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MRM    multi reaction monitoring 
mRNA    messenger RNA 
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NAGK    N-acetyl-D-glucosamine kinase 
Nfatc1    nuclear factor of activated T-cells, cytoplasmic 1 
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Abstract 

Aging is the main risk factor for the manifestation of numerous serious diseases, including 

cancer, cardiovascular diseases and neurodegeneration. Thus, the growing proportion of 

elderly people in the population poses a major challenge to the health care systems 

worldwide. 

Tissue homeostasis declines with age and its maintenance late in life has been intimately 

linked to prolonged healthspan. Stem cells act as drivers of tissue homeostasis through 

the interplay of self-renewal and differentiation. Therefore, it is of utmost importance to 

identify stem cell fate determinants to be able to delay stem cell exhaustion in the elderly. 

Of note, metabolic changes have been described to influence function and maintenance 

of stem cell populations. However, whether manipulation of metabolism affects cell fate 

decisions and stem cell maintenance remains poorly understood.  

Here, I focus on three metabolic pathways that have been described to become 

dysregulated with age, and to affect stemness: the hexosamine pathway (HP), aerobic 

sugar metabolism, and the polyamine metabolism. I assess their influence on cell fate 

decisions in an in vitro organoid culture system, which allows for the manipulation of hair 

follicle stem cells (HFSCs) and their direct progeny. First, I activate the HP by GlcNAc 

supplementation and through genetic manipulation of the rate-limiting enzyme GFAT1. 

While pathway flux and downstream metabolites increase, HFSC fate is not affected by 

these interventions. Second, I investigate the effect of sugar supplementation on cell fate 

decisions. Both, D-glucose and D-mannose, enhance stemness. While D-glucose 

supplementation boosts glycolysis, D-mannose addition specifically increases the 

acetylated polyamines N1-acetylspermidine (N1-AcSpd) and N1-acetylspermine without 

elevating glycolytic flux. Third, I elucidate how polyamine levels influence cell fate 

decisions. I confirm that low translation rates mark the stem cell state and that a forced 

decrease in translation is sufficient to elevate stemness. Surprisingly, I demonstrate that 

reducing translation by changes in polyamine availability does not correlate with increased 

stemness in the organoids. I identify N1-AcSpd as novel regulator of HFSC fate decisions, 

accelerating cell cycle progression. Finally, I demonstrate that HFSC activation by 

depilation results in an elevation of the acetylated polyamines, suggesting a functional role 

of N1-AcSpd in cell fate decisions in vivo. Overall, my results suggest that manipulation of 

metabolism is an effective means to control cell fate decisions, delay stem cell exhaustion, 

and improve tissue homeostasis in the elderly. 
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Zusammenfassung 

Das Altern ist der größte Risikofaktor für das Auftreten vieler ernsthafter Erkrankungen wie 

Krebs, Herz-Kreislauf-, sowie neurodegenerativer Erkrankungen. Deshalb stellt der 

wachsende Anteil der älteren Menschen in der Bevölkerung eine große Herausforderung 

für die Gesundheitssysteme weltweit dar.  

Die Homöostase der einzelnen Gewebe wird im Alter schlechter und ihre Erhaltung ist eng 

mit der Verlängerung der gesunden Lebenszeit verknüpft. Stammzellen erhalten die 

Homöostase durch das Wechselspiel von Erneuerung und Differenzierung. Deshalb ist es 

von höchster Wichtigkeit, Faktoren, die das Verhalten der Stammzellen bestimmen, zu 

identifizieren, um letztendlich die Erschöpfung der Stammzellfunktion bei älteren 

Menschen zu verlangsamen. Es ist bekannt, dass metabolische Veränderungen die 

Funktion und die Erhaltung von Stammzellpopulationen beeinflussen können. Ob die 

Manipulation des Metabolismus aber kausal das Verhalten der Stammzellen bestimmen 

kann, ist noch nicht vollständig verstanden. 

In dieser Arbeit fokussiere ich mich auf drei Stoffwechselwege, deren Regulation im Alter 

verloren geht und die bereits mit verbesserter Stammzellfunktion in Verbindung gebracht 

wurden: der Hexosamin-Syntheseweg (HSW), der aerobische Zuckermetabolimus, und 

der Polyamin-Syntheseweg (PSW). Ich teste den Einfluss dieser Stoffwechselwege auf 

das Verhalten von Stammzellen des Haarfollikels in einem Organoid-Kultursystem, das 

die einfache Manipulation dieser Stammzellen ermöglicht. Zuerst aktiviere ich den HSW 

durch GlcNAc Gabe oder durch genetische Veränderung des Reaktionsgeschwindigkeits-

bestimmenden Enzyms GFAT1. Obwohl die Menge der Endprodukte des HSW erhöht ist, 

wird das Verhalten der Stammzellen nicht verändert. Zweitens beobachte ich den Einfluss 

von Zuckerzugabe auf das Verhalten der Stammzellen. Glukose und Mannose erhöhen 

die Anzahl der Stammzellen. Während Glukose Glykolyse steigert, führt Zugabe von 

Mannose zu einer spezifischen Anreicherung der acetylierten Polyamine 

N1-Acetylspermidin (N1-AcSpd) und N1-Acetylspermin. Drittens kläre ich auf, wie der 

PSW das Verhalten der Stammzellen beeinflusst. Ich bestätige, dass Stammzellen 

geringe Translation zeigen und dass eine erzwungene Minderung der Proteinsynthese 

ausreicht, um die Stammzellfunktion zu erhöhen. Überraschenderweise zeige ich, dass 

eine Reduktion der Translation durch eine Veränderung in der Verfügbarkeit der 

Polyamine nicht mit erhöhter Stammzellfunktion in dem Organoid-Kultursystem korreliert. 

Ich identifiziere N1-AcSpd als neuen Regulator, der das Verhalten von Stammzellen durch 

erhöhtes Fortschreiten des Zellzyklus beeinflusst. Abschließend zeige ich, dass die 

Aktivierung von Stammzellen des Haarfollikels durch Depilation zu einer Erhöhung der 
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acetylierten Polyamine führt, was eine funktionale Rolle von N1-AcSpd in der Regulation 

des Verhaltens der Stammzellen in vivo suggeriert. Insgesamt deuten meine Ergebnisse 

darauf hin, dass die Manipulation verschiedener Stoffwechselwege das Verhalten von 

Stammzellen beeinflussen, die Erschöpfung der Stammzellfunktion verlangsamen und die 

Homöostase der verschiedenen Gewebe bei älteren Menschen verbessern kann.  
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1 Introduction 

1.1 The aging process 

Aging is an inevitable consequence of life (Foo et al. 2019). It is a complex process that is 

defined as the time-dependent, gradual decline in tissue function. With advanced 

chronological age, the ability to perform everyday physical and cognitive tasks is 

diminished, while the susceptibility to many common diseases rises (Melzer et al. 2020). 

Aging has a genetic basis: it is regulated by evolutionarily conserved pathways since 

single-gene mutations in energy metabolism, nutrition sensing, or reproduction can extend 

lifespan (Kenyon 2005; Vijg and Campisi 2008). Simultaneously, single-gene mutations 

can result in the manifestation of premature aging syndromes, which are characterized by 

aging-like pathologies arising early in life (Ashapkin et al. 2019). Although the 

accumulation of cellular damage is widely considered to contribute to the aging process, 

its cause remains poorly understood. Thus, unraveling the molecular basis of aging is one 

of the greatest remaining challenges for science (Gems and Partridge 2013). 

1.1.1 Our aging society 

The increase in the proportion of elderly people in the population is one of the most 

remarkable sociodemographic phenomena of the twenty-first century (Nomura et al. 

2018). Today, the number of senior citizens accounts for about a fifth of the global 

population (Mitrečić et al. 2020). Worldwide human life expectancy more than doubled 

over the past two centuries: it increased from about 25 years to around 65 years for men 

and 70 years for women (Oeppen and Vaupel 2002). Although the limit of human life 

expectancy is still under debate, general projections predict that survival rates will continue 

to increase (Dong et al. 2016; Kontis et al. 2017). Consequently, the current proportion of 

the global population above 60 years (17%) will double in only thirty to forty years (Mitrečić 

et al. 2020). However, the healthy, disease-free lifespan (healthspan) has not increased 

as much as lifespan, resulting in 16-20% of life spent in late-life morbidity (Partridge et al. 

2018). Aging is the leading risk factor for diseases like cancer, neurodegeneration, type 2 

diabetes mellitus, chronic kidney disease, and coronary artery disease, which are also 

referred to as age-associated diseases (Melzer et al. 2020). The increased number of 

morbid patients represents a common challenge for the health care systems around the 

world. Therefore, it is of utmost importance to understand the fundamentals of aging to 



Introduction 

 14 

tackle age-associated diseases and increase healthspan of the growing proportion of 

elderly people. 

1.1.2 Hallmarks of aging 

López-Otín et al. (2013) identified and categorized the cellular and molecular hallmarks of 

aging. The following nine hallmarks generally to contribute to the aging process and 

determine the aging phenotype: genomic instability, telomere attrition, epigenetic 

alterations, loss of protein homeostasis (proteostasis), deregulated nutrient sensing, 

mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered 

intercellular communication (Figure 1A). All hallmarks manifest during normal aging and 

their manipulation can accelerate or retard the aging process, depending on the 

experimental set-up. The hallmarks can be grouped into three main categories (Figure 

1B). First, primary hallmarks that cause cellular damage. Second, antagonistic hallmarks 

that respond to the damage and become detrimental if exacerbated. Third, integrative 

hallmarks that arise when the damage cannot be compensated further and are responsible 

for the functional decline associated with aging. These hallmarks are not mutually 

exclusive, and thus can co-occur during aging. 

 
Figure 1: The molecular hallmarks of aging. (A) The nine hallmarks are depicted: genomic 
instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient 
sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered 
intercellular communication. (B) The hallmarks can be divided into three groups: primary hallmarks, 
antagonistic hallmarks, and integrative hallmarks. Modified from López-Otín et al. 2013.  

The sum of these molecular hallmarks of aging manifests in the clinical picture of the 

elderly patient: frailty, sarcopenia, anemia, poor nutrition, and a blunted immune system 
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(Aunan et al. 2016). Therefore, deciphering the underlying mechanisms that contribute to 

the manifestation of the molecular hallmarks will help to slow the decline in tissue function.  

1.2 Tissue homeostasis 

Long-term maintenance of tissue homeostasis relies on adult somatic stem cell function. 

The latter are characterized by their ability to self-renew and to differentiate into multiple 

cell types within a tissue. These processes are tightly controlled to ensure tissue growth 

and regeneration during normal physiology or in response to injury (Schultz and Sinclair 

2016). However, if this control goes awry, increased stem cell self-renewal can result in 

tumorigenesis, whereas aberrant differentiation causes stem cell depletion and thereby 

tissue aging. 

Stem cell function, and subsequently tissue homeostasis, depends on many different 

determinants. In this study, I focused on three different metabolic pathways that show 

decreased activity during the aging process: hexosamine biosynthesis, aerobic sugar 

metabolism, and the polyamine metabolism (Denzel et al. 2014; Goyal et al. 2017; Ravera 

et al. 2019; Vivó et al. 2001; Nishimura et al. 2006). In the following sections, I will highlight 

their function and dissect their influence on protein homeostasis, and the surrounding stem 

cell niche. Furthermore, I will discuss how the manipulation of these metabolic pathways 

affects cell fate decisions and might ultimately improve stem cell maintenance and tissue 

homeostasis. 

1.2.1 Adult somatic stem cell fate decisions 

During cell division, stem cells continuously undergo fate decisions, which directly impact 

tissue homeostasis. Three different division modes of stem cells are conceivable: 

symmetric division yields two stem cells; asymmetric division results in one stem cell and 

one differentiated progenitor cell; symmetric commitment leads to two differentiated 

daughter cells (Ito and Ito 2016). These division modes cause stem cell expansion, stem 

cell maintenance, stem cell exhaustion, respectively. Furthermore, cell fate can be 

determined after a symmetric division with an asymmetric distribution of aged 

mitochondria, or damaged proteins to the daughter cells (Katajisto et al. 2015; Moore et 

al. 2015). Aged mitochondria and damaged proteins are asymmetrically inherited by one 

daughter cell which is poised to differentiate. Thereby, stem cells retain a healthy state. 

However, aged stem cells are less able to exclude damaged proteins, which contributes 

to their functional decline, and ultimately to stem cell exhaustion (Moore et al. 2015).  
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1.2.2 Stem cell exhaustion 

Adult somatic stem cell function declines during the aging process in numerous tissues, 

including the brain, blood, bone, skeletal muscle, and skin (Kuhn et al. 1996; Morrison et 

al. 1996; Gruber et al. 2006; Conboy et al. 2005; Nishimura et al. 2005). This effect 

correlates with the accumulation of DNA damage, a decrease in cell cycle activity, and 

telomere shortening, for example (Rossi et al. 2007; Janzen et al. 2006; Flores et al. 2005). 

Stem cell exhaustion can also be caused by excessive proliferation due to loss of 

quiescence as described for Drosophila intestinal stem cells, hematopoietic stem cells 

(HSCs), and neural stem cells, resulting in their premature loss (Rera et al. 2011; Cheng 

et al. 2000; Kippin et al. 2005).  

The functional decline of adult somatic stem cells causes deterioration of tissue 

homeostasis and regeneration, which is one of the most apparent manifestations of the 

aging process and the basis for many age-associated diseases (López-Otín et al. 2013; 

Signer and Morrison 2013). Therefore, maintaining stem cell function is pivotal to slow the 

aging process in general and to tackle age-associated diseases in particular (Chandel et 

al. 2016). Accordingly, Rando and Chang (2012) suggest that many of the secrets to 

organismal longevity might be linked to stem cell quiescence and self-renewal. In fact, 

ensuring proliferative homeostasis of intestinal stem cells in Drosophila extends lifespan 

(Biteau et al. 2010). Thus, the identification of cell fate determinants is key to delay stem 

cell exhaustion, and ultimately, to improve tissue function late in life. 

1.3 The skin 

The skin is a multi-layered organ that forms a protective barrier against environmental 

impact. It is the largest organ of the body, accounting for about 15 % of the total body 

weight (Kanitakis 2002). The skin is arranged in three main layers: the epidermis, the 

dermis, and the hypodermis (Figure 2). The structural or pilosebaceous unit of a hair follicle 

(HF) consists of the HF itself, the arrector pili muscle, and the sebaceous gland (Figure 2) 

(Martel et al. 2020). The HF begins at the surface of the epidermis and extends deep in 

the dermal layer of the skin. 
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Figure 2: Schematic representation of the skin. The three layers of the skin are shown: 
epidermis, dermis, and hypodermis. A pilosebaceous unit comprises the hair follicle, the sebaceous 
gland, and the arrector pili muscle. Modified from PDQ Adult Treatment Editorial Board, PDQ 
Cancer Information Summaries, National Cancer Institute (US), 2020.  

In this study, I use the skin, more precisely the stem cells in the hair follicle, as a model to 

study adult somatic stem cell fate. These stem cells fuel the cyclical growth of hair follicles, 

and thus, undergo constant fate decisions in vivo. In the following sections, I will introduce 

the skin in general and hair follicle stem cells (HFSCs) in particular. Also, I will outline the 

advantages of HFSCs as a model in more detail.  

1.3.1 Skin aging 

Skin aging is the most apparent aging phenotype and serves as an age estimate. Thus, 

there exists a vast cosmetic need attempting to prevent or reverse skin aging (Zhang and 

Duan 2018). Aging of the skin is caused by intrinsic and extrinsic factors, such as reduced 

hydration and ultraviolet (UV) irradiation, respectively (Shah and Kennedy 2018). While 

intrinsically aged skin is characterized by fine wrinkles, loss of underlying fat, reduced 

elasticity, and dryness, extrinsic skin aging manifests in deep wrinkles, roughness, and 

mottled discoloration (Nikolakis et al. 2013). 

Epidermal aging is associated with thinning, loss of melanocytes, and decreased barrier 

function due to the changed composition of the outermost layer, the cornified layer 

(Rinnerthaler et al. 2015; Choi 2019). These changes are likely caused by loss of the 

epidermal calcium gradient, which is required for proper differentiation of keratinocytes 

and the expression of terminal differentiation makers like filaggrin and loricrin (Rinnerthaler 

et al. 2013). Furthermore, aged epidermis displays reduced lipid levels in the cornified 

layer and abnormal cholesterol synthesis (Elias and Ghadially 2002). Accordingly, loss of 
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ceramide synthase 4 disrupts epidermal barrier function independent of other age-

associated changes (Peters et al. 2020). Histologically, aged skin displays a flat epidermal-

dermal interface (El-Domyati et al. 2002). This is caused by the loss of cytoplasmic 

projections of the basal cells into the dermis compared to young basal cells (Waller and 

Maibach 2005). Dermal aging is accompanied by the gradual reduction of collagen fibers 

(El-Domyati et al. 2002) resulting from diminished collagen synthesis (Uitto 1989).  

Skin hydration highly depends on glycosaminoglycans (GAGs) in general, and on 

hyaluronic acid (HA) in particular. Of note, GAGs can bind up to 1000 times their volume 

in water (Bernstein et al. 1996). In intrinsically aged skin, epidermal HA and dermal GAG 

content are reduced (Lee et al. 2016), which is in accordance with the observed dryness. 

However, photo-aged dermis displays increased GAG content with aberrant localization 

on the elastotic material, which is characteristic for UV-damaged skin (Bernstein et al. 

1996). 

Aging of the hair follicle is associated with thin, dull, and brittle hair (Goodier and Hordinsky 

2015). Hair graying is caused by the loss of melanin production and the reduction of 

melanocytes in hair follicles (Fernandez-Flores et al. 2019). Also, hair loss is a common 

characteristic of skin aging and imbalanced stem cell differentiation as well as altered stem 

cell activity have been identified as important factors (Ji et al. 2017). Aged hair follicles 

display prolonged resting phases and impaired entry of the growth phase (Courtois et al. 

1995). In androgenetic alopecia, HFSCs are maintained, but their activation into a more 

proliferative state is impaired, resulting in greatly diminished numbers of early progenitors 

(Garza et al. 2011).  

1.3.2 Epidermal homeostasis 

In this section, I will focus on the epidermis, which is the outermost layer of the skin. It 

comprises a multi-layered epithelium, the interfollicular epidermis (IFE), and associated 

appendages like the hair follicle (HF) and the sebaceous gland (Watt and Jensen 2009). 

The IFE undergoes regular renewal, since the top layer, the cornified layer, is continuously 

shed from the surface of the skin. Cornified cells are terminally differentiated keratinocytes 

that form a mesh of cross-linked proteins conferring impermeability and barrier protection 

(Solanas and Benitah 2013). They are substituted through differentiating stem cells from 

the basal layer (Jensen et al. 2009). Strikingly, differentiation of a stem cell from the basal 

layer triggers the self-renewal of the neighboring stem cell to ensure epidermal 

homeostasis (Mesa et al. 2018).  
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In contrast to the IFE, which is constantly renewed, the HF undergoes cyclical rounds of 

growth (anagen), apoptosis-mediated regression (catagen) and rest (telogen), called the 

hair cycle (Fuchs et al. 2001; Niemann and Watt 2002).  

1.3.3 The hair cycle 

The HF consists of an upper, permanent portion, and a lower, cycling portion that produces 

the hair (Figure 3) (Alonso and Fuchs 2003). In its mature form, the HF comprises a 

relatively undifferentiated outer root sheath (ORS), which is contiguous with the basal layer 

of the IFE, and an inner root sheath (IRS), which serves as the channel from which the 

hair shaft (HS) exits the skin surface (Figure 3A) (Fuchs et al. 2001). Hair regeneration is 

fueled by HFSCs, which reside in the bulge region of the HF, and cells located beneath 

the bulge in the secondary hair germ (HG) (Morris et al. 2004; Rompolas et al. 2013). At 

the onset of anagen, cells in the HG become activated and respond to signals from a 

mesenchymal structure, the dermal papilla (DP), which is located at the base of the HF 

(Greco et al. 2009). Proliferating cells from the HG establish a population of matrix cells, 

which differentiate to give rise to IRS and HS. Matrix cells are also described as transient-

amplifying cells (TACs) since they undergo a limited number of divisions before they 

differentiate (Alonso and Fuchs 2006). Thus, TACs represent a transition state between 

stem cells and terminally differentiated cells (Hsu et al. 2014b). Strikingly, TACs can 

stimulate the proliferation of quiescent HFSC in the bulge region through sonic hedgehog 

(Shh) signaling (Hsu et al. 2014b). A subset of HFSCs contributes to the ORS, while all 

differentiated lineages originate from cells of the HG (Rompolas et al. 2013). After the 

anagen growth phase, some bulge-derived ORS cells, which underwent only a few 

divisions, return to the bulge region, where they resume quiescence and CD34 expression, 

a key marker of HFSCs. These cells become the primary stem cells for the initiation of the 

next hair cycle (Hsu et al. 2011). Other ORS cells, which underwent more divisions, 

become activated stem cells of the HG and give rise to differentiated cells in the next hair 

cycle (Greco et al. 2009; Hsu et al. 2011; Rompolas et al. 2013). When the supply of TACs 

declines, the HF enters the destructive phase catagen. The anagen-catagen transition is 

supported by FGF5, EGF and TGFb1 signaling (Hebert et al. 1994; Hansen et al. 1997; 

Foitzik et al. 2000). During catagen, the entire lower portion of the HF, besides the DP, 

undergoes apoptosis-mediated regression (Lindner et al. 1997). The HS seals off into a 

rounded structure called club, which moves upward until it reaches the non-cycling, 

permanent bulge region of the upper follicle, where it remains anchored during telogen 

(Alonso and Fuchs 2006). Due to its contact with the basement membrane, the DP is 
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drawn up to the base of the permanent part of the HF (Figure 3B) (Fuchs et al. 2001). 

Subsequently, the HF enters the resting phase telogen. During telogen, HFSCs rely on 

bone morphogenic protein (BMP) signaling to maintain a quiescent state (Genander et al. 

2014). Initiation of the next hair cycle requires Wnt (Huelsken et al. 2001; Van Mater et al. 

2003) and Shh signaling (St-Jacques et al. 1998; Hsu et al. 2014b).  

 

Figure 3: Hair follicle morphology and hair cycle progression. (A) Schematic representation 
of HF morphology. Adapted from Alonso and Fuchs 2003. (B) Schematic representation of the HF 
in the different phases of the hair cycle. The permanent portion of the HF is marked in violet; the 
cycling portion is depicted in orange. Adapted from Waters et al. 2007. (A-B) blue: bulge region, 
green: dermal papilla. 

1.3.3.1 Hair follicle stem cells 

Since the hair follicle is a self-contained mini-organ that undergoes constant renewal, 

HFSCs play a crucial role in skin homeostasis and represent an excellent paradigm to 

study adult somatic stem cell fate decisions (Fuchs 2007; Blanpain and Fuchs 2009). In 

general, the stem cells in the hair follicle bulge region are slow cycling, label-retaining cells 

(Cotsarelis et al. 1990; Morris and Potten 1999; Tumbar et al. 2004). However, their activity 

and gene expression markedly vary during the hair cycle (Blanpain et al. 2004; Fuchs 

2009). These temporal differences hinder the study of HFSC cell fate decisions in vivo. 
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Quiescent bulge HFSCs generate all epithelial cell types within the intact HF during regular 

HF cycling (Morris et al. 2004). Upon activation, bulge-derived stem cells proliferate and 

trail down to the HG. Primed stem cells in the HG establish and expand the pool of TACs, 

thereby contributing to IRS and HS (Greco et al. 2009; Hsu et al. 2014b). Furthermore, 

HFSCs differentiate to form the ORS (Rompolas et al. 2013). Also, HFSCs can contribute 

to the IFE in response to wounding, demonstrating the fate plasticity of HFSCs (Taylor et 

al. 2000). Intriguingly, lineage-tracing and laser ablation studies showed that HFSCs are 

dispensable for HF regeneration and that early HFSC descendants, like activated stem 

cells in the HG, can return to the bulge, where they resume quiescence (Hsu et al. 2011; 

Rompolas et al. 2013). Moreover, upon genetic ablation of quiescent keratin 19-

expressing HFSCs, HF morphology remains normal and the wound healing process is 

unaltered, further supporting that quiescent bulge stem cells are dispensable for HF 

regeneration (Driskell et al. 2015). 

1.3.3.2 3D-3C organoid culture of HFSCs 

Chacón-Martínez et al. (2017) established an ex vivo organoid culture system (3D-3C 

culture) allowing for the long-term culture and manipulation of HFSCs in the absence of 

heterologous cell types. Importantly, the cells maintain self-renewing capacity and 

multipotency and still respond to the same signals as they would in vivo. The addition of 

the BMP pathway inhibitor dorsomorphin to the 3D-3C organoids triggers HFSCs to 

become progenitor cells, since BMP signaling is important for stem cell quiescence 

(Genander et al. 2014). Cyclopamine, an inhibitor of Shh signaling, induces a shift from 

the progenitor cells back to the stem cell state, since Shh signaling is required for stem 

cell activation (Hsu et al. 2014b). 

In the 3D-3C organoids, a balance between a6+/CD34+ HFSCs and a6+/CD34- 

progenitor cells is formed in a self-driven process. Based on their transcriptome and 

marker expression analysis, these progenitor cells represent hair follicle ORS cells and 

inner bulge cells (Kim et al. 2020), both of which represent HFSC progeny and act as niche 

cells for HFSCs in vivo (Hsu et al. 2014a). Chacón-Martínez et al. (2017) have described 

the self-organizing plasticity in the 3D-3C organoids, which results not only in the 

differentiation of stem cells to progenitor cells, but also in the de-differentiation of 

progenitor cells to the stem cell state. Overall, this self-organizing 3D-3C organoid culture 

system allows for easy manipulation of the niche, as well as the HFSCs and their 

immediate progenitors retained in it, and subsequently the investigation of HFSC fate 

decisions. 
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1.4 The stem cell niche  

The term ‘stem cell niche’ was first introduced by Schofield (1978). It describes the in vivo 

microenvironment where stem cells reside in association with other cells and the 

surrounding extracellular matrix (ECM). The niche is responsible for the maintenance of 

stem cell populations, their controlled proliferation, and the differentiation of their progeny 

(Rojas-Ríos and González-Reyes 2014). Extrinsic stimuli play a pivotal role in these 

processes and ensure stem cell homeostasis. These stimuli include cell-to-cell and 

cell-matrix interactions and signals that can activate or repress genes or transcriptional 

programs (Ferraro et al. 2010). The importance of the stem cell niche is best described by 

Fuchs et al. (2004), who use embryonic stem cells (ESCs) as an example: ESCs can divide 

indefinitely in tissue culture while maintaining their pluripotent potential. When injected into 

nude mice, these cells form teratomas, which contain differentiated cells of all lineages. 

However, when injected into a recipient blastocyst, the ESCs contribute to the 

development of a healthy chimeric mouse. Thus, the properties and the potential of stem 

cells are defined by the microenvironment. 

1.4.1 The extracellular matrix 

The ECM is an essential three-dimensional, non-cellular structure present in all tissues 

(Bonnans et al. 2014). ECM components are not only a scaffold surrounding cells, but also 

a key regulator of cellular events such as cell adhesion, migration, proliferation, 

differentiation and survival (Hynes 2009). As such, the ECM is an important contributor to 

the stem cell niche, thereby regulating epidermal stem cell fate, for example (Chermnykh 

et al. 2018). In mammals, the core matrisome, which includes all components constituting 

the ECM, consists of around 300 different proteins, corresponding to approximately 1% of 

the proteome (Naba et al. 2012). Collagen, glycoproteins and proteoglycans are major 

building blocks of the ECM (Hynes and Naba 2012). Collagens are the most abundant 

proteins in mammals. They form supramolecular assemblies of different types which are 

incorporated in the ECM and important for proper tissue function (Gordon and Hahn 2010). 

Glycoproteins are the biggest class in the mammalian matrisome, comprising around 200 

proteins. They confer different functions including interactions allowing ECM assembly, 

cell adhesion and signaling (Hynes and Naba 2012). Proteoglycans (PGs) are composed 

of a core glycoprotein substituted with covalently linked glycosaminoglycan (GAG) chains. 

The number of chains and their length can vary, as well as their pattern of sulfation, 

resulting in an enormous diversity of PGs (Hardingham and Fosang 1992). In addition to 

being structural molecules, proteoglycans play a pivotal role in signal transduction and are 
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capable of affecting different intracellular signaling cascades and phosphorylation events 

(Schaefer and Schaefer 2010).  

GAGs are long, linear, negatively charged, repetitive disaccharide chains that contain 

acetylated aminosugars (UDP-GlcNAc or UDP-GalNAc) and mainly uronic acid 

(D-glucuronic acid or L-iduronic acid). The lumen of the Golgi apparatus is the main site 

for GAG synthesis (Prydz and Dalen 2000). They can be divided into two classes: (1) the 

sulfated GAGs comprising chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate 

(KS), heparin (H), and heparan sulfate (HS), and (2) the non-sulfated GAGs such as 

hyaluronic acid (HA) (Schaefer and Schaefer 2010). The sulfated GAGs H, HS, DS, and 

CS bind to their respective core proteins via serine residues (Figure 4). Depending on the 

oligosaccharide linking KS to the core protein, two different types of KS can be 

distinguished (Figure 4): KSI is attached to asparagine residues, while KSII is linked to 

serine or threonine residues (Funderburgh 2002).  

 

Figure 4: Composition of different glycosaminoglycans and their linkage to core proteins. 
All GAGs contain either UDP-GlcNAc (blue squares) or UDP-GalNAc (green squares). While the 
sulfated GAGs H, HS, DS, CS are linked to the protein core via serine residues (Ser), KSI is 
attached to asparagine residues (Asn) and KSII is linked to serine or threonine residues (Ser/Thr). 
HA is not linked to a protein core. Adapted from Merida-de-Barros et al. 2018. 

In contrast to the other GAGs, HA is synthesized by plasma membrane-bound hyaluronic 

acid synthases (HAS) -1, -2, and -3, that release HA directly to the extracellular space 

(Itano and Kimata 2002). HAS use the UDP-sugars UDP-glucuronic acid (UDP-GlcUA) 
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and uridine 5’-diphospho-N-acetyl-D-glucosamine (UDP-GlcNAc) as substrates (Vigetti et 

al. 2006). HA is the only GAG that is not linked to a protein core (Figure 4), but it can bind 

to a variety of proteins and PGs, called hyalectans (HA- and lectin-binding PGs) (Day and 

Prestwich 2002). HA catabolism is mediated by hyaluronidases (HYALs). HYALs 

specifically hydrolyze HA at hexosaminidic b (1-4) linkages, therefore reducing the amount 

of extracellular high molecular weight HA (Buhren et al. 2016). The main cell surface 

receptor for HA is CD44 (Aruffo et al. 1990). Binding of HA to CD44 influences intracellular 

signaling events, and ultimately, can regulate cellular behavior directly or indirectly.  

1.4.2 The stem cell niche influences cell fate  

HFSCs undergo cycles of activation and regression that are regulated by the surrounding 

niche (Fuchs et al. 2004). Periodic expression of BMP2 and BMP4 in the dermis was 

shown to regulate the regeneration of hair follicles (Plikus et al. 2008; Plikus et al. 2011). 

These results highlight the importance of extrinsic stimuli in stem cell homeostasis, which 

can also be provided by the inter-organ macroenvironment. During hair follicle growth, 

early HFSC progenitor-derived Shh signaling promotes HFSC activation for as long as the 

progenitor cells are in close proximity to the stem cell niche (Hsu et al. 2014b). This 

self-organizing feedback loop ensures precise scaling of HFSC activation and hair follicle 

growth (Chacón-Martínez et al. 2018). Also, the ECM exerts a key role in regulating stem 

cell fate decisions, especially via its biomechanical properties (d'Angelo et al. 2019). In 

mesenchymal stem cells (MSCs), lineage commitment is sensitive to tissue-level elasticity: 

soft matrices that mimic brain are neurogenic, while stiff matrices that mimic muscle are 

myogenic (Engler et al. 2006). Moreover, a stiff environment, established by ECM 

deposition, improves the maintenance of skeletal muscle stem cells since it enhances 

symmetric divisions (Moyle et al. 2020). 

The stem cell niche is directly affected by aging. Remarkably, HFSCs within their aged 

niche were recently shown to maintain lineage identity (Ge et al. 2020). However, the same 

study found that aging skin is severely compromised in its ability to regenerate hair follicles 

upon injury. The authors could show that regeneration was improved by young dermal 

cells during in vivo transplantation experiments. In contrast, aged dermal cells failed to 

support young HFSCs, which suggests that the extrinsic stimuli from the niche override 

intrinsic stem cell function. Also, proteolysis of type XVII collagen (COL17A1) triggers 

HFSC aging, resulting in their elimination through terminal differentiation, which can be 

rescued by forced maintenance of COL17A1 (Matsumura et al. 2016; Liu et al. 2019). In 

sum, improved maintenance of the stem cell niche might improve stem cell function, slow 
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down stem cell exhaustion, and delay the subsequent decline in tissue homeostasis upon 

aging.  

1.5 Protein homeostasis and its role in stem cells 

Tissue homeostasis depends on functional protein homeostasis, which comprises tight 

regulation of protein synthesis, folding, and degradation. In this paragraph, I will describe 

these processes in general and highlight their role in stem cells and cell fate decisions in 

particular.  

1.5.1 Protein synthesis 

Translation of messenger RNAs (mRNAs) is one of the most complex and energy-

consuming processes in the cell (Roux and Topisirovic 2018). It involves initiation, 

elongation, and termination, as well as ribosome recycling. Translational control and 

fidelity play a key role in gene expression regulation (Hershey et al. 2019). Here, I will 

focus on cap-dependent translation. Translation initiation is a dynamic process (reviewed 

in Preiss and Hentze 2003), which ultimately results in pairing of the initiator tRNA 

anti-codon with the start codon of the mRNA. It the requires the formation of a ternary 

complex (TC) composed of a methionine-loaded initiator tRNA (Met-tRNAi
Met) and 

eukaryotic initiation factor (eIF) 2 bound to GTP. The TC assembles with the 40S ribosomal 

subunit and other initiation factors to produce the 43S pre-initiation complex. Binding of 

this complex to the mRNA is dependent on eIF4E, which recognizes the 7-methyl-GTP 

(m7G) cap at the 5’-end of the mRNA. Recognition of the initiation codon (AUG) and joining 

of the large ribosomal subunit trigger GTP hydrolysis on eIF2 (Gebauer and Hentze 2004). 

In the resulting 80S initiation complex, the Met-tRNAi
Met is bound in the P- (peptidyl) site 

of the ribosome and its anticodon is base-paired with the start codon of the mRNA. The 

first step of translation elongation (reviewed in Dever et al. 2018) is the delivery of the 

cognate elongating aminoacyl-tRNA to the A- (aminoacyl) site of the ribosome, in which 

the second codon of the open reading frame (ORF) is located. Next, the translation factor 

eIF5A locates to the E- (exit) site to promote substrate positioning for peptide bond 

formation. Afterwards, the binding of eEF2-GTP to the A-site promotes the translocation 

of the tRNAs to the P- and E-sites. The deacetylated tRNA is released from the E-site and 

the next elongation cycle starts. Translation termination is mediated by the eukaryotic 

release factors (eRF) 1 and 3 and occurs when a stop codon enters the A-site of the 

ribosome (Hellen 2018). Ribosome recycling requires splitting of the 80S ribosome by the 
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ATP-binding cassette protein ABCE1 to release the 60S subunit (Hellen 2018). Overall, 

cap-dependent translation involves a plethora of different players, of which I only named 

a few. In the cell, it requires strict regulation to avoid dispensable energy-consumption.   

1.5.1.1 Regulation of protein synthesis 

The rate of protein synthesis is tightly controlled by signaling pathways that sense various 

internal and external signals (Roux and Topisirovic 2018). Two different control modes are 

conceivable: global control, in which the translation of most mRNAs in the cell is regulated, 

and mRNA-specific control, which results in modulation of translation of a subset of 

mRNAs, while global protein synthesis rates remain unaffected (Gebauer and Hentze 

2004). Global mRNA translation needs to be adjusted during acute stress situations like 

starvation, for example. General control is achieved by changes in the phosphorylation 

status of initiation factors or their regulators (Gebauer and Hentze 2004). As mentioned 

above, eIF4E recognizes the m7G cap at the 5’-end of the mRNA and is therefore required 

for the recruitment of ribosomes to the mRNA. eIF4E function can be inhibited by 

eIF4E-binding proteins (4E-BPs) (Pause et al. 1994). Extracellular cues, such as insulin, 

trigger phosphorylation of 4E-BPs, which results in release from eIF4E (Pause et al. 1994). 

The serine/threonine protein kinase mammalian target of rapamycin (mTOR), which is the 

central nutrient sensor, is responsible for the phosphorylation of 4E-BPs (Wang et al. 2000; 

Dobashi et al. 2011). Therefore, the availability of eIF4E can be adjusted according to 

nutrient availability to regulate global translation rates. Additionally, global control of 

protein synthesis can be achieved by phosphorylation of the a subunit of eIF2 at serine 

51. GTP-bound eIF2 is part of the TC, which is required for translation initiation. Upon start 

codon recognition, GTP is hydrolyzed and eIF2-GDP is released from the TC. The guanine 

nucleotide exchange factor (GEF) eIF2B catalyzes the exchange of GDP for GTP on eIF2 

(Sonenberg and Hinnebusch 2009). Various stress conditions are sensed by four eIF2a 

kinases, namely heme-regulated inhibitor (HRI), protein kinase R (PKR), PKR-like 

endoplasmic reticulum kinase (PERK), and general control non-derepressible 2 (GCN2) 

(Taniuchi et al. 2016). Their activation results in phosphorylation of eIF2a (P-eIF2a) and 

thereby initiates the integrated stress response (ISR): while global translation initiation is 

reduced, translation of specific mRNAs, which contain upstream open reading frames 

(uORFs) in their 5’ untranslated region, like the activating transcription factor 4 (ATF4), is 

increased (Harding et al. 2000). Under normal conditions, uORFs inhibit translation of the 

respective mRNAs through ribosome dissociation and release. Upon stress, P-eIF2a 

competitively inhibits its GEF eIF2B, since the affinity of eIF2B to P-eIF2a is higher than 
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that to eIF2a-GDP (Rowlands et al. 1988). Thereby, P-eIF2a blocks GDP-GTP exchange 

and decreases the amount of active TC. Consequently, global translation initiation is 

reduced, whereas the likeliness of the scanning 40S ribosomal subunit to reach the ORF 

of uORF-containing mRNAs is increased (Hinnebusch 1993). Activation of ATF4 

translation optimizes the cellular response to stress and thereby promotes survival under 

unfavorable conditions (Harding et al. 2003; Pakos-Zebrucka et al. 2016). 

1.5.1.2 Translational control of cell fate decisions 

Translational control is fundamental for normal development. During the transition of 

mouse embryos from the one-cell to the two-cell stage, for example, the abundance of 

most proteins is changed at least 2-fold (Latham et al. 1991). Of note, deregulation of 

translation can manifest in a variety of diseases, including neurodegeneration and cancer 

(Tahmasebi et al. 2018). For example, cancer progression in B cell lymphoma has been 

linked to increased cap-dependent mRNA translation caused by elevated levels of the 

proto-oncogene MYC. Strikingly, reduction of translation rates by decreased levels of the 

60S ribosomal protein L24 suppressed MYC oncogenic activity and improved survival 

(Barna et al. 2008). 

Moreover, the regulation of mRNA translation has previously been implicated in early cell 

fate transitions (Ingolia et al. 2011; Lu et al. 2009; Kristensen et al. 2013). Several studies 

in both embryonic and somatic stem cells demonstrate that global translation is 

suppressed in stem cells to retain an undifferentiated state and increased in progenitor 

cells (Sampath et al. 2008; Signer et al. 2014; Zismanov et al. 2016). HSCs display lower 

protein synthesis rates than restricted hematopoietic progenitors independent of the cell 

cycle status. Also, forcing HSCs to undergo self-renewing divisions does not increase 

protein synthesis (Signer et al. 2014). Blanco et al. (2016) showed that the activation of 

HFSCs during the transition from the resting phase telogen to differentiation in anagen 

during the hair cycle also coincides with an increase of translation. Further, this study 

confirms that protein synthesis rates do not correlate with proliferation. Strikingly, inhibition 

of translation by loss of NOP2/Sun RNA methyltransferase family member 2 (NSUN2) in 

the mouse blocks the differentiation of HFSCs to committed progenitor cells, resulting in 

cyclic alopecia due to a delay in the initiation of the growth phase anagen (Blanco et al. 

2011). Also, in skeletal muscle stem cells global repression of translation by 

phosphorylation of eIF2a is required to maintain quiescence (Zismanov et al. 2016). The 

authors show that reduced phosphorylation results in differentiation, while 

pharmacological inhibition of eIF2a dephosphorylation enhances skeletal muscle stem cell 
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self-renewal. Overall, these data demonstrate a functional role of translation upregulation 

during differentiation and suggest that manipulation of translation influences cell fate 

decisions. 

1.5.2 Protein quality control 

Preserving protein homeostasis not only requires translational control, but also different 

protein quality control (PQC) mechanisms that ensure folding of nascent polypeptides and 

degradation of misfolded and unfolded proteins. In the following section I will highlight how 

protein folding is regulated and which control mechanisms become activated when protein 

folding goes awry. 

Proper protein folding is achieved by a complex network of molecular chaperones. A 

molecular chaperone is defined as any protein that interacts with or stabilizes a non-native 

protein to acquire its final conformation but is not present in the functional structure (Hartl 

and Hayer-Hartl 2009). Some chaperones are also referred to as heat-shock proteins 

(HSPs), since they are upregulated upon heat stress, which increases the abundance of 

aggregation-prone folding intermediates (Hartl et al. 2011). During protein synthesis, 

HSP70 and HSP40 interact with the growing polypeptide, to allow co-translational 

formation of protein domains (Frydman et al. 1994). Subsequently, HSP60 mediates the 

folding of proteins to its native state (Langer et al. 1992). Of note, all proteins destined for 

the secretory pathway are directed to the endoplasmic reticulum (ER) for folding (Schröder 

and Kaufman 2005). Protein folding in the ER is based on the same principles as cytosolic 

protein folding; however, it additionally involves post-translational modifications like 

N-linked glycosylation, which is outlined in detail below (for further information see 

1.6.2 The hexosamine pathway). 

If the influx of nascent polypeptides exceeds the folding capacity of the ER, the 

accumulation of unfolded or misfolded proteins in the ER lumen activates the unfolded 

protein response (UPR) (Schröder and Kaufman 2005). Activation of the UPR, in turn, 

results in inhibition of protein synthesis and upregulation of chaperones (García-Prat et al. 

2017). UPR signaling is mediated by three different branches: IRE1a (inositol requiring 

enzyme 1a), PERK, and ATF6 (activating transcription factor 6) (Walter and Ron 2011). 

IRE1a cleaves the mRNA encoding the transcription factor X-box binding protein 1 (Xbp1), 

generating spliced Xbp1 (Xbp1s), which enhances expression of chaperones and 

components involved in ER-associated degradation (ERAD) (Hetz et al. 2011). Upon 

activation of ERAD, terminally misfolded proteins are dislocated from the ER to the cytosol, 

where they are degraded by the ubiquitin-proteasome system (UPS) (Smith et al. 2011). 
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ATF6 is proteolytically processed to release its amino-terminal transcriptional activator 

domain, which translocates to the nucleus to activate transcription of UPR target genes 

(Gardner et al. 2013). PERK undergoes activating autophosphorylation and subsequently 

phosphorylates eIF2a on serine 51, which results in the reduction of general protein 

synthesis and enhanced translation of uORF containing mRNAs like ATF4 (Harding et al. 

1999). Thus, PERK activation downstream of the UPR results in the initiation of the ISR 

(see also 1.5.1.1 Regulation of protein synthesis). 

Degradation of misfolded proteins is mediated by the UPS or through autophagy (Vilchez 

et al. 2014b). The eukaryotic 26S proteasome is a large multi-subunit complex that 

degrades the majority of cellular proteins, which are marked for proteasomal degradation 

by the addition of one or more ubiquitin moieties (Budenholzer et al. 2017). Autophagy is 

a catabolic process, where intracellular components like fractions of the cytosol, 

organelles, or macromolecules are delivered to the lysosome for degradation (Vilchez et 

al. 2014a). The UPS and autophagy also play a pivotal role under physiological conditions, 

since these processes modulate protein levels during the cell cycle, for example, and 

recycle amino acids for protein synthesis. 

1.5.2.1 Protein quality control in cell fate decisions  

Importantly, all PQC mechanisms outlined in the previous section have been implicated in 

stem cell maintenance. Several studies suggest that stem cells display an elevated protein 

folding capacity: the levels of the HSP70 family members HSPA1A and HSPA1B are 

increased in ESCs compared to their more differentiated counterparts (Saretzki et al. 2004; 

Saretzki et al. 2008). Furthermore, HSCs have fewer misfolded and unfolded proteins than 

more differentiated progenitors (Hidalgo San Jose et al. 2020). Consistently, inhibition of 

HSP90 results in differentiation of ESCs, suggesting that protein folding is required for 

stem cell maintenance (Bradley et al. 2012). Moreover, ESCs exhibit elevated levels of the 

proteasome subunit PSMD11, enhanced assembly of the proteasome, and, 

correspondingly, increased proteasome activity compared to their more differentiated 

counterparts (Vilchez et al. 2012). Additionally, the proteasome subunit PSMD14 is 

required for ESC self-renewal and cellular reprogramming (Buckley et al. 2012). Also, 

enhancing proteasome activity in MSCs results in the maintenance of self-renewing 

capacity (Kapetanou et al. 2017). These data implicate the UPS and elevated proteasome 

activity in stem cell maintenance. Of note, the basal level of autophagy is upregulated upon 

early differentiation of ESCs (Tra et al. 2011). In adult somatic stem cells, however, 

autophagy is a key regulator of stem cell function (Chang 2020). Loss of autophagy in 
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HSCs results in accelerated differentiation and impaired self-renewal (Ho et al. 2017). 

Also, epidermal and dermal stem cells display high autophagic activity under physiological 

conditions (Salemi et al. 2012). Thus, autophagy might not be required for self-renewal in 

all types of stem cells but could mediate protection against cellular stress. When damaged 

proteins cannot be cleared by the UPS or through autophagy, they can be asymmetrically 

distributed during cell division: while one daughter cell inherits a healthy proteome and 

maintains stemness, the other daughter cell inherits the damaged proteins and is poised 

to differentiate (Moore et al. 2015). Overall, the maintenance of a healthy proteome is 

fundamental for stem cell function and tissue homeostasis. It is achieved by regulation of 

protein homeostasis at the levels of protein synthesis, folding, and degradation, or through 

the asymmetric distribution of damaged proteins to the daughter cells.  

1.6 Cellular metabolism 

Metabolic changes drive organismal aging and interventions that affect cellular 

metabolism, like dietary restriction, can extend lifespan in several model organisms 

(Chandel et al. 2016). Changes in nutritional conditions also significantly influence function 

and maintenance of stem cell populations (Jasper and Jones 2010). Here, I will focus on 

three different metabolic pathways: glycolysis, the hexosamine pathway, and the 

polyamine metabolism. These pathways, that have been described to become 

dysregulated with age, have been implicated in stemness before. 

1.6.1 Glycolysis 

Glycolysis is the first step in glucose metabolism (Figure 5). It occurs in the cytosol of all 

cells and involves the conversion of glucose to pyruvate, generating reduced nicotinamide 

adenine dinucleotide (NADH) and two molecules of adenosine 5’-triphosphate (ATP) per 

molecule glucose (Naifeh et al. 2020). Under aerobic conditions, pyruvate and NADH are 

shunted to the mitochondria, where pyruvate enters the tricarboxylic acid (TCA) cycle and 

generates more NADH and reduced flavin adenine dinucleotide (FADH2) (Melkonian and 

Schury 2020). These reducing equivalents are oxidized by the electron transport chain 

(ETC), which uses oxygen as final electron acceptor to form water and generates a proton 

gradient across the inner mitochondrial membrane. Finally, this proton gradient is used to 

produce ATP in a process called oxidative phosphorylation (OXPHOS) (Montoya et al. 

2009). Instead, under anaerobic conditions, lactate dehydrogenase (LDH) converts 
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pyruvate to lactate and regenerates NAD+ from NADH, since OXPHOS, which requires 

oxygen as a final electron acceptor, is unavailable (Melkonian and Schury 2020). 

 

Figure 5: Schematic representation of glycolysis, TCA cycle, and OXPHOS. The conversion 
of glucose (Glc) to pyruvate generates 2 ATP and 2 NADH per molecule glucose. Under aerobic 
conditions, pyruvate is transported into mitochondria via mitochondrial pyruvate carrier (MPC), 
which can be inhibited by UK-5099. The tricarboxylic acid (TCA) cycle generates more reducing 
equivalents, which are oxidized by the electron transport chain (ETC). The proton gradient, which 
is established by the ETC, is used to generate ATP during oxidative phosphorylation (OXPHOS). 
Under anaerobic conditions, lactate dehydrogenase (LDH) produces lactate from pyruvate and 
recovers NAD+. HK: hexokinase, PGI: phosphoglucoisomerase, PFK: phosphofructokinase, Glc6P: 
glucose-6-phophate, Frc6P: fructose-6-phophate, Frc1,6P: fructose-1,6-bisphosphate. 

In the 1950s, Otto Warburg observed that cancer cells use glycolysis for energy 

production, even when there was sufficient oxygen present to perform OXPHOS. This 
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became known as the Warburg effect (Warburg 1956). Thus, the Warburg effect, or 

aerobic glycolysis, refers to a condition in which glucose is converted to lactate in the 

presence of oxygen (Naifeh et al. 2020). Although its efficiency of energy production is 

relatively low, glycolysis can produce sufficient ATP for rapid cell proliferation (Ishida et al. 

2020). Moreover, it is essential for the biosynthesis of nucleotides, amino acids, and lipids 

in proliferating cells (Vander Heiden et al. 2009). Thus, it is not surprising that numerous 

studies demonstrate that not only cancer cells, but also stem cells and induced pluripotent 

stem cells (iPSCs) have an elevated dependence on aerobic glycolysis compared to 

differentiated cell types (Zhang et al. 2012b). Especially HSCs in their hypoxic niche have 

been well described to rely on glycolysis for energy production, while OXPHOS is activated 

upon differentiation (Simsek et al. 2010). This glycolytic phenotype is also characteristic of 

ESCs (Kondoh et al. 2007), MSCs (Chen et al. 2008), and hepatic stem cells (Turner et 

al. 2008). Recently, metabolomic analysis of HFSCs relative to the entire epidermis 

revealed that also HFSCs have higher levels of glycolysis intermediates, suggesting the 

dependence of HFSCs on glycolytic metabolism (Flores et al. 2017). Strikingly, glycolytic 

ESCs have spherical and cristae-poor mitochondria, which are randomly distributed in the 

cell and do not form a mitochondrial network (Chung et al. 2007). Such mitochondrial 

infrastructure is also characteristic of HSCs (Piccoli et al. 2005) and MSCs (Chen et al. 

2008) and may represent a marker of stemness (Folmes et al. 2012). At the onset of 

differentiation, ESCs and MSCs increase mtDNA replication to ensure mitochondrial 

biogenesis (Cho et al. 2006; Chen et al. 2008). 

Besides glucose, mannose has also been described to readily enter glycolysis and the 

TCA cycle (Slade et al. 2016). Mannose is an important precursor for N-linked 

glycosylation, which is one of the most common protein modifications and is required for 

glycoprotein folding and function (Cherepanova et al. 2016). Upon entry of the cell via 

hexose transporters, mannose (Man) is phosphorylated by hexokinase (HK) to produce 

mannose-6-phosphate (Man6P), which serves as a substrate for two major enzymes 

(Figure 6): phosphomannomutase 2 (PMM2) and phosphomannose isomerase (MPI) 

(Sharma et al. 2014). PMM2 converts Man6P to mannose-1-phosphate (Man1P), which is 

needed to produce the glycosylation intermediates GDP-mannose (GDP-Man) and 

dolichol-phosphate-mannose (Dol-P-Man) (Andreotti et al. 2013). These intermediates 

contribute to N-linked glycosylation, O-mannosylation, C-mannosylation, and 

glycophosphotidylinositol (GPI) anchors (Sharma et al. 2014). MPI isomerizes Man6P to 

fructose-6-phosphate (Frc6P) (Gracy and Noltmann 1968). Thereby, MPI effectively 

connects N-linked glycosylation with energy metabolism (Shtraizent et al. 2017). Also, 
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Frc6P is used in the hexosamine pathway (HP), which is described in detail below (for 

further information see 1.6.2 The hexosamine pathway). 

 

Figure 6: Schematic representation of mannose metabolism. Mannose (Man) is 
phosphorylated by hexokinase (HK) to form mannose-6-phosphate (Man6P), which is either 
converted to mannose-1-phophate (Man1P) by phosphomannomutase 2 (PMM2) or to fructose-6-
phosphate (Frc6P) by phosphomannose isomerase (MPI). Mannose metabolism is shown in teal. 
Frc6P fuels glycolysis (green) and the hexosamine pathway (light blue). 

1.6.1.1 Sweet control of cell fate decisions 

Glucose metabolism has been related to stem cell fate decisions previously. Stemness of 

pluripotent stem cells can be enhanced by elevation of glycolysis through hypoxia (Ezashi 

et al. 2005), or inhibition of the mitochondrial respiratory chain (Varum et al. 2009). A study 

in intestinal stem cells (ISCs) has shown that the limitation of mitochondrial pyruvate 

metabolism is necessary and sufficient to maintain the ISC compartment (Schell et al. 

2017). Folmes et al. (2011) demonstrated that reprogramming of somatic cells to iPSCs 

caused mitochondrial regression, electron transport chain downregulation, and 

upregulation of glycolytic enzymes. Moreover, the authors found that inhibiting glycolysis 

or enhancing pyruvate entry in the TCA cycle reduced reprogramming efficiency (Folmes 

et al. 2011). Consistently, enhancing glycolytic flux improves reprogramming efficiency: 

small molecule-mediated activation of 3’-phosphoinositide-dependent kinase 1 (PDPK1), 

which results in the elevated expression of glycolytic genes, as well as hypoxia, increase 

reprogramming efficiency (Zhu et al. 2010; Yoshida et al. 2009). Furthermore, treatment 

of HSCs with a pyruvate dehydrogenase kinase (PDK) mimetic, which leads to 
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suppression of the influx of glycolytic metabolites into mitochondria, enhanced stem cell 

capacity, whereas loss of PDK2 and PDK4 attenuates HSC quiescence (Takubo et al. 

2013). 

Apart from ATP synthesis, glycolysis also ensures a steady supply with acetyl-coenzyme 

A (acetyl-CoA), which is a cofactor for histone acetylation. Strikingly, inhibition of glycolysis 

in ESCs causes histone deacetylation and subsequently loss of pluripotency (Moussaieff 

et al. 2015). Consistently, another study demonstrates that inhibition of histone 

deacetylases (HDACs) promotes ESC self-renewal (Ware et al. 2009). In addition to 

glycolysis, mitochondrial fatty acid oxidation (mFAO) generates acetyl-CoA through the 

breakdown of fatty acid molecules in the mitochondrial matrix (Figure 5) (Ito and Ito 2016). 

Peroxisome proliferator-activated receptor d (PPAR-d) positively regulates the rate-limiting 

enzyme of mFAO. Of note, loss of PPAR-d or inhibition of mFAO induces reduction of the 

HSC pool by the symmetric commitment of daughter cells (Ito et al. 2012). Thus, HSCs, 

like ESCs, might require high acetyl-CoA levels to ensure histone acetylation and self-

renewal. These studies demonstrate that metabolism, epigenetics, and cell fate are tightly 

connected. Overall, there is evidence that metabolic changes are not only a consequence 

of the stem cell state but can influence cell fate decisions (Wei et al. 2018).   

1.6.2 The hexosamine pathway 

The hexosamine pathway (HP) is an anabolic pathway that converts the glycolysis 

intermediate fructose-6-phosphate (Frc6P) to uridine 5’-diphospho-N-acetyl-D-

glucosamine (UDP-GlcNAc) in four consecutive enzymatic reactions (Figure 7), using 

around 2-3 % of intracellular glucose (Marshall et al. 1991). The first and rate-limiting step 

is catalyzed by glutamine fructose-6-phosphate amidotransferase (GFAT), which uses 

L-glutamine (Gln) as nitrogen donor to convert Frc6P to D-glucosamine-6-phosphate 

(GlcN6P) (Ghosh et al. 1960). In the second reaction, D-glucosamine-6-phosphate-N-

acetyltransferase (GNA1) converts GlcN6P to N-acetyl-D-glucosamine-6-phosphate 

(GlcNAc6P) in an acetyl-CoA dependent reaction (Wang et al. 2008). Subsequently, 

GlcNAc6P is isomerized to N-acetyl-D-glucosamine-1-phosphate (GlcNAc1P) by 

phosphoglucomutase (PGM3) (Ricciardiello et al. 2018). In the last enzymatic step, 

UDP-N-acetylglucosamine pyrophosphorylase (UAP1) uses uridine-5’-triphosphate (UTP) 

to form UDP-GlcNAc from GlcNAc1P (Mio et al. 1998). Overall, the HP is well-positioned 

to function as a nutrient sensor, since its end-product UDP-GlcNAc is a high energy 

compound that requires carbohydrate, amino acid, lipid, and nucleotide donors for its 

synthesis (Wells et al. 2003). 
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Figure 7: Schematic representation of the hexosamine pathway and its versatile outputs. 
Synthesis of UDP-GlcNAc requires carbohydrate (green), amino acid (blue), lipid (purple), and 
nucleotide (orange) donors for its synthesis. Glycolysis is depicted in green, the hexosamine 
pathway is shown in light blue. The combination of UDP-GlcNAc and UDP-GalNAc is referred to 
as UDP-HexNAc. GFAT: glutamine fructose-6-phosphate amidotransferase, GNPDA: 
D-glucosamine-6-phosphate deaminase, HK: hexokinase, GNA1: D-glucosamine-6-phosphate-N-
acetyltransferase, NAGK: N-acetyl-D-glucosamine kinase, PGM3: phosphoglucomutase, UAP1: 
UDP-N-acetylglucosamine pyrophosphorylase, GALE: UDP-galactose-4’-epimerase. 

UDP-GlcNAc can be converted to its epimer uridine 5’-diphospho-N-acetyl-D-

galactosamine (UDP-GalNAc) by UDP-galactose-4’-epimerase (GALE) in a reversible 

reaction (Thoden et al. 2001; Schulz et al. 2004). Both acetylated aminosugars are 

essential precursors for biopolymer synthesis and for at least three types of glycosylation 

reactions (Figure 7). First, N-linked glycosylation is one of the most common protein 

modifications in eukaryotic cells and occurs on secreted or membrane-associated proteins 

in the ER (Cherepanova et al. 2016). It can be divided in two distinct processes: the 

assembly of a lipid-linked oligosaccharide at the ER membrane and the transfer of this 

core oligosaccharide from the lipid anchor to selected asparagine residues of nascent 

proteins (Burda and Aebi 1999). UDP-GlcNAc is required for the first two reactions in the 

assembly of the core oligosaccharide (Yoo et al. 2018; Bickel et al. 2005). After addition 
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to nascent proteins, the core oligosaccharide undergoes extensive modifications, which 

reflect different functions in glycoprotein folding, quality control, degradation, and secretion 

(Helenius and Aebi 2004). Also, N-linked glycosylation is pivotal for glycoprotein function. 

Second, mucin-type O-glycosylation of proteins occurs in the Golgi apparatus in a stepwise 

manner. In the initial step, the GalNAc moiety from UDP-GalNAc is a-linked to the hydroxyl 

group of serine or threonine residues (Julenius et al. 2005). Mucin-type O-glycosylation 

influences protein conformation and is involved in cell adhesion, cell-cell and cell-matrix 

interactions (Hanisch 2001). Additionally, this modification protects proteins against 

proteolytic cleavage and thereby increases protein stability (Kozarsky et al. 1988). Third, 

O-GlcNAcylation is the attachment of a single GlcNAc moiety to the hydroxyl group of 

serine or threonine residues. O-GlcNAc transferase (OGT) is the sole enzyme that 

catalyzes the b-linkage of GlcNAc derived from UDP-GlcNAc to target proteins and only 

O-GlcNAcase (OGA) can remove the O-GlcNAc modification (Haltiwanger et al. 1992; 

Dong and Hart 1994). O-GlcNAcylation is often reciprocal to phosphorylation, which also 

occurs on serine or threonine residues (van der Laarse et al. 2018). Modification by 

O-GlcNAc plays a role in a plethora of cellular functions, such as chromatin remodeling, 

gene transcription, proliferation, apoptosis, and proteasomal degradation, and can 

regulate the function, localization, and stability of target proteins (Love and Hanover 2005; 

Boyce et al. 2011). In addition to glycosylation reactions, UDP-GlcNAc and UDP-GalNAc 

are required for the synthesis of glycosaminoglycans (GAGs), which are described in detail 

above (for further information see 1.4.1 The extracellular matrix). 

1.6.2.1 Glutamine fructose-6-phosphate amidotransferase  

As mentioned above, GFAT catalyzes the first and rate-limiting step of the HP (Figure 7). 

GFAT consists of two domains: the glutaminase domain hydrolyzes Gln to L-glutamate 

(Glu) and releases ammonia, and the isomerase/transferase domain, which first converts 

Frc6P to glucose-6-phosphate (Glc6P) and subsequently transfers ammonia to Glc6P, 

resulting in the formation of GlcN6P (Denisot et al. 1991; Ruegenberg et al. 2020). 

Ammonia is transferred via an ammonia channel, which is formed upon substrate binding 

and connects the two active sites (Mouilleron et al. 2006). In mice and human, two 

paralogs of GFAT are expressed: GFAT1 and GFAT2. They share around 75 % identity at 

the amino acid level; however, their tissue distribution differs (Oki et al. 1999). Since 

GFAT2 was found to be mainly expressed in the nervous system and thus, might exert 

tissue-specific functions, I will focus on GFAT1, which is described to be expressed 

ubiquitously (Oki et al. 1999). GFAT1 is essential since a full body knockout in mice results 
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in embryonic lethality (Issop et al. 2018). Two splice-variants of GFAT1 are expressed: a 

short (GFAT1) and a long isoform (GFAT1-L). Human GFAT1-L contains a 54 bp insertion 

at amino acid position 299 and is predominantly expressed in skeletal muscle and heart 

(DeHaven et al. 2001; Niimi et al. 2001). GFAT1 can be feedback inhibited by its product 

GlcN6P, as well as the end-product of the HP UDP-GlcNAc (Kornfeld 1967; Broschat et 

al. 2002; Assrir et al. 2014). Remarkably, the UDP-GlcNAc epimer UDP-GalNAc, which 

differs only in the orientation of the hydroxyl group at C4 of the sugar ring, inhibits GFAT1 

at much higher doses compared to UDP-GlcNAc, and thus, is only a weak inhibitor 

(Broschat et al. 2002; Ruegenberg et al. 2020). The activity of GFAT1 can also be 

modulated by phosphorylation through AMP-activated protein kinase (AMPK) and 

calcium/calmodulin-dependent protein kinase II (CaMKII) at serine 243 and 

cAMP-dependent protein kinase (PKA) at serine 205 and serine 235 (Li et al. 2007; Eguchi 

et al. 2009; Zhou et al. 1998; Chang et al. 2000). However, the consequences of 

phosphorylation on GFAT1 activity are poorly understood and appear to depend on the 

cellular context, as well as isoform expression. 

1.6.2.2 Hexosamine pathway activation  

Activation of the HP results in elevated UDP-GlcNAc levels and can be achieved by 

different means. As mentioned above, the HP uses 2-3 % of cellular glucose (Marshall et 

al. 1991). Changing intracellular glucose concentration affects the flux through the HP: 

while glucose deprivation reduces UDP-GlcNAc levels, the addition of extracellular 

glucose is sufficient to increase HP activity (Nakajima et al. 2010; Abdel Rahman et al. 

2013; Marshall et al. 2004). Interestingly, D-glucosamine (GlcN) has been described to 

activate the HP more potently than glucose (Marshall et al. 2004). GlcN is phosphorylated 

by hexokinase (HK) and enters the HP as GlcN6P (Figure 7). Hence, GlcN bypasses the 

rate-limiting step catalyzed by GFAT1, which is also sensitive to UDP-GlcNAc feedback 

inhibition, and thus, can be converted to UDP-GlcNAc more efficiently. Also, N-acetyl-D-

glucosamine (GlcNAc) addition has been shown to activate the HP in cells, worms, and 

mice (Sasai et al. 2002; Abdel Rahman et al. 2013; Denzel et al. 2014; Ryczko et al. 2016; 

Horn et al. 2020). GlcNAc is converted to GlcNAc6P by N-acetyl-D-glucosamine kinase 

(NAGK), which requires ATP (Figure 7) (Weihofen et al. 2006). Additionally, NAGK 

catalyzes GlcNAc salvage from lysosomally degraded glycoconjugates or upon 

OGA-mediated removal of the O-linked GlcNAc moiety from proteins (Weihofen et al. 

2006; Gloster et al. 2011). In contrast to GlcN addition, GlcNAc supplementation does not 

affect intracellular acetyl-CoA levels, however, both require ATP to enter the HP (Marshall 
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et al. 2004; Abdel Rahman et al. 2013). In this study, I will use GlcNAc supplementation, 

since GlcNAc has been suggested to activate the HP more efficiently than GlcN (Grigorian 

et al. 2007).  

As mentioned above, GFAT1 is the rate-limiting enzyme of the HP. Consistently, several 

studies have shown that GFAT1 overexpression (OE) elevates HP flux. In cells, GFAT1 

OE enhances UDP-GlcNAc production (Crook et al. 2000; Weigert et al. 2001). Also, OE 

in skeletal muscle and adipose tissue, in the liver, or in the heart of transgenic mice 

increases GFAT1 activity, UDP-GlcNAc level, and O-GlcNAcylation, respectively (Hebert 

et al. 1996; Veerababu et al. 2000; Tran et al. 2020). In this study, I use transgenic mice, 

which ubiquitously overexpress human GFAT1 (Horn et al. 2020). Finally, HP flux can be 

increased by point mutations in GFAT1. Denzel et al. (2014) identified three different 

gain-of-function mutations using a forward genetic approach in Caenorhabditis elegans 

(C. elegans). In this study, I will focus on the G451E substitution (dh785 in C. elegans), 

which has been recently shown to drastically reduce the sensitivity of GFAT1 to 

UDP-GlcNAc feedback inhibition (Ruegenberg et al. 2020). Consistently, UDP-GlcNAc 

levels are increased in a mouse neuroblastoma cell line (N2a cells) carrying this gain-of-

function mutation (Horn et al. 2020; Ruegenberg et al. 2020). Here, I will use mice, which 

ubiquitously overexpress human GFAT1 G451E. Taken together, HP flux can be 

modulated by precursor availability, as well as GFAT1 abundance and activity.  

1.6.2.3 Effects of hexosamine pathway activation 

HP activation has been shown to confer resistance to aggregation-prone proteins by 

improving PQC mechanisms and to extend lifespan in the nematode C. elegans (Denzel 

et al. 2014). Also, GlcN feeding to aged mice increases their life expectancy (Weimer et 

al. 2014). Furthermore, HP activation ameliorates proteotoxicity in mammalian cells 

through modulation of the ISR (Horn et al. 2020). Thus, HP activation increases PQC 

pathways in different model organisms, likely by inducing the ISR downstream of 

PERK-mediated eIF2a phosphorylation. Strikingly, Wang et al. (2014) demonstrated that 

UPR induction upon ischemia/reperfusion triggers GFAT1 expression and, as a 

consequence, elevates O-GlcNAcylation in the heart, conferring cardioprotection. 

Furthermore, the authors suggested HP activation as a general response to UPR 

induction, since it was observed using a variety of different stressors. Thus, ER stress can 

activate the HP to ensure cell survival via increased glycosylation reactions. Taken 

together, these findings suggest that the HP and PQC pathways are tightly connected. 

The HP functions as a nutrient sensor, and thus, is optimally positioned to regulate protein 
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turnover according to nutrient availability. As mentioned above, stem cells rely on proper 

protein folding and degradation to maintain self-renewal. Therefore, HP activation might 

have beneficial effects on stem cell maintenance by improving PQC mechanisms.  

Additionally, HP activation has been shown to modulate HA content. HA synthesis is 

controlled by substrate availability: limiting UDP-GlcUA or UDP-GlcNAc reduces HA 

synthesis and an increase in one UDP-sugar is sufficient to elevate HA synthesis (Kultti et 

al. 2009; Vigetti et al. 2006; Jokela et al. 2008). Accordingly, several studies showed 

increased HA content upon GlcN supplementation (Jokela et al. 2008; Jokela et al. 2011; 

Vigetti et al. 2012). Interestingly, HAS2 is O-GlcNAcylated on serine 221, which increases 

its activity and stability (Vigetti et al. 2012). Hence, HP activation modulates HA content 

by increased UDP-GlcNAc availability and O-GlcNAc-mediated stabilization of HAS2. 

Elevated HA synthesis, in turn, changes ECM composition. Thus, HP activation might 

improve stem cell maintenance through effects on the stem cell niche.  

1.6.2.4 The hexosamine pathway in cell fate decisions 

The HP has been suggested to mediate the crosstalk between the metabolic state, cellular 

signaling, and epigenetic regulation of cell fate (Sun et al. 2016). Furthermore, the activity 

of the pluripotency factors Oct4 and Sox2 depends on their O-GlcNAc modification, which 

clearly demonstrates that the HP is important for stem cell self-renewal (Jang et al. 2012). 

Accordingly, the elevation of O-GlcNAcylation improves stem cell maintenance. For 

example, HP activation through GlcN supplementation favors mouse ESC self-renewal 

(Jang et al. 2012; Jeon et al. 2014). Also, inhibition of OGA impairs differentiation of mouse 

ESCs into neuronal progenitors and during embryonic body formation, as well as 

differentiation of human ESCs into cardiomyocyte precursors (Speakman et al. 2014; Jang 

et al. 2012; Kim et al. 2009). In turn, reduction of global O-GlcNAc levels favors a more 

differentiated state: knockdown of OGT, inhibition of OGT, or inhibition of GFAT1 impairs 

self-renewal, accelerates the differentiation of human ESCs along the neuronal lineage, or 

elevates differentiation of human ESCs into cardiomyocyte precursors, respectively (Jang 

et al. 2012; Andres et al. 2017; Kim et al. 2009). Moreover, reprogramming of mouse 

embryonic fibroblasts into iPSCs is modulated by O-GlcNAcylation levels: overexpression 

of OGT enhances reprogramming efficiency, while low-glucose culture medium dampens 

cellular reprogramming (Jang et al. 2012). Thus, activation of the hexosamine pathway 

favors the stem cell fate through elevated O-GlcNAcylation. However, whether HP 

activation affects cell fate by improved protein quality control or by changes in ECM 

composition remains elusive. 
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1.6.3 The polyamine metabolism 

Polyamines are polycations that are essential for cell growth and can bind to a variety of 

negatively charged cellular molecules, including nucleic acids (Dever and Ivanov 2018). 

Polyamine homeostasis is critical to cell survival and is achieved by regulation at different 

levels of their synthesis, degradation, uptake and excretion (Wallace et al. 2003). 

The first and rate-limiting step in the polyamine metabolism (Figure 8) is the synthesis of 

putrescine from ornithine, which is catalyzed by ornithine decarboxylase (ODC). 

Subsequently, spermidine is synthesized from putrescine, and spermine from spermidine, 

by transfer of the aminopropyl moiety of decarboxylated S-adenosylmethionine (dcSAM), 

which is generated from SAM by adenosylmethionine decarboxylase (AMD1) (Igarashi 

and Kashiwagi 2010). During polyamine catabolism, spermidine/spermine N1-

acetyltransferase (SSAT) acetylates spermidine and spermine using acetyl-CoA to form 

N1-acetylspermidine (N1-AcSpd) and N1-acetylspermine (N1-AcSpm), respectively 

(Figure 8). These acetylated intermediate products are the major polyamines exported 

from the cell (Seiler and Dezeure 1990). N1-AcSpd and N1-AcSpm can be converted back 

to putrescine and spermidine, respectively, by the FAD-dependent polyamine oxidase 

(PAOX) (Wallace et al. 2003). The control of polyamine biosynthesis is mainly achieved 

via control of ODC levels through a feedback mechanism. High polyamine levels enhance 

synthesis and stability of ODC antizyme (OAZ), which targets ODC for ubiquitin-

independent proteasomal degradation (Fong et al. 1976; Heller et al. 1976; Palanimurugan 

et al. 2004).   

Interestingly, up to 15 % of polyamines are stably associated with ribosomes in 

Escherichia coli (E. coli), which established their importance for protein synthesis (Cohen 

and Lichtenstein 1960). Polyamines were also described to be associated with the tRNA 

of E. coli (Cohen et al. 1969). The fidelity of polypeptide synthesis in a cell-free system is 

increased by polyamines via enhanced binding of aminoacyl-tRNAs to the ribosome 

(Igarashi et al. 1982). Furthermore, the assembly of the 30S ribosomal subunits is 

stimulated by polyamines through enhanced methylation of two adjacent adenine residues 

near the 3’-end of 16S rRNA (Echandi and Algranati 1975; Igarashi et al. 1980). 

Additionally, the polyamine spermidine is converted to the amino acid hypusine (Park et 

al. 1981), which is used to post-translationally modify the elongation factor eIF5A (Cooper 

et al. 1983). This modification occurs on lysine 50 of eIF5A in a two-step process: 

deoxyhypusine synthase transfers the aminobutyl moiety of spermidine to the lysine 

residue, forming deoxyhypusine, which can then be hydrolyzed by deoxyhypusine 

hydroxylase to form hypusine (Park et al. 1982; Abbruzzese et al. 1986). Hypusination of 
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eIF5A is critical for translation elongation, especially for difficult substrates like polyproline 

stretches (Saini et al. 2009; Gutierrez et al. 2013). 

 

Figure 8: Schematic representation of the polyamine metabolism. The natural polyamines 
putrescine, spermidine, and spermine are required for protein synthesis. Polyamine biosynthesis 
(orange) can be inhibited using 2-difluoromethylornithine (DFMO), while polyamine catabolism 
(gray) can be activated by N1,N11-diethylnorspermine (DENSpm). dcSAM: decarboxylated SAM, 
MTA: 5’-mehylthioadenosine, SAM: S-adenosylmethionine, AMD1: adenosylmethionine 
decarboxylase 1, OAZ: ODC antizyme, ODC: ornithine decarboxylase, PAOX: polyamine oxidase, 
SMS: spermine synthase, SMOX: spermine oxidase, SRM: spermidine synthase, SSAT: 
spermidine/spermine N1-acetyltransferase. 

Apart from their function in translation, polyamines have also been implicated in the 

regulation of ion channels. Inward rectifier potassium channels, for example, play a pivotal 

role in the maintenance of the resting potential of cell membranes and potassium 

homeostasis (Williams 1997). Spermine and spermidine act as high-affinity blockers being 

effective at nanomolar concentrations (Ficker et al. 1994). Furthermore, polyamines 

influence cell-cell interactions through the regulation of E-cadherin (Liu et al. 2009) and 

Toll-like receptor 2 (Chen et al. 2007). Cytoskeleton dynamics are controlled by 

polyamines via the activation of the small RhoGTPases RhoA and Rac1 (Bueb et al. 1992; 

Ray et al. 2003; Mäkitie et al. 2009) and alterations in the microtubule network (Mechulam 

et al. 2009). Polyamines promote gap junction communication between proliferating cells 

by promoting dynamical microtubule plus ends at the cell periphery, and thus, allow 

polyamine exchange between cells (Desforges et al. 2013). Intercellular polyamine 

exchange can thereby regulate proliferation in a multicellular system (Hamon et al. 2016).  
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Importantly, the polyamine spermidine is described to alleviate aging and aging-associated 

diseases. Spermidine supplementation induces autophagy and promotes longevity 

(Eisenberg et al. 2009; Morselli et al. 2009). Additionally, increased autophagy by 

spermidine addition is also sufficient to reverse immune cell senescence (Zhang et al. 

2019). Cardiovascular dysfunction can also be attenuated by spermidine treatment 

through the activation of mitochondrial biogenesis (Wang et al. 2020). Furthermore, 

increased spermidine levels are required for IIS-mediated longevity in the fly (Tain et al. 

2019).  

1.6.3.1 Targeting the polyamine metabolism 

Since polyamines are required for cell growth, targeting polyamine biosynthesis is an 

attractive cancer therapy. Additionally, ODC is a transcriptional target of the MYC 

oncogene (Bello-Fernandez et al. 1993). Therefore, overexpression of MYC, which is often 

described in cancer, can promote dysregulation of the polyamine metabolism as seen in 

many cancer types like leukemia, neuroblastoma and breast cancer (Funakoshi-Tago et 

al. 2013; Koomoa et al. 2013; Ozfiliz et al. 2015). ODC activity can be potently inhibited by 

2-difluoromethylornithine (DFMO), which is enzyme-activated and irreversibly binding 

(Metcalf et al. 1978). Consequently, DFMO was used in clinical trials; however, there was 

no significant clinical response observed (Abeloff et al. 1984; Horn et al. 1987). Due to the 

poor success of DFMO, polyamine analogs, which should interrupt polyamine biosynthesis 

and compete for uptake, were synthesized (Damiani and Wallace 2018). These analogs 

increase polyamine catabolism by activation of SSAT, and thereby deplete intracellular 

polyamine pools and inhibit growth (Porter et al. 1991). Clinical trials were conducted using 

the spermine analog N1,N11-diethylnorspermine (DENSpm). However, no evidence for 

disease response was detected (Hahm et al. 2002; Wolff et al. 2003). 

1.6.3.2 The polyamine metabolism in cell fate decisions 

Given that increased polyamine levels positively regulate translation and that high 

translation rates promote stem cell differentiation, it is surprising that previous studies have 

implicated high polyamine levels in stem cell maintenance. For example, polyamines 

positively influence the expression of MINDY1, a deubiquitinating enzyme, which promotes 

ESC self-renewal (James et al. 2018). Additionally, forced overexpression of AMD1 or 

ODC in ESCs results in a delay in differentiation upon removal of LIF and can also improve 

cellular reprogramming (Zhang et al. 2012a; Zhao et al. 2012). Strikingly, reduced 

polyamine levels were described to cause uterine quiescence, which was shown by the 
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entry of blastocysts into embryonic diapause (Fenelon and Murphy 2017). This finding 

clearly highlights the importance of high polyamine levels in stem cell function. 

Consistently, the differentiation of human bone marrow-derived MSCs coincides with 

decreased polyamine levels (Tsai et al. 2015). Overall, these data suggest that changes 

in polyamine levels can affect cell fate decisions. However, the mechanism underlying 

polyamine-mediated changes in cell fate decisions are poorly understood. Also, the link 

between polyamines and translation in the regulation of cell fate decisions remains 

obscure.   
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1.7 Aims of this study 

Aging is the main risk factor for the manifestation of numerous serious diseases, including 

cancer, cardiovascular diseases and neurodegenerative disorders. Thus, the growing 

proportion of elderly people in the global population poses a major challenge to the health 

care systems around the world. Maintaining tissue homeostasis with age is key to prolong 

healthspan and requires retention of adult somatic stem cell function. Therefore, it is of 

utmost importance to identify stem cell fate determinants to be able to delay stem cell 

exhaustion in the elderly. Hair follicle stem cells (HFSCs) represent an ideal model to study 

adult somatic stem cell fate, since they fuel cyclical rounds of hair follicle growth in vivo, 

and thus, continuously undergo fate decisions. Furthermore, the 3D-3C organoid culture 

system allows for easy manipulation of HFSCs and investigation of the resulting cell fate 

changes. 

It has been well described that changes in nutritional conditions drive organismal aging 

and that interventions that affect cellular metabolism, like dietary restriction, can extend 

lifespan. Importantly, metabolic changes also significantly influence function and 

maintenance of stem cell populations. However, whether manipulation of metabolism can 

influence cell fate decisions and thereby improve stem cell maintenance remains poorly 

understood. Here, I will focus on three different metabolic pathways that have been 

described to become dysregulated with age and have been linked to the regulation of 

stemness before: hexosamine biosynthesis, aerobic sugar metabolism, and the polyamine 

metabolism. I aim to understand on a molecular level, how these three pathways and their 

versatile outputs modulate stem cell fate. Therefore, I manipulate HFSC metabolism by 

different approaches and investigate the resulting cell fate decisions to address three 

specific research questions: 

 

Aim 1: Does hexosamine pathway activation affect hair follicle stem cell fate, potentially 

via modulation of the extracellular matrix? 

Aim 2: Does the modulation of intracellular sugar levels improve hair follicle stem cell 

maintenance? 

Aim 3: Does polyamine availability regulate hair follicle stem cell fate through mRNA 

translation or other mechanisms? 
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2 Results 

The decline of adult somatic stem cell function leads to deterioration of tissue homeostasis 

and regeneration, which is one of the most obvious characteristics of the aging process 

and the basis for many age-associated diseases (López-Otín et al. 2013; Signer and 

Morrison 2013). Thus, the identification of cell fate determinants is of utmost importance 

to delay stem cell exhaustion, thereby to improve tissue function, and ultimately, to prolong 

healthspan (Figure 9). In my study, I focus on three different metabolic pathways that show 

decreased activity during the aging process and have been linked to stemness previously: 

the hexosamine pathway (HP), aerobic sugar metabolism, and polyamine metabolism 

(Denzel et al. 2014; Goyal et al. 2017; Ravera et al. 2019; Vivó et al. 2001; Nishimura et 

al. 2006). As shown in the project outline, I asked whether manipulation of these pathways 

can influence cell fate decisions (Figure 9):  

 

Figure 9: Project outline. Different metabolic pathways that are dysregulated during the aging 
process were manipulated with the aim to identify determinants of adult somatic stem cell fate that 
might ultimately help to delay stem cell exhaustion, to improve tissue homeostasis, and to prolong 
healthspan in the growing population of elderly people.  

Hair follicle stem cells (HFSCs) represent an excellent paradigm to study adult somatic 

stem cell fate decisions, since they fuel cyclical rounds of hair follicle regeneration during 

the natural hair cycle (Fuchs et al. 2001; Blanpain and Fuchs 2009). Therefore, I use an 

ex vivo organoid culture of HFSCs as a tool to investigate adult somatic stem cell fate 

decisions. In the following sections, I will dissect whether the manipulation of the different 

metabolic pathways affects cell fate decisions in the HFSC organoids and which 

interventions might ultimately improve stem cell maintenance in the growing population of 

elderly people.  
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2.1 Deciphering the role of hexosamine pathway activation in hair 
follicle stem cell fate decisions 

The HP is well positioned to function as nutrient sensor, since its end-product UDP-GlcNAc 

is a high energy compound that requires carbohydrate, amino acid, lipid, and nucleotide 

donors for its synthesis (Wells et al. 2003). UDP-GlcNAc and its epimer UDP-GalNAc are 

essential precursors for at least three types of glycosylation reactions (Figure 7). Protein 

glycosylation is important for folding, function, and stability of target proteins, and thereby 

it is tightly connected to protein homeostasis. Interestingly, HP activation leads to elevated 

UDP-GlcNAc levels and improved protein quality control in different model organisms 

(Denzel et al. 2014; Horn et al. 2020). Elevated protein homeostasis, in turn, is pivotal for 

ESC function and identity (Vilchez et al. 2012). Moreover, UDP-GlcNAc and UDP-GalNAc 

are required for synthesis of glycosaminoglycans (GAGs), such as hyaluronic acid (HA). 

GAGs are major constituents of the ECM, which is an important contributor to the stem 

cell niche. Thereby, changes in the ECM can influence cell fate decisions. Importantly, HA 

synthesis is controlled by substrate availability. Thus, an increase in UDP-GlcNAc levels 

is sufficient to elevate HA content in the ECM (Jokela et al. 2008). Hence, the HP might 

be linked to stem cell maintenance in two ways: First, its effect on protein homeostasis 

could improve or maintain cellular functions. Second, activation of the HP might modulate 

ECM composition, and thereby affect the stem cell niche. Therefore, in the first part of this 

work, I focus on the effect of HP activation on cell fate decisions.  

2.1.1 GlcNAc supplementation potently activates the hexosamine pathway in 
mammalian cells 

It has been shown previously that HP activation can be achieved by different means: 

increasing glucose concentration, D-glucosamine (GlcN) or N-acetyl-D-glucosamine 

(GlcNAc) supplementation, overexpression of the first and rate-limiting enzyme of the HP, 

glutamine fructose-6-phosphate amidotransferase 1 (GFAT1), as well as introducing 

gain-of-function mutations in GFAT1 cause elevation of UDP-GlcNAc levels in different 

model organisms (Marshall et al. 2004; Denzel et al. 2014; Ryczko et al. 2016; Horn et al. 

2020). To test HP activation in different mammalian cells, I first used GlcNAc 

supplementation. GlcNAc can enter the HP upon NAGK-mediated phosphorylation (Figure 

7), which requires ATP (Weihofen et al. 2006). GlcNAc has been suggested to activate the 

HP more efficiently than GlcN, and its addition does not affect intracellular acetyl-CoA 

levels (Grigorian et al. 2007). Here, I treated different human cell lines with 10 mM GlcNAc 

for 24 h and analyzed UDP-GlcNAc levels, the end product of the HP. Importantly, 
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UDP-GlcNAc can be reversibly converted to its epimer UDP-GalNAc by UDP-galactose-

4’-epimerase (GALE) (Thoden et al. 2001; Schulz et al. 2004). The combination of the two 

epimers will be referred to as UDP-N-acetyl-D-hexosamines (UDP-HexNAc). Of note, 

GlcNAc treatment significantly increased UDP-HexNAc levels in HeLa, HEK293T, and 

HaCaT cells (Figure 10A-C), suggesting successful activation of the HP. Apart from 

various types of glycosylation reactions, UDP-GlcNAc is also one of the two building blocks 

for HA synthesis: HA is composed of repeating disaccharides of UDP-glucuronic acid 

(UDP-GlcUA) and UDP-GlcNAc (Toole 2004). It is synthesized by plasma membrane-

bound hyaluronic acid synthases that release HA directly into the extracellular space (Itano 

and Kimata 2002). Therefore, I investigated the HA amount in the culture medium in the 

same cell lines used before. HeLa cells displayed slightly elevated HA secretion; however, 

this effect was not significant (Figure 10D). In contrast, HA secretion was significantly 

increased upon GlcNAc supplementation in HEK293T and HaCaT cells (Figure 10E-F). 

Strikingly, HaCaT cells showed the lowest intracellular UDP-GlcNAc concentration, while 

HA secretion in the medium was 5 times higher than in HeLa cells and approximately 

50 times higher than in HEK293T cells. HaCaT cells are spontaneously transformed, 

immortal epidermal keratinocytes isolated from adult human skin (Boukamp et al. 1988). 

HA is very abundant in the skin, making up half of the total body HA (Stern 2003). 

Therefore, I focused on HaCaT cells for the analysis of GAG levels in the ECM deposited 

by the cell layer. The content of HA and chondroitin sulfate (CS), another GAG containing 

UDP-GalNAc, was determined via fluorophore-assisted carbohydrate electrophoresis 

(FACE). FACE analysis revealed that HA deposition in the ECM was significantly 

increased and CS levels tended to be elevated (Figure 10G-H). Overall, these data 

suggest that the HP can be activated by GlcNAc treatment in mammalian cells. GlcNAc 

addition did not only increase UDP-HexNAc levels, but also HA secretion. Thus, HP 

activation shows great promise for improved stem cell maintenance by modulating the 

stem cell niche.  
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Figure 10: GlcNAc supplementation activates the hexosamine pathway in human cell lines. 
(A) UDP-HexNAc levels in HeLa cells with or without 10 mM GlcNAc treatment for 24 h (n³5). (B) 
UDP-HexNAc levels in HEK293T cells with or without 10 mM GlcNAc treatment for 24 h (n³5). (C) 
UDP-HexNAc levels in HaCaT cells with or without 10 mM GlcNAc treatment for 24 h (n³5). (D) 
HA secretion into the medium using HeLa cells with or without 10 mM GlcNAc treatment for 24 h 
(n=2). (E) HA secretion into the medium using HEK293T cells with or without 10 mM GlcNAc 
treatment for 24 h (n=2). (F) HA secretion into the medium using HaCaT cells with or without 10 mM 
GlcNAc treatment for 24 h (n=2). (G) HA content in the cell layer using HaCaT cells with or without 
10 mM GlcNAc treatment for 24 h (n³2). (H) CS content in the cell layer using HaCaT cells with or 
without 10 mM GlcNAc treatment for 24 h (n³2). (A-F) Data are presented as mean ± SEM. (G-H) 
Data are presented as mean ± SD. (A-H) Statistical significance was calculated by unpaired t-test. 
Two-tailed p-values: *** p<0.001, ** p<0.01, * p<0.05, ns: not significant. 
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2.1.2 Establishing the 3D-3C organoid culture as a tool to study adult somatic 
stem cell fate decisions 

To study cell fate decisions, I used an ex vivo organoid culture system (3D-3C culture), 

which allows for the long-term culture and manipulation of hair follicle stem cells (HFSCs) 

(Chacón-Martínez et al. 2017). Analysis of the 3D-3C organoid culture is based on two 

different markers (Figure 11A): integrin a6 (a6) is expressed in all progenitors both in the 

interfollicular epidermis (IFE) and the hair follicle (HF) (Sonnenberg et al. 1991; Li et al. 

1998); the hematopoietic stem cell marker CD34 marks the bulge stem cells of the HF 

(Trempus et al. 2003). I confirmed that freshly isolated epidermal cells, which contain 

around 5 % of a6+/CD34+ HFSCs (Figure 11B), form a 50:50 balance between 

a6+/CD34+ HFSCs and a6+/CD34- progenitor cells in the 3D-3C organoids after two 

weeks of culture (Figure 11C). Based on their transcriptome and marker expression 

analysis, these progenitor cells represent HF outer root sheath (ORS) cells and inner bulge 

cells (Kim et al. 2020a), both of which represent HFSC progeny and act as niche cells for 

HFSCs in vivo (Hsu et al. 2014a). To confirm cell identity of a6+/CD34+ HFSCs and 

a6+/CD34- progenitors, I sorted cells after two weeks of 3D-3C culture and gene 

expression was analyzed by quantitative RT-PCR or 3’ RNA-sequencing (Figure 11D). 

First, I investigated expression of some HFSC maker genes, that have been described to 

be upregulated in a6+/CD34+ HFSCs previously (Chacón-Martínez et al. 2017), by 

quantitative RT-PCR. As expected, the expression of most stem cell marker genes was 

higher in HFSCs compared to progenitor cells (Figure 11E). Comparing global gene 

expression in the two populations by 3’ RNA-sequencing, the most enriched GO term was 

skin development (Figure 11F). Thus, a6+/CD34- progenitors and a6+/CD34+ HFSCs are 

clearly distinguishable at the gene expression level and represent distinct cellular states. 

Moreover, I validated the organoid culture by comparing my 3’ RNA-sequencing data to a 

previously published dataset obtained by Chacón-Martínez et al. (2017) (Figure 11G). 

Expression of selected HFSC identity markers as well as markers for lineage progression 

was similar in HFSCs compared to progenitors in both datasets. In sum, these data confirm 

cell identity of a6+/CD34- progenitors and a6+/CD34+ HFSCs. Thus, the 3D-3C organoids 

represent a good model to study cell fate decisions of HFSCs and their early progenitors. 
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Figure 11: Characterization of the 3D-3C organoid culture system. (A) Schematic of marker 
expression in the hair follicle (HF). Integrin a6 is expressed in the basal layer of the interfollicular 
epidermis (IFE) and the HF. CD34 expression is restricted to the bulge region of the HF. ORS: 
outer root sheath. (B) Representative dot plot showing the distribution of the different populations 
of freshly isolated epidermis cells using integrin a6 and CD34 as markers. (C) Representative dot 
plot showing the distribution of the different populations after two weeks of 3D-3C organoid culture 
using integrin a6 and CD34 as markers. (D) Schematic representation of the workflow for 
quantitative RT-PCR (qRT-PCR) and 3’ RNA-sequencing sample collection. (E) Stem cell marker 
gene expression in sorted a6+/CD34- and a6+/CD34+ cells determined by qRT-PCR. 
Mean + SEM (n=3). Statistical significance was calculated by unpaired t-test. p-values: 
*** p<0.001, ** p<0.01, * p<0.05, ns: not significant. Data are also shown in Figure 12J. (F) GO 
term analysis of differentially expressed genes (p-value < 0.05, log2FC > ±0.5) from 
3’ RNA-sequencing experiment comparing a6+/CD34- progenitor cells with a6+/CD34+ stem cells 
(biological process, metascape.org). (G) Heatmap showing mean values of log2FC of different 
HFSC identity markers (left) and markers for lineage progression (right) based on published 
RNA-sequencing data from Chacón-Martínez et al. (2017) (top; CACM), compared to the 
3’ RNA-sequencing results obtained in this project (bottom, KA). The ratio of the log2FC in HFSCs 
vs. progenitor cells is displayed.  
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2.1.2.1 HA secretion is required but not sufficient to influence hair follicle stem 
cell fate decisions in the 3D-3C organoids 

Having established the 3D-3C organoid cultures as a tool, I aimed to investigate the effect 

of HP activation on HFSC fate decisions. Given that HP activation has been described to 

improve protein quality control, I first tested whether autophagy was required for stem cell 

maintenance. I focused on autophagy, since autophagy maintains stemness of HSCs by 

repressing an activated metabolic state through clearance of active mitochondria (Ho et 

al. 2017). However, autophagy is dysregulated with age, resulting in the loss of HSC 

quiescence. Here, I used chloroquine and bafilomycin A1 which inhibit autophagic flux by 

blocking lysosomal function. While bafilomycin A1 increases lysosomal pH by inhibiting 

the lysosomal proton pump and thereby changes protease activity, chloroquine decreases 

autophagosome-lysosome fusion (Vinod et al. 2014; Mauthe et al. 2018). Both treatments 

reduced the number of a6+/CD34+ cells slightly, but not significantly (Figure 12A-B). This 

result suggests that autophagy might be partially required for HFSC maintenance.  

Next, I asked whether HA deposition in the extracellular matrix is required for HFSC 

maintenance and interfered with HA synthesis, degradation, and receptor binding. First, I 

treated cells with 4-methylumbelliferone (4-MU), which reduces the synthesis of HA 

(Nakamura et al. 1995). Under normal conditions, UDP-glucuronosyltransferase (UGT) 

transfers an UDP-residue to the HA building block glucuronic acid (Nagy et al. 2015). 4-MU 

functions as a competitive substrate for UGT and binds to glucuronic acid through its 

hydroxyl group (Kakizaki et al. 2004). Thereby, the concentration of UDP-GlcUA declines 

and HA synthesis is reduced. Strikingly, 4-MU treatment in the 3D-3C organoids reduced 

the number of a6+/CD34+ stem cells (Figure 12C). Second, I tested hyaluronidase (HYAL) 

treatment. HYALs specifically hydrolyze HA at hexosaminidic b (1-4) linkages, thereby 

reducing the amount of extracellular high molecular weight HA (Buhren et al. 2016). Here, 

I used HYAL from bovine testis, which randomly cleaves HA, resulting in HA fragments of 

different sizes. The number of stem cells was slightly, but not significantly decreased upon 

HYAL treatment (Figure 12D). Third, the binding of HA to its main cell surface receptor 

CD44 was blocked, using an anti-CD44 antibody. The binding of HA to the extracellular 

domain of CD44 promotes activation of RhoGTPases, resulting in the initiation of 

intracellular signaling cascades (Bourguignon 2014). Therefore, anti-CD44 treatment 

inhibits HA-mediated intracellular signaling, mimicking the loss of extracellular HA. 

Interestingly, anti-CD44 treatment significantly lowered the number of stem cells after two 

weeks of 3D-3C culture (Figure 12E). Overall, these treatments indicated that extracellular 
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HA and the subsequent intracellular signaling were partially required for stem cell 

maintenance in the 3D-3C organoid culture. 

Since autophagy and HA signaling were partially required for stem cell maintenance, I 

speculated that HP activation would be beneficial in the organoid culture. First, I tested HP 

activation by GlcNAc supplementation: I treated the 3D-3C organoids with different 

concentrations of GlcNAc and saw a dose-dependent increase in the number of 

a6+/CD34+ cells (Figure 12F). This elevation was significant and highly reproducible using 

50 mM GlcNAc (data not shown). UDP-HexNAc levels and HA secretion were determined 

upon treatment with 50 mM GlcNAc. Both were strongly increased, confirming successful 

HP activation by addition of GlcNAc in the 3D-3C organoids (Figure 12G-H). To confirm 

that GlcNAc supplementation affected HFSC fate, I analyzed the expression of different 

stem cell marker genes. To this end, I sorted cells from untreated and GlcNAc-treated 

cultures, isolated RNA, and performed quantitative RT-PCR (Figure 12I). CD34 expression 

was strongly induced in a6+/CD34+ stem cells compared to a6+/CD34- committed 

progenitor cells. Strikingly, GlcNAc addition resulted in a further induction of CD34 

expression in a6+/CD34+ cells by 3-fold compared to untreated a6+/CD34+ HFSCs 

(Figure 12J). However, expression of the other stem cell marker genes in GlcNAc-treated 

a6+/CD34+ cells was more comparable to untreated a6+/CD34- committed progenitor 

cells than to untreated a6+/CD34+ HFSCs (Figure 12J). Collectively, these data 

demonstrate that GlcNAc supplementation potently activated the HP in the 3D-3C 

organoids. However, it specifically elevated the expression of CD34 and did not affect cell 

fate, according to the unchanged expression of other stem cell marker genes.  
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Figure 12: HA secretion is required but not sufficient for HFSC maintenance. (A) Ratio of 
a6+/CD34+ cells after two weeks of 3D-3C culture with or without chloroquine treatment. 
Mean ± SEM (n=2). (B) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with or without 
bafilomycin A1 treatment. Mean ± SEM (n=2). (C) Ratio of a6+/CD34+ cells after two weeks of 
3D-3C culture with or without 4-MU treatment. Mean ± SEM (n=5). (D) Ratio of a6+/CD34+ cells 
after two weeks of 3D-3C culture with or without HYAL treatment. Mean ± SEM (n=3). (E) Ratio of 
a6+/CD34+ cells after two weeks of 3D-3C culture with or without anti-CD44 treatment. 
Mean ± SEM (n=5). (F) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with or without 
GlcNAc treatment. Mean ± SD (n=1). Statistical significance was calculated by One-way ANOVA 
Dunnett post-test. p-values: * p<0.05, ns: not significant. (G) UDP-HexNAc levels in 3D-3C 
organoids with or without 50 mM GlcNAc treatment. Mean ± SEM (n=3). (H) HA secretion in the 
medium using 3D-3C organoids with or without 50 mM GlcNAc treatment. Mean ± SEM (n=3). (I) 
Schematic representation of the workflow for quantitative RT-PCR using sorted cells. (J) Stem cell 
marker gene expression in sorted a6+/CD34- and a6+/CD34+ cells (Data are also shown in Figure 
11E) and a6+/CD34+ cells with 50 mM GlcNAc treatment. Mean + SEM (n=3). Statistical 
significance was calculated by unpaired t-test. p-values: ** p<0.01, * p<0.05, ns: not significant. 
(A-E, G-H) Statistical significance was calculated by paired t-test. Two-tailed p-values: ** p<0.01, 
* p<0.05, ns: not significant. 
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2.1.3 Genetic manipulation of GFAT1 mildly activates the hexosamine pathway 
in vivo 

Given the specific effect of GlcNAc supplementation on CD34 expression, I next tested 

genetic HP activation. GlcNAc exerts its effects once it is added to the culture medium. In 

stark contrast, genetic manipulation of HP activity can influence cell fate decisions from 

early embryogenesis. Additionally, cell and tissue non-autonomous effects might be 

mediated upon genetic manipulation of GFAT1. Transgenic mice overexpressing 

N-terminally tagged human GFAT1 (huGFAT1) were generated by Taconic Biosciences 

(Cologne, Germany) using recombination-mediated cassette exchange targeting the 

Rosa26 locus. The used gene trap cassette encoded a loxP-flanked transcription 

termination cassette upstream of the huGFAT1 open reading frame (conditional knock-in 

allele, Figure 13A). Upon cre-mediated excision of the transcription termination cassette, 

huGFAT1 was expressed under the control of the chicken b-actin promoter, resulting in its 

overexpression (constitutive knock-in allele, Figure 13A). Either wildtype huGFAT1 (OE) 

or huGFAT1 carrying the G451E gain-of-function mutation (G451E) was overexpressed. 

Here, mice expressing the cre recombinase under the control of the CMV promoter were 

used to induce ubiquitous overexpression of huGFAT1. To assess HP activity, 

UDP-GlcNAc and UDP-GalNAc levels were analyzed in brains of 3-months old mice. 

Importantly, ubiquitous expression of the cre recombinase did not influence UDP-sugar 

levels compared to wildtype mice (Figure 13B-E). Heterozygous overexpression of 

huGFAT1 (Rosa26OE/wt) resulted in a 1.5- to 2-fold increase of UDP-GlcNAc and 

UDP-GalNAc levels in both females (Figure 13B-C) and males (Figure 13D-E). 

Homozygous overexpression (Rosa26OE/OE) elevated UDP-sugar levels slightly more than 

heterozygous overexpression in both sexes (Figure 13B-E). Recently, the G451E 

substitution has been shown to decrease the sensitivity of GFAT1 to UDP-GlcNAc 

feedback inhibition (Ruegenberg et al. 2020), suggesting a more potent HP activation 

compared to overexpression of wildtype GFAT1. Surprisingly, heterozygous 

(Rosa26G451E/wt), as well as homozygous overexpression of huGFAT1 G451E 

(Rosa26G451E/G451E) did not enhance UDP-sugar levels further than overexpression of 

wildtype huGFAT1 in both sexes (Figure 13B-E). In sum, the difference between 

heterozygous and homozygous overexpression was negligible. Nevertheless, 

overexpressing wildtype huGFAT1 or huGFAT1 G451E elevated UDP-sugar levels in the 

brains of 3-months old mice, suggesting successful genetic HP activation.  
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Figure 13: Genetic manipulation of GFAT1 slightly elevates hexosamine pathway activity 
in vivo. (A) Schematic representation of the targeted Rosa26 locus. Conditional knock-in allele: no 
expression of huGFAT1 due to the loxP-flanked transcription termination cassette (Rosa26flox/wt). 
Constitutive knock-in allele: cre-mediated deletion of the transcription termination cassette results 
in huGFAT1 overexpression (wildtype huGFAT1: Rosa26OE/wt, huGFAT1 G451E: Rosa26G451E/wt). 
huGFAT1 is N-terminally tagged with FLAG-HA. (B) UDP-GlcNAc levels in brains isolated from 
3-months old female mice. Mean ± SEM (n³5). (C) UDP-GalNAc levels in brains isolated from 
3-months old female mice. Mean ± SEM (n³5). (D) UDP-GlcNAc levels in brains isolated from 
3-months old male mice. Mean ± SEM (n=6). (E) UDP-GalNAc levels in brains isolated from 
3-months old male mice. Mean ± SEM (n=6). (B-E) Statistical significance was calculated by 
One-way ANOVA Dunnett post-test. p-values: *** p<0.001, ** p<0.01, * p<0.05, ns: not significant. 
Heterozygous expression of cre recombinase is indicated by gray dots. WT: wildtype mice, wt: 
wildtype Rosa26 locus, OE: overexpression of wildtype huGFAT1, G451E: overexpression of 
huGFAT1 G451E. 
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2.1.3.1 Overexpression of human GFAT1 activates the hexosamine pathway in 
primary skin cells 

To investigate the effect of huGFAT1 overexpression in the skin, primary fibroblasts and 

keratinocytes were isolated from newborn mice. GFAT1 expression was analyzed by 

Western blot using protein extracts from primary fibroblasts. While fibroblasts from WT, 

Rosa26flox/wt and CMV-cre+/- mice displayed similar GFAT1 levels, GFAT1 expression was 

strongly induced in Rosa26OE/wt fibroblasts. Since the GFAT1 antibody recognizes mouse 

and human GFAT1, I also used an anti-HA antibody to specifically detect the transgene, 

which was only present in Rosa26OE/wt fibroblasts. Loading was comparable according to 

b-actin levels (Figure 14A). Overall, this western blot confirmed GFAT1 overexpression in 

fibroblasts isolated from Rosa26OE/wt mice. Importantly, transgene expression was not 

detectable in cells isolated from mice carrying the conditional allele (Rosa26flox/wt); thus, 

the transcription termination cassette upstream of the huGFAT1 ORF efficiently prohibits 

huGFAT1 expression. Next, UDP-HexNAc levels were analyzed. GlcNAc treatment served 

as positive control, since I could show that it potently activated the HP in different human 

cell lines (Figure 10A-C). Fibroblasts isolated from WT, Rosa26flox/wt and CMV-cre+/- mice 

displayed similar UDP-HexNAc levels, while UDP-sugar levels were 2-fold higher in 

Rosa26OE/wt fibroblasts and upon GlcNAc supplementation (Figure 14B). UDP-HexNAc 

levels were comparable to HeLa and HEK293T cells, but higher than in HaCaT cells 

(Figure 10A-C). Although UDP-HexNAc levels were 2-fold increased by GlcNAc 

supplementation and huGFAT1 overexpression, HA secretion was not affected by HP 

activation in primary fibroblasts (Figure 14C). Remarkably, HA levels secreted into the 

culture medium were around 10-fold higher than in HaCaT cells (Figure 10F). In primary 

keratinocytes, GlcNAc supplementation and heterozygous overexpression of huGFAT1 

elevated UDP-HexNAc levels by 3-fold and 2-fold, respectively (Figure 14D). 

UDP-HexNAc levels from WT, Rosa26flox/wt and CMV-cre+/- keratinocytes were similar and 

comparable to the levels measured in HaCaT cells (Figure 10C; Figure 14D). Noticeably, 

HA secretion was increased by HP activation in primary keratinocytes (Figure 14E). 

Primary WT keratinocytes secreted 100-fold less HA than WT fibroblasts. Taken together, 

these data show that genetic HP activation elevated UDP-HexNAc levels in primary 

fibroblasts and keratinocytes. Of note, HA secretion was increased only in keratinocytes. 
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Figure 14: Overexpression of human GFAT1 activates the hexosamine pathway in primary 
skin cells. (A) Western blot analysis of GFAT1 and HA expression in primary fibroblasts isolated 
from newborn mice. b-actin was used as loading control. (B) UDP-HexNAc levels in primary 
fibroblasts. Mean ± SEM (n³5). (C) HA secretion into the medium using primary fibroblasts. 
Mean ± SEM (n=3). (D) UDP-HexNAc levels in primary keratinocytes. Mean ± SEM (n³5). (E) HA 
secretion into the medium using primary keratinocytes. Mean ± SEM (n=3). (B-E) GlcNAc 
treatment was performed for 24 h. Heterozygous expression of the cre recombinase is indicated 
by gray dots. Statistical significance was calculated by One-way ANOVA Dunnett post-test. 
p-values: *** p<0.001, ** p<0.01, ns: not significant.  

2.1.3.2 Genetic hexosamine pathway activation does not affect hair follicle 
stem cell fate decisions 

Analysis of primary keratinocytes from newborn mice demonstrated that the HP can not 

only be activated by GlcNAc supplementation, but also genetically by heterozygous 

overexpression of huGFAT1. Thus, I tested the effect of genetic HP activation on cell fate 

in the skin. Since I demonstrated that cells isolated from WT, Rosa26flox/wt, and CMV-cre+/- 

mice do not express the transgene and display comparable UDP-HexNAc levels and HA 

secretion, all genotypes were used as control. In stark contrast to GlcNAc 

supplementation, genetic manipulation of GFAT1 can influence cell fate decisions from 
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early embryogenesis and might mediate cell and tissue non-autonomous effects. 

Therefore, I first evaluated the distribution of the different cell types in the epidermis of 

control and Rosa26OE/wt mice, using integrin a6 and CD34 expression as readout. 

Surprisingly, heterozygous overexpression of huGFAT1 did not affect cell type distribution 

in the epidermis (Figure 15A). Moreover, the number of a6+/CD34+ HFSCs in the 

organoids was unchanged (Figure 15B). GlcNAc treatment served as control, although it 

did not affect cell fate, but specifically CD34 expression (Figure 12J). Next, UDP-HexNAc 

levels and HA secretion was analyzed to confirm HP activation in this system. While 

GlcNAc treatment resulted in a strong increase of UDP-HexNAc levels, overexpression of 

huGFAT1 elevated UDP-sugars around 2-fold without reaching significance (Figure 15C). 

GlcNAc treatment in huGFAT1 overexpressing cells did not further increase UDP-HexNAc 

levels compared to GlcNAc treatment alone (Figure 15C). HA secretion was elevated 

4-fold by GlcNAc treatment (Figure 15D); however, this effect was not significant due to 

high variation between the biological replicates. Overexpression of huGFAT1 resulted in 

slightly increased HA secretion (Figure 15D). GlcNAc supplementation in the huGFAT1 

overexpressing cells did not further elevate HA secretion compared to GlcNAc treatment 

alone (Figure 15D). Next, I tested cells isolated from heterozygous huGFAT1 G451E mice. 

In these mice, huGFAT1 carries the G451E substitution, resulting in loss of feedback 

inhibition (Ruegenberg et al. 2020), and is overexpressed at the same time. Therefore, the 

HP should be strongly induced in these cells. Strikingly, also huGFAT1 G451E did not 

affect cell type distribution in the epidermis (Figure 15E) or cell fate in the 3D-3C organoids 

(Figure 15F). UDP-HexNAc levels and HA secretion were slightly elevated, but not 

significantly changed, compared to control cells (Figure 15G-H). Additional GlcNAc 

supplementation in huGFAT1 G451E cells did not further increase UDP-HexNAc levels or 

HA secretion compared to GlcNAc treatment alone (Figure 15G-H). Collectively, these 

data suggest that HP activation by genetic manipulation of GFAT1 was not sufficient to 

affect cell fate. Remarkably, heterozygous huGFAT1 overexpression had only minor 

effects on UDP-HexNAc levels and HA secretion compared to GlcNAc treatment, which 

potently activated the HP in the 3D-3C organoids.  
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Figure 15: Heterozygous overexpression of huGFAT1 does not affect cell fate. (A) Analysis 
of freshly isolated epidermis cells from control mice and mice with heterozygous overexpression of 
huGFAT1 regarding integrin a6 and CD34 expression. Mean ± SD (n³5). (B) Ratio of a6+/CD34+ 
cells after two weeks of 3D-3C culture comparing cells overexpressing huGFAT1 to control cells 
with or without 50 mM GlcNAc treatment. Mean ± SEM (n³4). (C) UDP-HexNAc levels in 3D-3C 
organoids comparing cells overexpressing huGFAT1 to control cells with or without 50 mM GlcNAc 
treatment. Mean ± SEM (n³7). (D) HA secretion in the medium using 3D-3C organoids comparing 
cells overexpressing huGFAT1 to control cells with or without 50 mM GlcNAc treatment. 
Mean ± SEM (n=5). (E) Analysis of freshly isolated epidermis cells from control mice and mice with 
heterozygous overexpression of huGFAT1 G45E regarding integrin a6 and CD34 expression. 
Mean ± SD (n=4). (F) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture comparing cells 
overexpressing huGFAT1 G451E to control cells with or without 50 mM GlcNAc treatment. 
Mean ± SEM (n=5). (G) UDP-HexNAc levels in 3D-3C organoids comparing cells overexpressing 
huGFAT1 G451E to control cells with or without 50 mM GlcNAc treatment. Mean ± SEM (n³4). (H) 
HA secretion in the medium using 3D-3C organoids comparing cells overexpressing huGFAT1 
G451E to control cells with or without 50 mM GlcNAc treatment. Mean ± SEM (n³4). (A-H) Control 
cells were isolated from WT, huGFAT1flox/wt, or CMV-cre+/- mice. (B-D, F-H) Statistical significance 
was calculated by One-way ANOVA Tukey post-test. p-values: *** p<0.001, * p<0.05, ns: not 
significant. 

Since heterozygous overexpression of huGFAT1 only slightly increased UDP-HexNAc 
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types in the epidermis of control and Rosa26G451E/G451E mice using integrin a6 and CD34 

expression as readout. There was no change in the distribution detectable, suggesting a 

normal composition of the epidermis in transgenic animals (Figure 16A). Noticeably, 

homozygous overexpression of huGFAT1 G451E did not affect cell fate in the 3D-3C 

organoids (Figure 16B), although UDP-GlcNAc and UDP-GalNAc levels were significantly 

increased compared to control cells (Figure 16C-D). Again, heterozygous overexpression 

of huGFAT1 G451E elevated UDP-sugar levels compared to control; however, this effect 

was not significant (Figure 16C-D). GlcNAc treatment served as positive control, strongly 

increasing both UDP-sugars (Figure 16C-D). Taken together, these data suggest that 

homozygous overexpression of huGFAT1 G451E activated the HP more efficiently than 

heterozygous overexpression. However, also this level of HP activation was not sufficient 

to influence HFSC fate in the 3D-3C organoids.  

 
Figure 16: Homozygous overexpression of huGFAT1 G451E does not affect cell fate. (A) 
Analysis of freshly isolated epidermis cells from control mice and mice with homozygous 
overexpression of huGFAT1 G451E regarding integrin a6 and CD34 expression. Mean ± SD (n=3). 
(B) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture comparing cells with homozygous 
overexpression of huGFAT1 G451E to control cells. Mean ± SEM (n=3). Statistical significance 
was calculated by unpaired t-test. p-value: ns: not significant. (C) UDP-GlcNAc levels in 3D-3C 
cultured cells from mice with heterozygous or homozygous overexpression of huGFAT1 G451E to 
control cells with or without 50 mM GlcNAc treatment. Mean ± SEM (n³3). (D) UDP-GalNAc levels 
in 3D-3C cultured cells from mice with heterozygous or homozygous overexpression of huGFAT1 
G451E to control cells with or without 50 mM GlcNAc treatment. Mean ± SEM (n³3). (C-D) 
Statistical significance was calculated by One-way ANOVA Dunnett post-test. p-values: 
*** p<0.001, * p<0.05, ns: not significant. 

Overall, I confirmed HP activation by GlcNAc supplementation in different cell lines, as 

well as primary cells. Furthermore, I validated genetic HP activation in our transgenic mice. 

However, I found that HP activation does not improve stem cell maintenance in the 3D-3C 

organoid culture. While GlcNAc supplementation efficiently increased UDP-HexNAc levels 

and HA secretion, it specifically affected CD34 expression instead of HFSC fate. Genetic 
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HP activation increased UDP-HexNAc levels and HA secretion around 2-fold compared to 

control cells; however, this level of activation was not sufficient to influence HFSC fate 

in vivo or in the 3D-3C organoids.  

2.2 Investigating the role of sugar metabolism in hair follicle stem 
cell fate decisions 

Especially HSCs in their hypoxic niche have been well described to rely on glycolysis for 

energy production, while oxidative phosphorylation (OXPHOS) is activated upon 

differentiation (Simsek et al. 2010). Recently, metabolomic analysis of HFSCs relative to 

total epidermis revealed that also HFSCs have higher levels of glycolysis intermediates, 

suggesting a glycolytic metabolism (Flores et al. 2017). The limitation of mitochondrial 

pyruvate metabolism is necessary and sufficient to maintain the intestinal stem cell (ISC) 

compartment (Schell et al. 2017). Consistently, elevating glycolytic flux improves 

reprogramming efficiency and enhances stem cell capacity of HSCs (Yoshida et al. 2009; 

Zhu et al. 2010; Takubo et al. 2013). Thus, there is evidence that metabolic changes are 

not only a consequence of the stem cell state, but can influence cell fate decisions (Wei et 

al. 2018).  

2.2.1 A forced increase in glycolysis is sufficient to improve hair follicle stem 
cell maintenance 

Aerobic sugar metabolism has been described to decline during the aging process (Goyal 

et al. 2017; Ravera et al. 2019). Thus, stem cell exhaustion might be linked to reduced 

glycolytic capacity, which has been shown to attenuate HSC quiescence (Takubo et al. 

2013). Here, I tested whether sugar supplementation can elevate stem cell maintenance 

in the 3D-3C organoids. I used different sugars, which can fuel glycolysis, or are closely 

connected to glucose metabolism: D-glucose, D-mannose, and D-sorbitol (Figure 17A). In 

addition to D-glucose, which is converted to pyruvate during glycolysis (Naifeh et al. 2020), 

D-mannose has been described to contribute to glycolytic flux (Slade et al. 2016). 

D-sorbitol is formed from D-glucose and further metabolized to fructose in the polyol 

pathway (Chung et al. 2003). L-glucose served as osmolarity control, since it cannot be 

metabolized by mammalian cells (Livesey and Brown 1995). Remarkably, treatment with 

D-glucose and D-mannose significantly increased the number of a6+/CD34+ stem cells, 

while D-sorbitol and L-glucose did not affect cell fate (Figure 17B). Importantly, D-glucose 

and D-mannose supplementation elevated the expression of stem cell marker genes in 
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mixed cultures (Figure 17C). This result suggested that these treatments, in contrast to 

GlcNAc supplementation, affected cell fate and not CD34 expression. As mentioned 

above, D-glucose and D-mannose are likely to fuel glycolysis. Since stem cells display an 

elevated dependence on aerobic glycolysis, NAD+ has to be recovered by conversion of 

pyruvate to lactate (Zhang et al. 2012b). Therefore, I tested lactate concentration in the 

medium after supplementation with D-glucose and D-mannose to monitor aerobic 

glycolysis. As expected, D-glucose treatment significantly increased the amount of lactate 

secretion after two weeks of 3D-3C culture, suggesting that an increase in glycolysis was 

sufficient to affect HFSC fate (Figure 17D). However, D-mannose supplementation rather 

decreased lactate secretion but this effect was not significant (Figure 17D). Thus, 

D-mannose treatment affected cell fate via a different mechanism.  

Interestingly, a study in ISCs has shown that the limitation of mitochondrial pyruvate 

metabolism is necessary and sufficient to maintain the ISC compartment (Schell et al 

2017). To test, whether this was also true in HFSCs, I treated the cells with UK-5099, 

which blocks the mitochondrial pyruvate carrier (see also Figure 5). It has been previously 

described that inhibiting pyruvate transport into mitochondria attenuates OXPHOS, while 

glycolysis is increased (Zhong et al. 2015). Noticeably, UK-5099 supplementation elevated 

the number of a6+/CD34+ stem cells in the 3D-3C organoids (Figure 17E), suggesting that 

limitation of mitochondrial pyruvate metabolism was sufficient to better maintain HFSCs. 

Overall, these data suggest that a forced increase of aerobic glycolysis either by D-glucose 

supplementation or by blockage of pyruvate transport into mitochondria influenced HFSC 

fate. However, D-mannose treatment elevated the number of a6+/CD34+ stem cells 

without affecting glycolysis. 
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Figure 17: A forced increase in glycolysis is sufficient to increase HFSC maintenance. (A) 
Schematic representation of D-sorbitol (purple), D-glucose (green), and D-mannose (teal) 
metabolism. (B) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with or without 
supplementation of different sugars. Mean ± SEM (n=3). (C) Stem cell marker gene expression in 
3D-3C cultured cells with or without 50 mM D-glucose or D-mannose treatment. Mean + SEM (n³2). 
Two-way ANOVA Tukey post-test. *** p<0.001, ** p<0.01, * p<0.05, ns: not significant. (D) Lactate 
secretion in the medium of 3D-3C cultured cells with or without 50 mM D-glucose or D-mannose 
treatment. Mean ± SEM (n=3). (B, D) Statistical significance was calculated by One-way ANOVA 
Dunnett post-test. p-values: ** p<0.01, * p<0.05, ns: not significant. (E) Ratio of a6+/CD34+ cells 
after two weeks of 3D-3C culture with or without 10 µM UK-5099 treatment. Mean ± SEM (n=5). 
Statistical significance was calculated by paired t-test. two-tailed p-value: *** p<0.001. 

2.2.2 D-mannose supplementation reduces proliferation 

To identify the downstream regulator upon D-mannose treatment, I performed 

RNA-sequencing. Cells were cultures for two weeks in the 3D-3C organoids and treated 

with D-mannose for the entire period of the experiment (14 d) or for the last 24 h only 

(Figure 18A). While 14 d treatment robustly elevated the number of a6+/CD34+ stem cells, 

24 h treatment increased the stem cell ratio mildly, but not significantly (Figure 18B-C). 

Thus, the RNA-sequencing results might help to dissect the early effects that drive the 

observed cell fate decisions, as well as the long-term changes that are required to maintain 
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the stem cell state. Untreated and D-mannose treated cells were compared for the two 

treatment durations to identify differentially expressed genes (Figure 18D). The two groups 

of differentially expressed genes were subjected to further analysis. GO term analysis of 

the around 2.500 genes affected by 24 h D-mannose supplementation compared to 

untreated cells revealed ‘mitotic cell cycle progression’ as most significant GO term (Figure 

18E). Strikingly, most of the 177 differentially expressed genes that belong to this GO term 

were downregulated upon D-mannose treatment, suggesting reduced proliferation (Figure 

18G; Supplementary Table 1). This hypothesis was further supported, since also the 

GO term ‘negative regulation of cell proliferation’ was significantly enriched upon 24 h 

D-mannose supplementation (Figure 18E). Importantly, GO term analysis of the around 

2.400 genes differentially expressed upon 14 d D-mannose treatment showed ‘skin 

development’ as most significant GO term (Figure 18F). Consistent with the stem cell ratio 

(Figure 18B-C), expression of the stem cell marker genes CD34, Sox9, Nfatc1, Id2, and 

Dkk3 was elevated upon 14 d D-mannose supplementation, whereas 24 h treatment was 

not sufficient to increase expression of Nfatc1, Id2, and Dkk3 (Figure 18H). Expression of 

the differentiation markers Krt1 and Krt10 was reduced in both conditions (Figure 18H). 

Apart from skin development, also cell migration and adhesion were affected upon long-

term D-mannose treatment (Figure 18F). These processes might be regulated by receptor 

tyrosine kinase (RTK) signaling, which was also significantly changed (Figure 18F). 

Moreover, the GO term ‘negative regulation of cell proliferation’ was significantly enriched 

(Figure 18F), further supporting the hypothesis that D-mannose supplementation reduced 

proliferation. 
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Figure 18: RNA-sequencing confirms cell fate changes upon long-term D-mannose 
treatment. (A) Schematic representation of the workflow for RNA-sequencing sample collection 
upon short- and long-term D-mannose supplementation. (B) Ratio of a6+/CD34+ cells after two 
weeks of 3D-3C culture with or without 50 mM D-mannose supplementation for the last 24 h. (C) 
Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with or without 50 mM D-mannose 
supplementation for 14 d. (B-C) Statistical significance was calculated by paired t-test. two-tailed 
p-values: * p<0.05, ns: not significant. (D) Schematic representation of the bioinformatic workflow 
for RNA-sequencing analysis. Untreated and D-mannose treated cells were compared. Genes were 
filtered (p-value < 0.01, log2FC > ±0.5) and the resulting lists were used for further analysis. 24 h 
treatment is shown in teal; 14 d treatment is depicted in gray. (E) GO term analysis of differentially 
expressed genes upon 24 h D-mannose supplementation compared to untreated cells (biological 
process, metascape.org). (F) GO term analysis of differentially expressed genes upon 14 d 
D-mannose supplementation compared to untreated cells (biological process, metascape.org). 
RTK: receptor tyrosine kinase. (G) 177 genes, which belong to the GO term ‘mitotic cell cycle 
process’ highlighted in (E) were differentially expressed upon 24 h D-mannose treatment. 32 genes 
were upregulated (dark teal), 145 genes were downregulated (light teal) upon D-mannose 
treatment. (H) log2FC of stem cell marker genes and differentiation markers. The ratio of the 
log2FC in 24 h (teal) or 14 d (gray) D-mannose treated cells vs. untreated cells is shown.  
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To further narrow down the possible candidates, I analyzed the overlap of differentially 

expressed genes upon 24 h and 14 d D-mannose treatment (Figure 19A). Expression of 

around 1.000 genes was affected by short- and long-term treatment (Figure 19A). GO term 

analysis of these 1.000 genes revealed ‘positive regulation of cell migration’ as most 

enriched GO term (Figure 19B), which might also affect ‘extracellular structure 

organization’, since cell migration requires constant assembly and disassembly of the cell-

ECM contacts (Brunton et al. 2004). Additionally, RTK signaling might be linked to changes 

in cell migration. However, RTK signaling is also involved in keratinocyte proliferation 

(Peus et al. 1997) and the GO term ‘negative regulation of cell proliferation’ was 

significantly enriched in this comparison as well (Figure 19B). Therefore, I investigated the 

live cell number after two weeks 3D-3C culture. Long-term D-mannose treatment 

significantly reduced the live cell number (Figure 19C). Moreover, EdU incorporation was 

significantly decreased upon D-mannose supplementation in both cell types (Figure 19D). 

The effect was more pronounced in a6+/CD34- progenitor cells compared to a6+/CD34+ 

stem cells, which might contribute to the changed stem cell ratio upon D-mannose 

supplementation (Figure 19D). Importantly, also ‘positive regulation of apoptotic process’ 

was significantly changed, suggesting that elevated apoptosis might add to the reduced 

live cell number upon D-mannose addition. In sum, the RNA-sequencing data confirmed 

that D-mannose supplementation affected cell fate decisions in HFSCs. However, cell 

proliferation is significantly reduced upon D-mannose treatment, which might contribute to 

the observed changes in the stem cell ratio after long-term treatment. Furthermore, the 

GO term analysis suggests that cell migration and adhesion are affected. RTK signaling 

might be involved in these processes, since it was described to play a role in cell adhesion, 

migration, proliferation, and also differentiation (Andl and Rustgi 2005; Lemmon and 

Schlessinger 2010). Nevertheless, a specific downstream effect of D-mannose on cell fate 

remains elusive. 
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Figure 19: D-mannose supplementation reduces cell proliferation. (A) Venn diagram of 
differentially expressed genes upon short-term (24 h) D-mannose treatment (teal) compared to 
differentially expressed genes upon long-term (14 d) D-mannose treatment (gray). (B) GO term 
analysis of the overlap shown in (A). biological process, metascape.org. RTK: receptor tyrosine 
kinase. (C) Live cell number after two weeks of 3D-3C culture with or without long-term 50 mM 
D-mannose supplementation. Mean ± SEM (n=6). (D) Ratio of EdU+ cells with or without long-term 
50 mM D-mannose treatment. EdU was incorporated for 24 h. Mean ± SEM (n=6). (C-D) Statistical 
significance was calculated by paired t-test. two-tailed p-values: *** p<0.001, ** p<0.01, * p<0.05. 
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generated from 3D-3C cultured cells, I isolated primary keratinocytes from newborn 

wildtype mice and treated them with D-mannose for 24 h (Figure 20A). Andrea determined 

the intracellular levels of around 100 metabolites (Supplementary Table 2). Seven 

metabolites were significantly changed comparing untreated and D-mannose treated cells: 

formyl-L-methionine, L-acetylcarnithine, and inosinic acid were depleted, while the levels 

of N1-acetylspermidine, UDP-glucose, UDP, and homocysteine were elevated upon 

mannose supplementation (Figure 20B). The most significant hit was N1-acetylspermidine 

(N1-AcSpd), an acetylated polyamine, which was approximately 2-fold increased upon 

D-mannose supplementation (Figure 20B). Polyamines are polycations, that can bind to a 

variety of negatively charged cellular molecules, including nucleic acids (Dever and Ivanov 

2018). Of note, the other polyamines identified by this approach, spermidine and spermine, 

were not changed (Figure 20C). Additionally, the precursor for polyamine synthesis, 

L-arginine, was not affected by D-mannose treatment (Figure 20C). To investigate the 

effect of D-mannose supplementation on intracellular polyamine levels more thoroughly, 

Andrea performed targeted metabolomics using 3D-3C cultured cells, which were treated 

with D-mannose for two weeks. Importantly, this approach confirmed the increase in 

N1-AcSpd upon D-mannose treatment (Figure 20D). Moreover, also N1-acetylspermine 

(N1-AcSpm) levels were increased, while ornithine and putrescine levels were reduced by 

D-mannose supplementation (Figure 20D). The acetyl-CoA-dependent acetylation of 

spermidine and spermine to form N1-AcSpd and N1-AcSpm, respectively, is catalyzed by 

spermidine/spermine N1-acetyltransferase (SSAT) (Figure 8). The specific increase in the 

levels of acetylated polyamines upon D-mannose treatment suggested, that SSAT 

expression would be affected. Thus, I investigated SSAT expression in 3D-3C cultured 

cells upon short- (24 h) and long-term (12 d) D-mannose treatment. SSAT expression was 

elevated after 24 h treatment, however, it was not changed after 12 d of D-mannose 

supplementation (Figure 20E). Thus, not only SSAT expression, but also its stability might 

affect polyamine levels in the 3D-3C organoids. In sum, these data demonstrate that the 

effect of D-mannose supplementation on cellular metabolism was surprisingly low: less 

than 10 % of the identified metabolites were significantly affected. Also, glycolysis 

intermediates were not identified or not significantly changed, further supporting that 

D-mannose treatment did not affect glycolysis. Of note, D-mannose supplementation 

specifically elevated the levels of the acetylated polyamines N1-AcSpd and N1-AcSpm. 
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Figure 20: D-mannose supplementation increases the levels of acetylated polyamines. (A) 
Schematic representation of the workflow for untargeted metabolomics using primary keratinocytes 
isolated from newborn mice. (B) Significantly changed metabolites identified by untargeted 
metabolomics with or without 50 mM D-mannose treatment for 24 h. Mean ± SEM (n=5). (C) Levels 
of polyamines identified by untargeted metabolomics with or without 50 mM D-mannose treatment 
for 24 h. Mean ± SEM (n=5). (D) Polyamine levels in 3D-3C cultured cells with or without 50 mM 
D-mannose treatment for 14 days. Mean ± SEM (n=6). (B-D) Statistical significance was calculated 
by unpaired t-test. p-values: *** p<0.001, ** p<0.01, * p<0.05, ns: not significant. (E) Relative SSAT 
expression in 3D-3C cultured cells with or without D-mannose treatment for 24 h (teal) or 12 d 
(gray). Mean ± SEM (n=3). Statistical significance was calculated by One-way ANOVA Dunnett 
post-test. p-values: ** p<0.01, ns: not significant. 
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2.3 Elucidating the role of polyamine availability in hair follicle stem 
cell fate decisions  

Since D-mannose supplementation clearly elevated the levels of the acetylated 

polyamines N1-AcSpd and N1-AcSpm, I aimed to elucidate the role of polyamine 

metabolism in stem cell maintenance in the last part of this work. Polyamines have been 

linked to stemness previously. For example, polyamines positively influence expression of 

MINDY1, a deubiquitinating enzyme, which promotes ESC self-renewal (James et al. 

2018). Thus, I asked whether HFSCs in the 3D-3C organoids displayed higher levels of 

intracellular polyamines compared to progenitor cells. I sorted 3D-3C cultured cells and 

Andrea Annibal performed targeted analysis of polyamines by LC-MS. Surprisingly, he 

found that the levels of putrescine, spermidine, spermine, and N1-AcSpd, were decreased 

in a6+/CD34+ HFSCs compared to a6+/CD34- progenitor cells (Figure 21A). This result 

suggests that, depending on the cellular context, high polyamine levels, but also low 

polyamine availability can be beneficial for stem cell maintenance. Of note, reduction of 

the natural polyamines putrescine, spermidine, and spermine has been implicated in 

reduced translation previously (Pegg 2016; Dever and Ivanov 2018). Moreover, it has been 

described that various types of stem cells display lower translation rates than their 

differentiated counterparts (Sampath et al. 2008; Signer et al. 2014; Blanco et al. 2016; 

Zismanov et al. 2016). Therefore, I hypothesized that low availability of the natural 

polyamines reduced translation and thereby favored the stem cell state in the organoid 

culture. 

2.3.1 Low translation rates mark the hair follicle stem cell state and decreasing 
translation enhances stemness in the organoids 

To test whether a6+/CD34+ HFSCs display lower mRNA translation than a6+/CD34- 

progenitor cells, I established a puromycin incorporation assay: the antibiotic puromycin is 

a structural analog of aminoacyl-tRNAs, consisting of a nucleoside and an amino acid 

moiety (Figure 21B). Puromycin can enter the A-site of the ribosome, where its free amino 

group accepts the nascent polypeptide chain from the P-site peptidyl-tRNA; however, 

extension of the nascent chain is prevented, since the peptide bond of puromycin cannot 

be cleaved, resulting in premature termination of translation (Aviner 2020). Once 

incorporated in the nascent polypeptide chain, puromycin can be detected by 

immunoblotting (Schmidt et al. 2009). In HaCaT cells, pre-treatment with the translation 

inhibitor cycloheximide (CHX) potently reduced the anti-puromycin signal compared to 
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puromycin treatment alone (Figure 21C). Thus, puromycin incorporation is a good tool to 

investigate translation rates.  

Blanco et al. (2016) showed that the activation of HFSCs during the transition from the 

resting phase, telogen, to proliferation in anagen during the hair cycle coincides with 

elevated protein synthesis. These data demonstrate a functional role for increased 

translation during differentiation in the epidermis. However, the mechanisms that regulate 

translation in stem cells in general and upon differentiation remain elusive. Here, I aimed 

to better understand the mechanisms and functional consequences of this difference in 

translation. First, I tested whether translation rates were also reduced in freshly isolated 

HFSCs compared to more differentiated counterparts. Besides CD34 and integrin a6, I 

also used stem cell antigen-1 (Sca1) as marker (Figure 21D): Sca1 expression can be 

detected in the infundibulum (IFD) region of the HF and the basal layer of the epidermis 

(Jensen et al. 2008). By gating for Sca1-negative cells, IFE and IFD progenitors can be 

separated from HF progenitors (Figure 21E). Thus, I compared HF bulge stem cells 

(Sca1-/a6+/CD34+) to HF outer root sheath cells (ORS; Sca1-/a6+/CD34-). After cell 

sorting, I performed puromycin incorporation (Figure 21F). Western blot analysis revealed 

a significant reduction of puromycin incorporation in Sca1-/a6+/CD34+ HFSCs compared 

to Sca1-/a6+/CD34- ORS cells (Figure 21G-H), thereby confirming reduced translation 

rates described for HFSCs in vivo (Blanco et al. 2016). Next, I asked whether this 

difference in translation is maintained during the in vitro culture in the 3D-3C organoids. I 

sorted cells after two weeks of 3D-3C culture (Figure 21I) and found reduced translation 

in a6+/CD34+ stem cells compared to a6+/CD34- progenitors by puromycin incorporation 

(Figure 21J-K). Thus, the 3D-3C organoids maintain this key in vivo property of HFSCs, 

making them a suitable model to study the influence of translation on cell fate decisions. 

Taken together, these data demonstrate that both freshly isolated and 3D-3C cultured 

HFSCs display lower translation rates compared to their more differentiated counterparts, 

which are likely required to maintain stemness. Further, my data suggest that low 

polyamine levels in HFSCs endogenously reduce translation. 
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(Figure 21: legend on next page) 
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Having established that HFSCs displayed lower translation rates than their progenitors in 

the 3D-3C organoids, I aimed to validate that reduction of translation is sufficient to drive 

cell fate decisions. To this end, I manipulated translation in the 3D-3C organoids by 

addition of low doses of G418, a well described inhibitor of translation elongation (Bar-Nun 

et al. 1983). I confirmed reduced translation after 4 h of G418 treatment in the 3D-3C 

organoids by measuring puromycin incorporation (Figure 22A-B). Strikingly, a forced 

decrease in translation resulted in a significant increase of a6+/CD34+ stem cells after two 

weeks of 3D-3C culture (Figure 22C). Of note, the self-organizing plasticity of the 3D-3C 

organoids results in a balance between a6+/CD34- progenitors and a6+/CD34+ HFSCs, 

which is first established around day 9 (Chacón-Martínez et al. 2017). To exclude that 

G418 increased the ratio of HFSC due to their specific selection from the mixed starting 

population (Figure 11B), I started the treatment on day 9, when the 50:50 ratio was 

established (data not shown). Importantly, G418 elevated the number of a6+/CD34+ stem 

cells also when supplemented for the last five days of culture only (Figure 22D). To unravel 

whether the increase in the stem cell ratio upon G418 treatment in the organoids culture 

had a functional consequence, I analyzed the proliferative potential of the cells after 3D-3C 

culture in a colony formation assay. Importantly, a6+/CD34+ HFSCs display higher 

proliferative potential than a6+/CD34-progenitors when freshly isolated, but also after 

3D-3C organoid culture (Trempus et al. 2003; Kim et al. 2020a). Thus, this assay is a 

suitable read-out to confirm cell fate changes. For the colony formation assay, 3D-3C 

cultured cells were seeded in clonal density on a feeder layer and cultured for 2 to 3 weeks 

without treatment before emerging colonies were fixed and stained (Figure 22E). 

Quantification of total colony number revealed a significant increase upon G418 treatment  

 

Figure 21: Reduced translation is a consequence of the stem cell state. (A) Polyamine levels 
in sorted a6+/CD34- and a6+/CD34+ cells after 3D-3C culture. Mean ± SEM (n=6). (B) Structure 
of puromycin. Modified from Aviner 2020. (C) Representative Western blot analysis after puromycin 
incorporation in HaCaT cells with or without cycloheximide (CHX) treatment. (D) Schematic of 
marker expression in the hair follicle (HF). The interfollicular epidermis (IFE) and the infundibulum 
(IFD) region of the HF are marked by Sca1 expression. Integrin a6 is expressed in the basal layer 
of the IFE and the HF. CD34 expression is restricted to the bulge region. ORS: outer root sheath. 
(E) Dot plot showing the gating strategy for sorting of freshly isolated epidermis cells. Live cells 
were gated according to Sca1-expression. Sca1-negative cells were separated into HFSCs and 
ORS cells. (F) Schematic representation of the workflow for puromycin incorporation using freshly 
isolated cells. (G) Western blot analysis after puromycin incorporation in Sca1-/a6+/CD34- 
progenitor cells compared to Sca1-/a6+/CD34+ HFSCs. (H) Quantification of the Western blot in 
(G). Mean ± SD (n=4). (I) Schematic representation of the workflow for puromycin incorporation 
using 3D-3C cultured cells. (J) Representative Western blot analysis after puromycin incorporation 
in a6+/CD34- progenitor cells compared to a6+/CD34+ HFSCs. (K) Quantification of the Western 
blot in (J). Mean ± SD (n=5). (A, H, K) Statistical significance was calculated by unpaired t-test. 
p-values: *** p<0.001, ** p<0.01, * p<0.05, ns: not significant.  
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in the 3D-3C organoids, suggesting an increased proliferative potential, thereby confirming 

stem cell identity (Figure 22F-G). As mentioned above, a6+/CD34- progenitors and 

a6+/CD34+ HFSCs automatically form a balance in the 3D-3C organoids. This balance is 

influenced by self-renewal and differentiation of stem cells, but also by proliferation and 

de-differentiation of progenitors back to the stem cell state. To investigate which of these 

mechanisms was affected upon G418 treatment, I sorted the cells after two weeks of 

3D-3C culture to generate pure populations of either a6+/CD34- or a6+/CD34+ cells. 

These pure populations were cultured for one week with or without G418 treatment for the 

last five days before analysis. Interestingly, G418 treatment increased both stem cell 

maintenance and de-differentiation, resulting in an increased number of a6+/CD34+ 

HFSCs on day 7 (Figure 22H). To exclude specific toxicity of G418 in one of the cell types, 

I determined the live cell number in the pure populations on day 7. G418 treatment reduced 

the live cell number in both a6+/CD34- progenitors and a6+/CD34+ HFSCs; however, the 

effect was slightly more pronounced in the progenitor cells. Nevertheless, this reduction of 

the live cell number was not strong enough to account for the increase in a6+/CD34+ 

HFSCs seen upon G418 treatment (Figure 22I-J). Collectively, these data suggest that 

reduced translation is not only a consequence of the stem cell state. Instead, a forced 

decrease of translation can influence cell fate decisions in the 3D-3C organoids.  

 

 

 

 

 

Figure 22: Reduction of translation drives cell fate decisions in the 3D-3C organoids. (A) 
Representative Western blot analysis after puromycin incorporation in 3D-3C cultured cells with or 
without 5 µg/ml G418 treatment for 4 h. (B) Quantification of Western blot analysis after puromycin 
incorporation as shown in (A). Mean ± SD (n=3). (C) Ratio of a6+/CD34+ cells after two weeks of 
3D-3C culture with or without 5 µg/ml G418 treatment for 14 days. Mean ± SEM (n=3). (D) Ratio of 
a6+/CD34+ cells after two weeks of 3D-3C culture with or without 5 µg/ml G418 treatment for the 
last 5 days. Mean ± SEM (n=4). (E) Schematic representation of the workflow for the colony 
formation assay using 3D-3C cultured cells. (F) Representative image of tissue culture plate after 
colony formation assay using cells with or without G418 treatment in 3D-3C organoids (n=3). (G) 
Quantification of colony number in (F). Mean ± SD (n=3). (H) Ratio of a6+/CD34+ cells on day 0 
and day 7 post-sorting starting from 100 % a6+/CD34+ cells (left) or 100 % a6+/CD34- cells (right) 
with or without G418 treatment for the last 5 days of culture. Mean ± SEM (n³3). (I) Live cell number 
of a6+/CD34- cells (left) and a6+/CD34+cells (right) on day 7 post-sorting. Treatment was 
performed for the last 5 days of culture. Mean ± SD (n=5). (J) Representative images of organoid 
cultures on day 7 post-sorting. Treatment was performed for the last 5 days of culture. (B-D, I) 
Statistical significance was calculated by paired t-test. two-tailed p-values: *** p<0.001, ** p<0.01, 
ns: not significant. (G-H) Statistical significance was calculated by unpaired t-test. p-values: 
*** p<0.001, * p<0.05.  
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2.3.2 Reduced translation by decreased polyamine availability and stemness 
do not correlate in the organoids 

Having demonstrated that a6+/CD34+ HFSCs display lower translation rates and lower 

levels of the natural polyamines putrescine, spermidine and spermine than a6+/CD34- 

progenitor cells, I intended to elucidate whether polyamine availability plays a role in the 

regulation of protein synthesis in HFSCs. To this end, I aimed to mimic the low levels of 

natural polyamines found in HFSCs and study the effect on cell fate. 

2.3.2.1 Depletion of the natural polyamines by DFMO treatment reduces 
translation without effect on stemness 

To reduce polyamine levels and investigate the consequences on HFSC fate decisions in 

the 3D-3C organoids, I used 2-difluoromethylornithine (DFMO), which is an enzyme-

activated, irreversible inhibitor of ODC (Metcalf et al. 1978), the first enzyme in the 

polyamine pathway (Figure 8). Andrea Annibal measured polyamine levels in the 3D-3C 

organoids upon DFMO treatment and found that putrescine and spermidine levels were 

reduced, while ornithine accumulated (Figure 23A). These results suggested successful 

inhibition of ODC. Of note, DFMO treatment recapitulated the low levels of natural 

polyamines seen in HFSCs compared to progenitors.  

Depletion of the natural polyamines has been previously linked to decreased protein 

synthesis (Dever and Ivanov 2018). Accordingly, puromycin incorporation was decreased 

by around 40 % in the organoid culture upon short-term DFMO treatment (Figure 23B-C). 

Surprisingly, the reduction of translation was not sufficient to affect HFSC fate, as shown 

by the unchanged ratio of HFSCs upon DFMO treatment (Figure 23D-E). Neither stem cell 

maintenance, nor de-differentiation were changed when starting from pure populations 

(Figure 23F). DFMO treatment slightly decreased the live cell number of a6+/CD34- 

progenitors, without affecting the viability of a6+/CD34+ HFSCs (Figure 23G-H). Together, 

these data suggest that reduced mRNA translation by decreased polyamine availability 

does not enhance stemness in the 3D-3C organoids. This result was surprising, since I 

demonstrated that reduced translation can drive cell fate decisions in the 3D-3C organoids 

using G418 before.  
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Figure 23: DFMO treatment reduces polyamine levels and translation without effect on HFSC 
fate. (A) Polyamine levels in 3D-3C cultured cells with and without 50 µM DFMO treatment. 
Mean ± SEM (n=4). (B) Representative Western blot analysis after puromycin incorporation in 
3D-3C cultured cells with or without DFMO treatment for the last 72 h of culture. (C) Quantification 
of Western blot analysis after puromycin incorporation as shown in (B). Mean ± SD (n=3). (D) Ratio 
of a6+/CD34+ cells after two weeks of 3D-3C culture with or without 50 µM DFMO treatment for 
14 days. Mean ± SEM (n=3). (E) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with 
or without 50 µM DFMO treatment for the last 5 days. Mean ± SEM (n=4). (F) Ratio of a6+/CD34+ 
cells on day 0 and day 7 post-sorting starting from 100 % a6+/CD34+ cells (left) or 100 % 
a6+/CD34- cells (right) with or without DFMO treatment for the last 5 days of culture. Mean ± SEM 
(n³3). (G) Live cell number of a6+/CD34- cells (left) and a6+/CD34+cells (right) on day 7 
post-sorting. Treatment was performed for the last 5 days of culture. Mean ± SD (n³3). (H) 
Representative images of organoid cultures on day 7 post-sorting. Treatment was performed for 
the last 5 days of culture. (A, F) Statistical significance was calculated by unpaired t-test. p-values: 
** p<0.01, * p<0.05, ns: not significant. (C-E, G) Statistical significance was calculated by paired 
t-test. two-tailed p-values: ** p<0.01, ns: not significant. 
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2.3.2.2 DENSpm treatment regulates hair follicle stem cell fate decisions 
without reducing translation 

Since G418 and DFMO supplementation reduced translation rates but differently affected 

stemness, I aimed to further investigate the influence of polyamine availability on HFSC 

fate decisions in the 3D-3C organoids. To this end, I used the spermine analog 

N1,N11-diethylnorspermine (DENSpm). DENSpm increases SSAT expression, mRNA 

stability, and enzyme activity (Coleman et al. 1995; Parry et al. 1995; Fogel-Petrovic et al. 

1996) and thereby activates polyamine catabolism (Figure 8). DENSpm, like other 

polyamine analogs, is described to deplete natural polyamines, while the acetylated forms 

accumulate (Uimari et al. 2009). Andrea Annibal confirmed the described effects of 

DENSpm on polyamine levels in the 3D-3C organoids (Figure 24A). Remarkably, the 

DENSpm effect on intracellular polyamine levels resembled the one that D-mannose 

addition had (Figure 20D). The depletion of natural polyamines by DENSpm treatment or 

by SSAT OE has been shown to decrease mRNA translation in mammalian cells (Landau 

et al. 2010; Mandal et al. 2013). However, short-term DENSpm treatment, which did not 

change the HFSC ratio in the oragnoids (data not shown), did not affect puromycin 

incorporation in the organoid culture (Figure 24B-C). Intriguingly, treatment with 10 µM 

DENSpm resulted in a significant increase in a6+/CD34+ stem cells after two weeks of 

3D-3C culture, although translation rates were not reduced (Figure 24D). Treatment for 

the last five days of the culture was sufficient to enhance stemness (Figure 24E). To 

investigate stem cell maintenance and de-differentiation separately, pure populations were 

sorted and cultured for one week with or without DENSpm treatment and the stem cell 

ratio was analyzed. Interestingly, DENSpm treatment increased both stem cell 

maintenance and de-differentiation (Figure 24F). DENSpm treatment in the 3D-3C 

organoids significantly increased the number of colonies in a colony formation assay, 

suggesting a higher proliferative potential, thereby confirming stem cell identity (Figure 

24G-H). Thus, DENSpm treatment favored the HFSC state without reducing translation 

rates in the 3D-3C organoids. 

DENSpm treatment has been shown to induce cell detachment and apoptosis in 

glioblastoma cells (Tian et al. 2012). Thus, I investigated apoptosis in DENSpm treated 

organoids. Of note, while annexin V staining was generally higher in a6+/CD34- 

progenitors, DENSpm treatment did not affect apoptosis in any of the cell types (Figure 

24I). Since DENSpm treatment had a similar effect on intracellular polyamine levels as 

D-mannose addition and D-mannose supplementation reduced proliferation, I  
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(Figure 24: legend on next page) 
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measured EdU incorporation in DENSpm treated organoids: EdU was incorporated 

comparable to untreated cells in both cell types (Figure 24J). This result indicated that 

stem cells actively self-renew when starting from pure populations (Figure 24F). In line 

with previously published data (Chacón-Martínez et al. 2017), EdU incorporation was 

higher in a6+/CD34+ HFSCs compared to a6+/CD34- progenitors (Figure 24J). 

Overall, these results suggest that low translation rates achieved by decreased polyamine 

availability and stemness do not correlate in the HFSC organoids. While DFMO treatment 

effectively reduced translation rates without effect on stemness, DENSpm 

supplementation was not sufficient to affect translation rates but favored the HFSC fate in 

the 3D-3C organoids.  

2.3.3 Polyamine availability influences hair follicle stem cell fate decisions 
independently of reduced translation 

DENSpm treatment affected HFSC fate without reducing translation rates in the organoid 

culture. Thus, the changes in intracellular polyamine levels upon DENSpm addition favor 

the HFSC state through an independent mechanism.  

DENSpm supplementation resulted in a depletion of the natural polyamines and an 

accumulation of the acetylated forms in the 3D-3C organoids (Figure 24A). To elucidate 

which of these effects was responsible for the increase in stemness, I supplemented 

DENSpm treated cells with putrescine to rescue the reduction of natural polyamines. When 

starting from pure populations the double treatment showed a partial rescue compared to  

 

Figure 24: DENSpm treatment is not sufficient to reduce translation rates but enhances 
stemness in the organoids. (A) Polyamine levels in 3D-3C cultured cells with and without 10 µM 
DENSpm treatment. Mean ± SEM (n=6). (B) Representative Western blot analysis after puromycin 
incorporation in 3D-3C cultured cells with or without DENSpm treatment for the last 72 h of culture. 
(C) Quantification of Western blot analysis after puromycin incorporation as shown in (B). 
Mean ± SD (n=4). (D) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with or without 
10 µM DENSpm treatment for 14 days. Mean ± SEM (n=3). (E) Ratio of a6+/CD34+ cells after two 
weeks of 3D-3C culture with or without 10 µM DENSpm treatment for the last 5 days. Mean ± SEM 
(n=4). (F) Ratio of a6+/CD34+ cells on day 0 and day 7 post-sorting starting from 100 % 
a6+/CD34+ cells (left) or 100 % a6+/CD34- cells (right) with or without DENSpm treatment for the 
last 5 days of culture. Mean ± SEM (n³3). (G) Representative image of tissue culture plate after 
colony formation assay using cells with or without DENSpm treatment in 3D-3C organoids (n=2). 
(H) Quantification of colony number in (G). Mean ± SD (n=3). (I) Ratio of annexin V+ 3D-3C 
cultured cells with or without DENSpm treatment for the last 24 h of culture. Mean ± SEM (n=4). 
(J) Ratio of EdU+ 3D-3C cultured cells with or without DENSpm treatment for the last 72 h of 
culture. EdU was incorporated for 2 h. Mean ± SEM (n=4). (A, F, H-J) Statistical significance was 
calculated by unpaired t-test. p-values: *** p<0.001, ** p<0.01, ns: not significant. (C-E) Statistical 
significance was calculated by paired t-test. two-tailed p-values: ** p<0.01, * p<0.05; ns: not 
significant.  
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DENSpm alone; stem cell maintenance and de-differentiation were decreased (Figure 

25A). These data indicated that the depletion of the natural polyamines partially 

contributed to the observed cell fate changes. However, stem cell maintenance and 

de-differentiation were still significantly affected upon the double treatment compared to 

untreated cells (Figure 25A). This result elicits the following three hypotheses: first, the 

putrescine concentration was too low to replenish the natural polyamines; second, 

putrescine itself affects cell fate; third, DENSpm treatment determines HFSC fate by the 

accumulation of the acetylated polyamines. 

Spermine analogs, like DENSpm, have been described to inhibit cell growth due to the 

depletion of the natural polyamines (Libby et al. 1989; Porter et al. 1991). Accordingly, 

DENSpm treatment reduced the live cell number of a6+/CD34- progenitors and 

a6+/CD34+ HFSCs (Figure 25B-C). Of note, additional putrescine supplementation 

rescued this defect in cell growth (Figure 25B-C), suggesting that the putrescine 

concentration used was sufficient to replenish the natural polyamines. Thus, the partial 

rescue of stem cell maintenance and de-differentiation upon the double treatment was not 

due to incomplete replenishment of the natural polyamines. 

 
(Figure 25: legend on next page) 
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To exclude that additional putrescine supplementation only partially rescued the DENSpm 

effect on stem cell maintenance and de-differentiation (Figure 25A) because putrescine 

itself affects cell fate, I tested putrescine addition in the organoid culture. Remarkably, 

putrescine treatment increased the number of a6+/CD34+ stem cells, when supplemented 

for the whole duration of the culture (Figure 26A). Putrescine treatment for the last five 

days of culture was not sufficient to enhance stemness (Figure 26B). When starting from 

pure populations, putrescine supplementation specifically elevated de-differentiation of 

a6+/CD34- progenitor cells to a6+/CD34+ HFSCs, but did not affect stem cell 

maintenance (Figure 26C). However, the effect on de-differentiation was not as 

pronounced as with the double treatment (Figure 26A). Stem cell identity was confirmed 

by elevated colony number, showing increased proliferative potential (Figure 26D-E). 

Putrescine supplementation did not affect the live cell number of progenitors or HFSCs 

(Figure 26F-G). Also, puromycin incorporation was unchanged upon short-term putrescine 

addition (Figure 26H-I). To further investigate the effect of putrescine supplementation, 

Andrea Annibal measured intracellular polyamine levels in the 3D-3C organoids. 

Spermidine and N1-AcSpd levels were increased in response to putrescine 

supplementation (Figure 26J). The elevation of putrescine levels confirmed the 

effectiveness of the treatment (Figure 26J). In sum, increased polyamine availability upon 

putrescine addition was sufficient to elevate de-differentiation of progenitors back to the 

stem cell state, while stem cell maintenance was not affected. However, the putrescine-

mediated effect on cell fate was not strong enough to account for the changes seen with 

the double treatment. Therefore, I speculated that the accumulation of the acetylated 

polyamines favored the stem cell state in DENSpm-treated cultures. 

 

 

 

 

 

 

Figure 25: Additional putrescine supplementation partially rescues the DENSpm-mediated 
effect on HFSCs and live cell number. (A) Ratio of a6+/CD34+ cells at day 0 and day 7 
post-sorting starting from 100 % a6+/CD34+ cells (left) or 100 % a6+/CD34- cells (right) with or 
without DENSpm or additional putrescine treatment for the last 5 days. Mean ± SEM (n³3). 
Two-way ANOVA Tukey post-test. *** p<0.001, ** p<0.01, * p<0.05. (B) Live cell number of 
a6+/CD34- cells (left) and a6+/CD34+cells (right) on day 7 post-sorting. Treatment was performed 
for the last 5 days of culture. Mean ± SD (n³4). Statistical significance was calculated by One-way 
ANOVA Dunnett post-test. p-values: *** p<0.001, ns: not significant. (C) Representative images of 
organoid cultures on day 7 post-sorting. Treatment was performed for the last 5 days of culture. 



Results 

 

 83 

 

(Figure 26: legend on next page) 
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2.3.3.1 N1-acetylspermidine is a novel determinant of hair follicle stem cell fate 
decisions 

Since both DENSpm and putrescine supplementation led to elevated N1-AcSpd levels 

(Figure 24A and Figure 26J), I hypothesized that it is not the accumulation of the acetylated 

polyamines in general, but that increased N1-AcSpd levels in particular are responsible for 

the observed cell fate changes. Intriguingly, N1-AcSpd treatment significantly increased 

the number of a6+/CD34+ stem cells in the 3D-3C organoids (Figure 27A). 

Supplementation for the last five days of culture was sufficient to enhance stemness 

(Figure 27B). In contrast to putrescine addition, N1-AcSpd treatment enhanced not only 

de-differentiation, but also stem cell maintenance when starting from pure populations 

(Figure 27C). Stemness was confirmed by enhanced proliferative potential in the colony 

formation assay (Figure 27D-E). Overall, these data implicate N1-AcSpd as a novel 

regulator of cell fate.  

To test the N1-AcSpd-mediated effect on translation rates, I analyzed puromycin 

incorporation. Interestingly, translation rates were elevated upon short-term N1-AcSpd 

treatment (Figure 27F-G), which did not affect the ratio of HFSCs in the 3D-3C organoids 

(data not shown). This result strengthens the hypothesis that polyamine availability 

influences cell fate decisions independent of reduced protein synthesis, but through a 

different mechanism. To better understand the consequences of N1-AcSpd treatment, 

Andrea measured intracellular polyamine levels and found that apart from N1-AcSpd, also 

putrescine was increased (Figure 27H). Thus, the effect of N1-AcSpd treatment on 

intracellular polyamines resembled the putrescine supplementation (Figure 26J). 

Therefore, I aimed to discern the impact of N1-AcSpd from the putrescine-mediated effect. 

 

Figure 26: Putrescine supplementation enhances de-differentiation. (A) Ratio of a6+/CD34+ 
cells after two weeks of 3D-3C culture with or without putrescine treatment for 14 days. 
Mean ± SEM (n=3). (B) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with or without 
putrescine treatment for the last 5 days. Mean ± SEM (n=4). (C) Ratio of a6+/CD34+ cells at day 0 
and day 7 post-sorting starting from 100 % a6+/CD34+ cells (left) or 100 % a6+/CD34- cells (right) 
with or without putrescine treatment for the last 5 days of culture. Mean ± SEM (n³3). (D) 
Representative image of tissue culture plate after colony formation assay using cells with or without 
putrescine treatment in 3D-3C organoids (n=2). (E) Quantification of colony number of plate in (D). 
Mean ± SD (n=3). (F) Live cell number of a6+/CD34- cells (left) and a6+/CD34+cells (right) on 
day 7 post-sorting. Treatment was performed for the last 5 days of culture. Mean ± SD (n³4). (G) 
Representative images of organoid cultures on day 7 post-sorting. Treatment was performed for 
the last 5 days of culture. (H) Representative Western blot analysis after puromycin incorporation 
in 3D-3C cultured cells with or without putrescine treatment for the last 72 h of culture. (I) 
Quantification of Western blot analysis after puromycin incorporation as shown in (H). Mean ± SD 
(n=4). (J) Polyamine levels in 3D-3C cultured cells with and without 50 µM putrescine treatment. 
Mean ± SEM (n=6). (A-B, F, I) Statistical significance was calculated by paired t-test. two-tailed 
p-values: ** p<0.01, ns: not significant. (C, E, J) Statistical significance was calculated by unpaired 
t-test. p-values: *** p<0.001, * p<0.05, ns: not significant. 
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Figure 27: N1-acetylspermidine treatment influences cell fate decisions in the 3D-3C 
organoids. (A) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with or without 
N1-AcSpd treatment for 14 days. Mean ± SEM (n=3). (B) Ratio of a6+/CD34+ cells after two weeks 
of 3D-3C culture with or without N1-AcSpd treatment for the last 5 days. Mean ± SEM (n=4). (C) 
Ratio of a6+/CD34+ cells at day 0 and day 7 post-sorting starting from 100 % a6+/CD34+ cells 
(left) or 100 % a6+/CD34- cells (right) with or without N1-AcSpd treatment for the last 5 days of 
culture. Mean ± SEM (n³3). (D) Representative image of tissue culture plate after colony formation 
assay using cells with or without N1-AcSpd treatment in 3D-3C organoids (n=3). (E) Quantification 
of colony number of plate in (D). Mean ± SD (n=3). (F) Representative Western blot analysis after 
puromycin incorporation in 3D-3C cultured cells. N1-AcSpd treatment was performed for the last 
72 h of the culture. (G) Quantification of the Western blot analysis after puromycin incorporation as 
shown in (F). Mean ± SD (n=4). (H) Polyamine levels in 3D-3C cultured cells with or without 
N1-AcSpd treatment. Mean ± SEM (n=6). (A-B, G) Statistical significance was calculated by paired 
t-test. two-tailed p-values: *** p<0.001, ** p<0.01, * p<0.05. (C, E, H) Statistical significance was 
calculated by unpaired t-test. p-values: *** p<0.001, ** p<0.01, * p<0.05, ns: not significant. 

A B

D
E

F

unt
rea

ted

500
 µM

 N1-A
cSpd

0
20
40
60
80

100
***

%
 C

D3
4+

α6
+ 

ce
lls

untreated 
in 3D-3C organoids

500 µM N1-AcSpd
in 3D-3C organoids

unt
rea

ted

500
 µM

 N1-A
cSpd

0
20
40
60
80

100

nu
mb

er
 of

 co
lon

ies **

C

%
 α

6+
/C

D3
4+

 ce
lls

untreated
500 µM N1-AcSpd

%
 α

6+
/C

D3
4+

 ce
lls

stem cell maintenance de-differentiation

day 0 day 7
0

20
40
60
80

100
120

* *

day 0 day 7
0

10
20
30
40
50
60

untreated
500 µM N1-AcSpd

orn
ithi

ne

put
res

cin
e

spe
rmidin

e

spe
rmine

N1-a
cet

yls
per

midin
e

N1-a
cet

yls
per

mine
0

1

2

3

fol
d c

ha
ng

e

** ***ns nsnsns

unt
rea

ted

500
 µM

 N1-A
cSpd

0
20
40
60
80

100
**

%
 α

6+
/C

D3
4+

 ce
lls

5 days treatment14 days treatment

unt
rea

ted

500
 µM

 N1-A
cSpd

0

1

2

3

4

re
lat

ive
 pu

ro
my

cin
 in

co
rp

or
ati

on

*anti-puromycin

anti-β-actin50
37

75
50
37

25

100
kDa

unt
rea

ted

500
 µM

 N1-A
cSpd

G H



Results 

 86 

To dissect the putrescine- and N1-AcSpd-mediated effect, I prevented the conversion of 

putrescine to N1-AcSpd and vice versa: inhibition of PAOX impedes the oxidation of 

N1-AcSpd to putrescine, whereas inhibition of SSAT blocks the acetylation of spermidine 

to N1-AcSpd (Figure 8). First, I tested MDL72527, which is an irreversible inhibitor of the 

polyamine oxidases PAOX and SMOX (Bey et al. 1985). Importantly, SMOX inhibition by 

MDL72527 is less efficient than its effect on PAOX (Moriya et al. 2014). Therefore, 

MDL72527 addition should result in the accumulation of the acetylated polyamines 

N1-AcSpd and N1-AcSpm without major impact on the natural polyamines. Intriguingly, 

MDL72527 treatment significantly increased the number of a6+/CD34+ stem cells in the 

3D-3C organoids (Figure 28A). Treatment for the last five days of the culture was sufficient 

to affect cell fate (Figure 28B). When starting from pure populations, MDL72527 addition 

elevated stem cell maintenance and de-differentiation (Figure 28C). These effects were 

accompanied by reduced live cell numbers of a6+/CD34- progenitors and a6+/CD34+ 

stem cells (Figure 28D-E). Since the viability of a6+/CD34- progenitors was reduced to a 

greater extend, the increase in the HFSC ratio might be partially caused by selective loss 

of progenitor cells. Nevertheless, de-differentiation was affected by MDL72527 treatment, 

suggesting a change in cell fate decisions. Overall, the MDL72527-mediated effects 

resembled the ones DENSpm treatment had. This finding further supports the hypothesis 

that the accumulation of the acetylated polyamines determines cell fate decisions in 

DENSpm-treated cultures.  

Second, I used diminazene aceturate (DA), which inhibits SSAT (Wu et al. 1996; Neidhart 

et al. 2014). Thereby, DA addition should result in the reduction of the acetylated 

polyamines N1-AcSpd and N1-AcSpm, while the levels of putrescine should remain 

unchanged. Remarkably, DA treatment significantly reduced the number of a6+/CD34+ 

stem cells in the 3D-3C organoids (Figure 28F). Treatment for the last five days of the 

culture was sufficient to recapitulate this effect (Figure 28G). Both stem cell maintenance 

and de-differentiation were reduced by DA addition (Figure 28H). Interestingly, DA 

treatment decreased the live cell number of a6+/CD34- progenitors, but did not affect the 

viability of a6+/CD34+ stem cells (Figure 28I-J). Thus, the reduction of the HFSC ratio 

would be even more pronounced if the viability of the progenitor cells was not affected. 

Taken together, the data obtained upon inhibition of SSAT and PAOX confirm that the 

accumulation of the acetylated polyamines is not only required but also sufficient to 

enhance stemness in the HFSC organoids. 
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(Figure 28: legend on next page) 
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Since DENSpm and MDL72527 strongly increased stem cell maintenance and 

de-differentiation likely via increased levels of the acetylated polyamines N1-AcSpd and 

N1-AcSpm, I aimed to investigate the effect of N1-AcSpm treatment on cell fate. 

Surprisingly, supplementation with N1-AcSpm did not influence the ratio of HFSCs (Figure 

29A-B). Stem cell maintenance and de-differentiation were not affected by N1-AcSpm 

treatment (Figure 29C). The live cell number tended to be decreased in a6+/CD34- 

progenitors and increased in a6+/CD34+ stem cells; however, this effect was not 

significant (Figure 29D-E). Overall, these data clearly demonstrate that elevation of the 

acetylated polyamines in general was not sufficient; rather, N1-AcSpd treatment had a 

specific effect on cell fate. Thus, the cell fate changes observed upon DENSpm (Figure 

24F) and MDL72527 treatment (Figure 28C) are caused by increased levels of N1-AcSpd.  

Surprisingly, short-term N1-AcSpm treatment reduced puromycin incorporation in the 

organoid culture (Figure 29F-G). These data further support the finding that reducing 

translation rates by changes in polyamine availability does not increase stemness in the 

organoid culture.  

 

 

 

 

 

 

Figure 28: Inhibition of PAOX and SSAT confirms the acetylated polyamines as novel 
regulator of cell fate decisions. (A) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture 
with or without MDL72527 treatment for 14 days. Mean ± SEM (n=4). (B) Ratio of a6+/CD34+ cells 
after two weeks of 3D-3C culture with or without MDL72527 treatment for the last 5 days. 
Mean ± SEM (n=4). (C) Ratio of a6+/CD34+ cells at day 0 and day 7 post-sorting starting from 
100 % a6+/CD34+ cells (left) or 100 % a6+/CD34- cells (right) with or without MDL72527 treatment 
for the last 5 days of culture. Mean ± SEM (n³6). (D) Live cell number of a6+/CD34- cells (left) and 
a6+/CD34+cells (right) on day 7 post-sorting. Treatment was performed for the last 5 days of 
culture. Mean ± SD (n³4). (E) Representative images of organoid cultures on day 7 post-sorting. 
Treatment was performed for the last 5 days of culture. (F) Ratio of a6+/CD34+ cells after two 
weeks of 3D-3C culture with or without diminazene aceturate (DA) treatment for 14 days. 
Mean ± SEM (n=4). (G) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with or without 
DA treatment for the last 5 days. Mean ± SEM (n=4). (H) Ratio of a6+/CD34+ cells at day 0 and 
day 7 post-sorting starting from 100 % a6+/CD34+ cells (left) or 100 % a6+/CD34- cells (right) with 
or without DA treatment for the last 5 days of culture. Mean ± SEM (n³5). (I) Live cell number of 
a6+/CD34- cells (left) and a6+/CD34+cells (right) on day 7 post-sorting. Treatment was performed 
for the last 5 days of culture. Mean ± SD (n³4). (J) Representative images of organoid cultures on 
day 7 post-sorting. Treatment was performed for the last 5 days of culture. (A-B, D, F-G, I) 
Statistical significance was calculated by paired t-test. two-tailed p-values: ** p<0.01, * p<0.05, ns: 
not significant. (C, H) Statistical significance was calculated by unpaired t-test. p-values: 
*** p<0.001, * p<0.05, ns: not significant. 
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Figure 29: N1-acetylspermine treatment does not affect HFSC fate in the organoid culture. 
(A) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture with or without N1-AcSpm treatment 
for 14 days. Mean ± SEM (n=3). (B) Ratio of a6+/CD34+ cells after two weeks of 3D-3C culture 
with or without N1-AcSpm treatment for the last 5 days. Mean ± SEM (n=4). (C) Ratio of 
a6+/CD34+ cells at day 0 and day 7 post-sorting starting from 100 % a6+/CD34+ cells (left) or 
100 % a6+/CD34- cells (right) with or without N1-AcSpm treatment for the last 5 days of culture. 
Mean ± SEM (n³4). Statistical significance was calculated by unpaired t-test. p-value: ns: not 
significant. (D) Live cell number of a6+/CD34- cells (left) and a6+/CD34+cells (right) on day 7 
post-sorting. Treatment was performed for the last 5 days of culture. Mean ± SD (n³3). (E) 
Representative images of organoid cultures on day 7 post-sorting. Treatment was performed for 
the last 5 days of culture. (F) Representative Western blot analysis after puromycin incorporation 
in 3D-3C cultured cells with or without N1-AcSpm treatment for the last 72 h of culture. (G) 
Quantification of Western blot analysis after puromycin incorporation as shown in (F). Mean ± SD 
(n=4). (A-B, D, G) Statistical significance was calculated by paired t-test. two-tailed p-values: 
* p<0.05, ns: not significant. 
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2.3.3.2 N1-acetylspermidine treatment affects hair follicle stem cell fate 
decisions by increasing proliferation 

To elucidate the molecular mechanism by which N1-AcSpd supplementation promotes 

stemness, I performed 3’ RNA-sequencing of 3D-3C cultured cells upon short-term 

N1-AcSpd treatment. HFSCs and progenitor cells were purified and analyzed separately 

(Figure 30A). To identify differentially expressed genes for untreated control cells and 

N1-AcSpd treatment, a6+/CD34- progenitors were compared with a6+/CD34+ HFSCs 

(Figure 30B). I subjected the two groups of differentially expressed genes to further 

analysis. Around 2.200 genes with differential expression between cell types were not 

affected by N1-AcSpd treatment (Figure 30C). 851 genes were differentially expressed 

between HFSCs and progenitors only in the presence of N1-AcSpd, while 540 genes were 

differentially expressed between cell types exclusively in untreated control cells (Figure 

30C).  

Skin development was the most significant GO term when the around 2.200 genes not 

affected by N1-AcSpd treatment were analyzed (Figure 30D). This result suggests that 

N1-AcSpd treatment did not affect general cell identity in the 3D-3C organoids. 

Consistently, a comparison of the gene expression changes between cell types in a heat 

map showed a clear separation of a6+/CD34+ HFSCs and a6+/CD34- progenitors (Figure 

30E). Although N1-AcSpd treated cells clustered separately of untreated control cells, their 

gene expression was very similar to the respective cell type in the control (Figure 30E). 

Analysis of the 540 genes differentially expressed between cell types only in untreated 

cells showed low significance for all GO terms. The most significant GO terms were 

intraciliary transport and cilium organization (Figure 30F). 
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(Figure 30: legend on next page) 
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Strikingly, analysis of the genes differentially expressed between HFSCs and progenitors 

only during N1-AcSpd treatment revealed that most of the ten highest ranked GO terms 

were linked to cell cycle progression (Figure 31A). The most significantly enriched GO 

term upon analysis of the genes differentially expressed between HFSCs and progenitors 

only during N1-AcSpd treatment was cell division (Figure 31A). 54 genes of this GO term 

were present among the 851 differentially expressed genes between cell types upon 

N1-AcSpd treatment (Figure 31B). Interestingly, expression of the majority of these 54 

genes was higher in a6+/CD34+ stem cells (Figure 31C). Importantly, N1-AcSpd treatment 

affected the amplitude of the fold change; the expression of these genes was higher also 

in the untreated a6+/CD34+ stem cells (Figure 31C). Consistently, EdU incorporation was 

higher in untreated a6+/CD34+ HFSCs compared to progenitor cells (Figure 31D). 

Together, these data suggest that N1-AcSpd selectively promoted self-renewal of HFSCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: 3’ RNA-sequencing confirms maintained cell identity upon N1-acetylspermidine 
treatment. (A) Schematic representation of the workflow for 3’ RNA-sequencing sample collection. 
(B) Schematic representation of the bioinformatic workflow. a6+/CD34- cells and a6+/CD34+ cells 
were compared for untreated and N1-AcSpd treated conditions. Genes were filtered 
(p-value < 0.05, log2FC > ±0.5) and the resulting lists were used for further analysis. Untreated 
control is shown in gray, N1-AcSpd is depicted in red. (C) Venn diagram of the two groups from 
(B). Untreated control is shown in gray, N1-AcSpd is depicted in red. (D) GO term analysis of 
differentially expressed genes between cell types (p-value < 0.05, log2FC > ±0.5) from 
3’ RNA-sequencing experiment common in untreated and treated cells (overlap shown in (C), 
biological process, metascape.org). (E) Heat map showing differentially expressed genes with a 
p-value £ 0.05 (a6+/CD34- vs. a6+/CD34+; treated or untreated). (F) GO term analysis of 
differentially expressed genes between cell types (p-value < 0.05, log2FC > ±0.5) from 
3’ RNA-sequencing experiment only in untreated cells (gray in (C), biological process, 
metascape.org). 
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Figure 31: 3’ RNA-sequencing results suggest increased cell cycle progression upon 
N1-acetylspermidine treatment. (A) GO term analysis of differentially regulated genes between 
cell types (p-value < 0.05, log2FC > ±0.5) from 3’ RNA-sequencing experiment only upon 
N1-AcSpd treatment (depicted in red in Figure 30C, biological process, metascape.org). (B) Venn 
diagram of differentially expressed genes upon N1-AcSpd treatment (red) and genes covered by 
GO term cell division (purple). (C) log2FC of the genes associated with the GO term ‘cell division’ 
in untreated and N1-AcSpd treated cells. The ratio of the log2FC in a6+/CD34+ vs. a6+/CD34- 
cells is shown. (D) Ratio of EdU+ cells in a6+/CD34- progenitors and a6+/CD34+ HFSCs. EdU 
was incorporated for 24 h. Mean ± SEM (n=3). Statistical significance was calculated by paired 
t-test. Two-tailed p-value: * p<0.05. 

Since the analysis of global gene expression changes clearly indicated that N1-AcSpd 

treatment would affect proliferation, I measured EdU incorporation in the 3D-3D organoids. 

Importantly, short-term N1-AcSpd supplementation increased the number of EdU+ cells 

(Figure 32A). The effect on a6+/CD34+ HFSCs was higher compared to a6+/CD34- 

progenitor cells (Figure 32A). Still, consistent with increased de-differentiation and 

elevated stem cell maintenance, proliferation of both populations was affected by the 

treatment. Furthermore, I analyzed the cell cycle phase distribution of the cells using 

FxCycle violet staining. Plotting of FxCycle violet intensity on the x-axis and EdU AF488 

intensity on the y-axis enabled clear separation of the different cell cycle phases (Figure 

32B). Consistent with increased EdU incorporation, I observed faster cell cycle 
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progression with fewer cells in G0/G1 phase and more cells in S phase upon short-term 

N1-AcSpd treatment (Figure 32C). The number of cells in G2/M phase was not changed. 

Taken together, these data suggest that the acetylated polyamine N1-AcSpd fulfills a 

functional role in cell cycle progression and that it affects cell fate by increasing 

proliferation. According to the enhanced cell cycle progression seen upon N1-AcSpd 

treatment, the cell number should be increased in the organoid culture. Surprisingly, the 

live cell number was increased in a6+/CD34+ stem cells only; viability of a6+/CD34- 

progenitors was not affected (Figure 32D-E). Of note, the live cell number in cultures 

starting from a6+/CD34- progenitors was higher compared to the cultures starting from 

a6+/CD34+ stem cells on day 7 post-sorting (Figure 32D-E). Thus, cell proliferation might 

be reduced to avoid cell crowding in a6+/CD34- progenitors.  

To test whether the elevated cell proliferation seen upon N1-AcSpd treatment would result 

in premature exhaustion of the stem cells, I set up a long-term organoid culture. The cells 

were passaged each 11-14 days and the HFSC ratio and the live cell number were 

analyzed. When treated for the entire period of the culture, the number of a6+/CD34+ 

HFSCs was maintained at around 60% in untreated and at around 80% in treated 

organoids (Figure 32F), suggesting that the stem cells were not exhausted even under 

continuous treatment. The live cell number was slightly variable, but comparable between 

treated and untreated cultures during the first three passages (Figure 32G). Interestingly, 

the live cell number was increased in N1-AcSpd treated cultures on day 53 (Figure 32G). 

This result indicated that the treatment was still effective in the long-term culture. 

Furthermore, the unchanged live cell number in the first three passages might be caused 

by a self-regulatory mechanism to avoid crowding in the organoids, since the analysis was 

performed three days later compared to passage 4. Intriguingly, cell fate was also 

maintained in the long-term culture upon withdrawal of N1-AcSpd treatment after the first 

passage, shown by an elevated ratio of HFSCs (Figure 32H). The live cell number was not 

changed upon withdrawal of the treatment (Figure 32I).  

In sum, these data suggest that N1-AcSpd drives HFSC fate decisions by enhancing cell 

cycle progression in the organoid culture. Of note, the N1-AcSpd-mediated effect on HFSC 

fate can be maintained for an extend period of time without exhaustion of the stem cells. 

The cells seem to memorize the treatment, since cell fate is also maintained upon 

withdrawal of the treatment. 
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(Figure 32: legend on next page) 
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2.3.4 Hair follicle stem cell activation by depilation suggests a functional role 
of the acetylated polyamines in cell fate decisions in vivo 

To investigate whether N1-AcSpd also plays a role in cell fate decisions in vivo, I performed 

a depilation experiment, comparing young and old mice. Depilation results in the removal 

of all hair shafts and causes a forced entry of anagen in the depilated area. Importantly, 

depilation also removes the keratin 6-positive inner bulge layer, which usually dampens 

activation of quiescent HFSCs in the outer bulge layer (Hsu et al. 2011). Because of the 

precise coupling of HF cycling and melanogenesis, the skin color has been reported to 

change from pink to black between five to eight days after depilation, indicating the 

transition from telogen to anagen (Slominski and Paus 1993). Consistently, in young mice, 

I observed a change of skin color from day 7 on (Figure 33A). However, the graying of the 

skin was delayed in the old mice, starting in the anterior region (neck) on day 8 (Figure 

33A). Of note, aged HFSCs are described to be more difficult to activate since they are 

considerably more quiescent than young HFSCs (Keyes et al. 2013). 

The mice were sacrificed on day 9 after depilation and tissue biopsies were collected for 

further analysis (Figure 33B). It has been previously described that nine days after 

depilation, the induced anagen HF reach their maximal length and are morphologically 

indistinguishable from spontaneously developing anagen follicles (Müller-Röver et al. 

2001). Janis Koester and Sara Wickström confirmed that the hair follicles of the young 

mice were in full anagen by immunofluorescence staining for keratin 14 (Figure 33C). In 

contrast, the hair follicles of the old mice were still in early anagen, shown by reduced 

length of the hair shaft (Figure 33C). These results confirmed the delay in hair growth 

determined by the changes in skin color (Figure 33A). Finally, Andrea measured the 

 

Figure 32: N1-acetylspermidine treatment affects cell fate by increasing proliferation. (A) 
Ratio of EdU+ cells with or without N1-AcSpd treatment for the last 72 h of culture. EdU was 
incorporated for 2 h. Mean ± SEM (n=4). (B) Dot plot of FxCycle violet intensity and EdU AF488 
intensity, separating the phases of the cell cycle (G0/G1, S, G2/M). (C) Ratio of live cells with or 
without N1-AcSpd treatment for the last 72 h of culture according to their cell cycle phase 
distribution. Mean ± SEM (n=4). (D) Live cell number of a6+/CD34- cells (left) and a6+/CD34+cells 
(right) on day 7 post-sorting. Treatment was performed for the last 5 days of culture. Mean ± SD 
(n³4). Statistical significance was calculated by paired t-test. Two-tailed p-values: * p<0.05, ns: not 
significant. (E) Representative images of organoid cultures on day 7 post-sorting. Treatment was 
performed for the last 5 days of culture. (F) Ratio of a6+/CD34+ cells in long-term 3D-3C culture 
with or without N1-AcSpd treatment. Mean ± SEM (n=4). (G) Live cell number in long-term 3D-3C 
culture shown in (F). Mean ± SD (n=4). (H) Ratio of a6+/CD34+ cells in long-term 3D-3C culture 
with or without N1-AcSpd treatment. Mean ± SEM (n=4). (I) Live cell number in long-term 3D-3C 
culture shown in (H). Mean ± SD (n=4). (F-H) Red arrows indicate periods of treatment, while black 
arrows depict periods in which the culture was left untreated. (A, C, F-I) Statistical significance was 
calculated by unpaired t-test. p-values: *** p<0.001, ** p<0.01, * p<0.05, ns: not significant.  
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polyamine levels in control epidermis (telogen) and depilated epidermis (anagen) in young 

and in old mice. Based on the results, I made three important observations: first, depilation 

specifically increased the levels of the acetylated polyamines N1-AcSpd and N1-AcSpm 

in young mice (Figure 33D); second, polyamine levels were generally lower in old mice 

(Figure 33E); third, although the levels of the acetylated polyamines also increased upon 

depilation in old mice, their levels were still lower than in young control epidermis (Figure 

33E). Importantly, HFSC activation upon depilation results in their proliferation. Thus, the 

accumulation of N1-AcSpd might be required for efficient anagen onset. 

In sum, the depilation experiment confirmed delayed hair growth in old mice. While the 

hair follicles were in full anagen and the epidermis displayed an increase in the acetylated 

polyamines in young mice, the old hair follicles were still in early anagen and the levels of 

the acetylated polyamines were lower in old epidermis compared to young epidermis. 

Taken together, these results suggested that the acetylated polyamines might be required 

for the full activation of HFSCs and an efficient onset of anagen in vivo.  
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Figure 33: HFSC activation by depilation suggests a functional role of the acetylated 
polyamines in cell fate decisions in vivo. (A) Representative images of the depilated dorsal skin 
of young (top) and old (bottom) mice. n=4 for both groups. Scale bar: 1 cm (B) Schematic 
representation of the depilated area (pink) and the areas used for sample collection (squares). (C) 
Representative immunohistochemistry staining for keratin 14 (Krt14, magenta) in young (top) and 
old (bottom) mice. Nuclei were stained with DAPI (blue). n=4 for both groups. Scale bar: 100 µm 
(D) Polyamine levels in epidermis obtained from young mice comparing depilated epidermis 
(anagen) to control epidermis (telogen). Mean ± SD (n³2). (E) Polyamine levels in epidermis 
obtained from old mice comparing depilated epidermis (anagen) to control epidermis (telogen). 
Values are normalized to control epidermis from young mice (dotted line). Mean ± SD (n³2). (D-E) 
Gray boxes highlight the acetylated polyamines. 
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Overall, in this last part of my study I deciphered the polyamine-controlled effects on HFSC 

fate. I demonstrated that decreasing translation rates by changes in polyamine availability 

and stemness do not correlate in the organoid culture. Remarkably, I identified 

N1-acetylspermidine as novel regulator of cell fate, acting by enhancing proliferation. 

Going beyond the in vitro organoid culture, I found a correlation between efficient anagen 

onset and the levels of the acetylated polyamines upon depilation. These data suggest a 

functional role for N1-acetylspermidine in hair follicle stem cell fate decisions in vivo. 
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3 Discussion 

In this study, I delineated the metabolic control of hair follicle stem cell fate decisions. I 

focused on the hexosamine pathway (HP), aerobic sugar metabolism, and the polyamine 

metabolism, since all three have been described to decline during the aging process and 

have been implicated in the regulation of stemness previously (Figure 9). To study cell fate 

decisions, I made use of an in vitro organoid culture, which allows the long-term 

maintenance and manipulation of hair follicle stem cells (HFSCs) and their direct progeny. 

First, I confirmed that the HP can be activated by GlcNAc supplementation and by genetic 

manipulation of its rate-limiting enzyme, GFAT1. While UDP-GlcNAc level and HA 

secretion were increased upon HP activation, HFSC fate was not affected. Second, I 

investigated the effect of sugar supplementation on cell fate decisions. A forced increase 

in glycolysis, achieved by D-glucose treatment, was sufficient to enhance stemness. 

Strikingly, D-mannose supplementation did not elevate glycolysis; instead, it resulted in a 

specific increase of the acetylated polyamines N1-acetylspermidine (N1-AcSpd) and 

N1-acetylspermine (N1-AcSpm). Third, I explored the different routes of polyamine 

availability-mediated effects on cell fate decisions. I confirmed that low translation rates 

mark the stem cell state and that a forced decrease in translation by G418 treatment was 

sufficient to elevate stemness. Strikingly, reducing translation by changes in polyamine 

availability did not correlate with increased stemness in the organoids. Remarkably, I 

identified N1-AcSpd as a novel regulator of cell fate decisions, increasing cell cycle 

progression in the HFSC organoids. Finally, I demonstrated that HFSC activation by 

depilation resulted in an elevation of the acetylated polyamines, suggesting a functional 

role of N1-AcSpd in cell fate decisions in vivo. Overall, my results suggest that 

manipulation of metabolism is an effective means to influence HFSC fate decisions.  

3.1 Hexosamine pathway activation does not affect hair follicle stem 
cell fate decisions 

The HP converts the glycolysis intermediate Frc6P to the high energy compound 

UDP-GlcNAc (Figure 7). The first and rate-limiting step of the HP is catalyzed by GFAT. 

UDP-GlcNAc can be converted to its epimer UDP-GalNAc in a reversible reaction. Both 

acetylated aminosugars are essential precursors for different glycosylation reactions and 

are required for the synthesis of glycosaminoglycans, like hyaluronic acid (HA).  

HP activation has been previously described to increase protein quality control in different 

model organisms, likely by inducing the ISR downstream of PERK-mediated eIF2a 
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phosphorylation (Denzel et al. 2014; Horn et al. 2020). Further, HP activation modulates 

HA content by increased UDP-GlcNAc availability and O-GlcNAc-mediated stabilization of 

HAS2 (Jokela et al. 2011; Vigetti et al. 2012).  

3.1.1 GlcNAc addition activates the hexosamine pathway 

First, I confirmed HP activation by GlcNAc supplementation in different human cell lines. I 

found that GlcNAc addition increased UDP-HexNAc levels and HA secretion in HeLa, 

HEK293T, and HaCaT cells. Strikingly, HaCaT cells had the lowest intracellular 

UDP-GlcNAc concentration, while HA secretion in the medium was 5 times higher than in 

HeLa cells and approximately 50 times higher than in HEK293T cells. This result is 

confirmed by previous reports, that show that HA in the skin makes up half of the total 

body HA (Stern 2003). Furthermore, I showed that GlcNAc supplementation activated the 

HP in primary keratinocytes. Surprisingly, HA secretion was 10-fold lower in primary 

keratinocytes compared to HaCaT cells, whereas UDP-HexNAc levels were comparable. 

This difference might be due to HaCaT cells being immortalized, which has allowed them 

to adapt to the cultivation conditions and to readily grow on non-coated plates. In contrast, 

primary keratinocytes require collagen-coated plates. Thus, while HaCaT cells deposit 

their own ECM, as reflected by high HA secretion, primary keratinocytes are dependent 

on an artificial ECM. Intriguingly, GlcNAc addition was not sufficient to enhance HA 

secretion in primary fibroblasts, although UDP-HexNAc levels were increased 2-fold. Of 

note, primary fibroblasts secreted 100 times more HA than primary keratinocytes. 

Accordingly, fibroblasts have been described as the major source of cutaneous HA 

(Anderegg et al. 2014). It has been previously described that HA synthesis is controlled by 

substrate availability and that an increase in one UDP-sugar is sufficient to elevate HA 

synthesis (Vigetti et al. 2006; Jokela et al. 2008). In primary fibroblasts, however, HA 

secretion is so high that further increasing UDP-HexNAc levels has no effect. 

Nevertheless, overall, GlcNAc supplementation was sufficient to activate the HP in 

immortalized human cell lines as well as primary murine cells.  

3.1.2 GlcNAc supplementation elevates CD34 expression 

Prior to investigating the effect of HP activation on HFSC fate, I established the organoid 

culture as a tool. I validated that freshly isolated epidermis cells form a 50:50 balance 

between a6+/CD34+ HFSCs and a6+/CD34- progenitor cells after two weeks of culture. 

Furthermore, RNA-sequencing analysis confirmed that HFSC and progenitors represent 
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different cellular states. Thus, the organoid culture was proved as good model to study 

adult somatic stem cell fate decisions.  

Importantly, I demonstrated that autophagy as well as HA deposition and intracellular 

signaling were partially required to maintain stemness in the 3D-3C organoids. These data 

suggested that HP activation would be beneficial for HFSC maintenance. However, 

although GlcNAc supplementation potently activated the HP as shown by increased 

UDP-HexNAc levels and elevated HA secretion, HFSC fate was not affected. Rather, 

GlcNAc treatment specifically elevated CD34 expression. Interestingly, the transcription 

factor Sp1 has been shown to stimulate the promoter activity of CD34 (Taranenko and 

Krause 2000). Importantly, the O-glycosylation of Sp1 has been implicated in its 

transcriptional activity, localization, and in the regulation of protein-protein interactions 

(Waby et al. 2008). Thus, I speculate that GlcNAc supplementation might influence CD34 

expression by elevation of Sp1 O-glycosylation. Furthermore, CD34 has an extracellular 

domain that is highly O-glycosylated, and that contains additional putative N-glycosylation 

sites (Nielsen and McNagny 2008). Both types of glycosylation are required for 

glycoprotein function. Additionally, mucin-type O-glycosylation protects proteins against 

proteolytic cleavage and thereby increases protein stability (Kozarsky et al. 1988). Thus, 

GlcNAc supplementation might not only elevate CD34 expression but also enhance its 

stability via increased glycosylation. 

3.1.3 Genetic manipulation of GFAT1 only slightly activates the hexosamine 
pathway 

Next, I tested the effect of genetic manipulation of GFAT1 on cell fate. Importantly, genetic 

HP activation can influence cell fate decisions from early embryogenesis, while the 

GlcNAc-mediated effects are limited to the culture duration. Additionally, cell and tissue 

non-autonomous effects might be mediated upon genetic manipulation. GFAT1 was 

chosen since it is the rate-limiting enzyme of the HP and its overexpression has been 

previously shown to activate the HP in different model organisms (Veerababu et al. 2000; 

Weigert et al. 2001; Denzel et al. 2014). Further, the GFAT1 G451E substitution represents 

a well-understood paradigm of HP activation (Denzel et al. 2014; Horn et al. 2020; 

Ruegenberg et al. 2020). Western blot analysis using primary fibroblasts confirmed that 

the gene trap cassette worked as expected; in cells isolated from mice carrying the 

conditional knock-in allele (Rosa26flox/wt) expression of the transgene was not detectable, 

whereas cre-mediated deletion of the transcription termination cassette resulted in strong 

GFAT1 overexpression (Rosa26OE/wt). Since the cre gene is under transcriptional control 
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of the CMV promoter, it is expressed before implantation during early embryogenesis 

(Schwenk et al. 1995). Thus, cre-mediated deletion of the transcription termination 

cassette should be equally efficient in all tissues, including the hair follicle and the brain. 

Surprisingly, genetic manipulation of GFAT1 did not influence cell-type distribution in the 

epidermis. Moreover, HFSC fate was not affected in the organoid culture. Intracellular 

UDP-HexNAc levels and HA secretion were only slightly increased, although GFAT1 

expression was potently elevated according to the Western blot analysis performed in 

primary fibroblasts. Moreover, the overexpression GFAT1 G451E, which displays reduced 

sensitivity to UDP-GlcNAc feedback inhibition (Ruegenberg et al. 2020), activated the HP 

to a similar extent as wildtype GFAT1 in brain tissue and 3D-3C cultured cells. Of note, 

homozygous overexpression was not much more efficient than the heterozygous 

overexpression of GFAT1. 

Two factors might contribute to the poor HP activation upon GFAT1 overexpression: first, 

GFAT1 is feedback inhibited by its product D-glucosamine-6-phosphate (GlcN6P) and the 

end-product of the HP, UDP-GlcNAc (Broschat et al. 2002; Kornfeld 1967; Assrir et al. 

2014). While the G451E substitution drastically reduces the sensitivity of GFAT1 to 

UDP-GlcNAc feedback inhibition (Ruegenberg et al. 2020), it is probably still sensitive to 

product inhibition by GlcN6P, which competitively interferes with Frc6P binding (Broschat 

et al. 2002). G451 is located in close proximity to the UDP-GlcNAc binding site; however, 

it is not involved in Frc6P binding: the catalytically relevant residues for Frc6P binding are 

K558, E561, H577, and K676 (Ruegenberg et al. 2020). Nevertheless, overexpression of 

huGFAT1 G451E should result in a more pronounced elevation of UDP-GlcNAc levels 

compared to overexpression of wildtype huGFAT1 due to loss of UDP-GlcNAc feedback 

inhibition. Surprisingly, analysis of brain tissue isolated from different mouse strains 

revealed that the level of HP activation was comparable between both transgenes, 

suggesting that UDP-GlcNAc feedback inhibition was negligible. However, consistent with 

the efficient HP activation upon GlcNAc supplementation, conversion of GlcNAc to 

UDP-GlcNAc is not limited by feedback inhibition since GlcNAc enters the HP downstream 

of the reaction catalyzed by GFAT1 (Weihofen et al. 2006). Second, the accumulation of 

HP intermediates activates D-glucosamine-6-phosphate deaminase (GNPDA): GlcNAc6P 

is an activator of both bacterial and mammalian GNPDA (Oliva et al. 1995; Arreola et al. 

2003). Importantly, GNPDA has been suggested to play a significant role in the fine-tuning 

of UDP-GlcNAc content, since it not only converts GlcN6P to Frc6P, but also catalyzes the 

reverse reaction (Çayli et al. 1999; Oikari et al. 2016). The direction of the reaction seems 

to be controlled by substrate availability (Çayli et al. 1999; Álvarez-Añorve et al. 2011; 

Oikari et al. 2016). Thus, HP activation is likely to enhance the degradation of GlcN6P to 
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Frc6P, thereby limiting the degree of activation. Taken together, feedback inhibition of 

GFAT1 and activation of GNPDA might contribute to the poor HP activation upon genetic 

manipulation. However, genetic HP activation by the engineering of GFAT1 G451E has 

been previously shown to activate the HP as efficiently as GlcNAc supplementation in N2a 

cells (Horn et al. 2020). This finding suggests that the poor HP activation upon GFAT1 

overexpression might be caused by an additional factor. 

3.1.4 The N-terminal tag interferes with GFAT1 activity 

Since engineering of the endogenous Gfat1 locus demonstrated efficient genetic HP 

activation in N2a cells, it is likely that the poor HP activation upon huGFAT1 

overexpression is due to the N-terminal tag of the transgene. Consistently, it has been 

previously described that an N-terminal tag interfered with GFAT1 activity: His6-N-tagged 

GFAT1 does not show amidohydrolase activity, while the isomerase activity is maintained 

(Olchowy et al. 2006). The tag likely abolishes glutamine hydrolysis: in the wildtype 

enzyme, removal of the initial methionine results in a free a-amino group of cysteine 2, 

which is required for the catalytic reaction of the glutaminase domain (Badet et al. 1987; 

Isupov et al. 1996). However, the quaternary structure of GFAT1 was not affected by the 

His6-N-tag (Olchowy et al. 2006). Analysis of brain tissue from transgenic mice revealed 

that overexpression of huGFAT1 G451E does not lead to a more pronounced elevation of 

UDP-GlcNAc levels compared to overexpression of wildtype huGFAT1. Additionally, 

UDP-HexNAc levels were only slightly increased upon homozygous overexpression of 

GFAT1 compared to heterozygous overexpression. The proposed loss of GFAT1 

amidohydrolase activity would explain these results. Nevertheless, the transgenic mice 

displayed an approximate 2-fold increase in UDP-HexNAc levels. Presumably, the 

overexpression of huGFAT1 resulted in partial loss of feedback inhibition of the 

endogenous enzyme. Importantly, the tag likely does not interfere with the quaternary 

structure of GFAT1 (Olchowy et al. 2006). Thus, FLAG-HA tagged GFAT1 could still bind 

and thereby scavenge UDP-GlcNAc. Thereby, the endogenous GFAT1 might be less 

inhibited, resulting in elevated HP flux. Importantly, the G451E substitution does not 

abolish UDP-GlcNAc binding, supporting this hypothesis (Ruegenberg et al. 2020). An 

internal tag could overcome the loss of amidohydrolase activity since it was shown to not 

interfere with GFAT1 kinetic properties by independent studies (Richez et al. 2007; 

Ruegenberg et al. 2020). Additionally, CRISPR/Cas9-mediated engineering of the 

endogenous Gfat1 locus in mice is an interesting alternative, since the introduction of the 

G451E substitution has already been shown to result in efficient HP activation in N2a cells: 
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UDP-GlcNAc levels were around 5-fold increased compared to wildtype cells; the induction 

was similar to treatment with 10 mM GlcNAc (Horn et al. 2020).  

3.1.5 Is manipulation of GFAT2 an effective means to activate the hexosamine 
pathway? 

Previously, Mattila et al. (2018) described that GFAT2 plays a crucial role in Drosophila 

intestinal stem cells (ISCs): GFAT2 is necessary and sufficient to promote the proliferation 

of ISCs. Furthermore, the authors showed that HP activity is required for a metabolic 

switch to glycolysis in response to nutrient signaling (Mattila et al. 2018; Beebe and 

Thummel 2018). In mouse and human, GFAT2 was described to be mainly expressed in 

the nervous system, especially in the spinal cord (Oki et al. 1999). Accordingly, GFAT2 

expression is very low in HaCaT cells; however, it is strongly induced upon GNPDA1 

suppression (Oikari et al. 2016). HaCaT cells, similar to normal keratinocytes, form an 

orderly structured and differentiated epidermal tissue with proper location of differentiation 

markers, when transplanted onto nude mice (Boukamp et al. 1988). This result suggests 

that HaCaT cells represent basal cells of the IFE. Since HaCaT are basal keratinocytes, 

which can differentiate to provide the cells of the upper layers of the IFE, they are not 

readily comparable to HFSCs. Nonetheless, the results of Oikari et al. (2016) suggest that 

GFAT2 expression can be modulated in keratinocytes. Overall, GFAT2 is an interesting 

candidate to elucidate further the role of the HP in stem cells in general and in HFSCs in 

particular. Its overexpression represents an additional option to activate the HP that could 

be tested in future experiments. 

3.1.6 Does hexosamine pathway activation modulate stem cell fate? 

Collectively, my data show that GlcNAc supplementation resulted in a very strong induction 

of HP flux. However, GlcNAc treatment in the 3D-3C organoids specifically upregulated 

the expression of CD34 and did not affect HFSC fate decisions. Although the 

overexpression of huGFAT1 slightly elevated UDP-HexNAc levels and HA secretion, the 

N-terminal tag likely interfered with the catalytic activity of GFAT1. The level of HP 

activation achieved with this construct was not sufficient to affect cell fate in the epidermis 

or the organoid culture. However, based on these results that inherent technical limitations, 

I cannot exclude genetic HP activation as a modulator of stem cell fate. In order to directly 

address this issue, additional experiments are required; for example, CRISPR/Cas9-

mediated engineering of the endogenous Gfat1 locus would be conceivable. Also, 

manipulation of GFAT2 levels would be an option. Since the effect of GlcNAc 
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supplementation on CD34 expression might correlate with the strong HP activation, a less 

drastic activation would be desirable. Given the specific effect on CD34 expression, 

another type of stem cells might be a required for future experiments. Of note, 

O-GlcNAcylation of pluripotency factors has been implicated in elevated stem cell 

maintenance before (Jang et al. 2012). Thus, ESCs might be a good model to study also 

other HP activation-mediated effects on stemness. However, these experiments are 

beyond the scope of this study. 

3.2 Sugar supplementation elevates stemness in hair follicle stem 
cell organoids 

Stem cells have unique metabolic requirements since they rely on glycolysis for energy 

production. However, aerobic sugar metabolism has been described to decline during the 

aging process (Goyal et al. 2017; Ravera et al. 2019). Thus, stem cell exhaustion might 

be linked to reduced glycolytic capacity, which has been shown to attenuate HSC 

quiescence (Takubo et al. 2013). Therefore, I tested whether sugar supplementation can 

improve stem cell maintenance in the HFSC organoid culture. I used different sugars, 

which can fuel glycolysis or are closely connected to glucose metabolism: D-glucose, 

D-mannose, and D-sorbitol (Figure 17).  

3.2.1 Increasing lactate secretion favors the hair follicle stem cell state 

It has been previously shown that elevating glycolytic flux not only improves 

reprogramming efficiency but also enhances stem cell capacity of HSCs (Yoshida et al. 

2009; Zhu et al. 2010; Takubo et al. 2013). Consistently, I demonstrated that D-glucose 

supplementation elevated the number of HFSCs in the 3D-3C organoids. In contrast to 

GlcNAc supplementation, D-glucose addition enhanced expression of most stem cell 

marker genes tested 2 to 3-fold. Although the increase was not significant, gene 

expression was sufficiently affected to conclude that the HFSC state was promoted by 

D-glucose supplementation. To recover NAD+ during aerobic glycolysis, lactate 

dehydrogenase (LDH) converts pyruvate to lactate using NADH (Zhang et al. 2012b; 

Farhana and Lappin 2020). Of note, I found increased lactate secretion upon D-glucose 

supplementation. Previously, Flores et al. (2017) suggested that while all cells in the 

epidermis use the TCA cycle extensively to generate energy, HFSCs have increased LDH 

expression and activity, as well as elevated glycolytic metabolism compared to total 

epidermis. Additionally, the authors showed that LDH activity was required for HFSC 
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activation, which refers to the switch from a quiescent to an actively cycling state at the 

onset of the anagen growth phase. Furthermore, genetic deletion of mitochondrial 

pyruvate carrier 1 (MPC1) or its inhibition using UK-5099, blocking pyruvate entry into the 

TCA cycle, increased lactate production and promoted the activation of HFSCs. 

Consistently, Kim et al. (2020) observed that low pO2, which elevates anaerobic glycolytic 

flux, increases maintenance of HFSC in the 3D-3C organoid culture system that I also 

used in this study. Importantly, the activity of HFSCs varies markedly during the hair cycle 

(Blanpain et al. 2004; Fuchs 2009). In contrast, 3D-3C cultured HFSC are frequently 

dividing, suggesting that the culture conditions lead to their activation, which is comparable 

to the state of HFSCs at anagen onset in vivo. Consistent with the Flores et al. (2017) 

study, I demonstrated that D-glucose supplementation and the subsequent increase in 

lactate secretion are sufficient to promote this activated HFSC state in the 3D-3C 

organoids. In the future, it would be interesting to investigate proliferation upon D-glucose 

supplementation in the 3D-3C organoids. In addition, stem cell maintenance and 

de-differentiation should be analyzed separately upon D-glucose treatment. These results 

will ultimately help to better understand the effect of increased lactate secretion on the 

self-organizing plasticity of the organoid culture system. 

In addition to D-glucose supplementation, I also showed that UK-5099, which blocks 

pyruvate entry into mitochondria by inhibiting MPC (Figure 5), increased the number of 

HFSCs. This effect on cell fate was likely accompanied by increased lactate production; 

however, measuring lactate concentration in the medium would be essential. Comparable 

to D-glucose supplementation, the subsequent increase in lactate secretion might be 

sufficient to favor the activated HFSC state in the organoid culture as shown by Flores et 

al. (2017) in vivo. Surprisingly, Kim et al. (2020) did not detect an effect of UK-5099 

short-term (48 h) treatment on cell fate in the 3D-3C organoids. Therefore, a thorough 

investigation of stem cell maintenance, progenitor cell de-differentiation, as well as 

proliferation and apoptosis at different time points of UK-5099 treatment would be required. 

Also, the cell fate changes observed in this study have to be confirmed either by elevated 

colony-forming potential or through increased expression of stem cell marker genes. 

Additionally, genetic manipulation of MPC would be conceivable to support the findings 

using UK-5099. 
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3.2.2 Contribution of other glucose-utilizing pathways to the D-glucose-
mediated effect on stemness 

As mentioned above, D-glucose treatment significantly increased the amount of lactate in 

the medium. However, while the glucose concentration was elevated 10-fold, lactate 

secretion was only 2-fold increased upon D-glucose supplementation. Although the results 

of Flores et al. (2017) suggest that an increase in lactate production is sufficient to affect 

cell fate, D-glucose might also fuel other pathways besides glycolysis, which could 

contribute to the observed effects.  

Given that UK-5099 treatment mimicked the D-glucose effect on cell fate, an increase in 

TCA cycle activity and OXPHOS is unlikely to be required to promote active cycling of 

HFSCs in the 3D-3C organoids. Rather, increased levels of OXPHOS and TCA cycle 

activity seem to be important upon differentiation since both processes are elevated in 

ORS progenitors compared to HFSCs (Kim et al. 2020a). Importantly, the de-differentiation 

of ORS cells back to the HFSC state requires the capability to suppress a metabolic switch 

from glycolysis to OXPHOS and glutamine metabolism that occurs during early HFSC 

lineage progression (Kim et al. 2020a). Collectively, these data suggest that increased 

lactate secretion promotes active cycling of HFSCs, whereas OXPHOS and glutamine 

metabolism seem to be important upon differentiation. Nevertheless, HFSCs might require 

TCA flux to provide citrate-derived acetyl-CoA, which is used for histone acetylation. 

Importantly, ESCs and iPSCs display higher levels of histone acetylation (Mattout et al. 

2011). Consistently, inhibition of histone deacetylases (HDACs) promotes ESC 

self-renewal (Ware et al. 2009). Strikingly, inhibition of glycolysis in ESCs causes histone 

deacetylation and, subsequently, loss of pluripotency (Moussaieff et al. 2015). Thus, 

D-glucose supplementation might favor the HFSC state by elevating histone acetylation.  

Of note, glucose is also used in the pentose phosphate pathway (PPP) and for glycogen 

synthesis (Rajas et al. 2019). Thus, it is interesting to investigate the effects of these 

pathways on HFSC fate decisions. In cardiomyocytes, high glucose inhibits maturation by 

promoting nucleotide biosynthesis via the PPP (Nakano et al. 2017). The authors suggest 

that nucleotide biosynthesis is key to balance cell proliferation and differentiation of 

cardiomyocytes. Again, a careful investigation of stem cell maintenance, progenitor cell 

de-differentiation, as well as overall proliferation upon D-glucose supplementation, would 

be interesting. D-glucose also fuels the polyol pathway. However, since D-sorbitol did not 

affect cell fate, it is unlikely that the polyol pathway plays a role in cell fate decisions. 

However, increasing flux through the polyol pathway upon D-glucose supplementation 

might have negative side-effects upon long-term treatment: activation of the polyol 

pathway under hyperglycemic conditions leads to the development of chronic diabetic 
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complications (Quattrini and La Motta 2019). Therefore, given the negative side-effects, 

improving stem cell maintenance by D-glucose supplementation is likely unattainable.  

3.2.3 D-mannose supplementation does not elevate glycolytic flux 

In addition to D-glucose, I also used D-mannose supplementation in this study, since 

D-mannose has been described to contribute to glycolytic flux (Slade et al. 2016). While I 

demonstrate that D-mannose supplementation potently increased stemness in the 3D-3C 

organoids, I could not confirm an increase in glycolysis. Lactate secretion was rather 

decreased upon D-mannose treatment, and glycolysis intermediates were not identified or 

not significantly changed in the untargeted metabolomics approach. Importantly, a study 

in tumor cells revealed that mannose administration (25 mM) leads to the accumulation of 

Man6P, which in turn impairs glucose metabolism, resulting in decreased lactate secretion 

(Gonzalez et al. 2018). These findings are in accordance with my results. In the future, it 

would be important to confirm Man6P accumulation in D-mannose-treated organoids. 

To identify the downstream regulator upon D-mannose treatment, I performed 

RNA-sequencing. GO term analysis revealed that cell migration and cell adhesion were 

affected upon D-mannose supplementation. These processes might be regulated by 

receptor tyrosine kinase (RTK) signaling, which was also significantly changed. 

Interestingly, crosstalk of E-cadherin with RTKs, such as epidermal growth factor receptor 

(EGFR), for example, regulates cell adhesion and cell migration: activation of EGFR 

results in disassembly of the cadherin-catenin complex, reduced cell adhesion, and 

increased cell migration (Andl and Rustgi 2005). Remarkably, polyamines have also been 

described to regulate E-cadherin (Liu et al. 2009). Thus, the changed polyamine availability 

seen upon D-mannose supplementation might cause some of the gene expression 

changes observed. Moreover, GO term analysis implied reduced proliferation upon 

D-mannose treatment. Indeed, I found decreased live cell number and EdU incorporation 

upon D-mannose supplementation. Of note, RTK signaling has also been implicated in 

keratinocyte proliferation: inhibition of EGFR results in growth arrest (Peus et al. 1997); 

however, it also elevates the expression of terminal differentiation markers. Thus, further 

investigation of the effects of D-mannose supplementation on RTK signaling would be 

required to conclude which of the versatile outputs are essential for the effects of 

D-mannose in the organoid culture. Moreover, elucidating the role of polyamines in the 

gene expression changes detected upon D-mannose supplementation would be 

interesting in the future. Finally, GO term analysis suggested elevated apoptosis in 

D-mannose treated cultures. Since the increase in HFSCs might also be caused by 



Discussion 

 110 

enhanced apoptosis of progenitor cells, it is important to perform annexin V staining upon 

D-mannose supplementation.  

3.2.4 D-mannose supplementation influences hair follicle stem cell fate via 
changes in polyamine availability 

To investigate the effect of D-mannose supplementation on cellular metabolism, Andrea 

Annibal from Adam Antebi’s laboratory (Max Planck Institute for Biology of Ageing, 

Cologne, Germany) performed untargeted metabolomics. Of note, he found that the 

acetylated polyamine N1-acetylspermidine (N1-AcSpd) was 2-fold increased upon 

D-mannose supplementation. Targeted metabolomics confirmed the effect of D-mannose 

supplementation on N1-AcSpd levels and revealed an increase in N1-acetylspermine 

(N1-AcSpm) with a concomitant reduction of ornithine and putrescine levels. Overall, the 

effect of D-mannose supplementation on intracellular polyamine levels resembled that of 

DENSpm treatment. Importantly, the connection of D-mannose supplementation with 

intracellular polyamine levels is poorly understood. Because of the increased levels of the 

acetylated polyamines N1-AcSpm and N1-AcSpd, D-mannose was likely to affect SSAT 

expression. However, while SSAT expression was enhanced by short-term D-mannose 

supplementation, it was not changed after long-term D-mannose treatment. Of note, SSAT 

expression is highly regulated, and its level of expression is adjusted in response to 

alterations in polyamine content (Pegg 2008). Thus, the unchanged SSAT expression 

likely represents an adaptation of the cells to the changes in polyamine content upon 

long-term D-mannose treatment. Strikingly, ODC expression has been previously shown 

to be enhanced by D-mannose supplementation (Lundgren and Prokay 1988). Therefore, 

expression levels of the other enzymes involved in polyamine metabolism should be 

analyzed upon D-mannose supplementation in future experiments. Taken together, my 

data suggest that the changes in polyamine availability are driving the cell fate changes 

observed upon D-mannose supplementation. 

3.2.5 Is D-mannose administration a viable option to improve stem cell 
maintenance? 

Importantly, D-mannose supplementation has been suggested to be beneficial under 

different conditions. In mice, the oral administration of mannose (20% in the drinking water) 

did not have negative side effects on the weight or the health of the animals (Gonzalez et 

al. 2018). Strikingly, it enhanced the effectiveness of different chemotherapeutic agents. 

Additionally, oral supplementation of D-mannose via the drinking water effectively 
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suppressed autoimmune type 1 diabetes in mice (Zhang et al. 2017). Moreover, mannose 

supplementation of high-fat-diet-fed mice (2% in the drinking water) prevents weight gain, 

lowers adiposity, and improves glucose tolerance through effects on gut microbiota 

(Sharma et al. 2018). Overall, these studies suggest that D-mannose supplementation is 

beneficial in different settings. However, the mice were sacrificed between 10 and 

16 weeks of age. Thus, possible long-term effects of D-mannose treatment cannot be 

excluded. In sum, DENSpm treatment is a viable option to further investigate the 

D-mannose-mediated effects, since the changes of intracellular polyamine levels are 

comparable.  

3.3 The acetylated polyamine N1-acetylspermidine is a novel 
determinant of hair follicle stem cell fate 

Since D-mannose supplementation clearly elevated the levels of the acetylated 

polyamines N1-AcSpd and N1-AcSpm, I aimed to elucidate the role of polyamine 

metabolism in stem cell maintenance in the last part of my work. In stark contrast to 

previous studies that linked high polyamine abundance to stemness, HFSCs in the 

organoid culture displayed lower levels of the natural polyamines, as well as N1-AcSpd 

compared to progenitor cells. These data suggest that, depending on the cellular context, 

not only high polyamine levels, but also low polyamine availability can be beneficial for 

stem cell maintenance. Do low polyamine levels endogenously reduce translation rates in 

stem cells? Does the reduction of polyamine levels, and translation, affect stem cell 

maintenance and function? Might distinct polyamine species differ in their effects on stem 

cells through translation or other mechanisms? Here, I delineate the polyamine-mediated 

regulation of HFSC maintenance and function. 

3.3.1 Low polyamine levels endogenously reduce translation rates in hair 
follicle stem cells  

Several studies demonstrated that translation is upregulated during differentiation using 

different types of stem cells (Sampath et al. 2008; Signer et al. 2014; Zismanov et al. 

2016). HFSCs in vivo display low translation rates, which increase when cells become 

activated and differentiate (Blanco et al. 2016). Of note, I could reproduce these findings 

in freshly isolated and in 3D-3C cultured cells. Thus, a6+/CD34+ stem cells in the 

organoids recapitulate this key feature of HFSCs in vivo. Possibly, reduced translation 
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rates in HFSCs are maintained by low abundance of natural polyamines. However, this 

hypothesis needs to be confirmed in future experiments. 

Strikingly, forced inhibition of translation by loss of NOP2/Sun RNA methyltransferase 

family member 2 (NSUN2) in the mouse blocks the differentiation of HFSCs to progenitor 

cells (Blanco et al. 2011), demonstrating that upregulation of translation is pivotal for 

differentiation in the HF. I confirmed the promotion of the HFSC state by reduced 

translation through G418 treatment. Based on the study by Blanco et al. (2011), the 

increase in stem cell maintenance might be caused by attenuated differentiation rather 

than enhanced self-renewal. However, elevated de-differentiation of progenitor cells 

suggested that a forced decrease of translation did not only block differentiation, but 

favored the HFSC state in the 3D-3C organoids. In future experiments, stem cell 

self-renewal upon G418 treatment could be investigated by EdU incorporation. Overall, I 

demonstrated that reduced translation is not only a consequence of the stem cell state but 

can also drive cell fate decisions in the HFSC organoid culture. Thus, these data confirmed 

the 3D-3C organoids as a suitable model to study the influence of translation on cell fate 

decisions.  

3.3.2 Reduced translation rates by changes in polyamine availability do not 
correlate with enhanced stemness in hair follicle stem cells  

To elucidate whether polyamine availability plays a role in the regulation of protein 

synthesis, I aimed to mimic the low levels of natural polyamines found in HFSCs and study 

the effect on cell fate. To this end, I used DFMO which is an enzyme-activated, irreversible 

inhibitor of ODC (Metcalf et al. 1978), and DENSpm, which increases SSAT expression, 

mRNA stability, and enzyme activity (Coleman et al. 1995; Parry et al. 1995; Fogel-

Petrovic et al. 1996). Surprisingly, although DFMO treatment recapitulated the low levels 

of natural polyamines seen in HFSCs and reduced translation rates, it was not sufficient 

to enhance stemness in the organoid culture. This result suggested that the low polyamine 

levels seen in sorted HFSCs might endogenously reduce translation rates, but are not 

causal for HFSC maintenance. 

DENSpm treatment had a dual effect on intracellular polyamine levels: it depleted the 

natural polyamines, while the acetylated forms accumulated. Of note, the depletion of 

natural polyamines by DENSpm treatment or by SSAT OE has been shown to decrease 

mRNA translation in mammalian cells (Landau et al. 2010; Mandal et al. 2013). However, 

DENSpm addition did not affect translation rates in the organoid culture. Surprisingly, it 

still favored the HFSC state. In sum, these data demonstrate that low translation rates 
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achieved by changes in polyamine availability and stemness do not correlate in the HFSC 

organoids. This conclusion is further supported by the results obtained upon N1-AcSpm 

treatment, which also decreased translation rates, but did not affect HFSC fate. 

Published data clearly demonstrate a functional role of translation upregulation during 

differentiation (Sampath et al. 2008; Signer et al. 2014; Blanco et al. 2016; Zismanov et al. 

2016). These findings are also supported by my own data, showing decreased protein 

synthesis in HFSCs in the organoids. Extending this notion, N1-AcSpd, which robustly 

elevated stemness in the organoid culture, increased translation rates. Thus, my results 

show not only that low translation rates do not correlate with stemness, but also that 

increased translation rates to not avoid stem cell maintenance in the organoids. 

Importantly, DENSpm treatment did not only decrease the levels of the natural polyamines, 

but also caused an accumulation of the acetylated forms. Based on my results upon 

N1-AcSpd treatment, the expected reduction of protein synthesis due to the depletion of 

the natural polyamines might be masked by increased N1-AcSpd levels, which elevate 

mRNA translation in the organoids. The combination of these effects would explain why 

global translation rates are not changed upon DENSpm treatment. In contrast, in other cell 

types, N1-AcSpd might not exert the same effects as in HFSC, and therefore, overall 

translation rates are decreased. In conclusion, the depletion of the natural polyamines 

upon DENSpm treatment might affect translation rates, however, this effect cannot be 

detected by puromycin incorporation. A more precise analysis of mRNA translation would 

be required. 

3.3.3 Is the global reduction of protein synthesis required for enhanced 
stemness or is post-transcriptional control of specific transcripts 
sufficient? 

Puromycin incorporation is a useful method to monitor global changes in mRNA 

translation; however, a more specific post-transcriptional control will be missed using this 

method. Since DENSpm treatment has a dual effect on intracellular polyamine levels, the 

reduction of translation rates due to depletion of the natural polyamines might be masked 

in a global approach. Therefore, a more precise analysis of mRNA translation by ribosome 

footprinting, for example, should be performed in the future to elucidate the outcome of 

this dual effect of DENSpm treatment. This approach would also allow to investigate 

whether a global reduction of mRNA translation is required to enhance stemness. 

Furthermore, the comparison between G418 and DFMO treatment might help to explain 

why these treatments differently affect stemness, although global translation rates are 

decreased.  
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G418 treatment is likely to exert a global effect: Structural analysis of the 80S ribosome 

revealed that G418 binds to the decoding center in the small ribosomal subunit (Garreau 

de Loubresse et al. 2014). The decoding center forms a restricted pocket that selects the 

appropriate aminoacyl-tRNA according to the mRNA codon positioned in the A-site 

(Demeshkina et al. 2012). Accordingly, G418 is likely to exert global effects on protein 

synthesis. Polyamines also play a pivotal role in global protein synthesis: they are stably 

associated with ribosomes and with tRNAs (Cohen and Lichtenstein 1960; Cohen et al. 

1969). Accordingly, the fidelity of polypeptide synthesis is increased by polyamines via 

enhanced binding of aminoacyl-tRNAs to the ribosome (Igarashi et al. 1982). These data 

suggest that manipulation of the intracellular polyamine pool is likely to affect global protein 

synthesis as seen with DFMO, N1-AcSpd, and N1-AcSpm treatment. However, 

polyamines also influence translation of specific transcripts: spermidine is converted to 

hypusine, which post-translationally modifies the elongation factor eIF5A (Park et al. 1981; 

Cooper et al. 1983). Hypusination of eIF5A is critical for translation elongation, especially 

for difficult substrates like polyproline stretches (Saini et al. 2009; Gutierrez et al. 2013). 

Thus, DENSpm treatment, which leads to the depletion of spermidine, is likely to reduce 

hypusination of eIF5A. Ultimately, this will affect translation of a subset of mRNAs, which 

is particularly dependent of eIF5A function. During OXPHOS-dependent alternative 

macrophage activation, for example, hypusination of eIF5A is required for efficient 

expression of a subset of mitochondrial genes (Puleston et al. 2019). In turn, 

supplementation with N1-AcSpd might increase hypusination, and thus, might favor 

translation of specific mRNAs. In sum, sequencing of the polysome-associated mRNAs or 

ribosome footprinting should be performed upon the different treatments. Additionally, 

hypusination of eIF5A should be investigated in future experiments. 

3.3.4 N1-acetylspermidine is a novel determinant of hair follicle stem cell fate 
decisions 

Since the elevation of N1-AcSpd levels was the only common change upon DENSpm and 

putrescine supplementation, I speculated that increased N1-AcSpd might affect cell fate. 

Intriguingly, N1-AcSpd treatment significantly increased the number of HFSCs in the 

3D-3C organoids. Remarkably, N1-AcSpd treatment and putrescine addition changed 

intracellular polyamine levels comparably: putrescine and N1-AcSpd levels were 

increased. Therefore, it was necessary to discern whether the effect on cell fate is 

mediated by putrescine or N1-AcSpd. To this end, I prevented the conversion of putrescine 

to N1-AcSpd and vice versa: inhibition of PAOX by MDL72527 impedes the oxidation of 
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N1-AcSpd to putrescine, whereas inhibition of SSAT by DA blocks the acetylation of 

spermidine to N1-AcSpd. MDL72527 addition should result in the accumulation of the 

acetylated polyamines, while DA should reduce their levels. Importantly, the effects of the 

two inhibitors on intracellular polyamine levels have to be confirmed in future experiments. 

In sum, the data obtained upon inhibition of SSAT and PAOX confirm that the accumulation 

of the acetylated polyamines is not only required but also sufficient to enhance stemness 

in the HFSC organoids. Since putrescine levels are likely not influenced by the inhibitor 

treatments, these data demonstrate that N1-AcSpd determines HFSC fate in the 

organoids. 

Since DENSpm and MDL72527 strongly increased stem cell maintenance and 

de-differentiation, likely via increased levels of the acetylated polyamines N1-AcSpd and 

N1-AcSpm, I aimed to investigate the effect of N1-AcSpm treatment on cell fate. In stark 

contrast to N1-AcSpd addition, supplementation with N1-AcSpm did not influence the ratio 

of HFSCs. Thus, I demonstrated that the elevation of the acetylated polyamines in general 

was not sufficient; instead, N1-AcSpd treatment had a specific effect on cell fate. Going 

beyond in vitro data, I demonstrated a functional role of the acetylated polyamines in cell 

fate decisions in vivo: depilation-induced HFSC activation resulted in a specific 

accumulation of the acetylated polyamines in the epidermis. My in vitro results suggest 

that the increase in N1-AcSpd levels is relevant, since N1-AcSpm supplementation did not 

influence cell fate.  

3.3.5 N1-acetylspermidine promotes the hair follicle stem cell state by 
increasing cell cycle progression 

Previously, the acetylated polyamines were mostly described as the major group of 

polyamines exported from the cell (Seiler and Dezeure 1990). Extending this notion, I find 

that the intracellular accumulation of N1-AcSpd has an effect on stemness. This occurs 

without reducing translation, which is consistent with previous observations that acetylated 

polyamines have no effect on protein synthesis in vitro (Kakegawa et al. 1991). Instead, 

3’ RNA-sequencing of purified cell populations from the organoids revealed that N1-AcSpd 

treatment affected the expression of cell cycle-associated genes. Interestingly, the 

expression levels of these same genes were higher in a6+/CD34+ stem cells in the 

organoid culture, which also show elevated EdU incorporation compared to progenitor 

cells.  

Intriguingly, increased proliferation and stemness have been linked before. A study in 

ESCs suggests that elevated CDK activity, and thus increased cell cycle progression, 
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contributes to stem cell maintenance (Liu et al. 2017). Strikingly, several studies have 

described that cells in the G1 phase are more susceptible to cell fate changes and that 

differentiation is associated with G1 phase lengthening (Clegg et al. 1987; Sela et al. 2012; 

Calder et al. 2013). Consistently, cellular reprogramming efficiency seems to be linked to 

the successful acceleration of the cell cycle (Guo et al. 2014; Ruiz et al. 2011). Of note, 

forced overexpression of AMD1 or ODC in mouse fibroblasts, resulting in the accumulation 

of polyamines, improves reprogramming efficiency (Zhang et al. 2012a; Zhao et al. 2012). 

My results suggest that this effect is caused by increased proliferation. Collectively, these 

data indicate that both stem cell maintenance and de-differentiation might be improved by 

elevated cell cycle progression in the 3D-3C organoid culture.  

Remarkably, polyamines have been described to interact with DNA through electrostatic 

and hydrogen bonding forces, resulting in its stabilization (Flink and Pettijohn 1975; Pallan 

and Ganesh 1996; Tsukamoto et al. 2005). Moreover, polyamines change the 

conformation of the nucleosome core, thereby facilitating the replication of DNA (Morgan 

et al. 1987). Collectively, polyamine availability might be required for optimal rates of DNA 

replication during S phase (Alm and Oredsson 2009). Accordingly, N1-AcSpd 

supplementation increased the number of cells in S phase. However, putrescine 

supplementation in cells with low ODC activity, which display prolongation of the cell cycle 

phases, is sufficient to normalize cell cycle kinetics (Nasizadeh et al. 2005). Thus, 

increasing cell cycle progression might not be an N1-AcSpd-specific effect. Instead, a 

general increase of polyamine levels might be beneficial. Accordingly, overexpression of 

AMD1 or ODC, which elevates overall polyamine availability, is sufficient to increase 

reprogramming efficiency (Zhang et al. 2012a; Zhao et al. 2012). Furthermore, topical 

application of putrescine and spermidine stimulates DNA synthesis in mouse epidermis 

(Gange and Dequoy 1980). Therefore, cell cycle progression upon the different treatments 

should be investigated. Nevertheless, these published data confirm that increased cell 

cycle progression upon N1-AcSpd supplementation is sufficient to affect cell fate 

decisions. 

3.3.6 SSAT activity might drive HFSC fate decisions 

DENSpm supplementation resulted in a depletion of the natural polyamines and an 

accumulation of the acetylated forms in the 3D-3C organoids. To elucidate which of these 

effects was responsible for the increase in stemness, I supplemented DENSpm treated 

cells with putrescine to rescue the reduction of natural polyamines. Additional putrescine 

supplementation partially rescued the DENSpm-mediated effect on stem cell maintenance 
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and de-differentiation and fully reversed the growth defect caused by DENSpm treatment, 

suggesting successful replenishment of the natural polyamines. However, stem cell 

maintenance and de-differentiation were still significantly affected upon the double 

treatment compared to untreated cells. Since putrescine treatment alone was not sufficient 

to account for these changes, I hypothesize that the HFSCs fate changes observed upon 

DENSpm are connected to the accumulation of the acetylated polyamines. 

Remarkably, the effect of DENSpm treatment on intracellular polyamine levels was 

comparable to D-mannose supplementation. Thus, since DENSpm treatment also 

promoted the HFSC state in the organoids, the changes in polyamine abundance detected 

upon D-mannose supplementation were indeed linked to the observed cell fate changes. 

Of note, short-term D-mannose treatment increased the expression of SSAT, which is also 

reported to be elevated upon DENSpm addition (Coleman et al. 1995; Parry et al. 1995; 

Fogel-Petrovic et al. 1996). Based on the polyamine levels, DENSpm and D-mannose 

treatment also increased SSAT activity. Intriguingly, both treatments elevate stemness in 

the HFSC organoids. These results suggest that SSAT activity and stemness correlate. 

Accordingly, DA treatment, which inhibits SSAT, reduces stemness in the organoids. 

Furthermore, depilation-induced activation of HFSCs in vivo also seems to induce SSAT, 

since both acetylated polyamines are increased. Of note, ODC and SSAT are described 

to be upregulated by extracellular polyamines (Dai et al. 2017), suggesting that also 

N1-AcSpd supplementation positively affects SSAT. Collectively these data suggest that 

SSAT activity is required and sufficient to favor the HFSC fate. However, this hypothesis 

needs to be confirmed in future experiments, for example by SSAT OE in the organoid 

culture. Also, the combination of D-mannose and DA supplementation would be 

conceivable to test the requirement of SSAT activity for the D-mannose-mediated effect.  

3.3.7 Overexpression of SSAT or ODC causes hair loss in mice 

Strikingly, mice with systemic SSAT OE under control of its own promotor display 

permanent hair loss starting at the age of 3 to 4 weeks, accompanied by the formation of 

large dermal cysts (Pietilä et al. 1997). These mice show a massive accumulation of 

putrescine and N1-AcSpd in whole skin samples. Noticeably, ODC OE specifically in the 

skin also results in hair loss beginning 2 to 3 weeks after birth (Soler et al. 1996). The hair 

loss phenotype is less pronounced or absent when SSAT or ODC is over-expressed under 

the control of the metallothionein I (MT) promotor (Suppola et al. 1999; Alhonen et al. 

1996). MT-ODC mice display slightly, but not significantly elevated levels of the natural 

polyamines, while in MT-SSAT mice putrescine and N1-AcSpd are increased in whole skin 
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samples (Pietilä et al. 2001). The authors suggest that putrescine accumulation is causal 

for the hair loss phenotype in these mouse models since it is the only common change. 

Based on the LC-MS results, SSAT was efficiently activated upon DENSpm and 

D-mannose treatment in the 3D-3C organoids, resulting in elevated levels of the acetylated 

polyamines. However, putrescine levels were reduced upon both treatments, suggesting 

that the effect on cell fate is independent of intracellular putrescine levels. In contrast, 

SSAT OE results in the accumulation of putrescine, since it activates polyamine 

catabolism and biosynthesis at the same time (Pietilä et al. 1997; Kee et al. 2004). 

Therefore, DENSpm and D-mannose treatment and SSAT OE have partially overlapping 

outcomes, but the overall effect on the metabolic state of the cell is difficult to compare. 

The age of the mice when the hair loss occurs suggests defective entry into the second 

hair cycle. After the anagen phase of the first hair cycle, which is an extension of initial 

follicle morphogenesis, hair follicles enter the destructive phase catagen (Fuchs and 

Nowak 2008). During the first telogen stage at around three weeks after birth, 

displacement of the ORS by the club hair results in the establishment of the bulge and 

simultaneous upregulation of CD34 and keratin 15 expression (Liu et al. 2003; Blanpain et 

al. 2004; Cotsarelis 2006). However, where the adult bulge stem cells originate from and 

how they organize within the niche remains unknown (Nowak et al. 2008). At the onset of 

anagen, the bulge stem cells are activated and form the secondary hair germ, which 

response to signals from the dermal papilla. This sequence of events seems to be 

interrupted in SSAT and ODC OE mice. However, detailed investigation of the cell 

populations in the hair follicle at around three weeks of age would be required to conclude 

which of the steps goes awry. Yet, it is likely that the CD34+ bulge stem cell population is 

not established in these mice. Therefore, these in vivo data are not readily comparable to 

the data obtained from the organoid culture. Nevertheless, the effect of DENSpm treatment 

on HFSC fate has to be confirmed in vivo and negative side-effects have to be excluded. 

To this end, the topical application of DENSpm is conceivable. The treatment should be 

started after the first postnatal hair cycle has been completed to ensure the proper 

establishment of all compartments and cell populations.  

3.3.8 A negative feedback loop links putrescine levels to hairless expression  

Strikingly, SSAT and ODC OE mice phenotypically resemble mice carrying a mutation in 

the hairless (hr) gene, which display total alopecia at 3 to 4 weeks of age (Stoye et al. 

1988; Ahmad et al. 1998). Hr functions as a nuclear receptor co-repressor and loss of 

hr expression results in the upregulation of keratinocyte differentiation markers (Zarach et 
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al. 2004). Investigation of the mechanistic link between putrescine abundance and 

hr expression revealed a negative regulatory network: Odc expression is elevated when 

hr expression is decreased, and vice versa (Luke et al. 2013). In summary, high putrescine 

levels suppress hr expression (Luke et al. 2013), and loss of hr has been implicated in 

keratinocyte differentiation (Zarach et al. 2004). Therefore, putrescine treatment should 

decrease stem cell maintenance in the 3D-3C organoids, if the effect on cell fate was 

mediated via reduced hr expression. However, I find a specific elevation of 

de-differentiation upon putrescine supplementation. Thus, the putrescine-mediated effect 

on cell fate was likely independent of hr expression. Consistently, N1-AcSpd treatment, 

which also resulted in increased putrescine levels, elevated stem cell maintenance. 

Nevertheless, the analysis of hr expression upon the different treatments in the 3D-3C 

organoids should be performed in the future. Of note, Luke et al. (2013) find that SSAT 

OE mice display a patchy pattern of hair loss, while it occurs wave-like in hr mutant mice, 

suggesting an additional, hr-independent mechanism upon SSAT OE.  

3.3.9 The role of histone modifications in the polyamine-mediated effect on 
stemness 

Microarray analysis of putrescine-treated keratinocytes revealed that genes, which are 

involved in protein-protein interactions, nucleotide-binding, and transcription factor 

regulation, were differentially regulated (Luke et al. 2013). Furthermore, the authors 

suggest that putrescine might affect gene expression through epigenetic changes. 

Accordingly, several studies have connected polyamine levels with histone modifications. 

Intracellular polyamines inhibit histone lysine 4 demethylase enzymes including 

lysine-specific demethylase 1 (LSD1), which is a homolog of polyamine oxidase (PAOX) 

(Tamari et al. 2018). Additionally, spermidine abundance directly affects the activity of 

histone acetyltransferases (HATs) (Burgio et al. 2016). Remarkably, polyamines 

specifically stimulate translation of HAT mRNAs and consequently increase lysine 

acetylation of histones H3 and H4 (Sakamoto et al. 2020). This change in histone 

acetylation results in enhanced transcription of genes required for cell proliferation 

(Sakamoto et al. 2020).  

Importantly, not only the expression of HATs, but also the level of acetyl-CoA, which serves 

as cofactor for histone acetylation, is influenced by the polyamine pathway: activated 

polyamine catabolism achieved by SSAT OE in prostate carcinoma cells was previously 

reported to result in a marked depletion of acetyl-CoA (Kee et al. 2004), since SSAT uses 

acetyl-CoA to generate N1-AcSpd from spermidine, and N1-AcSpm from spermine (Figure 
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34). In stark contrast, N1-AcSpd addition likely does not diminish acetyl-CoA availability. 

PAOX oxidizes N1-AcSpd back to putrescine and generates H2O2 and 

3-acetamidopropanal (3-AAP) during this reaction (Figure 34). 3-AAP can be converted to 

b-alanine (Seiler 2004), which is then degraded to acetyl-CoA (Hayaishi et al. 1961). Thus, 

N1-AcSpd treatment should rather increase intracellular acetyl-CoA levels, and thereby, 

might affect histone acetylation. Of note, increased histone acetylation levels might be 

responsible for the elevated transcription of cell proliferation-associated genes seen upon 

N1-AcSpd supplementation. Furthermore, epigenetic changes might explain the long-term 

effect of N1-AcSpd supplementation that even persist upon withdrawal of the treatment. 

Therefore, investigation of histone marks in future experiments might help to understand 

the bigger picture of the N1-AcSpd-mediated effects on cell fate. Importantly, quiescent 

HFSCs in the bulge region are marked by low levels of histone H4 acetylation (Frye et al. 

2007). Since the organoid culture leads to the activation of HFSCs, which might also affect 

their epigenetic landscape, the N1-AcSpd-mediated effect on histone modification should 

be confirmed in vivo. 

 
Figure 34: Polyamine biosynthesis and polyamine catabolism. During polyamine catabolism 
(gray) SSAT uses acetyl-CoA (displayed in violet) to acetylate spermidine and spermine to form 
N1-acetylspermidine (depicted in red) and N1-acetylspermine, respectively. 3-acetamidopropanal 
(3-AAP) can be converted to acetyl-CoA via b-alanine. dcSAM: decarboxylated SAM, MTA: 
5’-methylthioadenosine, SAM: S-adenosylmethionine, AMD1: adenosylmethionine 
decarboxylase 1, OAZ: ODC antizyme, ODC: ornithine decarboxylase, PAOX: polyamine oxidase, 
SMS: spermine synthase, SMOX: spermine oxidase, SRM: spermidine synthase, SSAT: 
spermidine/spermine N1-acetyltransferase.  
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3.3.10 ODC activity links cell cycle progression and cell fate decisions in the 
hair follicle 

Polyamines have been implicated in cell cycle progression before. Under normal growth 

conditions, polyamine levels are dynamically regulated during the cell cycle (Sunkara et 

al. 1981), which is due to cyclical changes in the activity of ODC and AMD1 (Fredlund et 

al. 1995). Consistently, several studies have shown that polyamine depletion results in cell 

cycle arrest (Ray et al. 1999; Odenlund et al. 2009; Yamashita et al. 2013). The reduction 

of polyamine content delays the transition from G1 to S phase (Yamashita et al. 2013). 

Accordingly, I found more cells in S phase upon N1-AcSpd treatment. Intriguingly, ODC 

activity was shown to be increased by N1-AcSpd. In contrast, N1-AcSpm, which did not 

influence cell fate in the organoid culture, does not affect ODC activity (Canellakis et al. 

1989). Thus, activation of ODC might be an important step in cell fate regulation via 

increased cell cycle progression. Importantly, polyamines directly affect ODC levels by 

acting in a negative feedback loop that involves ODC antizyme (OAZ). High polyamine 

levels enhance synthesis and stability of OAZ, which targets ODC for ubiquitin-

independent proteasomal degradation (Fong et al. 1976; Heller et al. 1976; Palanimurugan 

et al. 2004). Interestingly, polyamines also directly stimulate OAZ-dependent ODC 

degradation by the proteasome (Beenukumar et al. 2015). Intriguingly, while spermidine 

potently binds to OAZ, N1-AcSpd shows only weak interaction (Beenukumar et al. 2015), 

suggesting that ODC levels would be less affected by N1-AcSpd. In sum, ODC expression, 

activity, and stability should be investigated upon the different treatments in the organoid 

culture in future experiments. 

Strikingly, the expression of ODC is dynamically regulated during the hair cycle. 

Nancarrow et al. (1999) showed that ODC is abundantly expressed in proliferating bulb 

cells of anagen follicles, while the entry of the follicle into catagen is accompanied by 

down-regulation of ODC. These data implicate that polyamine levels, which are controlled 

by ODC, might track proliferation rates in the hair follicle. Additionally, the authors revealed 

the expression of ODC in ORS cells in the vicinity of the follicle bulge region (Nancarrow 

et al. 1999). After the anagen growth phase, some ORS cells return to the bulge region, 

where they resume quiescence and CD34 expression. These cells become the primary 

stem cells for the initiation of the next hair cycle (Hsu et al. 2011). This process is 

comparable to the de-differentiation of a6+/CD34- progenitor cells back to the stem cell 

state in the 3D-3C organoids, which was enhanced by putrescine and N1-AcSpd 

supplementation. Overall, these data suggest that ODC activity, cell cycle progression, 

and cell fate are tightly linked. In the HF, quiescent stem cells ensure reduced translation 
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rates by low polyamine levels, which increase upon activation due to elevated ODC 

activity, resulting in accelerated cell cycle progression. My data suggest that enhanced cell 

cycle progression promotes stem cell self-renewal upon activation, while differentiation is 

decreased. At the same time, cell cycle progression might be required for successful 

de-differentiation of ORS cells back to HFSCs, a notion supported by elevated ODC 

expression in ORS cells.  

Of note, HFSCs are slow-cycling, label-retaining cells in vivo (Cotsarelis et al. 1990; Morris 

and Potten 1999; Tumbar et al. 2004). Therefore, the results obtained using the organoid 

culture, which leads to HFSC activation, might not reflect the effects of the treatments 

in vivo. Topical application of DENSpm, putrescine, and N1-AcSpd is of utmost importance 

to confirm the observed effects on HFSC fate and ORS de-differentiation in vivo. To 

confirm the link between ODC activity, cell cycle progression, and cell fate, the influence 

of the different treatments on ODC expression, stability, and activity in the different cell 

types should be investigated. 

3.3.11 Targeting the polyamine metabolism to delay stem cell exhaustion 

In the final part of this study, I deciphered the polyamine-controlled effects on HFSC fate. 

I demonstrate that decreasing translation rates by changes in polyamine availability does 

not correlate with stemness. Previously, the acetylated polyamines were primarily 

described as the major polyamine species exported from the cell. Extending this notion, I 

show that N1-AcSpd influences cell fate decisions through enhanced cell cycle 

progression. My results begin to explain why elevated polyamine levels and low translation 

rates are not mutually exclusive in stem cell maintenance. Instead, while low mRNA 

translation rates favor quiescence in vivo, enhanced cell cycle progression ensures stem 

cell self-renewal upon activation. Consistently, the activation of HFSCs by depilation 

increases the levels of the acetylated polyamines in vivo. ODC activity might function as a 

key molecular switch to regulate polyamine availability and thus cell fate in the HF. Overall, 

changing polyamine availability might be a viable option to delay stem cell exhaustion. 

However, the outcome of the different treatments used in the final part of this study need 

to be validated in an in vivo setting and negative side-effects have to be excluded.  
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3.4 Metabolic control of hair follicle stem cell fate decisions 

In this study, I deciphered the metabolic control of HFSC fate decisions. I focused on the 

hexosamine pathway, aerobic sugar metabolism, and the polyamine metabolism. While 

HP activation does not influence cell fate decisions, I demonstrate that sugar 

supplementation, as well as changes in polyamine availability are sufficient to enhance 

stemness in the HFSC organoids (Figure 35).  

 

Figure 35: Model of metabolic control of cell fate decisions. Stemness (blue) correlates with 
high levels of glycolysis (gray) and low mRNA translation rates (green). Manipulation of aerobic 
sugar metabolism (2) or polyamine availability (3) elevates stemness in HFSC organoid cultures 
through increased aerobic glycolysis (gray) and elevated self-renewal (red), respectively. 
Hexosamine pathway (HP) activation (1) does not affect HFSC fate decisions in the organoids. 

Unfortunately, given the negative side-effects, improving stem cell maintenance by sugar 

supplementation is likely unattainable. However, modulating intracellular polyamine 

availability might be a viable intervention to tackle age-associated diseases caused by a 

decline in tissue homeostasis due to stem cell exhaustion. 
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4 Future perspectives 

My results presented in this work imply further experiments since a number of important 

questions remain. Although beyond the scope of this study, the answers to these questions 

will certainly help to better understand the polyamine-controlled effects on hair follicle stem 

cell fate decisions. 

4.1 Does global regulation of translation affect cell fate or is 
post-transcriptional control of specific transcripts relevant? 

I demonstrated that low translation rates mark the HFSC state and that a forced decrease 

in translation is sufficient to enhance stemness in the organoid culture. However, whether 

G418 treatment globally reduces protein synthesis or affects a specific subset of 

transcripts remains unclear. Further, I showed that DENSpm did not reduce global 

translation rates in the organoids. However, DENSpm has been reported to affect protein 

synthesis previously. Therefore, a change in translation of a specific subset of transcripts 

seems conceivable. Furthermore, N1-AcSpd increased global translation rates. It would 

be interesting to decipher the exact outcome of this change in translation. Is the global 

increase in translation required for the N1-AcSpd-mediated effect on cell fate or is 

translation of specific transcripts crucial? To investigate the global and specific effects on 

mRNA translation, sequencing of the polysome-associated mRNAs or ribosome 

footprinting should be performed upon the different treatments. Optimally, these 

approaches would be carried out in a way that allows the distinction of the two cell 

populations in the organoid culture. To this end, sorting of the cells prior to the experiments 

would be conceivable. Thereby, one might be able to identify cell type-specific effects of 

translational control of cell fate decisions by the treatments.  

Recently, Baser et al. (2019) demonstrated that protein synthesis undergoes highly 

dynamic changes during the differentiation of stem cells into neurons in vivo. Neuronal 

stem cells display low translation rates, but also readily translate abundant transcripts with 

little discrimination. With the onset of differentiation, translation becomes progressively 

regulated: stem cell identity factors are translationally repressed, for example. Collectively, 

these data suggest that cells become increasingly dependent on post-transcriptional 

control as they differentiate to mature neurons (Baser et al. 2019). Whether the mechanism 

of post-transcriptional control also applies to HFSC differentiation still needs to be 

elucidated. Therefore, one could make use of the RiboTag mouse model to compare 

mRNA translation in HFSCs and more differentiated cells in the HF in vivo (Sanz et al. 
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2009). Further, tagging of ribosomal subunits might be useful to investigate the 

translational control of cell fate decisions in the organoid culture. It would allow to pull-down 

ribosome-bound mRNAs specifically in the population of cells that underwent 

de-differentiation, for example.  

4.2 Does topical application of polyamines enhance stem cell 
function and maintenance in vivo? 

In this study, I delineate the polyamine-controlled effects on HFSC fate. I demonstrate that 

accelerating cell cycle progression by N1-AcSpd supplementation shifts the balance 

towards the HFSC state in the 3D-3C organoids. However, the organoid culture leads to 

the activation of HFSC, which are slow cycling, label-retaining cells in vivo (Cotsarelis et 

al. 1990; Morris and Potten 1999; Tumbar et al. 2004). Therefore, it is of utmost importance 

to investigate the effects of the treatments in vivo. Although I could demonstrate an 

upregulation of the acetylated polyamines in the depilation experiment, it still has to be 

shown that polyamines in general, and N1-AcSpd in particular, can drive cell fate decisions 

in vivo. To this end, topical application of DENSpm, putrescine, and N1-AcSpd would be 

conceivable. N1-AcSpm would be the perfect control, since it did not affect cell fate in the 

organoid culture. Since SSAT and ODC OE results in hair loss at around 3 weeks after 

birth, the experiments should be started after the first postnatal hair cycle has been 

completed to ensure proper establishment of all compartments and cell populations. 

First, one could investigate natural hair cycle progression. Importantly, the first two hair 

cycles occur in synchronized waves in mice; after the second cycle, hair follicles are 

unsynchronized (Lin et al. 2004). Entry into anagen is associated with changes in skin 

pigmentation due to activation of melanogenesis (Slominski and Paus 1993); thus, it can 

be readily monitored macroscopically. Therefore, shaving of mice in the second telogen 

around postnatal day (P) 50 allows for easy investigation of normal hair cycle progression. 

Using this method, Flores et al. (2017) demonstrated acceleration of HFSC activation and 

the hair cycle upon topical application of UK-5099. Thus, if topical application of DENSpm, 

putrescine, or N1-AcSpd would affect HFSC activation, anagen entry should be shifted. 

Since the HFSC state in the 3D-3C organoids seems to represent HFSC activation at 

anagen onset, the treatments used in this study are likely to accelerate hair re-growth. 

Especially N1-AcSpd should have a pronounced effect since increased proliferation is 

fundamental to initiate the anagen growth phase. Accordingly, application of the stable 

spermidine analogue a-methylspermidine (a-MeSpd) on the back of shaved mice in 

telogen accelerated hair growth and increased proliferation (Fashe et al. 2010). 
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Additionally, one could shave the mice after each round of hair cycling. This long-term hair 

cycle monitoring allowed Lay et al. (2016) to assess faster hair cycling with shorter resting 

periods in Foxc1-cKO mice. In these mice, entry into the second telogen occurs normally, 

however, precocious proliferation of Foxc1-cKO HFSCs results in shortened telogen 

phases (Lay et al. 2016). Of note, hair coats of Foxc1-cKO mice became sparser 

compared to WT counterparts and frequently greyed as they aged. Therefore, it is 

important to analyze the long-term effect of the treatments used here. 

Second, a forced entry of anagen can be achieved by depilation-induced HFSC activation, 

which is a good in vivo model to investigate the effect of the treatments used in this study. 

Of note, serial depilation can accelerate the exhaustion of HFSC, since the number of hair 

cycles can be doubled from four to eight cycles in six months (Keyes et al. 2013). Since 

depilation-induced anagen is readily comparable to spontaneous anagen, topical 

application of DENSpm, putrescine, and N1-AcSpd are expected to have the same effect 

as upon shaving. Nevertheless, the homogeneous nature of the depilation-induced 

anagen might alleviate the analysis. Additionally, serial depilation can mimic the 

age-associated decline in stem cell function. Thus, the long-term effects of the treatments 

on stem cell maintenance can be easily monitored. Further, EdU injections would allow to 

track HFSC activation and proliferation. EdU injections can also be used to examine the 

kinetics of HFSC activation after depilation and topical application as shown by Keyes et 

al. (2013). Importantly, the effectiveness of the topical application has to be validated by 

quantification of polyamine levels. 
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5 Material and methods 

5.1 Animal husbandry 

5.1.1 General mouse husbandry 

Animals (Mus musculus) were housed on a 12:12 h light:dark cycle with ad libitum access 

to food (Sniff) under pathogen-free conditions in individually ventilated cages. All animals 

were kept in C57BL/6J background. Animal care and experimental procedures were in 

accordance with the institutional and governmental guidelines. 

5.1.2 Generation of transgenic mice 

Generation of transgenic GFAT1 mice was performed by Taconic Biosciences (Cologne, 

Germany). A gene trap cassette was inserted in the Rosa26 locus using recombination-

mediated cassette exchange in embryonic stem cells. The gene trap cassette encodes a 

loxP-flanked transcription termination cassette upstream of the human GFAT1 (huGFAT1) 

open reading frame (conditional knock-in allele, Rosa26flox/wt). Upon cre-mediated deletion 

of the transcription termination cassette, huGAFT1 is expressed under the control of the 

chicken b-actin promoter, resulting in its overexpression (constitutive knock-in allele, 

Rosa26OE/wt or Rosa26G451E/wt). huGFAT1 is N-terminally tagged with FLAG-HA (HA: 

hemagglutinin; for further information, see Figure 13). Mice expressing the cre 

recombinase under the control of the human cytomegalovirus minimal promoter (CMV-

cre+/-) were purchased from Charles River Laboratories (Sulzfeld, Germany).  

5.1.3 Breeding of transgenic mice 

For breeding, Rosa26flox/wt males were crossed with transgenic CMV-cre+/- females. 

Homozygous overexpression of huGFAT1 was achieved by crossing double positive 

females (Rosa26OE/wt, CMV-cre+/- or Rosa26G451E/wt, CMV-cre+/-) with Rosa26flox/wt males. 

Since the CMV promoter is active before implantation during early embryogenesis 

(Schwenk et al. 1995), animals expressing the cre recombinase and carrying the GFAT1 

transgene were considered to overexpress huGFAT1 in all tissues. The offspring was 

genotyped as described below.  
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5.1.4 Tissue collection 

Mice were sacrificed by cervical dislocation. Brains from 3-months old male and female 

mice were dissected. Cerebral hemispheres were snap frozen in liquid nitrogen and stored 

at -80°C until further use. 

5.1.5 Depilation of dorsal skin 

Animals were anesthetized with isoflurane (cp-pharma) and dorsal skin was depilated 

using hair removal strips. Hair re-growth was monitored daily. The mice were sacrificed on 

day 9 after depilation and tissue biopsies were collected for histological analysis and 

polyamine measurements as described below. Male mice at the age of 6 months (young) 

and 24 months (old) were used for the experiment. 

5.2 Histological methods 

5.2.1 Immunofluorescence staining 

Depilated back skin was fixed using 4% PFA, embedded in paraffin and sectioned. The 

sections were de-paraffinized using a graded alcohol series and target retrieval was 

performed in Target Retrieval Solution (DAKO) pH 9 in a pressure cooker. After blocking 

in 5% bovine serum albumin, primary antibody (Krt14, Progen, GP-CK14, 1:500) diluted 

in Dako Antibody Diluent was incubated over night at 4°C. Bound primary antibody was 

detected by incubation with Alexa 657-conjugated secondary antibodies (Invitrogen). 

Nuclei were counterstained with 4′,6-diamidin-2-phenylindole (DAPI, Invitrogen). After 

washing, the slides were mounted in Elvanol.  

5.2.2 Image acquisition and processing 

All fluorescence images were collected by laser scanning confocal microscopy (SP8X; 

Leica) with Leica Application Suite software (LAS X version 2.0.0.14332), using a 40x 

immersion objective. Images were acquired using sequential scanning of frames of 1 µm 

thick confocal planes (pinhole 1). Afterwards, planes were projected as a maximum 

intensity confocal stack. Images were collected with the same settings for all samples 

within an experiment. 
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5.3 Cell biological methods 

5.3.1 Cell maintenance 

All cell lines and primary fibroblasts were grown in DMEM containing 4.5 g/L glucose 

supplemented with 10% fetal bovine serum and penicillin/streptavidin (all ThermoFisher 

Scientific) at 37°C in 5% CO2 on non-coated tissue culture plates. NIH3T3 and HeLa cells 

were obtained from ATCC® (CRL-1658; CCL-2). HaCaT cells were a gift from Sara 

Wickström’s laboratory (Max Planck Institute for Biology of Ageing, Cologne, Germany). 

HEK293T cells were a gift from Adam Antebi’s laboratory (Max Planck Institute for Biology 

of Ageing, Cologne, Germany). Cells were passaged 2-3 times per week. 

5.3.2 Isolation of primary cells from newborn mice 

For keratinocyte and fibroblast isolation newborn mice (P0-P3) were sacrificed by 

decapitation. The corpus was incubated in 50% betaisodona/PBS (Mundipharma GmbH) 

for 30 min at 4°C before being washed in different solutions for 2 min each: PBS 

(ThermoFisher Scientific), 0.1 % octenidin in ddH2O (Serva Electrophoresis), PBS, 70% 

ethanol, PBS, antibiotic-antifungal-solution in PBS (ThermoFisher Scientific). Tail and legs 

were removed and the tail tip was used for genotyping. Complete skin was separated from 

the body and incubated in 2 ml dispase II solution (5 mg/ml in 50 mM HEPES/KOH pH 7.4, 

150 mM NaCl; Sigma-Aldrich) over night at 4°C. The skin was placed in 500 µl FAD 

medium and the epidermis was separated from the dermis as a sheet. The epidermis was 

transferred dermal side down onto 500 µl TrypLE (ThermoFisher Scientific) and incubated 

for 20 min at RT. The keratinocytes were washed off the epidermis using 3 ml FAD 

medium. After centrifugation, the keratinocytes were resuspended in FAD medium and 

seeded on collagen G-coated tissue culture plates. The dermis was minced into small 

pieces using scalpels and transferred to a falcon tube containing collagenase (400 U/ml in 

50 mM Tris base, 5 mM CaCl2, pH 7.4; Sigma-Aldrich). The samples were incubated at 

37°C for 1.5 h and mixed regularly. Next, the suspension was filtered through a 70 µm cell 

strainer, which was washed with DMEM afterwards. The cells were centrifuged for 10 min 

at 1000 rpm. The pellet was resuspended in DMEM (4.5 g/L glucose, 10 % FBS, P/S) and 

the cells were seeded on non-coated tissue culture plates. The cells were grown at 37°C 

in 5% CO2. 
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5.3.3 Culture of primary keratinocytes isolated from newborn mice 

Primary keratinocytes isolated from newborn mice were cultured in DMEM/HAM’s F12 

(FAD) medium with low Ca2+ (50 µM) (Biochrom AG), supplemented with 10% fetal bovine 

serum (chelated, ThermoFisher Scientific), penicillin/streptavidin (ThermoFisher 

Scientific), L-glutamine (ThermoFisher Scientific), ascorbic acid (50 µg/ml, Sigma-Aldrich), 

adenine (0.18 mM, Sigma-Aldrich), insulin (5 µg/ml, Sigma-Aldrich), hydrocortisone 

(0.5 µg/ml, Sigma-Aldrich), EGF (10 ng/ml, Sigma-Aldrich), and cholera enterotoxin 

(10 ng/ml, Sigma-Aldrich) on collagen G-coated tissue culture plates (30 µg/ml in PBS, 

Biochrom AG). The cells were grown at 32°C in 5% CO2. 

5.3.4 Isolation of epidermal cells from adult mice 

Isolation of epidermal cells from mice of both sexes in telogen stage (P21-25; P46-60) was 

performed as described previously (Chacón-Martínez et al. 2017). In brief, mouse skin was 

incubated on 0.8% trypsin (ThermoFisher Scientific) for 50 min at 37°C. The skin was 

transferred to 8 ml KGM medium and the epidermis was separated from the dermis. After 

centrifugation, keratinocytes were resuspended in ice cold KGM medium and embedded 

in growth factor-reduced matrigel (Corning Inc.). 

5.3.5 Culture of hair follicle stem cell organoids 

Hair follicle stem cell organoids were cultured in KGM medium: MEM medium (Spinner’s 

modification, Sigma-Aldrich), supplemented with 8% fetal bovine serum (chelated, 

ThermoFisher Scientific), penicillin/streptavidin (ThermoFisher Scientific), L-glutamine 

(ThermoFisher Scientific), insulin (5 µg/ml, Sigma-Aldrich), hydrocortisone (0.36 µg/ml, 

Calbiochem), EGF (10 ng/ml, Sigma-Aldrich), transferrin (10 µg/ml, Sigma-Aldrich), 

phosphoethanolamine (10 µM, Sigma-Aldrich), ethanolamine (10 µM, Sigma-Aldrich), 

CaCl2 (14.5 µM, Sigma-Aldrich). 5 µM Y27632, 20 ng/ml mouse recombinant VEGF, 

20 ng/ml human recombinant FGF2 (all Miltenyi Biotech) were added to KGM medium. 

The cells were grown at 37°C in 5% CO2 embedded in growth factor-reduced matrigel 

(Corning Inc.). The medium was changed 3 times per week. The following compounds 

were added each time the medium was changed: 

2-difluoromethylornithine hydrochloride (DFMO), 2761, R&D Systems  

4-methylumbelliferone (4-MU), M1381, Sigma-Aldrich 

anti-CD44 antibody, clone 2C5, BBA10, R&D Systems 

bafilomycin A1, B1793, Sigma-Aldrich 
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chloroquine diphosphate salt, C6628, Sigma-Aldrich 

D-glucose, X997.2, Carl Roth 

D-mannose, M8574, Sigma-Aldrich 

D-sorbitol, 6213.1, Carl Roth 

diminazene aceturate (DA), D7770, Sigma-Aldrich  

G418 disulfate, A6798, AppliChem 

hyaluronidase (HYAL) from bovine testes, H3506, Sigma-Aldrich 

L-glucose, G5500, Sigma-Aldrich 

MDL72527, M2949, Sigma-Aldrich  

N-acetyl-D-glucosamine (GlcNAc), A8625, Sigma-Aldrich 

N1-acetylspermidine hydrochloride (N1-AcSpd), 9001535, Cayman Chemical 

N1-acetylspermine trihydrochloride (N1-AcSpm), 01467, Sigma-Aldrich 

N1,N11-diethylnorspermine (DENSpm) tetrahydrochloride, 0468, Tocris 

putrescine dihydrochloride, P5780, Sigma-Aldrich 

UK-5099, PZ0160, Sigma-Aldrich 

After sorting of pure populations, the cells were recovered for two days and treated for the 

last five days of the experiment. Before puromycin incorporation, the cells were cultured 

for two weeks and treated for the last 72 h, except for G418, which was only added for the 

last 4 h of the culture. Unless indicated otherwise, 3D-3C organoids were treated for the 

entire duration of the experiment. The concentrations were determined by concentration 

curves: the lowest concentration that had an effect on cell fate or the highest concentration 

without overt toxicity were chosen for further experiments. 

5.3.6 Live cell number of hair follicle stem cell organoids 

Sorted cells were cultured in 3D-3C organoids for 7 days and treated for the last 5 days 

before matrigel droplets were degraded in 0.5% trypsin, 0.5 mM EDTA in PBS for 8 min at 

37°C. Trypsin was neutralized using cold KGM. The live cell number was determined using 

a Neubauer hemocytometer. Images of the cultures were taken on day 7 post-sorting using 

the EVOS FL Auto 2 Imaging System (ThermoFisher Scientific) with an 4x objective. The 

scale bar is 650 µm. 

5.3.7 Colony formation assay 

NIH3T3 fibroblasts were seeded on collagen G-coated tissue culture plates (30 µg/ml in 

PBS, Biochrom AG). The cells were grown at 37°C in 5% CO2 for two days before 

proliferation was inhibited with mitomycin C (4 µg/ml in ddH2O, Sigma-Aldrich).  
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Keratinocytes were grown in 3D-3C organodis for two weeks and analyzed by flow 

cytometry. 4000 cells were seeded per 6-well on the fibroblast layer in FAD medium with 

low Ca2+ (Biochrom AG), supplemented as described above. The cells were grown for 2-3 

weeks at 32°C in 5% CO2 until colonies were emerged. Remaining fibroblasts were 

removed using 0.25% trypsin-EDTA (ThermoFisher Scientific) for 2 min at 37°C. Trypsin 

was stopped using supplemented DMEM. After washing the plates with PBS, 

keratinocytes were fixed with 4% PFA (in PBS, Sigma-Aldrich) for 15 min at RT. The cells 

were washed with PBS twice and the colonies were stained using 1% crystal violet (in 

PBS, Sigma-Aldrich) for 1 h at RT on an orbital shaker. The wells were washed with tap 

water until no stain was released and air dried. The plates were scanned and the number 

of colonies was counted manually. 

5.4 Molecular biological methods 

5.4.1 Mouse genotyping 

5.4.1.1 Isolation of mouse genomic DNA from ear clips 

Ear clips were taken by the Comparative Biology Facility at the Max Planck Institute for 

Biology of Ageing (Cologne, Germany) at weaning age (3-4 weeks of age) and stored 

at -20°C until use. 150 µl ddH2O and 150 µl directPCR Tail Lysis reagent (Peqlab) were 

mixed with 3 µl proteinase K (20 mg/ml in 25 mM Tris-HCl, 5 mM Ca2Cl, pH 8.0, Sigma-

Aldrich). This mixture was applied to the ear clips, which were then incubated at 56°C 

overnight (maximum 16 h) shaking at 300 rpm. Proteinase K was inactivated at 85°C for 

45 min without shaking. The lysis reaction (2 µl) was used for PCR without further 

processing. 

5.4.1.2 Genotyping PCR 

For genotyping of mouse genomic DNA DreamTaq DNA polymerase (ThermoFisher 

Scientific) was used. PCR reactions were set up as follows: 
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Table 1: Composition of a DreamTaq PCR reaction mix. 

Reagent Volume (µl) Stock concentration 
Template DNA 2  
Colored buffer 2.5 10x 
dNTPs 0.6-1 10 mM each nt 
Primer  According to Table 3 20 µM 
DreamTaq 0.125 5 U/µl 
ddH2O ad. 25  

 

Table 2: Cycling and temperature profiles of a mouse genotyping PCR. 

Temperature (°C) Time (s) Action Number of cycles 
95 120 denaturation 1 
95 

60-66 
72 

30 
30 
60 

denaturation 
annealing (TA) 
elongation 

35 

72 600 final elongation 1 
 

Table 3: Primers used for mouse genotyping PCRs. 

Trans-
gene Primer name Sequence 5’ ® 3’ TA 

(°C) 
V 

(µl) bp 

Cre 

Cre_fwd 
Cre_rev 
oIMR7338 
oIMR7339 

GCCAGCTAAACATGCTTCATC 
ATTGCCCCTGTTTCACTATCC 
CTAGGCCACAGAATTGAAAGATCT 
GTAGGTGGAAATTCTAGCATCATCC 

60 

0.5 
0.5 
0.5 
0.5 

700 
 

300 

hu 
GFAT1 

huGFAT1_fwd 
huGFAT1_rev 
oIMR7338 
oIMR7339 

CGGTGGAGGTTACCCATACG 
CGAGCTTGGCAATTGTCTCTG 
CTAGGCCACAGAATTGAAAGATCT 
GTAGGTGGAAATTCTAGCATCATCC 

64 

0.75 
0.75 
0.5 
0.5 

566 
 

300 

hu 
GFAT1
_R26 

3224_35 
1114_1 
1114_2 

TTGGGTCCACTCAGTAGATGC  
CTCTTCCCTCGTGATCTGCAACTCC  
CTCTTCCCTCGTGATCTGCAACTCC  

60 
0.5 
0.25 
1.25 

744 
(tg) 
299 
(wt) 

hu 
GFAT1
_KI  

2584_5 
3579_152 
oIMR7338 
oIMR7339 

TGGCAGGCTTGAGATCTGG 
CCCAAGGCACACAAAAAACC 
CTAGGCCACAGAATTGAAAGATCT 
GTAGGTGGAAATTCTAGCATCATCC 

66 

0.75 
0.75 
0.5 
0.5 

492 
 

300 

 

The product amplified using oIMR7338 and oIMR7339 served as internal control. The 

primer targeting huGFAT1 detected presence of the transgene without distinction of 
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zygosity. Using the huGFAT1_R26 PCR, the wildtype Rosa26 locus and the targeted 

Rosa26 locus could be distinguished. However, this reaction did not separate the 

conditional and constitutive knock-in alleles. The product of the huGFAT1_KI PCR is 

specific for the conditional knock-in allele before cre recombination, since the binding side 

for primer 3569_152 is in the transcription termination cassette (for further information, see 

Figure 13).  

5.4.1.3 Agarose gel electrophoresis 

DNA fragments were separated in agarose gels (1.5% agarose in 1x TAE buffer: 40 mM 

Tris Base, 1 mM EDTA, 1.1 ml acetic acid, pH 8.0) using horizontal gel electrophoresis at 

120 V and visualized with Roti®-GelStain (Carl Roth). The Quick-Load® 100 bp DNA 

Ladder (New England Biolabs) was used as a marker.  

5.4.2 RNA isolation 

After two weeks of 3D-3C organoid culture, matrigel droplets were degraded in 0.5% 

trypsin, 0.5 mM EDTA in PBS for 8 min at 37°C. Trypsin was neutralized using cold KGM. 

After centrifugation for 5 min at 2000 rpm cells were washed with PBS. The pellet was 

resuspended in QIAzol (Qiagen) and frozen in liquid nitrogen. Sorted keratinocytes were 

collected in QIAzol and frozen in liquid nitrogen. 

The samples were subjected to four freeze/thaw cycles (liquid nitrogen/37°C water bath). 

Half the volume of QIAZol was added and the samples were incubated for 5 min at RT. 

Next, 200 µl chloroform per 1 ml QIAzol were added, the samples were vortexed and 

incubated for 2 min at RT. After centrifugation for 15 min at 10.000 rpm and 4°C the 

aqueous phase was collected. An equal volume of 70% ethanol was slowly added. The 

mixture was transferred to a RNeasy spin column (Qiagen) and total RNA was isolated 

with the RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions.  

5.4.2.1 Quantitative RT-PCR 

cDNA was generated using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories).  

Quantitative RT-PCR was performed using Power SYBR Green master mix (Applied 

Biosystems) on a ViiA 7 Real-Time PCR System (Applied Biosystems). Primer sequences 

are listed below. 
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Table 4: Primer sequences for quantitative RT-PCR. 

Primer/gene name Sequence (5’® 3’) 
msb-actin_fwd TCAAGATCATTGCTCCTCCTG 
msb-actin_rev TACTTCTGCTTGCTGATCCAC 
msGAPDH_fwd GGTGTGAACGGATTTGGCCGTATTG 
msGAPDH_rev CCGTTGAATTTGCCGTGAGTGGAGT 
msCD34_fwd TGAGATGACATCACCCACCG 
msCD34_rev GCCAACCTCACTTCTCGGAT 
msSox9_fwd AGGAAGCTGGCAGACCAGTA 
msSox9_rev TCCACGAAGGGTCTCTTCTC 
msTcf3_fwd CTCAGCAGCAAATCCAAGAGGCAGAG 
msTcf3_rev TGGGAAGACGCAGGGCTATCACAAG 
msLhx2_fwd ATCGACGAGATGGACCGCA 
msLhx2_rev TCACTGCTGATGGACGGC 
msNfatc1_fwd GGTGCTGTCTGGCCATAACT 
msNfatc1_rev CCAGGGAATTTGGCTTGCAC 
msId2_fwd ATCCCCCAGAACAAGAAGGT 
msId2_rev TGTCCAGGTCTCTGGTGATG 
msDkk3_fwd ATGCTATGCACCCGAGACAG 
msDkk3_rev GAACAGCAGGCCTCTTTGGA 
msSSAT_fwd GAGAACACCCCTTCTACCACT 
msSSAT_rev GCCTCTGTAATCACTCATCACGA 

 

5.4.3 RNA-sequencing 

5.4.3.1 Library preparation and sequencing 

Total RNA was isolated as described above. Libraries were prepared at the Cologne 

Center for Genomics (Cologne, Germany). Sequencing was carried out on an Illumina 

HiSeq2000. 

5.4.3.2 Bioinformatic analysis of RNA-sequencing data 

Reads were mapped to the mouse reference genome GRCm38 (release 91) using HISAT2 

v2.0.4 (Pertea et al. 2016). Guided transcript assembly was performed with StringTie 

v1.3.3 (Pertea et al. 2016) and respective assemblies were merged with Cuffmerge v.2.2.1 

(Trapnell et al. 2012). After feature quantification with Cuffquant v.2.2.1, differential gene 
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expression was analyzed with Cuffdiff v.2.2.1 (Trapnell et al. 2012). Venn diagrams were 

generated using the R package VennDiagram. Functional enrichment analysis was 

performed using the Metascape tool [http://metascape.org] (Zhou et al. 2019). Only genes 

with a p-value < 0.01 and a log2FC > ±0.5 (untreated vs. treated) were defined as 

differentially expressed and included in the functional enrichment analysis. 

5.4.4 3’ RNA-sequencing 

5.4.4.1 Preparation of 3’ RNA-sequencing libraries 

Sorted cells were collected in QIAzol and frozen in liquid nitrogen. Total RNA was isolated 

as described above. 50 ng RNA per sample were used for cDNA synthesis with Maxima 

H Minus reverse transcriptase (ThermoFisher Scientific). During reverse transcription, 

unique barcodes including unique molecular identifiers (UMI) were attached to each 

sample. After cDNA synthesis, all samples were pooled and processed in one single tube. 

DNA was purified using AmpureXP beads (Beckman Coulter) and the eluted cDNA was 

subjected to Exonuclease I treatment (New England Biolabs). cDNA was PCR-amplified 

for 12 cycles and subsequently purified. After purification, cDNA was tagmented in 5 

technical replicates of 1 ng cDNA each using the Nextera XT Kit (Illumina), according to 

manufacturer’s instructions. The final library was purified and concentration and size were 

validated by Qubit and High Sensitivity TapeStation D1000 analyses. Sequencing was 

carried out on an Illumina NovaSeq system.  

5.4.4.2 Bioinformatic analysis of 3’ RNA-sequencing data 

The raw reads were demultiplexed and the UMI-tag was added to each read name using 

FLEXBAR (Dodt et al. 2012). The second end of the read-pairs were mapped using Kallisto 

creating pseudo-alignments to the mouse reference genome mm10 (Bray et al. 2016). 

UMI-tags were assigned using BEDTools intersect and bash re-formatting (Quinlan and 

Hall 2010). An R script was used to count the unique UMI-tags per gene. Differential gene 

expression was calculated using the R package Deseq2 (Love et al. 2014). Only genes 

with an average of more or equal to 5 reads over all samples were used for the analysis. 

Only genes with an adjusted p-value £ 0.05 (a6+/CD34- vs. a6+/CD34+; untreated or 

treated) are shown in the heatmap. Venn diagrams were generated using the R package 

VennDiagram. Functional enrichment analysis was performed using the Metascape tool 

[http://metascape.org] (Zhou et al. 2019). Only genes with a p-value < 0.05 and a 
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log2FC > ±0.5 (a6+/CD34- vs. a6+/CD34+; untreated or treated) were defined as 

differentially expressed and included in the functional enrichment analysis.  

5.5 Protein biochemical methods 

5.5.1 Puromycin incorporation 

HaCaT cells were incubated with 10 µg/ml puromycin (Sigma-Aldrich) in the medium for 

exactly 10 min at 37°C. The cells were washed with PBS and collected in RIPA buffer 

(50 mM TrisHCl, 120 mM NaCl, 0.1% SDS, 1% NP40, 0.5% sodium deoxycholate) with 

proteinase and phosphatase inhibitors (Roche Diagnostics GmbH). 

For 3D-3C cultured cells, matrigel droplets were degraded in 0.5% trypsin, 0.5 mM EDTA 

in PBS for 8 min at 37°C. Trypsin was neutralized using KGM containing puromycin (final 

concentration 10 µg/ml). Puromycin was incubated for exactly 10 min at 37°C. The cells 

were collected, washed with PBS, and collected in RIPA buffer. 

After sorting, cells were allowed to recover for 30 min at 37°C before puromycin was added 

to the medium.  

5.5.2 Western blot analysis 

The protein concentration of cell lysates was determined using the PierceTM BCA protein 

assay kit according to manufacturer’s instructions (ThermoFisher Scientific). Samples 

were subsequently subjected to SDS-PAGE using 4-15% Mini-PROTEAN® TGXTM 

Precast Protein Gels (Bio-Rad Laboratories) and blotted on a nitrocellulose membrane 

using a Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). The Precision Plus 

Protein Dual Color Standard (Bio-Rad Laboratories) was used as a marker. The following 

antibodies were used in 5% low-fat milk (Carl Roth) or 1% bovine serum albumin (BSA; 

Carl Roth) in TBS-Tween buffer (25 mM Tris base, 150 mM NaCl, 2 mM KCl, pH 7.4; 

0.05% Tween-20 (w/v)) over night at 4°C: GFPT1 (rabbit, Abcam, EPR4854, 1:1.000 in 

BSA), hemagglutinin (HA; rat, Roche Diagnostics GmbH, 3F10, 1:1.000 in milk), 

puromycin (mouse, Millipore, 12D10, 1:10.000 in milk), b-actin (mouse, Cell Signaling 

Technologies, 8H10D10, 1:25.000 in milk), b-actin (rabbit, Cell Signaling Technologies, 

4967, 1:50.000 in milk). After incubation with HRP-conjugated secondary antibody (goat 

anti-mouse, goat anti-rabbit, goat anti-rat, Invitrogen, 1:5000), the blot was developed with 

ECL solution (Merck Millipore). Films (Amersham Biosciences) were used for detection 

upon puromycin incorporation. Following antibody staining of GFAT1/HA bands were 
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detected on a ChemiDoc MP Imaging System (Bio-Rad Laboratories). The intensity of the 

bands was quantified using Fiji (Schindelin et al. 2012). 

5.5.3 Glycosaminoglycan analysis 

5.5.3.1 Hyaluronic acid ELISA 

The cells were cultured for 48 h and treatment with 10 mM GlcNAc was performed for the 

last 24 h. The cells were grown in 10 ml serum-free DMEM for the last 8 h. The 

supernatant was collected and stored at -20°C until further analysis. The cells were 

washed with PBS and collected in RIPA buffer (50 mM TrisHCl, 120 mM NaCl, 0.1% SDS, 

1% NP40, 0.5% sodium deoxycholate). 3D-3C cultured cells were grown in 500 µl serum-

free KGM for the last 8 h. The supernatant was collected and stored at -20°C until further 

analysis. Matrigel droplets were degraded in 0.5% trypsin, 0.5 mM EDTA in PBS for 8 min 

at 37°C. Trypsin was neutralized using cold KGM. After centrifugation for 5 min at 

2000 rpm cells were washed with PBS and collected in RIPA buffer. The protein 

concentration was determined using the PierceTM BCA protein assay kit (ThermoFisher 

Scientific). 

The hyaluronic acid concentration in the medium was analyzed using the Hyaluronan 

Quantikineâ ELISA Kit (R&D systems) according to manufacturer’s instructions. In brief, 

the cell culture supernatant was centrifuged and diluted 1:2 with calibrator diluent. 

Standard, samples, and controls were added to the microplate and incubated at RT for 2 h 

on an orbital shaker. The wells were washed 5 times before hyaluronan conjugate was 

added. After 2 h incubation at RT, the wells were washed again. Substrate solution was 

added to each well and incubated for 30 min in the dark. The colorimetric reaction was 

stopped by addition of stop solution. The optical density was measured using a microplate 

reader set to 450 nm with wavelength correction set to 540 nm. The results were 

normalized using the protein concentration measured using the PierceTM BCA protein 

assay kit (ThermoFisher Scientific). 

5.5.3.2 Fluorophore-Assisted Carbohydrate Electrophoresis  

Cells were cultured for 48 h and treatment with 10 mM GlcNAc was performed for the last 

24 h. Next, the medium was aspirated and the cells were washed 2 times with PBS. 

Proteinase K (Fisher BioReagents) was solved in 100 mM ammonium acetate (10x stock: 

1 mg/ml). 6.9 ml 1x proteinase K were added per 10 cm plate and incubated for 2 h at 
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60°C. The cell layer was collected with a cell scraper and aliquots were stored at -20°C 

until further analysis.  

Glycosaminoglycans in the cell layer were quantified using Fluorophore-Assisted 

Carbohydrate Electrophoresis (FACE) performed at the Cleveland Clinic (Cleveland, 

Ohio). In brief, upon ethanol precipitation chondroitin sulfate and hyaluronan were digested 

using chondroitinase and hyaluronidase, respectively. After the second ethanol 

precipitation the lyophilized samples were labeled with 2-amino-acridone and incubated at 

37°C for 18 h in the dark. The labelled samples were analyzed using FACE. The intensity 

of the bands was quantified and normalized to a standard and the DNA content of the 

respective sample. The measurements and subsequent analysis were performed by 

Valbona Cali, Ronald Midura, and Vincent Hascall from the Cleveland Clinic as previously 

described (Calabro et al. 2000). 

5.6 Flow cytometry-based methods 

5.6.1 Fluorescence-activated cell sorting and analysis 

Matrigel droplets were degraded in 0.5% trypsin, 0.5 mM EDTA in PBS for 8 min at 37°C. 

Trypsin was neutralized using cold KGM. After centrifugation for 5 min at 2000 rpm cells 

were washed with FACS buffer (2% FBS, 2 mM EDTA in PBS). Surface marker staining 

was performed for 30 min on ice with the following antibodies: CD34-eFluor 660 

(eBioscience, clone RAM34, 1:100) and ITGA6-PE/Cy7 (Biolegend, clone GoH3, 1:1000) 

for sorting or CD34-eFluor 660 (eBioscience, clone RAM34, 1:100) and ITGA6-pacific blue 

(Biolegend, clone GoH3, 1:200) for analysis. Freshly isolated keratinocytes were stained 

additionally with Sca1-pacific blue (Biolegend, clone D7, 1:400). 7-aminoactinomycin D 

(7AAD, 1 µg/ml in DSMO; ThermoFisher Scientific) or propidium iodide (PI, 0.5 µg/ml in 

H2O; Sigma-Aldrich) was used to exclude dead cells. Cells were analyzed on FACSCantoII 

(BD Biosciences) or sorted on FACSAria IIIu Svea and FACSAria Fusion sorters (BD 

Biosciences). Sorted cells were collected in 15 ml tubes containing KGM at 4°C. 

Cell sorting was performed by Kat Folz-Donahue and Lena Schumacher from the FACS 

and Imaging Core Facility (Max Planck Institute for Biology of Ageing, Cologne, Germany). 

5.6.2 EdU incorporation and detection 

Cell proliferation was assessed using the Click-iT™ Plus EdU Alexa Fluor™ 488 Flow 

Cytometry Assay Kit (ThermoFisher Scientific) following the manufacturer’s instructions. 

Cells were grown for 9-14 days in 3D-3C culture before 10 µM EdU was added to the 
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medium and incubated for 24 h. Alternatively, cells were grown for 14 days in 3D-3C 

culture before 10 µM EdU was added to the medium and incubated for 2 h. Matrigel 

droplets were degraded, the cells were washed with PBS and subsequently stained with 

fixable LIVE/DEAD-violet (ThermoFisher Scientific, 1:500) for 20 min at RT. The cells were 

washed with FACS buffer and surface marker staining was performed for 30 min on ice 

using CD34-eFluor 660 (eBioscience, clone RAM34, 1:100) and ITGA6-PE/Cy7 

(Biolegend, clone GoH3, 1:1000). The cells were washed with 1% BSA in PBS, fixed with 

4% PFA for 10 min at RT and permeabilized using Click-iT saponin-based 

permeabilization buffer for 15 min at RT. The EdU reaction cocktail was prepared following 

the manufacturer’s instructions and incubated for 30 min at RT in the dark after washing 

the cells. The cells were analyzed on FACSCantoII (BD Biosciences). 

5.6.3 Cell cycle analysis 

Cell proliferation was assessed using the Click-iT™ Plus EdU Alexa Fluor™ 488 Flow 

Cytometry Assay Kit (ThermoFisher Scientific) as described above. Cells were grown for 

two weeks in 3D-3C culture before 10 µM EdU was added to the medium and incubated 

for 2 h. Matrigel droplets were degraded, the cells were washed with PBS and stained with 

fixable Zombie NIR dye (Biolegend, 1:500) for 20 min at RT. The cells were washed, fixed, 

and permeabilized and the EdU reaction cocktail was incubated as described above. 

Subsequently, the cells were permeabilized using 0.1% triton X-100 in PBS for 15 min at 

RT and stained with FxCycle violet (ThermoFisher Scientific, 1:500) for 30 min at RT. The 

cells were analyzed on FACSCantoII (BD Biosciences) without further washing. 

5.6.4 Annexin V staining 

Matrigel droplets were degraded in 0.5% trypsin, 0.5 mM EDTA in PBS for 8 min at 37°C. 

Trypsin was neutralized using cold KGM. After centrifugation for 5 min at 2000 rpm cells 

were washed with FACS buffer. Surface marker staining was performed for 30 min on ice 

using CD34-eFluor 660 (eBioscience, clone RAM34, 1:100) and ITGA6-pacific blue 

(Biolegend, clone GoH3, 1:200). Cells were washed with PBS and stained with annexin V-

AF488 (1:20 in 100 µl annexin-binding buffer per sample; ThermoFisher Scientific) for 

15 min at RT. 100 µl annexin-binding buffer containing PI (0.5 µg/ml in H2O; Sigma-

Aldrich) were added per sample. The supernatant of the matrigel droplets was collected 

and stained together with the embedded cells. The samples were analyzed on 

FACSCantoII (BD Biosciences). 
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5.7 Metabolomic approaches 

5.7.1 Metabolomic analysis of acetylated aminosugars 

Two different methods were applied for the analysis of UDP-HexNAc levels (5.7.1.1) or 

UDP-GlcNAc and UDP-GalNAc levels (5.7.1.2).  

5.7.1.1 Determination of UDP-HexNAc levels 

Cells were trypsinized and collected. The pellet was washed once with PBS and snap 

frozen in liquid nitrogen. 250 µl ddH2O were added to the pellet and the samples were 

vortexed for 30 s. The samples were subjected to four freeze/ thaw cycles (liquid nitrogen/ 

37°C water bath). Next, the protein concentration was measured using the PierceTM BCA 

protein assay kit (ThermoFisher Scientific). 200 µl with a protein concentration of 1 µg/µl 

were mixed with 1 ml chloroform:methanol (1:2) and incubated on a nutator mixer for 1 h 

at RT. After centrifugation for 5 min at full speed, the supernatant was transferred to a 

glass vial. The liquid was evaporated in an EZ-2 Plus Genevac centrifuge evaporator (SP 

Scientific) with the following settings: time to final stage 15 min, final stage time 4 h, low 

boiling point mixture. After evaporation, the samples were stored at -20°C until further use. 

Absolute UDP-HexNAc levels were determined using an Acquity UPLC connected to a 

Xevo TQ Mass Spectrometer (both Waters) and normalized to total protein content. The 

measurements and subsequent analysis were performed by Yvonne Hinze from the 

Metabolomics Core Facility at the Max Planck Institute for Biology of Ageing (Cologne, 

Germany) as previously described (Denzel et al. 2014).  

5.7.1.2 Determination of UDP-GlcNAc and UDP-GalNAc levels 

Matrigel droplets were degraded in 0.5% trypsin, 0.5 mM EDTA in PBS for 8 min at 37°C. 

Trypsin was neutralized using cold KGM. After centrifugation for 5 min at 2000 rpm cells 

were washed with PBS and the pellet was snap frozen in liquid nitrogen.  

Brains were collected from 3 months old mice, cut in half, and snap frozen in liquid 

nitrogen. Tissue was disrupted using a TissueLyser II (Qiagen) at 20-25 Hz. The powder 

was transferred to a fresh tube and subjected to metabolite extraction.  

Metabolite extraction was performed using 80% methanol. After vortexing, the samples 

were incubated at -20°C for 30 min. Afterwards, samples were incubated on an orbital 

mixer at 5°C for 30 min. The samples were centrifuged for 5 min at full speed and 4°C. 

The supernatant was transferred to a fresh tube and the pellet was used for protein 
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extraction with 0.5% SDS. The supernatant was evaporated in a SpeedVac concentrator 

at 25°C.  

The metabolite analysis was conducted using a Dionex ICS-5000 anion exchange 

chromatography (ThermoFisher Scientific). Separation was performed with a Dionex 

Ionpac AS11-HC column (2 mm x 250 mm, 4 μm particle size, Thermo Fisher) at 30°C. A 

guard column, Dionex Ionpac AG11-HC b (2 mm x 50 mm, 4 μm particle size, 

ThermoFisher Scientific), was placed before the separation column. The eluent (KOH) was 

generated by a KOH cartridge using ddH2O. A gradient was used for the separation at a 

flow rate of 0.380 ml/min: 0-8 min 30 mM KOH, 8-12 min 35-100 mM KOH, 12-15 min 

100 mM KOH, 15-19 min 30 mM KOH. A Dionex suppressor AERS 500 (2 mm) was used 

for the exchange of KOH and operated with 95 mA at 17°C. The suppressor pump flow 

was set to 0.6 ml/min. Samples were diluted in ddH2O and injected from a tempered 

autosampler (8°C) using full loop mode (10 µl). The Dionex ICS-5000 was connected to a 

XevoTM TQ mass spectrometer (Waters) and operated in negative ESI MRM (multi 

reaction monitoring) mode. The source temperature was set to 150°C, the desolvation 

temperature was set to 350°C and desolvation gas was set to 650 l/h, while cone gas was 

set to 50 l/h. The MRM transition 606.10 ® 158.80 was used for quantification of 

UDP-GlcNAc and UDP-GalNAc. An external standard calibration curve was prepared from 

50 to 1000 ng/ml UDP-GlcNAc and UDP-GalNAc. Data were analyzed using the 

MassLynx and TargetLynx software (Waters). Metabolite extraction, measurements, and 

subsequent analysis were performed by Silvina Perin from the Metabolomics Core Facility 

at the Max Planck Institute for Biology of Ageing (Cologne, Germany). 

5.7.2 Untargeted metabolomics 

Metabolite extraction, measurements and subsequent analysis were performed by Andrea 

Annibal from Adam Antebi’s laboratory at the Max Planck Institute for Biology of Ageing 

(Cologne, Germany) with the help of Christina Latza. 

5.7.2.1 Metabolite extraction for untargeted metabolomics 

Cells were collected and washed with PBS. The pellet was frozen in liquid nitrogen. The 

cells were lysed in ddH2O by freeze/thaw cycles and the protein concentration was 

determined using the PierceTM BCA protein assay kit (ThermoFisher Scientific). 

Metabolites were extracted by Bligh and Dyer extraction (Noga et al. 2012; Pieragostino 

et al. 2015). In brief, a methanol:chloroform mixture 2:1 (v/v) was added to a volume of cell 

lysate, which corresponded to 150 µg of protein and incubated for 1 h at 4°C. Samples 
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were centrifuged for 5 min at 3000 rcf at 4°C and the liquid phase was transferred to a 

fresh tube and dried in a SpeedVac Vacuum Concentrator (Genevac). Before LC 

injections, samples were reconstituted in 10% aqueous acetonitrile. Samples were 

analyzed using an untargeted method for total metabolomics. 

5.7.2.2 Untargeted analysis of metabolites 

Analytes were separated using an UHPLC system (Vanquish, ThermoFisher Scientific) 

coupled to an HRAM mass spectrometer (Q-Exactive Plus, ThermoFischer Scientific) 

using a modified RP-MS method from Wang et al. (2019). Briefly, 2 µl of the sample were 

injected into a X Select HSS T3 XP column, 100 Å, 2.5 µm, 2.1 mm x 100 mm (Waters), 

using a binary system (A: water with 0.1% formic acid, B: acetonitrile with 0.1% formic 

acid) with a flowrate of 0.1 ml/min. The column temperature was kept at 30°C. Gradient 

elution was conducted as follows: isocratic step at 0.1% eluent B for 0.3 min, gradient 

increase up to 2% eluent B in 2 min, then increase up to 30% eluent B in 6 min and to 95% 

eluent B in 7 min, isocratic step at 95% eluent B for 2 min. Gradient decreases to 0.1% 

eluent B in 3 min and held at 0.1% eluent B for 5 min. Mass spectra were recorded from 

100-800 m/z at a mass resolution of 70.000 at m/z 400 in both positive and negative ion 

modes using data dependent acquisition (Top 3, dynamic exclusion list 10 s). Tandem 

mass spectra were acquired by performing CID (isolation 1.5 a.u., stepped collision energy 

20 and 80 NCE). The m/z of leucine enkephaline was used as lock mass. Sample injection 

order was randomized to minimize the effect of instrumental signal drift. MS data analysis 

was performed using Xcalibur software 4.0.  

5.7.2.3 Compound identification and quantification 

Metabolite search was performed using Compound discoverer 2.0 and m/z Cloud as online 

databases, considering precursor ions with a deviation > 5 ppm, 0.3 min maximum 

retention time shift, minimum peak intensity 100.000, intensity tolerance 10, FT fragment 

mass tolerance 0.0025 Da, group covariance [%] < 30, p-value < 0.05 and area Max ³ 

10.000. Metabolites are correctly identified when at least two specific fragments were 

found in the MS2 spectra. Because of the high mass accuracy > 3 ppm, predicted 

elemental compositions of the unknown features were submitted to other online databases 

such as Chemspider (http://www.chemspider.com/), HMDB (http://www.hmdb.org/), 

KEGG (http://www.genome.jp/kegg/), and METLIN (http://metlin.scripps.edu/). 

Quantification was performed using Trace finder 4.1, using genesis detection algorithm, 

nearest RT, S/N threshold 8, min peak height (S/N) equal to 3, peak S/N cutoff 2.00, valley 
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rise 2%, valley S/N 1.10. Relative quantification was obtained by dividing the area of 

individual metabolites to spiked internal standards (leucine enkephaline, myrystic acid and 

cysteamine sodium salt). 

5.7.3 Targeted analysis of polyamines 

The measurements and subsequent analysis were performed by Andrea Annibal from 

Adam Antebi’s laboratory at the Max Planck Institute for Biology of Ageing (Cologne, 

Germany) with the help of Christina Latza. 

5.7.3.1 Sample preparation for polyamine extraction from cells 

Matrigel droplets were degraded in 0.5% trypsin, 0.5 mM EDTA in PBS for 8 min at 37°C. 

Trypsin was neutralized using cold KGM. After centrifugation for 5 min at 2000 rpm cells 

were washed with PBS. Sorted cells were centrifuged and washed with PBS. The pellet 

was flash frozen in liquid nitrogen. The cells were lysed in ddH2O by freeze/thaw cycles 

and the protein concentration was determined using the PierceTM BCA protein assay kit 

(ThermoFisher Scientific). 

5.7.3.2 Sample preparation for polyamine extraction from epidermis 

Depilated skin (anagen) and control skin (telogen) was collected and incubated on 

collagenase (400 U/ml in 50 mM Tris base, 5 mM CaCl2, pH 7.4; Sigma-Aldrich) at 37°C 

for 45 min with the dermal side down. The dermis was separated from the epidermis using 

a scalpel and the epidermis was frozen in liquid nitrogen. Tissue was disrupted using a 

TissueLyser II (Qiagen) at 20-25 Hz. The powder was transferred to a fresh tube and 

solved in ddH2O. After four freeze/thaw cycles, the protein concentration was determined 

using the PierceTM BCA protein assay kit (ThermoFisher Scientific). 

5.7.3.3 Polyamine extraction  

Polyamines were extracted by Bligh and Dyer extraction (Noga et al. 2012; Pieragostino 

et al. 2015). In brief, a methanol:chloroform mixture 2:1 (v/v) was added to a volume of cell 

lysate, which corresponded to 100 µg of protein and incubated 1 h at 4°C. Samples were 

centrifuged for 5 min at 3000 rcf at 4°C and the liquid phase was transferred to a fresh 

tube and dried in a SpeedVac Vacuum Concentrator (Genevac). Samples were 
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reconstituted with 15 µL aqueous acetonitrile 2:3 (v/v) and 10 µl were injected into the 

LC-MS system. 

5.7.3.4 Targeted analysis of polyamines by LC-MS 

The identification of polyamines was performed on a triple stage quadrupole (TSQ Altis, 

ThermoFisher Scientific GmbH) coupled with a binary pump system (Vanquish, 

ThermoFisher Scientific GmbH). Polyamine species were separated using a reverse 

column (Xselect column, 2.1x100mm, 2,5 µm) using solvent A (water with 0.1% formic 

acid) and B (acetonitrile with 0.1% formic acid) as previously reported (Sanchez-Lopez et 

al. 2009; Hakkinen et al. 2008; Hakkinen et al. 2013). 

The gradient started from 0.1% eluent B and ramped to 0.3% eluent B in 0.5 min. It ramped 

further to 0.5% eluent B in 0.5 min and to 1% B in the next 0.5 min. The gradient increased 

to 2% eluent B in the next minute, then it ramped to 5% eluent B in 1 min. In the following 

3 min it went to 95% eluent B and stayed constant for 3 min. Afterwards the gradient 

decreased to 0.1% eluent B in 2 min and stayed constant for 3 min adding up to a total 

time of 15 min. The column was heated to 30°C using a flow rate of 100 µl/min. The LC 

system was flushed in between runs with isopropanol:water 75:25 (v/v) with 0.1% FA. 

Polyamines were detected using heated electrospray ionization (HESI) with the following 

parameters: 10 (a.u.) sheath gas, 5 (a.u.) auxiliary, 200°C transfer ion capillary and 3 kV 

for spray voltage.  

Relative quantification was performed using selected ion monitoring chromatogram mode 

(SIM-Q1) in positive ion mode using a scan rate of 1000 Da/sec, Q1 resolution was set to 

0.7 m/z and calibrated RF lenses were used. The following ions were monitored: arginine 

® 175.2, ornithine ® 133.17, putrescine ® 89.17, spermidine ® 146.23, spermine ® 

203.32, N1-acetylspermidine ® 188.25, N1-acetylspermine ® 245.34, 

N1,N11-diethylnorspermine ® 245.39. The relative response for each polyamine was 

calculated using Spermidine-(butyl-d8) as internal standard. 
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Table 5: Detailed description of the detected metabolites. 

Name Elemental 
composition 

retention 
time (min) 

Mass 
(amu) 

[M+H]+ 

(m/z) 
Arginine C6H14N4O2 2.38 174.111 175.118 
Ornithine C5H12N2O2 2.73 132.089 133.097 
Putrescine C4H12N2 2.41 88.099 89.107 
Spermidine C7H19N3 2.22 145.157 146.165 
Spermine C10H26N4 2.46 202.215 203.223 
N1-acetylspermidine C9H21N3O 3.14 187.167 188.175 
N1-acetylspermine C12H28N4O 3.05 244.225 245.233 
N1,N11-diethylnorspermine C13H32N4 2.30 244.262 245.269 

 

5.7.4 Lactate assay 

Medium was collected after 24 h of culture. Lactate concentration was determined using 

the Lactate Assay Kit (Sigma-Aldrich) according to manufacturer’s instructions. In brief, a 

standard curve was prepared using the 1 nmol/µl lactate standard provided. The samples 

were diluted 1:200 in lactate assay buffer and lactate enzyme mix was added to each well. 

After incubation for 30 min at RT on an orbital shaker protected from light, absorbance was 

measured at 570 nm. The results were multiplied by the molecular weight of lactate 

(89.07 g/mol) and normalized to protein concentration measured by BCA assay.  

5.8 Statistical analysis 

Data are presented as mean ± SEM, mean ± SD or as mean + SEM. Biological replicates 

represent different passages of the cells that were seeded on independent days, 

independent donors for 3D-3C organoids, or independent mice. Statistical significance 

was calculated using GraphPad Prism 8 (GraphPad Software). The statistical test used is 

indicated in the respective figure legend. Significance levels are * p<0.05, ** p<0.01, 

*** p<0.001 versus the respective control. 
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5.9 Software 

Most graphs were generated using GraphPad Prism 8 (GraphPad Software). For Western 

blot analysis, the intensity of the bands was quantified using Fiji (Schindelin et al. 2012). 

Flow profiles were recorded and exported with the FACSDivaTM software 

(BD Biosciences). FlowJoTM Software v.10.0.8 (FlowJo LLC) was used for the analysis of 

flow cytometry data and for the generation of dot plots. Functional enrichment analysis 

was performed using the Metascape tool [http://metascape.org] (Zhou et al. 2019). 
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Appendix 

Supplementary material 

 

Supplementary Table 1: Differentially expressed genes upon 24 h D-mannose treatment that 
belong to the GO term ‘mitotic cell cycle progression’ (GO:1903047). The gene name, the 
FPKM value, the log2FC, and the p-value are shown. 

gene name untreated D-mannose 24 h log2(FC) p-value 
Anapc11 57,5999 38,0561 -0,597941 0,00005 
Anln 0,225284 0,720993 1,67824 0,0003 
Atad5 3,71663 2,05894 -0,852089 0,00005 
Aurka 23,2675 11,2729 -1,04546 0,00005 
Aurkb 27,1192 10,558 -1,36097 0,00005 
Bach1 22,6074 14,6627 -0,624649 0,00005 
Birc5 66,8906 24,7201 -1,43612 0,00005 
Blm 8,02615 3,9375 -1,02743 0,00005 
Bora 10,5243 7,1635 -0,554985 0,00025 
Brca1 5,95757 2,92999 -1,02383 0,00005 
Brca2 4,46797 2,43798 -0,873931 0,00195 
Bub1 10,0712 3,26455 -1,62528 0,00005 
Bub1b 21,9136 8,74286 -1,32565 0,00005 
Cables1 2,42735 1,60781 -0,594292 0,0011 
Camk2b 0,872965 0,131117 -2,73507 0,00005 
Camk2d 34,5466 24,2921 -0,508055 0,00095 
Casp2 19,5893 13,4831 -0,538909 0,0003 
Ccna2 46,2666 15,5375 -1,57422 0,00005 
Ccnb1 67,9272 24,5655 -1,46736 0,00005 
Ccnb2 36,4452 10,8906 -1,74265 0,00005 
Ccnd3 36,2724 24,1824 -0,584918 0,00065 
Ccne1 10,6172 6,07413 -0,805656 0,00005 
Ccne2 8,91923 3,80781 -1,22796 0,0025 
Ccnf 13,2303 5,63034 -1,23256 0,00005 
Ccng1 63,3897 122,366 0,948882 0,00005 
Ccng2 15,0575 29,4612 0,968332 0,00005 
Cdc20 62,1478 26,2449 -1,24366 0,00005 
Cdc25a 11,5728 7,8312 -0,563438 0,00005 
Cdc25b 50,1853 18,8753 -1,41077 0,00005 
Cdc25c 7,51421 2,18662 -1,78092 0,00005 
Cdc45 10,7077 6,00454 -0,834526 0,00025 



Appendix 

 

 179 

gene name untreated D-mannose 24 h log2(FC) p-value 
Cdc6 5,61743 2,94959 -0,929397 0,00005 
Cdc7 5,32619 2,48456 -1,10011 0,00005 
Cdca5 9,51724 4,55183 -1,0641 0,00005 
Cdca8 49,8892 24,3356 -1,03566 0,00005 
Cdk1 115,745 46,925 -1,30252 0,00005 
Cdk2 22,3944 13,8859 -0,689517 0,00015 
Cdk5rap3 21,2063 14,8884 -0,510306 0,00665 
Cdkn1a 162,272 357,265 1,13858 0,00005 
Cdkn2a 2,90062 1,26421 -1,19813 0,00005 
Cdkn2c 6,5993 2,53341 -1,38123 0,00005 
Cdkn2d 7,47694 2,79428 -1,41997 0,00005 
Cenpa 63,3936 24,1423 -1,39277 0,00005 
Cenpe 11,3558 4,60743 -1,30139 0,00005 
Cenpf 7,89495 2,95287 -1,41881 0,00005 
Cenph 12,6409 5,24744 -1,26841 0,00005 
Cenpk 7,7158 3,2576 -1,244 0,00175 
Cep126 1,29984 3,68396 1,50292 0,00005 
Cep192 9,19041 6,20372 -0,566996 0,0002 
Cep55 15,1569 7,19318 -1,07527 0,00005 
Chek1 11,2152 6,90236 -0,700296 0,0023 
Chmp4c 7,19076 10,2907 0,517124 0,00005 
Cit 4,73277 1,94823 -1,28052 0,00005 
Ckap2 21,9133 12,6168 -0,79646 0,00005 
Ckap5 24,5379 17,0483 -0,525386 0,00005 
Cks1b 88,247 52,0596 -0,761383 0,00005 
Cks2 90,111 52,724 -0,773244 0,00005 
Clspn 10,7245 4,32987 -1,30851 0,00005 
Dna2 4,25522 2,79645 -0,60564 0,00115 
Dscc1 3,73762 1,4655 -1,35072 0,00005 
Dsn1 9,42292 5,50259 -0,776065 0,0001 
Dtl 9,73106 5,17144 -0,912031 0,00005 
E2f1 6,80342 3,87333 -0,812688 0,00005 
E2f7 2,66367 1,05638 -1,33428 0,00025 
Ect2 21,7695 9,98824 -1,12401 0,00005 
Edn1 0,551462 4,66781 3,08141 0,00005 
Efhc1 0,766433 0,141365 -2,43873 0,0007 
Epgn 72,8659 116,537 0,677472 0,00005 
Espl1 5,90481 2,13914 -1,46486 0,00005 
Fancd2 4,33717 1,56881 -1,46708 0,00005 
Fbxo5 12,1391 4,71305 -1,36493 0,00005 
Fgfr3 26,2514 9,96986 -1,39675 0,00005 
Foxm1 21,7129 11,9023 -0,867312 0,00005 
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gene name untreated D-mannose 24 h log2(FC) p-value 
Gen1 4,67875 1,75294 -1,41635 0,00005 
Gins1 11,6739 5,45818 -1,09679 0,00005 
Gja1 160,417 65,6279 -1,28945 0,00005 
Gnai1 34,4786 21,3952 -0,688416 0,00005 
Gpnmb 113,839 39,2425 -1,5365 0,00005 
Haspin 4,56442 2,14876 -1,08692 0,00005 
Il1a 12,3478 19,3724 0,649747 0,00005 
Incenp 33,7536 17,4295 -0,953507 0,00005 
Inhba 9,06692 27,0219 1,57544 0,00005 
Iqgap3 10,7448 5,64669 -0,928166 0,00005 
Kank2 1,73472 2,94951 0,765775 0,00005 
Kif14 5,06372 1,5862 -1,67462 0,00005 
Kif18a 5,90355 3,12378 -0,918291 0,00005 
Kif20a 27,417 12,8583 -1,09237 0,00005 
Kif20b 9,50652 4,77474 -0,993494 0,00005 
Kif22 26,4647 11,1899 -1,24187 0,00005 
Kif23 25,4087 11,4227 -1,15342 0,00005 
Kif2c 15,1819 5,15969 -1,557 0,00005 
Kif4 10,7758 4,58706 -1,23216 0,00005 
Kifc1 22,1754 15,2282 -0,542217 0,00005 
Kifc5b 5,20133 3,59519 -0,532814 0,00035 
Klf11 3,7798 7,97573 1,07731 0,00005 
Klhl22 6,71764 12,5145 0,897571 0,00005 
Knstrn 26,9131 9,00656 -1,57926 0,00005 
Kntc1 7,70965 3,32117 -1,21497 0,0007 
Lig1 40,6974 17,7573 -1,19652 0,00005 
Lmnb1 28,3947 12,2482 -1,21306 0,00005 
Mad2l1 27,6994 14,6466 -0,919289 0,00005 
Map10 0,47541 0,279692 -0,765335 0,00415 
Map9 0,430747 0,777935 0,852807 0,0025 
Mastl 7,15942 2,53219 -1,49946 0,00005 
Mcm2 38,136 22,0681 -0,789191 0,00005 
Mcm3 43,0332 23,2479 -0,888352 0,00005 
Mcm4 48,9509 30,7491 -0,670793 0,00005 
Mcm6 59,988 30,1521 -0,992414 0,00005 
Mdm2 31,6569 58,9639 0,897314 0,00005 
Mepce 21,2732 32,1439 0,595507 0,00045 
Miip 20,2171 10,8194 -0,901953 0,00005 
Mki67 49,2376 17,7567 -1,4714 0,00005 
Mybl2 18,6954 10,5081 -0,831187 0,00005 
Nasp 68,4006 45,1329 -0,59983 0,00005 
Ncapd2 39,0647 18,5042 -1,07801 0,00005 
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gene name untreated D-mannose 24 h log2(FC) p-value 
Ncapd3 12,1945 8,33796 -0,548468 0,00005 
Ncapg 12,6442 4,40847 -1,52013 0,00005 
Ncaph 19,6985 9,60783 -1,0358 0,00005 
Ncaph2 57,8767 36,7271 -0,656139 0,00005 
Ndc80 12,2452 5,61457 -1,12497 0,00005 
Nsl1 3,80825 1,87248 -1,02418 0,0006 
Nuf2 15,1547 6,05222 -1,32423 0,00005 
Nusap1 15,3111 5,87413 -1,38213 0,00005 
Orc1 6,57418 3,95559 -0,732919 0,0001 
Pbx1 18,2501 7,3259 -1,31683 0,00005 
Pcna 158,203 106,448 -0,571635 0,00005 
Pim2 2,77597 4,07491 0,553772 0,0032 
Pkd2 10,474 16,2752 0,635862 0,00005 
Plk1 34,0348 13,3254 -1,35284 0,00005 
Plk2 88,8017 175,635 0,983925 0,00005 
Plk5 0,095363 0,365864 1,93981 0,00165 
Poc1a 11,9863 6,08171 -0,978839 0,00005 
Pola1 9,6604 4,88561 -0,983544 0,00005 
Pole 11,7421 5,77532 -1,02371 0,00005 
Ppp1r10 18,4764 37,036 1,00324 0,00005 
Prmt2 5,006 7,41033 0,565878 0,0007 
Racgap1 39,8899 16,797 -1,24782 0,00005 
Rad51 16,2284 7,7774 -1,06116 0,00005 
Rad51b 1,82366 1,17502 -0,634149 0,00485 
Rad51c 1,10585 0,496713 -1,15466 0,00005 
Rbm38 2,39303 5,06457 1,0816 0,00005 
Rgcc 0,561858 0,196925 -1,51256 0,00525 
Rhoc 13,9021 27,7092 0,995062 0,00005 
Rpa2 20,1385 13,6086 -0,565432 0,00005 
Sapcd2 3,7196 1,03571 -1,84453 0,00005 
Sgo1 9,21159 3,92821 -1,22958 0,00005 
Smc2 20,3414 11,3979 -0,835649 0,00005 
Smc4 49,2913 24,5768 -1,00404 0,00005 
Sox4 20,8327 57,0237 1,45271 0,00005 
Spag5 16,7493 8,34434 -1,00523 0,00005 
Spc25 19,428 10,358 -0,9074 0,00005 
Spdl1 10,6351 6,55746 -0,697627 0,00005 
Spry1 3,71362 1,46232 -1,34456 0,00005 
Stil 6,74836 4,52492 -0,576644 0,0014 
Stmn1 150,073 100,764 -0,574677 0,00005 
Tacc1 1,12731 1,88971 0,745283 0,0018 
Tacc3 42,96 20,7809 -1,04774 0,00005 
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gene name untreated D-mannose 24 h log2(FC) p-value 
Tcf19 15,9864 7,19551 -1,15168 0,00005 
Tert 0,832124 1,47555 0,826381 0,0058 
Tfap4 10,6446 7,47476 -0,510022 0,00015 
Tgfb1 14,253 9,18602 -0,633757 0,00005 
Ticrr 5,30498 2,35512 -1,17155 0,00005 
Tipin 44,9252 23,6261 -0,927143 0,00005 
Top2a 76,616 27,8854 -1,45814 0,00005 
Topbp1 50,0638 34,6698 -0,53009 0,00025 
Tpx2 32,1368 14,3331 -1,16487 0,00005 
Trim39 10,2157 15,1208 0,565748 0,00005 
Trip13 13,8542 9,66271 -0,519826 0,0002 
Trp53 107,786 155,24 0,526336 0,00005 
Ttk 9,55809 3,65119 -1,38836 0,00005 
Tubg1 27,7299 17,8327 -0,636923 0,00005 
Ube2c 84,1613 27,0825 -1,6358 0,00005 
Unc119 3,40649 4,93109 0,533618 0,0084 
Wee1 11,8879 4,92334 -1,27178 0,0049 
Wnt9a 1,20195 2,70209 1,1687 0,00005 
Zfp365 4,5824 11,7709 1,36105 0,00005 
Zwilch 17,8378 7,50165 -1,24966 0,00005 

 

 

Supplementary Table 2: Metabolites identified by untargeted metabolomics. The metabolite, 
the mean values for untreated and D-mannose treated cells, the fold change (FC), and the p-value 
are shown. 

metabolites untreated D-mannose FC p-value 
N-Acetylspermidine 20082967 45563724 2,26877 0,00093 
N-Formyl-L-methionine 3457392 763650 0,22087 0,00811 
L-Acetylcarnitine 22311992 10653664 0,47749 0,01103 
Uridine diphosphate glucose 3973004 7297788 1,83684 0,01263 
Inosinic acid 40906840 16109380 0,39381 0,01638 
UDP 5485539 10098231 1,84088 0,03697 
Homocysteine 709024 1452124 2,04806 0,04069 
Phosphoenolpyruvic acid 463876 1046085 2,25510 0,05718 
Uracil 13155098 25037527 1,90326 0,06242 
Glycocholic acid 121831 171310 1,40612 0,06518 
L-Aspartic acid 105716558 53139359 0,50266 0,06913 
Hexose phosphate 8298277 15330373 1,84742 0,07502 
Glutathione 3210308649 2157583343 0,67208 0,08066 
L-Carnitine 104581541 75307751 0,72009 0,08347 
Oxidized glutathione 753790439 504081261 0,66873 0,08678 
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metabolites untreated D-mannose FC p-value 
Adenine 89383650 57338151 0,64148 0,08723 
Cysteinylglycine 25880053 17349918 0,67040 0,10013 
Gluconic acid 5080260 7429618 1,46245 0,10234 
Arginyl-Glutamine 4044193 7209982 1,78280 0,11512 
Biotin 1298839 2523519 1,94290 0,12407 
1-Deoxy-D-xylulose 5-phosphate 201334 296770 1,47401 0,12615 
Xanthosine 5 phosphate 2023766 912483 0,45088 0,15024 
Cytidine 16259928 27983930 1,72104 0,15071 
Aminoadipic acid 15373604 11471514 0,74618 0,15544 
Heme cofactor 20064927 14413519 0,71834 0,16113 
5-Methylthioadenosine 24043383 19785363 0,82290 0,17564 
Methionine sulfoxide 5529638 7011728 1,26803 0,18329 
Cytosine 35530332 49728841 1,39962 0,20238 
Hypoxanthine 997723890 738299730 0,73998 0,21222 
L-Arginine 140617190 115863616 0,82396 0,21895 
2-oxoglutarate 8173 4832 0,59122 0,22017 
Choline 2088913984 1731729138 0,82901 0,26228 
Citicholine 10112290 12584096 1,24444 0,26390 
4-(Glutamylamino) butanoate 9907368 11458869 1,15660 0,27146 
LysoPS(18:0/0:0) 7101150 10684802 1,50466 0,27233 
Cytidine monophosphate 7780861 10264550 1,31920 0,28740 
Taurine 60347334 48670579 0,80651 0,29713 
Uridine diphosphate-N-
acetylglucosamine 8817571 4586598 0,52017 0,29778 
L-Lysine 86182831 74676485 0,86649 0,29780 
Inosine 425917188 309307670 0,72622 0,29805 
Lipoic acid 1951012 1688208 0,86530 0,32496 
Spermidine 657709145 557340604 0,84740 0,32879 
Gamma-glutamyl-L-putrescine 361422 27492 0,07607 0,32895 
L-Glutamic acid 972460018 736009156 0,75685 0,33018 
O-Acetyl serine 972407931 735944439 0,75683 0,33027 
Indole 8708580 10112763 1,16124 0,33347 
CDP-Ethanolamine 1478420 1892495 1,28008 0,34124 
N-Acetyl-glucosamine 1-phosphate 706636 475641 0,67311 0,34359 
L-Tryptophan 368941640 483940615 1,31170 0,37030 
Creatinine 41793429 37324098 0,89306 0,37278 
S-Adenosylmethionine 71527398 59691155 0,83452 0,38130 
L-Kynurenine 3612021 4378233 1,21213 0,38235 
Prostaglandin E2 58594166 71954864 1,22802 0,38378 
Methyladenosine 1433671 1259962 0,87884 0,42352 
Citric acid 36058726 27321147 0,75768 0,42609 
Thiamine 625965 785888 1,25548 0,42616 
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metabolites untreated D-mannose FC p-value 
Serotonine 19726856 14568808 0,73853 0,44267 
Phosphoserine 10669403 8379753 0,78540 0,44569 
Adenosine monophosphate 842774813 734526870 0,87156 0,47998 
N-Acetyl ornithine 5794945 6417535 1,10744 0,48605 
LysoPC(18:1(11Z)) 316274533 381441934 1,20605 0,49072 
Dimethylmalonic acid 838506 934478 1,11446 0,49486 
L-Threonine 158080957 180265887 1,14034 0,49626 
L-Isoleucine 975373591 1094574482 1,12221 0,50133 
ADP 15859633 22435519 1,41463 0,53522 
L-Proline 504325046 550118809 1,09080 0,53662 
Adenyl succinic acid 23913 19167 0,80152 0,54410 
Pantetheine 4'-phosphate 2218942 1932073 0,87072 0,54672 
Dihydroxyacetone phosphate 736398 892214 1,21159 0,55492 
L-Methionine 240794182 261407184 1,08560 0,56672 
L-Cystathionine 24583 19365 0,78775 0,56942 
Pantothenic acid 18411970 21242742 1,15375 0,58692 
Guanosine monophosphate 124767157 118264851 0,94788 0,58771 
L-Valine 329104661 356687899 1,08381 0,61668 
Sphinganine 28465770 24831403 0,87232 0,61737 
Propionylcarnitine 7210996 6412642 0,88929 0,62308 
Allantoin 319298 244518 0,76580 0,63324 
Asymmetric dimethylarginine 14434854 12957679 0,89767 0,63841 
Hydroxy deoxy guanosine 68312249 56354094 0,82495 0,66088 
Dopaquinone 610151 696247 1,14111 0,67051 
Guanine 36463401 30715301 0,84236 0,68249 
Dodecanedioylcarnitine 12928 15993 1,23713 0,68798 
Betaine 585220416 612946184 1,04738 0,69679 
L-Leucine 638778401 680160897 1,06478 0,71360 
Nicotinamide 168782874 157698139 0,93433 0,71550 
Erythronic acid 11189860 10424110 0,93157 0,72434 
5,6-Dihydrouridine 1011609 1074417 1,06209 0,73260 
Guanosine 5311166 6067018 1,14231 0,74789 
L-Tyrosine 554372057 582909744 1,05148 0,76137 
L-Dopa 9504862 9967430 1,04867 0,76977 
L-Phenylalanine 2292139137 2432444474 1,06121 0,77153 
Sphingosine 234592032 214838053 0,91579 0,77387 
L-Glutamine 71760661 74240726 1,03456 0,79369 
N-Acetyl-D-glucosamine 8720163 8335943 0,95594 0,81505 
Xanthine 49061334 45448593 0,92636 0,82408 
Gamma-glutamyl-Cysteine 10093221 9648128 0,95590 0,83697 
NAD+ 19629450 18707484 0,95303 0,85321 
Carnosine 31473 32902 1,04541 0,92736 
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metabolites untreated D-mannose FC p-value 
6-Methylquinoline 8489483 8263013 0,97332 0,93098 
5-Methyl tetrahydrofolic acid 122038 116312 0,95308 0,95939 
Pyroglutamic acid 110746504 109868016 0,99207 0,97295 
Ascorbic acid 6380695 6201008 0,97184 0,97318 
Spermine 56789497 56493885 0,99479 0,97661 
Glycerol 3 phosphate 2351670 2356930 1,00224 0,98477 
Xylulose phosphate 12608128 12662536 1,00432 0,98513 
L-Histidine 41512444 41605677 1,00225 0,98659 
L-Palmitoylcarnitine 6306175 6309991 1,00061 0,99861 
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Supplementary Table 3: Raw data of targeted analysis of polyamines. The peak area for the different metabolites and the internal standard, as well as 
the protein concentration are shown. 

  [Area]   

treatment/ 
cell type L-arginine ornithine putrescine spermidine spermine N1-AcSpd N1-AcSpm 

 internal 
standard 

[Area] 

protein 
conc. 

[mg/ml] 
untreated 12904018 6021103 5326573 1036862148 7137990 2012994 2977580 39394907 1,002 
untreated 16352950 7928900 6216904 946967125 7660604 1829712 1622610 35716089 1,002 
untreated 16431492 7668382 7116032 904984375 6796574 1787566 2615367 37922465 1,002 
untreated 18607745 9036285 6009626 874852809 6416679 2700460 1347596 38926198 1,002 
untreated 14396709 7236863 7120108 711015790 6236085 1634127 1846039 36363078 1,003 
untreated 16929638 7090301 6127276 792096085 7769351 1998869 2819385 34246433 1,000 
DENSpm 16363072 3583811 1099531 454853772 1932649 17596369 14187594 30028333 1,000 
DENSpm 17587686 2007148 1565508 376639130 3302484 19495941 16560888 32964720 0,862 
DENSpm 12416176 2616135 2685384 340950777 2111436 19041298 15212244 35661187 1,017 
DENSpm 13230527 1148019 2652942 364111326 1690120 17369644 16762121 37294437 0,912 
DENSpm 11111375 2650340 2732719 420562130 1481126 19575718 16945374 32902850 1,003 
DENSpm 11549726 1247606 3035578 317456522 1940232 18022009 17629706 34035939 0,606 
putresceine 12804579 5509460 10451637 1026625723 6247991 7256514 2612713 38652173 1,000 
putresceine 13033223 5812637 9642466 1263904808 8329373 8180923 1014807 31263473 1,001 
putresceine 19080052 6403054 10651154 1060410898 9422890 9113535 1017360 30203973 1,001 
putresceine 18349609 5240671 8843357 1260778567 7504113 6424555 2633330 39720634 1,000 
putresceine 12425284 7353753 11375181 1101586055 6380869 7658883 1645146 33715324 1,002 
putresceine 12772236 4768646 9317535 1105773845 8240577 8304955 1451430 31404827 1,001 
D-mannose 15315208 5900663 2120007 997812185 8483237 9718101 9366215 36634239 1,0003 
D-mannose 17440126 4254496 3428607 718825222 6744556 10748684 8369599 31315196 1,0015 
D-mannose 11646921 3864521 2846168 830542685 5757335 12290023 4489525 36293345 1,0021 
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  [Area]   
treatment/ 
cell type L-arginine ornithine putrescine spermidine spermine N1-AcSpd N1-AcSpm 

internal 
standard 

[Area] 

protein 
conc. 

[mg/ml] 
D-mannose 10243308 3883470 2957409 992837015 5911648 8652242 7498077 33061643 1,0018 
D-mannose 10687392 5185379 3762404 825102177 6430119 7461887 5065440 32598908 1,0001 
D-mannose 11774897 4819032 2789928 752174620 7798264 8133542 6512877 30451138 1,0012 
untreated  50724343 66263675 1215445 178074766 4281526 21904079 1020263 203339987 1,000 
untreated 46323420 95780051 1235023 215000000 4457186 24843614 1318297 205813183 1,000 
untreated 43729548 73973436 2270521 227869299 4058347 22162075 1220567 212521117 1,000 
untreated 57152879 81784985 1641547 254983263 5587886 20720553 1958348 262971855 1,000 
untreated 60873204 95600750 1809671 264132949 3190392 25994102 1394405 239531504 1,000 
untreated 87303039 86629271 1047401 260944664 5949319 20827485 1310905 210021491 1,000 
N1AcSpd 63361474 109573037 3494320 229503543 4650967 46282585 1327794 199165173 1,000 
N1AcSpd 45721491 88605877 2374912 259275863 5349188 36712524 1353637 249686192 1,000 
N1AcSpd 56077443 97798528 2351026 254347992 4069894 38659193 1401810 238265783 1,000 
N1AcSpd 64682857 104113654 2666028 405125371 4555275 37135271 2273111 234875063 1,000 
N1AcSpd 62870782 102886600 2332357 479554702 3921417 35371569 1734322 203574582 1,000 
N1AcSpd 64028732 103534358 2738738 556998882 3317066 43280407 2162712 228871049 1,000 
α6+/CD34- 44320461 29262019 738633 241991360 348937 4912186 526497 38505101 1,000 
α6+/CD34- 57764359 39802858 822279 276798676 463234 4899961 888088 35614662 1,000 
α6+/CD34- 55684476 38539738 706845 283286713 877893 5046721 1827085 36544303 1,000 
α6+/CD34- 37176079 26675480 744831 271573916 630790 4767082 1025270 32292454 1,000 
α6+/CD34- 59447334 39699622 885841 271109560 410567 6334926 792995 35507982 1,000 
α6+/CD34- 62261042 36674931 772120 298449401 1152903 5524953 1116650 36353593 1,000 
α6+/CD34+ 69792389 46893917 678622 139641091 191225 3998758 1275896 37135001 1,000 
α6+/CD34+ 68379008 43652359 561803 101000000 174386 2168249 1607748 35919469 1,000 
α6+/CD34+ 26613509 20699131 503564 179218681 121073 3470147 1190545 35409493 1,000 



Appendix 

 188 

  [Area]   
treatment/ 
cell type L-arginine ornithine putrescine spermidine spermine N1-AcSpd N1-AcSpm 

internal 
standard 

[Area] 

protein 
conc. 

[mg/ml] 
α6+/CD34+ 35621462 24479860 530220 187445682 102813 3736078 1216116 30615025 1,000 
α6+/CD34+ 41046805 28865887 423651 100953347 138799 3788929 976349 34045430 1,000 
α6+/CD34+ 46913327 29838854 393572 109638582 171407 5632880 1195561 36879363 1,000 
untreated 59347119 36631850 274743 168588631 2153945 74123375 9900773 79880743 1,000 
untreated  55014516 30343264 281929 141599389 1150902 74734362 6639454 75150191 1,000 
untreated 55796338 37812145 212690 133573234 1161732 62458557 6544792 72723144 1,000 
untreated 57443775 31183130 263538 130239415 1151407 78210201 7231213 76869416 1,000 
DFMO 53030155 47667344 123998 119767361 1374904 65076503 8827850 70181350 1,000 
DFMO 51972889 42302439 166199 120162772 1048999 69140878 10373158 79046011 1,000 
DFMO 56929559 45784891 189647 100375233 1074477 56394417 9754542 70627309 1,000 
DFMO 59916156 47428483 151912 111491614 904232 57045560 8618793 70318776 1,000 
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