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      The aim of science is not to open the door to infinite wisdom, 

 but to set a limit to infinite error.  

 

– Bertolt Brecht, The life of Galileo  

 



 

 
Kurzzusammenfassung 

 
Die Alterung geht mit einer allgemeinen Abnahme der Funktion vieler zellulärer 

Signalwege einher. Obwohl der Beitrag der einzelnen Signalwege zur Alterung in den 

letzten Jahren eingehend untersucht wurde, ist nicht klar, wie diese Signalwege 

zusammenwirken, um die Entwicklung und das Fortschreiten der Alterung zu 

regulieren. Das Ziel dieser Arbeit war zu untersuchen, ob altersbedingte 

Veränderungen der mitochondrialen Funktion, der epigenetischen Modifikationen und 

der Stammzellaktivität miteinander kausal und funktionell verbunden sind. Daher 

untersuchte ich die Auswirkungen der mitochondrial-nukleären Kommunikation auf die 

Stammzellfunktion während des Alterns. Ich fand heraus, dass gealterte 

mesenchymale Stammzellen, die aus dem Knochenmark isoliert wurden (BM-MSCs), 

eine verringerte Chromatin-Zugänglichkeit und eine geringere Histon-Azetylierung 

aufweisen, insbesondere an Promotoren und Enhancern von Genen, die für die 

Osteogenes wichtig sind. Die verringerte Histon-Azetylierung ist auf einen gestörten 

Export von mitochondrialem Azetyl-CoA zurückzuführen, der durch die geringeren 

Mengen an Citrat-Carrier (CiC) bedingt ist. Ich konnte nachweisen, dass gealterte 

Zellen einen verstärkten lysosomalen Abbau von CiC aufweisen, der über aus den 

Mitochondrien stammende Vesikel (MDV – mitochondrial derived vesicles) vermittelt 

wird. Hervorzuheben ist, dass die Wiederherstellung des zytosolischen Azetyl-CoA-

Spiegels entweder durch exogene CiC-Expression oder durch Azetat-

Supplementierung das Chromatin verjüngern kann und Defekt der Osteogenese in 

gealterten BM-MSCs behebt. Insgesamt belegen meine Ergebnisse eine enge, 

altersabhängige Verbindung zwischen mitochondrialer Qualitätskontrolle, Chromatin 

und dem Schicksal der Stammzellen, die alle durch CiC miteinander verbunden sind. 

 

Das Knochenmarkstroma ist durch eine niedrige Sauerstoffkonzentration (Hypoxie) 

gekennzeichnet, die für die Aufrechterhaltung der BM-MSC-Stammzellen unerlässlich 

ist. Die In-vitro-Kultur von BM-MSC im Rahmen von Stammzelltherapien erfolgt jedoch 

unter hohen Sauerstoffkonzentrationen (Normoxie), was die Aktivität der BM-MSC 

erheblich beeinträchtigen könnte. Hier habe ich untersucht, wie die Achse 

Stoffwechsel-Chromatin-Stammzellen durch die Sauerstoffspannung
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beeinflusst wird. Ich fand heraus, dass ein hoher Sauerstoffgehalt die Osteogenese 

irreversibel beeinträchtigt, was auf eine höhere Chromatinverdichtung und eine 

geringere Histonacetylierung an Promotoren und Enhancern osteogener Gene 

zurückzuführen ist. Obwohl Normoxie eine Stoffwechselumstellung induziert, die zu 

einer höheren Azetyl-CoA-Produktion führt, konnte ich zeigen, dass Azetyl-CoA in den 

Mitochondrien gefangen bleibt. Dies ist möglicherweise auf eine geringere CiC-

Aktivität zurückzuführen. Ähnlich zu den Vorgängen im Alter kann die Modulation der 

CiC-Aktivität sowohl das metabolische als auch das epigenetische Profil von BM-

MSCs beeinflussen und eine exogene Supplementierung mit Azetat die osteogene 

Differenzierungsfähigkeit der in Normoxie kultivierten Zellen wiederherstellen.



 

 

Abstract 
 

Ageing is accompanied by a general decline in the function of many cellular pathways. 

Although the contribution of each individual pathway in ageing has been extensively 

studied over the last years, how these pathways crosstalk to regulate the development 

and progression of ageing remained elusive. Here, I sought to determine whether age-

associated changes in mitochondrial function, epigenetic modifications and stem cell 

activity are causally or functionally interconnected. Therefore, I studied the effects of 

mitochondrial–nuclear communication on stem cell function upon ageing. I found that 

aged mesenchymal stem cells isolated from the bone marrow (BM-MSCs) exhibit 

reduced chromatin accessibility and lower histone acetylation, particularly on 

promoters and enhancers of osteogenic genes. The reduced histone acetylation is due 

to impaired export of mitochondrial acetyl-CoA, owing to the lower levels of citrate 

carrier (CiC). I demonstrated that aged cells show enhanced lysosomal degradation 

of CiC, which is mediated via mitochondrial-derived vesicles. Strikingly, restoring 

cytosolic acetyl-CoA levels either by exogenous CiC expression or via acetate 

supplementation, remodels the chromatin landscape and rescues the osteogenesis 

defects of aged BM-MSCs. Collectively, my results establish a tight, age-dependent 

connection between mitochondrial quality control, chromatin and stem cell fate, which 

are altogether linked by CiC. 

 

The bone marrow stroma is characterized by low oxygen concentration (hypoxia), 

which is essential for the maintenance of BM-MSC stemness. However, in vitro BM-

MSC culture during stem cell therapies is performed under high oxygen conditions 

(normoxia), which could dramatically impact BM-MSC activity. Here, I explored how 

the metabolism-chromatin-stemness axis is affected by oxygen tension. I found that 

high oxygen impairs osteogenesis irreversibly, due to higher chromatin compaction 

and lower histone acetylation on promoters and enhancers of osteogenic genes. 

Although normoxia induces a metabolic switch which results in production of higher 

acetyl-CoA levels, I showed that this remains trapped inside the mitochondria, 

potentially due to lower CiC activity. Impressively, modulating CiC function impacts 

both the metabolic and the epigenetic profile of BM-MSCs, whereas exogenous 



 

supplementation with acetate restores the osteogenic differentiation capacity of 

normoxia-cultured cells.
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1.1     Introduction to bone marrow mesenchymal stem cells (BM-
MSCs) 
  
In multicellular organisms, stem cells are undifferentiated – or partly differentiated – 

cells with the dual capacity to undergo proliferation and differentiation into specific 

lineages in response to various internal and external stimuli (Seita and Weissman, 

2010; Weissman et al., 2001). Therefore, stem cells play a vital role in the maintenance 

of tissue homeostasis throughout the lifetime of an organism. Stem cells are present 

in the embryonic, fetal and adult stages of life, displaying unique properties and 

defined characteristics at each developmental stage. Mesenchymal stem cells (MSCs) 

reside in various tissues within the adult organisms, with the bone marrow stroma 

(Haynesworth et al., 1992; Pittenger et al., 1999) and the vascular fraction of the 

adipose tissue (Baer and Geiger, 2012; Halvorsen et al., 2000; Zuk et al., 2001) being 

the most commonly used sources of adult MSCs. 

  

Bone marrow mesenchymal stem cells (BM-MSCs) constitute a self-renewing cell 

population with the ability to give rise to osteoblasts, chondrocytes and adipocytes  

(Piersma et al., 1985; Pittenger et al., 1999). Due to their multi-lineage differentiation 

potential, BM-MSCs represent an ideal model to study how cell intrinsic networks co-

operate with signals from the niche to regulate cell fate decisions. In this regard, a 

wide range of intra- and extra- cellular stimuli that regulate cellular metabolism have 

been demonstrated to influence stem cell fate, by promoting either stemness or 

lineage commitment (Rehman, 2010). In addition to energy metabolism, the chromatin 

landscape and the genome organization determine cell identity via regulation of gene 

expression. Integration of these signals and coordinated regulation of the downstream 

cellular processes is heavily perturbed upon ageing, leading to loss of stem cell 

function and tissue integrity. 

  

Isolation and characterization of murine and human BM-MSCs 
  

Although the currently used term “mesenchymal stem cell” was introduced in 1991 by 

Caplan (Caplan, 1991), it was Friedenstein and coworkers who first isolated and 

characterized BM-MSCs, in the 1960s and 1970s. With three landmark studies 
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Friedenstein: (i) found that transplantation of bone marrow into the kidney capsule 

results in ectopic bone formation, indicating that the bone marrow is a “reservoir” of a 

stem cell population that is able to give rise to bone precursors, (ii) isolated from the 

bone marrow, adherent, fibroblast-like cells that could rapidly form colonies and could 

differentiate in vitro to osteocytes, adipocytes and chondrocytes, and (iii) reported that 

these cells were capable of re-generating the bone marrow microenvironment after 

transplantation into recipient animals (Friedenstein et al., 1968, 1970, 1974)  (Figure 
1.1). Few years later, Owen expanded Friedenstein’s observations to rats and in 1992 

Arnold Caplan isolated human BM-MSCs and demonstrated that they could give rise 

to various tissues, including bone, cartilage, tendon, ligament, marrow stroma, 

adipocytes, dermis and connective tissue (Caplan, 1991). 

Figure 1.1. Isolation of BM-MSCs. The figure illustrates the three experimental approaches that 

Friedenstein followed to isolate and characterize BM-MSCs. In his first study published in 1968 (red 
arrows), Friedenstein observed ectopic bone formation after bone marrow transplantation into the 

kidney capsule. In a follow-up study published in 1970 (blue arrows) he isolated from the bone marrow 

a subset of cells that exhibited high proliferative potential and enhanced capacity to differentiate into 

adipocytes, osteoblasts and chondrocytes. His work published in 1974 (green arrows) demonstrated 

that these cells were able to re-shape the marrow microenvironment after transplantation. Figure 

obtained from Andrzejewska et al. (Andrzejewska et al., 2019). 
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Since their discovery, BM-MSCs have become widely used both in research studies 

and in clinical trials. However, the results of these studies have been considerably 

variable, mostly due to the lack of universal criteria and specific markers to define BM-

MSCs. In fact, researchers used to enrich BM-MSCs from bone marrow aspirates by 

culturing the isolated cells over many passages. Cell passaging would dilute and 

eventually remove contaminating hematopoietic and endothelial cells, whereas the 

plastic-adherent BM-MSC population would be enriched. However, this approach 

results in a heterogeneous cell population, whereas long-term culture yields rapidly 

dividing stem cells that exhibit properties of immortalized cells. This is even more likely 

in BM-MSCs isolated from rodents, which exhibit higher immortalization rate compared 

to humans, due to differences in central cell-cycle checkpoint mechanisms (Josse et 

al., 2010; Prowse and Greider, 1995). To overcome these limitations, the International 

Society of Cellular Therapy (ISCT) proposed in 2006 the following criteria to define 

human BM-MSCs (Dominici et al., 2006): 

• plastic-adherence under standard culture conditions, 

• increased self-renewal capacity and differentiation potential towards 

adipocytes, osteoblasts and chondrocytes, 

• expression of the mesenchymal stem cell surface markers: CD105, 

CD73, and CD90 and, 

• absence of the hematopoietic and endothelial cell surface markers: 

CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR 

  

Regarding BM-MSC isolation from mice, it was shown that animals deficient for the 

Sca-1 protein display an osteopenic phenotype that could be explained by the loss of 

the BM-MSC population. Thus, Sca-1 could be used as a marker for mouse BM-MSCs 

(Bonyadi et al., 2003). However, Sca-1 is expressed in various cells, including 

endothelial cells. Therefore, in most recent studies, a combination of the Sca-1 marker 

with the PDGFRα mesenchymal marker is used to efficiently isolate BM-MSCs. 

Indeed, the PDGFRα-Sca-1 double positive population (PαS) displayed many of the 

standard properties associated with BM-MSCs, such as3 high colony-forming activity, 

increased proliferation and enhanced differentiation potential (Morikawa et al., 2009) 

(Figure 1.2). 
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The successful isolation and characterization of BM-MSCs from the bone marrow was 

a milestone towards their broader use in the fields of tissue engineering and 

regenerative medicine, mostly because of their increased differentiation capacity. Yet, 

we still have an incomplete understanding of the underlying molecular mechanisms 

contributing to BM-MSC unique functional properties and regulating BM-MSC fate 

decisions, which highlights the necessity of further preclinical studies. 

Figure 1.2. Enhanced BM-MSC activity in the PaS population. (a) Increased number of colonies of 

the PaS BM-MSC population. (b) Enhanced adipogenic, osteogenic and chondrogenic differentiation 

capacity of the PaS BM-MSC population. Adipo: adipocytes; Chondro: chondrocytes; Osteo: 

osteocytes. Figure adapted from Morikawa et al. (Morikawa et al., 2009).
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1.2     Metabolic and epigenetic regulation of BM-MSC fate decisions 
  

BM-MSCs reside within the bone marrow stroma and they are typically retained in a 

quiescent state. Quiescence has a beneficial effect in the long-term survival and 

maintenance of BM-MSCs due to lower production of reactive oxygen species (ROS), 

which damage the mitochondrial and nuclear DNA as well as proteins. Therefore, 

establishing a low-cycling cell rate minimizes ROS production through the electron 

transport complex (ETC), preserving genome integrity and cell survival (Rossi et al., 

2008; Suda et al., 2011). In addition to DNA-damage-induced cell death, excessive 

ROS production forces BM-MSCs to exit quiescence and promotes stem cell 

differentiation, which eventually leads to stem cell exhaustion (Chen et al., 2008; 

Renault et al., 2009; Tothova et al., 2007). 

  

Under specific conditions, for example when rapid proliferation, migration or 

differentiation is required, BM-MSCs respond to signals from their neighboring cells 

and the extracellular environment, they are activated and they undergo increased 

proliferation. Thus, BM-MSCs contribute to the maintenance of tissue homeostasis, in 

response to challenging environmental conditions, such as upon injury and 

inflammation, as well as during physiological development. Activated BM-MSCs rely 

heavily on glycolysis for energy production, as evidenced by the increased expression 

levels of glycolytic enzymes and the low expression levels of oxidative phosphorylation 

(OXPHOS)-related enzymes (Chen et al., 2008). In line with their transcriptomic 

profile, BM-MSCs display high rate of glycolysis and reduced rate of oxygen 

consumption (Pattappa et al., 2011). Although glycolysis is less efficient in ATP 

generation compared to complete glucose oxidation during the TCA cycle and 

OXPHOS, it enables rapid ATP synthesis independently of the presence of oxygen. 

Beyond its protective role against ROS-mediated oxidative damage and the fast 

supplementation of cells with high amounts of ATP, glycolysis in activated BM-MSCs 

offers one more advantage; it provides the metabolic precursors for nucleic acid, 

protein and lipid biogenesis, which are all required for biomass increase and 

proliferation (Lunt and Vander Heiden, 2011). 
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1.2.1  Stem cell differentiation is linked to lineage-specific metabolic changes 
  

BM-MSC differentiation requires profound changes in the cellular energetic profile, 

which are summarized in Figure 1.3. Uncommitted progenitors are highly glycolytic 

and contain multiple mechanisms to efficiently suppress oxidative metabolism. By 

contrast, stem cell priming and lineage determination are usually associated with 

higher TCA cycle and OXPHOS activity. Up-regulation of mitochondrial biogenesis 

and stimulation of aerobic metabolism are common characteristics upon BM-MSC 

differentiation (Chen et al., 2008; Lunt and Vander Heiden, 2011; Pattappa et al., 2011; 

Renault et al., 2009; Zhang et al., 2013). Indeed, during BM-MSC differentiation to 

adipocytes and osteoblasts a complex and tightly coordinated cascade of several 

transcription factors, including the PPARγ and the RUNX2, which are the key-

regulators of adipogenesis and osteogenesis respectively, co-operate to promote a 

metabolic switch from glycolysis to OXPHOS. In particular, in early stages of 

adipogenesis and osteogenesis the mitochondrial DNA (mtDNA) copy number, which 

is an indicator of the mitochondrial content, increases as a result of enhanced 

mitochondrial biogenesis. Mechanistically, this is achieved via activation of the 

mTORC1 protein, which in turn controls PGC-1α activity, to stimulate mitochondrial 

biogenesis and metabolism. Furthermore, in differentiating BM-MSCs, lactate 

secretion is significantly decreased compared to the uncommitted progenitors, while 

levels and activity of respiratory enzymes are significantly increased. Consistently, the 

structural and morphological conformation of mitochondria change; the cristae-rich 

mitochondria fuse to generate tubular, elongated mitochondria, which are connected 

to complex networks and are more efficient in ATP production (Pietilä et al., 2012; 

Sánchez-Aragó et al., 2013). Notably, the shift in energy metabolism from glycolysis 

to mitochondrial respiration is accompanied by an increase in ROS levels, which were 

recently found to favor adipogenesis (Tormos et al., 2011). By contrast, ROS 

production is maintained at low levels during osteogenesis. Unlike adipocytes, 

osteoblasts are extremely vulnerable to ROS-induced DNA and protein damage; thus, 

they contain high levels of several antioxidant enzymes, including CAT, GPx and SOD, 

which enhance the antioxidant defense system of the differentiating cells to prevent 

ROS accumulation (Chen et al., 2008). Indeed, treatment of human BM-MSCs with 

H2O2 resulted in reduced osteogenesis and impaired maturation of murine pre-
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osteoblasts to mature osteocytes. Interestingly, ascorbic acid, whose presence in the 

culture media is indispensable for in vitro osteogenesis, is an important cellular 

antioxidant that increases the cellular capacity to cope with the ROS-induced oxidative 

stress (Bielski et al., 1975; Buettner and Moseley, 1993). 

 
Figure 1.3. Metabolic characteristics of uncommitted and differentiated BM-MSCs and major 
transcription factors driving lineage determination. Quiescent BM-MSCs display low metabolic 

rates and contain reduced ROS levels. Upon injury and inflammation as well as during organogenesis 

quiescent BM-MSCs are activated and undergo proliferation. Proliferating BM-MSCs rely on glycolysis 

to generate energy. These cells undergo self-renewal and/or differentiation. During adipogenesis and 

osteogenesis mitochondrial respiration and OXPHOS are up-regulated, whereas chondrogenic 
differentiation relies on glucose metabolism and requires activation of anti-oxidant mechanisms to 

prevent ROS accumulation. Uppercase letters, below each cell type, indicate the key-regulators of 

differentiation towards each respective cell type. Pie-charts represent the relative contribution of 

glycolysis (yellow) and OXPHOS (blue) in ATP generation. Figure obtained from Pouikli and Tessarz 

(Pouikli and Tessarz, 2021). 

  

Reduced tolerance to ROS levels and enhanced activity of glutathione peroxidases 

are also characteristics of differentiating BM-MSCs to chondroblasts. In order to 

efficiently deal with the oxidative stress, mitochondrial respiration and activity remain 
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suppressed upon induction of chondrogenic differentiation (Pattappa et al., 2011). By 

contrast, the glycolytic flux is maintained at high levels in chondrocytes and efficient 

chondrogenic differentiation requires increased glycolysis (Nishida et al., 2013). Thus, 

ample supply of glucose is indispensable for the energy production in chondrocytes. 

This is achieved by expression of several glucose transporters; in fact, there is 

evidence that mature chondrocytes express at least six members of the GLUT/SLC2A 

family, which exhibit different kinetics and their efficiency changes based on the 

substrate concentration (Mobasheri et al., 2002). Therefore, the presence of various 

GLUT/SLC2A proteins in chondrocytes ensures that cells will efficiently take up 

glucose, even when there is limited amount available in the environment. Importantly, 

apart from ATP production, glucose in the developing chondroblasts provides 

precursors for the anabolic generation of complex macromolecules found in the 

cartilage extracellular matrix (ECM), such as various polysaccharides and 

proteoglycans (Otte, 1991). To this end, metabolism of glucose as well as of other 

hexose sugars contributes to the generation of structural components of the ECM, 

which is crucial for efficient differentiation and maintenance of chondrocytes. 

 

How is glycolysis established in BM-MSCs and what drives the metabolic rewiring 

upon induction of differentiation? Is glycolysis an inherent characteristic of BM-MSCs 

dictated by their transcriptional profile or does it represent a metabolic adaptation to 

stimuli from their external environment? 

  
1.2.2  The hypoxic BM-MSC niche is a key-regulator of stem cell function 
  
BM-MSCs reside in a distinct bone compartment within the bone marrow stroma, 

usually referred to as ‘niche’. This specific microenvironment is characterized by the 

presence of other stem cell populations, such as hematopoietic stem cells (HSCs), 

and differentiated cells, including osteoblasts and adipocytes, which interact with the 

BM-MSCs via secretion of various paracrine factors, like cytokines (Lapidot and Kollet, 

2002). In addition to the cellular components of the niche, the complex vascular 

network, the ECM and several signaling pathways, including the TFG-β, the IGF-1, the 

BMP and the WNT pathways, play a fundamental role in the regulation of BM-MSC 

physiology (Kfoury and Scadden, 2015; Wei and Frenette, 2018; Zhang et al., 2003). 
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 One factor whose role in stem cell behavior has recently become the subject of 

increased scientific interest is the oxygen concentration. Typically, the mesenchymal 

stem cell niche in the bone marrow cavity is characterized by low oxygen tension, 

despite the high vascularization. In fact, hypoxia occurs due to increased cellular 

density and elevated oxygen consumption by the rapidly proliferating hematopoietic 

cells. Using two-photon phosphorescence lifetime microscopy to measure in vivo 

oxygen tension in the murine bone marrow, Spencer et al. found that the BM-MSC 

niche is extremely hypoxic and the oxygen concentration ranges from 1.3% to 4.2%, 

depending on the distance from the blood vessels (Spencer et al., 2014). 

  

Several mechanisms have been shown to regulate stem cell adaptation to hypoxia, 

but the major pathway controlling cellular response to low oxygen levels involves a 

specific protein family, named hypoxia-inducible factors (HIFs). Wang and Semenza 

were the first to identify that cell response to hypoxia is - at least in part - mediated at 

the transcriptional level, via the HIF1 protein, which comprises the HIF1α and HIF1β 

subunits (Wang and Semenza, 1993). In the low-oxygen containing niche, the HIF1α 

subunit is stabilized and subsequently translocates to the nucleus, where it forms a 

complex with the constitutively expressed HIF1β, to control different aspects of stem 

cell behavior, including the energetic profile (Bertout et al., 2008; Majmundar et al., 

2010; Semenza, 2012a, 2012b). For instance, hypoxia promotes the expression of 

glucose transporters, such as Glut1 and Glut4, and of many glycolytic genes including 

the Pfk1, Pgk1 and the LdhA, in a HIF1α-dependent manner. In parallel, HIF1α 

induces the expression of Pdk1, which phosphorylates and inhibits PDH; thus, it 

prevents pyruvate oxidation and entrance into the TCA cycle, suppressing OXPHOS 

(Kim et al., 2006). Consistently, when mitochondrial ROS levels are low, they stabilize 

HIF1α, facilitating further up-regulation of glycolysis (Chandel et al., 1998). This ROS-

hypoxia interaction has been also confirmed in various other systems, whereby 

inhibition of mitochondrial ROS impaired HIF1 activity under low oxygen conditions 

(Brunelle et al., 2005; Guzy et al., 2005; Mansfield et al., 2005).  

  

Despite the low oxygen levels in the physiological niche of BM-MSCs, standard cell 

culture practice involves in vitro cell expansion under high oxygen conditions.  

Interestingly, many studies have assessed the role of hypoxia in the maintenance of 
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pluripotency, by transferring high-oxygen-cultured BM-MSCs to low oxygen 

conditions. However, some of the results are controversial, mostly due to differences 

in the duration of hypoxia and the concentration of oxygen to which the cells were 

exposed. A recent review on this topic divides the effects of oxygen on stem cell 

biology based on the duration of cell culture under hypoxic conditions (Buravkova et 

al., 2014); although both short-term (up to 72 hours) and permanent (1-3 weeks) 

exposure of BM-MSCs to low oxygen increases anaerobic glycolysis through HIF1 

stabilization, the impact on proliferation and differentiation varies between the two 

categories. Acute, temporary exposure to hypoxia activates the NF-kB signaling 

cascade and induces ROS-mediated cell death. Under these conditions ROS levels 

increase due to reduced CAT expression (Peterson et al., 2011). Thus, short-term 

switch to hypoxia is a stress factor to BM-MSCs. By contrast, many reports have 

shown that constant propagation of BM-MSCs under hypoxic conditions has a 

beneficial effect both on stem cell viability and proliferation (Basciano et al., 2011; 

Fehrer et al., 2007; Santos et al., 2009). This positive impact on self-renewal is 

mediated at the transcriptional level, whereby permanent cell expansion in an oxygen-

limited environment up-regulates the expression of stemness genes, such as Oct-4, 

Sox2, Ssea-4, Stro-1 and Nanog. Importantly, beyond its role in establishing 

pluripotency, OCT-4 binds to promoters of glycolytic genes, further inducing their 

expression. Notably, BM-MSCs cultured under high oxygen conditions (commonly 

referred to as normoxia), and forced to utilize OXPHOS, are still able to proliferate and 

to form colonies. However, normoxia results in oxidative stress-induced senescence, 

whereas enhanced ROS levels activate stem cell differentiation (Pattappa et al., 

2013). Therefore, glycolysis in BM-MSCs is not only a metabolic adaptation to the 

hypoxic bone marrow niche, but also an active mechanism to balance stem cell 

survival, proliferation and commitment. 

 

Under normal conditions, the niche maintains BM-MSCs in a quiescent state and 

activation of self-renewal prevents depletion of their population. Activated BM-MSCs 

serve as a feeder layer for the bone marrow-residing HSCs and generate signals, such 

as cytokines, required for their proliferation and differentiation. (Majumdar et al., 2000). 

At this physiological state, adipogenesis and osteogenesis in the bone marrow are 

balanced, ensuring successful development of bone and adipose tissue and 
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hematopoiesis (Sugimura and Li, 2010). Importantly, the bone marrow niche displays 

a specific cellular organization that reflects the oxygen availability at each site and 

participates in the regulation of stem cell fate decisions (Miura, 2006). Undifferentiated 

progenitors reside deep in the bone marrow cavity, away from the blood vessels, in a 

low oxygen environment (Kubota et al., 2008; Lord et al., 1975). At this hypoxic 

position, BM-MSCs are fully committed to utilize glycolysis. In line with this, ECM 

deposition and cartilage development limits the oxygen availability, favoring glycolysis 

in chondrocytes. By contrast, lineage commitment to adipocytes and osteoblasts 

requires metabolic redirection from anaerobic glycolysis to mitochondrial respiration, 

as discussed above. Therefore, differentiating BM-MSCs migrate closer to the blood 

vessels, whereby there is sufficient oxygen concentration to support oxidative 

metabolism (Acar et al., 2015). 

  

Beyond their critical role in energy production and anabolic generation of cellular 

macromolecules, metabolites impact stem cell identity via regulation of gene 

expression (Ito and Suda, 2014). 

 

1.2.3  Metabolic input on the epigenetic regulation of differentiation 
  

Chromatin describes the macromolecular complex of proteins and DNA that can be 

found in the nucleus of every eukaryotic cell. It provides the scaffold for packaging the 

entire genetic material, facilitating its compaction and protecting DNA. The core of 

chromatin consists of the nucleosome. Research during the last decades has revealed 

that post-translational modifications on histones, which are the protein components of 

nucleosomes, and on DNA itself regulate gene expression and allow time- and tissue-

controlled read-out of the genetic information (Tessarz and Kouzarides, 2014; 

Greenberg and Bourc’his, 2019). These studies have highlighted the importance of 

chromatin architecture and dynamics during physiological development as well as 

upon tumorigenesis (Perino and Veenstra, 2016; Zhao and Shilatifard, 2019). 

 

Given that stem cells share the same genetic information with somatic cells, their 

epigenome and the associated transcriptional signature distinguish them from their 

differentiated counterparts. Importantly, the characteristic epigenetic profile of stem 
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cells reflects their wide developmental potential. During the last years, the molecular 

mechanisms via which changes in the chromatin landscape control stem cell fate 

decisions have been the subject of intense scientific research, both in embryonic stem 

cells (ESCs) as well as in various adult stem cell populations. Among the various 

pathways which shape the epigenetic landscape and the chromatin architecture, 

metabolism is considered as a potent means to control the epigenome. More precisely, 

it is now well-accepted that metabolism and epigenetics are tightly connected and 

interact in a reciprocal manner (Dai et al., 2020; Etchegaray and Mostoslavsky, 2016; 

Kaelin and McKnight, 2013; Li et al., 2018; Lu and Thompson, 2012; Reid et al., 2017; 

Sutendra et al., 2014); on one hand, expression of several metabolic genes is 

subjected to epigenetic regulation. On the other hand, metabolism influences 

chromatin states via metabolites that act as substrates and/or co-factors for DNA- and 

histone-modifying enzymes. This metabolism-chromatin crosstalk is implicated in a 

variety of physiological contexts, including BM-MSC fate transitions. The most 

extensively studied examples of mito-nuclear communication both during organismal 

development as well as within the context of BM-MSC fate determination, focus on the 

impact of metabolism on the establishment of “canonical” epigenetic modifications, 

such as histone acetylation and DNA and histone methylation. By contrast, the role of 

metabolism on the dynamics of novel, emerging epigenetic marks, such as histone 

lactylation and histone succinylation, is currently under investigation (Figure 1.4). 

 

Metabolism regulates histone acetylation 
 
Histone acetylation refers to the deposition of acetyl-groups on histones by histone 

acetyltransferases (HATs). Histone acetylation is usually associated with active gene 

transcription since it weakens the contact between DNA and histones (Tessarz and 

Kouzarides, 2014). In mammals, mitochondria-produced acetyl-CoA is the major 

donor of the acetyl-group, needed for the acetylation of histones and non-histone 

proteins (Sivanand et al., 2018). Histone acetylation is a dynamic and reversible 

modification; removal of the acetylation marks from histones is mediated via histone 

deacetylase enzymes (HDAC). 
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BM-MSC stemness requires enhanced levels of global H3K9 acetylation and H3K14 

acetylation that facilitate expression of core pluripotency genes, such as Oct-4 and 

Sox2 (Li et al., 2011). By contrast, during osteogenic differentiation changes in the 

histone H3 acetylation pattern lead to down-regulation of self-renewal genes and 

increased expression of the Alp and Runx2 osteogenic regulators (Li et al., 2011). 

Interestingly, Tan and colleagues demonstrated that H3K9 acetylation, a mark 

associated with active gene transcription, is globally reduced during osteogenesis 

(Tan et al., 2009), whereas it is more abundant specifically on the promoters of the 

osteogenic genes Osx and Oc, favoring osteogenesis (Lee et al., 2006). Likewise, 

during chondrogenesis, H3K9 acetylation is increased on the promoters of the 

chondrogenesis-involved genes Col2a1 and Acan, enabling efficient lineage 

commitment (Herlofsen et al., 2013). Interestingly, these changes in the histone 

acetylation pattern are in accordance with alterations of the cellular bioenergetic profile 

and reflect the fluctuations in the intracellular acetyl-CoA concentration. 

 

Another connection between histone acetylation and metabolism is mediated through 

class III HDACs, commonly referred to as sirtuins, which require NAD+ as an essential 

cofactor; thus, they couple their activity to the cellular energetic status (Cantó et al., 

2015; Ryall, 2012). Given that cell fate commitment is accompanied by a metabolic 

transition from the NAD+-consuming glycolysis to OXPHOS, the concomitant changes 

in the NAD+/NADH ratio impact the transcriptional output and subsequently the stem 

cell identity. 
 



1.2 Metabolic and epigenetic regulation of BM-MSC fate decisions    15 
 

 

 
Figure 1.4. Metabolism-chromatin interplay. Metabolites serve as substrates and co-factors for 

epigenetic modifications, whereas metabolic enzymes regulate the activity of epigenetic writers and 

erasers. Figure obtained from Dai et al. (Dai et al., 2020)   

 

For instance, up-regulation of SIRT1 facilitates osteoblast development, through 

silencing the Sost gene, an inhibitor of bone formation, and the adipogenic Pparγ and 

Foxo1 genes (Cohen-Kfir et al., 2011; Tseng et al., 2011). Therefore, SIRT1 plays a 

fundamental role in maintaining a balance between adipogenic and osteogenic 

differentiation of BM-MSCs. Apart from regulating lineage specification, sirtuins are 

also involved in the oxidative stress response and redox homeostasis. In particular, it 

was shown that human BM-MSCs deficient for SIRT6, that plays a major role in redox 

homeostasis via activation of Nrf2, exhibit enhanced H3K56 acetylation. In the 

absence of SIRT6, RNAP II cannot bind to the promoters of NRF2-target genes to 

stimulate their expression, linking metabolism to oxidative stress induced-senescence 

(Pan et al., 2016). Hence, metabolic pathways that maintain an elevated NAD+/NADH 
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ratio contribute to BM-MSC fate decisions by modulating the activity of epigenetic 

enzymes involved in the deposition and removal of acetylation marks from histones. 

  

Metabolism regulates DNA and histone methylation 
  

DNA methylation on gene promoters is associated with transcriptional repression and 

it takes place mostly at CpG islands in the mammalian genome. The effect of histone 

methylation on gene transcription depends on the methylated residue, the 

developmental stage and the cell type (Berger, 2007). S-adenosyl-methionine (SAM) 

functions as the donor of methyl groups for DNA and histone methylation reactions 

(Locasale, 2013). During the methionine cycle (MET cycle), homocysteine is used to 

generate methionine, which is the SAM precursor. Of note, the MET cycle is intimately 

linked to the one-carbon cycle and the folate cycle, connecting amino acid metabolism 

to chromatin states (Su et al., 2016). Histone methyltransferases (HMTs) and DNA 

methyltransferases (DNMTs) transfer methyl groups from SAM to histones and DNA, 

respectively, producing S-adenosyl-homocysteine (SAH) as a byproduct. Interestingly, 

SAH inhibits the activity of HMTs and DNMTs (Zee et al., 2010). Therefore, changes 

in metabolism that influence the SAM/SAH ratio can strongly impact the histone and 

DNA methylation status, and thus the transcriptional output and the stem cell identity. 

  

In general, excessive DNA and histone methylation have been associated with stem 

cell differentiation but the decision between adipogenesis and osteogenesis depends 

on the gene at which the modification is enriched, the gene region that is modified and 

the exact site where the modification occurs. For instance, the histone 

methyltransferase EZH2 is a positive regulator of adipogenesis and a negative 

regulator of osteogenesis. Enforced EZH2 expression establishes the gene-silencing 

H3K27 trimethylation (H3K27me3) mark on the Runx2 promoter, inhibiting 

osteogenesis and favoring adipogenesis (Hemming et al., 2014). Thus, EZH2 acts as 

an epigenetic switch regulating stem cell fate determination. Similarly, several studies 

have reported that reduced levels of the transcription-activating H3K4 trimethylation 

(H3K4me3) mark impair osteogenesis (Bustos et al., 2017; Hassan et al., 2007; Wang 

et al., 2016). Interestingly, H3K4me3 is also required for efficient adipogenesis and 

mice expressing inactive forms of the mixed lineage leukemias (MLLs) H3K4 
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methyltransferases display low fat accumulation and defective adipogenesis (Lee et 

al., 2008).  

  

DNA and histone demethylation are also linked to cellular metabolism and regulate 

stem cell fate transitions. The activity of the LSD1 histone demethylase depends on 

FAD levels, whereas the TET and the JmjC family of DNA and histone demethylases 

couple their activity to alpha-ketoglutarate (α-KG) levels. α-KG is a TCA cycle 

metabolite whose concentration is under the orchestrated control of consuming and 

anaplerotic reactions. Highlighting the interaction between metabolism, histone 

methylation and stem cell fate decisions, recent work demonstrated that low α-KG 

levels lead to reduced deposition of the H3K9 trimethylation (H3K9me3) mark and 

impaired differentiation capacity of BM-MSC into osteoblasts (Morganti et al., 2020).  

In line with this, the activity of the TET and JmjC enzymes is also regulated by α-KG 

antagonists, most of which are metabolic intermediates. In particular, 2-

hydroxyglutarate (2-HD), succinate and fumarate exhibit structural similarities to α-KG 

and they compete for the binding site on the TET and JmjC enzymes (Kaelin and 

McKnight, 2013; Xu et al., 2011b). Therefore, the metabolic pathways that generate 

or consume these metabolites might alter the DNA and histone methylation profiles 

and influence stem cell potency. Interestingly, recent work from Lee and colleagues 

highlighted the importance of malate/ aspartate shuttle in the maintenance of 

glycolysis and the efficient osteoblast differentiation in calvarial stem cells (Lee et al., 

2020). 

  

These are just few examples that illustrate the tight connection between the cellular 

metabolic states and the epigenetic profile in the regulation of BM-MSC fate decisions. 

Importantly, findings from epigenetic studies in adult stem cell populations have also 

led to the discovery of drugs, usually small molecules and metabolites, which can 

redirect - and even reprogram - stem cells towards specific lineages. For instance, 

Kohyama et al. (Kohyama et al., 2001) showed that treatment of mature osteoblasts 

with 5-azacytidine (5-AzaC), a DNA methylation inhibitor, converts them to neural stem 

cells (NSCs), via alterations on their epigenome and their gene expression profile. 

Similarly, osteocytes treated with valproic acid, a histone deacetylase inhibitor, are 

able to re-differentiate to functional NSCs (Woodbury et al., 2002).
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1.3     Mitochondrial-derived vesicles (MDVs) contribute to 
mitochondrial proteostasis 
  
Mitochondria are complex, double membrane-bounded organelles, which function 

primarily as the “cellular powerhouse”, as discussed above (Roger et al., 2017; 

Zimorski et al., 2014). The outer mitochondrial membrane (OMM) surrounds the 

intermembrane space (IMS), whereas the inner mitochondrial membrane (IMM) 

encloses the mitochondrial matrix and forms invaginations, called cristae, where 

protein complexes of the respiratory chain are localized. Beyond their critical role in 

oxidative respiration and ATP production, mitochondria are involved in numerous 

cellular processes that are essential for cell viability, including the biosynthesis of lipids 

and amino acids, the enzymatic catalysis of central reactions in the urea cycle and the 

formation of heme and iron-sulfur clusters, while they also serve as signaling platforms 

to regulate apoptosis and inter-organelle communication (Giacomello et al., 2020; 

Pfanner et al., 2019; Prinz et al., 2020). To fulfill such a multifaceted role, mitochondria 

contain about 1,000 proteins in mice (Zhang et al., 2008) and approximately 1,500 

proteins in humans (Morgenstern et al., 2017), whose synthesis, degradation and 

activity are strictly controlled. 

 

Although mitochondria contain their own DNA (mtDNA), this encodes only a small 

fraction of the total mitochondrial proteome. In fact, ~99% of the mitochondrial proteins 

are encoded by the nuclear genome, are synthesized on cytosolic ribosomes as 

precursors, enter into mitochondria for further processing and translocalize to the 

destined mitochondrial compartment (Endo et al., 2011; Pfanner et al., 2019). 

Therefore, a sophisticated network of mechanisms is necessary to coordinate the 

expression of both genomes in order to avoid excessive amounts of unprocessed 

proteins, and to rapidly remodel mitochondria in response to the cellular energetic 

demands (Couvillion et al., 2016; Ott et al., 2016; Priesnitz and Becker, 2018; Suhm 

et al., 2018). Failure of these mechanisms might result in: (i) accumulation of damaged 

or misfolded proteins, stimulating ROS production (Song et al., 2014), (ii) impaired 

ATP production (Kim et al., 2013), (iii) release of cytochrome c and subsequent 

activation of apoptosis (Winklhofer, 2014), (iv) opening of the mitochondrial 

permeability transition pore (mPTP) leading to necrosis (Kim et al., 2007), and (v) 
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release of oxidized mitochondrial proteins and DNA to the cytosol, activating 

inflammation (Krysko et al., 2011). 

 

 
 
Figure 1.5. Mitochondrial quality control mechanisms. (a) Unfolded or damaged peptides targeted 

to mitochondria get degraded in the cytosol via the UPS pathway. (b) Mitochondrial proteases are 

responsible for the degradation of unfolded or oxidized proteins. (c) A retrograde signaling cascade 

between mitochondria and nucleus is activated during the UPRmt, further promoting mitochondrial 

homeostasis. (d) Mitophagy is activated upon severe mitochondrial damage and removes the entire 

organelle. (e) Oxidized proteins can be removed from the mitochondria via mitochondrial-derived 
vesicles, which deliver them to lysosomes for degradation. MTS: mitochondrial targeting signal; NLS: 

nuclear localization signal. Figure modified from Quiles and Gustafasson (Quiles and Gustafsson, 

2020). 

  

Due to the broad consequences of mitochondrial dysfunction, the existence and 

proper activity of quality control mechanisms are vital to maintain both mitochondrial 

and organismal homeostasis. To minimize accumulation of unprocessed proteins and 

to prevent import of misfolded or damaged polypeptides, mitochondria rely on several 
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quality control mechanisms, which function in an orchestrated and tightly regulated 

manner (Quiles and Gustafsson, 2020; Sugiura et al., 2014) (Figure 1.5). 

 

Nuclear DNA-encoded mitochondrial peptides are subjected to a constant turnover via 

the ubiquitin-proteasome system (UPS), which fine-tunes the amount of nuclear DNA- 

and mtDNA-encoded proteins within the mitochondria and ensures that only properly 

folded peptides get imported inside the organelles (Figure 1.5a). In the event of mito-

nuclear protein imbalance or damage of mitochondrial peptides, a newly identified 

protein family, called Ubiquilins, stimulates the recruitment of an E3 ubiquitin ligase 

and their polyubiquitination (Itakura et al., 2016). The ubiquitinated peptides are then 

delivered to proteasome for degradation. Of note, several unfolded and oxidized OMM 

proteins are degraded via the same pathway. In this case, misfolded OMM proteins 

are extracted from the membrane, get ubiquitinated and transferred to the proteasome 

for degradation, via the cytosolic AAA-ATPase p97 (Fang et al., 2015; Hemion et al., 

2014; Xu et al., 2011a). Therefore, the UPS comprises the first line of mitochondrial 

quality control. 

  

Further surveillance of the mitochondrial proteome is achieved via the activity of 

mitochondrial proteases, which are also engaged in the mitochondrial quality control 

(Figure 1.5b). Proteins targeted to inner mitochondrial compartments are cleaved and 

processed by mitochondrial peptidases and chaperones, such as the MPP and 

mtHSP70 respectively, which allow them to fold correctly and acquire a proper 

conformation (Bender et al., 2011; Leonhard et al., 2000). Impaired activity of these 

enzymes activates the AAA proteases of the mitochondrial matrix, such as the CLPXP 

and LON proteins, as well as the i-AAA and m-AAA proteases that are responsible for 

the degradation of damaged proteins residing at the IMM, the IMS and the OMM. 

  

When the levels of misfolded proteins outweigh the degradation capacity of the 

mitochondrial proteases, the mitochondrial unfolded protein response (UPRmt) is 

activated (Figure 1.5c). The major regulator of the UPRmt is ATF5, which contains 

both a mitochondrial target sequence and a nuclear localization signal. Thus, ATF5 

translocates between these two organelles, in accordance to the cellular needs 

(Fiorese et al., 2016). Under normal conditions, ATF5 localizes to mitochondria, where 
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it is degraded by mitochondrial proteases. By contrast, under mitochondrial stress, 

ATF5 import into mitochondria is inhibited; thus, ATF5 translocates to the nucleus. 

There, it promotes the expression of mitochondrial chaperons and genes responsible 

for ROS detoxification, to promote mitochondrial health (Nargund et al., 2015). 

  

The above-described mechanisms ensure that mitochondria reshape their proteome 

in response to stress and allow the cellular repair systems to become fully engaged in 

order to maintain mitochondrial proteostasis. However, in cases of more pronounced 

mitochondrial dysfunction, elimination of the entire organelle is required and selective 

mitochondrial degradation, called mitophagy, is activated by a mechanism involving 

the PINK1/PARKIN proteins (Figure 1.5d). In healthy mitochondria, PINK1 is imported 

into mitochondria, is cleaved by the PARL protease and is exported to the cytosol for 

proteasomal degradation (Jin et al., 2010; Yamano and Youle, 2013). However, 

mitochondrial defects leading to loss of membrane potential deactivate PARL. 

Therefore, PINK1 is either trapped in the import channel or it accumulates on the 

OMM, where it stimulates recruitment of the E3 ubiquitin ligase, PARKIN. Parkin 

ubiquitinates OMM proteins, marking the entire mitochondrion for degradation (Pickles 

et al., 2018). 

 

A relatively novel mechanism which contributes to the mitochondrial quality control 

involves mitochondrial-derived vesicles (MDVs) (Figure 1.5e). MDVs bud off 

mitochondria, engulf oxidized proteins and lipids and transfer the damaged cargo to 

lysosomes for degradation, in a PINK1/Parkin-dependent manner (Soubannier et al., 

2012a, 2012b). This pathway operates prior to activation of mitophagy, to prevent total 

mitochondrial degradation. Interestingly, beyond their role in mitochondrial 

proteostasis, Matheoud and colleagues showed that a subset of MDVs functions in 

mitochondrial antigen presentation following heat stress or exposure to 

lipopolysaccharides (LPS) (Matheoud et al., 2016), whereas Neuspiel and colleagues 

showed that MAPL-containing MDVs deliver their cargo to peroxisomes, most likely to 

participate in peroxisome biogenesis and division (Braschi et al., 2010; Neuspiel et al., 

2008). 
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1.3.1  Morphological and functional properties of MDVs 
  
MDVs are small, punctate, single- or double-membrane structures which bud off 

mitochondria and transfer aberrant proteins and lipids to the late endosome/lysosome 

compartment for degradation. Single membrane vesicles contain OMM proteins, 

whereas the double-membraned organelles incorporate also matrix and IMS 

components. While a comprehensive understanding of the mechanisms governing 

MDV formation and trafficking is still lacking, it is known that MDVs have a defined 

size of 60-150 nm and exhibit high cargo specificity (Sugiura et al., 2014). One of the 

best-described stimuli for MDV formation is mitochondrial oxidative stress. However, 

the nature of the stress impacts the identity of incorporated cargo. For example, 

Soubanier and colleagues showed that upon xanthine oxidase/xanthine treatment, 

which is an exogenous ROS source, MDVs contained the OMM pore protein VDAC, 

which was absent from the MDVs that were formed upon induction of mitochondrial 

stress by the complex III inhibitor Antimycin A (Soubannier et al., 2012b). Of note, 

these MDVs carried the complex III subunit core2 and findings of this study led to two 

major conclusions regarding the functional properties of MDVs: 

 

i) MDVs exhibit high cargo selectivity carrying distinct classes of oxidized 

proteins and lipids, based on the trigger of the mitochondrial stress. 

 

ii)           MDVs generated upon mild mitochondrial stress are highly enriched in 

oxidized proteins and lipids, suggesting that they serve as an 

alternative mechanism to selectively extract oxidized components, 

preceding activation of mitophagy. 

  

These data propose that potentially all mitochondrial proteins could be incorporated 

into MDVs, when oxidized. Furthermore, supporting their role in the maintenance of 

mitochondrial integrity prior to mitophagy, it was shown that MDV generation occurs 

within few hours after induction of mitochondrial stress, in contrast to activation of 

mitophagy which requires longer periods of time (McLelland et al., 2014). Thus, MDVs 

function as another mitochondrial quality control mechanism, which is kinetically faster 

than mitophagy. 
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1.3.2  Mechanisms of MDVs formation and trafficking 
  
Although our knowledge on the exact mechanisms that facilitate membrane curvature, 

incorporation of the oxidized cargo and budding off mitochondria is currently limited, it 

has been shown that MDV formation is independent of the mitochondrial fission 

machinery. Indeed, loss of mitochondrial membrane potential triggers MDV formation 

even upon silencing the DRP1 fission protein (McLelland et al., 2014; Neuspiel et al., 

2008; Soubannier et al., 2012a). By contrast, it has been demonstrated in several 

studies that generation of MDVs requires PINK1 and PARKIN, which are also involved 

in mitophagy, as discussed above. According to the recently proposed model for MDV 

formation (Sugiura et al., 2014) (Figure 1.6), mild mitochondrial stress leads to 

accumulation of oxidized proteins at a single import channel, which impairs proper 

entrance and folding of various proteins, such as PINK1. PARKIN recruitment and 

ubiquitination activity in response to PINK1 misfolding is crucial for the generation of 

MDVs (McLelland et al., 2014). Following PARKIN-mediated ubiquitination, 

unidentified factors facilitate initial bending of the membrane and scission of the MDVs. 

However, upon profound mitochondrial damage, where several mitochondrial import 

channels are blocked by protein aggregates, the mechanism might switch from local 

removal of a certain “patch” to a general elimination of the entire organelle via 

mitophagy, explaining the central role of PINK1 in both processes. This model 

suggests that the dysfunction of a single import channel serves as the important local 

trigger for the initiation of the MDV formation. In line with this, mitochondrial import 

channels are located at specific sites, where the inner and the outer mitochondrial 

membranes are in close proximity, explaining why some MDVs are double-

membraned, containing both OMM and IMM proteins (Sugiura et al., 2014). Single 

membrane MDVs contain exclusively OMM components, most commonly the 

TOMM20 protein, and are depleted of the matrix PDH protein. These MDVs do not 

require the PINK1/PARKIN machinery for their formation, further confirming that 

defects in the import channel act as the first stimulus for the generation of a specific 

subpopulation of MDVs and that distinct mechanisms might be involved in the 

generation of each MDV subset.  
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Figure 1.6. Current model for MDV formation. Dysfunction of the import channel due to aggregation 

of oxidized proteins and lipids, leads to PINK1 accumulation and recruitment of PARKIN at the OMM.   

PARKIN ubiquitinates OMM proteins and unknown factors are involved in membrane bending, cargo 

incorporation and scission of the MDV. Figure obtained from Sugiura et al. (Sugiura et al., 2014) 

     

The precise mechanisms of MDV trafficking remain largely unknown but it is highly 

likely that components of the endocytic pathway are required for MDV delivery to their 

target organelles. For example, recent studies showed that the retromer complex is 

implicated not only in the formation and fission of MDVs, but also in the delivery of 

peroxisome-destined vesicles to their subcellular destination (Braschi et al., 2010; 

Cullen and Korswagen, 2012; Seaman, 2012). Furthermore, it has been shown that 

PARKIN is also involved in MDV transport, which is in line with its previously described 

role in various vesicular trafficking pathways (Fallon et al., 2006; Yamano et al., 2018). 

For instance, a recent study demonstrated that PARKIN interacts with TOLLIP, which 

is a major coordinator of the endosomal compartment, facilitating MDV-lysosomal 

docking (Ryan et al., 2020). Interestingly, a subset of PINK1/PARKIN-dependent 

MDVs require the formation of a complex between the STX17 and the VAMP7 

proteins, which mediates their delivery and fusion with the lysosomes (McLelland et 

al., 2016). Thus, it is clear that distinct MDV classes utilize different trafficking routes 

and fusion machineries to reach their destined organelles and to release their cargo. 

Further research will shed more light on the mechanisms governing MDV biogenesis, 

cargo selection, vesicular transport and inter-organelle fusion.
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1.4     The BM-MSC differentiation balance in ageing and age 
associated bone-diseases 
  
Ageing is accompanied by a general decline in the organismal function and several 

mechanisms are known to contribute to the progression of ageing, including changes 

in the cellular energetic profile, epigenetic modifications and loss of proteostasis 

(López-Otín et al., 2013). For instance, mitochondrial dysfunction has been identified 

as one hallmark of organismal ageing that is also involved in stem cell ageing (López-

Otín et al., 2013); indeed, upon ageing the mutation load of mtDNA increases, due to 

higher ROS levels and impaired function of the DNA damage repair mechanisms and 

the UPRmt (Jesus et al., 2013; Merkwirth et al., 2016; Moskalev et al., 2013). This 

enhances further ROS production, which triggers stem cell commitment and oxidative 

stress-induced apoptosis, as discussed above. Furthermore, it has been reported that 

ageing reduces the NAD+/NADH ratio (Gomes et al., 2013; Yoshino et al., 2011; Zhang 

et al., 2016), which is required to sustain the glycolytic flux in uncommitted stem cells. 

Given the importance of glycolysis in providing quiescent and proliferating BM-MSCs 

with ATP and macromolecules, maintenance of the BM-MSC pool could be heavily 

affected by age-induced fluctuations in NAD+ levels. In this regard, nutrient sensing 

and the downstream signaling cascade, which encompasses the mTOR, AMPK and 

sirtuins, are also deregulated upon ageing and impact the stem cell function 

(Houtkooper et al., 2010). 

 
Similar to metabolism, epigenetic regulation of gene expression is altered upon 

ageing, affecting BM-MSC fate decisions. For instance, it has been shown that aged 

BM-MSCs display lower expression of HDACs and polycomb-group proteins in 

comparison to their younger counterparts. This promotes loss of the H3K9me3 mark, 

which is associated with heterochromatin organization, and eventually leads to stem 

cell senescence (Jung et al., 2010). Moreover, the osteogenic regulators RUNX2 and 

homeobox A (HOXA) were found to be hypermethylated in human BM-MSCs isolated 

from old donors, in comparison to those from young donors. This leads to decreased 

gene expression and impaired osteogenesis, which is rescued after treatment with the 

DNMT1 inhibitor 5-AzaC (Bork et al., 2010; Wang et al., 2020a). Furthermore, age-

dependent changes in the mitochondrial function and metabolism, as those described 
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above, impact deposition and removal of specific DNA and histone modifications, via 

alterations in the levels of the involved metabolites. 

 

Skewed adipogenic differentiation at the expense of osteogenesis together with 

reduced responsiveness to tissue injury and dysregulated proliferation are commonly 

observed in BM-MSCs upon ageing (Figure 1.7). Such perturbations in the stem cell 

function result in accumulation of fat, loss of the bone mineral density and reduction 

of the bone mass. This phenotype has been associated with higher risk of osteoporosis 

and osteoarthritis and increased likelihood for bone fractures in the elderly (Kim et al., 

2012; Zhou et al., 2008). Today, the so-called “fat theory of osteoporosis” is supported 

both by results from cell-based models as well as from in vivo studies. 

 

 
Figure 1.7. Changes in the adipogenesis-osteogenesis differentiation balance upon ageing and 
osteoporosis. Age-associated changes in metabolism, chromatin and ROS levels lead to imbalanced 

differentiation of BM-MSCs to adipocytes at the expense of osteoblasts. This causes loss of bone 
mineral density and marrow adiposity, which impairs bone development and hematopoiesis. Treatment 

with rapamycin, 5-AzaC and vitamin C rescues some of the ageing-induced changes in metabolism, 

histone modifications and ROS levels, respectively, re-establishing a balanced adipogenesis and 

osteogenesis. Figure obtained from Pouikli and Tessarz (Pouikli and Tessarz, 2021). 
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Indeed, studies comparing the differentiation capacity of BM-MSCs derived from 

healthy donors and osteoporotic patients revealed that osteoporotic cells exhibited 

higher lineage commitment into adipocytes, which was accompanied by reduced 

osteogenesis. In line with this, mice deficient for the PPARγ adipogenic regulator 

displayed increased bone mass and enhanced osteogenesis, whereas deletion of the 

osteogenic regulator RUNX2 induced spontaneous differentiation of stem cells to 

adipocytes. In agreement to these findings, in vivo studies using proton magnetic 

resonance (1H-MRS) showed that in the osteoporotic bone marrow there is significant 

accumulation of adipocytes, which is associated with decreased bone mineral density. 

Of note, similar changes in the balance between adipogenic and osteogenic 

commitment of BM-MSCs have been linked not only to bone metabolic diseases but 

also to other pathological conditions such as diabetes, cancer and various syndromes 

characterized by impaired hematopoiesis (Ambrosi et al., 2017; Man and Man; 

Moerman et al., 2004). The precisely defined structure of the bone-marrow 

microenvironment together with the release of soluble factors from the residing cells 

play a fundamental role in HSC homing and hematopoiesis, as discussed above; 

hence, the age-associated excessive adipogenesis that leads to occupancy of the 

bone-marrow niche by adipocytes, disrupts the niche organization, alters the secretory 

profile of the bone-marrow cells and impairs hematopoiesis (Ambrosi et al., 2017; 

Naveiras et al., 2009). 

 

BM-MSCs have recently emerged as attractive candidates for various therapeutic 

applications due to their unique immunomodulatory properties, which allow them to 

escape recognition from the immune system and to modulate the activity of immune 

cells (reviewed in (Weiss and Dahlke, 2019)). In addition to their immunosuppressive 

function, BM-MSCs promote hematopoiesis, since they have been shown to support 

hematopoietic stem cell engraftment in co-transplantation experiments (Derakhshani 

et al., 2019; Masuda et al., 2009; Noort et al., 2002). Lastly, due to their enhanced 

self-renewal and multi-lineage differentiation capacities (Seita and Weissman, 2010; 

Weissman et al., 2001), BM-MSCs have been used successfully in the regeneration 

of various tissues and organs, including the bone, cartilage, muscle, skin, heart, liver, 

cornea and trachea.  There are now ~800 complete or ongoing BM-MSC-based clinical 

studies, further evaluating their therapeutic potential (Ayala-Cuellar et al., 2019). 
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Focusing on the use of BM-MSCs in the treatment of bone diseases, such as 

osteoarthritis, osteoporosis, and osteogenesis imperfecta disorders, it is known that 

these diseases are all characterized by decreased bone mineral density, mostly due 

to impaired BM-MSC osteogenesis. Mechanistically, it was demonstrated that this 

occurs partly due to imbalanced occupancy of histone marks on osteogenic and 

adipogenic genes. For instance, Jing and colleagues found that EZH2 occupancy and 

thus H3K27me3 abundance is higher on the Wnt promoters of osteoporotic mice, 

inhibiting osteogenesis (Jing et al., 2016). Likewise, low TET1 and TET2 levels 

increase DNA methylation on promoters of osteogenic genes and inhibit their 

expression, leading to the development of an osteopenic phenotype (Yang et al., 

2018a). 

 

Therefore, it is evident that careful interventions in the metabolism-chromatin axis 

might represent a potential target to alter stem cell fate decisions, rejuvenate aged 

BM-MSCs in vitro and maintain the balance between stem cell proliferation and 

differentiation. Given the role of stem cells in tissue homeostasis and regenerative 

medicine, such approaches will considerably improve the efficiency of stem cell-based 

therapies and ameliorate the adverse phenotypes of ageing and ageing-associated 

bone diseases.
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1.5 The mitochondrial citrate carrier in physiology and disease 
  

Mitochondrial carriers, encoded by members of the Slc25 gene family, are membrane-

embedded proteins catalyzing the transport of solutes across the mitochondrial 

membrane compartments. Although the OMM is highly permeable to small molecules 

and metabolites, allowing their translocation via its pores, the IMM represents a 

physiological barrier in the free diffusion of solutes. Therefore, mitochondrial carriers 

facilitate the intracellular flux of metabolites, providing a link between mitochondria and 

the cytosol (Palmieri, 2013). As such, their activity in the regulation of energy 

metabolism is of paramount importance. 

  

The mitochondrial citrate carrier (CiC), also known as citrate transporter protein (CTP), 

is an inner mitochondrial membrane protein, encoded in the nucleus by the Slc25a1 

gene. This gene is located on chromosome 22q11.2, spreads over 2.8 kbp and 

consists of eight exons and seven introns (Iacobazzi et al., 1997). Slc25a1 encodes a 

protein of 298 amino acids, which contains six transmembrane helices. The mature 

protein contains several internal targeting sequences and is preceded by a positively 

charged pre-sequence, of 13 amino acids. Despite the similarities of the pre-sequence 

with the mitochondrial target signals of known mitochondrial proteins (i.e., positive 

charge, amphipathy, α-helix structure etc.) (Roise and Schatz, 1988), it was shown 

that the pre-sequence is not required for the proper mitochondrial localization of CiC. 

Instead, it serves as a chaperone, increasing CiC solubility and improving 

mitochondrial import competence (Zara et al., 2003, 2005). 

  

Historically, CiC was firstly discovered in the liver by Palmieri and colleaugues and 

since then several researchers have purified and reconstituted CiC from hepatic 

mitochondria of various organisms (Bisaccia et al., 1989; Claeys and Azzi, 1989; 

Genchi et al., 1999; Kaplan et al., 1995; Zara et al., 1996).  Expression of Slc25a1 is 

high in metabolically active organs such as the liver, kidney and pancreas, in 

accordance with its well-described role in the regulation of cell metabolism (Huizing et 

al., 1998). Functionally, CiC mediates export of mitochondrial citrate or isocitrate to 

the cytosol, in exchange for malate (Figure 1.8). Cytosolic citrate is involved in several 
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cellular processes, including: (i) allosteric regulation of metabolic enzymes, (ii) fatty 

acid and sterol biosynthesis, after cleavage to acetyl-CoA, and (iii) epigenetic 

regulation of gene transcription. Notably, CiC is the only known mitochondrial 

transporter for citrate, highlighting the critical role of its activity in cellular physiology. 

 
Figure 1.8. Summary of the CiC activities. CiC regulates several metabolic pathways, including 

glycolysis, OXPHOS, lipogenesis and gluconeogenesis. Moreover, it controls the levels of epigenetic-

related metabolites, influencing the epigenetic landscape. Through these functions it participates in 

various physiological and pathological processes, such as tumor metabolism, developmental disorders 

and inflammation. Figure modified from Mosaoa et al. (Mosaoa et al., 2021). 

 
1.5.1  Role of CiC in cell physiology 
  
The best-described function of CiC is the regulation of the cytosolic and mitochondrial 

pools of citrate. As discussed above, CiC functions as an antiporter, exporting 

mitochondrial citrate and importing cytosolic malate. In the cytosol, citrate regulates 

the activity of several metabolic enzymes involved in glycolysis, lipogenesis and 

gluconeogenesis, including the rate-limiting glycolytic enzyme PFK1, which is inhibited 

by citrate binding, and the ACC1 which is activated upon citrate binding (Chesney, 
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2006). The allosteric inhibition of PFK1 and glycolysis by citrate, is of particular 

importance in the context of tumors, where it slows down aberrant proliferation of 

cancer cells (Yalcin et al., 2009). In addition to its allosteric regulatory role, cytosolic 

citrate serves as a precursor for lipogenesis. Indeed, cytosolic citrate is cleaved to 

acetyl-CoA, which is directly used to fuel lipid biogenesis. Additionally, acetyl-CoA is 

the only known donor of the acetyl-group for acetylation of cytosolic and nuclear 

proteins. 

  

Currently, there is mounting evidence suggesting that CiC induces a proinflammatory 

program in macrophages. During inflammation, cells undergo a rapid metabolic 

rewiring, consisting mainly of a downregulation of OXPHOS and upregulation of 

glycolysis that stimulates the production of inflammatory mediators. The transcription 

rate of Slc25a1 is induced in monocytes in response to inflammation (Infantino et al., 

2011, 2014). CiC induction under these conditions leads to increased synthesis of 

prostaglandin E2 (PGE2), inducible nitric oxide synthase (iNOS) and ROS, which 

enhance the cellular inflammatory response. Importantly, their levels are decreased 

upon inhibition of CiC activity (Infantino et al., 2014). 

  

Moreover, CiC is reported to regulate insulin secretion. Indeed, a regulatory role of 

CiC in human-ejaculated spermatozoa has been demonstrated by Cappello and 

colleagues, who showed that incubation of spermatic cells with the CiC inhibitor BTA 

significantly inhibits glucose-stimulated insulin secretion and impacts sperm motility 

(Cappello et al., 2012). This role of CiC has been also confirmed in pancreatic β cells 

(Joseph et al., 2006). 

  

An understudied role of CiC involves its function in the chromatin regulation. Mutations 

in Slc25a1 lead to DNA instability that, in turn, induces chromosome breaks (Morciano 

et al., 2009). More specifically, mutations in Sea, the fly ortholog of the human 

Slc25a1, impair citrate transport from mitochondria to the cytosol. Interestingly, 

inhibition of Sea expression results in extensive chromosome breakage in mitotic cells 

and induces an ATR-dependent cell cycle arrest, associated with a dramatic reduction 

in global histone acetylation levels. Notably, this effect is conserved in humans, 

whereby loss of Slc25a1 in primary fibroblasts results in chromosome breaks and 



1.5 The mitochondrial citrate carrier in physiology and disease    32 
 

 
histone acetylation defects, suggesting an evolutionary conserved role for Sea/CiC in 

the regulation of chromosome integrity (Morciano et al., 2009). Moreover, CiC can 

indirectly impact the epigenetic profile and the chromatin landscape, via alterations in 

the abundance of epigenetic-related metabolites, such as α-KG, succinate and 2-

hydroxyglutarate (2-HG; Palmieri et al., 2020). Therefore, CiC provides an intriguing 

and unexpected link between intermediary metabolism and epigenetic control of the 

genome stability and the chromatin landscape. 

  
1.5.2  Regulation of Slc25a1 expression and CiC activity 
 
Given the multifaceted role of CiC and the different biological processes in which 

citrate is involved, it is not surprising that a complex regulatory network controls 

Slc25a1 expression levels and CiC activity. 

  

Several mechanisms through which CiC activity is engaged in cells under 

physiological and pathological conditions act at the transcriptomic level. Structural and 

functional analysis of the human Slc25a1 promoter region revealed the various 

regulatory factors which control Slc25a1 expression. More precisely, it was shown that 

insulin upregulates and fatty acids suppress Slc25a1 transcription, through SREBP1 

(Infantino et al., 2007). Consistently, expression levels of CiC are regulated 

systemically by the levels of circulating glucose, being repressed by a low-glucose diet 

and strongly induced by high-glucose diet (Mosaoa et al., 2021). Among the 

transcription factors which were found to regulate Slc25a1 transcription, FOXA1 acts 

as a strong gene activator in liver and pancreatic cells, binding to FOXA sites on CiC 

regulatory regions (Iacobazzi et al., 2009a). In addition, demethylation of the proximal 

promoter and establishment of histone H3 acetylation mark enhance binding of the 

stimulatory protein SP1 on Slc25a1 promoter and favor gene transcription (Iacobazzi 

et al., 2008). By contrast, Slc25a1 promoter contains a silencer region where ZNF224 

binds, inhibiting CiC expression (Iacobazzi et al., 2009b). Reflecting the central role of 

CiC in inflammation, NF-κB and STAT1 stimulate Slc25a1 expression, in response to 

tumor necrosis factor α (TNF-α) and interferon γ (IFN-γ) (Infantino et al., 2014). 
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Regarding the post-transcriptional regulation of CiC activity, Kaplan and colleagues 

showed first that the cellular nutritional and hormonal status impact CiC activity. 

Indeed, they observed that CiC isolated from diabetic-type 1 rats displayed lower 

activity in comparison to that of healthy controls and treatment of diabetic rats with 

insulin reverted the impaired CiC function (Kaplan et al., 1991a, 1991b). Apart from 

insulin, the thyroid hormone triiodothyronine (T3) controls CiC activity, as revealed by 

experiments with hepatic mitochondria from hyperthyroid rats (Paradies and Ruggiero, 

1990). Furthermore, research studies uncovered that starvation not only reduces 

Slc25a1 expression, as discussed above, but also inhibits CiC activity, post-

transcriptionally. In fact, it is speculated that starvation enhances CiC degradation, 

through a not-yet identified mechanism (Siculella et al., 2002). 

 

Despite the considerable progress in the understanding of mechanisms regulating CiC 

function, further research will shed light on the exact molecular pathways via which 

CiC activity and expression differs among species, tissues, and metabolic states. 

  

1.5.3  Implication of CiC in disease and cancer 
  
CiC is found at the center of the cellular metabolic crossroads. Therefore, it is not 

surprising that loss of CiC function is pathogenic, with mutations or mono-allelic 

deletions of the Slc25a1 gene linked to a wide and heterogeneous spectrum of 

developmental disorders, cancer and ageing (Palmieri and Monné, 2016) (Figure 1.8). 

  

Various Slc25a1 missense or truncating mutations, spanning throughout the gene 

coding region, have been implicated in the development of neuromuscular and 

neurometabolic diseases, such as the D-2- and L-2-hydroxyglutaric aciduria (D-2-

HGA), which shows autosomal recessive inheritance and causes developmental 

delays, hypotonia and seizures (Eguchi et al., 2018; Nota et al., 2013; Prasun et al., 

2014). Mechanistically, loss of CiC activity results in accumulation of the D-2-

hydroxyglutarate (D-2-HG) and the L-2-hydroxyglutarate (L-2-HG) metabolites. The 

current model of the disease proposes that, following disruption of CiC-mediated 

citrate export, cytosolic citrate levels are significantly reduced. This leads to loss of the 

inhibitory feedback loop on PFK1 and further upregulation of glycolysis (Chesney, 
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2006). On one hand, glycolysis-produced pyruvate is converted to lactate, resulting in 

lactic acidosis. On the other hand, pyruvate enters mitochondria, where it is converted 

to citrate/isocitrate. Due to lack of the CiC export activity, mitochondrial citrate is 

converted to downstream TCA cycle intermediates, including α-KG, succinate, 

fumarate and malate, which accumulate and get secreted in urine (Nota et al., 2013). 

  

Furthermore, CiC activity has been studied by several groups in various cancer types. 

In breast cancer, Slc25a1 mRNA levels are increased and inhibition of CiC function 

reduces the tumor size in vivo and the proliferation in vitro, most likely through changes 

in histone acetylation, mitochondrial function and ROS production (Catalina-Rodriguez 

et al., 2012). Consistently, in colorectal cancer, the expression levels of CiC are 

upregulated by PGC-1α and correlate with enhanced OXPHOS, TCA cycle flux and 

de novo lipogenesis (Bhalla et al., 2011). Similarly, liver and prostate cancer cell lines 

exhibit increased CiC activity, whose inhibition results in reduced cell viability (Liu et 

al., 2010; Mitra et al., 2014). These studies demonstrate that CiC is essential for the 

growth and proliferation of different cancer types and underscore the importance of 

developing CiC inhibitors as potential anti-cancer drugs. 

  

Moreover, nonalcoholic fatty liver disease (NAFLD) and its evolution to inflammatory 

steatohepatitis (NASH) are the most common causes of chronic liver damage. The 

mitochondrial CiC has been proposed to play an important role in disease 

pathogenesis, via regulation of lipid metabolism. In particular, CiC rewires the 

lipogenic pathway and upregulates the expression of gluconeogenic genes, in a PGC-

1α-dependent manner (Kaplan et al., 1982). Inhibition of CiC activity suppresses the 

lipid anabolic program and prevents the evolution of steatosis. Thus, CiC represents 

a potential novel therapeutic target for NAFLD (Tan et al., 2020). 

 

Finally, alterations of CiC activity occur also in autoimmune disorders such as 

rheumatoid arthritis and Bechet’s disease and in Down syndrome, whereas 

microdeletions of the chromosomal locus where Slc25a1 is located are associated to 

DiGeorge syndrome, velo-cardio-facial syndrome and a subtype of schizophrenia 

(Maynard et al., 2008). In addition to its role in disease development, CiC seems to be 
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involved in ageing, since mutations in the Indy gene, which is the fly homologue of 

Slc25a1, promote lifespan (Rogina et al., 2000). 

  

In conclusion, although some aspects of the CiC activities and mode of action have 

been elucidated, further investigation is required to fully understand CiC role, 

especially within the context of the disease pathophysiology. 
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1.6    Research aims of the thesis 
  
Explore how the age-induced changes on the epigenome regulate the stem cell 
differentiation potential 
  
Stem cell exhaustion is one of the key drivers of ageing (López-Otín et al., 2013), as 

discussed above. Loss of the proliferation ability of aged BM-MSCs and impaired 

differentiation towards osteoblasts and chondroblasts have been associated to ageing 

and are implicated in the development and progression of several bone quality-related 

diseases, including osteoarthritis and osteoporosis. Although the severe 

consequences of these conditions are very common in the population, with one in 

three women (and one in five men) above the age of fifty suffering a broken bone due 

to osteoporosis (Sözen et al., 2017), the precise molecular mechanisms leading to 

reduced bone density and increased risk for bone fractures upon ageing have not been 

fully understood. Given that the epigenome regulates stem cell fate decisions and 

undergoes dramatic alterations upon ageing, the first aim of this thesis is to investigate 

how age-induced alterations on the chromatin accessibility and the histone acetylation 

profile govern BM-MSC fate decisions, favoring adipogenesis at the expense of 

osteogenesis and bone development. 

  

Study the metabolic impact on the chromatin landscape upon ageing 
 
Metabolism fulfills multiple functions required both for cell viability and for tissue and 

organismal homeostasis. Importantly, beyond ATP generation and biosynthesis of 

complex macromolecules, metabolism produces several intermediate metabolites 

whose role in the regulation of the activity of epigenetic writers, erasers and readers 

has been extensively studied during the last years. This establishes a tight mito-

nuclear communication which influences stem cell identity and activity. Thus, the 

second aim of this thesis is to investigate the metabolism-chromatin crosstalk both in 

young individuals as well as upon ageing and to study its impact on BM-MSC fate and 

function. 
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Investigate the role of oxygen in the metabolism-chromatin-stem cell fate axis 
  
Mammalian cell culture represents a milestone in biomedical research and the 

conditions under which cells are expanded in vitro, such as the media composition, 

need to be precisely controlled. However, one of the parameters whose role in cell 

physiology and function is often neglected during cell culture routine is the oxygen 

concentration. In particular, oxygen levels within the mammalian body are significantly 

lower compared to the atmospheric oxygen concentration; yet standard tissue culture 

practice involves isolation of cells from their hypoxic niche and in vitro expansion under 

high oxygen. Given that oxygen impacts BM-MSC behaviour, mostly by altering the 

cellular energetic profile as discussed above, such shifts in the oxygen tension might 

have a profound effect on stem cell activity. Hence, the third aim of this thesis is to 

characterize the oxygen-induced changes in the mito-nuclear communication and the 

BM-MSC fate decisions.
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2.1 Materials 
 
Table 1. Cell culture reagents, growth media, antibiotics and drugs. 

Name Supplier Cat. number 

Bafilomycin A1 Enzo BML-CM110-0100 

Beta-glycerophosphate Sigma Aldrich G9422 

BTA Sigma Aldrich B4201 

Collagenase Sigma Aldrich C9407 

Dexamethasone Sigma Aldrich D4902 

DMEM+GlutaMax medium Gibco 61965 

DPBS Gibco 14190 

E64d LKT Laboratories E0003 

FBS Gibco 10500-064 

HBSS Gibco 14025-092 

HEPES Gibco 15630-056 

IBMX Sigma Aldrich 15879 

Indomethacin Sigma Aldrich 17378 

Insulin Sigma Aldrich 16634 

ITS Sigma Aldrich I1884 

L-ascorbic acid Sigma Aldrich A8960 

L-proline Sigma Aldrich P5607 

MEM Alpha 
medium+GlutaMax (α-MEM) 

Gibco 32561-037 

Penicillin/Streptomycin Gibco 15140-122 

Polybrene Santa Cruz sc-134220 

Puromycin Gibco A11138 

Sodium acetate Invitrogen AM9740 

Sodium butyrate Sigma Aldrich 156-54-7 

Sodium pyruvate Gibco 11360 
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TGF-β3 Sigma Aldrich SAB4502957 

0.05% Trypsin-EDTA Gibco 25300-054 
 
 
Table 2. Antibodies used for FACS analysis. 

Antibody Supplier Cat. Number 

CD140a (PDGFRα) eBioscience 17-1401-81 

CD29-PE eBioscience 12-0291-81 

CD31-APC eBioscience 17-0311-80 

CD34-FITC eBioscience 11-0341-81 

CD45-PE Life Technologies A16325 

Sca-1-FITC eBioscience 11-5981-85 

Terr-119-PE eBioscience 12-5291-82 

7AAD ThermoFisher A1310 

 
 
Table 3. Antibodies used for Western Blot. 

Antibody Supplier Cat. Number 

ACC1 ProteinTech 21923-1-AP 

ACLY ProteinTech 15421-1-AP 

ACS Cell Signaling 3658T 

CBP Cell Signaling 7389S 

Citrate Carrier abcam 99168 

FAS Cell Signaling 3189S 

GCN5 ProteinTech 14983-1-AP 

LAMP2 EMD Millipore ABL-93 

LONP1 Sigma Aldrich HPA002192 

OPA1 BD Biosciences 612606 

PARL Sigma Aldrich AV44851 
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PGAM5 Sigma Aldrich HPA036978 

STARD7 ProteinTech 15689-1-AP 

YME1L ProteinTech 11510-1-AP 

β-actin Santa Cruz sc-47778 

anti-mouse IgG HRP-linked Cell Signaling 7076S 

anti-rabbit IgG HRP-linked Cell Signaling 7074S 
 
 
Table 4. Antibodies used for Immunofluorescence and CUT&RUN-seq. 

Antibody Supplier Cat. Number 

acetyl-Lysine Cell Signaling 9441S 

Citrate Carrier ProteinTech 15235 

H3 acetylation Active Motif 39139 

H3K27ac Active Motif 39133 

H3K27me3 Active Motif 39155 

H4acetylation EMD Millipore 06866 

Histone H3 Cell Signaling 14269 

Histone H4 abcam 31830 

PDH1 abcam 110333 

SREBP1 Santa Cruz Biotechnology 365513 

γH2AX EMD Millipore 05636 

anti-mouse TOMM20 Sigma Aldrich WH0009804M1 

anti-rabbit TOMM20 Sigma Aldrich HPA011562 

anti-mouse Alexa Fluor 488 ThermoFischer A11001 

anti-rabbit Alexa Fluor 594 ThermoFischer A11012 

anti-mouse Alexa Fluor 568 ThermoFischer A11031 

anti-mouse IgG1 Alexa Fluor 
488 

ThermoFischer A21121 

anti-mouse IgG2 Alexa Fluor 
647 

ThermoFischer A21241 
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Chemicals 
Chemicals used in this study were purchased from the companies Sigma Aldrich 

(Steinheim, Germany), ROTH (Karlsruhe, Germany), Roche (Mannheim, Germany), 

Life Technologies (Darmstadt, Germany) and Thermo Scientific (Waltham, USA). 

Plastic and glassware equipment was ordered from Sarstedt (Nümbrecht, Germany), 

Greiner (Pressig, Germany) and VWR International (Darmstadt, Germany). 

 

Commercial kits 
● BCA protein assay kit (SERVA, 39228.01) 

● CyQuant Cell Proliferation assay kit (Invitrogen, C7026) 

● Direct-zol RNA miniprep kit (Zymo Research, R2052) 

● DNA clean&concentrator kit (Zymo Research, D4013) 

● Maxima H Minus Reverse Transcriptase (Thermo Scientific, EP0752) 

● NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (BioLabs, 

E7760S)  

● SeaHorse MitoStress kit (Agilent, 103010) 

 

Electronic equipment  
● Balance (Sartorius, Göttingen, Germany) 

● Benchtop pH meter (VWR, Darmstadt, Germany) 

● Centrifuge Mega Star 1.6R (VWR, Darmstadt, Germany) 

● Centrifuge Pico21 and Fresco21 (Thermo Scientific, Waltham, USA) 

● CO2 cell incubator (Binder, Crailsheim, Germany) 

● DiaMag Rotator (Diagenode, Liege, Belgium) 

● Freezer -80°C (VWR, Darmstadt, Germany) 

● Freezer -20°C (Liebheer, Bulle, Germany) 

● Fridge 4°C (Liebheer, Bulle, Germany) 

● Gel electrophoresis system (Bio Rad, Munich, Grermany) 

● Hypoxia hood (COY, Michigan, USA) 

● Ice machine (Scotsman, Mailand, Italy) 

● Led Illuminator BL star16 (Biometra, Jena, Germany) 

● Microwave (Severin, Sundern, Germany) 

● Nanodrop (Implen, Munich, Germany) 
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● Qubit (Thermo Scientific, Waltham, USA) 

● Rocking platform (VWR, Darmstadt, Germany) 

● Roller 6 basic (IKA, Königswinter, Germany) 

● TC automated cell counter (Bio Rad, Munich, Grermany) 

● Thermal cycler T100 (Bio Rad, Munich, Grermany) 

● Thermomixer basic (CellMedia, Zeitz, Germany) 

● Vortex 2 genie (Scientific Industries, New York, USA) 

● Water bath VWB18 (VWR, Darmstadt, Germany) 

 

Instruments 
● Acquity iClass UPLC (Waters, Massachusetts, USA) 

● BD FACSAria IIu (BD biosciences, Heidelberg, Germany) 

● BD FACSAria Fusion (BD biosciences, Heidelberg, Germany) 

● BD FACSCanto II (BD biosciences, Heidelberg, Germany) 

● CanonScan 9000F Mark II scanner (Canon, Ota City, Japan) 

● Evos FL Auto 2 widefield microscope (Thermo Scientific, Waltham, USA) 

● Film processor Curix60 (Agfa, Mortsel, Belgium) 

● Illumina HiSeq 4000 IIl (Illumina, California, USA) 

● JEM 2100 plus microscope (JEOL, Tokyo, Japan) 

● Laser scanning confocal SP8-DLS microscope (Leica, Wetzlar, Germany) 

● Laser scanning confocal SP8-X microscope (Leica, Wetzlar, Germany) 

● UltraCut UCT (Leica, Wetzlar, Germany) 

● LightCycler 96 instrument (Roche, Mannheim, Germany) 

● Microplate Reader Infinite 200 Pro (Tecan, Bangkok, Thailand) 

● SeaHorse XF96 extracellular Flux Analyzer (Agilent, California, USA) 

● TapeStation 2200 (Agilent, California, USA) 

● Vi-CELL MetaFLEX instrument (Beckman Coulter, California, USA) 

● Xevo TQ-S triple quadrupole mass spectrometer (Waters, Massachusetts, 

USA) 

● µCT scanner high resolution (SkyScan 1176, Bruker, Belgium)
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2.2 Methods 
 
2.2.1 Mouse husbandry, BM-MSC isolation and culture 
 

Details about mouse strains and husbandry 
C57BL/6 N mice were bred and cared for in the mouse facility of the Max Planck 

Institute for Biology of Ageing. Mice were kept at a relative humidity of 50 ± 5%, a room 

temperature (RT) of 22 ± 2 °C and a light/dark cycle of 12 hours (6 a.m. to 6 p.m., with 

a 15-minute twilight period). For the ageing experiments and profiling, I used 

exclusively wild-type male mice 3–4 months old (young cohort) and 18–22 months old 

(old cohort), a range commonly used in age-associated studies. 

 

Ethical approval for all mouse work performed in this study was granted by the 

Landesamt für Natur, Umwelt und Verbraucherschutz (LANUV) of the federal state of 

North Rhine-Westphalia, Germany. 
 

Details about human BM-MSCs 
Bone marrow aspirates were obtained from patients undergoing a hemiarthroplasty or 

total hip arthroplasty at the University Hospital, Limerick, or the Midwestern 

Orthopaedic Hospital, Croom, Ireland. Ethical approval was obtained from the Health 

Service Executive and the University of Limerick and all patients gave their informed 

consent. Osteoporotic female patients were identified following the diagnosis of a 

femoral neck fragility fracture. Healthy female patients were identified following the 

diagnosis of a femoral neck fracture, where the mechanism of injury was considered 

sufficient to cause fracture. For details on the isolation procedure, please be referred 

to Corrigan et al. (Corrigan et al., 2019) 

 

Endosteal BM-MSC isolation and cell culture  
To isolate murine BM-MSCs from their endosteal niche, I followed a purification 

strategy based on a published protocol (Houlihan et al., 2012), and I adapted the 

isolation strategy to acquire sufficient cells for my experiments. In brief, young and old 

mice were sacrificed by cervical dislocation. Skin and muscles around the hind limbs 

were removed, the legs were cut above the pelvic joints and then placed in ice-cold 
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PBS, on ice. Tibias were then separated from femurs by dislocating the joints and the 

clean bones were placed back in ice-cold PBS. All the following steps were performed 

inside the hypoxia hood. Bones were crushed and cut into tiny pieces and bone chips 

were incubated for 75 minutes at 37°C, in α-MEM medium containing 0.2% w:v 

collagenase, shaking at 200 rpm. To stop the collagenase reaction, sample tubes with 

the bone chips were placed on ice and washed with α-MEM medium supplemented 

with 10% FBS and 1% penicillin/streptomycin (control α-MEM medium).  

 

I modified the published protocol by culturing the bone fragments together with the 

released cells; this allows the outgrowth of more BM-MSCs from the bone in vitro, 

increasing the cell yield. Bone chips were transferred into T25 flasks and were cultured 

under humidified conditions in hypoxia (2% O2, 5% CO2, 37°C) or normoxia (21% O2, 

5% CO2, 37°C). Cells were cultured in control α-MEM medium. On day 3 of cell culture 

the medium was changed, and on day 5 both the cells and the bone chips were 

passaged, using Trypsin-EDTA. On day 8 of the cell culture the bone chips were 

removed, and on day 12 I performed cell sorting using flow cytometry. 

  

Fluorescence-activated cell sorting (FACS)  
To obtain a purified BM-MSC population, I performed cell sorting by flow cytometry, 

using the 7AAD viability dye (1:500) and the following antibodies: Sca-1-FITC, 

CD140a-APC, CD45-PE and TERR-119-PE, all diluted 1:1000 in HBSS+ buffer. 

Details about the antibodies used for the FACS analysis can be found in Table 2. After 

harvesting, cells were washed with PBS and resuspended in HBSS+ buffer. Cells were 

incubated with the antibodies for 45 minutes on ice, were washed twice with HBSS+ 

buffer and were filtered through 35 um nylon mesh into 5 ml sample tubes.  

 

Cell sorting was performed using the BD FACSAria IIu and the BD FACSAria Fusion 

instruments under low pressure sorting conditions (100 um nozzle and 20 psi sheath 

pressure). The CD45-/TERR-119-/CD140a+/Sca-1+ sorted population was collected 

into eppendorf tubes, containing 500 ul control α-MEM medium, at 4°C. Compensation 

was done using UltraComp compensation beads.  Once sorted, BM-MSCs were 

centrifuged at 300 g for 10 minutes at 4°C. They were then resuspended in control α-
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MEM medium. Cells were cultured under humidified conditions in hypoxia or normoxia, 

in T25 flasks and were cultured for 4-5 passages. 

 

HBSS+ buffer 

1x HBSS  

0.01 M HEPES  

2% FBS 

1% Penicillin/Streptomycin 

 
2.2.2 Molecular methods 
 

Real-Time Quantitative Reverse Transcription (qRT)-PCR 

Cells were lysed with QIAzol and the total RNA was extracted using an RNA extraction 

kit, following the manufacturer’s protocol. This was followed by cDNA synthesis using 

MaximaTM H Minus cDNA synthesis master mix, according to the manufacturer’s 

instructions. Subsequent qRT-PCR analysis was performed with 10 ng of cDNA, using 

SYBR-Green chemistry on a LightCycler 96 instrument. Oligos were designed using 

Primer3 and Blast platforms. The primers used for each gene are listed in Table 5. 

Data were analyzed and further processed in Microsoft Excel and Prism GraphPad 8 

software (version 8.4.2). Fold change in gene expression over control samples was 

calculated using the ΔΔCq method, where β-actin Cq values were used as internal 

control. All reactions were run in three technical replicates and averaged. 

 
Table 5. Sequences of primers used for qRT-PCR analysis. 

Gene name Forward primer Reverse Primer 

  Citrate Carrier GGAGAGGACTATTGTGCGGTCT CCCGTGGAAAAATCCTCGGTAC 

Acan CGTTGCAGACCAGGAGCAAT CGGTCATGAAAGTGGCGGTA 

Hk2 GTGGCTAGAGCTCGGGATC TTTCCAGTCGCCCAACATCT 

Pfk1 ACCGAATCCTGAGTAGCAAG GTAGCCTCACAGACTGGTTC 

Pgk1 GCGCCACCTTCTACTCCTCC CTTCCATTTGTCACGTCCTG 
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Pgam1 ATCAGCAAGGATCGCAGGTA TTCATTCCAGAAGGGCAGTG 

β-actin CTGCGCTGGTCGTCG CGGTCATGAAAGTGGCGGTA 

 
Measurement of mtDNA content  
qRT-PCR analysis of mitochondrial DNA-encoded genes was used to estimate the 

mitochondrial DNA content. Cells were lysed with DNA lysis buffer and lysates were 

incubated with Proteinase K for 30 minutes at 55°C, rotating at 620 rpm on a 

Thermoshaker. Phenol was then added to the samples to denature proteins and after 

this step, an equal amount of chloroform was added to remove residual phenol. To 

precipitate DNA, the aqueous phase was collected again and samples were incubated 

overnight at -80°C with sodium acetate pH= 5.2 and 100% ethanol. Precipitated DNA 

was then washed with 70% ethanol for 20 minutes and after air-drying, it was 

resuspended in nuclease free ddH2O. 

 

qRT-PCR analysis of Atp6 and Cox1 mitochondrial DNA-encoded genes was 

performed using SYBR-Green chemistry with LightCycler 96 instrument, as described 

above. Data were analyzed and further processed in Microsoft Excel and Prism 

GraphPad 8 software (version 8.4.2). Fold change in gene expression over control 

samples was calculated using the ΔΔCq method and genomic β-actin Cq values were 

used for internal normalization. All reactions were run in three technical replicates and 

averaged. Oligos were designed as described above. The primers used for each gene 

are listed in Table 6. 
 
Table 6. Sequences of primers used for qRT-PCR analysis of mtDNA-encoded genes. 

Gene name Forward primer Reverse Primer 

 Atp6 GGCACCTTCACCAAAATCAC CGGTTGTTGATTAGGCGTT 

Cox-1 AGGTTGGTTCCTCGAATGTG GCCTTTCAGGAATACCACGA 

  

DNA lysis buffer 

0.5% SDS 

0.1 M NaCl 
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50 mM Tris, pH=8.0 

2.5 mM EDTA, pH=8.0 

 
MitoTracker staining   

Cells were washed with PBS, harvested with Trypsin-EDTA and resuspended in the 

pre-warmed (37°C) staining solution, containing the MitoTracker Deep Red FM probe, 

diluted 1:15000 in α-MEM medium without FBS and phenol red. Cells were incubated 

with the staining solution for 30 minutes at 37°C. They were then washed twice with 

PBS, and centrifuged at 500 g for 5 minutes. In the end, they were resuspended in α-

MEM medium without FBS and phenol red. After addition of DAPI, for dead-cell 

exclusion right before the measurement, cells were analyzed by flow cytometry. Data 

were collected using the FACS Diva software (version 9.0) and analyzed using the 

FlowJo software (version 10.0). 

 

Staining solution 

α-MEM medium 

MitoTracker Deep Red FM probe, 1:15000 (Thermo Scientific, M22425) 

 

Western Blot experiments 
For all western blot experiments cells were harvested and lysed with RIPA buffer. For 

efficient lysis, cells were incubated with RIPA buffer for 30 minutes, at 4°C, rotating, 

and then centrifuged for 10 minutes at 6500 g, at 4°C. Protein concentration was 

determined using the BCA protein assay kit. 20-50 ug of total protein was loaded into 

each well and SDS-PAGE electrophoresis was performed at 150 V for ~45 minutes. 

This was followed by transfer to nitrocellulose membrane, using the Trans-Blot Turbo 

blotting apparatus and reagents. Protein transfer was confirmed by Ponceau S staining 

for 1-2 minutes. The membranes were then incubated with blocking buffer for 1 hour 

at RT and then with the indicated primary antibodies, diluted in antibody dilution buffer, 

overnight at 4°C. Following this step, membranes were washed three times with PBS, 

with each washing step lasting for 5 minutes, and were then incubated with the 

appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies, diluted 

1:10000 in antibody dilution buffer, for 1 hour at RT. After three 10-minute washing 

steps with PBS, the desired proteins were visualized by providing fresh HRP-substrate 
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solution and exposing the membranes for specific time periods to photographic film, 

using the Curix60 instrument. 

 

RIPA buffer 

150 mM NaCl 

1% TritonX-100 

0.5% sodium deoxycholate 

0.1% SDS 

50 mM Tris, pH=8.0 

5 mM sodium butyrate 

1x Protease Inhibitor Cocktail 

 

Blocking buffer 

5% non-fat dry milk 

Tris-buffered saline-0.1% Tween20 (TBS-T) 

 

Antibody dilution buffer 

3% non-fat dry milk 

Tris-buffered saline-0.1% Tween20 (TBS-T) 

 

Immunofluorescence experiments  

For immunofluorescence experiments 2,000 cells were seeded in glass-bottom 96-well 

plates and treated as indicated in each experiment. After treatments, cells were fixed 

for 15 minutes at 37°C with the fixation buffer. Samples were washed with PBS twice, 

permeabilized with 0.1% TritonX-100 in PBS for 10-15 minutes and blocked with the 

blocking buffer for 40 minutes at RT. Samples were then incubated with the indicated 

primary antibodies diluted 1:100-1:300 in the blocking buffer. Incubation with the 

primary antibodies was done overnight at 4°C. Following this step, samples were 

washed 3 times with PBS, with each washing step lasting for 10 minutes. Samples 

were then incubated with fluorophore-conjugated secondary antibodies, diluted 1:500 

in the blocking buffer. Incubation with the secondary antibodies lasted for 45 minutes 

and during this period the samples were protected from light. After three 10-minute 



2.2 Methods           50 
 

 
washing steps with PBS, cells were mounted using the Roti-Mount FluorCare mounting 

medium, containing DAPI. 

 

Fixation buffer 

3.7% v/v formaldehyde in control α-MEM medium 

 

Blocking buffer 

5% BSA in PBS 

 

For histone acetylation immunostaining experiments, cells were washed with PBS and 

were incubated for 10 minutes with the CSK buffer, on ice. They were then washed 

with ice-cold PBS and fixed for 20 minutes at RT with the fixation buffer. Following 

fixation, cells were washed 3 times with PBS and were then blocked with the blocking 

buffer, for 1 hour at RT. Cells were incubated with primary antibodies, diluted 1:100- 

1:500 in the blocking buffer. Incubation with the primary antibodies was done overnight, 

at 4°C. Samples were then washed 3 times with PBS and incubated with fluorophore-

conjugated secondary antibodies, diluted 1:1000 in the blocking buffer, for 1 hour at 

RT, protected from light. After three 10 minute-washing steps with PBS, cells were 

mounted, as described above. 

 

CSK buffer 

10 mM PIPES, pH=6.8 

100 mM NaCl  

300 mM sucrose 

3 mM MgCl2 

1 mM EDTA 

0.5% Triton-X100 

 

Fixation buffer 

4% paraformaldehyde 

2% sucrose 

0.4 mM NaOH in ddH2O 

1x PBS 
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For triple immunostaining of MDVs, cells were fixed in fixation buffer for 20 minutes at 

37°C. They were then washed 3 times with PBS and permeabilized with 0.1% Triton-

X100 in PBS for 10 minutes. After 3 washing steps with PBS, they were blocked with 

the blocking buffer for 45 minutes at RT. Following blocking, cells were incubated with 

primary antibodies diluted 1:50 – 1:100 in the antibody dilution buffer. Incubation with 

the primary antibodies was done overnight at 4°C. Cells were then washed 5 times 

with PBS and incubated with fluorophore-conjugated secondary antibodies, diluted 

1:1000 in the antibody dilution buffer, for 1 hour at RT, protected from light. After five 

10-minute-washing steps with PBS, cells were mounted as described above. 
 
Fixation buffer 

6% paraformaldehyde in PBS 

 

Blocking buffer 

10% FBS in PBS 

 

Antibody dilution buffer 

5% FBS in PBS 

 

Images of the immunofluorescent cells were acquired using 40x, 63x and 100x 

objective lenses on confocal SP8-X and SP8-DLS microscopes. 

 

5-EU labeling 

The 5-EU label was added to the cells, diluted in control α-MEM medium. After 7 hours 

of labeling with 1 mM 5-EU, cells were fixed in fixation buffer for 30 minutes at RT. For 

5-EU detection, fixed cells were stained for 30 minutes at RT with the staining buffer. 

The samples were then rinsed several times with 0.5% TBS-TritonX-100 and then 

stained with DAPI; 30–40 stained cells per sample were imaged using the confocal 

SP8-X microscope with a 63x objective lens. 

Fixation buffer 

125 mM PIPES, pH=6.8 

1 mM MgCl2 



2.2 Methods           52 
 

 
10 mM EGTA 

 0.2% TritonX-100  

3.7% formaldehyde 

 
Staining buffer 

100 mM Tris, pH= 8.5  

1 mM CuSO4 

38.4 µM fluorescent azide 488  

100 mM ascorbic acid added last from a 0.5 M stock 

 

Nile Red staining 
1 mM of the Nile Red dye was added to the cells, diluted in HBSS+ buffer. Cells were 

incubated with the dye for 15 minutes at 37°C. They were then washed with HBSS+ 

buffer and live cell imaging was performed using the confocal SP8-DLS microscope 

with a 40x objective lens. 
 

Plasmid construction, generation of lentivirus and BM-MSCs transduction 
Construct pLVX-Puromycin-CiC was generated by cloning the CiC cDNA sequence 

which is fused to the C-terminal FLAG epitope into a pLVX-Puromycin vector, between 

the XhoI and XbaI restriction sites. Lentivirus was generated by co-transfection of 

293T cells with the empty pLVX-Puromycin vector or the pLVX-Puro-CiC-FLAG vector, 

along with the pMD2.G and psPAX2 packaging vectors. Specifically, 2.8,000,000 HEK 

cells were seeded in a 10-cm plate. The next day, a transfection mix containing 

2xHBS, 2 M CaCl2, 10 mg pLVX, 5.2 mg pMD2.G and 5.2 mg psPAX2 was incubated 

for 30 minutes at RT and subsequently added to the cells. After 16 hours, the medium 

was changed and fresh control DMEM medium was added to the cells. After 72 hours, 

the supernatant was collected, spun at 500 g for 5 minutes and filtered through a 

0.45 µM filter. 

 

The transfection medium consisted of virus:medium in 1:1 v:v ratio, along with 4 µg/ml 

polybrene, was used to transduce BM-MSCs. Medium was changed after 18 hours.  

2 µg/ml puromycin was added after 72 hours to positively select the transduced cells. 

 
Colony-Forming Unit (CFU) assay  
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To determine the efficiency by which BM-MSCs form colonies, 100 cells were seeded 

in a 6-well plate and cultured for 10-12 days, as described above. On the day of the 

experiment, cells were washed with PBS and stained with 1% v:v crystal violet in PBS 

for 5-10 minutes at RT. Cells were then washed thoroughly with ddH2O for three times 

and visible colonies were counted. Images were acquired on Mark II scanner. 
 
Proliferation assay  

Cell proliferation was determined using the CyQuant Cell Proliferation assay kit, 

according to the manufacturer’s protocol. In brief, 1,000 cells were seeded in 48-well 

plates and proliferation was assessed after 1, 3, 5 and 7 days of cell seeding. On the 

day of the experiment, cells were incubated in the CyQuant cell lysis buffer for 45 

minutes at 37°C, protected from light. Fluorescence was measured at ~480 nm 

excitation wavelength and ~520 nm emission wavelength, using a microplate reader. 

  

Differentiation assays 
i) Differentiation to adipocytes. For adipogenesis, 2,000 cells were seeded in 96-well 

plates. Adipogenic differentiation was induced once cells reached confluency, by 

culturing them in adipogenic medium. For BTA treatment, 1 mM BTA was added in the 

control α-MEM medium for three days, prior to induction of differentiation. 

 

Adipogenesis was confirmed by Oil Red O staining of adipocytes, performed 8-10 days 

after induction of adipogenesis. Cells were washed with PBS and fixed with 3.7% 

formaldehyde in control α-MEM media, for 30 minutes at RT. After fixation, cells were 

washed twice with ddH2O and once with 60% isopropanol, with every washing step 

lasting for 5 minutes. Cells were then stained with Oil Red O staining solution for 15 

minutes at RT. After staining, cells were washed four times with ddH2O and images 

were acquired with a bright-field microscope, using the 20x objective lens. 

 

Adipogenic medium 

control α-MEM 

1 uM dexamethasone 

1 uM IBMX 

10 ug/ml insulin 
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100 uM indomethacin 

 

Oil Red O staining solution 

Stock solution: 0.35% w:v Oil Red O in  ddH2O.  

Staining solution: 60% v:v Oil Red O stock solution in  ddH2O.  

 

ii) Differentiation to osteoblasts. For osteogenesis, 2,000 cells were seeded in 96-well 

plates. Osteogenesis was induced once cells reached confluency, by culturing them in 

osteogenic medium. For BTA treatment, 1 mM BTA was added in the control α-MEM 

medium, for three days prior to induction of differentiation. For acetate treatment, 5 mM 

of sodium acetate was added in the control α-MEM medium three days prior to the 

induction of differentiation. 

  

Osteogenesis was confirmed by Alizarin Red S staining of osteoblasts, performed 12 

days after induction of osteogenesis. Cells were washed once with PBS and fixed with 

3.7% formaldehyde in control α-MEM media, for 30 minutes at RT. Fixation was 

followed by washing cells with ddH2O. Cells were then incubated with the Alizarin Red 

S staining solution for 45 minutes, protected from light. After staining, cells were 

washed with ddH2O and images were acquired with a bright-field microscope, using 

the 20x objective lens. 

 

Osteogenic medium 

control α-MEM 

100 nM dexamethasone 

10 mM beta-glycerophosphate 

100 uM ascorbic acid 

 

Alizarin Red S staining solution 

2% w:v Alizarin Red S in ddH2O 

 

iii) Differentiation to chondrocytes. For chondrogenesis, 75,000 cells were seeded in 

96-well plates with flat (control) or conical (differentiated) bottom. Chondrogenesis was 

induced once cells reached confluency, by culturing them in differentiation medium for 
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12-14 days. Osteogenesis was confirmed by extracting RNA and performing qRT-PCR 

analysis for the Acan osteogenic gene, as described above. 

 

Chondrogenic medium 

control DMEM medium 

100 nM dexamethasone 

1% ITS 

10 uM ascorbic acid 

1 mM sodium pyruvate 

50 ug/ml proline 

20 ng/ml TGF-β3 

 

SeaHorse analysis of mitochondrial respiration and glycolytic activity 

To determine the oxygen consumption rate (OCR), 96-well SeaHorse microplates were 

coated with 10% Gelatin - 90% Poly-L-Lysine solution for 1 hour at RT. 20,000 cells 

were seeded in each well and cells were incubated overnight at 37°C, in a humidified 

5% CO2 incubator, with control α-MEM medium. To measure endogenous fatty acid 

oxidation, on the day of the experiment, cells were treated with or without 100 uM 

etomoxir and incubated for 1 hour at 37°C, in a humidified 5% CO2 incubator. They 

were then washed twice with the assay medium and incubated for 1 hour in a non-CO2 

- containing incubator, before loading into the XF Analyzer. To assess exogenous fatty 

acid oxidation, cells were incubated overnight with substrate-limited medium. On the 

day of the experiment cells were incubated with assay media for 1 hour in a non-CO2 

- containing incubator. BSA-Palmitate was added to the wells before running the assay. 

 

Following measurements of resting respiration, cells were injected with 20 uM 

oligomycin (or 1.5 uM for the palmitate experiment), 5 uM FCCP (or 2 uM for the 

palmitate experiment) and 5 uM Rotenone/Antimycin (or 0.5 uM for the palmitate 

experiment). Each measurement was taken over a 2-minute-interval followed by 2-

minute-mixing and 2-minute-incubation. Three measurements were taken for the 

resting OCR: after oligomycin, after FCCP and after Rotenone/Antimycin A treatment. 

Values were normalized to protein concentration using Bradford kit and were plotted 
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using the Wave software (version 2.4) and the Prism GraphPad 8 software (version 

8.4.2). 

 

Assay medium for endogenous fatty acid oxidation 

XF-DMEM medium  

10 mM Glucose 

1 mM Sodium Pyruvate  

2 mM L-Glutamine 

 

Substrate-limited medium 

DMEM without glucose and phenol red 

0.5 mM Glucose 

0.5 mM L-carnitine 

1 mM Glutamax  

1% FBS 

 

Assay medium for exogenous fatty acid oxidation 

substrate-limited medium 

2 mM Glucose 

0.5 mM L-carnitine 

 

To determine extracellular acidification rate (ECAR), 96-well SeaHorse microplates 

were coated with 10% Gelatin - 90% Poly-L-Lysine solution for 1 hour at RT. 30,000 

cells were seeded in each well and cells were incubated overnight at 37°C, in a 

humidified 5% CO2 incubator, with control α-MEM medium. On the day of the 

experiment, cells were washed twice with the assay medium and incubated for 1 hour 

in a non-CO2 - containing incubator, before loading into the XF Analyzer. Glycolytic 

activity was measured after injection with Glucose (10 um), Oligomycin (1 uM) and 2-

DG (50 um). Each measurement was taken over a 2-minute-interval followed by 2-

minute-mixing and 2-minute-incubation. Values were normalized to protein 

concentration using Bradford kit and were plotted using the Wave software (version 

2.4) and the Prism GraphPad 8 software (version 8.4.2). 
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Assay medium for glycolysis 

XF-DMEM medium  

2 mM L-Glutamine  

 

Measurement of glucose, lactate and pH 

Measurement of glucose, lactate and pH in the media of BM-MSCs was performed 

using the Vi-CELL MetaFLEX instrument, according to manufacturer’s instructions. All 

measurements were done in triplicates and averaged. 

 

Measurement of bone quality parameters  
To assess changes in the bone quality upon ageing, I dissected femurs from young 

and old mice and collected them in PBS. Bone density and bone volume were 

measured in the Phenotyping Core Facility at the Max Planck institute for Biology of 

Ageing by micro-computed tomography (uCT), as described in Appendix A. 

 
Electron microscopy 
Preparation of samples for electron microscopy and image acquisition were performed 

in CECAD Institute, as described in Appendix B. 

 
Targeted liquid chromatography mass spectrometry (LC-MS) analysis  
Metabolite extraction from each sample was performed using a mixture of prechilled 

(−20 °C) acetonitrile:methanol:water in ratio 40:40:20 v:v:v and protein concentration 

was used for normalization. Detection and measurement of the extracted metabolites 

were performed in the Metabolomic Core Facility at the Max Planck Institute for Biology 

of Ageing, as described in Appendix C.  

 

2.2.3 Sequencing-based approaches and data analysis 
 
Sequencing of all libraries was performed at the Cologne Center for Genomics (CCG) 

and data analysis was done by Dr. Parekh Swati at Max Planck Institute for Biology of 

Ageing, as described in Appendix D.  
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RNA-sequencing (RNA-seq)  
Total RNA was isolated using an RNA extraction kit following the manufacturer’s 

protocol. Once RNA quality and integrity were verified, RNA libraries were created 

using a NEBNext Ultra II Directional RNA Library Prep Kit.  

 

Assay for Transposase Accessible Chromatin-sequencing (ATAC-seq) 
ATAC-seq was performed on 50,000 cells per sample, as described previously 

(Buenrostro et al., 2013). In brief, cells were harvested, washed with PBS, 

resuspended in ice-cold lysis buffer and centrifuged for 10 minutes, at 500 g at 4°C. 

Nuclei were then incubated with the transposition reaction mix, for 30 minutes at 37°C, 

shaking at 250 rpm. DNA was purified using the DNA concentrator kit.  

 

Following purification, 10 ul of the DNA fragments were amplified using the NEBnext 

PCR master mix and Nextera PCR primers, using the following PCR conditions:   72°C 

for 5 minutes; 98°C for 30 seconds; 98°C for 10 seconds; 63°C for 30 seconds; 72°C 

for 1 minute. Libraries were amplified for five cycles. DNA concentration of the libaries 

was measured using Qubit and library quality was assessed by running samples on 

the TapeStation.  

 

Lysis buffer 

10 mM Tris-CL, pH=7.4 

10 mM NaCl 

3 mM MgCl2 

0.1% NP-40 

 

Transposition reaction mix 

25 ul TD 

2,5 ul TDE1 

25,5 ul ddH2O 

 

CUT and RUN-sequencing (CUT&RUN-seq) 
CUT&RUN was performed on 100,000 cells per sample, adapting a previously 

described protocol (Skene and Henikoff, 2017). In brief, Concanavalin A magnetic 
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beads were resuspended in binding buffer. Cells were washed twice with wash buffer 

and incubated with activated Concanavalin A beads for 10 minutes at RT. The cell-

bead suspension was then resuspended in antibody buffer and incubated overnight at 

4°C with the desired antibodies (antibody dilution 1:50). The cell-bead suspension was 

then washed twice with digitonin buffer and incubated with the EpiCypher CUTANA 

pAG-MNase, for 10 minutes, rotating. After two washing steps with digitonin buffer, 

samples were resuspended in digitonin buffer and 100 mM CaCl2 was added to the 

tubes. Samples were incubated for 2 hours at 4°C, rotating. To stop the reaction, STOP 

buffer was added in each tube and samples were incubated at 37°C for 10 minutes at 

500 rpm. After centrifugation, the liquid was collected, the DNA was purified using the 

DNA concentrator kit and the DNA was eluted in the elution buffer.  

 

For library construction, first, DNA ends were blunted for 30 minutes at 20°C. DNA was 

then cleaned-up using Ampure XP beads and was next subjected to poly-A addition. 

Next, adapters were ligated to each sample by incubation for 15 minutes at RT and 15 

minutes at 30°C. DNA samples were cleaned up by Ampure XP beads and libraries 

were amplified using the following PCR, conditions: 45 seconds at 98°C; 15 seconds 

at 98°C; 30 seconds at 63°C; 30 seconds at 72°C; 60 seconds at 72°C. Libraries were 

amplified for twelve cycles. DNA was cleaned up by Ampure XP beads and purified 

using the DNA concentrator kit. DNA concentration of the libaries was measured using 

Qubit and library quality was assessed by running samples on the TapeStation. 

 

Binding buffer 

20 mM HEPES, pH=7.9 

10 mM KCl 

1 mM CaCl2 

1 mM MnCl2 

 

Wash Buffer 

20 mM HEPES, pH=7.5 

150 mM NaCl 

0.5 mM Spermidine 

1x Protease Inhibitor 
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Digitonin Buffer 

Wash Buffer 

0.05% Digitonin 

 

Antibody Buffer 

Digitonin Buffer 

2 mM EDTA 

 

STOP Buffer 

340 mM NaCl 

20 mM EDTA 

4 mM EGTA 

0.02% Digitonin 

50 ug/ml RNase A 

50 ug/ml Glycogen 

 

2.2.4 Microscopy image acquisition and processing 
 
Bright-field images were acquired using the Evos FL Auto 2 microscope. Quantification 

of the Alizarin Red S and Nile Red staining were done in ImageJ64 software (version 

10.2), quantifying 3-5 randomly selected fields per image. Measurement of intensity 

was done after making RGB stacks for each image and applying the same thresholds 

to all samples from each experiment. Immunofluorescent images were acquired using 

the confocal SP8-X and SP8-DLS microscopes. Images were acquired using the 40x, 

63x and 100x objective lenses. All immunofluorescent images were processed 

identically in ImageJ and Fiji (version 2.1.0/1.53c); in particular, images are shown 

after background subtraction (rolling ball radius:50) and noise despeckle.  

 

2.2.5 Quantification and statistical analysis 
 
Except for the epigenome analyses, all other graphs were generated in GraphPad 

Prism 8 (version 8.2.4) software. For all bar graphs, results are shown as mean ± 

S.E.M. For quantification of images where more than 10 cells were taken into account, 
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distribution of data points is shown as violin plots, where the mean is indicated by a 

solid line and quartiles are indicated with dotted lines. I performed all sequencing 

experiments using n=2 biologically independent replicates. For all other experiments I 

used n=3 biologically independent replicates, unless otherwise stated. p-values for 

box plots of sequencing data were determined using a two-sided Wilcoxon test. In all 

other instances, statistical significance was determined using two-sided unpaired and 

paired t-test, unless otherwise specified, and the exact p-values are indicated on each 

plot. For boxplots, the lower and upper hinges correspond to the first and third quartiles 

(25th and 75th percentiles), while the middle line is median and the whiskers extend 

to 1.5 × interquartile range (IQR) from both lower and upper hinges. GO enrichment 

analysis was performed using Metascape (Zhou et al., 2019), which calculates p-

values on the basis of a cumulative hypergeometric distribution. Model is drawn using 

BioRender.



 

 
 
 
Chapter 3 
  
Results 
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Part I: Chromatin remodeling due to degradation of Citrate Carrier 

impairs osteogenesis of aged stem cells 
 
3.1 Chromatin compaction and histone hypo-acetylation during BM-
MSC ageing 
  

3.1.1 Aged BM-MSCs exhibit skewed adipogenesis and impaired osteogenesis 
 
To investigate the molecular link between chromatin, metabolism and stemness upon 

ageing, I isolated mesenchymal stem cells from the bone endosteum of young (~3-5 

months old) and old (~18-22 months old) mice. For the isolation of BM-MSCs I followed 

a published protocol (Houlihan et al., 2012). In brief, after dissecting the hind limbs, 

bones were cut into tiny pieces and the bone fragments were incubated with 

collagenase, to facilitate bone digestion. The released cells were then seeded and 

cultured in vitro. 
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Figure 3.1. Isolation and characterization of BM-MSCs derived from the bone endosteum.  (a) 

Schematic representation demonstrating the isolation protocol of bone marrow mesenchymal stem cells 

(BM-MSCs) from the back limbs of young (~3-5 months old) and old (~18-22 months old) mice. After 
collection of the limbs, clean bones were cut into small pieces, which were then treated with collagenase 

for 1 hour at 37°C. Cells and bone fragments were seeded in flasks and incubated for 10 days under 

2% O2. On day 10, I performed cell sorting using flow cytometry; I selected the CD45-/Ter-119-/Sca-

1+/CD140a+ mesenchymal stem cell population. (b) Expression profile of BM-MSCs for mesenchymal 

(top) and hematopoietic (bottom) markers, as assessed by flow cytometry. The purified BM-MSC 

population is highly enriched in mesenchymal stem cell markers and depleted from hematopoietic stem 

cell markers. 

  

This strategy purified a homogenous BM-MSC population, expressing high levels of 

the Sca-1 and CD140a BM-MSC markers. However, since only 500-1000 BM-MSCs 

per mouse could be isolated following this procedure, I modified this protocol by adding 

the possibility for outgrowth of more BM-MSCs from bones in vitro, before cell sorting 

(Figure 3.1a); this modification increased the number of the isolated BM-MSCs 

(~70,000 per mouse), which were devoid of hematopoietic markers, while expressing 

mesenchymal stem cell surface markers (Figure 3.1b). Taking into consideration the 

variability between individual mice, pooled cells obtained from three different animals 

were used in each biological replicate. Additionally, in order to maintain the oxygen 

concentration similar to that of their niche, purified BM-MSCs were cultured exclusively 

under 2% oxygen. 

  

The isolated cells from both age groups maintained their characteristic mesenchymal 

marker expression profile even after four weeks in cell culture, as revealed by FACS 

analysis (Figure 3.2a). Interestingly, the FACS data were confirmed by RNA-seq 

analysis of young and aged cells, which showed that the isolated BM-MSCs from both 

age cohorts did not express hematopoietic markers, whereas they exhibited high 

expression levels of known mesenchymal stem cell markers (Pedemonte et al., 2007) 

(Figures 3.2b-3.2c). Importantly, the isolated cells possessed tri-lineage 

differentiation capacity, giving rise to adipocytes, osteoblasts and chondroblasts 

(Figure 3.2d). 
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Figure 3.2. Maintenance of BM-MSC properties during in vitro culture. (a) Marker profile of BM-

MSCs for mesenchymal and hematopoietic genes, as assessed by flow cytometry, using cells at 

passage 5 (~4 weeks in culture). (b) Validation of results shown in (a) by RNA-seq. Plotted here are the 

counts per million (CPM) values for each gene. (c) Correlation of the transcription levels of known BM-

MSC-specific markers in young and aged BM-MSCs, using the RNA-seq dataset. The values are counts 

per million and both axes are scaled to log10. (d) Multilineage differentiation capacity of BM-MSCs. 
Representative images showing adipogenic and osteogenic differentiation, which were confirmed after 

Oil Red O and Alizarin Red S staining, respectively. Images were acquired 12 days after induction of 

differentiation. Scale bars, 500 um. Chondrogenic differentiation was confirmed by qRT-PCR analysis 

of the chondrogenic gene Acan, 14 days after induction of differentiation. β-actin was used as an internal 

control for normalization. CHONDRO: chondrocytes. 
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In vitro culture of BM-MSCs from young and aged mice revealed that aged BM-MSCs 

exhibited similar proliferation rate to young BM-MSCs, although they displayed lower 

colony forming capacity (Figures 3.3a-3.3b). Moreover, aged cells displayed skewed 

adipogenic differentiation at the expense of osteogenesis (Figures 3.3c-3.3d). The 

biased adipogenesis and impaired osteogenesis were in line with age-dependent 

changes in the transcriptome profile (Figure 3.3e) and are both well-described 

characteristics of aged BM-MSCs. 

 

  
 
Figure 3.3. BM-MSCs lose their osteogenic capacity upon ageing. (a) Comparison of the 

proliferation rate of young and aged BM-MSCs, after 1,3,5, and 7 days in culture, using the CyQuANT 

NF Cell Proliferation Assay kit. (b) Representative images and quantification of Colony-Forming Unit 

assay for young and aged BM-MSCs, after culturing them for 10-14 days. n = 6 biologically independent 
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experiments. (c) Representative images and quantification after Oil Red O staining of young and aged 

cells, 9 days after induction of adipogenesis. (d) Representative images and quantification of Alizarin 

Red S staining of young and aged BM-MSCs, 12 days after induction of osteogenesis. (e) GO 
enrichment analysis for down-regulated genes upon ageing, identified by RNA-seq. n = 3 biologically 

independent replicates.  

Scale bars in (c) and (d), 500 um. 

 

Together, these data suggest that the purification and culture strategy enabled 

successful isolation of homogenous, multipotent BM-MSCs that maintained their 

typical properties in vitro. Notably, analysis of several bone quality-related parameters 

revealed a strong decrease of the bone quality in aged animals, particularly in the 

trabecular bone compartment, where BM-MSCs reside (Figures 3.4a-3.4c). These 

results confirmed the in vitro findings of lower osteogenic capacity upon ageing. 

 

 
 
Figure 3.4. Loss of trabecular bone volume and density in aged mice. (a) Measurement of bone 
density and bone volume of the cortical and trabecular bone compartments from the femurs of young 

and old mice; n = 9 biologically independent experiments of young mice and n = 8 biological replicates 

of old mice. 
 
3.1.2 Aged BM-MSCs display reduced chromatin accessibility 
 
Using BM-MSCs isolated from young and old mice I sought to investigate the 

underlying epigenetic determinants of the age-associated loss of the osteogenic 
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differentiation capacity. Initially, I measured global chromatin accessibility by Assay for 

Transposase-Accessible Chromatin using sequencing (ATAC-seq) on young and 

aged BM-MSCs (Figures 3.5a-3.5c). As outlined in Figure 3.5a, this assay uses the 

hyperactive Tn5 transposase which recognizes and fragments the accessible, 

nucleosome-free DNA regions, while simultaneously adding adapters for high-

throughput sequencing; thus, it monitors chromatin accessibility on a genome-wide 

scale (Buenrostro et al., 2013).  

 

 
Figure 3.5. Quality control of ATAC-seq. (a) Workflow of ATAC-seq experiment. (b) Insert size 

distribution of each single ATAC-seq library. (c) Mapping statistics for each individual ATAC-seq library. 
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Upon ageing,  ~14,750 sites in the genome changed significantly in accessibility status 

(FDR < 0.05). In particular, ~6,500 sites were more accessible in aged BM-MSCs, 

while ~8,250 sites became less accessible during ageing (Figure 3.6a). Surprisingly, 

aged BM-MSCs exhibited significantly reduced global chromatin accessibility (Figure 
3.6b).  This is opposite to what has been proposed for various organisms that display 

higher chromatin accessibility upon ageing, which is associated with aberrant gene 

transcription (Hu et al., 2014). To further analyze the age-dependent changes in the 

chromatin structure, accessibility over the transcription start site (TSS) was plotted as 

a metaplot (Figure 3.6c). This analysis revealed that the chromatin on gene promoters 

of aged cells became more compacted. This result was validated using NucleoATAC, 

an algorithm that allows the precise mapping of nucleosomes from ATAC-seq datasets 

(Schep et al., 2015). Plotting nucleosome occupancy over the TSS of all protein-

coding genes confirmed that ageing led to higher nucleosome density at the promoter 

region (Figure 3.6d). 

 

 
Figure 3.6. Chromatin compaction in aged BM-MSCs. (a) MA-plot showing opening and closing 

peaks with age, as determined by ATAC-seq. (b) Overall genome accessibility expressed as RPKM 

values measured by ATAC-seq. The y axis is scaled to log10 for visualization purposes. (c) Metaplot 

of ATAC-seq reads over the TSS of all protein-coding genes. (d) NucleoATAC metaplot to map the 
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position of all nucleosomes around the TSS of all protein-coding genes. (e) V-plots to characterize dyad 

position within the nucleosomes. 

 

One major feature of the ageing epigenome is the increased nucleosome fuzziness 

(Hu et al., 2014), which suggests that the position of nucleosomes is not precisely 

determined and the nucleosomes are rather unstable. However, in the aged BM-MSC 

population the position of nucleosomes remained properly defined, indicating that only 

their abundance was affected during ageing (Figure 3.6e). Next, I investigated which 

genes changed promoter accessibility upon ageing. GO enrichment analysis for genes 

with altered accessibility profile revealed terms surrounding mesenchymal stem cell 

differentiation, signaling and cell-matrix adhesion processes (Figure 3.7a). Notably, 

these results were in line with the transcriptional changes observed by RNA-seq 

(Figure 3.3e) and there was a linear correlation between the transcriptomic changes 

and the alterations on the promoter accessibility profile (Figure 3.7b). Given that 

chromatin accessibility correlates with gene transcription, I then assessed whether the 

age-associated chromatin compaction promoted global reduction of transcription. 

Indeed, comparison of 5-EU incorporation between young and aged BM-MSCs, 

revealed that aged BM-MSCs exhibited lower global transcriptional rate compared to 

young BM-MSCs (Figure 3.7c). 
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Figure 3.7. Reduced transcription rate in aged BM-MSCs. (a) GO enrichment analysis of opening 

and closing peaks upon ageing that were identified by ATAC-seq. GTPase-med. signal transd.: 

GTPase-mediated signal transduction (b) Correlation of ATAC-seq and RNA-seq data, where the 
log2fold change (logFC) of genes differentially expressed in young and aged BM-MSCs and of their 

differentially accessible promoters is plotted. Only the significantly differentially expressed genes 

(adjusted p-value <= 0.05) after multiple testing corrections were taken into account. (c) Representative 

images and quantification of mean fluorescence intensity (MFI), after labeling young and aged cells with 

1 mM 5-EU, for 7 hours. Nuclei were stained with DAPI. Scale bar, 25 um. 

 

3.1.3 Lower histone acetylation correlates with chromatin compaction of aged 
BM-MSCs 
 

These unexpected results of a strong decrease in chromatin accessibility and 

transcriptional rate upon ageing prompted me to further investigate the molecular 

underpinnings for the age-dependent changes in the chromatin architecture. Histone 

acetylation neutralizes the positive charge of the side-chain of histones and weakens 

the contact between histones and DNA (Tessarz and Kouzarides, 2014). Thus, it plays 

a fundamental role in the regulation of chromatin accessibility and gene expression. 

Therefore, I investigated whether alterations in the histone acetylation profile between 

young and aged BM-MSCs contributed to the observed changes in chromatin 

accessibility. Indeed, aged BM-MSCs contained significantly reduced levels of total 

histone H3 and histone H4 acetylation (Figures 3.8a-3.8b), suggesting that the loss 

of chromatin accessibility was largely influenced on the level of histone post-

translational modifications. 
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Figure 3.8. Lower histone acetylation in aged BM-MSCs. (a) Representative images and 

quantification of MFI after immunostaining against H3ac and H3 of young and aged cells. MFI of histone 

H3 was used as internal control, for normalization. Nuclei were stained with DAPI. (b) Representative 
images and quantification of MFI after immunostaining against H4ac and H4 of young and aged cells. 

MFI of histone H4 was used as internal control, for normalization. Nuclei were stained with DAPI. 

Scale bars, 25 um. 

  

Together, these data suggest that ageing is accompanied by histone hypo-acetylation 

and decreased chromatin accessibility, leading to transcriptional changes that are 

responsible for the reduced osteogenic capacity of aged BM-MSCs.
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3.2 Age-induced changes in the abundance of histone marks on 
lineage-defining genes 

  
3.2.1 Ageing alters the abundance of H3K27 acetylation on lineage-specific 
genes 
 

To investigate whether ageing was accompanied by changes in other functional 

elements on the epigenome, levels of H3K27 acetylation (H3K27ac), a mark 

associated with active enhancers and gene transcription, were analyzed by 

immunofluorescence. H3K27ac levels remained unchanged globally upon ageing 

(Figure 3.9a).  

 

 
Figure 3.9. Altered abundance of H3K27ac on lineage-determining genes. (a) Representative 

images and quantification of MFI after immunostaining against H3K27ac and H3 of young and aged 
cells. MFI of H3 was used as an internal control for normalization. Nuclei were stained with DAPI. Scale 

bar, 25 um. (b) Heatmaps of regions that overlapped in H3K27ac and ATAC-seq datasets, representing 

potential enhancers. Plots were aligned to the peak center, ±3 kb. (c) GO enrichment analysis of gene 

promoters gaining and losing H3K27ac abundance upon ageing. (d-e) Integrative genomics viewer 

(IGV) snapshots showing H3K27ac read density and chromatin accessibility as assessed by ATAC-
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seq, in young and aged BM-MSCs, near the Postn (d) and Wnt16 (e) genes. Shaded regions 

demonstrate differences between young and aged BM-MSCs. 

 

However, to identify if specific genomic loci displayed altered H3K27ac abundance 

upon ageing, I performed CUT&RUN-sequencing, using a H3K27ac-specific antibody. 

CUT&RUN-seq is an alternative for ChIP-seq that allows low cell number as input and 

precise quantification, using genomic spike-in for normalization. Intersection of the 

ATAC-seq data and the H3K27ac regions outside promoters identified potential gene 

enhancers (Figure 3.9b). Strikingly, potential enhancers losing H3K27ac abundance 

upon ageing were associated with genes encoding for transcripts involved in 

mesenchymal stem cell function and particularly in differentiation into chondrocytes 

and skeletal system development (Figure 3.9c). Examples of genes that lost 

chromatin accessibility and H3K27ac abundance on potential enhancers upon ageing 

are shown for Wnt16 and Postn, which are involved in stem cell proliferation and 

osteogenesis, respectively (Figures 3.9d-3.9e). This indicates that the loss of 

enhancer marking by H3K27ac played a crucial role in the loss of the differentiation 

potential of aged BM-MSCs.  

 

By contrast, regions that gained H3K27ac occupancy upon ageing were not 

associated with lineage-specific terms; instead, they were linked to genes encoding 

for transcripts involved mainly in glucose homeostasis and signaling (Figures 3.9c). 

To investigate whether this change had a functional impact on glucose metabolism, I 

next compared the glycolytic activity of young and aged BM-MSCs. Interestingly, aged 

BM-MSCs displayed lower levels of glucose uptake and lactate secretion and higher 

pH, indicating decreased glycolytic activity (Figures 3.10a-3.10c). 
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Figure 3.10. Age-associated changes in glucose metabolism. (a) Glucose consumption in young 

and aged BM-MSCs, measured using the Vi-Cell MetaFLEX instrument. (b) Lactate production 

measured in the media of young and aged BM-MSCs, as described in (a). (c) pH measured in the media 
of young and aged cells as described in (a).  

    

3.2.2 Ageing alters the abundance of H3K27 tri-methylation on lineage-specific 
genes 
 

Due to the age-dependent alterations in the H3K27ac occupancy and the increased 

chromatin compaction, I next sought to investigate whether H3K27 tri-methylation 

(H3K27me3) was altered upon ageing, too. Of note, this histone modification is 

associated with gene silencing. Indeed, a global increase in H3K27me3 levels upon 

ageing was observed (Figure 3.11a), supporting the previous findings of a chromatin 

state that is transcriptionally less permissive. To identify the precise genomic regions 

that exhibited an altered H3K27me3 status upon ageing, I performed CUT&RUN-seq, 

using a H3K27me3-specific antibody. While H3K27me3 occupancy close to gene 

promoters did not change between young and aged BM-MSCs, there was an increase 

in the H3K27me3 abundance across the gene bodies (Figure 3.11b). Interestingly, 

genes gaining H3K27me3 upon ageing were associated with Gene Ontology terms 

enriched for metabolic processes and cell adhesion terms, whereas those that lost 

H3K27me3 were strongly enriched for terms involved in neuronal differentiation 

(Figure 3.11c). Although there are some reports showing that BM-MSCs are capable 

of differentiating into neurons (Song et al., 2018; Karakaş et al., 2020), this is clearly 

not a mesenchymal lineage. However, the loss of H3K27me3 on these genes was only 

mild, as shown for the Pax6 gene that regulates development of neuronal tissues 

(Figure 3.11d). Thus, silencing of neuronal genes was likely not strongly altered with 

age. 
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Figure 3.11. Age-associated changes in H3K27me3 abundance. (a) Representative images and 

quantification of MFI after immunostaining against H3K27me3 and histone H3 young and aged cells. 

MFI of H3 was used as an internal control for normalization. Nuclei were stained with DAPI. Scale bar, 

25 um. (b) H3K27me3 enrichment density over the gene body of all protein-coding genes. (c) GO 

enrichment analysis of regions gaining and losing H3K27me3 abundance upon ageing. (d) Integrative 

genomics viewer (IGV) snapshots showing H3K27me3 read density and chromatin accessibility as 
assessed by ATAC-seq in young and aged BM-MSCs, near the Pax6 gene. 
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3.3 Lower CiC levels lead to acetyl-CoA trapping inside mitochondria 
of aged cells 
  

3.3.1 Lower lipid biogenesis in aged BM-MSCs results in acetyl-CoA 
accumulation 
 
The loss of histone acetylation in aged BM-MSCs prompted me to explore how the 

histone acetylation profile was established in young and aged cells and whether other 

cellular processes were involved in this phenotype. To address this, I first compared 

the levels of the two major histone acetyltransferases (HATs), CBP and GCN5. Levels 

of both proteins remained stable upon ageing, suggesting that the age-dependent 

histone hypo-acetylation was not due to differential expression of these two enzymes 

(Figure 3.12a). Thus, I next focused on metabolism, since it is well described that 

various metabolic intermediates impact the establishment of DNA and histone 

modifications, via altering the activity of epigenetic enzymes. For instance, local 

availability of acetyl-CoA directly influences histone acetylation, independently of the 

enzymatic activity of HATs (Cai et al., 2011; Wellen et al., 2009). Comparison of acetyl-

CoA levels in young and aged BM-MSCs revealed that aged cells contained higher 

acetyl-CoA levels (Figure 3.12b). This unexpected result was in contradiction to the 

lower histone acetylation observed in aged BM-MSCs and motivated me to further 

investigate where the higher acetyl-CoA levels originated from and what they were 

used for. 

  
Figure 3.12. Discrepancy between the levels of acetyl-CoA and histone acetylation. (a) 

Representative immunoblots for CBP and GCN5 histone acetyl-transferases in young and aged BM-
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MSCs. β-actin was used as loading control. n = 2 biologically independent experiments. (b) Comparison 

of acetyl-CoA levels in young and aged BM-MSCs. 

 

Acetyl-CoA is a central metabolite that plays a fundamental role in lipid metabolism; it 

is generated through lipid catabolism during fatty acid oxidation (FAO), whereas it is 

consumed during lipogenesis (Figure 3.13a). Thus, I sought to determine whether 

age-induced changes in the lipid metabolism were responsible for the increased 

acetyl-CoA levels in aged BM-MSCs. To understand if the lipid content changed with 

age, cells were stained with Oil Red O to visualize neutral lipids. Aged BM-MSCs 

displayed a much weaker lipid staining, indicating that they contained fewer neutral 

lipids (Figure 3.13b top). Importantly, this phenotype was also confirmed by electron 

microscopy, revealing that aged cells exhibited a strong decrease in the amount of 

lipid droplets (LDs) compared to young BM-MSCs (Figure 3.13b bottom).  

 

 
Figure 3.13. Lower lipid content in aged cells is due to impaired lipogenesis. (a) Schematic graph 

describing the different metabolic pathways generating and consuming acetyl-CoA and the associated 

key enzymes. (b) Representative images of lipid droplets. Images were acquired by bright filed 
microscope after Oil Red O staining (top) and by electron microscope (EM, bottom). Scale bar, 500 um 

in bright-field images and 2 um in EM images. (c) Representative immunoblots for FASN and ACC1 

proteins. β-actin was used as loading control. (d) Basal (left) and maximal (right) oxygen consumption 
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rates (OCR) in young and aged BM-MSCs, treated with or without 100 uM Etomoxir for 1 hour, prior to 

the assay. (e) Basal (left) and maximal (right) OCR in young and aged BM-MSCs. Cells were incubated 

overnight with a substrate-limited medium. On the day of the assay, BSA-Palmitate was injected to 
cells. n = 4 biologically independent experiments in young and n = 3 biologically independent 

experiments in old. 

 

The lower LD content could be explained either by lower fatty acid biosynthesis and/or 

increased lipid consumption through β-oxidation of fatty acids. To investigate whether 

any of these two mechanisms was altered in my system upon ageing, contributing to 

the observed loss of lipids and the acetyl-CoA accumulation in aged cells, I initially 

compared the levels of the key enzymes involved in de novo synthesis of fatty acids. 

Although FASN protein levels did not change upon ageing, levels of the ACC1 

enzyme, that is important for the initiation of the fatty acid biosynthesis pathway, were 

strongly decreased in aged cells (Figure 3.13c). This finding suggested that acetyl-

CoA was not used efficiently to generate de novo fatty acids which could explain why 

it accumulated in the aged BM-MSC. I next compared the rate of endogenous and 

exogenous β-oxidation in young and aged BM-MSCs. To assess changes in the 

endogenous β-oxidation rate, cells from both age groups were treated with etomoxir, 

an inhibitor of CPT-1, which is the rate-limiting enzyme in FAO. Mitochondrial 

respiration was measured following etomoxir treatment. Etomoxir treatment did not 

affect basal and maximal OCR in aged cells, suggesting that these cells did not rely 

more heavily on endogenous FAO compared to young BM-MSCs (Figure 3.13d). 

Next, I compared the exogenous β-oxidation rate in young and aged cells. For this, 

young and aged BM-MSCs were starved and were then supplemented with palmitate, 

which is used as the main energy source in starved cells. Comparison of basal and 

maximal OCR after palmitate supplementation revealed that there was no significant 

change between the two age groups (Figure 3.13e), suggesting that in aged BM-

MSCs there was no higher activation of the FAO pathway, which could explain the 

increased acetyl-CoA levels. 

 

3.3.2 Acetyl-CoA is trapped in the mitochondria of aged BM-MSCs due to low 
CiC levels 
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Since aged BM-MSCs contained higher levels of acetyl-CoA, one potential explanation 

for the reduced lipid biogenesis and histone acetylation could be a decrease in the 

cytosolic pool of acetyl-CoA. However, levels of ACLY and ACS enzymes, which are 

involved in the cytosolic/nuclear generation of acetyl-CoA (Cai et al., 2011; Mews et 

al., 2017), were stable upon ageing (Figure 3.14a). Hence, I speculated that aged BM-

MSCs exhibited impaired acetyl-CoA export from the mitochondria to the cytosol. To 

test this hypothesis, I took into consideration the fact that mitochondrial proteins are 

hyper-acetylated in a non-enzymatic manner when acetyl-CoA concentration inside 

mitochondria is high (Hong et al., 2016; James et al., 2017). Thus, young and aged 

BM-MSCs were stained with an antibody against acetyl-Lysine, whereas TOMM20 

was used in parallel, as a counterstain for mitochondria. Impressively, a strong, age-

dependent change in the localization of the acetyl-Lysine signal, shifting from nuclear 

to mitochondrial, was observed upon ageing (Figures 3.14b-3.14d). These findings 

indicated that acetyl-CoA was indeed trapped inside mitochondria of aged BM-MSCs. 

  

To explain why aged BM-MSCs showed such a compartmentalized localization of 

acetyl-CoA, I then focused on the protein that is responsible for the acetyl-CoA export 

from mitochondria to the cytosol. Citrate Carrier (CiC) resides in the inner 

mitochondrial membrane and functions as an antiporter; it imports malate from the 

cytosol into mitochondria and exports citrate (Gnoni et al., 2009). In the cytosol, citrate 

is converted into acetyl-CoA by ACLY. Importantly, a connection between CiC and 

histone acetylation has been demonstrated in D. melanogaster and in primary human 

fibroblasts (Morciano et al., 2009). Taking this into account, I speculated that down-

regulation of CiC during ageing might result in lower cytosolic/nuclear levels of acetyl-

CoA, explaining the observed decrease in histone acetylation and lipogenesis. Indeed, 

CiC protein levels were dramatically decreased in aged cells (Figure 3.14e), 

suggesting that BM-MSCs from old mice displayed impaired export of acetyl-CoA from 

mitochondria to the cytosol. 
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Figure 3.14. acetyl-CoA is trapped inside the mitochondria of aged cells. (a) Representative 

immunoblots for ACLY and ACS proteins. β-actin was used as a loading control. (b-d) Representative 

images after immunostaining against acetyl-Lysine and TOMM20 (b), quantification of nuclear acetyl-
Lysine MFI in young and aged cells (c) and acetyl-Lysine signal localization after manual assignment 

into three categories: exclusively nuclear, exclusively mitochondrial and nuclear/mitochondrial (d). 

Nuclei were stained with DAPI. Scale bar, 10 um. (e) Representative immunoblot for CiC. β-actin was 

used as loading control. 

 

Collectively, these results propose that the age-associated loss of CiC results in 

compartmentalized localization of acetyl-CoA within the mitochondria. Consequently, 

the cytosolic acetyl-CoA pool is limited, leading to lower histone acetylation and 

reduced lipogenesis in aged BM-MSCs.
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3.4 Functional role of CiC in the regulation of osteogenesis 

  

3.4.1 CiC inhibition leads to decreased histone acetylation and osteogenesis 
 
The observation that acetyl-CoA was trapped within the mitochondria due to lower CiC 

levels in aged BM-MSCs, motivated me to explore whether CiC was indeed the 

mechanistic target linking mitochondrial acetyl-CoA to histone acetylation and 

osteogenesis. Initially, I used 1,2,3-benzene-tricarboxylic acid (BTA), a specific CiC 

inhibitor (Hlouschek et al., 2018; Kolukula et al., 2014) to modulate CiC activity in 

young BM-MSCs. Folllowing BTA treatment of young BM-MSCs, I analyzed the 

nuclear–mitochondrial localization of the acetyl-Lysine signal. Inhibition of CiC activity 

in young cells reduced levels of nuclear acetylation and redistributed the acetyl-Lysine 

signal inside mitochondria (Figures 3.15a-3.15c), mimicking the phenotype observed 

in aged cells. This result provided the first line of evidence that CiC is the mechanistic 

link between mitochondria and histone acetylation upon ageing. 

 

 
 
Figure 3.15. CiC inhibition impairs mitochondrial acetyl-CoA export and osteogenesis in young 
BM-MSCs. (a-c) Representative images after staining of control and BTA-treated young cells with 

acetyl-Lysine and TOMM20 antibodies (a), quantification of nuclear acetyl-Lysine MFI in control and 

BTA-treated cells (b), and assessment of the acetyl-Lysine signal localization after manual assignment 

into three categories, as described above (c). Nuclei were stained with DAPI. Scale bar, 50 um. (d) 
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Representative images after Oil Red O staining of young cells treated with or without 1 mM BTA for 3 

days before induction of adipogenesis. Images were acquired 10 days after induction of adipogenesis. 

(e) Representative images after Alizarin Red S staining of young cells treated with or without 1 mM BTA 
for 3 days before induction of osteogenesis. Images were acquired 8 days after induction of 

osteogenesis. Scale bars in (d) and (e), 1 mm. p-values for (c) are 0.0248 (for nuclear), 0.0019 (for 

mitochondrial) and 0.0701 (for mito&nuclear). 

 

Next, I sought to determine the biological consequences of the CiC-mediated mito-

nuclear communication. The efficient differentiation of BM-MSCs towards the 

adipogenic and osteogenic lineages requires oxidative metabolism and a fully 

functional lipid biosynthesis pathway, including efficient export of the acetyl-CoA from 

mitochondria to the cytosol (Wellen et al., 2009). Therefore, I hypothesized that the 

decrease in CiC levels might contribute to the lower differentiation potential of aged 

BM-MSCs. To address this possibility, young cells were treated with BTA for three 

days, before induction of adipogenesis and osteogenesis. BTA-pretreated cells were 

able to differentiate into adipocytes, to the same extent as the control untreated cells, 

being only mildly affected by CiC inhibition (Figure 3.15d). In stark contrast, 

osteogenic differentiation was strongly decreased in BTA-pretreated cells (Figure 
3.15e). This behavior of young BM-MSCs treated with BTA phenocopied that of the 

aged BM-MSCs, suggesting that CiC activity was required to maintain the osteogenic 

differentiation potential. 

 

Together, impaired export of acetyl-CoA from mitochondria due to inhibition of CiC 

activity impacts histone acetylation and negatively affects the osteogenic 

differentiation capacity. 

 

3.4.2 CiC overexpression rescues histone acetylation and osteogenesis in aged 
BM-MSCs 
 
To further confirm that CiC linked histone acetylation to osteogenesis, through 

regulation of the acetyl-CoA localization, I then followed a genetic approach to 

manipulate CiC levels and I assessed how this impacts protein acetylation and 

osteogenesis. In particular, the FLAG-tagged-CiC was exogenously expressed in 

aged cells, using lentiviral transduction. Notably, overexpressed CiC localized properly 
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to mitochondria, as evidenced by FLAG-TOMM20 immunostaining (Figure 3.16a). 

Impressively, CiC overexpression in aged cells, redistributed the acetyl-Lysine signal 

to the nucleus, whereby the intensity of the signal was similar to that of the young cells 

(Figures 3.16b-3.16d), providing a direct link between CiC and histone acetylation 

levels. Furthermore, to confirm that the impaired acetyl-CoA export from mitochondria 

was responsible for the lower osteogenic differentiation of BM-MSCs from old mice, I 

compared the osteogenic differentiation capacity of control and transfected cells. 

Surprisingly, CiC overexpression rescued the osteogenic impairment of aged BM-

MSCs (Figure 3.16e), highlighting the critical role of CiC in the regulation of 

osteogenesis.  

 

 
 
Figure 3.16. CiC OE restores nuclear acetyl-CoA localization and osteogenesis. (a) 

Representative images after staining control young and aged BM-MSCs and CiC-FLAG- expressing 

aged BM-MSCs, using an anti-FLAG antibody. TOMM20 was used as a counterstain for mitochondria, 

to confirm proper localization of the exogenously expressed CiC-FLAG protein, as shown in 
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magnification. Scale bar, 50 um. (b-d) Representative images after immunostaining against acetyl-

Lysine and TOMM20 (b), quantification of nuclear acetyl-Lysine MFI in young cells, aged cells and CiC-

over-expressing (CiC_OE) aged cells (c), and assessment of the acetyl-Lysine signal localization, as 
described above (d). Nuclei were stained with DAPI. Scale bar, 25 um. (e) Representative images and 

quantification after Alizarin Red S staining of young cells, aged cells and CiC-over-expressing (CiC_OE) 

aged cells. Images were acquired 12 days after induction of differentiation. Scale bar, 500 um.  

 

In parallel, the CiC-histone acetylation-osteogenesis axis was validated in aged BM-

MSCs using sodium acetate; cytosolic acetate can be converted to acetyl-CoA by ACS 

(Moussaieff et al., 2015), whose levels remained stable upon ageing, as shown above 

(Figure 3.14a).  Therefore, acetate represents an exogenous source of acetyl-CoA 

and acetate supplementation would circumvent the impaired acetyl-CoA export from 

mitochondria to the cytosol. Similar to the genetic approach, acetate supplementation 

restored the levels of histone H3 acetylation in aged cells (Figure 3.17a). Functionally, 

acetate pre-treatment of aged cells for three days, before induction of differentiation, 

rescued the capacity of aged cells to give rise to osteoblasts (Figure 3.17b). 

 

 
Figure 3.17. Acetate restores nuclear acetyl-CoA localization and improves osteogenesis of 
aged BM-MSCs. (a) Representative images and quantification of MFI after immunostaining against 

H3ac and H3 of young cells, control aged cells and aged cells treated with 5 mM sodium acetate for 

3 days. MFI of H3 was used as an internal control, for normalization. Nuclei were stained with DAPI. 
Scale bar, 75 um. (b) Representative images and quantification after Alizarin Red S staining of young 

and aged BM-MSCs treated with or without 5 mM acetate for 3 days before induction of osteogenesis. 

Images were 12 days after induction of osteogenesis. Scale bar, 500 um. 
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Collectively, these data demonstrate that loss of CiC upon ageing is responsible for 

the reduction of histone acetylation and osteogenic differentiation potential, providing 

a mechanistic link between mitochondrial metabolism, histone acetylation and stem 

cell function upon stem cell ageing. 
 

3.4.2 CiC shapes the chromatin landscape to promote osteogenesis 
 
These findings indicate that CiC played a fundamental role in the regulation of histone 

acetylation and osteogenesis, with acetate-supplemented aged BM-MSCs presenting 

a reset histone acetylation profile and improved osteogenesis. Histone acetylation is 

a dynamic process that influences several chromatin-based processes, such as the 

DNA damage response. In fact, CiC and its role in the export of mitochondrial acetyl-

CoA in the form of citrate, have been recently shown to impact the repair of DNA 

double strand breaks (Hlouschek et al., 2018). Therefore, it could not be excluded that 

the enhanced osteogenesis upon acetate supplementation was not due to re-

establishment of the histone acetylation profile but rather due to increased DNA 

damage repair. To test this hypothesis, I compared DNA damage levels between 

young and aged cells before and after acetate treatment. Quantification of γH2AX foci, 

that is a marker of DNA damage, showed that there was no change between neither 

control young and aged cells nor between control and acetate-treated aged cells 

(Figure 3.18a), confirming that DNA repair mechanisms were not altered during 

acetate supplementation. 

  

To gain more insight into the effects of acetate on histone acetylation on a global scale, 

CUT&RUN-seq was performed on young, old and acetate-treated-old BM-MSCs, 

using an antibody against histone H3 acetylation. Surprisingly, treatment with acetate 

was sufficient to restore histone H3 acetylation levels genome-wide, so that aged cells 

treated with acetate clustered closer to the young cells than to the untreated cells from 

the same age group (Figure 3.18b). In addition, acetate treatment restored the 

chromatin plasticity of aged cells, which exhibited increased histone H3 acetylation 

levels, compared to the control aged cells (Figure 3.18c ). Furthermore, GO 

enrichment analysis for genes associated with promoter and enhancer regions that 

regained histone H3 acetylation abundance upon acetate supplementation revealed 
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terms surrounding skeletal and cartilage development (Figure 3.18d), such as the 

Bmp2 and Mdk1 genes (Figure 3.18e). These findings suggest that CiC-mediated 

export of acetyl-CoA from mitochondria to the cytosol is indispensable for histone 

acetylation and implicate the importance of chromatin accessibility in the osteogenic 

differentiation of BM-MSCs.  

 

 
 
Figure 3.18. Acetate restores H3ac abundance on promoters of osteogenic genes. (a) 
Representative images and quantification of γH2AX foci. Nuclei were stained with DAPI. Scale bar, 25 

um. (b) Principal component analysis (PCA) plot showing clustering of young, aged and acetate-treated 

aged cells, after CUT&RUN-seq using H3ac antibody. (c) Boxplot showing the peaks quantified as 

RPKM values in young, aged and acetate-treated aged cells, after CUT&RUN-seq using H3ac antibody. 

The y axis is scaled to log10 for visualization purposes. (d) GO enrrichment analysis of genes that 

regained promoter and enhancer H3ac abundance after acetate supplementation. Cell. carbohydrate 

metab. proc.: cellular carbohydrate metabolic process. (e) Integrative genomics viewer (IGV) snapshots 
showing H3ac read density in young, aged and acetate-treated aged BM-MSCs, near the Bmp2 (top) 

and Mdk1 (bottom) genes. Shaded regions demonstrate differences in young, old and acetate-treated 

old samples. 
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Taken together, impaired export of acetyl-CoA from mitochondria due to decreased 

levels of CiC underlies the observed age-dependent chromatin compaction and 

negatively impacts the osteogenic differentiation capacity of aged BM-MSCs. 

Strikingly, modifying CiC activity, either pharmacologically or genetically, in order to 

re-establish chromatin plasticity, is sufficient to rejuvenate aged BM-MSCs, with 

respect to their osteogenic differentiation potential.
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3.5 MDV-lysosomal degradation of CiC in aged BM-MSCs 

  

3.5.1 CiC regulation does not occur at the transcriptomic level 
 
The data presented above unraveled the functional role of CiC in the regulation of 

stem cell fate decisions upon BM-MSC ageing. However, one intriguing question was 

why aged BM-MSCs contained lower CiC levels and how was CiC regulated upon 

ageing. The different mechanisms that control the abundance of a certain protein can 

be largely divided into those that occur at the transcriptomic level and those happening 

at the post-translational level. Hence, I sought to determine at which level CiC 

regulation occurred upon ageing. First, the expression of the Slc25a1 gene, which 

encodes CiC, was analyzed by qRT-PCR; while there was considerable variation 

among the different samples and a tendency towards lower Slc25a1 mRNA levels in 

aged BM-MSCs, this change was not significant (Figure 3.19a). Interestingly, this 

finding was also supported by the fact that chromatin features regulating Slc25a1 

expression, such as chromatin accessibility on the Slc25a1 promoter region, did not 

change with age (Figure 3.19b). The absence of transcriptional regulation pointed 

towards a post-transcriptional and/or post-translational control of CiC levels. 

Therefore, I next focused on the different degradation pathways of proteins residing in 

the inner mitochondrial membrane. 

 

 
Figure 3.19. Slc25a1 transcription remains stable upon ageing. (a) qRT-PCR analysis of Slc25a1 

gene, which encodes the Citrate Carrier. β-actin was used as an internal control for normalization. n = 6 

biological replicates for young cells and n = 5 biological replicates for aged cells. (b) Integrative 

genomics viewer (IGV) snapshot showing chromatin accessibility assessed by ATAC-seq in young and 

aged BM-MSCs, near the Slc25a1 gene.  
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3.5.2 CiC is degraded in the lysosomes in aged BM-MSCs 
 
The most common mechanism via which mitochondrial proteins – and particularly 

those residing in the inner mitochondrial membrane – get degraded is by mitochondrial 

proteases. These enzymes participate in the degradation, processing and assembly 

of mitochondrial proteins, ensuring protein homeostasis that is vital for the 

mitochondrial function. Initially, I investigated whether mitochondrial proteases were 

responsible for the lower CiC levels in aged BM-MSCs. However, levels of several 

well-known mitochondrial proteases as well as of their targets (Deshwal et al., 2020) 

– which was used as a readout for their activity – remained stable upon ageing. This 

result suggested that the general activity of mitochondrial proteases did not change 

with age (Figure 3.20a) and that they were not responsible for the lower CiC levels. 

In support of this finding, CiC has not been yet identified as a target of any known 

mitochondrial protease in any known system. 

  

Apart from mitochondrial proteases, two other mitochondrial quality control 

mechanisms regulate levels of mitochondrial proteins via targeted degradation: 

autophagy and lysosomal degradation. Therefore, I investigated if any of these two 

mechanisms was responsible for CiC degradation upon ageing. For this, BM-MSCs 

were treated with bafilomycin (BafA1), which is a well-known inhibitor of autophagy, or 

with E64d that blocks lysosomal activity. Analysis of CiC levels after treatment with 

these two compounds revealed that while BafA1 did not increase CiC levels in aged 

BM-MSCs, treatment with E64d restored levels of CiC in aged BM-MSCs (Figure 
3.20b), suggesting that lysosomal activity was important for the degradation of CiC in 

aged cells. If that was indeed the case, CiC would get degraded in the active 

lysosomes of aged cells, whereas it would accumulate in these organelles after 

inhibition of their activity by E64d. To test this hypothesis, control and E64d-treated 

old cells were co-stained with antibodies against CiC and LAMP2, which is a lysosomal 

marker. Remarkably, levels of LAMP2 remained stable upon ageing, arguing that there 

was no total increase in the lysosomal activity and content (Figure 3.20c). CiC and 

LAMP2 co-localized to a greater extent in old E64d-treated cells, compared to the 

control old cells, confirming that in aged BM-MSCs CiC was degraded in the 

lysosomes (Figure 3.20d). Notably, although inhibition of the lysosomal activity in 
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aged cells restored CiC levels and resulted in accumulation of CiC in the lysosomes, 

E64d treatment of young cells did not affect CiC levels and localization (Figures 3.20e-
3.20f), indicating that lysosomal degradation of CiC occurs specifically in aged BM-

MSCs. 

 

 
Figure 3.20. Lysosomal degradation of CiC in aged BM-MSCs. (a) Representative immunoblots for 

YMEL1, LONP1, PGAM5, STARD7, OPA1 and PARL proteins. Ponceau S was used as loading control. 
(b) Representative images after immunostaining against CiC and quantification of MFI in young and 

aged control cells, following indicating treatments. Nuclei were stained with DAPI. Scale bar, 10 um. (c) 

Representative immunoblot for LAMP2 in young and aged BM-MSCs. Ponceau S was used as loading 

control. (d) Representative images after immunostaining of cells from (a) against CiC and LAMP2 (right) 

and intensity plots of line scans showing the intensity of CiC (green line) and LAMP2 (red line); (left). 

Shaded regions highlight the CiC signal in areas with increased lysosomal intensity. Nuclei were stained 

with DAPI. Scale bar, 10 um. (e) Representative images after immunostaining against CiC and 



3.5 MDV-lysosomal degradation of CiC in aged BM-MSCs     92 
 

 
quantification of MFI in young control and young E64d-treated cells. Nuclei were stained with DAPI. 

Scale bar, 50 um. (f) Representative images after immunostaining of cells from (e) against CiC and 

LAMP2 (right) and intensity plots of line scans, as described in (d); (left). Nuclei were stained with DAPI. 
Scale bar, 50 um. 
 

3.5.3 Mitochondrial-derived vesicles deliver CiC to lysosomes for degradation in 
aged BM-MSCs 
 
Lysosomal degradation of the inner mitochondrial membrane proteins has been 

described as one potential function of mitochondrial-derived vesicles (MDVs) 

(Soubannier et al., 2012a). Mitochondrial quality control via MDVs is believed to occur 

in mildly stressed mitochondria, as an initial stress response, to prevent total 

mitochondrial degradation through mitophagy. To address whether MDVs played a 

role in the mito-lysosomal transport of CiC, young and aged BM-MSCs were observed 

under the electron microscope; interestingly, I identified vesicles displaying the 

described characteristics for MDVs (Sugiura et al., 2014); in particular, double-

membrane vesicles in close proximity or budding off mitochondria were easily 

detectable in aged BM-MSCs, while their abundance was much lower in young cells 

(Figure 3.21a). This finding suggested that CiC could indeed be degraded in aged 

BM-MSCs via the MDV-lysosomal pathway. 

  

An increase in the MDV content also argued for an increase in mitochondrial stress 

levels in aged cells – a phenomenon that has been well documented over the last 

decades (López-Otín et al., 2013). However, stress levels should not exceed the level 

at which mitophagy would be activated to remove dysfunctional and damaged 

mitochondria. In line with this hypothesis, there was no major change in mitochondrial 

DNA content and mitochondrial membrane potential (Figures 3.21b-3.21c). By 

contrast, I observed an increase in mitochondrial fragmentation of aged cells both by 

electron microscopy and by TOMM20 immunostaining (Figures 3.21d-3.21e). This 

phenotype has been linked to mild mitochondrial stress (Willems et al., 2015; Wu et 

al., 2011). Given that aged cells fulfilled all known criteria for formation of MDVs, which 

were also detected under the electron microscope, I last sought to validate the cargo 

selectivity of the MDVs in aged BM-MSCs. 
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Figure 3.21. MDVs transfer CiC to lysosomes for degradation. (a) Representative images of MDVs 

highlighted with arrows, in young and aged cells and higher magnification of the areas in the boxes. 

Scale bars, 500 nm. (b) Quantification of mtDNA content in young and aged cells by qRT-PCR analysis 
of the mitochondrial DNA-encoded Atp6 and Cox-1 genes. Nuclear DNA-encoded β-actin expression 

levels were used as an internal control, for normalization. (c) MFI of young and aged cells after staining 

with MitoTracker Deep Red FM dye. n = 4 biologically independent replicates for young mice and n = 2 

biologically independent replicates for old mice.  (d) Representative images of mitochondria in young 

and aged BM-MSCs, analysis of the average mitochondrial length and manual classification of 

mitochondria into three categories: fragmented (length<0.7 um), intermediate (length:0.7-0.2 um) and 

elongated (length>0.2 um). Scale bar, 2 um. (e) Representative images after TOMM20 staining of young 

and aged cells. Nuclei were stained with DAPI. Higher magnification of areas within the box is shown 
in the panel below each image. Scale bar, 25 um. (f) Representative images after immunostaining 
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against TOMM20, CiC and PDH and higher magnification of the area in the box (left) and quantification 

of TOMM2+/PDH-/CiC+ MDVs (right). Nuclei were stained with DAPI. Scale bar, 8 um. 

 

While we still lack a detailed understanding of the mechanisms driving MDV 

generation and cargo incorporation, MDVs are usually characterized by their proximity 

to mitochondria, their defined and uniform size of 70–150 nm and the presence or 

absence of specific mitochondrial membrane proteins. The two main classes of MDVs 

that have been best-characterized so far are TOMM20+/ PDH− and TOMM20−/PDH+ 

MDVs (Sugiura et al., 2014). Thus, aged cells were stained with antibodies against 

CiC, TOMM20 and PDH proteins. Of note, I did not observe PDH+/TOMM20− MDVs 

carrying CiC in any of the two age groups. However, aged BM-MSCs showed a strong 

increase in the number of CiC+/TOMM20+/PDH− MDVs compared to young cells. This 

indicated that in aged BM-MSCs, CiC was indeed incorporated exclusively into 

TOMM20+/PDH− MDVs (Figure 3.21f). The increase in CiC-containing MDVs 

correlated well with the enhanced lysosomal degradation of CiC, suggesting that CiC 

levels might indeed be regulated upon ageing via MDV-mediated lysosomal 

degradation. 

  

In sum, these data demonstrate that the age-dependent decrease in CiC levels is a 

consequence of enhanced protein turnover, mediated via the mitochondrial quality 

control pathway that involves lysosomal degradation through MDVs. Collectively, 

these results provide a previously unknown physiological role for the MDVs and 

establish a tight, age-associated connection between mitochondrial quality control, 

chromatin and stem cell fate, whereby CiC acts as a critical mediator of the mito-

nuclear communication.
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3.6 The CiC–histone acetylation axis is conserved in human BM-
MSCs 
 

The reduction in the osteogenic differentiation potential upon ageing is a main 

contributor to the increased risk of osteoporosis with age (Phetfong et al., 2016). To 

test if the described pathway is also conserved in humans, I used human BM-MSCs 

derived from the bone marrow, upon hemiarthroplasty or total hip arthroplasty 

(Corrigan et al., 2019), and I analyzed CiC and histone acetylation levels. Similar to 

the observations in murine aged BM-MSCs, CiC levels were decreased in old 

individuals suffering from osteoporosis, compared to young healthy individuals (Figure 
3.22a). As a consequence of lower CiC levels and decreased cytosolic acetyl-CoA, 

histone H3 acetylation levels were lower in the old individuals (Figure 3.22b). These 

data suggest that the CiC–histone acetylation link is conserved in humans, with age-

dependent reduction in CiC levels resulting in decreased histone acetylation and lower 

chromatin plasticity. 
 

 
 
Figure 3.22. The CiC–histone acetylation-cell fate axis is conserved in human BM-MSCs. (a) 

Representative images and quantification of MFI after immunostaining against CiC of young and aged 
cells. Nuclei were stained with DAPI. Scale bar, 10 um. (b) Representative images and quantification 

of MFI after immunostaining against H3ac and H3 of young and aged cells. MFI of histone H3 was used 

as an internal control for normalization. Nuclei were stained with DAPI.  

Scale bar, 25 um. 
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Part II: Citrate Carrier impacts the mito-nuclear communication and 

impairs osteogenesis in response to oxygen stress 
 

3.7 Normoxia impairs osteogenesis via changes on the epigenome 
 
3.7.1 Permanent osteogenesis defects upon exposure to normoxia 
 
Given the critical role of oxygen in the regulation of energy metabolism, I next sought 

to explore how oxygen concentration impacts the metabolism-chromatin-stemness 

axis. For this, BM-MSCs were isolated from the bone marrow of young mice, following 

the process described above. Isolated and FACS-sorted BM-MSCs were then divided 

into two groups, of which one was cultured permanently under 2% O2 (hereafter 

referred to also as hypoxia or low oxygen), whereas the other one was transferred to 

21% O2 (hereafter referred to also as normoxia or high oxygen), as outlined in Figure 
3.23. Since short, acute exposure to normoxia is a stress factor for BM-MSCs 

(Peterson et al., 2011), I decided to describe the long-term effects of the oxygen-driven 

changes in BM-MSC biology. Therefore, the isolated BM-MSCs were cultured under 

these two different oxygen conditions for 7 days, before downstream analyses. During 

this 7-day-period, cells would have been adapted to the high oxygen environment, 

while the metabolic and epigenetic alterations would have been already established. 
 

 
Figure 3.23. Isolation and culture scheme of BM-MSCs derived from the bone endosteum. 
Schematic representation demonstrating the isolation protocol and the culture conditions of BM-MSCs 

isolated from the back limbs of young (~3-5 months old) mice. After collection of the limbs, clean bones 
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were cut into small pieces, which were then treated with collagenase for 1 hour at 37°C. Cells and bone 

fragments were seeded in flasks and incubated for 10 days under 2% O2. On day 10, I performed cell 

sorting using flow cytometry; I selected the CD45-/Ter-119-/Sca-1+/CD140a+ mesenchymal stem cell 
population. The isolated population was then split into two groups: one was transferred back to hypoxia, 

whereas the other one was shifted to normoxia. Cells were cultured under these conditions for 7 days. 

 

It is known that low oxygen levels promote stem cell quiescence, while normoxic 

conditions stimulate lineage commitment (Basciano et al., 2011; Fehrer et al., 2007; 

Santos et al., 2009). However, the effects of long-term normoxia in the differentiation 

balance have not been conclusive and there are only limited mechanistic insights into 

the underlying molecular processes. Interestingly, I found that in vitro culture of BM-

MSCs under high oxygen conditions did not influence their capacity to give rise to 

adipocytes, as revealed by Oil Red O staining of hypoxia- and normoxia-cultured cells, 

after induction of adipogenesis (Figure 3.24a). In stark contrast, normoxia-cultured 

cells exhibited a dramatic loss in the osteogenic differentiation capacity (Figure 
3.24b), indicating that high oxygen levels shifted the differentiation balance, at the 

expense of osteogenesis. Impressively, the normoxia-induced defects in osteogenesis 

are permanent, since transferring normoxia-cultured cells back to hypoxia was not 

able to restore their osteogenic differentiation potential (Figure 3.24c). In line with the 

skewed adipogenic differentiation, analysis of the oxygen-driven changes in the 

transcriptome profile of BM-MSCs showed that cells cultured under high oxygen 

conditions displayed lower expression of genes involved in processes such as 

ossification and Wnt signaling (Figure 3.24d). 

 

Together, these data revealed that switching BM-MSCs from hypoxia to  normoxia 

affects dramatically their function, leading to permanent defects in osteogenesis, 

similar to the phenotype observed in aged BM-MSCs. 



3.7 Normoxia impairs osteogenesis via changes on the epigenome   98 
 

 

 
 
Figure 3.24. BM-MSCs lose their osteogenic capacity upon exposure to 21% O2. (a) 
Representative images and quantification of Oil Red O Staining of hypoxia- and normoxia-cultured cells, 
9 days after induction of adipogenesis. n=5 biologically independent replicates. (b) Representative 

images and quantification of Alizarin Red S staining of hypoxia- and normoxia-cultured cells, 12 days 

after induction of osteogenesis. n=5 biologically independent replicates. (c) Representative images and 

quantification of Alizarin Red S staining of hypoxic, normoxic and reversed hypoxic (R_2% O2) cells, 12 

days after induction of osteogenesis. Cells were exposed to 21% O2 for 7 days and then moved back 

to 2% O2, where osteogenesis was induced. (d) GO enrichment analysis for down-regulated genes 

upon exposure to normoxia, as identified by RNA-seq. n=3 biologically independent experiments. 
Scale bars, 500 um. 
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3.7.2 Normoxia leads to chromatin compaction 
 
Since the normoxia-induced defects in BM-MSC osteogenic differentiation capacity 

were found to be dictated by the transcriptional output, I then sought to determine 

whether high oxygen levels impact the chromatin structure and the epigenetic 

landscape. ATAC-seq on hypoxia- and normoxia-cultured cells (Figures 3.25a-3.25b) 

revealed that switching BM-MSCs to normoxia led to profound chromatin re-

arrangements. In particular, upon exposure to normoxia, ~23,537 sites changed 

significantly accessibility status (FDR <0.05); ~7,903 sites became more accessible 

whereas ~15,634 sites became more compact (Figure 3.56c), indicating that genome-

wide, there were fewer accessible sites in the normoxia-cultured cells and suggesting 

that high oxygen promoted global chromatin compaction (Figure 3.25d). 

 

 
 
Figure 3.25. Normoxia results in lower chromatin accessibility. (a) Insert size distribution of each 
single ATAC-seq library. (b) Mapping statistics for each individual ATAC-seq library. (c) MA-plot 

showing opening and closing peaks upon shift to high oxygen, as determined by ATAC-seq. (d) Overall 

genome accessibility expressed as RPKM values measured by ATAC-seq. The y axis is scaled to log10 

for visualization purposes. (e) Metaplot of ATAC-seq reads over the TSS of all protein-coding genes. 

(f) NucleoATAC metaplot to map position of all nucleosomes around the TSS of all protein-coding 

genes. 
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Plotting accessibility over the TSS, to interrogate whether the observed alterations in 

the chromatin accessibility would influence gene transcription, showed that gene 

promoters in normoxia-cultured cells displayed a strong decrease in chromatin 

accessibility (Figure 3.25e). Likewise, applying the NucleoATAC algorithm on the 

ATAC-seq dataset to profile nucleosome occupancy over the TSS (Schep et al., 2015), 

confirmed that shifting BM-MSCs to 21% O2 led to higher nucleosome density at the 

promoter region (Figure 3.25f).  
 

3.7.3 Lower histone acetylation correlates with chromatin compaction in 
normoxia-cultured BM-MSCs 
  
Given that chromatin accessibility correlates with histone acetylation (Tessarz and 

Kouzarides, 2014), the findings of a more compact chromatin landscape upon 

culturing of BM-MSCs under high oxygen conditions, motivated me to investigate 

further whether this phenotype was linked to reduced histone acetylation levels. 

Therefore, I compared changes in histone H3 acetylation levels between hypoxia- and 

normoxia-cultured cells and found that normoxia-cultured cells displayed lower histone 

H3 acetylation in comparison to hypoxia-cultured cells (Figure 3.26). Of note, the loss 

of histone acetylation that occured after switching cells to normoxia was also 

confirmed by SILAC-Mass Spectrometry analysis (SILAC-MS) (data not shown). 

 

 
 
Figure 3.26. Loss of histone acetylation under high oxygen conditions. (a) Representative images 

and quantification of MFI after immunostaining against H3ac and H3 of hypoxic and normoxic cells. MFI 

of histone H3 was used as internal control, for normalization. Nuclei were stained with DAPI. Scale bar, 

25 um.  
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Together, these results suggest that normoxia impairs histone acetylation and 

chromatin accessibility, leading to transcriptional changes that are responsible for the 

reduced osteogenic capacity of normoxia-cultured BM-MSCs.
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3.8 High oxygen alters the cellular energetic profile 
 
3.8.1 Changes in the epigenetic-related metabolites upon exposure to normoxia 
 
The strong decrease in the levels of histone acetylation that was induced by high 

oxygen motivated me to further investigate how the histone acetylation profile was 

established in hypoxia- and normoxia-cultured cells. As discussed above, several 

metabolites have been found to influence the activity of epigenetic writers, erasers and 

readers, suggesting a tight crosstalk between metabolism and chromatin (Cai et al., 

2011; Wellen et al., 2009). Therefore, in order to explain the normoxia-induced 

changes on the chromatin landscape and the transcriptional output, I compared the 

levels of epigenetic-related metabolites between hypoxia- and normoxia-cultured 

cells. Unexpectedly, acetyl-CoA levels were higher in normoxia-cultured cells (Figure 
3.27a), contradicting their reduced histone H3 acetylation levels (Figure 3.26). Of 

note, the lower histone H3 acetylation was not due to differential regulation of the CBP 

histone acetyltransferase (Figure 3.27b). 

 

 
Figure 3.27. Changes in the levels of epigenetic-related metabolites. (a) Liquid chromatography 

Mass spectrometry (LC-MS) analysis of several metabolites in hypoxia- and normoxia-cultured cells. 
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(b) Representative immunoblot for CBP in hypoxia- and normoxia-cultured cells. β-actin was used as 

loading control. 

 

Therefore, I next sought to explore how the BM-MSC metabolic states are altered in 

response to high oxygen and whether oxygen-induced activation of specific metabolic 

pathways could explain the accumulation of acetyl-CoA in normoxia-cultured cells. 

 

3.8.2 Suppression of glycolysis in normoxia-cultured cells 
 
To study how the BM-MSC energetic profile was changed during cell culture in 

normoxic conditions, leading to the observed differences in the abundance of 

epigenetic-related metabolites, I initially investigated alterations in glycolysis, since 

this is the prefered metabolic pathway of uncommitted stem cells. Therefore, I 

compared glucose consumption and lactate secretion to monitor changes in glycolysis, 

on day 2, day 4 and day 7 of normoxia culture. Cells shifted to normoxia consumed 

glucose and secreted lactate to a lower extent than cells maintained constantly under 

hypoxic conditions (Figure 3.28a), suggesting that normoxia-cultured cells did not 

depend heavily on glycolysis. The shift away from glycolysis upon switch to normoxia 

was also evident at the transcriptomic level, whereby qRT-PCR analysis revealed 

lower expression levels of the key glycolytic enzymes Hk2, Pfk1, Pgk1 and Pgam1 

(Figure 3.28b). Supporting the oxygen-induced down-regulation of glycolysis, 

normoxia-cultured BM-MSCs displayed decreased extracellular acidification rate 

(ECAR), which is indicative of the cellular glycolytic activity (Figure 3.28c). 
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Figure 3.28. Normoxia suppresses glycolysis of BM-MSCs. (a) Glucose consumption and lactate 

production measured in the media of hypoxia- and normoxia-cultured cells using the Vi-Cell MetaFLEX 

instrument. (b) qRT-PCR analysis of glycolytic genes. β-actin was used as an internal control for 

normalization. (c) Basal (left) and maximal (right) ECAR in hypoxia- and normoxia-cultured BM-MSCs. 

 

3.8.2 High oxygen stimulates mitochondrial metabolism 
 
Since BM-MSC culture under high oxygen conditions promoted suppression of 

glycolysis, I next focused on the oxygen-induced changes in mitochondrial metabolism 

and function. Mitochondrial structure is related to mitochondrial activity, with glycolytic 

cells containing more fragmented mitochondria which become more elongated and 

tubular in the actively respiring cells (Pietilä et al., 2012; Sánchez-Aragó et al., 2013). 

Therefore, mitochondrial morphology of hypoxia and normoxia-cultured cells was 

observed using confocal and electron microscopy. Both approaches showed that the 

mitochondrial shape remained unaffected upon shift to normoxia (Figure 3.29a), with 

BM-MSCs cultured in both oxygen environments containing a mixed population of 

punctuated and elongated mitochondria. However, normoxia-cultured cells exhibited 

increased mitochondrial mass (Figure 3.29b), suggesting a potential upregulation of 



3.8 High oxygen alters the cellular energetic profile      105 
 

 
mitochondrial respiration. To functionally test this, mitochondrial respiration of hypoxia- 

and normoxia-cultured cells was measured using SeaHorse assay. Indeed, normoxia-

cultured cells displayed higher OCR, confirming increased mitochondrial activity and 

OXPHOS (Figure 3.29c). 

 

 
Figure 3.29. Induction of mitochondrial respiration under normoxia. (a) Representative images 

after immunostaining of hypoxia- and normoxia-cultured cells against TOMM20 (left panel) and electron 

microscopy images of mitochondria (right panel). Nuclei were stained with DAPI. Scale bars, 75 um in 

confocal images and 2 um in EM images. (b) MFI of hypoxia- and normoxia-cultured cells after staining 

with the MitoTracker Deep Red FM dye. n = 4 biologically independent experiments. (c) Basal (left) and 

maximal (right) OCR in hypoxia- and normoxia-cultured BM-MSCs. 

 

3.8.3 Impaired lipid biosynthesis in normoxia-cultured cells 
 
Lipid metabolism is tightly linked to mitochondrial activity and oxidative metabolism. 

Therefore, next I studied whether the shift in oxygen tension affected the BM-MSC 

lipid content. Indeed, Nile Red staining of lipid droplets revealed a dramatic loss of 

lipids in normoxia-cultured cells, which was also confirmed by electron microscopy 

(Figure 3.30a). The reduced lipid content in normoxia-cultured cells could be 

explained either by higher lipid consumption and/or by impaired lipogenesis. Hence, I 

initially sought to explore whether normoxia induced fatty acid oxidation. Notably, a 

potential increase in FAO would also explain the higher levels of acetyl-CoA in 

normoxia-cultured cells. To compare the endogenous β-oxidation rate of BM-MSCs 

cultured under the two different oxygen environments, cells were treated with 

etomoxir, which inhibits the CPT-1 enzyme and blocks FAO. Mitochondrial respiration 

was then measured in control and treated cells. Etomoxir treatment did not affect basal 

and maximal OCR in normoxia-cultured cells, suggesting that these cells did not rely 
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more heavily on endogenous FAO than the hypoxia-cultured BM-MSCs (Figure 
3.30b). Next, to study the impact of high oxygen on lipid biosynthesis, I compared the 

levels of FASN and ACC1 enzymes between hypoxia- and normoxia-cultured cells. 

Impressively, levels of both proteins were strongly decreased upon shift to high oxygen 

(Figure 3.30c), indicating that acetyl-CoA entrance into the lipid biogenesis pathway 

was inhibited under normoxia. Furthermore, levels of SREBP1, which is the major 

regulator of lipid biosynthesis (Horton et al., 2002), were dramatically reduced in 

normoxia-cultured cells, explaining the lower lipid content of these cells (Figure 
3.30d).  

 

 
Figure 3.30. Normoxia impairs lipid biosynthesis. (a) Representative images and quantification of 

lipid droplets after observing cells under the electron microscope (left) and after staining lipids with Nile 

Red (right). Scale bars, 2 um for electron microscopy images and 50 um for confocal images. (b) Basal 
(left) and maximal (right) OCR in hypoxia- and normoxia-cultured BM-MSCs, after treatment with 

etomoxir. (c) Representative immunoblots for FASN and ACC1 enzymes in hypoxia- and normoxia-

cultured cells. β-actin was used as loading control. (d) Representative images of hypoxia- and 

normoxia-cultured cells after immunostaining against SREBP1. Scale bar, 50 um. 

 

Altogether, these results indicate that although hypoxia-cultured cells are primarily 

glycolytic, a shift in the oxygen tension results in profound metabolic alterations 

including suppression of glycolysis, induction of mitochondrial metabolism, and 

SREBP1-mediated impaired lipogenesis.
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3.9 High oxygen impairs export of mitochondrial acetyl-CoA to the 
cytosol 
 
Normoxia-cultured BM-MSCs contained higher levels of acetyl-CoA (Figure 3.27a), 
but they exhibited reduced lipid biogenesis and histone hypo-acetylation, which are 

the two main routes of the cytosolic acetyl-CoA. Thus, one potential explanation for 

these observations could be a decrease in the cytosolic acetyl-CoA pool. However, 

levels of ACLY and ACS enzymes, which are involved in the cytosolic/nuclear 

generation of acetyl-CoA (Cai et al., 2011; Mews et al., 2017), were stable upon culture 

in high oxygen tension (Figure 3.31a). Hence, I speculated that normoxia-cultured 

BM-MSCs exhibited impaired acetyl-CoA export from mitochondria to the cytosol. 

 

 
Figure 3.31. Trapping of acetyl-CoA inside mitochondria in normoxia-cultured BM-MSCs. (a) 

Representative immunoblots for ACS and ACLY enzymes in hypoxia- and normoxia-cultured cells. β-

actin was used as loading control. (b) Representative images after immunostaining of hypoxia- and 
normoxia-cultured cells against acetyl-Lysine and TOMM20, and assessment of acetyl-Lysine signal 

localization, as described above. Nuclei were stained with DAPI. Scale bar, 25 um. (c) qRT-PCR 

analysis of Slc25a1 gene, which encodes the Citrate Carrier. β-actin was used as internal control for 

normalization. (d) Representative images after immunostaining of hypoxia- and normoxia-cultured cells 

against CiC. Scale bars, 50 um. 
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To test this hypothesis, hypoxia- and normoxia-cultured BM-MSCs were stained with 

an antibody against acetyl-Lysine, whereas TOMM20 was used in parallel, as a 

counterstain for mitochondria. Impressively, there was a strong, oxygen-dependent 

change in the localization of the acetyl-Lysine signal, shifting from nuclear to 

mitochondrial during culture of cells to high oxygen (Figure 3.31b). This indicates that 

acetyl-CoA was indeed trapped inside mitochondria of normoxia-cultured BM-MSCs. 

These findings could be explained by lower levels and/or activity of the mitochondrial 

CiC, which is responsible for the export of mitochondrial acetyl-CoA to the cytosol. 

However, CiC expression and protein levels remained stable after switch to normoxia 

(Figures 3.31c-3.31d), as shown by qRT-PCR and immunostaining experiments, 

respectively. Therefore, I next hypothesized that although normoxia does not impact 

CiC levels, it might alter its activity. To functionally test this hypothesis, hypoxia-

cultured cells were treated with BTA, which inhibits CiC, and normoxia-cultured cells 

were treated with acetate that can be used to generate cytosolic acetyl-CoA. 

Impressively, modulating CiC activity directly impacted lipid biogenesis and histone 

acetylation (Figures 3.32a-3.32b). In fact, CiC inhibition in hypoxia-cultured cells 

reduced the lipid content and promoted mitochondrial localization of the acetyl-Lysine 

signal, mimicking the effects of high oxygen. By contrast, acetate supplementation of 

normoxia-cultured BM-MSCs was sufficient to rescue the oxygen-induced defects in 

lipogenesis and restored the nuclear localization of the acetyl-Lysine signal. 

 

Last, I sought to determine whether acetyl-CoA trapping within mitochondria of 

normoxic cells was responsible for the oxygen-induced osteogenic defects. Strikingly, 

supplementation of normoxia-cultured BM-MSCs with acetate prior to induction of 

osteogenesis, was sufficient to restore their impaired osteogenic capacity (Figure 
3.32c). 
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Figure 3.32. Modulating CiC activity affects lipogenesis, acetylation and osteogenesis. (a) 
Representative images and quantification of MFI after Nile Red staining of hypoxic control and BTA-

treated cells and of normoxic control and acetate-treated cells. Scale bar, 25 um.  (b) Representative 

images after immunostaining of hypoxic control and BTA-treated cells and normoxic control and 

acetate-treated cells against acetyl-Lysine and TOMM20, and assessment of acetyl-Lysine signal 

localization, as described above. Nuclei were stained with DAPI. Scale bar, 75 um. (c) Representative 

images and quantification of Alizarin Red S staining of control hypoxic and normoxic cells and of 

normoxic acetate-treated cells, 12 days after induction of osteogenesis. Scale bar, 500 um. 
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Together, these data demonstrate that shifting cells from low to high oxygen results in 

acetyl-CoA trapping within the mitochondria, This leads to lower levels of cytosolic 

acetyl-CoA that could be used for lipogenesis and histone acetylation. Decreased 

histone acetylation on promoters and enhancers of osteogenic genes impairs 

osteogenesis, which is restored upon acetate treatment.
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In the present thesis, I studied the flux of acetyl-CoA from mitochondria to the nucleus 

and I explored how the mito-nuclear interaction is affected by different stimuli and how 

this impacts BM-MSC activity. First, I asked how ageing influences the metabolism-

chromatin-stem cell fate axis. Secondly, I investigated the role of the oxygen tension 

in the regulation of stem cell function, focusing on the underlying metabolic and 

epigenetic determinants. 
 
4.1 Ageing perturbs the mito-nuclear communication via degradation 
of CiC 
 

The data presented here suggest a model (Figure 4.1) whereby the ageing-driven 

changes in chromatin structure lead to transcriptional alterations that are responsible 

for the decreased osteogenic potential of aged BM-MSCs. I showed that upon ageing, 

there is a shift in the subcellular localization of acetyl-CoA, which affects the epigenetic 

landscape. In particular, aged BM-MSCs exhibit compartmentalized acetyl-CoA 

localization in the mitochondria, as a result of enhanced MDV-lysosomal degradation 

of CiC. Strikingly, restoring histone acetylation, and thus chromatin plasticity, is 

sufficient to improve the impaired osteogenic capacity of aged BM-MSCs, highlighting 

the fundamental role of CiC in the regulation of the metabolism–chromatin–

osteogenesis axis.  
 

I found that BM-MSCs from both age groups differentiate efficiently into adipocytes, 

whereas aged BM-MSCs show impaired osteogenic capacity (Figure 3.3). Skewed 

adipogenic differentiation of aged BM-MSCs at the expense of osteogenesis 

correlates with previous reports of increased adipocyte content in the aged bone 

marrow and has been associated with the development of osteoporosis (Kim et al., 

2012; Zhou et al., 2008). 
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Figure 4.1. Model for CiC-mediated connection among mitochondrial quality control, chromatin 
and stemness in aged BM-MSCs. Upon ageing, BM-MSCs show chromatin compaction and altered 

profile of histone marks on promoters and enhancers of genes associated with osteogenesis, resulting 

in lower osteogenic capacity. Despite global reduction in histone acetylation, aged BM-MSCs contain 

high levels of acetyl-CoA. However, in the aged cells, acetyl-CoA is trapped inside mitochondria and 

cannot be used for histone acetylation and lipid biogenesis. This is due to the lower levels of CiC, which, 
in the aged cells, is incorporated into MDVs and transported to lysosomes for degradation. Therefore, 

the impaired export of acetyl-CoA from the mitochondria to the cytosol is responsible for the lower 

osteogenic potential of aged cells. Strikingly, acetate supplementation of aged cells rescues levels of 

histone acetylation and osteogenic differentiation capacity of aged cells.  

The observation of enhanced adipogenic capacity of purified BM-MSCs contradicts 

two recent studies which reported that the gene expression profile of BM-MSCs is 

similar to that of osteocytes (Meyer et al., 2016; Rauch et al., 2019). In contrast to 

those findings, my data clearly indicate that differentiation to osteoblasts requires a 

more advanced level of chromatin remodeling. For instance, despite the fact that BM-

MSCs isolated from young mice show active enhancer marking on osteogenesis-

involved genes (Figure 3.9), extended duration of osteogenic induction is required for 

efficient differentiation to osteoblasts, contrary to the short duration of adipogenesis. 
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One likely explanation for the contradicting phenotypes is the different BM-MSC 

population used in each study. Opposite to the plastic adherence protocol for 

purification of a heterogenous BM-MSC population from bone marrow, I isolated and 

selected a homogenous and highly purified population of BM-MSCs that resides in the 

bone endosteum (Houlihan et al., 2012) and possesses trilineage differentiation 

potential both in vitro and in vivo (Morikawa et al., 2009). This multilineage 

differentiation capacity is also supported by the epigenetic data, which showed active 

enhancer marking not only for genes involved in osteogenesis, but also for those 

associated with adipogenesis. 

Citrate has been recently suggested to be important throughout the osteogenic 

differentiation of BM-MSCs, via regulating α-KG production (Hofmann et al., 2012; 

Morganti et al., 2020; Quinn et al., 2013). However, I showed here that the export of 

mitochondrial acetyl-CoA to the cytosol in the form of citrate is the critical step for BM-

MSC osteogenesis. Remarkably, CiC activity is required before induction of 

differentiation, as evidenced by the fact that short-term inhibition of CiC function, 

before stimulation of differentiation, is sufficient to impair osteogenesis (Figure 3.15e). 

These data indicate that the cytosolic/nuclear acetyl-CoA pool is indispensable for the 

establishment of a plastic chromatin state and the acetylation of enhancers and 

promoters of osteogenic genes, which allow BM-MSCs to initiate a dedicated 

differentiation program. These results underscore the central role of the acetyl-CoA-

mediated chromatin remodeling in the regulation of stem cell fate decisions. 

Furthermore, I demonstrated that rescuing CiC levels in aged BM-MSCs is sufficient 

to restore histone acetylation and improves osteogenesis in aged BM-MSCs (Figure 
3.16), highlighting the importance of CiC in the metabolism-dependent chromatin 

rearrangements that are required for efficient BM-MSC lineage commitment. 

BM-MSCs balance adipogenesis and osteogenesis by integrating environmental 

signals with their transcriptional regulatory network, and several signaling pathways 

modulate the chromatin landscape to fine-tune gene expression. Therefore, 

investigating the crosstalk between epigenetic modifications and other cellular 

pathways is of high importance, particularly in the context of ageing, where many 

cellular processes undergo profound alterations (López-Otín et al., 2013). In this study, 
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I revealed that mitochondrial CiC is degraded in the lysosomes of aged BM-MSCs 

(Figure 3.20), which influences stem cell fate decisions via changing the chromatin 

architecture. Notably, lysosomal CiC degradation in aged BM-MSCs correlates with 

an increase in the number of MDVs (Sugiura et al., 2014) carrying CiC, and suggests 

that delivery of CiC to lysosomes is probably mediated via MDVs (Figure 3.21). Why 

is MDV formation enhanced upon ageing? So far, MDVs have been studied in cells 

only after artificial induction of mitochondrial oxidative stress (Soubannier et al., 2012a, 

2012b). Interestingly, ageing is usually accompanied by increased levels of 

mitochondrial stress (Baker and Haynes, 2011; Hill and Van Remmen, 2014), which 

could potentially explain the upregulation of MDV formation in aged BM-MSCs. 

Nonetheless, given that the MDV area of research is just emerging, future work in this 

field will shed more light on the specific mechanisms driving CiC selection and 

incorporation into MDVs. 

Finally, the striking observation that short-term treatment of BM-MSCs with acetate 

resulted in increased histone acetylation and chromatin accessibility, leading to 

enhanced osteogenic differentiation potential, suggests that intervening in the 

chromatin landscape represents a promising approach to rejuvenate aged BM-MSCs.
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4.2 High oxygen impairs osteogenesis in a CiC-dependent manner 
 

The cellular microenvironment plays a critical role in the regulation of stem cell fate 

decisions. In this study, I investigated the role of oxygen tension on the metabolism-

chromatin interplay and I explored how oxygen-induced changes in this interaction 

impact BM-MSC differentiation. Several studies have investigated the effects of 

oxygen levels in osteogenesis, with remarkably contrasting results (Lennon et al., 

2001; Robins et al., 2005; Malladi et al., 2006). Nevertheless, I found that normoxia 

elicits permanent defects on the osteogenic differentiation potential of BM-MSCs 

(Figure 3.24), indicating that high oxygen alters dramatically the stem cell function. 

Many studies have shed light into the mechanisms by which oxygen tension impacts 

stem cell differentiation and it is now well-established that one means by which oxygen 

concentration regulates stem cell fate decisions is through metabolic rewiring (Leijten 

et al., 2014). Furthermore, specific metabolic pathways have been associated with 

distinct cellular states; in fact, quiescent stem cells are predominantly glycolytic, 

whereas differentiating cells are actively respiring. However, so far it has not been 

clear how chromatin and the epigenome change on a global scale upon shift in the 

oxygen tension and how this correlates with alterations in central metabolic pathways 

and stem cell activity. Here, I showed that high oxygen leads to decreased glycolysis 

and enhanced mitochondrial respiration (Figures 3.28-3.29). A similar metabolic 

rewiring upon exposure of cells to high oxygen levels has been described in other 

studies, where hypoxia was found to promote glycolysis in a HIF-1-dependent manner. 

Such a profound change in the cellular energetic profile could potentially alter stem 

cell fate decisions, given the critical role of glycolysis in the maintenance of stem cell 

function (Hu et al., 2016).  

 

Indeed, the oxygen-driven upregulation of mitochondrial metabolism leads to 

generation of higher amounts of acetyl-CoA (Figure 3.27). Mitochondria-produced 

acetyl-CoA gets exported to the cytosol via CiC and is then used for lipid biogenesis 

and acetylation of cytosolic/nuclear proteins. Surprisingly, I found that although 

normoxia-cultured cells contain higher acetyl-CoA levels, they exhibit reduced histone 

acetylation and impaired lipogenesis. These results indicated that acetyl-CoA remains 
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trapped within the mitochondria of normoxia-cultured cells, diminishing the cytosolic 

acetyl-CoA pool. The final outcome of these events is chromatin compaction and loss 

of the transcriptional program that is required to induce osteogenesis. Acetate 

supplementation of cells cultured in normoxia is sufficient to rescue the histone 

acetylation and lipogenesis levels, and to restore the osteogenic differentiation 

potential (Figure 3.32).  

 

But why do normoxia-cultured BM-MSCs exhibit such a compartmentalised acetyl-

CoA distribution? I found that CiC levels in these cells are comparable to the levels in 

hypoxia-cultured BM-MSCs (Figure 3.31d). Therefore, impaired export of acetyl-CoA 

from the mitochondria to the cytosol could be due to a decrease in CiC activity. 

Notably, CiC protein has been found to undergo post-translational modifications, with 

CiC acetylation altering CiC function (Palmieri et al., 2015). Given that normoxia 

promotes mitochondrial respiration and OXPHOS, which lead to production of high 

acetyl-CoA levels, one potential explanation for the acetyl-CoA trapping could be 

enhanced CiC acetylation. However, this hypothesis needs to be further investigated 

and experiments are currently performed to confirm that normoxia-cultured BM-MSCs 

exhibit altered CiC acetylation levels. 

 

Remarkably, the observed changes in the metabolism-chromatin-stemness axis upon 

exposure to high oxygen mimic the phenotype of aged BM-MSCs. Together, these 

studies highlight the central role of CiC-mediated spatial acetyl-CoA localization in 

inter-organelle communication that is required for efficient osteogenesis. Noteworthy, 

the impact of high oxygen on stem cell function is stronger than that of physiological 

ageing, as indicated by the fact that the loss of chromatin accessibility is much more 

prominent when shifting cells to high oxygen (Figures 3.6, 3.25). This indicates that 

high oxygen levels represent an extreme condition and serve as a stress factor to the 

cells. Notably, murine and human BM-MSCs that have been adapted to atmospheric 

oxygen conditions are still capable to differentiate into adipocytes, osteocytes and 

chondrocytes (Houlihan et al., 2012; Morikawa et al., 2009; Yang et al., 2018b). 

However, it is clear from the data presented here and from previously published work 

that the osteogenic differentiation potential of BM-MSCs is strongly enhanced under 

low oxygen conditions, and that normoxia shifts the differentiation balance, favoring 
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adipogenesis and in the expense of osteogenesis (Basciano et al., 2011; Georgi et al., 

2015). Therefore, the potential effects of oxygen tension on stem cell activity should 

be taken into account not only when planning experiments using somatic stem cells, 

but especially during clinical trials.
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5. Conclusions and perspectives 
 

Considerable progress in the field of metabolism in the last years has revealed its 

crucial impact on stem cell biology. Uncommitted BM-MSCs rely almost exclusively on 

glycolysis in order to generate ATP, whereas their differentiation is coupled to 

oxidative metabolism. Recent studies have unraveled the powerful role of niche factors 

in the energetic profile of BM-MSCs (Scadden, 2006). However, the extent to which 

these factors shape the metabolic signature at each developmental stage and the 

exact mechanisms involved in this process need to be further investigated. 

Furthermore, secretion of high amounts of lactate by the highly glycolytic BM-MSCs 

questions the basic biological principle of energy economy. Two recent studies 

uncovered the importance of the glycolysis-produced lactate in the activation of hair 

follicle stem cells and intestinal stem cells (Flores et al., 2017; Schell et al., 2017). 

Therefore, whether in BM-MSCs the disposed lactate can be taken up from 

neighboring cells to fuel their metabolism or it simply represents an inevitable cost of 

the low-ROS-generating glycolysis is definitely worth further research. 

 

One mechanism by which metabolism regulates the transcriptional output and thus 

stem cell identity is via modulating the activity of epigenetic enzymes (Kaelin and 

McKnight, 2013; Lu and Thompson, 2012; Pouikli and Tessarz, 2021; Reid et al., 

2017). Research into the field of metabolism and chromatin interaction in the 

regulation of BM-MSC fate decisions has only started to reveal the exact role of each 

metabolite. Hence, further work is required to understand how to promote a 

coordinated mito-nuclear communication and how to accurately manipulate energy 

metabolism in order to regulate the epigenome in favor of stem cell proliferation and 

cellular homeostasis. Furthermore, one key-question in the field of metabolism and 

chromatin interplay is how mitochondrial and cytosolic metabolites can be sensed by 

nuclear enzymes to alter gene transcription. Some of these metabolites can easily 

diffuse in the nucleus via the pores of the nuclear membrane, constantly circulating 

between the cytosol and the nucleus. Yet, the exact mechanisms maintaining the two 

distinct pools of metabolites, preventing unnecessary inter-organelle translocation, 

remain elusive. In line with this, although some metabolites can easily bypass the 

mitochondrial and nuclear membranes, recent evidence suggests that the cytosol and 



5. Conclusions and perspectives        121 
 

 
the nucleus differ in their biophysical properties, such as the stiffness and the elasticity 

(Dahl et al., 2008; Guilak et al., 2000; Lombardi et al., 2011). This might generate a 

physical barrier in the inter-organelle trafficking of metabolites, and control of their 

spatial availability could actively participate in the metabolic regulation of chromatin 

states. 

 

Beyond their critical role in energy production and generation of intermediate 

metabolites, mitochondria participate in the maintenance of tissue integrity and 

organismal health, through regulation of protein homeostasis. Targeted degradation 

of misfolded or damaged mitochondrial proteins by the UPS, the UPRmt and the co-

ordinated function of mitochondrial proteases and chaperones are among the best-

studied mechanisms of mitochondrial quality control and have been found to promote 

mitochondrial health. A relatively novel pathway that contributes to the surveillance of 

the mitochondrial proteome encompasses the mitochondrial-derived vesicles (MDVs). 

MDVs bud off mitochondria carrying oxidized proteins that are delivered, mostly, to 

lysosomes for degradation (McLelland et al., 2014; Soubannier et al., 2012a, 2012b). 

This MDV-mediated quality control of the mitochondrial proteome is found to be 

activated prior to induction of mitophagy, in order to avoid complete elimination of the 

entire organelle. Although recent studies have highlighted the role of MDVs in several 

physiological processes, including signaling and immunity (Cadete et al., 2016; Todkar 

et al., 2021), further work is required to elucidate the precise stimuli driving MDV 

formation and the molecular mechanisms facilitating scission, transport and cargo 

delivery to the destined organelles.  

 

Notably, the metabolism-chromatin-stem-cell axis plays a critical role in BM-MSC 

biology during ageing and age-associated diseases. Recent technological advances 

in the field of multi-omics allow simultaneous analysis of the genome, the 

transcriptome, the proteome and the metabolome; integration of the multilayer 

information reveals the complex underlying changes during the course of stem cell 

differentiation and ageing. However, the limited amount of BM-MSCs represents a 

technical challenge and up-to-date single-cell-based methods might be a valuable tool 

to gain insight into the molecular principles governing stem cell and organismal ageing. 
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Although we have only recently started to describe the changes that occur in the 

epigenome of ageing stem cells, it is clear that the chromatin structure plays a 

fundamental role in regulating stem cell fate and function. Interestingly, since 

modulation of the chromatin architecture enables targeted alteration of the 

transcriptional output and ultimately of the stem cell identity, the epigenome might 

represent an attractive target for the development of strategies to direct stem cell fate 

decisions towards specific lineages. Of note, such approaches could be combined with 

the currently used methods during autologous stem cell therapy. For instance, ex vivo 

manipulation of the chromatin landscape to enhance stem cell activity prior to HSC 

and BM-MSC transplantation could potentially increase the efficiency of stem cell 

therapies. Proof-of-concept studies have been published in the last few years using 

model organisms to explore the potentially beneficial effects of such approaches. For 

example, inhibition of DNMTs by 5-AzaC has been used in various studies to enhance 

stem cell differentiation capacity of BM-MSCs purified from elderly humans (Kornicka 

et al., 2017; Yan et al., 2014). Furthermore, supplementation of BM-MSCs with the 

epigenetic-related metabolite α-KG improves osteogenesis in aged BM-MSCs. 

Mechanistically, α-KG elicits changes in the chromatin architecture, decreasing the 

abundance of repressive marks on the promoters of osteogenic genes (Wang et al., 

2020b). In line with this, manipulating the intracellular metabolism by caloric restriction 

and/or pharmacological interventions, such as rapamycin and resveratrol treatment, 

alters the epigenome and impacts stem cell fate decisions.  

 

With regards to the ex vivo manipulation of the chromatin and metabolic profile in order 

to direct stem cell fate decisions, attention should also be given to the oxygen 

conditions of cell culture. Oxygen tension has been an often-neglected parameter 

during cell culture, with cells residing normally in hypoxic tissues being cultured under 

high oxygen levels. Nevertheless, it is now evident that this may have detrimental 

effects on stem cell activity, increasing the risk of inefficient or failed stem cell 

therapies. Hence, mimicking the physiological oxygen conditions of the stem cell niche 

could enhance BM-MSC potential during clinical applications.
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Appendix A 
 
Measurement of bone quality parameters  
 
Murine femurs were scanned with a high resolution µCT scanner with an isotropic voxel 

size of 8.8 um3. The x-ray settings for each scan were 50 kV and 200 µA, using a 0.5 

mm aluminum filter. All scans were performed over 360 degrees, with a rotation step 

of 0.3 degrees and a frame averaging of 1. Images were reconstructed and analyzed 

using NRecon software (version 2.0) and CTAn software (version 1.18), respectively. 

Trabecular and cortical bone regions of distal femurs were selected with reference to 

the growth plate (0.44-2.2 mm and 2.2-2.64 mm from growth plate, respectively). Bone 

mineral density was determined based on calibration with two phantoms of known 

density, which were scanned under the same conditions as the bone samples.
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Appendix B 

 
Electron microscopy 
 
Samples were fixed in fixation buffer for 30 minutes at RT and for 30 minutes at 4°C. 

They were then washed with 0.1 M sodium cacodylate buffer, incubated for 1 hour on 

ice-cold OsO4, and washed again with 0.1 M sodium cacodylate buffer. After ethanol 

washes, samples were incubated with EPON buffer and embedded. Sections (70 nm) 

were cut using an Ultracut device and put in ddH2O at 37 °C in the dark, on negatively 

stained grids with 1.5% uranyl acetate. Images were acquired using a JEM 2100 plus 

microscope. 

 

Fixation buffer 

2% glutaraldehyde 

2.5% sucrose 

3 mM CaCl2 

100 mM HEPES, pH=7.4 

 

0.1 M sodium cacodylate buffer 

1% osmium 

1.25% sucrose  

10 mg/ml potassium ferricyanide in 0.1 M sodium cacodylate
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Appendix C 
 

Targeted liquid chromatography mass spectrometry (LC-MS) analysis 
 
The extracted metabolites were resuspended in UPLC-grade acetonitrile:water in ratio 

80:20 v:v. The samples were analyzed on the Acquity iClass UPLC using a SeQuant 

ZIC-HILIC 5 µm polymer 100 ×2.1 mm column connected to the Xevo TQ-S triple 

quadrupole mass spectrometer. 8 µl of metabolite extract were injected onto the 

column and separated using a flow rate of 500 µl/min of buffer A and buffer B, with the 

following gradient: 0–0.5 minutes 20% A; 0.5–1.4 minutes 20–35% A; 1.4–2.5 minutes 

35–65% B. After 2.5 minutes, the system is set back to 20% A and re-equilibrated for 

2.5 minutes. 

Next, the eluted metabolites were detected in positive ion mode using ESI MRM (multi-

reaction monitoring) applying the following settings: capillary voltage 1.5 kV, 

desolvation temperature 550 °C, desolvation gas flow rate 800 L/h, collision cell gas 

flow 0.15 ml/min. The following MRM transitions were used for relative compound 

quantification of metabolite m/z precursor mass (M+H+) 810, fragment mass (M+H+) 

m/z 303, using a cone voltage of 98 V and a collision energy of 28 V. For each 

compound, two further fragments were monitored as qualitative controls for compound 

identity. Data analysis and peak integration were performed using the TargetLynx 

software (version 4.1). 

Buffer A 

10mM ammonium acetate 
0.1% acetic acid 
 
Buffer B 
Acetonitrile 
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Appendix D 
 

Analysis of sequencing data 

 

RNA-sequencing (RNA-seq) analysis 
 
RNA-libraries were sequenced as single-end 150 bp reads on the HiSeq 4000 

sequencer. The sequenced reads of RNA-seq dataset were processed using zUMIs 

(version 2.2.1) (Parekh et al., 2018) with STAR (version 2.6.1a) (Dobin et al., 2013), 

Samtools (version 1.9) (Li et al., 2009) and featureCounts from Rsubread (version 

1.32.4) (Liao et al., 2014). The reads were mapped to the mouse genome (mm10 

version) with the ensembl annotation (version GRCm38.91). The generated count 

matrix was further analyzed using R (version 3.5.1). First, genes were filtered using 

the ‘filterByExpr’ function of edgeR (Robinson et al., 2010) with min.count =5. The 

differential gene expression analysis was carried out using the limma-trend (Ritchie et 

al., 2015) approach at the adjusted p-value=0.05. Obtained sets of genes were further 

analyzed, for example through GO enrichment analysis. 
 

Assay for Transposase Accessible Chromatin-sequencing (ATAC-seq) 
 
The fastq files of ATAC-sequenced reads were mapped to the mouse genome (mm10 

version) using local alignment on bowtie2 (Langmead and Salzberg, 2012), with 

parameters -x mm10 and -X 2000. The resulting BAM files were sorted, indexed using 

Samtools (version 1.3.1) and duplicates were removed using MarkDuplicates of Picard 

Tools. The peaks were called using chromstaR (Taudt et al., 2016) R package in 

differential mode, with bin size=300, step size=100 and minimum mapping quality 

threshold=15. The per sample peak RPKM (reads per kilobase of transcript per million 

mapped reads) table was pulled out from the chromstaR model and differential 

accessibility analysis was performed using edgeR (Robinson et al., 2010). The 

normalizing factors were calculated using ‘RLE’ method in ‘calcNormFactors’, tagwise 

dispersion trend was estimated using the default parameters in ‘estimateDisp’ function 
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and a generalized linear model was then fit on the data using ‘glmQLFit’ function in 

robust mode. 

The peaks called by chromstaR were then used in nucleoATAC (Schep et al., 2015) 

for nucleosome positioning. For visualization purposes, the replicates were merged 

using ‘samtools merge’ and the bigwig files were generated using ‘bamCoverage–

normalizeUsing RPGC’. 
 

CUT and RUN-sequencing (CUT&RUN) 
 
The fastq reads were mapped to mm10 version of genome using bowtie2 (Langmead 

and Salzberg, 2012) and duplicates were removed using MarkDuplicates program of 

Picard Tools. For mapping spike-in fragments to yeast, the ‘no-overlap–no-dovetail’ 

options were set and mapped to a repeat-masked version of the yeast genome, in 

order to avoid cross-mapping the mouse genome to that of the yeast genome. The 

peaks were then called using the chromstaR (Taudt et al., 2016) package in differential 

modes for each histone mark (H3K27ac, H3K27me3 and H3ac), with bin size=1,000, 

step size=500 and minimum mapping quality threshold=15. Differential analysis was 

performed using edgeR, similarly to that of the ATAC-seq analysis. For visualization 

purposes, the replicates were merged using ‘samtools merge’ and the bigwig files 

were generated using ‘bamCoverage–normalizeUsing RPGC’. The differential regions 

in the H3ac data were identified using chromstaR in differential mode with eight states. 

The segments with the different states in old, acetate-treated old and young samples 

were obtained from multivariate peak call.
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