific manner. The possibility that Li and 

colleagues may have used adherent cell culture flasks compared to suspension cell culture flasks 

in this work, accounting for the difference, can be dismissed, as fibroblast cultures also formed 

spheres in adherent cell culture flasks in the StemPro™ hESC SFM medium (data not shown). 

While it was previously known that fibroblasts were present in the spheres of DSC-fibroblast 

co-cultures, it was unexpected that pure fibroblast cultures were also able to form spheres. 

Various explanations could account for this phenomenon. It cannot be ruled out that a minor 

population of DSCs may have still been present in the fibroblast cultures in these experiments, 

potentially initiating the process of sphere generation. Additionally, various studies not only 

report the existence of a (CD45–/CD73+/CD90+/CD105+) fibroblast population with 

mesenchymal stem cell-like characteristics in the dermis of juvenile foreskin [111], but also 

suggest that dermal fibroblasts are a heterogeneous population containing diverse progenitors 

with varying differentiation potential [113]. The fibroblast spheres could also represent skin-

derived precursors (SKPs) [105,109]. Hill and colleagues demonstrated the ability of human 

dermal fibroblast cultures to form SKPs after monolayer culture, regardless of their origin (hair-

dense and hair-sparse body regions; adult skin and neonatal foreskin) [622]. These SKPs 
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expressed neural crest, embryonic, and mesenchymal stem cell markers and exhibited 

morphological and functional similarities to traditional SKPs. They observed first SKP spheres 

within 7–11 days and spheres took an average 21 days to form [622]. One could assume that 

these stem cell-like fibroblasts [111] and progenitor cells [113,622] might have been (still) 

present in the fibroblast cultures used here and, when stimulated by the stem cell medium, led 

to the formation of spheres. However, the rapid formation of the fibroblast spheres (within one 

day and at the latest after four days) makes this hypothesis, as well as the notion of a few 

remaining DSCs as sphere initiators, rather unlikely. To ascertain if sphere initiation is indeed 

restricted to stem cells, it becomes imperative to utilize fibroblast cultures or other cell cultures 

that have been verified not to contain any stem cells. Additionally, a more in-depth examination 

of the involved cells, including their antigen and expression profiles, is necessary to provide a 

thorough explanation for the phenomenon of fibroblast spheres.  

Another aspect to be considered in this discussion is that the spheres, due to multi-cell seeding, 

lack clonality, making cell merging a possibility. Factors such as excessively high seeding cell 

density, experimenter-induced cell movement [623], and intrinsic mobility of spheres 

contribute to cell aggregation and fusion of spheres [425]. The latter has been observed in 

neurospheres even at low cell densities [623]. The integration of fibroblasts into spheres owing 

to the natural tendency of cells to reaggregate, just like in tissue, is also a plausible occurrence. 

The observed formation of spheres at the utilized cell densities is evidently not solely attributed 

to the proliferation or self-renewal of a single stem cell but also involves the merging of cells. 

The inclusion of fibroblasts in dermal spheres and co-culture spheres serves as clear evidence 

of this phenomenon, as otherwise, the occurrence of mixed spheres including DSCs and 

fibroblasts would not be possible. In such mixed spheres, both classical sphere formation 

through proliferation/self-renewal of DSCs and cell aggregation of fibroblasts, due to high 

density or to establish cell-cell contacts, likely play a role. This assumption gains support from 

the rapidity of sphere formation in DSC-fibroblast co-culture, which did not align with the 

measured doubling times of DSCs and the results of Herlyn’s group, who obtained small 

colonies only after 15 days and typical spheres after 90 days from single cells [31]. Therefore, 

aggregation of cells could have contributed to the formation of fibroblast spheres as well. To 

verify if the fibroblast spheres indeed arise through proliferation, demonstrating sphere-forming 

ability, or simply from cell merging, it is recommended to conduct a sphere formation assay 

with single-cell seeding or live cell imaging. Another method to distinguish cell proliferation 

from aggregation involves labeling with the tracing dye carboxyfluorescein diacetate 

succinimidyl ester (CFDA-SE). In this approach, a dissociated single-cell suspension is labeled 
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and cultured together with an unlabeled counterpart, and resulting spheres are examined for 

fluorescence. If spheres consist exclusively of either labeled or unlabeled cells, they form 

through cell proliferation/self-renewal. However, if spheres are a mixture of labeled and 

unlabeled cells, then cell aggregation also plays a role [97]. 

In summary, it is not conclusively understood why under seemingly identical conditions (except 

for the medium) there was no sphere formation in fibroblast cultures in the study by Li et al. 

[31] compared to impressive generation of fibroblast spheres observed in this work. However, 

the evidence, especially the rapidity of sphere formation in fibroblast cultures, primarily 

suggests the influence of the different stem cell medium and significant involvement of cell 

aggregation. Consequently, a sphere formation assay with multiple-cell plating is 

unquestionably not a unique functional assay for stem cells. Pastrana and colleagues phrased it 

quite explicit in their review: “Instead, sphere-forming assays evaluate the potential of a cell to 

behave as a stem cell when removed from its in vivo niche” [425]. 

In conclusion, it is important to highlight that this thesis focused solely on investigating the 

sphere formation (or aggregation) potential of DSCs, not their self-renewal. If the self-renewal 

ability of DSCs is to be explored, as a characteristic feature of NCSCs [426], a different sphere 

formation assay would be required. An optimal self-renewal assay includes the serial dilution 

of dissociated spheres for single-cell plating in 96-well microplates. This excludes merging of 

cells, ensuring that the formation of spheres is solely attributable to the proliferation of a single 

cell [31,425]. 

6.5.2 Sphere Formation Following UV Irradiation 

The ability of DSCs to generate stem cell-specific three-dimensional spherical structures was 

further investigated in response to UV irradiation. Three naturally enriched DSC-fibroblast co-

cultures (with 49%, 65%, and 89% stem cell content) were initially irradiated in monolayer 

culture, using varying doses of UVA and UVB either as a single or multiple exposures. 

Irradiation with 900 J/m² UVB significantly decreased viability and DSC frequency when 

applied both as a single or fractionated exposure over three days (3×300 J/m² UVB). This aligns 

with the apoptosis results in DSCs mentioned earlier, which involved an increased proportion 

of apoptotic cells and a reduction in stem cell content 48 h after irradiation with the same UVB 

dose (see section 6.3.3). The reason for the decreased viability following 3×24.67 kJ/m² UVA, 

although the DSC frequency remained unchanged and application of the same cumulative dose 
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in a single irradiation had no effect, remains unclear. This reduction was less pronounced 

compared to the impact of UVB. 

The previously irradiated cells were seeded with equal amounts of viable DSCs in suspension 

culture flasks and were cultivated for five days. While there is no standardized parameter for 

assessing spheres, different approaches encompass the mean diameter of spheres, 

morphological description, relative area occupied by spheres, and the number of spheres being 

the most frequently used measure [404]. In this study, the evaluation of spheres was based on 

sphere count and size in terms of diameter. Similar to the other UV experiments in this study, 

UVA showed no detectable influence on the number of formed spheres. In contrast, exposure 

to 300 J/m², 900 J/m², and 3×300 J/m² UVB resulted in a notable reduction in the number of 

spheres, suggesting a potential impact of UVB on sphere formation ability. In light of this 

diminished sphere count after UVB irradiation, three hypothetical scenarios could be 

considered: (i) Further cell death of UVB-irradiated DSCs may have decreased the number of 

available cells for sphere formation. (ii) If no additional cell death occurred, there might actually 

be an impairment of cellular function, making DSCs less prone to forming spherical structures. 

(iii) UVB radiation may have influenced DSCs in a way that they form fewer but larger spheres. 

In the analysis of size distribution, the observed heterogeneity in sphere size, characterized by 

a right-skewed distribution where smaller spheres constituted the majority of the population, 

resembled findings of other sphere formation studies. For example, Zhou and colleagues 

examined human cancer cell lines and mESCs using multiple-cell plating, reporting a size range 

of 50–350 µm, with smaller spheres being predominant [404]. In this study, a comparable size 

range was identified, with the largest measured sphere having a diameter of 374 µm. Spheres 

exceeding 200 µm were uncommon and were thus combined into a single category. According 

to the literature, spheres are typically assessed in the size range of 40–150 µm in diameter [425]. 

Here, the minimum threshold was set at 25 µm based on optical assessment of the formed 

structures. 

It was observed that after all irradiations (except for 300 J/m² UVB), there was a tendency for 

fewer small and more large spheres to be generated compared to non-irradiated controls, 

meaning the size distribution slightly shifted towards greater diameter upon irradiation. 

Surprisingly, this effect was evident even after UVA exposure, despite the absence of any 

previously demonstrated impact by UVA. It is important to note that these changes lacked 

statistical significance, likely due to the small sample size of n=3 and relatively large variances. 

However, the described effect partly became very clear when considering individual donor cell 
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strains. As the different donor cell strains had varying stem cell contents, the question arose 

whether differences in DSC frequency or the presence of fibroblasts could contribute to the 

variability in sphere formation. However, this aspect was not pursued further, given the 

complexity and diversity of interindividual variability [570], which cannot be adequately 

represented and discussed, especially in combination with other influencing factors like UV 

irradiation. For a more precise investigation into the role of fibroblasts in sphere formation, one 

would need to use the same purified DSCs and mix them with varying ratios of fibroblasts, as 

such effects cannot be reliably measured across different donors. Consequently, despite the 

differing starting conditions of the donor cell strains, it was decided not to consider them 

separately. 

Since the used DSC cultures were not completely pure, the formed spheres contained fibroblasts 

in addition to DSCs. As demonstrated previously, spheres appear to arise not only from the 

proliferation of a single cell but also from the aggregation of multiple cells, including 

fibroblasts, which can also generate spheres in the utilized stem cell medium (see Figure 5.12 

and section 6.5.1). Unfortunately, due to their size, the spheres formed in this experiment could 

not be fully dissociated, preventing the accurate measurement of the final stem cell and 

fibroblast content. Nevertheless, it was confirmed that fibroblasts were indeed present within 

the spheres (data not shown). 

The question arose as to the reasons behind the overall increase in sphere size following UV 

irradiation. One consideration is that fibroblasts might have an impact on sphere size, akin to 

the characterization experiment. In that experiment, when comparing the same donor cell strain 

in its native state (17% DSCs) to a purified state (87% DSCs) with an equal total number of 

seeded cells, the spheres were notably larger in the native culture (see Figure 5.12). In this UV 

experiment, for samples with a reduced DSC frequency after irradiation, a higher total number 

of cells was seeded in suspension to maintain the same absolute number of DSCs as the starting 

point. This was equivalent to a relatively greater number of fibroblasts in the culture. 

Consequently, these additional large-sized fibroblasts could have contributed to a larger sphere 

diameter through aggregation within the spheres. In that case, the effect should have been 

restricted to specific treatments where a diminished stem cell content was observed, namely the 

samples irradiated with the higher UVB dose. However, the trend of a shifted size distribution 

towards larger spheres was observed universally in all irradiated samples (with one exception), 

even in those where the DSC content remained constant compared to the control. In this 

experiment, it seemed that fibroblasts had minimal or no influence on the varying sizes of the 
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spheres after UV irradiation. The previously noted impact of UVB on viability, DSC frequency, 

and sphere count did not manifest in the size distribution of the spheres. 

Consequently, it appeared that the altered size distribution was neither dependent on fibroblasts 

nor on specific wavelengths but rather represented a general radiation effect. When assuming 

that sphere size might be indicative of the proliferation/differentiation status and the 

responsiveness to growth factors of the parental clone-forming cell [425], larger sphere size 

could have resulted either from an amplified sphere-forming ability or, conversely, from an 

increased sensitivity to growth factors. Another plausible hypothesis that has emerged is that 

cells become generally stickier after irradiation due to changes in the surface 

condition/membrane damage. This phenomenon has been observed, for example, in the 

irradiation of hESCs (I. Schröder, personal communication, September 18, 2023). An increased 

stickiness could facilitate sphere formation, resulting in larger spheres by involving more cells 

and potentially even the fusion of small spheres. This theory would at least provide an 

explanation for the universal occurrence of the size shift effect. In the apoptosis investigations, 

there were indeed indications that UV irradiation led to membrane damage, impacting the 

detection with specific antibodies. This finding could serve as an indication of the suspected 

increase in stickiness in this sphere formation experiment, albeit the understanding of the 

mechanisms remains rudimentary. 

The utilized sphere formation assay and analysis methods had certain limitations and pitfalls, 

which will be briefly discussed below. 

(1) As previously mentioned, the seeding cell density is the most critical parameter in 

the sphere formation assay, influencing clonality and sphere number. This is 

attributed to the impact of autocrine/paracrine signals on sphere-forming efficiency 

and the tendency for cell aggregation at high cell density [425]. A density of 0.2–

20 cells/µl culture medium is considered suitable for clonal growth [425]. Since the 

purpose of the sphere formation assays in this study was not to investigate self-

renewal/clonality, the seeding densities were not chosen based on these guidelines 

and, in fact, significantly exceeded them (up to 20 times more cells). However, 

interpreting results from high-density seeded cultures becomes challenging due to 

cell aggregation and the fusion of spheres [425]. Additionally, moving the cell 

culture flasks during the growth phase further increases the occurrence of cell 

aggregation [623]. For an adequate assessment of UV influence, it should be 

considered to switch to low-density conditions to mitigate possible other 
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confounding effects. To circumvent some of the described issues, such as 

experimenter- and intrinsic mobility-induced aggregation, modifications of the 

traditional sphere assays have been developed, such as cultivation in semi-adherent 

conditions [425]. 

(2) The chosen methods of analysis have a certain susceptibility to errors, but they were 

selected as accurately as possible. The assessment of sphere count and diameter 

relied on representative images, with no assurance that the actual state was precisely 

reflected. Additionally, for a truly precise measurement of the diameter, the spheres 

would need to be perfectly round, which is not the case in a natural system. The 

most accurate representation of sphere size would be through the volume of a sphere. 

However, determining volume through images is not a suitable method for the 

reasons mentioned above and, as a result, was not carried out. Other parameters 

described in the literature also have their limitations, making it clear that there is no 

single perfect parameter [404]. 

In conclusion, it is affirmed that UVB irradiation is less well-tolerated and affects the viability, 

stem cell frequency, and sphere count of DSCs. However, whether the altered size distribution 

of the spheres is a result of an impact on cellular function or rather caused by structural changes 

remains uncertain and requires further investigation. The precise influence of UV irradiation 

on the stem cell’s sphere formation ability could not be conclusively clarified. To mitigate 

uncertainties related to the influence of fibroblasts on sphere size, which may potentially 

obscure actual irradiation effects, it is recommended to conduct this experiment using highly 

MACS®-purified DSC cultures. Moreover, investigating the impact of UV irradiation on 

sphere formation in an assay with single cells through serial dilution should be considered, as 

this approach would also eliminate cell stickiness as a potential influencing factor. 

6.6 MicroRNA Expression 

In terms of preliminary experiments, the expression of microRNAs (miRNAs) in DSCs was 

conclusively examined, since these molecules play a pivotal role in various cellular processes 

and mechanisms in stem cells, including the regulation of cell cycle [624], stemness and 

differentiation [625-628], the DNA damage response (DDR) [237], and carcinogenesis [629]. 

It is well-established that miRNAs significantly contribute to the development, progression, 

and metastasis of malignant melanoma (MM) [235] and to this day, several differentially 

expressed miRNAs have been identified in MM [291,314]. During the initiation of cancer, 
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miRNAs exert their influence not only within cells (see section 1.5.2.2) but also externally. The 

crosstalk between transforming cells and the surrounding microenvironment is a crucial factor. 

miRNAs play a decisive role in the evolution of the tumor microenvironment [630], for 

instance, in regulating cancer-associated fibroblasts (CAFs), T cells, tumor-associated 

macrophages (TAMs), tumor-associated MSCs, and endothelial cells [235]. Hence, the specific 

biological characteristics of cells undergoing transformation might be evident in their miRNA 

expression pattern [631]. 

The miRNA analysis in this investigation utilized a custom multiplex melanoma panel 

comprising 63 miRNAs that were selected by colleagues based on a literature review. While 

these miRNAs are known to be dysregulated in MM, they are not exclusively specific to 

melanoma and are also identified in other types of cancers. For instance, miR-21 exhibits 

upregulation in melanoma, as well as in various other cancer types such as lymphoma, 

glioblastoma, breast, lung, prostate, and pancreas cancer [319]. The prominent upregulated 

onco-miRNAs in melanoma include miR-21, miR-155, miR-221/222, and miR-182. 

Conversely, frequently downregulated tumor suppressor miRNAs encompass miR-205, miR-

125b, miR-211, the let-7 family, miR-34a, miR-16, miR-137, miR-31, miR-203, and the miR-

200 family [314,317], all of which are part of the utilized panel. 

Several miRNAs from the panel are also linked to or involved in the DDR (see section 1.4.5), 

a pivotal player in tumor prevention. The dysregulation of DDR mechanisms, such as cell cycle 

arrest and apoptosis, is a crucial process in carcinogenesis. For instance, miR-34a and miR-34b 

from the miR-34 family are induced in a p53-dependent manner and promote cell cycle arrest, 

apoptosis, and senescence [187,202,240]. Moreover, p53 induces various other miRNAs, 

including miR-192 [241], miR-16 [188], miR-15a, let-7 miRNAs [202], miR-145 [236], miR-

200c, and miR-21 [245], while suppressing miR-221 [202]. miR-125b negatively regulates p53, 

contributing to the low baseline expression of p53 under normal conditions [246]. Additionally, 

miR-21 [250] and miR-16 [188,237] can inhibit Cdc25A. The involvement of these miRNAs 

in the regulation and execution of the DDR underscores their significance in tumorigenesis. 

To investigate miRNA expression in DSCs, both without and with UV irradiation, it was 

imperative to utilize highly purified DSC cultures to avoid analyzing miRNAs expressed by co-

cultured fibroblasts, for example, in the context of radiation-induced bystander effects [632]. 

Therefore, one naturally enriched and two MACS® positive selection-purified DSC cultures 

were used. The comparison involved two foreskin-derived melanocyte cell strains and three 

melanoma cell strains from metastases. Already during the evaluation of the measured data for 
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the selection of suitable stable miRNAs for normalization, it became apparent that the three cell 

types seemingly exhibit distinct miRNA expression patterns. Despite this, all measurements 

from the various cell strains were analyzed collectively to enable an adequate comparison based 

on the same normalization, although the nine most stable miRNAs obtained from this analysis 

not necessarily corresponded to the most stable miRNAs in the individual cell types. For future 

investigations, it is recommended to include miRNAs proven not to be cell-type specific, 

ensuring identification of these miRNAs as the most stable ones across all cell types. This 

approach would enhance the reliability of normalization for comprehensive comparisons. 

6.6.1 Baseline MicroRNA Expression 

In an initial investigation using the non-irradiated control cells, the focus was on determining 

potential differences in the baseline miRNA expression between DSCs and their differentiated 

progeny, melanocytes, as well as melanoma (MM) cells. A panel of eight differentially 

expressed miRNAs was successfully identified, clearly distinguishing between DSCs on one 

side and melanocytes and MM cells on the other. Among these, four miRNAs were 

overexpressed in DSCs, whereas the other four were downregulated in comparison to the other 

two cell types. The observed differences between DSCs and MM cells were consistently 

statistically significant. However, in the comparison between DSCs and melanocytes, only one 

of the eight miRNAs demonstrated statistical significance, likely attributable to the smaller 

sample size of melanocytes. Notably, melanocytes emerged as a bridge between DSCs and 

melanoma cells concerning the baseline expression of these eight miRNAs, occasionally 

exhibiting greater similarity to DSCs, other times to MM cells, or positioning between the 

expression values of DSCs and melanoma cells. As an additional observation, the uniformity 

observed across all three analyzed DSC cell strains provided an initial indication that 

purification with MACS® positive selection apparently does not affect the baseline miRNA 

expression of DSCs, at least not for the investigated miRNAs, as evidenced by minimal standard 

deviations. 

The set of four miRNAs overexpressed in DSCs, while being downregulated in both melanoma 

cells and melanocytes, consisted of hsa-mir-137, hsa-mir-15a-5p, hsa-mir-33a-5p, and hsa-mir-

494-3p. This observation is in agreement with existing literature, where all four miRNAs are 

reported to undergo downregulation in melanoma and melanoma cells. The tumor suppressor 

miR-137, in addition to melanoma [338,339], is also found to be reduced in other cancers, e.g., 

colorectal cancer, head and neck squamous cell carcinoma, and glioblastoma [633]. 

Functionally, miR-137 targets MITF, which regulates anti-apoptotic Bcl-2, and EZH2, which 
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usually represses the CDK inhibitor p21. Elevated levels of miR-137, as observed in DSCs, 

may result in the downregulation of MITF and EZH2, facilitating apoptosis and cell cycle arrest 

[339]. Other studies indicate miR-137-mediated cell cycle arrest through the targeting of Cdc42 

and CDK6 [634]. Furthermore, miR-137 is associated with cell cycle regulation and control of 

cell fate determination in neural stem cells, where its high expression reduces proliferation and 

accelerates neuronal differentiation [635,636]. miR-15a, reported to be downregulated in 

melanoma [315] and other cancer types like leukemia, multiple myeloma, non-small cell lung 

cancer, and breast cancer [637], can be induced by p53 [202]. It targets cyclin D2, cyclin E1, 

and Bcl-2 [335,638], implicating its involvement in cell cycle regulation and apoptosis 

induction. The tumor suppressor miR-33a, significantly downregulated in melanoma and 

melanoma cells [639-641], typically inhibits the activation of the PI3K/AKT/mTOR pathway 

by targeting SNAI2 (Slug). Overexpression of miR-33a-5p in melanoma cells in vitro 

suppresses proliferation, invasion, migration, EMT, and promotes apoptosis [640]. miR-33a 

targets HIF1α directly [641] and p27 indirectly [639]. mir-494, downregulated in melanoma 

and melanoma cell lines [642,643] and also in breast cancer [644], is described as a tumor 

suppressor, inhibiting proliferation via the MAPK signaling pathway by targeting PAK1 [644]. 

However, there are conflicting reports about an oncogenic function of miR-494 in colorectal 

cancer, as it represses PTEN, leading to the activation of the PI3K/AKT signaling pathway, 

promoting cell migration and invasion [645]. 

The four miRNAs, which exhibited downregulation in DSCs but were overexpressed in 

melanocytes and MM cells, included hsa-mir-146b-5p, hsa-mir-204-5p, hsa-mir-222-3p, and 

hsa-mir-34a-3p. Reports on the involvement of miR-146b in melanoma are contradictory. 

Levati et al. describe reduced expression in melanoma cell lines [646]. During the photoaging 

process in dermal fibroblasts, miR-146b-5p is also downregulated [647]. Conversely, other 

studies indicate increased expression in melanoma [325,648] and melanoma cell lines [631]. 

This aligns with the expression results presented here, where miR-146b was overexpressed in 

MM cells and downregulated in DSCs. It is noteworthy that in melanocytes, this miRNA also 

demonstrated surprisingly high expression with a significant difference compared to DSCs. In 

ESCs and iPSCs, the expression of miR‑146b‑5p promotes differentiation towards the neural 

lineage by targeting SMAD4, thereby reducing Oct-4 expression [649]. Stevanato et al. also 

described miR-146b-5p upregulation in differentiated human neural stem cells [650]. In this 

context, reduced baseline expression in DSCs is plausible to maintain stemness, and the 

increased expression in melanocytes could be attributed to the differentiation process. 

Similarly, the literature regarding miR-204 is characterized by ambiguity. Some studies 
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indicate upregulation in melanoma cell lines [631], while the majority reports miR-204 as 

downregulated [651] or even lost as a key event in melanoma [652], exerting tumor-suppressive 

functions through the targeting of Bcl-2 [653]. This contradicts the expression levels observed 

here, especially the elevated expression in melanocytes. However, findings of very low miR-

204 levels in neural stem cells compared to high levels in differentiated brain tissues, attributed 

to miR-204 suppressing self-renewal and stemness [654], could explain the downregulation in 

DSCs. Oncogenic miR-222 levels are reported to be stepwise upregulated during melanoma 

transformation, while being nearly undetectable in normal melanocytes [320]. Overexpression 

is also demonstrated in glioblastoma, multiple myeloma, breast, liver, pancreatic, prostate, 

gastric, and colorectal cancer [655]. miR-222-mediated suppression of p27 (resulting in cell 

cycle transition), the c-Kit receptor (blocking differentiation), and PTEN (activating PI3K/AKT 

signaling) enhances cell proliferation and invasion [320,325,335]. These findings align with the 

results showing high miR-222 expression in melanoma cells in this study. Additionally, there 

is evidence suggesting that miR-222 might promote differentiation by regulating the expression 

of differentiation-related genes [656], and that inhibiting miR-222 secures the expression of 

stem cell markers [657]. Possibly, this might also apply to the low miR-222 expression observed 

in DSCs. miR-34a is a tumor suppressor and key effector of p53-mediated DDR. It promotes 

cell cycle arrest, apoptosis, and senescence through the downregulation of cyclin E2, CDK4/6, 

E2F3, c-Myc, and Bcl-2 [187,202,240]. Consequently, the downregulation of miR-34a in DSCs 

may have implications for their DDR. Another target of miR-34a is the E-cadherin inhibitor 

ZEB1, decreasing proliferation and migration [336]. Being lost in various cancer cell lines and 

commonly deleted in neuroblastoma, non-small cell lung cancer [187,202,240], breast, liver, 

pancreatic, prostate cancer [624], and melanoma [315,336], the overexpression observed in 

MM cells in this study contradicts the reported findings. In addition to the anti-proliferative 

potential, miR-34a is capable of repressing stemness factors like Oct-4, KLF4, LIN28A, SOX2, 

Nanog, Notch, and Myc, thereby preventing backsliding to pluripotency and promoting 

differentiation [658,659]. Similarly, miR-34a-3p exhibits significantly lower expression in 

epidermal stem cells compared to differentiated keratinocytes [660]. Therefore, downregulation 

of miR-34a in DSCs might contribute to maintaining stemness. 

The divergence observed in the miRNA expression pattern of melanoma cells in this study, 

when compared to existing literature, is comprehensible. Other previous studies also show 

partially contradictory results. Studies on miRNA dysregulation in melanoma face certain 

limitations [314]. Prior reports often compared human melanoma cell lines with primary 

epidermal melanocytes, or melanoma tissue (primary or metastatic) was contrasted with benign 
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nevi or normal skin. However, there are inherent differences between in vivo tumor tissue and 

in vitro cell lines, and likely also between primary and metastatic melanoma tissue. In addition, 

the choice of the presumed initiating cell for comparison is crucial for the outcomes of these 

analyses. It is still unknown whether a melanocyte or a melanocyte stem cell, such as a DSC, 

serves as the cell of origin for malignant melanoma. However, its baseline miRNA expression 

may vary depending on the state of differentiation [314] as indicated with the findings here, 

comparable with the differential miRNA expression profile between epidermal stem cells and 

differentiated keratinocytes [660]. This aspect is important to consider when comparing 

miRNA levels in melanoma cells to those of DSCs in this study, as deregulated miRNAs 

described in the literature might not be directly applicable to this specific comparison. It is also 

crucial to note that miRNA expression may not necessarily correspond to miRNA activity, 

similar to the relationship between mRNA and protein levels and activity. Consequently, 

investigating the activity of differentially expressed miRNAs is essential to validate their 

functionality [314]. Additionally, variations in tissues from different individuals contribute to 

partially contradictory results. 

Conducting network analyses for both the 4-miRNA set overexpressed and downregulated in 

DSCs yielded two clusters with various targets, encompassing tumor suppressors (e.g., PTEN) 

and oncogenes (e.g., Myc, Bcl-2). Some of these targets are known to be implicated in the 

regulation of proliferation, cell cycle, DNA repair, and apoptosis. Notably, there was partial 

overlap among the targets for the two 4-miRNA sets. For the sake of completeness, enrichment 

analyses/over-representation analyses (ORA) were also conducted regarding enriched KEGG 

pathways and GO terms to identify biological processes and pathways in which the 

differentially expressed miRNAs are involved. However, these results were not further 

investigated. Given that the relatively limited number of examined miRNAs in the panel were 

preselected based on their involvement in melanoma (and other cancers), the outcome of the 

pathway analyses is predetermined and biased. Therefore, it is not surprising that the ORA of 

the downregulated 4-miRNA set revealed involvement in proliferation and various cancer 

pathways. 

Furthermore, limitations arose from the constrained number of miRNAs utilized in the pathway 

analysis. The inclusion of only four miRNAs as input limits the statistical power to detect 

significantly enriched pathways. The fact that already eight out of the 58 examined miRNAs 

(initially 63 minus five barely-expressed miRNAs) were differentially expressed in this 

relatively small panel implies that the DSCs generally differ significantly in their baseline 
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miRNA pattern compared to the other two cell types. A broader investigation would likely 

unveil a multitude of differentially expressed miRNAs. Typically, miRNAs influence multiple 

targets and operate in collaboration with other miRNAs, forming a complex network of 

miRNA-target interactions [314]. Therefore, conducting an ORA with solely four identified 

miRNAs from a highly selected, tumor/melanoma-specific panel only allows for a very limited 

and guided analysis, leading to an oversimplification of potential effects. Consequently, the 

interpretative power of the pathway analyses presented here is restricted regarding general 

baseline differences between the cell types. While these pitfalls were acknowledged in advance, 

the baseline expression of these selected miRNAs was nevertheless explored for an initial 

assessment. 

In summary, this study has provided preliminary indications of notably distinct baseline 

miRNA expression patterns in DSCs compared to melanocytes and melanoma cells, even with 

a thematically highly selected miRNA panel. For a more comprehensive understanding, larger-

scale analyses are urgently needed. 

6.6.2 MicroRNA Expression Following UV Irradiation 

UV radiation is known to induce changes in miRNAs expression in the skin, being implicated 

in various processes like photoaging [661,662], pigmentation [50], DDR [188,663], and also 

oncogenic pathways [189,664-666]. In addition to a general miRNA response to UV, there are 

also wavelength-specific miRNA responses. The differential expression of miRNAs varies 

depending on whether cells are exposed to UVA or UVB [667,668]. 

Growing evidence suggests that UV radiation causes dysregulation of miRNAs associated with 

photocarcinogenesis and melanomagenesis [666,669,670]. This includes UV-mediated 

deregulation of miRNAs due to oxidative stress, contributing to known signal transduction 

pathways underlying melanoma development. These UV-induced, redox-sensitive miRNAs 

include, e.g., upregulation of miR-22, miR-21, miR-30b, miR-146a, miR-155, and miR-182, as 

well as downregulation of miR-29c, miR-34b, miR-34c, miR-125b, miR-148, miR-199a, miR-

206, miR-200c, and miR-193b. This dysregulation results in increased proliferation, migration, 

and invasion, while apoptosis is inhibited [669]. Additionally, UV-stimulated exosomal 

trafficking of melanoma-promoting miRNAs is suggested, for example, miR-21-enriched 

exosomes secreted by keratinocytes upon UV irradiation and taken up by melanocytes [671]. 

To examine whether UV irradiation also induces alterations in the miRNA expression profile 

of DSCs that are associated with melanoma development, DSCs were exposed to a single dose 
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of 300 J/m² UVB or 37 kJ/m² UVA. miRNA expression was then analyzed at two different 

times following exposure. Melanocytes were also irradiated for comparison, and melanoma 

cells (without irradiation) were included in the analysis as a reference for melanoma-specific 

miRNA patterns. The investigation addressed the following questions: 

a) Is there a radiation effect with differentially expressed miRNAs evident in DSCs 

and/or melanocytes? 

b) Does UV irradiation induce changes in the miRNA expression patterns of DSCs 

and/or melanocytes resembling melanoma cells and thus associated with melanoma 

development? 

In this experimental setup, no significant irradiation effect was observed at any time, neither 

with UVA nor with UVB, as the hierarchical cluster analysis primarily reflected differences 

based on cell types and donors rather than the irradiation treatment. The primary driver for 

miRNA expression heterogeneity was cell type differences, demonstrated by distinct clustering 

according to cell type. Additionally, donor-dependent differences within the cell types were 

noticeable, enabling a clear distinction between individual donors. Irradiated DSCs and 

melanocytes lacked a clear distinction from their respective non-irradiated controls, suggesting 

that there was no UV-induced up- or downregulation within both cell types, despite some of 

the analyzed miRNAs being involved in the DDR. Furthermore, there was no clustering of 

irradiated DSCs or melanocytes with the melanoma cells, indicating that after UV irradiation, 

no miRNA patterns associated with the development of melanoma were found in DSCs and 

melanocytes. Overall, interindividual variability was more pronounced than any putative 

irradiation effect in this setting. With this single application of the chosen UVB and UVA doses, 

only minimal changes in miRNA expression were observed. Therefore, no miRNA signature 

for different cell types responding to UV was identified. 

Similar to the investigation of differentiation following UV irradiation, a single exposure 

appears insufficient to elicit UV-related effects in miRNA expression. It is conceivable that the 

chosen doses may have been too low, although, for comparison, research on keratinocytes 

demonstrated that after irradiation with the same dose of 300 J/m² UVB, a considerable number 

of miRNAs were differentially expressed, many of which were also included in the panel used 

here [672]. In future research, it is advisable to consider multiple irradiations. Clear epigenetic 

dysregulation is likely to manifest gradually through chronic irradiation, akin to genetic changes 

that develop over an extended period, ultimately contributing to transformation and the 

occurrence of skin cancer in old age. This assumption gains support from the examination of 
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miRNA expression in mouse skin, where almost no changes were observed after acute 

exposure, but a significantly higher number of differentially expressed miRNAs emerged in 

response to chronic UV exposure. These miRNAs were associated with pathways related to 

PI3K/AKT signaling, MAPK signaling, and melanoma [664]. 

Notably, the expression pattern of all examined miRNAs in DSCs did not exhibit significant 

similarity to either melanocytes, which might have been anticipated given their progeny 

relationship, or melanoma cells, as might have been expected within the context of the cancer 

stem cell hypothesis (see section 1.5.2.3). The previously reported similarities between DSCs 

and certain melanoma cell populations, presumably CSCs, in other studies [32,42] could not be 

confirmed on the miRNA level. However, it is worth noting that only a small, selected miRNA 

panel was investigated. To provide an accurate assessment of similarities or differences in the 

overall miRNA patterns of the different analyzed cell types, a comprehensive analysis of the 

entire miRNAome is necessary. 

The most advanced method for miRNA analysis currently is RNA-seq using next-generation 

sequencing (NGS) [673]. Future studies utilizing NGS will be essential to evaluate how changes 

in the miRNA pattern contribute to the DDR of DSCs and the potential malignant 

transformation into melanoma. Investigating not only changes in intracellular miRNA 

expression following UV irradiation but also alterations in the secretion of miRNAs, such as in 

exosomes, holds promise. For example, it has been demonstrated that after multiple UV 

irradiations, human foreskin melanocytes release exosomes containing specific miRNAs, which 

induce premature senescence and suppress critical DNA repair genes involved in the GGR and 

TCR pathways [674]. 
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7 Outlook 

This study investigated how DSCs, considered as a potential cell of origin for malignant 

melanoma, respond to UV irradiation regarding various processes. Additionally, DSCs were 

examined for specific cell characteristics and the purification of DSC cultures was established. 

The outcomes of this work not only pose several questions, but also present new opportunities 

for future research on these cells. 

Concerning the immunomagnetic separation to purify DSCs, it was hypothesized that there 

could be distinct subpopulations of dermal fibroblasts [53,459,462-464] and, additionally, small 

proportions of other dermal cells present within the co-cultures, aside from DSCs and 

fibroblasts. This presence could potentially hinder effective purification through negative 

selection based on CD90. Phenotypic analysis of DSC-fibroblast co-cultures with respective 

markers is necessary to characterize all potential cell types, e.g., CD31, Tie2 for endothelial 

and lymphatic cells; CD45, CD34, CD14, CD11b for hematopoietic/immune cells [53,458]; 

CD106, CD105, CD73 for mesenchymal stem cells (MSCs) [115,675]. Positive selection with 

the MACS® approach proved successful, with DSCs maintaining viability and proliferative 

capacity, providing a promising tool to enrich DSCs in upcoming experiments. To use these 

purified DSCs as a model for studying melanomagenesis, it is crucial to ensure that normal 

DSC characteristics are preserved after purification. Initial investigations of sphere formation 

ability, differentiation potential, and miRNA expression suggest that this is true. However, 

further validation is necessary to confirm that the functionality is indeed retained. 

The melanocytic differentiation potential of both DSC-fibroblast co-cultures and purified DSCs 

was confirmed, albeit with a slightly reduced ability in purified DSCs. This raised the question 

whether fibroblasts in vitro could positively influence the differentiation of melanocyte stem 

cells, as expected in the dermis [7]. To address this, a purified DSC culture should be manually 

recombined with varying proportions of fibroblasts to subsequently compare the differentiation 

potential. Additional experiments are necessary to investigate proliferation (using DNA-

traceable dye labeling [586,587]), apoptosis, and senescence during differentiation. It is also 

essential to examine whether DSCs maintain their differentiation potential over extended 

periods of cultivation. The role of p53 may be of interest as well, not only as an apoptosis 

regulator but also as a potential regulator of differentiation in adult stem cells [597,598]. To 

gain comprehensive insights, transcriptomic/proteomic profiles in DSCs/differentiating cells at 

various times and in response to UV radiation are necessary. This investigation should 
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encompass not only cell-specific markers but also tumor suppressor genes and key melanoma 

driver genes. 

 Further studies are required to explore differentiation at the epigenetic level, given the 

relationship between epigenetic modifications, stem cell behavior, and fate. Stem cell identity, 

including self-renewal and differentiation potential, is known to be also regulated epigenetically 

through DNA methylation, histone modifications, and miRNAs [676,677]. Especially miRNAs 

play a pivotal role, with various stem cell types exhibiting unique miRNA expression profiles 

[678]. During differentiation, significant changes in the epigenetic profile occur, involving the 

silencing of pluripotency genes and activation of specific signaling pathways for a given cell 

type [56,676]. There is a growing number of miRNAs targeting genes or pathways involved in 

melanocyte differentiation and biology, including an extensive network centered around MITF 

[679]. 

The sphere-forming potential of DSCs remained unaltered following both UV irradiation and 

purification with MACS® positive selection. However, the findings raised questions about the 

role of fibroblasts and cell aggregation in the sphere formation process [425]. It is recommended 

to use a considerably lower cell density for the multiple-cell plating method, working with 

highly MACS®-purified DSC cultures. To prevent cell merging and evaluate the self-renewal 

capacity or clonal properties of DSCs, a sphere formation assay with single-cell plating using 

serial dilution may be utilized [404,425]. 

The results from the miRNA expression analysis indicate significant differences in the overall 

baseline miRNA pattern of DSCs compared to melanocytes and melanoma cells. For a more 

comprehensive understanding, a larger-scale analysis of the entire miRNAome is mandatory, 

e.g., through RNA-seq utilizing next-generation sequencing [673]. 

No discernible impact on both miRNA expression and differentiation potential was observed 

with single UV irradiation. To mimic physiological conditions where DSCs are continuously 

exposed to UV radiation [357], further experiments involving multiple irradiations are essential. 

Depending on the migration scenario of the DSCs, even irradiation during the differentiation 

process could be relevant. Additionally, exploring the involvement of exosomes during 

differentiation could be of interest. Exosomes, small extracellular vesicles with a diameter of 

30–150 nm, contain mRNAs, lipids, proteins, microRNAs, and long non-coding RNAs [680]. 

They play an important role in intercellular communication in response to UV radiation 

[681,682], in melanocyte regulation [50], and melanoma progression/EMT [683]. Exosomes 

secreted by irradiated fibroblasts, keratinocytes, or melanocytes might be added to DSC 
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cultures during differentiation to investigate a potential stimulatory effect of epigenetic cell-

cell communication.  

In the comparative analysis of the UV damage response, partially cell-specific responses to UV 

radiation were identified. DSCs demonstrated functional DNA repair of UV-induced CPDs and 

the ability to induce apoptosis, similar to the responses observed in fibroblasts and melanocytes. 

However, it is important to emphasize that the actual efficiency of DNA repair should be 

assessed through mutation frequency analysis [527]. The results also provided strong 

indications of a unique cell cycle regulation in DSCs, as they lacked cell cycle arrest following 

UV irradiation. Subsequent studies should focus on elucidating the mechanisms governing the 

DNA damage response (DDR) by conducting gene and protein expression analyses of 

checkpoint, repair, apoptosis, and cell cycle regulators, particularly of p53, as a key mediator 

of the DDR, and its effector p21. This might clarify whether DSCs also have non-functioning 

cell cycle checkpoints [535] and an atypical p53-p21 axis [540] as observed in ESCs. 

Additionally, exploring senescence and the role of miRNAs as part of the DDR [237] may be 

of interest as well. 

In certain investigations, the use of purified DSCs is crucial to avoid potential interference with 

results stemming from contaminating fibroblasts. Additionally, the establishment of a stable 

DSC cell line from purified DSCs through transduction with TERT should be considered to 

minimize the impact of interindividual variances. Ideally, generating cell lines from 

approximately three DSC cell strains from different donors is recommended to avoid being 

confined to the individual characteristics of a single donor. However, a potential drawback 

associated with purified DSCs, and possibly DSC cell lines, could be the absence of the 

microenvironment to which the stem cells are accustomed in the skin and in vitro co-culture 

with fibroblasts. The stem cell niche or microenvironment significantly influences stem cell 

features and plays a crucial role in various processes [56,60]. Moreover, cancer-associated 

fibroblasts (CAFs) in the tumor microenvironment are known to support and regulate tumor 

growth and immune escape during carcinogenesis [684,685]. Consequently, it can be assumed 

that in the development of malignant melanoma from DSCs as the initiating cell, the 

surrounding fibroblasts in the dermis might play an important role [7]. The impact of long-term 

cultivation without fibroblasts on stem cell properties of DSCs remains to be investigated. 

 Although cell culture has been and still remains a valuable model for studying basal cell 

mechanisms, caution should be taken when extrapolating the knowledge derived from this cell 

system to human tissue. Cells exhibit different behavior in 3D culture and in contact with other 



OUTLOOK 

198 

 

cells [686,687]. Hence, skin as a whole organ might differ in its response to environmental 

influences. In this context, the crosstalk between stem cells and their niche plays a significant 

role [56,63]. However, 2D monocultures fail to replicate the in situ phenotype [688] and neglect 

the roles of intercellular communication and homeostasis in shaping how a cell responds and 

adapts to radiation [686,687]. To accurately mimic the actual behavior of DSCs in tissue, the 

microenvironment must closely resemble the native counterpart. Acknowledging the structure-

function relationship [2] and the potential role of bystander effects after UV irradiation [689-

691], makes organotypic culture (OTC) or skin equivalent (SE) models desirable for in vitro 

3D skin tissue experiments. OTCs partially recreate the complexity of the physiological 

situation and the anatomical features of human skin more accurately [102], closing the gap 

between 2D culture and animal models. The fibroblast-derived matrix of OTCs closely 

resembles the dermal microenvironment in vivo [483-485] and provides a suitable platform for 

embedding DSCs. The incorporation of immune cells in OTCs would be a further step towards 

creating a physiologically relevant environment [692,693], considering the critical role played 

by the immune system and its modification by UV radiation in melanomagenesis [261]. 

Altogether, experiments with OTCs are desirable for an improved understanding of biological 

processes and signaling pathways in DSCs and to assess the influence of surrounding cells on 

the cell fate following UV irradiation (e.g., signals for self-renewal or differentiation). 

The influence of the whole solar spectrum, combining UVB, UVA, visible light (VIS), and 

infrared-A (IR-A), on DSCs is an area of potential interest. While the (harmful) effects of the 

IR and VIS components of solar radiation on the skin are less thoroughly characterized 

compared to UV effects [560], it is recognized that both IR and VIS exert influences on the 

skin, for instance, contributing to photoaging. VIS has been demonstrated to induce ROS and 

matrix metalloproteinases [694,695] and can also stimulate skin pigmentation [696]. IR-A, 

through the activation of MAPK signaling, promotes the production of ROS and matrix 

metalloproteinases as well [697-699]. Evidence suggests that VIS and IR can have both 

beneficial and detrimental effects on the skin [700,701]. However, relatively little is known 

about whether the different spectral bands, UVB, UVA, VIS, and IR-A influence each other. 

Recent studies have described both additive/synergistic and modulatory/antagonistic 

interactions [402]. In primary fibroblasts, the combination of UV, VIS, and IR increases the 

generation of ROS, mitochondrial DNA damage, and nuclear DNA damage, although these 

effects are not observed in keratinocytes, indicating cell type-dependent responses [560]. 

Jantschitsch et al. demonstrated that IR-A exposure mediates resistance to UV-induced 

apoptosis through the reduction of DNA damage and modulated expression of apoptosis-related 
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genes, potentially elevating the risk for carcinogenesis [702]. Consequently, the effects of the 

whole solar spectrum on DSCs might be even more complex. 

Addressing these open questions will have profound implications for understanding the 

response of DSCs to UV-induced DNA damage, the preservation of genome integrity, and how 

disruption of these mechanisms may contribute to the onset of melanomagenesis. 
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8 Appendix 

8.1 Supplementary Figures 

 

Figure 8.1 Effect of prior usage of Basic MicroBeads on immunomagnetic separation. 

Comparison of separation results with prior usage (+) and without prior usage (-) of Basic MicroBeads 

to remove non-specific binding material. (A) MACS® automatic column-based negative selection with 

Anti-PE MicroBeads in combination with a PE-conjugated anti-CD90 antibody and the autoMACS® 

Pro Separator. Program: Deplete. Sample size: n=1. (B) MACS® automatic column-based negative 

selection with CD90 MicroBeads and the autoMACS® Pro Separator. Program: Deplete. Sample size: 

n=1. (C) MACS® automatic column-based positive selection with Neural Crest Stem Cell (NCSC) 

MicroBeads and the autoMACS® Pro Separator. Program: Posseld2. Sample size: n=1. (D) MACS® 

automatic column-based negative selection with Anti-PE MicroBeads in combination with a PE-

conjugated anti-CD90 antibody and the autoMACS® Pro Separator. Sensitive Program: DepleteS. 

Sample size: n=1. (E) MACS® automatic column-based negative selection with CD90 MicroBeads and 

the autoMACS® Pro Separator. Sensitive Program: DepleteS. Sample size: n=1. Pre: initial sample, neg 

frac: unlabeled fraction, pos frac: labeled fraction. Frequency of DSCs in the separate fractions was 

determined via flow cytometry analysis of NGFRp75 and CD90 (adapted from [420]). 
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Figure 8.2 Additional pictures of DSC cultures and staining at the end of differentiation. (A) 

Collection of light microscopy pictures of MACS®-purified DSC cultures at the end of differentiation 

(day 16), showing multiple cells with morphological characteristics of melanocytes. Scale bars: 200 µm. 

(B–C) Collection of immunocytochemical staining for NCSC marker NGFRp75 (red), and melanocytic 

markers HMB45 (green), TRP2 (green), and Melan-A at the end of differentiation (day 17-20) in (B) 

DSC-fibroblast co-culture, and (C) MACS® positive selection-purified DSCs. Nuclei were 

counterstained with DAPI (blue). Scale bars: 100 µm. 
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Figure 8.3 Changes in stem cell frequency of DSC samples in apoptosis measurement. Fold 

changes in DSC frequency relative to non-irradiated control cells measured via flow cytometry. Values 

are presented as mean ± SDs. Sample size: n=6. Multiple comparisons versus control (One-way 

ANOVA and Dunnett's method): *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Significant changes: 24 h, 

900 J/m² UVB p = 0.005; 24 h, staurosporine p < 0.001; 48 h, 900 J/m² UVB p = 0.026; 48 h, 

staurosporine p = 0.002. 

 

 

 

 

Figure 8.4 Age of foreskin donors. The histogram shows the abundance distribution of the age of 

foreskin donors at the time of circumcision, divided into ranges of 0.5 years. Results from 148 donors.  

 

  



APPENDIX 

203 

 

 

Figure 8.5 Proliferation of DSCs during repair kinetics. (A) Percentage of NGFRp75+ cells in 

sham-irradiated and UVB-irradiated DSC-fibroblast co-cultures during repair kinetics. (B) Ratio of DSC 

frequency at 96 h to DSC frequency at 0 h. Values are presented as mean ± SDs from n=5 independent 

experiments, with technical duplicates or triplicates. After exposure to 285 J/m² UVB, DSCs continued 

to proliferate similar to non-irradiated control cells over the period of 96 h (adapted from [398]).  
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8.2 Supplementary Tables 

Table 8.1 microRNA expression in malignant melanoma. 

Upregulated (oncogenic) miRNAs ↑ Downregulated (tumor-suppressive) miRNAs ↓ 

miR-106b reviewed by [315] let-7 family (let-7a, -7b, -7d, 

-7e, and -7g) 

[334,335] 

miR-135a reviewed by [291] miR-101 reviewed by [703] 

miR-146a reviewed by [315] miR-124 reviewed by [315] 

miR-149 reviewed by [313] miR-125b [330,331] 

miR-15b [704] miR-126 reviewed by [234] 

miR-150 reviewed by [291] miR-137 [338,339] 

miR-155 [324]; reviewed by [234] miR-138 reviewed by [315] 

miR-17 reviewed by [316] miR-139 reviewed by [291] 

miR-18a reviewed by [291] miR-140 reviewed by [291] 

miR-182 [321,322] miR-143 reviewed by [315] 

miR-21 [318,319,323] miR-145 reviewed by [234,315] 

miR-210 reviewed by [313] miR-148 reviewed by [293] 

miR-214 reviewed by [314] miR-15a reviewed by [315] 

miR-221/222 [320,325,326] miR-16 [337] 

miR-25 reviewed by [315] miR-18b reviewed by [313] 

miR-30b/d reviewed by [314] miR-183 [631] 

miR-301a reviewed by [315] miR-185 reviewed by [315] 

miR-376 [631] miR-192 [631] 

miR-449a reviewed by [293] miR-193b reviewed by [234] 

miR-603 reviewed by [291] miR-194 reviewed by [315] 

miR-633 reviewed by [291] miR-195 reviewed by [313] 

miR-92 reviewed by [316] miR-196a reviewed by [234] 

  miR-199 reviewed by [313] 

  miR-200 family (miR-200a, 

-200b, -200c) 

[329,342,347] 

  miR-201 reviewed by [235] 

  miR-203 [329,341] 

  miR-204 [651-653] 

  miR-205 [327-329] 

  miR-206 reviewed by [234] 

  miR-211 [329,332,333] 

  miR-216a/b reviewed by [315] 

  miR-218 reviewed by [315] 

  miR-22 reviewed by [291] 

  miR-224 [631] 

  miR-23a/b reviewed by [315] 
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Upregulated (oncogenic) miRNAs ↑ Downregulated (tumor-suppressive) miRNAs ↓ 

  miR-26a reviewed by [703] 

  miR-27b reviewed by [291] 

  miR-29c [705] 

  miR-31 [340] 

  miR-33a [639-641] 

  miR-335 [631] 

  miR-34a/b/c [336], reviewed by [315] 

  miR-342 reviewed by [291] 

  mir-365 reviewed by [315] 

  miR-375 reviewed by [313] 

  miR-429 reviewed by [315] 

  miR-488 reviewed by [315] 

  miR-548b reviewed by [291] 

  miR-9 reviewed by [314] 

  miR-96 [631] 

  miR-99a reviewed by [293] 
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Table 8.2 Individual repair time constants τ of all donors with standard deviation. (adapted from 

[398]) 

ID DSCs 

285 J/m² 

(n=7) 

Fibroblasts 

285 J/m² 

(n=18) 

Keratinocytes 

285 J/m² 

(n=13) 

Melanocytes 

285 J/m² 

(n=11) 

Melanocytes 

400 J/m² 

(n=5*) 

5/19 n/a 23.1±3.1 h n/a n/a n/a 

6/19 n/a 29.8±2.1 h n/a n/a n/a 

7/19 n/a 30.5±3.4 h n/a 23.7±9.1 h n/a 

8/19 n/a 21.6±3.0 h n/a n/a n/a 

9/19 n/a 23.3±4.5 h n/a n/a n/a 

14/19 n/a 24.4±3.9 h 28.7±7.3 h 16.4±1.8 h n/a 

15/19 n/a 29.7±3.0 h 18.1±1.4 h 20.1±3.4 h n/a 

16/19 n/a 36.8±4.7 h 13.6±1.8 h 25.1±2.0 h n/a 

19/19 30.2±3.0 h 31.3±2.8 h 15.5±1.6 h n/a n/a 

20/19 34.0±5.3 h 35.6±2.5 h 18.0±2.8 h n/a n/a 

21/19 n/a 26.6±2.2 h 17.5±1.5 h 25.1±3.0 h n/a 

27/19 38.5±9.0 h 32.8±4.3 h 13.7±1.5 h 25.4±3.2 h 25.0±2.6 h 

28/19 31.1±11.3 h 37.3±4.7 h 27.2±5.4 h n/a n/a 

36/19 25.1±6.5 h 25.6±3.5 h 25.9±3.5 h 33.1±2.9 h 24.6±3.9 h 

37/19 32.7±5.3 h 28.7±3.9 h 22.3±3.1 h 27.0±5.9 h 27.9±4.3 h 

48/19 n/a 26.0±1.6 h 17.4±2.2 h 25.9±2.6 h 30.3±5.1 h 

49/19 24.5±6.4 h 21.8±2.0 h 20.8±2.9 h 38.0±10.1 h 23.4±3.8 h 

51/19 n/a 23.9±1.7 h 19.2±2.1 h 32.3±1.7 h n/a 

n/a: not available (due to poor growth or contaminations); *: Additional irradiation with 400 J/m² UVB was 

performed with freeze-thawed melanocytes of the five indicated donors, based on previously gathered results. 
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Table 8.3 Apoptosis results from the individual donors. Proportion of total apoptotic cells (%). 

Cell type Time ID control UVB 

300 J/m² 

UVB 

900 J/m² 

UVA 

37 kJ/m² 

UVA 

74 kJ/m² 

staurosporine 

1 µM 

DSCs 24 h 48/20 13.1 11.8 25.0 10.8 14.7 59.3 

  50/20 8.8 9.6 23.2 5.9 8.8 48.3 

  51/20 10.9 11.5 15.2 10.1 9.6 47.5 

  03/21 15.0 14.6 22.2 13.5 13.1 82.9 

  04/21 23.6 18.7 24.2 20.9 22.1 80.4 

  07/21 13.5 13.8 18.6 11.6 12.0 61.4 

 48 h 48/20 11.6 14.6 30.5 15.7 14.2 73.2 

  50/20 25.0 31.5 66.7 26.8 29.4 54.2 

  51/20 12.6 16.6 20.9 19.7 15.4 49.7 

  03/21 10.7 12.9 19.6 9.8 14.3 83.4 

  04/21 18.5 19.9 28.5 19.2 21.9 89.0 

  07/21 21.5 25.2 46.4 23.5 26.7 70.5 

Fibroblasts 24 h 47/20 6.9 5.3 6.8 6.6 12.2 98.0 

  48/20 5.5 5.2 5.2 4.9 6.9 97.9 

  50/20 8.0 5.2 4.5 4.0 5.2 97.0 

  51/20 3.6 4.1 3.7 4.7 9.8 98.6 

  02/21 4.5 5.2 3.8 4.6 4.4 96.7 

  05/21 3.5 3.7 3.0 4.1 4.5 92.8 

  06/21 4.6 4.3 5.0 4.8 7.9 90.3 

 48 h 47/20 5.2 4.7 20.1 5.5 9.1 89.4 

  48/20 4.0 3.9 14.8 5.1 4.9 98.1 

  50/20 7.6 6.1 16.5 5.7 5.3 95.5 

  51/20 4.3 4.2 13.9 5.3 6.7 98.5 

  02/21 4.8 6.8 15.2 6.4 7.3 98.1 

  05/21 4.5 3.8 18.7 3.9 5.3 95.9 

  06/21 7.6 8.0 19.6 10.1 8.0 96.5 

Melanocytes 24 h 47/20 13.4 7.1 27.3 6.2 6.0 17.5 

  48/20 8.3 6.1 13.8 6.8 6.2 25.3 

  50/20 8.4 7.4 33.3 8.1 6.7 29.0 

  51/20 11.5 8.2 26.5 7.6 8.1 45.5 

  06/21 7.9 7.7 18.7 6.0 5.5 83.2 

  18/20 5.6 5.4 20.8 5.0 5.4 72.9 

 48 h 47/20 3.6 4.8 27.7 4.1 4.2 15.5 

  48/20 3.4 2.8 17.7 3.7 6.4 13.4 

  50/20 7.5 7.9 27.8 6.2 7.3 33.7 

  51/20 4.7 4.8 32.0 5.1 5.1 33.7 

  06/21 9.4 8.8 35.5 6.6 8.3 90.5 

  18/20 12.3 9.0 19.0 9.7 9.5 90.2 

Keratinocytes 24 h 27/19 11.5 10.9 14.2 16.1 14.0 50.7 

  30/19 12.6 10.8 13.5 11.6 10.3 49.2 

  08/21 20.0 20.1 23.1 19.5 18.5 28.8 

  17/21 16.5 16.1 14.9 17.9 20.1 31.4 

  18/21 14.5 16.7 23.4 19.7 15.7 43.6 

  04/19 13.1 11.3 11.9 18.5 19.1 39.6 

 48 h 27/19 17.9 16.0 30.5 32.0 26.0 80.3 

  30/19 16.1 17.3 15.7 18.9 16.2 88.1 

  08/21 19.8 17.7 25.4 18.1 19.8 42.1 

  17/21 20.5 24.2 30.6 19.4 24.2 73.1 

  18/21 20.2 14.1 24.9 28.2 23.2 66.9 

  04/19 16.6 17.3 19.9 17.7 18.0 53.7 
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Table 8.4 Most stable microRNAs - all eight cell strains analyzed separately. 

DSC 02 DSC 33 DSC 17 Mc 53 Mc 58 MM 1 MM 2 MM 3 

mir-20a-5p mir-15b-5p mir-222-3p mir-17-5p mir-23a-3p mir-185-5p mir-210-3p mir-193b-5p 

mir-100-5p mir-23a-3p mir-193b-5p mir-15a-5p mir-15a-5p mir-197-3p mir-222-3p mir-145-5p 

mir-16-5p mir-17-5p mir-185-5p mir-199a-3p mir-17-5p mir-338-3p mir-197-3p mir-301a-3p 

mir-23a-3p mir-100-5p mir-23a-3p mir-15b-5p mir-20a-5p mir-222-3p mir-301a-3p mir-185-5p 

let-7i-5p let-7i-5p mir-20a-5p mir-23b-3p mir-23b-3p mir-301a-3p mir-185-5p mir-197-3p 

mir-15a-5p mir-15a-5p mir-137 mir-20a-5p mir-15b-5p mir-17-5p mir-30d-5p mir-222-3p 

mir-17-5p mir-93-5p mir-221-3p mir-23a-3p mir-221-3p mir-23a-3p mir-425-5p mir-199a-5p 

mir-21-5p let-7a-5p mir-23b-3p mir-100-5p mir-100-5p mir-20a-5p mir-23a-3p mir-23a-3p 

mir-20b-5p mir-20a-5p mir-29a-3p mir-221-3p let-7d-5p let-7a-5p mir-93-5p mir-15b-5p 

mir-93-5p mir-23b-3p mir-17-5p mir-30d-5p mir-93-5p mir-15a-5p mir-15a-5p mir-29b-3p 

 

Table 8.5 Most stable microRNAs - only DSC strains compared to each other. Cell strains 

analyzed separately. 

DSC 02 DSC 33 DSC 17 

mir-20a-5p mir-15b-5p mir-222-3p 

mir-100-5p mir-23a-3p mir-193b-5p 

mir-16-5p mir-17-5p mir-185-5p 

mir-23a-3p mir-100-5p mir-23a-3p 

let-7i-5p let-7i-5p mir-20a-5p 

mir-15a-5p mir-15a-5p mir-137 

mir-17-5p mir-93-5p mir-221-3p 

mir-21-5p let-7a-5p mir-23b-3p 

mir-20b-5p mir-20a-5p mir-29a-3p 

mir-93-5p mir-23b-3p mir-17-5p 

 

Table 8.6 Most stable microRNAs - only melanocyte strains compared to each other. Cell strains 

analyzed separately. 

Mc 53 Mc 58 

mir-17-5p mir-23a-3p 

mir-15a-5p mir-15a-5p 

mir-199a-3p mir-17-5p 

mir-15b-5p mir-20a-5p 

mir-23b-3p mir-23b-3p 

mir-20a-5p mir-15b-5p 

mir-23a-3p mir-221-3p 

mir-100-5p mir-100-5p 

mir-221-3p let-7d-5p 

mir-30d-5p mir-93-5p 
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Table 8.7 Most stable microRNAs - only melanoma cell strains compared to each other. Cell 

strains analyzed separately. 

MM 1 MM 2 MM 3 

mir-185-5p mir-210-3p mir-193b-5p 

mir-197-3p mir-222-3p mir-145-5p 

mir-338-3p mir-197-3p mir-301a-3p 

mir-222-3p mir-301a-3p mir-185-5p 

mir-301a-3p mir-185-5p mir-197-3p 

mir-17-5p mir-30d-5p mir-222-3p 

mir-23a-3p mir-425-5p mir-199a-5p 

mir-20a-5p mir-23a-3p mir-23a-3p 

let-7a-5p mir-93-5p mir-15b-5p 

mir-15a-5p mir-15a-5p mir-29b-3p 

 

Table 8.8 Most stable microRNAs - comparison of cell type groups. Cell strains from same cell 

type combined for analysis. 

DSC 

combined 

Mc 

combined 

MM 

combined 

mir-17-5p mir-15a-5p mir-222-3p 

mir-100-5p mir-222-3p mir-15a-5p 

mir-93-5p mir-15b-5p mir-23a-3p 

let-7a-5p let-7i-5p let-7g-5p 

let-7i-5p let-7d-5p mir-301a-3p 

mir-23a-3p mir-185-5p let-7a-5p 

mir-148a-3p mir-17-5p mir-20b-5p 

let-7d-5p let-7g-5p let-7i-5p 

mir-16-5p mir-29a-3p mir-16-5p 

let-7g-5p mir-23b-3p mir-15b-5p 
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Table 8.9 Significantly altered GO terms of the 4-miRNA set overexpressed in DSCs from Figure 

5.20C. Determined using miEAA 2.0, accessed on September 21, 2023. 

Rank GO term  padj 

1 GO:0006914 autophagy 0.026 

2 GO:0051649 establishment of localization in cell 0.026 

3 GO:0016236 macroautophagy 0.026 

4 GO:0060341 regulation of cellular localization 0.026 

5 GO:0050796 regulation of insulin secretion 0.026 

6 GO:0090276 regulation of peptide hormone secretion 0.026 

7 GO:0014823 response to activity 0.026 

8 GO:0030073 insulin secretion 0.027 

9 GO:0071398 cellular response to fatty acid 0.037 

10 GO:0030072 peptide hormone secretion 0.037 

11 GO:0046883 regulation of hormone secretion 0.039 

12 GO:0071900 regulation of protein serine/threonine kinase activity 0.042 

13 GO:0034097 response to cytokine 0.042 

14 GO:0007154 cell communication 0.044 

15 GO:0034620 cellular response to unfolded protein 0.044 

16 GO:0016311 dephosphorylation 0.044 

17 GO:0008543 fibroblast growth factor receptor signaling pathway 0.044 

18 GO:0060548 negative regulation of cell death 0.044 

19 GO:0006796 phosphate-containing compound metabolic process 0.044 

20 GO:0043388 positive regulation of DNA binding 0.044 
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Table 8.10 Significantly altered GO terms of the 40 target genes of the 4-miRNA set 

downregulated in DSCs from Figure 5.20D. Determined using GeneTrail 3.0, accessed on September 

21, 2023. 

Rank GO term  padj 

1 GO:0080135 regulation of cellular response to stress 4.156e-7 

2 GO:0007166 cell surface receptor signaling pathway 5.432e-6 

3 GO:0019221 cytokine-mediated signaling pathway 5.432e-6 

4 GO:0010468 regulation of gene expression 5.432e-6 

5 GO:0090344 negative regulation of cell aging 1.782e-5 

6 GO:2001141 regulation of RNA biosynthetic process 1.782e-5 

7 GO:0051171 regulation of nitrogen compound metabolic process 1.782e-5 

8 GO:1903506 regulation of nucleic acid-templated transcription 1.782e-5 

9 GO:0006355 regulation of transcription, DNA-templated 1.782e-5 

10 GO:0010628 positive regulation of gene expression 2.402e-5 

11 GO:0007167 enzyme linked receptor protein signaling pathway 2.783e-5 

12 GO:0008284 positive regulation of cell population proliferation 3.723e-5 

13 GO:0051252 regulation of RNA metabolic process 3.723e-5 

14 GO:0007178 transmembrane receptor protein serine/threonine kinase signaling 

pathway 

3.723e-5 

15 GO:0019222 regulation of metabolic process 4.101e-5 

16 GO:2000772 regulation of cellular senescence 5.320e-5 

17 GO:0051152 positive regulation of smooth muscle cell differentiation 6.861e-5 

18 GO:0071456 cellular response to hypoxia 7.236e-5 

19 GO:0006357 regulation of transcription by RNA polymerase II 7.236e-5 

20 GO:0048513 animal organ development 9.414e-5 

 

 

  



APPENDIX 

212 

 

Table 8.11 KEGG pathway analysis of the 40 target genes of the 4-miRNA set downregulated in 

DSCs from Figure 5.20D. Determined using GeneTrail 3.0, accessed on September 21, 2023. 

Rank KEGG pathway Gene padj 

1 MicroRNAs in cancer BCL2, CDK6, EZR, MYC, PTEN, SIRT1 3.814e-5 

2 Small cell lung cancer AKT3, BCL2, CDK6, MYC, PTEN 3.814e-5 

3 FoxO signaling pathway AKT3, PTEN, SIRT1, SMAD4, SOD2 9.157e-5 

4 PI3K-AKT signaling pathway AKT3, BCL2, CDK6, HSP90AA1, KIT, 

MYC, PTEN 

9.157e-5 

5 Pathways in cancer AKT3, BCL2, CDK6, HSP90AA1, KIT, 

MYC, PTEN, SMAD4 

9.157e-5 

6 Signaling pathways regulating 

pluripotency of stem cells 

AKT3, BMPR1A, MYC, SMAD4, SMAD5 9.157e-5 

7 Breast cancer AKT3, CDK6, KIT, MYC, PTEN 9.199e-5 

8 Central carbon metabolism in cancer AKT3, KIT, MYC, PTEN 9.199e-5 

9 Cellular senescence AKT3, CDK6, MYC, PTEN, SIRT1 9.891e-5 

10 Chronic myeloid leukemia AKT3, CDK6, MYC, SMAD4 9,891e-5 

11 Hepatitis B AKT3, BCL2, IRAK1, MYC, SMAD4 9,891e-5 

12 Hepatocellular carcinoma AKT3, CDK6, MYC, PTEN, SMAD4 1.045e-4 

13 Colorectal cancer AKT3, BCL2, MYC, SMAD4 1.297e-4 

14 TGF-beta signaling pathway BMPR1A, MYC, SMAD4, SMAD5 1.683e-4 

15 Prostate cancer AKT3, BCL2, HSP90AA1, PTEN 1.767e-4 

16 Epstein-Barr virus infection AKT3, BCL2, CDK6, IRAK1, MYC 1.813e-4 

17 Fluid shear stress and atherosclerosis AKT3, BCL2, BMPR1A, HSP90AA1 5.518e-4 

18 Measles AKT3, BCL2, CDK6, IRAK1 5.518e-4 

19 Gastric cancer AKT3, BCL2, MYC, SMAD4 6.615e-4 

20 Endometrial cancer AKT3, MYC, PTEN 6.656e-4 
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