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3 Abstract 

 

Adult stem cells are part of the repair system that counteracts damage to cells and 

tissues. The functionality of stem cells declines with age and is therefore thought to 

contribute to age associated accumulation of damaged cells and age related diseases. 

One tissue that is noticeable affected by this decline is the human skeleton. In particular 

the number of bone forming osteoblasts deriving from mesenchymal stem cells (MSCs) 

was found to decrease with age. While much is known about intrinsic factors which 

influence the osteogenic differentiation capacity of adult stem cells hardly any extrinsic 

factors are known that impact on the commitment of MSCs to osteoblasts. Here we 

focused on age associated extracellular effector molecules which are able to influence 

the osteogenic differentiation process of MSCs. While searching for factors we found 

extracellular vesicles (EVs) and showed that plasma derived EVs of young individuals 

boost in vitro bone formation of MSCs while EVs isolated from elderly fail to induce 

osteogenic differentiation. In order to elucidate the underlying molecular mechanism we 

found that the cargo of these vesicles changes with the donor age. In particular two 

factors within these vesicles which are differentially secreted with age and impact on 

osteogenesis were identified. On the one hand we demonstrate that Galectin-3 

enhances osteogenesis in vitro and to be decreasingly secreted by vesicles derived 

from elderly donors. On the other hand microRNA-31-5p was shown to inhibit 

osteogenesis and to be enriched within EVs of elderly donors. In summary we identified 

new factors that impact on the regenerative power of MSCs which might contribute to 

improve the therapeutic outcome of future MSC based therapies especially in the case 

of elderly hosts. 
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4 Zusammenfassung 

 

Adulte Stammzellen (SZ) stellen einen wichtigen Teil des körpereigenen 

Reparatursystems dar und tragen dazu bei zellulären sowie organischen Schäden 

entgegenzuwirken. Der Ersatz beschädigter Zellen durch die Aktivität adulter 

Stammzellen nimmt mit dem Alter jedoch ab wodurch die Funktionalität von Organen 

negativ beeinträchtigt wird. Ein Organ, welches von dem Aktivitätsverlust adulter 

Stammzellen betroffen ist, ist der Knochen. Mit steigendem Alter nimmt die 

Knochenstärke ab. Dies ist unter anderem auf eine Reduktion der osteogenen 

Differenzierungskapazität von mesenchymalen Stammzellen (MSZ) zurückzuführen. 

Während bereits einiges über zelleigene Faktoren bekannt ist, die zu diesem 

Aktivitätsverlust in MSZ beitragen, ist der Einfluss des Milieus auf ihre 

Regenerationskapazität kaum erforscht. Auf der Suche nach extrazellulären Faktoren, 

welche auf das osteogene Differenzierungsverhalten von MSZ Einfluss nehmen, 

wurden in dieser Arbeit zirkulierende Vesikel entdeckt. Es konnte gezeigt werden, dass 

extrazelluläre Vesikel aus dem Plasma junger Spender die in vitro Knochenbildung 

beschleunigen während Vesikel von älteren Spendern diese hemmen. Nach genauerer 

Untersuchung des Inhalts dieser Vesikel konnten zwei Faktoren identifiziert werden 

welche den beobachteten Effekt auch zellbiologisch erklären. Einerseits wurde 

nachgewiesen, dass pro-osteogenes Galectin-3 in den Vesikeln älterer Spender fehlt. 

Andererseits wurde entdeckt, dass anti-osteogene microRNA-31 in den Vesikeln älterer 

Spender angereichert ist. Zusammengefasst konnte in dieser Arbeit gezeigt werden, 

dass extrazelluläre Vesikel in Abhängigkeit vom Spenderalter die osteogene 

Differenzierungskapazität von MSZ unterschiedlich beeinflussen und dass dieser 

Unterschied auf die veränderte Beladung dieser Vesikel zurückzuführen ist. Diese 

Ergebnisse können dazu beitragen den therapeutischen Effekt zukünftiger auf MSZ 

basierender Therapien in älteren Patienten zu verbessern.  
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5 Introduction 

 

“It's paradoxical that the idea of living a long life appeals to everyone, but the idea of 

getting old doesn't appeal to anyone.” This statement made by the US journalist Andy 

Rooney excellently reflects the mixed feelings prompted on the subject of aging. Great 

medical progress has been made in the past decades so that people are living longer 

than ever before. This increase in life expectancy resulted in a change of health issues 

seniors are nowadays confronted with. While in the US more than 50% died of 

infectious diseases in 1900 (Mackenbach & Looman 2013), the majority nowadays dies 

on typical age associated diseases like cancer or cardiovascular diseases (Mackenbach 

& Looman 2013). Since the functionality of our bodies and minds constantly declines as 

we age gaining insights into the mechanisms of aging and age associate diseases will 

help to establish strategies and medical therapies for physical, medical and social well-

being in older age. 

The attempt to understand the biological principles of the aging process led to multiple 

theories which can be assigned in two main categories: The programmed or the 

damage theory (Jin 2010). The programmed theory assumes that aging is a natural 

inherent process influenced and driven by a change in gene expression (Davidovic et al. 

2010) which results in typical age associated hormonal changes (Heemst 2010) or a 

degeneration of the immune system (Cornelius 1972). Interestingly studies on 

homozygote twins indicate that approximately 25% of the aging process are genetically 

determined (Lykken et al. 1993; Herskind et al. 1996; Ljungquist et al. 1998). Follower 

of the damage theory support the opinion that aging is caused by an accumulation of 

environmentally triggered damage to cells and tissues (Jin 2010). However aging 

proved to be a much more complex process and none of the proposed theories were 

fully satisfactory. The combination of both suggests that the efficiency to repair 

environmentally caused damage to cells and organs is genetically programmed is most 

likely to drive the aging process (Jin 2010).  

 

5.1 Molecular mechanism of cellular and organismal aging 

In 1965 Leonard Hayflick and colleagues described for the first time that human diploid 

cell strains stop to proliferate in vitro after a certain number of population doublings 

(Hayflick 1965). This in vitro phenomenon was referred to as “senescence” and 

intensively studied over the past decades. The irreversible growth arrest can be 
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triggered by a wide range of causes such as critically short telomeres or other stressors, 

for example DNA damage, oncogenic signals (Serrano et al. 1997) or chromatin 

perturbations (Campisi & d’Adda di Fagagna 2007). However, no matter how cellular 

senescence was triggered only two molecular pathways were identified so far to 

mediate the irreversible growth arrest by the activation of the cell cycle inhibitor 

p16INK4a or p21 (Westin et al. 2011; Yang et al. 2008; Campisi & d’Adda di Fagagna 

2007). The observation that damaged or dangerous cells that are at risk to undergo 

malignant transformations enter senescence and are thereby growth arrested (Serrano 

et al. 1997), struck on the idea that cellular senescence is a potent tumour protection 

mechanism (Braig et al. 2005; Collado et al. 2005; Courtois-Cox et al. 2006; Feldser & 

Greider 2007; Ventura et al. 2007). 

The hypothesis that senescence also occurs in vivo and that senescent cells contribute 

to the organismal aging process was confirmed by several studies which report on an 

accumulation of senescent cells with age in rodents (Lazzerini Denchi et al. 2005), non-

human primates (Herbig et al. 2006; Jeyapalan et al. 2007) and humans (Dimri et al. 

1995) as well as a delayed onset of age associated diseases due to the removal of 

senescent cells (Baker et al. 2011). Supportingly the activation of telomerase, which 

protects against telomere dysfunction and therefore against replicatively triggered 

senescence, resulted in an extended life expectancy (Bernardes de Jesus et al. 2012) 

and protected against tissue degeneration in mice (Jaskelioff et al. 2011).  

In addition several studies demonstrated that cells isolated from elderly donors 

exhibited a lower population doubling level before entering senescence than cells 

deriving from young individuals (Martin et al. 1970; Schneider & Mitsui 1976; Bierman 

1978; Bruce et al. 1986).Taken together these studies confirm that cellular senescence 

reflects the organismal aging process. Therefore senescent cells are widely used as in 

vitro aging model.  

But how might senescent cells contribute to aging or even age associated diseases? On 

the one hand the defining feature of these cells, the irreversible growth arrest, causes a 

reduction of functional cells in vivo and might thereby contribute to this effect. However, 

the cell cycle block is not the only phenotype these cells differ from early quiescent 

passage cells. Cellular senescent cells were shown to be more resistant to apoptosis 

(Hampel et al. 2005), which might explain the observed long-term persistence of these 

cells in vivo (Dimri et al. 1995), and to exhibit an altered intracellular protein (Stein et al. 

1994), mRNA (Park et al. 2001), microRNA (Hackl et al. 2010) expression as well as 
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secretory profile (Coppé et al. 2010). In particular the senescence associated secretory 

phenotype (SASP) might contribute to cell non-autonomous effects on the 

microenvironment of senescent cells (Coppé et al. 2008). The composition of released 

molecules was shown to depend on the cell type and the kind of senescence inducing 

stress (Rodier & Campisi 2011). However, some core factors were identified whose 

enhanced secretion was characteristic for almost all senescent cells. This group of 

extensively released soluble factors consists for example of cytokines like interleukin-6 

(IL-6) (Coppé et al. 2008), chemokines such as chemokine (C-X-C motif) ligands 

(CXCLs) (Sarkar et al. 2004) and chemokine (C-C motif) ligands (CCLs) (Davalos et al. 

2010), insulin-like growth factor binding proteins (IGFBPs) (Coppé et al. 2008) and a 

wide range of extracellular proteases like matrix metalloproteinases (MMPs) (Liu & 

Hornsby 2007). By now several studies demonstrated that the altered secretion profile 

of senescent cells reinforces the senescent phenotype in an autocrine manner (Coppé 

et al. 2010). However other studies suggest paracrine functions on their 

microenvironment for instance the promotion of angiogenesis or cell proliferation of 

leukocytes, mammary and prostate epithelial cells as well as of keratinocytes (Coppé et 

al. 2010). Moreover the secretory phenotype of senescent cells was also reported to 

enhance cell invasion, migration as well as metastasis and to impact on cell 

differentiation of epithelial and endothelial cells (Rodier & Campisi 2011). In summary 

the described effects of SASP on neighbouring cells suggest that effector molecules 

released by senescent cells contribute to tumour progression and to the activation of the 

immune system, both considered as typical hallmarks of aging and age-related 

diseases.  

5.2 Stem cells and aging 

Adult stem cells are important to maintain and repair tissues and organs (Conboy & 

Rando 2005). They are multipotent cells, which have the ability to self-renew (Sacchetti 

et al. 2007), producing two identical daughter cells through symmetrical cell division in 

order to maintain the stem cell pool. Additionally they have the ability to divide 

asymmetrically resulting in two non-identical daughter cells (Sacchetti et al. 2007), 

whereas one cell retains the stem cell phenotype and the other differentiates into a 

specialized cell type in order to replace specialized cells for maintaining tissue 

homeostasis or for repair in the case of injury throughout an organisms life.  
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The decision whether an adult stem cell remains quiescent or re-enters the cell cycle in 

order to divide in a symmetrical or asymmetrical way depends on intrinsic factors, the 

microenvironment, the extracellular matrix and extrinsic stimuli (Scadden 2006). In 

principle two different populations of adult stem cells are distinguished in humans. One 

population was discovered and characterised in 1961 and is called hematopoietic stem 

cells (HSCs) (Till & McCulloch 1961). By now these cells were successfully isolated 

from the bone marrow, the peripheral blood or the umbilical vein blood and were 

demonstrated to give rise to blood forming (erythrocytes and platelets) as well as 

immune cells, in particular also to bone resorbing osteoclasts (Teitelbaum 2000). The 

second group of adult stem cells consists of mesenchymal stem cells. In 1974 

Friedenstein and colleagues describet at first a fraction of multipotent stromal cells 

isolated from the bone marrow which exhibited the ability to differentiate into cells of 

mesodermal origin such as bone forming osteoblasts, cartilage producing chondroblasts 

or adipocytes (Friedenstein et al. 1974). Meanwhile MSCs have not only been shown to 

be located in the bone marrow but have also been isolated from several other tissues 

and organs such as the blood, synovial fluid, amniotic fluid, trabecular bone, cartilage, 

muscle tendons, adipose tissue, periosteum, spleen, placenta, amnion, umbilical cord, 

thymus, dermis, lung, liver, pancreas, skin, synovial membrane and teeth (da Silva 

Meirelles et al. 2006). The International Society for Cellular Therapy defined in 2006 

three minimal criteria isolated human MSCs have to fulfil in vitro (Dominici et al. 2006): 

(I) Plastic adherence under standard cultivation conditions (Dominici et al. 2006). (II) 

Positive for CD73 (ecto-5´-nucleotidase), CD90 (THY1) and CD105 (Endoglin) surface 

receptors as well as negative for CD34 (marker for myeloid B and T-cell progenitors as 

well as endothelial cells), CD45 (marker for pan-leukocyte), CD11b and CD14 (marker 

for monocytes), CD19 and CD79a (marker for B-cells) as well as HLA-DR (MHC class II 

cell surface receptor) (Dominici et al. 2006). (III) Multipotency which involves the ability 

to differentiate at least into the osteogenic, chondrogenic and the adipogenic 

mesenchymal lineage (Dominici et al. 2006). However, in recent years MSCs have also 

been shown to differentiate not only in the three above mentioned cell types but also 

into other cells of mesodermal origin (myocyte, endothelium, cardiomyocytes) (Uccelli et 

al. 2008) and to transdifferentiate into non-mesodermal cells such as neurons (Kopen et 

al. 1999) and epithelial cells which are assigned to the ectoderm as well endodermal 

cells like hepatic (Petersen et al. 1999), pancreatic, respiratory and intestinal epithelial 

cells (Uccelli et al. 2008) (Figure 1). 
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Figure 1: Cell fate of MSCs upon activation 

This figure was adapted from A. Uccelli et al. (Uccelli et al. 2008) and shows the ability of MSCs to self-

renew or to differentiation into various cell types of mesodermal (myocyte, chondrocyte, adipocyte, 

osteocyte), ectodermal (epithelial cell, neuron) or endodermal (intestinal and respiratory epithelial cell) 

origin. 

 

5.3 The skeleton system  

The human skeleton consists of 220 bones. Generally 5 different types of bone are 

distinguished according to their shape: (I) Long bones like the femur, (II) short bones 

such as the ankle bones, (III) flat bones as for instance the cranial bones, (IV) sesamoid 

bones e.g. patella and (V) the irregular bones exemplified by facial bones. Besides the 

skeletons mechanical functions such as locomotion, support and the protection of inner 

organs it has an important role as site of haematopoiesis and mineral balance 

homeostasis (Boskey & Coleman 2010). 99% of calcium, 85% of phosphate and 50% of 

magnesium were shown to be stored in the skeleton indicating its importance of the 

skeleton in maintaining mineral levels (Marcus et al. 2010). In particular tight regulation 

of Ca2+ blood levels is essential to ensure the function of muscles and nerves (Török 

2007). Consequently decreased calcium levels lead to the secretion of parathyroid 

hormone (PTH) by the parathyroid gland (Sahota et al. 2004). This hormone acts on the 

skeleton by activating osteoclasts which results in the resorption of bone and 

consequently a release of stored Ca2+ (Sahota et al. 2004). Additionally PTH stimulates 

the kidney to produce active 1.25 (OH)2 vitamin D which in turn facilitates the  
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expression of transient receptor potential (TRP) channels in the intestine (Bouillon & 

Suda 2014) in order to enhance active Ca2+ absorption (Sahota et al. 2004).  

The adult skeleton consists of (I) an inorganic matrix, for the most part impure 

hydroxyapatite Ca10(PO4)6(OH)2 (Boskey 2007), (II) an organic phase (Marcus et al. 

2010), which is to 98% made of type I collagen (Marcus et al. 2010) but also contains 

proteoglycans, glycoproteins and serum proteins, (III) cells, (IV) lipids and (V) water 

(Boskey & Coleman 2010). The combination of organic and inorganic matrices confers 

flexibility and strength. Accordingly cortical and trabecular bones can be distinguished 

by their porosity. Cortical bone makes up 80% of total bone mass and represents the 

dense outer shell of the bone. 90% of cortical bone is calcified and it has a low 

metabolic rate (Marcus et al. 2010). The porosity of cortical bone is approximately 5-

20% (Marcus et al. 2010). The inner part of the bone is formed by a highly porous 

sponge-like structure called trabecular bone which is filled with bone marrow (Marcus et 

al. 2010). The porosity is between 40%, in young individuals and 95% in patients 

suffering from osteoporosis (Marcus et al. 2010). The trabecular porosity is an important 

parameter for stiffness and strength of trabecular bone (Marcus et al. 2010). In addition 

to trabecular porosity, the trabecular architecture expressed in parameters such as the 

trabecular number, separation and thickness gives some indication of bone stiffness 

and strength (Marcus et al. 2010). 80% of bone remodelling occurs in the trabecular 

bone whereby it is more subjected to changes in bone turnover (Marcus et al. 2010). 

Several years ago bone was considered as static system. By now it is known to be a 

highly dynamic, vascularized and metabolic active tissue which is constantly remodelled 

by cells in order to repair fractures, response and to adapt to factors like mechanical 

loading but also to replace old bone and to maintain calcium homeostasis throughout an 

organisms life (Marcus et al. 2010). In particular 25% of trabecular and 2,5% of cortical 

bone are replaced within one year. Bone is constantly remodelled by the coordinated 

action of bone resorbing multinucleated osteoclasts and bone matrix forming 

osteoblasts (Marcus et al. 2010). However, approximately 90% of cells within the bone 

are neither osteoclasts nor osteoblasts but osteocytes (Marcus et al. 2010). Osteocytes 

originate from bone matrix encapsulated osteoblasts. These cells exhibit dendrite like 

cytoplasmatic processes, thereby forming a complex network which allows the contact 

to other osteocytes and to the bone surface lining cells, which mainly consist of inactive 

quiescent and active osteoblasts (Aarden et al. 1994). These connection is facilitated by 

channels in the bone calles canaliculi (Aarden et al. 1994). Osteocytes were shown to 



INTRODUCTION 

  
17 

 
  

play an important role as mechanosensors, in orchestrating bone remodelling and in 

regulating mineral homeostasis as well as matrix mineralization (Adachi et al. 2009; 

Weinstein et al. 1998; Bonewald 2013; Galli et al. 2010). However, from the late second 

to the third decade of life bone mass starts to decline (Bonjour et al. 1994) resulting in a 

reduction of cortical and trabecular bone strength with age (Marcus et al. 2010). Similar 

to other tissues a sufficient number of adult stem cells is essential to enable bone 

function since hematopoietic stem cells give rise to osteoclasts while mature 

osteoblasts and osteocytes originate from MSCs (Kassem & Marie 2011). Since 

osteoclasts, osteoblasts, osteocytes and consequently also their precursor cells are 

necessary to remodel bone age related changes of these cells are briefly outlined in the 

next chapters.  

5.3.1.1 Bone cells of the mesenchymal lineage 

Osteoblasts are bone forming cells. Consequently a reduction of osteoblasts or 

functional decline of their precursor cells, the mesenchymal stem cells, might shift the 

balance between bone resorption and formation resulting in bone loss. Several studies 

were performed investigating the number of MSCs with some observing no differences 

in the number of MSCs after skeletal maturation between young and elderly individulas 

(Stenderup et al. 2001) and others demonstrating a reduction of MSCs with age 

(Kuznetsov et al. 2009; Nishida et al. 1999). This controversal data might be explained 

by the differences in stem cell isolation methods but also by the differences in mean age 

of the compared groups. In general a strong decline in the number of MSC was 

observed after the termination of skeletal growth (Kassem & Marie 2011). This suggests 

that the age related decline in bone mass is not due to a reduced number of 

osteoprogenitor cells but rather due to a reduced expansion or commitment of MSCs 

into the osteogenic lineage (Kassem & Marie 2011). Although the number of isolated 

MSCs did not differ significantly in young and elderly individuals after completion of 

skeletal growth, MSCs isolated from elderly were shown to enter senescence at an 

earlier in vitro population doubling number compared to those of young donors 

(Stenderup et al. 2003) indicating that senescence might also affect the proliferation and 

differentiation capacity of MSCs in vivo. Supportingly the share of senescent MSCs 

isolated from elderly was shown to be higher compared to MSCs isolated from young 

donors (Stenderup et al. 2003; S Zhou et al. 2008). This hypothesis is supported by the 

observation that human telomerase reverse transcriptase (hTERT) overexpressing 

MSCs are able to undergo more population doublings and exhibit an enhanced 
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osteogenic differentiation potential in vitro (Simonsen et al. 2002) and in vivo (Shi et al. 

2002) compared to normal MSCs. In contrast to MSCs a reduced number of mature 

osteoblasts was observed with age (Almeida et al. 2007) indicating that the function or 

the osteogenic commitment of MSCs is impaired with age. In particular Roholl and 

colleagues demonstrated that the number of pre-osteoblasts, pre-osteoclasts and 

osteoclasts does not change with age per unit bone length in elderly rats but they 

observed a strong decline of mature osteoblasts (Roholl et al. 1994) supporting the 

theory that impaired osteogenesis contributes to age related bone loss  

In addition to the reduction of bone located osteoblasts circulating osteoblasts were 

identified in the peripheral blood of post-menopausal women expressing not only 

inflammatory but also osteoclastogenesis promoting factors like receptor activator of 

nuclear factor κB ligand (RANKL) and intercellular adhesion molecule 1 (ICAM-1) 

(Undale et al. 2010; Eghbali-Fatourechi et al. 2007). 

When osteoblasts get embedded in their own synthesized mineralized bone matrix they 

differentiate into osteocytes within 3 days (Bonewald 2013). Although the majority of 

osteoblasts becomes apoptotic and only 10 - 20% of osteoblasts differentiate into 

osteocytes, osteocytes represent 90% of all bone cells (Boskey & Coleman 2010). 

Compared to osteoclasts and osteoblasts which are only active for days or weeks, 

osteocytes are considered as long-living bone cells which reside within the bone tissue 

for several years (Manolagas & Parfitt 2010). The viability of osteocytes has been 

demonstrated to decrease from 99% at birth to only 25% at an age of 80 which might 

addionally contribute to a reduction in bone formation (Tomkinson et al. 1997).  

Besides the observation that osteocytes die by apoptosis it was also demonstrated that 

the percentage of senescent osteocytes increases with age (Tomkinson et al. 1997).  

 

5.3.1.2 Bone cells of the hematopoietic lineage 

In 1992 osteoclasts were isolated for the first time (van der Plas & Nijweide 1992). Upon 

activation these cells excavate bone by tightly attaching to the bone surface and 

releasing hydroxychlorid acid in order to resolve inorganic bone components and 

enzymes like cathepsin K to degrade the organic matrix (Teitelbaum 2000). Not only 

osteogenic differentiation seems to be impaired with age but the differentiation into 

osteoclasts was shown to be enhanced with age (Cao et al. 2005). Additionally decline 

of bone density with age might be explained by the observation of Henriksen and 
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colleagues who demonstrated, that the activity of osteoclasts is higher when resorbing 

old compared to newly synthesized bones (Henriksen et al. 2007). 

In summary the combination of an age-related reduction in proliferation and 

differentiation of osteoprogenitor cells leading to a decreased number of bone forming 

mature osteoblasts and bone remodelling orchestrating osteocytes as well as an 

enhanced activity of osteoclasts might be the decisive factor for changes in bones 

strength and quality with age. 

 

5.3.2 Mechanisms of osteogenic differentiation 

Bones are constantly remodelled and maintained by the coordinated activity of bone 

forming osteoblasts and bone excavating osteoclasts (Kozhevnikova et al. 2008). In 

order to maintain bone mass and consequently its mechanical properties the amount of 

bone resorbed by osteoclasts equals to the newly synthesized bone. Although much is 

known about the differentiation of HSC via monocytes to osteoclasts  (Ash et al. 1980), 

the mechanism and factors influencing osteogenic differentiation are still incompletely 

understood. In principle the osteogenic differentiation process of MSCs into osteoblasts 

is influenced by three types of factors. Firstly transcription factors which have the ability 

to influence the transcription of genes in a positive or negative way by binding to the 

gene regulatory elements of the DNA. (Kozhevnikova et al. 2008) One of the most 

important transcription factors in regard to bone formation is runt related transcription 

factor-2 (Runx-2) which exclusively acts in the osteogenic differentiation process after 

birth (Komori 2005; Karsenty & Wagner 2002). Secondly mRNA-binding protein factors 

such as microRNAs which bind to the mRNA of a relevant gene thereby suppressing or 

activating its translation (Kozhevnikova et al. 2008). And thirdly signalling proteins which 

act via a signalling cascade and affect the transcription of genes relevant for 

osteogenesis by targeting transcription factors like Runx-2 or changing the chromatin 

structure (Kozhevnikova et al. 2008). Subsequently a short summary of the wingless-

type MMTV integration site family (Wnt) pathway which was shown to be very important 

in bone formation is given.  

 

5.3.2.1 Wnt signalling pathway 

The Wnt protein family consist of 19 secreted lipid-modified Wnt proteins in humans 

which could theoretically bind to 10 different Frizzled (Fzd) seven-pass transmembrane 

receptors (van Amerongen et al. 2008) in order to activate an intracellular signalling 
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cascade. Wnt proteins bind to two types of receptors. On the one hand to the cysteine 

rich domain of Frizzled receptors and on the other hand to the co-receptor lipoprotein 

receptor-related protein 5 (LRP5) or LRP6 (Verkaar & Zaman 2010). The intracellular 

effect of extracellular Wnt binding to the cell depends on the type of Wnt ligand and the 

set of receptors which is present on the cellular surface (van Amerongen et al. 2008). In 

principle three different signalling pathways which are induced upon Wnt binding are 

distinguished: (I) The Wnt-β-Catenin dependent signalling pathway (Gordon & Nusse 

2006), (II) the still poorly understood Wnt-β-Catenin independent signalling pathway (E. 

H. Lee et al. 2008) and (III) the Wnt-Ca2+dependent pathway, which leads to the release 

of intracellular Ca2+ due to heterotrimeric G-protein activation (Kohn & Moon n.d.).  

The Wnt-β-Catenin dependent signalling pathway is best understood and of particular 

importance in regard to osteogenesis since loss of function of β-Catenin in mice results 

in severe skeletal malformations (Otto et al. 1997) and knock out in mesenchymal stem 

cells leads to increased chondrogenesis and an inhibition of osteogenesis (Kobayashi et 

al. 2000). On the other hand gain of function of β-Catenin in MSCs results in a 

commitment towards osteogenic differentiation and an inhibition of chondrogenesis and 

adipogenesis (Chen et al. 2007; Baron & Rawadi 2007). Upon binding of some Wnts to 

Frizzled receptors such as Wnt10b (Bennett et al. 2007; Bennett et al. 2005; Stevens et 

al. 2010), β-Catenin is no longer phosphorylated and can therefore escape its 

degradation by the destruction complex consisting of glycogen synthase kinase 3 β 

(GSK-3β), axin and adenomatous polyposis coli (APC) (Gordon & Nusse 2006). As a 

consequence β-Catenin is stabilized, accumulates and translocates into the nucleus 

where it associates with and thereby activates the transcription factors nuclear T cell 

factor (TCF) and Lymphoid enhancer factor (LEF) resulting in the expression of 

osteogenesis relevant genes such as the master regulator Runx-2 (Gordon & Nusse 

2006). Interestingly the expression of Runx-2 alone is not sufficient to regulate 

osteogenesis. In order to induce the expression of genes necessary for osteocalcin 

production, a typical marker for mature osteoblasts, Runx-2 has to interact with Smad1, 

Smad5 and Smad8 in the nucleus (Hanai et al. 1999; Lee et al. 2000). Upon binding of 

extracellular bone morphogenic protein 2 (BMP2) to its receptor, Smad1, 5 and 8 

become phosphorylated, associate with Smad4, translocate into the nucleus and are 

thereby able to interact with Runx-2 (Hanai et al. 1999; Lee et al. 2000). The Wnt 

signalling pathway is graphically outlined in Figure 2. 
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Figure 2: The Wnt- β-Catenin dependent signalling pathway 

This figure was adapted from M.N. Kozhevnikova et al. and shows the proteins involved to induce the 

expression of osteogenesis relevant genes (Kozhevnikova et al. 2008). Upon Wnt binding to Fzd and Lrp 

receptor, β-Catenin is stabilized, translocates in the nucleus and associates with TCF and LEF. 

Subsequently osteogenesis relevant genes such as Runx-2 are expressed. However, in order to 

differentiate into mature osteoblasts the transcription factor Runx-2 has to interact with Smad1, 5 and 8. 

Upon BMP2 binding Smad1, 5 and 8 are phosphorylated, translocate into the nucleus and initiate the 

expression genes important for mature osteoblasts by associating with Runx-2.  

 

5.3.3 Osteoporosis 

Osteoporosis means porous bones and is generally characterised by a decrease in 

bone strength which affects the whole skeleton and subsequently leads to an increased 

fracture risk where fractures already occur in the case of low-impact trauma (Panel 

2001). Bone strength is not determined by a single parameter but it is a rather complex 

function of several parameters such as bone geometry, microarchitecture of the cortical 

and trabecular bone as well as the degree of bone mineralization and the extent of 

collagen I crosslinks which provides information about bone density and bone quality 

(Marcus et al. 2010). When suffering from osteoporosis the hip, the spine and the wrist 

are especially prone to fracture (Marcus et al. 2010). Therefore forearm, vertebral and 

hip fractures caused by low impact traumas in the elderly are considered as the typical 

osteoporotic fracture (Marcus et al. 2010). In principle two types of primary osteoporosis 

are distinguished: Type I is caused by hormonal changes in women after menopause 

which typically results in a loss of trabecular bone due to a deficiency in estrogen 

(Marcus et al. 2010) while osteoporosis type II concerns men as well as women and is 

considered as an age-associated disease (Marcus et al. 2010). There are various 
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causes leading to type II osteoporosis as for example an impaired bone remodelling 

process (Marcus et al. 2010) but all of them have in common that typically not only 

trabecular but also cortical bone is lost in humans (Marcus et al. 2010). Over all the age 

related loss of bone mass in men was shown to proceed gradually throughout the life 

after skeletal maturation while in women bone loss seems to additionally accelerate 

shortly after menopause (Marcus et al. 2010). Typical factors influencing the peak bone 

mass and subsequently also the risk of suffering from osteoporosis in older age were 

shown to be genetical as well as environmental (Marcus et al. 2010). In particular 

environmental factors increasing the risk for osteoporosis are a low body mass index 

(BMI), low Ca2+ intake, smoking, high alcohol intake, glucocorticoid treatment and 

prolonged immobility (Marcus et al. 2010). 

Epidemiologically 75 million people were suffering from osteoporosis in Europe, USA 

and Japan in 2003 and the number of patients is constantly increasing due to 

democratic shifts (Anon 1997). According to current estimations by the Wold Health 

Organization (WHO) approximately 30% of all European women older than 50 years are 

suffering from osteoporosis nowadays (Melton et al. 1992). Additional studies revealed 

that 8.9 million people suffer from a fracture due to osteoporosis each year (Johnell & 

Kanis 2006). Elderly women spend more time in the hospital because of an osteoporotic 

fracture than for many other diseases (Kanis et al. 1997) and the risk to suffer from 

osteoporosis is higher than to suffer from breast cancer in women (van Staa et al. 

2001). Due to this data WHO classed Osteoporosis as a priority health issue (Marcus et 

al. 2010). Since osteoporosis is an asymptomatic disease assessing the fracture risk 

before clinically recognizing fractures, is still one of the main challenges (Kanis 2002). A 

woman is considered as suffering from osteoporosis when her bone mineral density 

(BMD) is at least 2,5 standard deviations lower compared to the average density of the 

young healthy female population (Kanis et al. 1997). According to WHO guidelines BMD 

is measured by dual-energy X-ray absorptiometry (DXA) at the hip or spine in order to 

estimate the fracture risk (Marcus et al. 2010). A study of Kanis and colleagues 

revealed, that the share of women exhibiting a osteoporotic BMD constantly increases 

with age, starting with 0,6% in 50 year old women it constitutes up to 47,5% in women 

older than 80 years (Kanis et al. 1997). Although BMD was proven to correlate with 

fracture risk it is not sensitive enough to solely predict the fracture risk of an individual 

(Siris et al. 2004; Sornay-Rendu et al. 2005; Pasco et al. 2006). For example BMD 

clearly correlates with the BMI but patients suffering from type II diabetes usually exhibit 
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a high BMI and a normal BMD but are more prone to fracture (Oei et al. 2013). 

Consequently markers for a better fracture risk assessment are of utmost need.   

 

5.4 Extracellular vesicles 

Extracellular vesicles (EVs) are small vesicles released by probably all but certainly 

many cells types in vitro (Fais et al. 2013). The history of extracellular vesicles goes 

back to the 1980s when vesicles blebbing from the plasma membrane of a tumour cell 

line were discovered for the first time (Trams et al. 1981). A few years later a different 

type of vesicles was reported which does not originate by pinching off from the plasma 

membrane but from the endosomal compartment in reticulocytes (Pan & Johnstone 

1983). Depending on their biogenesis and the cellular state three different types of EVs 

are distinguished nowadays (Mathivanan, Ji, et al. 2010). (I) EVs called “shedding 

microvesicles” also referred to as “ectosomes” which directly shed from the cellular 

plasma membrane (Mathivanan, Ji, et al. 2010), generally thought to be 100 – 1000 nm 

in diameter (Mathivanan, Ji, et al. 2010). However, Booth and colleagues observed in 

2006 also smaller vesicles of 30 – 100nm in size directly blebbing from the plasma 

membrane of T-cells indicating that the vesicular diameter is unsuitable to distinguish 

between different subsets of EVs (Booth et al. 2006). In contrast to the cellular plasma 

membrane they are originating from these vesicles expose phosphatidylserine on their 

surface (Mathivanan, Ji, et al. 2010; Weilner et al. 2012). 

Regarding the subcellular localization of biogenesis (II) apoptotic bodies might be 

considered as closely related to ecotosomes since they bleb from the plasma 

membrane as well (van Niel et al. 2006). However, apoptotic bodies are exclusively 

released by cells in the late stage of apoptosis, but also present phosphatidylserine on 

their surface, are of irregular shape and are larger than 50nm in diameter (Mathivanan, 

Ji, et al. 2010). In contrast to other types of extracellular vesicles they can contain DNA 

(Mathivanan, Ji, et al. 2010). 

The last type of EVs are (III) exosomes which originate by inward budding of the late 

endosomal compartments thereby forming multivesicular bodies (MVBs) (van Niel et al. 

2006; Simpson et al. 2008). These MVBs can either fuse with lysosomes, resulting in 

the degradation of its content, or with the plasma membrane (Simpson et al. 2009). 

Upon fusion of MVBs with the plasma membrane intraluminal vesicles are released as 

exosomes. Exosomes are 30 – 120nm in diameter (Simpson et al. 2008). By now there 
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are no markers available in order to distinguish the different types of vesicles. For that 

reason the collective term extracellular vesicles is used subsequently.  

The cargo selection of extracellular vesicles is strongly regulated and does not only 

depend on the producer cell type but also on the environmental trigger to release 

vesicles and probably also on the subcellular localisation they originate from (Kowal et 

al. 2014). The membrane of extracellular vesicles is enriched in cholesterol, 

sphingolipids and saturated fatty acids (Fais et al. 2013). In addition they contain 

proteins which are specific for the donor cell but also more general proteins like heat 

shock protein 70kDa (HSP70) or CD63 which can be found in almost all extracellular 

vesicles from different cell types (Fais et al. 2013). RNAs, mainly consisting of mRNAs 

and small non coding RNAs, represent the genetic component of extracellular vesicles 

(Nolte’T Hoen et al. 2012). Interestingly it has been found that the cellular composition 

of RNAs does not necessarily reflect the vesicular content since some microRNAs are 

specifically enriched or excluded within extracellular vesicles (Kogure et al. 2011). The 

presence of microRNAs within extracellular vesicles was discovered for the first time in 

2007 (Valadi et al. 2007). The majority of vesicular RNAs are small non coding RNA 

(<200nt) (Nolte’T Hoen et al. 2012). Deep sequencing analysis of shuttled RNA derived 

from murine immune cells revealed that microRNAs represent only 7,8% of small RNAs 

which are therefore clearly underrepresented compared to the relative amount of 57,3% 

within cells (Nolte’T Hoen et al. 2012). On the other hand vesicles were enriched in 

ribosomal, structural signal recognition particle (SRP) as well as Y-RNA in comparison 

to its producer cell (Nolte’T Hoen et al. 2012).  

The biogenesis, cargo selection and release of extracellular vesicles is still unclear and 

depends most probably not only on the type of extracellular vesicle, but also on its 

producer cell, the cellular state and the environmental trigger (Mathivanan, Ji, et al. 

2010). By now two pathways participating in the sorting of cargo into vesicles have been 

identified. On the one hand the endosomal sorting complex required for transport 

(ESCRT) complex involved in the sorting of cargo into intraluminal vesicles as well as in 

the pinching of theses vesicles (Gibbings et al. 2009). On the other hand an ESCRT 

independent pathway where cargo is sorted in ceramide rich microdomains has been 

proposed (Trajkovic et al. 2008). In regard of miRNAs an involvement of ESCRT (Irion & 

St Johnston 2007) as well as RNA induced silencing (RISC) complex (Gibbings et al. 

2009; Gibbings & Voinnet 2010) and neutral sphingomyelinase 2 (nSMase2) (Kosaka, 

Iguchi, Yoshioka, et al. 2010), an enzyme necessary for ceramide biosynthesis, have 
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been shown to be involved in the loading of microRNAs into extracellular vesicles. More 

recently the group of Sánchez-Madrid has proposed a new mechanism by 

demonstrating that sumoylated heterogeneous nuclear ribonucleoprotein A2B1 

(hnRNPA2B1) recognizes and binds to a specific motif on microRNAs, intended for 

exosomal secretion, thereby regulating its loading into intraluminal vesicles (Villarroya-

Beltri et al. 2013).  

The molecular mechanism regulating the transport of MVBs to the lysosomes or the 

plasma membrane is still incompletely understood. Several studies reported an 

important role for Ras-related in brain (Rab) proteins, such as Rab 27b (Ostrowski et al. 

2010) and Rab 35 (Hsu et al. 2010), which mediate the transport and the docking of 

MVBs to the plasma membrane. On the other hand not only Rabs but also proteins of 

the soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE) family are 

known to play an important role in the fusion of MVB with the plasma membrane 

whereby intraluminal vesicles are released as exosomes (Bobrie et al. 2011). Once 

extracellular vesicles have been released they were shown to protect and transport their 

cargo over shorter and longer distances (Mitchell et al. 2008; Chen et al. 2012). 

Remarkably, the binding of extracellular vesicles to target cells is highly specific (Fevrier 

& Raposo 2004). This observation gave rise to the assumption that extracellular 

vesicles contribute to cell-to-cell communication (Mathivanan, Ji, et al. 2010). 

Extracellular vesicles are able to signal by interacting with surface receptors of the 

target cell (Thery et al. 2009) but also through the transfer of vesicular effector 

molecules into the target cell due to plasma membrane fusion (Montecalvo et al. 2012) 

or endocytosis (Tian et al. 2010; Svensson et al. 2013). Since extracellular vesicles 

contain a set of effector molecule like transcription factors and RNAs they rapidly affect 

the behaviour of the target cell. A recently published study gave evidence that 

microRNAs are functionally delivered to target cells. In particular it was not only 

demonstrated that functional vesicular miR-223 is taken up by target cells which were 

transfected with a luciferase vector containing a miR-223 target seed sequence but also 

that this uptake reduces the luciferase activity to a similar extent as direct transfection of 

target cells with pre-miRNA-223 did (Ismail et al. 2013).  

Although originally discovered in in vitro cultures (Pan & Johnstone 1983) extracellular 

vesicles were by now found in several body fluids such as blood (Kosaka, Iguchi & 

Ochiya 2010), plasma (Huang et al. 2013), serum (Gallo et al. 2012), saliva (Gallo et al. 

2012), seminal fluid (Bobrie et al. 2011) and breast milk (Admyre et al. 2007). 
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Additionally a function for extracellular vesicles in physiological but also in pathological 

processes as for instance in tumour development (Mathivanan, Lim, et al. 2010; 

Janowska-Wieczorek et al. 2005), infectious diseases (Nanbo et al. 2013), 

cardiovascular disorders (Zhu & Fan 2011), in activating or repressing the immune 

response (Bobrie et al. 2011), the blood coagulation process (Müller et al. 2003), in the 

neuron system (Frühbeis et al. 2012) and in tissue repair (Maguire et al. 2013) has been 

demonstrated.   

Since the composition of extracellular vesicles depends on the cell type but also on its 

cellular and infectious state, the presence or absence of vesicular components might 

reflect the health or disease state of tissues (Properzi et al. 2013). For example 

changes in the vesicular microRNA secretion profile have been reported in patients 

suffering from colon cancer (Ogata-Kawata et al. 2014). This tumour related secretion 

profile was reduced after surgical remove of the primary tumour (Ogata-Kawata et al. 

2014). Therefore vesicles derived from body fluid are seen as promising candidates for 

biomarkers of diseases.  

5.5 microRNAs 

MicroRNAs (miRNAs) are single stranded RNAs and belong to the large group of non-

coding RNAs. The first microRNA was discovered more than 20 years ago in 

Caenorhabditis elegans (C. elegans) where overexpression of lin-4 resulted in an 

elongated life span (Lee et al. 1993). By now microRNAs have been detected in all 

eukaryotic cells and typically consist of a unique approximately 21 long nucleotide 

sequence (Chapman & Carrington 2007). The biogenesis process of microRNAs starts 

with their transcription mediated by the Polymerase II (Lee et al. 2004) or III (Lee et al. 

2003). The resulting pri-microRNA is further cleaved by the Pasha-complex, consisting 

of the nuclear RNase III enzyme Drosha and Pasha (DGCR8) (Han et al. 2004). 

Subsequent binding of the Exportin-5–Ran-GTP complex to the synthesized microRNA 

precursor (pre-microRNA) does not only protect the precursor from degradation but also 

mediates its translocation from the nucleus to the cytoplasm through nuclear pores 

(Bohnsack et al. 2004; Zeng & Cullen 2004). Upon hydrolysis of Ran-GTP to Ran-GDP 

pre-microRNA is released from the Exportin-5-Ran complex in the cytoplasm 

(Kehlenbach et al. 1999) thereby getting accessible to the Dicer-TAR RNA binding 

protein (TRBP) complex, which mediates the final cleavage-step to generate mature 

microRNA (Chendrimada et al. 2005). Mature microRNAs can regulate protein 
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expression on the posttranscriptional level. Therefore mature microRNA associates with 

Ago-2 and is loaded into the RISC complex (Gregory et al. 2005). In the following the 

mature miRNA-RISC complex binds to the 3´untranslated regions of target mRNAs and 

mediated its degradation, translational repression or deadenylation (Winter et al. 2009). 

 
Figure 3: MicroRNA biogenesis 

Figure adapted from Winter et al. (Winter et al. 2009), showing a graphical representation of the miRNA 

biogenesis. Upon transcription pri-microRNA gets cleaved by the Drosha-DGCR8 complex. The cleaved 

pri-microRNA translocates in association with Exportin-5 into the cytosol where it undergoes a second 

cleavage step mediated by the by Dicer-TRBP complex. Consequently the mature microRNA is able to 

bind to its target mRNA in order to inhibit its translation.  

 

MiRNAs can not only repress the translation of one but up to several hundred mRNAs 

within one pathway and related pathways thereby allowing a rapid control over the 

cellular behaviour and influencing cellular processes (Winter et al. 2009). Remarkably 

miRNAs were not only shown to have an influence on cellular processes like 

differentiation, proliferation, senescence and apoptosis (Thum et al. 2008; Zhao & 

Srivastava 2007) but also to be deregulated with age (Jung & Suh 2012).  

 

5.5.1 MicroRNAs, longevity and aging 

The first microRNAs which were shown to have an influence on the lifespan of an 

organism were found in the nematode C. elegans. For example lin-4, miR-71 or miR-

246 overexpressing nematodes exhibited a prolonged lifespan while organisms having 

reduced levels of these microRNAs died earlier compared to wild type animals (Boehm 

& Slack 2005; de Lencastre et al. 2010). 
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In the fly Drosophila melanogaster (D. melanogaster), a common model organism in 

developmental biology, miR-34 was shown to be upregulated with age (N. Liu et al. 

2012). Furthermore organisms lacking miR-34 exhibited accelerated neuronal 

degradation and a shortened lifespan, while overexpression of miR-34 extended their 

life span (N. Liu et al. 2012). Interestingly miR-34 was not only shown to increase with 

age in D. melanogaster but also in C. elegans and to be upregulated in the murine adult 

brain possibly fulfilling similar functions like protecting the brain from accelerated aging 

(X. Li et al. 2011). 

 

While the influence of microRNAs on the lifespan of organisms has already been 

demonstrated in C. elegans and D. melanogaster, no influence on the lifespan of 

mammals could be demonstrated so far. However a recent study demonstrated that 

humans exhibit an altered circulating microRNA expression profile in old age too 

(ElSharawy et al. 2012). Different aged tissues showed a different microRNA 

expression profile compared to tissues of young individuals as for instance human 

skeletal muscles (Drummond et al., 2011), peripheral blood mononuclear cells (Noren 

Hooten et al., 2010), aged murine livers (Li et al., 2011b) as well as murine and human 

brains (Persengiev et al. 2011; X. Li et al. 2011). In addition also bone marrow derived 

stem cells (Hackl et al., 2010), foreskin samples (Hackl et al., 2010) and CD8+ T cell 

populations (Hackl et al., 2010) of elderly compared to young human donors showed a 

different microRNA pattern. Hereafter some examples of deregulated miRNAs within 

aged tissues are given.  

 

Generally adult mesenchymal stem cells are known to play a central role in tissue 

regeneration but their regeneration capacity and functionality decrease with age 

(Lepperdinger 2011). Therefore aged MSCs are thought to contribute to the gradually 

declining regeneration capacity. Alt and coworkers demonstrated, that senescence 

related genes like p16INK4a are increased in adipose derives MSCs (ASCs) from 

elderly compared to young donors and that miR-27b, miR-106a, miR-199a and let-7 are 

deregulated with age in these cells (Alt et al., 2012). 

Furthermore Yu and colleagues investigated the differences of bone marrow derived 

mesenchymal stem cells from young, middle and old rhesus macaques (Yu et al. 2011). 

They could not only correlated the proliferation and differentiation capacity of isolated 

stem cells with the age of the corresponding donor but reported on increased levels of 
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miR-766 and miR-558 as well as decreased levels of let-7f, miR-125b, miR-222, miR-

199-3p, miR-23a and miR-221 with age in addition (Yu et al. 2011). As already 

mentioned above replicative as well as stress induced premature senescence has been 

shown to lead to a phenomenon called SASP that is characterized by the enhanced 

secretion of specific effector molecules (Ohtani & Hara 2013). While much is known 

about intracellular microRNA expression and how this profile changes with in vitro as 

well as in vivo aging (Chen et al. 2010), hardly any data is available on the age related 

changes in the microRNA secretion profile. However first indications that the vesicular 

miRNA secretion profile is altered with age (Olivieri et al. 2013) and in age associated 

diseases were already provided for cardiovascular disease (Fichtlscherer et al. 2011), 

Alzheimer’s diseases (Cogswell et al. 2008) and Diabetes mellitus, type 2 (Zampetaki et 

al. 2010).  

5.5.2 MicroRNAs and bone biology 

Several studies demonstrated the importance of miRNAs in bone maintenance by 

showing that upon inhibition of microRNA biogenesis in mature osteoblasts or 

osteoclasts a high bone mass phenotype in adult mice can be observed (Gaur et al., 

2010; Mizoguchi et al., 2010; Sugatani and Hruska, 2009) Other studies report a 

negative influence of specific microRNAs. For example miR-204 (Huang et al. 2010), 

miR-705 (L. Liao et al. 2013) and miR-3077-5p (L. Liao et al. 2013) were shown to 

target Runx-2 resulting in a reduced osteogenesis but an enhanced adipogenic 

differentiation potential of mesenchymal stem cells. On the other hand miR-93 (Yang et 

al. 2012), miR-143 (Li et al. 2013) and miR-145 (Jia et al. 2013) were shown to 

decrease osteogenesis by inhibiting the translation of osterix. Taken together these 

studies could indicate that microRNAs have a negative influence on bone formation in 

general. However, this conclusion is misleading since some microRNAs were also 

found to target negative regulators of osteogenesis. For example miR-15b inhibits the 

expression of a protein that facilitates the degradation of Runx-2 (Vimalraj et al. 2014) 

and miR-196a was demonstrated to repress an antagonist of BMP signalling (Kim et al. 

2009). Another prominent example for an influential microRNA is miR-138 which was 

shown to have a negative effect on osteogenic differentiation in vitro (Eskildsen et al. 

2011) and whose overexpression led to a low bone mass phenotype in mice (Eskildsen 

et al., 2011). Another interesting study revealed that miR-214 levels increase with age 

(Xiaogang Wang et al. 2013) and that miR-214 inhibits osteogenic differentiation in vitro 
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(Xiaogang Wang et al. 2013). The great therapeutic potential of microRNAs was 

demonstrated when mice treated with inhibitors against miR-214 were able to maintain 

bone mass while aging (X. Wang et al. 2013).  

MicroRNAs do not only have a leading part in bone remodelling but also in age related 

pathologies like osteoporosis. For example miR-133a, which is known to inhibit the 

translation of Runx-2 (X.-B. Liao et al. 2013) and therefore also osteoblastogenesis, has 

been proven to be upregulated in monocytes of patients suffering from osteoporosis 

(Wang et al. 2012) and might therefore pose a diagnostic target. Remarkably Li et al 

found that silencing of miR-2861 leads to negatively impaired osteogenesis in mice (H. 

Li et al. 2009). Strikingly they also commented on 2 related human individuals exhibiting 

a homozygote mutation in miR-2861 and suffering from primary osteoporosis in youth 

(H. Li et al. 2009). 

5.6 Galectin-3 

Galectin-3 is a 26 kDa protein consisting of 250 amino acids. These amino acids are 

arranged in 3 different domains (Leffler et al. 2004). The conserved carbohydrate-

recognition domain (CRD) conferring its characteristic carbohydrate binding activity. 

This domain contains in particular an amino acid sequence which facilitates the 

recognition and low affinity binding to beta-galactoside as well as a high affinity binding 

to specific larger oligosaccharides (Yang et al. 1996). Due to this characteristic feature 

the binding of Galectin-3 to potential partners does not simply depend on the presence 

of both proteins but also on the presence of specific glycosyltransferases or the 

glycosylation state of the target protein (Dumic et al. 2006). Furthermore Galectin-3 

consists of a collagen α-like domain which separates the CRD domain from the short 

amino-terminal domain (Dumic et al. 2006). The collagen α-like and the N terminal 

domain exhibit 6 predicted phosphorylation sites which were shown to influence 

Galectin-3s subcellular localization as well as its interaction with other proteins (Byrd et 

al. 2012). For example Galectin-3 was shown to impact on Wnt signalling by stabilizing 

β-Catenin in colon cancer cells (Song et al. 2009; Shimura et al. 2005). Although the 

direct mechanism for its β-Catenin protective role was not yet elucidated, indications 

that Galectin-3s Serine 96 phosphorylation site might play an important role were 

provided when observing that Serine 96 phosphorylation enhanced TCF4 promotor 

activity in gastric cancer cells (Kim et al. 2010). Galectin-3 is not only localized in the 

nucleus (Davidson et al. 2002), in the cytoplasm (Davidson et al. 2002) and the cellular 
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surface (Guevremont et al. 2004) but was also detected in the extracellular matrix 

(Ochieng et al. 2002) and in the circulation (Zhao et al. 2009). Its localization does not 

only depend on the cell cycle (Liu et al. 2002) but also on the cell type (Liu et al. 2002) 

and as a consequence of its various locations and binding partners, Galectin-3 was 

shown to have multiple functions (Dumic et al. 2006). For example when present in the 

nucleus it is involved in pre-mRNA splicing (Dagher et al. 1995) and in controlling the 

cell cycle by inhibiting cyclin A and E and upregulating the cell cycle inhibitors p21 and 

p27 (Kim et al. 1999; Inohara et al. 1998). Cytoplasmatic Galectin-3 confers a cellular 

resistance to apoptosis (Akahani et al. 1997) and seems to be involved in endocytosis 

(Furtak et al. 2001; Lepur et al. 2012). Then again extracellular Galectin-3 plays an 

important role in the immune response caused by infectious diseases or allergies due to 

its binding to IgE and the IgE receptor (Frigeri et al. 1993; Radosavljevic et al. 2012). 

Furthermore it functions as an receptor for advanced glycosylation end products (AGEs) 

(Vlassara et al. 1995) and contributes to cell-to-cell (Inohara & Raz 1995) as well as 

cell-to-matrix contact (Perillo et al. 1998). The extracellular presence of Galectin-3 

remains especially enigmatic since it does not exhibit a classical endoplasmic reticulum 

signal sequence necessary for translocation into the endoplasmic reticulum and Golgi 

mediated secretion pathway (Menon & Hughes 1999). However, Galectin-3 was 

recently found in fractions of isolated extracellular vesicles (Théry et al. 2001). 

Additionally phosphorylation of Galectin-3 by Calpain-4 is necessary for its release 

(Menon et al. 2011). Furthermore Galectin-3 involvement or deregulation in diseases 

like cardiovascular diseases (De Boer et al. 2010), prion infection (Jin et al. 2007; Mok 

et al. 2007) and most prominent in tumour development and progression (Zhao et al. 

2009; Yu 2010) was shown.  

5.7 Unpublished data leading us to the PhD work presented here 

Several groups could already demonstrate that osteoblastogenesis is impaired with age 

(Kassem & Marie 2011; Roholl et al. 1994) and that this impairment contributes to bone 

loss in elderly and might subsequently lead to osteoporosis (Föger-Samwald et al. 

2014). Since several intrinsic factors influencing the differentiation capacity of MSCs are 

already known (Shuanhu Zhou et al. 2008) we were interested whether changes in the 

local or systemic environment of MSCs besides the reduction in growth hormones 

(Darendeliler et al. 2005) or estrogen (Wilson & Thorp 1998; Joss et al. 1997) impact on 

the osteogenic differentiation capacity of MSCs. Therefore an experimental in vitro 
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system was established in order to study and compare the impact of multiple 

environments on the ostegenic differentiation potential of MSCs and to identify 

components of the aged niche which impact on stem cell functionality. In particular the 

influence of extracellular vesicles from different donors on the differentiation capacity of 

MSCs was investigated. For this a fraction containing extracellular vesicles isolated by 

differential centrifugation from the conditioned medium of endothelial cells after a 

secretion period of 48h or from human plasma was co-incubated with adipose tissue 

derived mesenchymal stem cells (ASCs) for 3 days before osteogenic differentiation 

was induced.  

Previous experiments showed that extracellular vesicles isolated from the supernatant 

of endothelial cells are spherical, approximately 100nm in diameter (Figure 4A) and 

positive for the typical vesicular membrane spanning marker CD63 (Figure 4B). 

 

A            B 

                               
Figure 4: Characterization of EVs isolated from end othelial cell derived supernatants by electron 

microscopy.  

(A) The picture shows the presence of vesicles of 30 – 100nm in diameter isolated by differential 

centrifugation. The scale bar represents 100nm. (B) Isolated immunogold labelled EVs are positive for the 

vesicular marker CD63. The scale bar represents 50nm. 

 

Exposure of ASCs to EVs isolated from senescent endothelial cell derived supernatant 

resulted in a decline of osteogenic differentiation capacity compared to cells exposed to 

vesicles isolated from young quiescent or unexposed cells as quantified by Alizarin Red 

staining (Figure 5).  
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A        B 

        
Figure 5: Influence of endothelial derived extracel lular vesicles on osteogenic differentiation 

capacity of ASCs.  

(A-B) Mineralization of ASCs after exposure to senescent (S) or young quiescent (Y) endothelially 

derived EVs as well as of ASCs without exposure to EV (C) or without induction of osteogenic 

differentiation (undiff) as a control was evaluated by Alizarin Red staining. (A) Plate view of Alizarin Red 

stainings (B) The released dye was quantified by microplate reader at 425nm. Mineralization was 

significantly reduced in ASCs exposed to senescent (S) cell derived EVs compared to cells co-incubated 

with young quiescent (Y) or no EVs (C). 

 

While searching for factors which are differentially secreted in EVs of young quiescent 

versus senescent endothelial derived vesicles microRNA-31-5p (miR-31) was found to 

be enriched in the EV containing fraction of senescent cells compared to the one of 

young quiescent ASCs as quantified by qPCR (Figure 6).  

 
Figure 6: MicroRNA-31 level in senescent versus you ng quiescent endothelial cell derived 

extracellular vesicles.  

Relative fold change of microRNA-31 (miR-31) levels of extracellular vesicle isolated from the same 

number of senescent (S) or young quiescent (Y) endothelial cells evaluated by qPCR. 

 

Since miR-31 was shown to be enriched within the anti-osteogenic acting EV fraction 

isolated from the conditioned medium of senescent ECs, miR-31s effect on osteogenic 
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differentiation of ASCs was tested. Therefore ASCs were transfected with miR-31 or a 

non-targeting control. MiR-31 transfected cells showed a significantly reduced 

osteogenic differentiation potential compared to non-targeting control transfected cells 

as quantified by Alizarin Red staining (Figure 7). 

 

A         B 

        
Figure 7: Influence of microRNA-31 (miR-31) overexp ression on osteogenic differentiation 

capacity of ASCs. 

(A-B)  Mineralization of miR-31 or non-target control (miRC) transfected ASCs as well as of ASCs without 

induction of osteogenic differentiation (undiff) as a control was evaluated by Alizarin Red staining. (A) 

Plate view of Alizarin Red stainings (B) The released dye was quantified by microplate reader at 425nm. 

Mineralization was significantly reduced in miR-31 transfected ASCs compared to non-target control 

transfected cells.   

 

Since miR-31 is known to target Frizzled-3 (FZD3) mRNA, a transmembrane protein 

which is by now thought to be important in the β-Catenin independent Wnt-signalling 

pathway, the impact of FZD3 on osteogenesis was tested. ASCs transfected with siRNA 

against FZD3 showed a significantly reduced osteogenic differentiation capacity 

compared to non-targeting control transfected or untransfected cells (Figure 8). 
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Figure 8: Influence of Frizzled-3 (FZD3) knock down  on osteogenic differentiation capacity of 

ASCs. 

Mineralization of siRNA against FZD3 (siFZD3) or non-target control (siC) transfected ASCs as well as of 

untransfected ASCs (untransf) as a control was evaluated by Alizarin Red stainings. The released dye 

was quantified by microplate reader at 425nm. Mineralization was significantly reduced in siFZD3 

transfected ASCs compared to non-target control (siC) transfected cells.  

 

Since endothelial cells line the blood vessels and senescent endothelial cells are known 

to accumulate with age in vivo, the question rose whether also an isolated fraction 

containing plasma derived EVs of elderly donors inhibit osteogenic differentiation of 

ASCs compared to a fraction isolated from young individuals. Plasma derived EVs 

purified and enriched by differential centrifugation, were spherically formed and of 70 – 

120nm in diameter (Figure 9).  

 

 

 
Figure 9: Characterization of plasma derived EVs by  electron microscopy. 

The picture shows the presence of vesicles of 70 – 120nm in diameter isolated by differential 

centrifugation. The scale bar represents 100nm 
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Exposure of ASCs to a fraction of EVs isolated from plasma of elderly resulted in a 

decline of osteogenic differentiation capacity compared to cells exposed to vesicles 

isolated from young donors or unexposed cells as quantified by Alizarin Red staining 

(Figure 10A, B). 

 

A                 B 

    
Figure 10: Influence of plasma derived extracellula r vesicles on osteogenic differentiation 

capacity of ASCs. 

(A-B)  Mineralization of ASCs after exposure to EVs isolated from the plasma of elderly (E) or young (Y) 

donors as well as of ASCs without exposure to any EV (C) or without induction of osteogenic 

differentiation (undiff) as a control was evaluated by Alizarin Red stainings. (A) Plate view of Alizarin Red 

stainings. (B) The released dye was quantified by microplate reader at 425nm. EVs of elderly donors (E) 

failed to induce osteogenesis compared to EVs isolated from young individuals (Y). Overall an induction 

of osteogenesis was observed when ASCs were exposed to plasma derived EVs compared to unexposed 

ASCs (C). 

 

Summarizing the preliminary data demonstrate that a fraction containing extracellular 

vesicles isolated from elderly donors fails to induce osteogenic differentiation capacity 

compared to vesicles derived from young donors and that this inhibitory factors within 

the fraction might at least in part be provided by senescent endothelial cells since they 

showed a similar negative effect on osteogenic differentiation capacity as compared to 

vesicles isolated from young quiescent endothelial cells. 
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6 Aim 

 

The aim of this study was to identify novel extracellular effector molecules impacting on 

the osteogenic differentiation process of mesenchymal stem cells in an age dependent 

way. 
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7 Material and methods 

7.1 Generation of Galectin-3 expression constructs 

In order to test the effect of Galectin-3 in osteogenic differentiation a Galectin-3 

overexpression construct as well as two constructs overexpressing Galectin-3 mutants 

exhibiting an Alanine instead of Serine at position 96 in order to destroy the 

phosphorylation site or an Aspartic Acid instead of Serine at position 96 in order to 

mimic phosphorylation were prepared. 

 

7.1.1 Cloning 

The mammalian expression vector pCMV6-XL4 harbouring the human wild type 

Galectin-3 cDNA was purchased from Origene. Human Galectin-3 DNA transcript 

variant I within the pCMV6-XL4 vector was flanked by two NotI restriction sites. 

Therefore the pCMV6-XL4 plasmid was digested with NotI and the excised cDNA was 

separated from the vector backbone by agarose gel electrophoresis. After purifying the 

obtained Galectin-3 cDNA containing insert with the Wizard® SV Gel and PCR Clean-

Up Kit (Promega) the n according to manufactures manual, purified Insert was 

subcloned into the previously NotI digested and dephosphorylated mammalian 

pcDNA3.1 hygro (+) vector. The design of the Galectin-3 pcDNA3.1 hygro(+) expression 

construct is graphically outlines in Figure 11. 
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Figure 11: Cloning strategy 

The Galectin-3 cDNA containing pCMV6-XL4 expression vector was digested with the aid of the restriction enzyme 

NotI to isolated Galectin-3 cDNA. The obtained purified insert was subsequently ligated into the previously Not I and 

dephosphorylated pcDNA 3.1 hygro (+) vector.    
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7.1.2 Analysis of transformants 

The successful insertion of Galectin-3 cDNA was proven with the aid of a NotI restriction 

enzyme analysis. Furthermore the proper orientation of Galectin-3 was tested by an 

EcoRI restriction enzyme analysis since not only the multiple coning site of the 

pcDNA3.1 hygro (+) vector back bone but also the Galectin-3 cDNA exhibit an EcoRI 

restriction site.  

After chemically transforming a plasmid exhibiting the right orientation of Galectin-3 

cDNA to the Escherichia Coli strain DH5α, plasmids were isolated from successfully 

transformed E.coli by plasmid purification by WizardR plus SV minipreps DNA 

purification system (Promega) according to the manufacturers protocol. Finally the 

newly generated expression constructs were sequenced with the aid of the T7 primer in 

order to confirm that the DNA sequence is correct. Sequencing results are found in 

Appendix D: Sequencing results. 

 

7.1.3 Site directed mutagenesis 

In order to generate serine 96 (S96) to alanine (S96A) or to aspartic acid (S96D) 

Galectin-3 mutants the QuikChange Multi Site-Directed Mutagenesis Kit (Agilent 

technologies) was used according to manufacturer’s protocol. Briefly oligonucleotides 

carring the mutations of interest were designed according to the guidelines of the 

manual and are listed in Table 1. Next the mutation carrying Galectin-3 plasmids were 

synthesized. Thereto the Galectin-3 pcDNA3.1 hygro(+) plasmid was denaturated, 

mutated oligonucleotides were annealed and the primers were extended with the aid of 

an DNA/DNA polymerase. Afterwards the parental strand was DpnI digested, thereby 

ensuring that only the newly synthesized mutation harbouring strand remains. Finally 

the new plasmid was chemically transformed to the Escherichia Coli strain DH5α and 

the plasmid was subsequently purification by WizardR plus SV minipreps DNA 

purification system (Promega) according to the manufacturer’s protocol. Finally the 

newly generated expression constructs were sequenced with the aid of the CMV primer 

in order to analyse the DNA sequence. Sequencing results are shown Appendix D: 

Sequencing results. 
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Table 1: Primer sequences for site directed mutagen esis of Galectin-3 

 Primer sequence (5´to 3´)  
Alanine mutant (S96A) forward cccatcttctggacagccagctgccaccgga 
Alanine mutant (S96A) reverse tccggtggcagctggctgtccagaagatggg 
Aspartic acid mutant (S96D) forward ctccggtggcatctggctgtccagaagatgggta 
Aspartic acid mutant (S96D) reverse tacccatcttctggacagccagatgccaccggag 

 

7.2 Cell culture 

7.2.1 Cell types 

7.2.1.1 Human umbilical vein endothelial cells (HUV ECs) 

Endothelial cells were isolated from human umbilical veins according to the work 

published by Chang and colleagues (Chang et al. 2005). Adherent HUVECs were 

grown in T25 or T75 1% gelatine precoated culture flasks (Greiner) in EBM (Lonza) 

basal medium mixed with EGM Single Quotes (Lonza) and 10% FCS (Sigma) at 37°C in 

a humidified atmosphere with 5% CO2. Cells were passaged twice a week at a split ratio 

of 1:2 to 1:6 according to the growth rate. 

7.2.1.2 Human adipose-derived stem cells (ASCs) 

Subcutaneous adipose tissue was obtained by liposuction under local anestesia. ASCs 

were isolated as described before (Wolbank et al. 2009; Wolbank et al. 2007). Briefly 

adipose tissue was diluted 1:2 in phosphate buffered saline (PBS) buffer and after 

phase separation the infranatant was discarded. Subsequently the tissue was digested 

for 1h by collagenase. After the incubation time the digested tissue was centrifuged for 

7min at 1180xg and room temperature. Next the adipocyte and collagenase containing 

supernatant was discarded while the erythrocytes and stem cells containing pellet was 

resuspended in an erythrocyte lysis buffer and incubated for 10min at 37°C. After the 

incubation time the tube was centrifuged for 7min at 300xg, the supernatant discarded 

and the pellet resuspended in PBS. The pellet was washed once more in PBS before it 

was passed through a 100 and subsequently through a 40µm cell strainer filter. Finally 

cells were pelleted at 300xg for 7min, resuspended in EGM-2 (Lonza) and seeded in a 

tissue culture flask and grown at 37°C, 5% CO2 and 95% air humidity. For subsequent 

experiments cells were grown in T80 culture flasks (Nunc) in DMEM-low glucose 

(1%)/HAM´s F-12 (PAA) supplemented with 4mM L-glutamine, 10% fetal calf serum 

(FCS, Sigma) and 1ng/mL recombinant human basic fibroblast growth factor (rhFGF, 
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R&D Systems) at 37°C, 5% CO2 and 95% air humidity. Cells were passaged once a 

week at a split ratio of 1:3.  

 

7.2.1.3 Peripheral blood mononucleated cells (PBMCs ) 

PBMCs were isolated from whole blood purchased from Red Cross Vienna by Ficoll 

gradient centrifugation (StemCell Technologies) in LeucoSep tubes (Greiner Bio-One) 

according to the manufactures instructions. After isolation PBMCs were grown in culture 

flasks (Greiner) in RPMI 1640 (PAA) containing 9% FCS (Sigma), 2mM L-glutamine 

(PAA), 100U/ml penicillin (PAA) and 0,1 mg/ml streptomycin (PAA) at 37°C in a 

humidified atmosphere with 5% CO2.  

7.2.2 Transfections  

ASCs were electroporated using the Neon transfection system (Life technologies) 

according to the manufactures instruction. Briefly 100000 ASCs were resuspended in 

10µl while 700000 HUVECs were resuspended 100µl buffer R. 1µg of DNA or 1µl of 

10µM siRNA or miRNA were added to ASCs. On the other hand 5µg of DNA or 5µl of 

10µM siRNA or miRNA were added to HUVECs. Subsequently electroporation was 

performed. Electroporation parameters are listened in Table 2 and details on 

transfected microRNAs, microRNA inhibitors (a-miRs), siRNAs and corresponding 

controls are listed in Table 3. 

 

Table 2: Electroporation parameter for transfection  of mammalian cells 

Cell type Pulse voltage (V) Pulse width (ms) Pulse number 

ASCs 1400 10 3 

HUVECs 1350 30 1 

 

Cells were transfected with human microRNAs, microRNA inhibitors and there 

corresponding controls from Ambion or siRNA against Galectin-3 and its corresponding 

non-targeting control purchased from Dharmacon (Table 3). Three days after 

transfection, differentiation was started as described before.  
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Table 3: List of MicroRNA mimics, inhibitors, siRNA s and corresponding controls 

 

 

Differentiation assays for adipose tissue derived mesenchymal stem cells 

All differentiation experiments were carried out in 24 well cell culture plates. 

 

7.2.2.1 Osteogenic differentiation  

For osteogenic differentiation 2000 ASCs per dish of a 24 well culture plate were 

seeded 3 days before osteogenic differentiation was induced by switching from the 

growth medium to the osteogenesis medium for up to 3 weeks. The composition of the 

osteogenesis medium is listened in Table 4. 

 

Table 4: Components of osteogenesis medium 

Reagent  Final concentration 
DMEM low glucose (1g/l) (PAA)   

Mature miRNA 

or 

miRNA inhibitor 

RNA sequence Ordering number 

miR-10b-5p UACCCUGUAGAACCGAAUUUGUG AM11108 

miR-21-5p UAGCUUAUCAGACUGAUGUUGA AM10206 

miR-22-3p AAGCUGCCAGUUGAAGAACUGU AM10203 

miR-24-3p UGGCUCAGUUCAGCAGGAACAG AM10737 

a-miR-31-5p AGGCAAGAUGCUGGCAUAGCU AM11465 

miR-100-5p AACCCGUAGAUCCGAACUUGUG AM10188 

miR-148a-3p UCAGUGCACUACAGAACUUUGU AM10263 

a-miR-328-3p CUGGCCCUCUCUGCCCUUCCGU AM10034 

miR-637 ACUGGGGGCUUUCGGGCUCUGCGU AM11545 

Pre-miR 

Negative Control #1 

 AM17110 

a-miR 

Negative control #1 

 AM17010 

ON-TARGET plus 

non-targeting pool 

UGGUUUACAUGUCGACUAA, 

UGGUUUACAUGUUGUGUGA, 

UGGUUUACAUGUUUUCUGA, 

UGGUUUACAUGUUUUCCUA 

D-001810-10-20 

ON-TARGET plus SMART pool, 

human Galectin-3 

 L-010606-00-005 

siGLO  D-001630-01-05 
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FCS (Sigma) 10% 
L-Glutamine 4 mM 
Dexamethasone (Sigma) 10 nM 
Ascorbate-2-phosphate (Sigma) 150 µM 
β-Glycerolphosphate (Sigma) 10 mM 
1.25 Dihydroxyvitamine D3 (Sigma-Aldrich) 10 nM 
Primocin (500x) (Invirtogen) 100 µg/ml 

 

7.2.2.2 Chondrogenic differentiation  

For chondrogenic differentiation 10 000 ASCs per dish of an 24 well culture plate were 

seeded 3 days before chondrogenic differentiation was induced by switching from the 

growth medium to the chondrogenesis medium for up to 3 weeks. The composition of 

the chondrogenesis medium is listened in Table 5. 

 

Table 5: Components of chondrogenesis medium 

Reagent  Final concentration  
DMEM high glucose (4,5g/l):Ham´s F12 1:1 
(PAA)   
FCS (Sigma) 10% 
Insulin (Sigma) 6 µg/ml 
Ascorbate-2-phosphate (Sigma) 200 µM 
TGF-β (R&D Systems) 10 ng/ml 
Primocin (500x) (Invirtogen) 100 µg/ml 

 

7.2.2.3 Adipogenic differentiation  

For adipogenic differentiation 14 000 ASCs per dish of an 24 well culture plate were 

seeded 3 days before adipogenic differentiation was induced by switching from the 

growth medium to the adipogenesis medium for up to 2 weeks. The composition of the 

adipogenesis medium is listened in Table 6. 

 

Table 6: Components of adipogenesis medium 

Reagent  Final concentration  
DMEM high glucose (4,5g/l) (PAA)   
FCS (Sigma) 10% 
L-Glutamine 4 mM 
Dexamethason (Sigma)e 1 µM 
Indomethacine (Sigma) 60 µM 
Hydrocortisone (Sigma) 500 nM 
IBMX (Sigma) 500 µM 
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Primocin (Invirtogen) 100/ml 
 

7.2.3 Isolation of extracellular vesicles 

7.2.3.1 Isolation of extracellular vesicles contain ing fraction V 

Extracellular vesicles were either isolated from cell culture supernatant of early passage 

quiescent, senescent or transfected HUVECs after a secretion period of 48h or from the 

plasma of healthy human individuals. In the case of plasma samples were diluted in 

PBS 1:1 before isolation by differential centrifugation and filtration was started. Briefly 

conditioned cell culture medium or diluted plasma was centrifuged for 15 minutes at 

500g and 4°C in order to remove cells. Subsequently the obtained supernatant was 

centrifuged at 14000g for 15 minutes at 4°C in order to sediment cell debris. In the next 

step the supernatant was passed through a 0,22 µm filter while the pellet was 

discarded. In order to isolate extracellular vesicles the filtered supernatant was 

subsequently centrifuged at 100000 g for 60 minutes at 4°C. While the supernatant was 

discarded, the pellet containing extracellular vesicles, subsequently referred to as V, 

was resuspended in growth medium if it was intended for co-incubation with cells, in 

PBS if they were further purified by immunoprecipitation, in RIPA buffer if vesicular 

proteins were analysed by Western Blotting or ELISA or directly in TriReagent if RNA 

analysis were performed subsequently. The composition of the RIPA buffer is listened in 

Table 7. 

 

Table 7: Components of RIPA buffer 

Reagent (Concentration)  Volume [ml]  
NaCl (5M) 30 
Tris-Cl pH 7,4 (1M) 5.0 
NP-40 (20%) 5.0 
Sodium deoxycholate (10%) 5.0 
SDS (20%) 0.5 
ddH2O 50 
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7.2.3.2 Purification of extracellular vesicles by i mmunoprecipitation 

Coupling of antibodies against CD63 to magnetic beads 

The Dynabeads® Antibody Coupling Kit (Invitrogen) kit was used in order to prepare 

magnetic CD63 monoclonal antibody immunoaffinity capture microbeads (Dynabeads® 

M-270 Epoxy, Invitrogen) according to the manufacturers protocol.  

Briefly 5 mg of magnetic Dynabeads and 1 ml of solution C1 were mixed. The tube was 

placed on a magnet for 1 minute before the supernatant was carefully discarded. The 

washed beads were co-incubated with 50µl of monoclonal CD63 antibody (ab8219 

Abcam) or 50µl of corresponding mouse IgG1 isotype control (MA1-10406, Thermo 

scientific) , 200 µl of solution C1 and 250µl of solution C2 on a tube rotator at 37°C over 

night.  

On the next day she tube was placed on a magnet for 1 minute before the supernatant 

was carefully discarded. Subsequently coupled beads were washed with 800µl of HB, 

LB, SB buffer and PBS in order to use them immediately. 

Depletion of P100 from CD63 positive extracellular vesicles 

The isolated extracellular vesicle containing pellet (V) was resuspended in PBS (PAA) 

and incubated with CD63 antibody coupled Dynabeads for 2 h at 4°C on a tube rotator. 

In order to obtain the fraction depleted of CD63 positive extracellular vesicles (CD63-) 

the tube was placed on a magnet for at least 1 minute and the supernatant was 

carefully transferred to a new 1,5 ml tube. Subsequently extracellular vesicles secreted 

by 2x104 HUVECs or isolated of 1ml plasma were co-incubated with 2000 ASCs and 

the remaining supernatant was centrifuged once more at 100 000g for 2h. The obtained 

pellet was resuspended in RIPA buffer for subsequent protein analysis in order to 

ensure successful depletion of the CD63 positive vesicular fraction.  

The fraction containing CD63 positive extracellular vesicles (CD63+) was eluted by 

adding 140 µl of citric acid pH=3. The fluid was transferred in a new 1,5 ml tube and 

immediately mixed with 50 µl of 1M NaOH for neutralization. Subsequently extracellular 

vesicles secreted by 2x104 HUVECs or isolated of 1ml plasma were co-incubated with 

2000 ASCs and the remaining supernatant was centrifuged once more at 100 000g for 

2h. The obtained pellet was resuspended in RIPA buffer for subsequent protein analysis 

in order to ensure successful depletion of the CD63 positive vesicular fraction.  
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7.2.4 Biological samples 

7.2.4.1 Healthy human plasma samples for Galectin-3  experiments 

Plasma samples of healthy human female donors were purchased from the Red Cross, 

Linz, Austria. Donors were female and either younger than 25 or older than 55 years. All 

donors exhibited normal C reactive protein levels, a body mass index (BMI) of less than 

30, were not suffering from diabetes mellitus type II and had blood type A, B or AB.  

 

7.2.4.2 Human plasma samples from patients and heal th controls for micro-RNA 

analysis 

Plasma samples of patients suffering from a osteoporotic fracture and the 

corresponding unfractured control individuals were generously provided by Peter 

Dovjak, Landeskrankenhaus Gmunden, Austria.  

 

7.2.4.3 Galectin-3 knock out mice 

Femurs of homozygote Galectin-3 knock out C57black/6 mice as well wild type 

littermates were generously provided by Prof Tong Liu at the Institute of Biomedical 

Sciences, Academia Sinica, Taipei, Taiwan. Mice were 17 to 22 weeks old and besides 

one male couple (18 weeks old) all female. Galectin-3 knock out mice were 

characterised in detail by Hsu and colleagues as described elsewhere (Hsu et al. 2000).  
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7.3 Analytical methods 

 

7.3.1 RNA analysis 

In order to compare the mRNA levels of typical osteogenic or chondrogenic markers 

under different conditions or to test for the successful overexpression of certain 

microRNAs as well as for the knock down of Galectin-3 mRNA or other microRNAs 

RNA was analysed.  

 

7.3.1.1 Isolation of RNA 

7.3.1.1.1 Isolation of intracellular or vesicular RNA 

In order to isolate intracellular RNA, the medium was aspirated and the cells were 

washed twice with PBS (PAA) before cells of one 24 Well were resuspended in 500µl 

TRI Reagent® (Sigma-Aldrich). In the case of vesicular RNA the obtained pellet after 

ultracentrifugation was directly resuspended in 500µl TRI Reagent® and transferred into 

a 1,5ml RNAse free tube (Sarstedt). Subsequently 200µl of Chloroform (Merck) / ml TRI 

Reagent® were added and mixed for 15 seconds for subsequent RNA extraction. After 

an incubation time of 3 minutes at room temperature samples were centrifuged at 

12000 g for 15 minutes at 4°C for a clean phase separation. . Next the RNA containing 

aqueous phase was transferred in a new 1,5ml RNAse free tube and 1µl of GlycoBlueTM 

(Ambion) which is facilitating the RNA precipitation was added. The samples were 

briefly mixed before 500µl Isopropanol (Merck-Millipore) / ml TRI Reagent® were added 

to precipitate RNA. After an incubation time of 10 minutes at room temperature, 

samples were centrifuged at 12000 g for 10 minutes at 4°C. The supernatant was 

discarded and the RNA containing pellet was washed in 1ml of 70% Ethanol (Merck-

Millipore). Therefore the samples were centrifuged at 7500 g for 5 minutes at 4°C. 

Subsequently the supernatant was discarded and the tubes were shortly spinned in 

order to aspirate all traces of the remaining Ethanol. Finally the pellet was air dried, 

resuspended in 20µl of nuclease-free water (NFW) (Qiagen), heated for 10 minutes at 

58°C (Thermomixer comfort, Eppendorf) and stored at -80°C upon c-DNA synthesis. 
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7.3.1.1.2 Isolation of RNA from plasma samples 

225µl of plasma was centrifuged at 12 000 g for 5 minutes at 4°C to remove cellular 

debris. The supernatant was transferred in a new RNAse free 1,5 ml tube (Sarstedt) 

and mixed with 1 ml Quiazol (Quaigen) and 1µl of RNA spike in kit (Exiquon) for 

monitoring the sample to sample variation during the isolation process. The solution 

was mixed for 10 seconds and incubated for 5 minutes at room temperature before 

200µl of chloroform were added and mixed for 10 seconds for subsequent extraction. 

After an incubation time of 3 minutes at room temperature samples were centrifuged at 

12000 g for 15 minutes at 4°C for a clean phase separation. Next 650µl of the RNA 

containing aqueous phase were transferred in a new 1,5ml RNAse free tube and 7µl of 

5mg/ml glycogen (Ambion) were added which is facilitating the following RNA 

precipitation process. The samples were briefly mixed and 975µl of 100% Ethanol 

(Merck-Millipore) were added to precipitate RNA. By pipetting and inverting the tube 

several times proper mixing was ensured. Subsequently RNA was isolated with the aid 

of miRNeasy mini kit (Quiagen) according to manufactures instructions. Briefly the first 

sample volume of 700µl were transferred to the RNeasy Mini Spin Column (Quiagen) 

and centrifuged at 13000g for 30 seconds at room temperature. The flow-through was 

discarded and the remaining sample volume was loaded onto the same column and 

again spinned at 13000g for 30 seconds at room temperature. The flow through was 

discarded and the membrane bound RNA was washed once with 700µl RWT (Quiagen) 

and subsequently 3 times with 500µl RPE buffer (Quiagen) by centrifuging at 13000g 

for 1 minute at room temperature. Finally the column was transferred to a new RNAse 

free 1,5 ml tube and centrifuged for 2 minutes at room temperature for at 13000 g. In 

the last step the column was once more transferred to a new RNAse free 1,5 ml tube 

and the RNA containing membrane was evenly moistened with 30µl nuclease-free 

water (Qiagen). In order to elute the RNA the column was placed on a DNase/RNase 

free low bind 1.5 ml tubes (Eppendorf) and centrifuged at 13000g for 1 minute at room 

temperature. Until reuse isolated RNA was stored at -80°C.  

 

7.3.1.2 Copy-DNA Synthesis 

7.3.1.2.1 cDNA Synthesis for mRNA analysis 

Quantitative real time polymerase chain reaction (PCR) is performed by a heat stable 

DNA dependent DNA polymerase in order to analyse mRNA levels. Therefore isolated 
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RNA needs to be converted into copyDNA (cDNA) with the aid of a RNA dependent 

DNA polymerase reversed transcriptase. Thereto RNA concentration was measured at 

260nm before maximal 500 ng of RNA per sample were mixed with 2 x RT buffer 

(Finnzymes), the random hexamer primer set (Finnzymes) and the transcriptase M-Mul 

V Rnase H+ (Finnzymes) according to manufactures instruction described in Table 8. 

Subsequently cDNA was synthesized with the aid of the T3 thermocycler (Biometra) 

according to the cycling protocol described in Table 9. 

 

Table 8: Mix for one mRNA c-DNA synthesis reaction 

Reagent Volume [µl]  
2 x RT buffer 10 
Random hexamer primer set 1 
M-Mul V Rnase H+ 2 
500 ng of RNA template x 
NFW 7-x 

 

Table 9: Cycling protocol for c-DNA synthesis from mRNA 

Step Temperature [°C]  Time [min.] 
1st - Primer extension 25 10 
2nd - cDNA synthesis 37 30 
3rd - Reaction termination 85 5 
4th - Cooling 4 5 

 

7.3.1.2.2 cDNA Synthesis for microRNA analysis 

Quantitative real time polymerase chain reaction (PCR) is performed by a heat stable 

DNA dependent DNA polymerase in order to analyse miRNA levels. Therefore isolated 

RNA needs to be converted into copyDNA (cDNA) with the aid of a RNA dependent 

DNA polymerase reversed transcriptase. Thereto RNA concentration was measured at 

260nm before maximal 10 ng of RNA per sample were used. Reversed transcription 

was performed with the aid of TaqMan® MicroRNA reverse transcription kit (Applied 

Biosystems) CDNA was synthesized with the aid of the T3 thermocycler (Biometra) 

according to the recipe (Table 9) and the cycling protocol (Table 11) described below. 
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Table 10: Mix for one miRNA c-DNA synthesis reactio n 

Reagent (Concentration) Volume [µl]  
RT-Primer (5x) 2.00 
Buffer (10x) 1.00 
dNTPs (100 mM) 0.10 
RNase Inhibitor 0.12 
MultiScribe RT polymerase 0.60 
Nuclease free water 5.18 
cDNA template 1.00 

 

 

Table 11: Cycling protocol for c-DNA synthesis from  miRNA 

Step Temperature [°C] Time [min.] 
1st - Primer extension 16° C 30 
2nd - cDNA synthesis 42° C 30 
3rd - Reaction termination 85° C 5 
4th - Cooling 4° C 5 

 

 

7.3.1.3 Quantitative real time PCR 

7.3.1.3.1 Quantitative real time PCR of mRNAs 

In order to determine and compare the relative amounts of specific mRNAs of different 

samples the 5x HOT FIREPol EvaGreen qPCR mix (Biotium), containing a DNA 

dependent DNA polymerase  as well as a fluorescent dye when bound to double 

stranded DNA, was used according to manufactures instruction. Therefore cDNA was 

mixed with the Evagreen reaction buffer as well as the corresponding primer pairs 

according to Table 12. CDNA was amplified and quantified with the aid of 

RotorGene2000 (Corbett) according to the cycling protocol in Table 13. Osteogenic 

differentiation was confirmed by the early osteogenic marker alkaline phosphates (ALP) 

at day 7, the mid marker osteonectin (ON) at day 14 and the late marker osteocalcin 

(OC) at day 21 after induction of differentiaiton. Regulation of Galectin-3 and Frizzled-3 

during osteogenesis as well as the influence of Galectin-3 on Runx-2 expression were 

determined with the aid of specific primers as well. In particular Frizzled-3 mRNA levels 

were analysed at day 3 after induction of osteogenic differentiation. Chondrogenic 

differentiation potential was quantified by determining the late marker Collagen X and 
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Aggrecan. All gene expression data obtained were normalized to the housekeeper 

Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH). Primer pairs are listed in Table 

14.  

Table 12: Mix for one quantitative real time PCR to  compare mRNA levels 

Reagent Volume [µl] 
Primer sense 0.25 
Primer antisense 0.25 
Reaction buffer 2.00 
NFW 6.50 
cDNA template 9.00 

 

Table 13: Cycling protocol for quantitative real ti me PCR to compare mRNA levels 

Step Temperature [C°] Time  
1st – Hot start PCR 95 15 min. 
2nd –Denaturation 95 15 s. 
3rd – Primer annealing 60 30 s. 
4th – Extension time 72 15 s. 
45 repetitions of step 2 – 4   

 

Table 14: Primer sequences used for quantitative re al time PCR 

MRNA   Primer sequence (5´to 3´) 
GAPDH forward TGTGAGGAGGGGAGATTCAG 
GAPDH reverse CGACCACTTTGTCAAGCTCA 
ALP forward GCGCAAGAGACACTGAAATATGC 
ALP reverse TGGTGGAGCTGACCCTTGAG 
Runx-2 forward CTTCACAAATCCTCCCCAAG 
Runx-2 reverse GAATGCGCCCTAAATCACTG 
Osteonectin forward ATCTTCCCTGTACACTGGCAGTTC 
Osteonectin reverse CCACTCATCCAGGGCGATGTAC 
Osteocalcin forward ATCAAAGAGGAGGGGAACCTA 
Osteocalcin reverse AGGAAGTAGGGTGCCATAACA 
Galectin-3 forward ATGCAAACAGAATTGCTTTAGATT 
Galectin-3 reverse AGTTTGCTGATTTCATTGAGTTTT 
Frizzled-3  forward TGTCGTAGGCTGTGTCAGCGGGC 
Frizzled-3  reverse TCTCTGCACTGCCACTGGGGCTC 
Collagen X forward CCCTTTTTGCTGCTAGTATCC 
Collagen X reverse CTGTTGTCCAGGTTTTCCTGGCA 
Aggrecan forward ACAGCTGGGGACATTAGTGG 
Aggrecan reverse GTGGAATGCAGAGGTGGTTT 
Versican forward TGGAATGATGTTCCCTGCAA 
Versican reverse AAGGTCTTGGCATTTTCTACAACAG 
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7.3.1.3.2 Quantitative real time PCR of microRNAs 

In order to determine and compare the relative amounts of specific miRNAs of different 

samples the taqman assay (Life technologies), containing a DNA dependent DNA 

polymerase was used according to manufactures instruction. Therefore cDNA was 

mixed with the taqman reaction buffer as well as the corresponding fluorescent primer 

according to Table 15. CDNA was amplified and quantified with the aid of 

RotorGene2000 (Corbett) according to the cycling protocol listed in Table 16.  

 

Table 15: Mix for one quantitative real time PCR to  compare miRNA levels 

Reagent Volume [µl] 
Taqman reaction buffer (2x) (Applied Biosystems) 5.0 
RT-Primer (20x) (Applied Biosystems) 0.5 
cDNA template 1.0 
NFW 3.5 

 

 

Table 16: Cycling protocol for quantitative real ti me PCR to compare miRNA levels 

Step Temperature [C°]  Time 
1st – Hot start  95 15 min. 
2nd –Denaturation 95 10 s. 
3rd – Primer annealing 60 45 s. 
4th – Extension time 72 20 s. 
55 repetitions of step 2 – 4     

 

7.3.2 Protein analysis 

7.3.2.1 SDS PAGE and Western blotting 

Proteins from cells or from extracellular vesicles were extracted by lysing the samples in 

sodium dodecyl sulphate (SDS) loading dye containing 5 % Mercaptoethanol. 

Subsequently protein lysates were sonicated 30 times for 30 seconds with a cooling 

break of 30 seconds in between (Bioruptor Plus, Diagenode).  

Next samples were subjected to 4–15% SDS-polyacrylamide gel electrophoresis 

(Biorad). Proteins were transferred by semi-dry electroblotting to a PVDF membranes 

(Biorad) and membranes were blocked in 3% non-fat milk (PBS, 0,1% Tween (VWR), 

3% dry-milk) for at least 3 hours at room temperature but not longer than over night at 

4°C. Membranes were exposed to antibodies against Galectin-3 (ab2785, Abcam, 

1:1000), total β-Catenin (PA5-19469, Thermo Scientific, 1:200), unphosphorylated β-
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Catenin (06-734, Millipore, 1:750) or GAPDH (MA5-15738, Pierce 1:5000). Anti-Rabbit-

IR-Dye 800 (LiCor, 1:10000) or anti-mouse-IR-Dye® 680RD Donkey anti-Mouse (LiCor, 

1:10000) were used for subsequent detection by Odyseey (Licor) infrared image system 

(LiCor). All antibodies were diluted in 0,1% Tween-20 containing PBS and incubated for 

at least 1 h at room temperature.  

 

7.3.2.2 Enzyme linked immunoassay 

Proteins from cells or from extracellular vesicles were extracted by lysing the samples 

for 15 minutes at room temperature in RIPA buffer containing 1x phosphatase inhibitor 

(Roche) and 1x Protease inhibitor (Roche). Subsequently protein lysates were 

sonicated 30 times for 30 seconds with a halt of 30 seconds in between (Bioruptor Plus, 

Diagenode). 

Vesicular and plasma Galectin-3 concentrations were determined with an enzyme-

linked immunoassay (ELISA) kit (Abcam, ab119525) according to manufactures 

instructions. Briefly the 96 well culture plate precoated with a specific antibody against 

Galectin-3 was washed 4 times. Next 100µl of standards and 50µl of protein samples or 

plasma were transferred into the wells and mixed with 50µl biotin antibody solution. 

After co-incubation for 2h at room temperature and 3 washing steps to remove the 

unbound proteins 100µl of streptavidin-horseradish peroxidase conjugate were added 

and incubated for 1h at room temperature. Subsequently each well was washed 3 times 

before 100µl of 3,3’,5,5’ - tetramethylbenzidine substrate were added. Finally reaction 

was stopped after 10 minutes of incubation at room temperature and the concentration 

of Galectin-3 was quantified by detecting the absorbance at 450nm using 620nm as 

reference wave length (Tecan Infinity M200 plate reader, Magellan software for analysis 

of data).  

 

7.3.3 Flow cytometry 

In order to determine the transfection efficiency pmaxGFP or siGlow transfected 

HUVECs or ASCs were harvested 48h after electroporation. Therefore cells were 

detached with the aid of Trypsin (Sigma), resuspended in the corresponding growth 

medium and washed two times with PBS (PAA) before flow cytometric analysis was 

performed. Cells were examined by flow cytometry using a FACS Gallios (Beckman 

Coulter). Obtained data were analysed with the aid of Kaluza Software.  
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7.3.4 Analysis of differentiation capacity 

7.3.4.1 Analysis of osteogenic differentiation capa city 

Alkaline phosphatase activity assay 

This assay measures the activity of alkaline phosphatase. Basically p-

Nitrophenylphosphate is used as substrate. Upon ALP hydrolysis p-

Nitrophenylphosphate is dephosphorylated to yellow coloured p-Nitrophenol whose 

amount is consequently quantified by detecting the absorbance at 405nm (Tecan Infinity 

M200 plate reader, Magellan software for analysis of data).   

7 days after induction of osteogenesis osteogenesis medium was aspirated and cells 

were washed 3 times with PBS (PAA). Subsequently 100µl ALP lysis buffer (0,25% v/v 

Triton X-100 in ALP buffer) were added per dish of a 24 well culture plate and incubated 

for 1h at room temperature. Next cell lysate was centrifuged for 10 min at 13000xg and 

4°C. Next 50µl ALP Buffer A (Table 18) were added per tube and the sample was 

incubated for 20 minutes at room temperature. During this time, exposure to intense 

light was avoided. Finally 50µl 0,2M NaOH was added to stop the reaction and 

absorption was measured at 405nm relative to 620nm. 

 

Table 17: ALP buffer 

Reagent Final concentration  
2-amino-2-methyl-1-propanol (Sigma-Aldrich) 0.5 M 
Magnesiumchloride (VWR) 2.0 mM 
AD 90 ml 
Adjust pH to 10.3 
Fill to 100 ml 

 

Table 18: ALP buffer A 

Reagent Amount 
p-Nitrophenylphosphate disodium hexahydrat (Sigma-Aldrich) 7,4 mg 
ALP buffer 1 ml 

 

Alizarin Red staining 

Alizarin Red S is a calcium binding dye. In order to quantify the degree of mineralization 

of ASCs, Alizarin Red staining was performed at the end of the differentiation process. 

Therefore medium was aspirated and cells were washed 3 times with PBS without 

calcium or magnesium (PAA). Subsequently cells were fixed with 500µl of 70% ethanol 
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(Merck) per dish of a 24 well culture plate for at least 1h at -20°C. Afterwards ethanol 

was discarded and cells were washed 3 times with AD. Next deposited calcium was 

stained with 500µl Alizarin Red staining solution (Table 19) per dish for 10 minutes 

while shaking. In order to aspirate the excessive dye, cells were washed several times 

with PBS. The remaining dye was extracted by the addition of 200µl Alizarin Red 

extraction solution (Table 20) for 30 min at room temperature. Finally the amount of dye 

was quantified by measuring the absorbance at 425nm (Tecan Infinity M200 plate 

reader, Magellan software for analysis of data).  

 

Table 19: Alizarin Red staining solution 

Reagent Final concentration  
Alizarin Red S (AppliChem) 40 mM 

AD 10ml 
Adjust pH to 4.2 

 

Table 20: Alizarin Red extraction solution 

Reagent Final concentration  
Sodium Dodecyl Sulfate  0.5 % 
HCl 0.1 M 
AD 50 ml 

 

7.3.4.2 Analysis of chondrogenic differentiation ca pacity 

Chondrogenic differentiation capacity was quantified by determining the mRNA levels of 

aggrecan normalized to GAPDH using qPCR. Aggrecan is a proteoglycan necessary for 

crosslinking collagen, type II and therefore abundant in cartilage. On the other hand 

mRNA levels of collagen, type X normalized to GAPDH as marker for hypertrophic 

chondrocytes were quantified by qPCR. Hypertrophic chondrocytes do not produce 

collagen, type II anymore but facilitate the mineralization of their environment a process 

known as endochondral ossification.  

7.3.4.3 Analysis of adipogenic differentiation capa city 

Adipogenic differentiation capacity was quantified with the aid of Infinity Tm triglycerides 

quantification kit (Microgenics, TR22421) 14 days after induction of adipogenesis. 

Initally medium was aspirated, cells were washed once with PBS (PAA) and covered 

with 250µl PBS (PAA) per well. Subsequently the cell surface was manually scratched 

with a pipette tip and 200µl of cell lysate were transferred in a 1.5ml tube (Sarstedt). 
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Next cell lysates were sonicated 30 times for 30 seconds with a cooling break of 30 

seconds in between (Bioruptor Plus, Diagenode). To quantify the amount of triglycerides 

30µl of glycerol (Merck) standards or 30µl of samples were mixed with 200µl 

Triglyceride Reagent (Microgenics, TR22421) and incubated for 10 min at 37°C. Finally 

triglyceride content was quantified by measuring the absorbance at 500nm (Tecan 

Infinity M200 plate reader, Magellan software for analysis of data). In order to normalize 

the obtained data protein concentration was determined by bicinchoninic acid (BCA) 

assay. Therefore 25µl of bovine serum albumin (Sigma) standard or 25µl sample were 

mixed with 200µl working reagent (Pierce ® BCA protein assay kit) for 30 sec and 

incubated for 30 min. at 37°C. The colour changes from green to purple in proportion to 

the total protein content. Therefore protein concentration is measured by detecting the 

absorbance at 562nm (Tecan Infinity M200 plate reader, Magellan software for analysis 

of data).  

 

7.3.4.4 Analysis of immunomodulatory properties 

ASCs or urine derived mesenchymal stem cells (USCs) were seeded at different 

concentrations (5x104, 2.5x104 ,1.25x104 ,0.63x104 or 0.32x104 cells per 96 well tissue 

culture plate). On the next day stem cell growth medium was aspirated and 5x104 

PBMCs suspended in 100µl medium containing no or 2.4 µg/ml phytohemagglutinin 

(PAH) were added per well for 3 days in order to activate PBMCs. In an attempt to 

quantify immunomodulatory properties of ASCs or USCs 10µl tetrazolium dye (MTT) 

were added per well for 4h. After this incubation time 100µl of 10% sodium dodecyl 

sulfate (SDS) in 0.01 M HCl were added and incubated for 24h. The colour changes to 

purple in proportion to the metabolic activity and therefore the viable cell number. 

Consequently metabolic activity was measured by detecting the absorbance at 570nm 

to 690nm as reference (Tecan Infinity M200 plate reader, Magellan software for analysis 

of data).  

 

7.3.5 µCT imaging 

Femur of Galectin-3 knock out mice as well as corresponding wild type littermates were 

delivered in 50% ethanol and examined using microCT (µCT 50, Scanco Medical AG). 

The isotropic scanning resolution was 7,4 µm (70kV, 200 µA, 500ms sample time). 

Scan timer per femur was about 3 hours.  By the use of a bone phantom the scanner 
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was calibrated. Longitudinal aligned scans were analyzed and reference points were 

chosen in order to compare samples from different ice. The volume of interest was 

1,48mm. Cortical parameters were measured at the middle of the diaphysis, while 

trabecular parameters were determined 148µm from the distal growth plate in the 

metaphysis region. Attention has been made to exclude the primary spongia. Cortical 

thickness as well as trabecular thickness, number and spacing were examined.  

 

7.4 Statistics 

Data were tested for Gaussian distribution by using D'Agostino & Pearson omnibus 

normality test. Subsequent comparison of two groups was performed by unpaired or 

paired t-test if Gaussian distribution was given or Mann Whitney test if not. If one 

parameter of more than two groups was compared 1-way-ANOVA and if two 

parameters in several groups were compared 2-way ANOVA was performed. 

Depending on the Gaussian distribution either Pearson correlation or Spearman 

correlation was performed. Analyses were performed with GraphPad Prism 5. The tests 

were two-tailed with type 1 error probability of 0.05. Data are presented as mean values 

± SD.  
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8 Results 

 

8.1 Influence of extracellular vesicles on differentiation capacity 

In previous experiments the influence of plasma derived extracellular vesicles (EVs) on 

osteogenic differentiation capacity of mesenchymal stem cells was shown to strongly 

depend on the plasma donors age (Figure 10). In order to confirm this observation and 

to test whether these extracellular vesicles also impact on chondrogenic or adipogenic 

differentiation capacity, ASCs of one donor were co-incubated with extracellular vesicles 

isolated from the plasma of either two donors younger than 25 (Y1, Y2) or two 

individuals older than 50 years (E1, E2) for three days before differentiation was 

induced. 

ASCs exposed to EVs derived from young donors exhibited significantly increased 

osteogenic differentiation capacity as quantified by Alizarin Red staining (Figure 12) as 

well as chondrogenic differentiation potential as analysed by qPCR on Aggrecan (Figure 

13C) as compared to cells co-incubated with vesicles isolated from elderly donors. On 

the other hand neither the adipogenic, as quantified by the triglyceride content (Figure 

14B), nor the endochondrial differentiation capacity, as analysed by qPCR on Collagen 

X (Figure 13B), of ASCs were significantly influenced by the plasma donors age. 

Pictures of ASCs differentiated into the chondrogenic (Figure 13A) and adipogenic 

(Figure 14A) lineage were taken at the end of the differentiation process. 

 

 
Figure 12: Vesicular impact on osteogenic different iation capacity of ASCs 

Mineralization of ASCs exposed to extracellular vesicles either derived from donors older than 55 years 

(E1, E2) or from donors younger than 25 years (Y1, Y2).was evaluated by Alizarin Red staining. The 

released dye was quantified by microplate reader at 425nm. Mineralization was significantly increased in 
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ASCs exposed to extracellular vesicles of young donors compared to ASCs exposed to vesicles of elderly 

donors. *:p<0,05; **:  p<0.01; ***:  p<0.001 in comparison to indicated group. Data are presented as mean 

values ± SD and were statistically analysed by 1-way ANOVA followed by Bonferroni ś multiple 

comparison test. 

 

A 

 

B             C 

                        
Figure 13: Vesicular impact on chondrogenic differe ntiation capacity of ASCs. 

(A) Bright field microscopy images of ASCs co-incubated with extracellular vesicles either derived from 

donors older than 55 years (E1, E2) or from donors younger than 25 years (Y1, Y2) at day 21 of 

chondrogenic differentiation. (B-C) Relative fold change of Collagen X (B) and Aggrecan (C) mRNA level 

of ASCs at day 21 after induction of chondrogenic differentiation were evaluated by qPCR and normalized 

to GAPDH. (B) There is a significantly increased differentiation capacity of ASCs exposed to extracellular 

vesicles isolated from the elderly donor E1, but no vesicular effect on Collagen X mRNA expression 

correlating with the EV donors age can be observed. (C) A significant vesicular effect on Aggrecan mRNA 

expression correlating with the EV donors age was observed.*:p<0,05; **:  p<0.01; ***:  p<0.001 in 

comparison to indicated group. Data are presented as mean values ± SD and were statistically analysed 

by 1-way ANOVA followed by Bonferroni´s multiple comparison test. 
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A       B 

 

        
Figure 14: Vesicular impact on adipogenic different iation capacity of ASCs. 

(A) Bright field microscopy images of ASCs co-incubated with extracellular vesicles either derived from 

donors older than 55 years (E1, E2) or from donors younger than 25 years (Y1, Y2) at day 14 of 

osteogenic differentiation. (B) Content of triglycerides normalized to the amount of protein at day 14 after 

induction of adipogenic differentiation. No clear vesicular effect on adipogenic differentiation capacity 

correlating with the EV donors age was observed. **:  p<0.01; ***:  p<0.001 in comparison to indicated 

group. Data are presented as mean values ± SD and were statistically analysed by 1-way ANOVA 

followed by Bonferroni´s multiple comparison test.. 
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8.2 MicroRNA-31 

8.2.1.1 Vesicular shuttling of microRNAs from endot helial cells to stem cells 

Since endothelially derived EVs were shown to have a population doubling dependent 

influence on osteogenesis (Figure 5) and senescent cell derived vesicles were shown to 

be enriched in anti-osteogenic acting miR-31, a possible transfer of microRNAs by 

endothelial derived EVs to ASCs was tested for. Therefore young quiescent endothelial 

cells were transfected with cel-miR39, a microRNA of C. elegans with no homologue in 

Homo sapiens, by electroporation. 24h post transfection the medium was changed to 

remove not incorporated cel-miR39 and after a secretion period of 48h extracellular 

vesicles were isolated by differential centrifugation. Subsequently ASCs were exposed 

for 1, 12, 24 or 72 hours to EVs secreted by 1,2 x 106 ECs or for 72h to EVs secreted by 

2,4 x 106 ECs. Detection of intracellular cel-miR39 levels of ASCs after the indicated co-

incubation time by qPCR reveals an exposure-time (Figure 15A) as well as EV-dose 

(Figure 15B) dependent uptake compared to EVs isolated from non-targeting control 

transfected ECs. 

 

A          B 

          
Figure 15:Time and dose dependent delivery of micro RNAs by endothelial derived extracellular 

vesicles to ASCs.  

Relative fold change of intracellular cel-miR39 was evaluated by qPCR and normalized to RNU6.  (A) 

Intracellular cel-miR39 levels of ASCs after exposure to EVs for 1, 12, 24 or 72 hours. ***:  p<0.001 in 

comparison to 1 h control. Data are presented as mean values ± SD and were statistically analysed using 

unpaired t test. (B) Intracellular cel-miR39 levels of ASCs after exposure to EVs isolated from 1.2 x 106 or 

2.4 x 106 cel-miR39 transfected endothelial cells or non-targeting control transfected HUVECs (miRC) for 

72 hours. ***:  p<0.001 in comparison to indicated group. Data are presented as mean values ± SD and 
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were statistically analysed using one way ANOVA followed by a Bonferroni test to compare every pair of 

means, n=1. 

 

8.2.1.2 CD63 positive extracellular vesicles inhibi t osteogenesis 

When isolating the extracellular vesicle containing fraction, subsequently referred to as 

V, of conditioned media or plasma samples by differential centrifugation, other factors 

such as protein aggregates might co-pellet during the last ultracentrifugation step. In 

order to test whether the osteogenesis inhibitory activity is indeed mediated by 

senescent endothelial cell or elderly plasma derived EVs, extracellular vesicles 

containing fraction (V) was isolated from endothelial derived supernatant (SN) using 

differential centrifugation. Therefore SN was centrifuged at 500g for 15minutes followed 

by a centrifugation step at 14 000 g for 15 minutes. Subsequently the pellet was 

discarded and the supernatant was passed through a 0.22µm filter before EVs were 

pelleted at 100 000g for 1h. Subsequently the obtained extracellular vesicle containing 

pellet (V) was further purified by immunoprecipitation. Therefore the V pellet was 

resuspended in PBS and spit into two parts. In order to deplete one half from CD63 

positive extracellular vesicles it was loaded on magnetic beads coupled to an antibody 

against CD63, a transmembrane marker which endothelial derived vesicles were already 

stained positive for (Figure 4B). The second part was co-incubated with magnetic beads 

coupled to the corresponding isotype antibody control. After an incubation time of 2h at 

4°C, the supernatants, subsequently referred to as CD63- for the fraction depleted of 

CD63 positive vesicles or tV for the total extracellular vesicle containing fraction, were 

transferred into new tubes and spinned for 1h at 100 000g. Experimental strategy for 

identifying the fraction influencing osteogenic differentiation of ASCs is graphically 

outlines in Figure 16.  
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Figure 16: Experimental setup for immunoprecipitati on. 

The extracellular vesicles containing fraction (V) was isolated from supernatant (SN) or human plasma 

samples by differential centrifugation starting with a centrifugation at 500g for 15 minutes. Pellet was 

discarded and the supernatant was centrifuged at 14.000g for 15 minutes. Subsequently the supernatant 

was transferred into ultracentrifugation tubes through 0.22µm filters and centrifuged for 1h at 100.000g. 

The supernatant was discarded and the obtained pellet was resuspended in 1ml PBS whereof in each 

case 500µl were loaded on anti-CD63 or anti-isotype control coupled magnetic beads. Samples were 

incubated at 4°C for at least 2h under gentle rotation. After the incubation time the beads were placed on 

a magnet to collect the beads at the tube wall and the supernatant corresponding to the fraction free of 

CD63 positive vesicles (CD63-) or the one containing still total extracellular vesicles (tEV) were transferred 

in a new tube. Finally the CD63 negative (CD63-) as well as the total extracellular vesicle containing 

fraction (tV) were centrifuged at 100.000g for 1h at 4°C and the isolated pellet was resuspended in the 

corresponding volume of ASC growth medium.  

 

The successful depletion of CD63 positive EVs from the CD63- fraction compared to the 

total EV fraction tV (Figure 17 A) or to the CD63 positive (CD63+) fraction (Figure 17B), 

eluted by lowering the pH to 4, was proven by Western blot analysis. 
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A       B 

   
Figure 17: Confirmation of CD63 depletion after imm unoprecipitation. 

(A) Detection of the vesicular marker CD63 by Western blot in protein lysates derived from endothelial cell 

(HUVECS) or from the total extracellular vesicle fraction (tV) and the CD63 negative fraction (CD63-) 

isolated from equal volumes of endothelial cell culture supernatant. (B) Upper panel:  Western blot of 

protein lysates derived from the CD63 negative fraction (CD63-) and CD63 positive fraction (CD63+) after 

separation by magnetic beads based immunoprecipitation detecting CD63. Lower panel: Total protein 

staining by in gel fluorescent detection of proteins lysates of CD63 negative fraction (CD63-) and CD63 

positive fraction (CD63+) as loading control. 

 

 

 

Since it has been previously shown that the EV containing fraction (V) isolated from 

senescent endothelial cells is enriched in microRNA-31-5p (miR-31) (Figure 6), and that 

mir-31-5p negatively impacts on osteogenesis (Figure 7) by targeting Frizzled-3 (FZD3) 

mRNA (Figure 8), localization of miR-31 within the senescent endothelial cell derived V 

fraction was investigated. QPCR analysis on miR-31 of the tV compared to the CD63- 

immunopurified fraction showed that miR-31 levels are reduced in the CD63- fraction 

(Figure 18) indicating that approximately 75% of miR-31 are located within the CD63 

positive vesicular fraction. 
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Figure 18: Localization of miR-31 within senescent endothelial cell derived extracellular vesicle 

fractions .  

Relative fold change of microRNA-31 (miR-31) levels of total extracellular vesicle containing fraction (tV) 

and the CD63 negative fraction (CD63-) evaluated by qPCR. ***:  p<0.001 in comparison to CD63- 

fraction. Data are presented as mean values ± SD and were statistically analysed using unpaired t test. 

 

Finally the ability to influence osteogenesis of both fractions after immunoprecipitation 

was compared. When exposing ASCs to the CD63- fraction, osteogenic differentiation 

capacity was not inhibited compared to ASCs co-incubated with the total EV containing 

fraction (tV) or to unexposed ASCs as quantified by Alizarin Red staining (Figure 19) 

indicating that the inhibitory activity of the V fraction indeed resides within the CD63 

positive vesicular fraction.  

 

 
Figure 19: Effects of CD63 positive endothelial der ived extracellular vesicles on mineralization 

capacity of ASCs. 

Mineralization of unexposed ASCs or ASCs exposed to the fraction depleted of CD63 positive 

extracellular vesicles (CD63-) or co-incubated with the total extracellular vesicle fraction (tV).was 
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evaluated by Alizarin Red staining. The released dye was quantified by microplate reader at 425nm. 

Mineralization was significantly increased in ASCs exposed to the fraction depleted of CD63 positive 

extracellular vesicles (CD63-) compared to ASCs co-incubated with the total extracellular vesicle fraction 

(tV). ns: not significant, **:  p<0.01, ***:  p<0.001 in comparison to indicated group. Data are presented as 

mean values ± SD and were statistically analysed using one way ANOVA followed by a Bonferroni test to 

compare every pair of means. 

 

In previous experiments extracellular vesicles isolated from the plasma of individuals 

older than 55 years (Figure 9) where shown to fail to induce osteogenesis (Figure 10) as 

efficiently as EVs isolated from donors younger than 25 years. In order to test whether 

the osteogenesis inhibitory activity is mediated by plasma derived EVs or by other 

factors such as protein aggregates that might co-pellet during the last high-speed 

ultracentrifugation step the EV containing fraction (V) was isolated from the plasma of a 

miR-31 high elderly donor by differential centrifugation and subsequently purified by anti-

CD63 immunoprecipitation. Experimental strategy for identifying the fraction influencing 

osteogenic differentiation of ASCs is graphically outlines in Figure 16. When exposing 

ASCs to the CD63- fraction, osteogenic differentiation capacity was significantly restored 

compared to ASCs co-incubated with the total EV containing (tV) faction as quantified by 

Alizarin Red staining (Figure 20A) as well as by qPCR on ALP mRNA (Figure 20B) 

indicating that the inhibitory activity of the V fraction indeed resides within the CD63 

positive vesicular fraction.  

 

A           B 

      



RESULTS 

 

  
68 

 
  

Figure 20: Effects of CD63 positive plasma derived extracellular vesicles on the osteogenic 

differentiation capacity of ASCs.  

(A) Mineralization of ASCs was evaluated by Alizarin Red staining. The released dye was quantified by 

microplate reader at 425nm. Mineralization was significantly increased in ASCs exposed to the fraction 

depleted of CD63 positive extracellular vesicles (CD63-) compared to ASCs co-incubated with the total 

extracellular vesicle fraction (tV). (B) Relative fold change of Alkaline Phosphatase (ALP) mRNA levels of 

ASCs were evaluated by qPCR and normalized to GAPDH. ALP mRNA level was significantly increased 

in ASCs exposed to the fraction depleted of CD63 positive extracellular vesicles (CD63-) compared to 

ASCs co-incubated with the total extracellular vesicle fraction (tV). ***:  p<0.001 in comparison to CD63- 

fraction control. Data are presented as mean values ± SD and were statistically analysed using unpaired t 

test. 
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8.2.1.3 Vesicular miR-31 inhibits osteogenic differ entiation capacity 

Due to the observation that osteogenesis inhibiting miR-31 is enriched within CD63 

positive senescent endothelial cell derived EVs, the question arose whether vesicular 

miR-31 is conferring the anti-osteogenic effect of senescent endothelial cell derived EVs. 

Therefore ASCs were transfected with anti-miR-31, a synthetic oligonucleotide 

complementary to miR-31, 24h before exposing ASCs to senescent endothelial derived 

extracellular vesicle containing fraction for 3 days. Successful reduction of miR-31 upon 

anti-miR-31 transfection in ASCs was confirmed by qPCR (Figure 21).   

 

 
Figure 21: Effects of antimiR-31 transfection on mi R-31 levels in ASCs. 

Relative fold change of miR-31 was evaluated by qPCR and normalized to RNU6. MiR-31 level was 

significantly decreased in antimiR-31 transfected ASCs compared to non-targeting control (antimiRC) 

transfected cells. **:  p<0.01 in comparison to antimiRC. Data are presented as mean values ± SD and 

were statistically analysed using unpaired t test. 

 

Induction and subsequent quantification of osteogenic differentiation potential revealed 

that anti-miR-31 transfected cells showed a restored osteogenic differentiation capacity 

compared to non-targeting control transfected cells when exposed to the extracellular 

vesicle containing fraction V as quantified by Alizarin Red staining (Figure 22A) and by 

qPCR on Osteocalcin (Figure 22B). In addition rescued Fzd3 mRNA levels were 

observed in anti-miR-31 transfected cells exposed to EVs (Figure 22C). In order to 

exclude the possibility that the observed positive effect of anti-miR-31 transfection 

before EV exposure results from the reduction of intracellular miR-31 levels, ASCs were 

transfected with anti-miR-31 or the corresponding non-targeting control without exposing 
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them to EVs as control. Transfection of ASCs with anti-miR-31 alone showed no 

significant positive effect on osteogenesis (Figure 22A, B, C). 

A 

 

 

B 

 

 

C 

 
Figure 22: Effects of antimiR-31 transfection on os teogenic differentiation capacity of ASCs with or 

without exposure to senescent endothelial cell deri ved extracellular vesicles (V ). 

(A) Mineralization of ASCs was evaluated by Alizarin Red staining. The released dye was quantified by 

microplate reader at 425nm. Mineralization was significantly increased in antimiR-31 transfected ASCs 

exposed to V compared to non-targeting control transfected (antimiRC) cells while there was no significant 
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difference of Ca2+ depositions in antimiR-31 or antimiRC transfected ASCs without exposure to V. (B-C) 

Relative fold change of Osteocalcin (OC) (B) and Frizzled -3 (FZD3) (C) mRNA level of ASCs were 

evaluated by qPCR and normalized to GAPDH. OC (B) as well as FZD3 (C) mRNA levels were 

significantly increased in antimiR-31 transfected ASCs exposed to EVs compared to non-targeting control  

transfected (antimiRC) cells while there was no significant difference of OC (B) or FZD3 (C) mRNA levels 

in antimiR-31 or antimiRC transfected ASCs without exposure to EV. ns: not significant, ***:  p<0.001 in 

comparison to control. Data are presented as mean values ± SD and were statistically analysed using 

unpaired t test, n=4. 

 

Finally we raised the question whether also in the case of plasma derived EVs isolated 

from elderly miR-31 plays a crucial role in conferring the anti-osteogenic effect. 

Therefore ASCs were transfected with anti-miR-31 or the corresponding non-targeting 

control 24h before exposing them the extracellular vesicle containing fraction V fraction 

isolated from the plasma of a miR-31 high elderly donor. AntimiR-31 transfected cells 

showed a restored osteogenic differentiation capacity compared to control transfected 

cells as quantified by Alizarin Red staining (Figure 23A) as well as by qPCR on ALP 

(Figure 22B) and OC (Figure 22C). Furthermore restored FZD3 mRNA levels were 

observed in antimiR-31 transfected ASCs (Figure 22D). 

 

             A            B 
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                 C                      D 

    
Figure 23: Effects of antimiR-31 transfection on th e osteogenic differentiation capacity of ASCs 

exposed to plasma derived extracellular vesicles of  an elderly donor . 

(A) Mineralization of ASCs was evaluated by Alizarin Red staining. The released dye was quantified by 

microplate reader at 425nm. Mineralization was significantly increased in antimiR-31 transfected ASCs 

exposed to plasma derived EVs compared to non-targeting control transfected (antimiRC) cells. (B-D) 

Relative fold change of Alkaline Phosphatase (ALP) (B), Osteocalcin (OC) (C) and Frizzled-3 (FZD3) (D) 

mRNA levels of ASCs were evaluated by qPCR and normalized to GAPDH. ALP, OC and FZD3 mRNA 

levels were significantly increased in antimiR-31 transfected ASCs exposed to plasma derived EVs 

compared to control transfected (antimiRC) cells.  

*:  p<0.05, **:  p<0.01, ***:  p<0.001 in comparison to control. Data are presented as mean values ± SD 

and were statistically analysed using unpaired t test , n=4. 
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8.3 Galectin3 

 

8.3.1.1 Plasma derived CD63 positive extracellular vesicles impact on 

osteogenesis 

The positive impact of the extracellular vesicles containing fraction derived from the 

plasma of young donors compared to unexposed ASCs or ASCs co-incubated with 

vesicles derived from elderly donors has already been shown for three donors (Figure 

10) in previous experiments and confirmed by an experiment including two more donors 

per group (Figure 12). In order to test whether the pro-osteogenic activity of this fraction 

indeed resides within extracellular vesicles or in other effector molecules that might co-

pellet the extracellular vesicle containing fraction (V) of a young donor was further 

purified by anti-CD63 immunoprecipitation as graphically outlined in Figure 16. ASCs 

were co-incubated for 72h with the fraction depleted of CD63 positive vesicles (CD63-) 

or the total extracellular vesicle containing fraction (tV). Unexposed ASCs were included 

as a control. Pictures of ASCs at the end of the incubation time show no vesicular effect 

on cell morphology (Figure 24A). Upon induction of osteogenesis ASCs co-incubated 

with the CD63- fraction failed to facilitate osteogenic differentiation as efficiently as the 

total EV containing fraction (tV) as quantified by Alizarin Red staining (Figure 24B), ALP 

activity assay (Figure 24C) as well as by qPCR on ON mRNA (Figure 24D) indicating 

that the pro-osteogenic activity of the extracellular vesicles containing fraction (V) mainly 

but not exclusively resides within CD63 positive extracellular vesicles. 
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A        

 

 

 

B           C               D 

 
Figure 24: Effects of CD63 positive plasma derived extracellular vesicles of young donors on the 

osteogenic differentiation capacity of ASCs. 

(A) Bright field  microscopy images of ASCs exposed to the total extracellular vesicle containing fraction 

(EV), the fraction depleted of CD63 positive EVs (CD63-) and unexposed ASCs. (B) Mineralization of 

ASCs exposed to the CD63- fraction, the total EV fraction (tEV) or of unexposed ASCs was evaluated by 

Alizarin Red staining. The released dye was quantified by microplate reader at 425nm. Osteogenic 

differentiation was decreased when cells were exposed to the EV fraction depleted of CD63 positive 

vesicles. (C) Alkaline Phosphatase (ALP) activity was quantified by microplate reader at 405nm. Activity 

was significantly decreased when cells were exposed to the EV fraction depleted of CD63 positive 

vesicles. (D) Relative fold change of Osteonectin (ON) mRNA levels of ASCs were evaluated by qPCR 

and normalized to GAPDH. ON mRNA levels were significantly decreased when cells were exposed to the 

EV fraction depleted of CD63 positive vesicles. 

ns: not significant, *:  p<0.05, **:  p<0.01, ***:  p<0.001 in comparison to control. Data are presented as 

mean values ± SD and were statistically analysed using one way ANOVA followed by a Bonferroni test to 

compare every pair of means , n=4. 
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8.3.1.2 Galecin-3 and osteogenic differentiation 

CD63 positive extracellular vesicles of donors younger than 25 years were shown to 

have a positive effect on osteogenesis. Consequently we were interested which 

vesicularly delivered effector molecules are mediating this positive effect. Since 

Galectin-3 is known to be a component of extracellular vesicles (Hughes 1999) and to 

impact on β-Catenin degradation (Shimura et al. 2005) we focused on its role in 

osteogenic differentiation. When testing for Galectin-3 mRNA expression levels during 

the process of osteogenic differentiation, mRNA level of Galectin-3 peaked at day 9 after 

inducing osteogenic differentiation compared to undifferentiated cells (Figure 25).  

 

 
Figure 25: Galectin-3 and osteoblastogenesis  

Relative fold change of Galectin-3 mRNA levels over a time course of 21 days of differentiated und 

undifferentiated ASCs were evaluated by qPCR and normalized to GAPDH. Galectin-3 mRNA 

transcription was significantly increased and peaked at day 9 in ASCs which were induced to undergo 

osteogenesis (grey squares) compared to undifferentiated ASCs (black dots). N=4 
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8.3.1.3 Knock down of Galectin-3 inhibits osteogeni c differentiation in vitro and in 

vivo  

In order to test whether Galectin-3 is not only regulated during osteogenesis but also 

influencing the differentiation process, Galectin-3 knock down was mediated by siRNA in 

ASCs. Transfection success was confirmed by comparing intracellular Galectin-3 protein 

level of siRNA against Galectin-3 and non-targeting control transfected cells using 

Western blot (Figure 26A). ASCs expressing reduced intracellular Galectin-3 levels 

showed a significantly decreased osteogenic differentiation capacity as quantified by 

Alizarin Red staining (Figure 26B), ALP activity assay (Figure 26C) and qPCR on the 

osteogenic marker Osteonectin (Figure 26C) compared to non-targeting control 

transfected cells. 

 

A          B 

       
C          D 

  
Figure 26: Influence of Galectin-3 knock down on os teogenic differentiation capacity of ASCs. 
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(A) Detection of total Galectin-3 and GAPDH protein levels by Western blot in protein lysates derived from 

ASCs transfected with siRNA against Galectin-3 (siGal3) or with the corresponding non-targeting control 

(siC). (B) Mineralization of siGal3 or siC transfected ASCs was evaluated by Alizarin Red staining. The 

released dye was quantified by microplate reader at 425nm. Osteogenic differentiation was reduced in 

siGal3 transfected ASCs compared to control transfected cells. (C) Alkaline Phosphatase (ALP) activity 

was quantified by microplate reader at 405nm. Activity was significantly decreased in siGal3 transfected 

ASCs compared to non-targeting control transfected cells. (D) Relative fold change of Osteonectin (ON) 

mRNA levels of ASCs were evaluated by qPCR and normalized to GAPDH. ON mRNA levels were 

significantly decreased in siGal3 transfected ASCs compared to non -targeting control transfected cells. 

**:  p<0.01, ***:  p<0.001 in comparison to control (siC). Data are presented as mean values ± SD and 

were statistically analysed using unpaired t test , n=4. 

. 

Since reduced Galectin-3 levels negatively impact on osteogenic differentiation capacity 

of ASCs in vitro we tested whether also Galectin-3 knockout mice exhibit a bone 

phenotype. Therefore femurs of 6 female Galectin-3 knockout mice and 1 male knock 

out mouse and their corresponding gender matched wild type littermates were examined 

by µ-computed tomography. Mice are characterized in Table 21. 

 

Table 21: Characterization of mice in knock out exp eriments 

Date of birth as well as age at sacrifices are listed for all pairs consisting of one Galectin-3 knock out 

mouse and its age and gender matched corresponding wild type littermate. f=female, m=male  

Age at sacrificec  Gender Date of birth 

17 weeks f 14.01.2014 

18 weeks f 12.06.2013 

18 weeks m 12.06.2013 

19 weeks f 23.12.2013 

20 weeks f 29.09.2013 

21 weeks f 15.09.2013 

22 weeks f 18.06.2013 

 

In particular cortical parameters were measured at femoral mid shaft and trabecular 

parameters at femoral distal metaphysis 

When comparing all trabecular parameters of female knockout mice to their 

corresponding wild type littermates, Wilcoxon matched pairs test revealed no significant 

influence of the genetic background on the trabecular bone volume to tissue volume 

ratio (Figure 27A), the trabecular number (Figure 27B), the trabecular thickness (Figure 
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27C) or the trabecular separation (Figure 27D). However, further correction for 

parameters like the weight or the length of these mice might influence statistical 

analysis. On the other hand examination of femoral cortical thickness of 18 and 22 

weeks old couples demonstrated no significant influence of the genetic background as 

analysed by Wilcoxon matched pairs test (Figure 27E). Due to the small sample number 

of male littermates only descriptive analysis was performed. Interestingly there seems to 

be no negative but rather a positive effect of the Galectin-3 knockout in the male mouse 

compared to its wild type littermate (Figure 27F).  

 

A                                             B 

 

 

 

C                                             D 
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E                                             F 

 

 

Figure 27: Analysis of femoral bone microarchitectu re from 7 Galectin-3 knockout mice compared 

to corresponding wild type littermates.  

(A-E) Trabecular as well as cortical parameters of 17, 18, 19, 20, 21 or 22 weeks old female Galectin-3 

knock out (KO) or wild type (WT) littermates. In order to test for the influence of the genetic background 

Wilcoxon matched pairs test was performed for trabecular parameters such as (A) the ratio bone volume 

to tissue volume (BV/TV), (B) number (Tr.No.), (C) thickness (Tr.Th), (D) separation (Tr.Sp.) as well as (E) 

cortical thickness (Co.Th.). (F) Trabecular as well as cortical parameters of 18, weeks old male Galectin-3 

knock out (KO) or wild type (WT) couple. Due to the small sample number no statistical analysis was 

performed. 
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8.3.1.4 Galectin-3 overexpression boosts osteogenic differe ntiation in vitro  

A lack of Galectin-3 inhibits osteogenic differentiation as shown above. Consequently we 

were interested whether Galectin-3 overexpressing ASCs exhibit an enhanced 

osteogenic differentiation capacity. Several optimization steps for successful transient 

transfection of ASCs resulted in a transfection efficiency of more than 90% as analysed 

by flow cytometry 48h post electroporation (Figure 28A). After optimizing the transfection 

conditions the effect of Galectin-3 on osteogenesis was investigated by Galectin-3 

overexpressing to empty vector control transfected cells. Overexpression of Galectin-3 

in Galectin-3 expression construct compared to empty vector control transfected ASCs 

was confirmed by Western blot (Figure 28B). Galectin-3 overexpressing cells exhibited a 

significantly increased osteogenic differentiation capacity as quantified by Alizarin Red 

staining (Figure 28C), ALP activity assay (Figure 28D) and qPCR on Osteonectin 

(Figure 28E).  

 

A                             B 

 
 

C        D                      E 
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Figure 28: Influence of Galectin-3 overexpression o n osteogenic differentiation capacity of ASCs.  

(A)Flow cytometry analysis comparing GFP expression construct transfected ASCs (green population) to 

untransfected ASCs (red population) shows a transfection efficiency of more than 90%. (B) Detection of 

Galectin-3 normalized to GAPDH protein levels by Western blot in protein lysates derived from ASCs 

transfected with Galectin-3 overexpression construct (Gal3) or with the corresponding empty vector 

control (C). The last lane shows the ladder (L) (C) Mineralization of Gal3 or control transfected ASCs was 

evaluated by Alizarin Red staining. The released dye was quantified by microplate reader at 425nm. 

Osteogenic differentiation was enhanced in Gal3 transfected ASCs compared to control transfected cells. 

(D) Alkaline Phosphatase (ALP) activity was quantified by microplate reader at 405nm. Activity was 

significantly increased in Gal3 transfected ASCs compared to empty vector control transfected cells. (E) 

Relative fold change of Osteonectin (ON) mRNA levels of ASCs were evaluated by qPCR and normalized 

to GAPDH. ON mRNA levels were significantly increased in Gal3 transfected ASCs compared to control 

transfected cells.  

*:  p<0.05, ***:  p<0.001 in comparison to control (C). Data are presented as mean values ± SD and were 

statistically analysed using unpaired t test, n=4. 

. 
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8.3.1.5 Galectin-3 and osteogenic differentiation c apacity 

Since Galectin-3 overexpression impacts on osteogenesis we were curious to see 

whether intracellular Galectin-3 protein levels of ASCs might be a useful biomarker for 

their differentiation capacity. Therefore we compared ASCs from 9 different donors. 

Donor characteristics are listed in detail in Table 22. 

 

Table 22: Characterisation of ASC donors to determi ne the impact of intracellular Galectin-3 

ASCs isolated from adipose tissue of nine different donors (HUF803, 846, 851, 864, 871, 887, 900, 904 

and 957) were used in order to determine intracellular Galectin-3 as well as β-Catenin levels and to 

examine their osteogenic differentiation capacity. The donors gender, year of birth as well as the site of 

liposuction were cells were isolated from are listed in detail. f=female 

Donor No. Gender Age at liposuction [years] Site of liposuction 

 HUF 803 f 45 femoral 

HUF 846 f 21 femoral and abdominal 

 HUF 851 f 25 femoral 

HUF 864 f 35 femoral 

 HUF 871 f 26 femoral 

HUF 887 f 25 femoral 

HUF 900 f 48 femoral 

HUF 904 f 24 femoral 

HUF 957 f 43 knee 

 

Microscopy pictures of ASCs of all donors have been made before protein was extracted 

or cells were seeded for subsequent induction of osteogenic differentiation to examine 

donor dependent variations in morphology (Figure 29A). Subsequently their Galectin-3 

(Figure 29B) as well as β-Catenin (Figure 29B) protein levels were quantified by 

Western blotting. Interestingly correlation analysis revealed that Galectin-3 (Figure 29C) 

as well as β-Catenin (Figure 29D) protein levels significantly correlate with their Ca2+ 

deposition capability. Furthermore the levels of intracellular Galectin-3 and β-Catenin 

correlated with each other (Figure 29E). Because of the small number of ASCs derived 

from donors older than 50 years only descriptive analysis of the age dependent 

influence on intracellular Galectin-3 or β-Catenin protein levels as well as on ASCs 

osteogenic differentiation capacity can be performed. However, there seems to be a 

trend towards reduced Galectin-3 (Figure 29F) and β-Catenin (Figure 29G) levels as 

well as osteogenic differentiation capacity (Figure 29H) of ASCs derived from donors 
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older than 40 years. In this regard several in vitro and in vivo experiments revealed a 

reduction in the osteogenic differentiation potential of MSCs isolated from elderly donors 

as excellently reviewed by Lepperdinger (Lepperdinger 2011). 

 

A 

 

 

 

B 
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C           D       E 

 
 

 

 F           G       H 

 
Figure 29: Intracellular Galectin-3 protein levels of ASCs derived from different donors 

(A) Bright field microscopy images of ASCs derived from 9 different donors 3 days after toughing. (B)  

Detection of total β-Catenin and Galectin-3 normalized to GAPDH protein levels by Western blot in protein 

lysates derived from ASCs isolated from 9 different donors before induction of osteogenic differentiation. 

(C) Spearman correlation of Galectin-3 protein levels before induction of osteogenic differentiation and 

mineralization capacity of ASCs. (D) Spearman correlation of β-Catenin protein levels before induction of 

osteogenic differentiation and mineralization capacity of ASCs. (E) Pearson correlation of Galectin-3 

protein levels and β-Catenin protein levels. (F) Comparison of intracellular Galectin-3 protein levels of 

ASCs from different donors to the corresponding donors age reveals a trend towards downregulated 

Galectin-3 levels of donors older than 40 years. (G) Comparison of intracellular β-Catenin protein levels of 

ASCs from different donors to the corresponding donors age reveals a trend towards downregulated β-

Catenin levels of donors older than 40 years. (H) Comparison of the mineralization capacity of ASCs from 

different donors after induction of osteogenesis to the corresponding donors age reveals a trend towards 

downregulated osteogenic differentiation capacity of donors older than 40. N=9  
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8.3.1.6 Vesicular Galectin-3 in vivo and its impact on osteogenesis in vitro  

8.3.1.6.1 Galectin-3 protein levels of plasma derived extracellular vesicles 

Summarizing we found that CD63 positive extracellular vesicles isolated from the 

plasma of young individuals as well as enhanced levels of intracellular Galectin-3 in 

ASCs facilitate osteogenesis. Consequently the question arose whether there are age 

dependent differences in the amount of vesicularly secreted Galectin-3. Therefore we 

confirmed the presence of Galectin-3 within plasma derived CD63 positive extracellular 

vesicles purified by anti-CD63 immunoprecipitation using Western blot (Figure 30A). 

Subsequent analysis of vesicular as well as total plasma Galectin-3 protein levels by 

ELISA revealed a significant reduction of Galectin-3 protein levels in individuals older 

than 55 years compared to donors younger than 25 years (Figure 30B). In addition a 

highly significant correlation of vesicular and plasma Galectin-3 protein levels was 

confirmed by Spearman correlation (Figure 30C). 

 

A          B              C 

       
Figure 30: Plasma derived vesicular Galectin-3 leve ls  

(A) Detection of Galectin-3 and CD63 protein by Western blot in protein lysates derived from anti-CD63 

immunopurified plasma derived extracellular vesicles. (B) Galectin-3 protein levels in extracellular vesicles 

of donors younger than 25 (YV) or older than 50 years (EV) as well as total plasma levels of young (Y) 

and elderly (E) donors were analysed by ELSIA. Vesicular and total plasma Galectin-3 protein levels 

significantly decrease with age. Grubbs´ analysis identified an outlier in the elderly population (highlighted 

in red) who was excluded from subsequent statistical analysis. *:  p<0.05, **:  p<0.01 in comparison to 

protein levels of elderly. Data are presented as mean values ± SD and were statistically analysed using 

Mann-Whitney test since D'Agostino & Pearson omnibus normality test did reveal that data are not 

Gaussian distributed (C) Spearman correlation analysis of vesicular as well as total plasma Galectin-3 

protein level reveals a highly significant (p<0,001) linear connectivity. Spearman correlation coefficient: r= 

0.952. N=10.  
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8.3.1.6.2 Applicability of the in vitro test system 

By now the positive effect of extracellular vesicles derived from young donors on 

osteogenesis and their enrichment in pro-osteogenic acting Galectin-3 has been 

demonstrated. Next we tested whether levels of vesicularly secreted Galectin-3 

influence osteogenic differentiation capacity as well. While searching for an appropriate 

in vitro vesicle producing cell system we tested endothelial cells for their usefulness 

since endothelially derived EVs were already shown before to have an influence on 

osteogenesis (Figure 5) and to be able to transfer microRNAs to ASCs (Figure 15). 

Consequently we were interested whether also proteins or coding RNA might be 

transferred by this mechanism.  

Therefore young quiescent endothelial cells were transfected with pmaxGFP, a green 

fluorescent proteins (GFP) overexpressing construct, by electroporation. GFP is a 

protein with no homolog in Homo sapiens. 24h post transfection the medium was 

changed to aspirate remaining plasmids and after a secretion period of 48h extracellular 

vesicles were isolated by differential centrifugation. Subsequently ASCs were exposed 

for 72 hours to EVs before osteogenesis was induced. The experimental design is 

graphically outlined in Figure 31.A. Figure 31.B shows GFP expressing pmaxGFP 

transfected HUVECs as compared to untransfected cells. Analysing the transfection 

efficiency by flow cytometry revealed that 99% of all viable cells were successfully 

transfected (Figure 31C). In order to demonstrate that extracellular vesicles derived from 

transfected HUVECs indeed contain GFP, purified vesicles were analysed for their 

mRNA (Figure 31D) as well as protein content (Figure 31E). Vesicles isolated from 

pmaxGFP transfected cells encapsulated high levels of GFP mRNA compared to 

untransfected HUVECs but no GFP protein was detected in comparison to normal ASCs 

as negative and GFP expressing HUVECs as positive control. After co-incubation of 

ASCs with EVs for 72h fluorescence microscopy images were taken. ASCs exposure to 

EVs isolated from GFP expressing HUVECs exhibited an intracellular GFP signal 

(Figure 31F) as well as enhanced intracellular GFP mRNA levels (Figure 31G) 

compared to cells exposed to vesicles of untransfected endothelial cells indicating that 

endothelially derived vesicles do not only transfer their mRNA to ASCs but that the 

delivered messages are not degraded but indeed translated by the host cell. Finally we 

wanted to test whether HUVECs secrete Galectin-3 containing extracellular vesicles and 
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might therefore qualify as a possible in vivo source of vesicular Galectin-3 in plasma. 

Immunopurification of endothelial derived EVs by the aid of anti-CD63 revealed that 

Galectin-3 is indeed vesicularly secreted by these cells (Figure 31H).  
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F          G           H 

 

 

Figure 31: Transfer of endothelial derived genetic information to ASCs by extracellular vesicles. 

(A) Schematic outline of experimental design: Endothelial cells (ECs) were transfected with a GFP 

overexpression construct (GFP) or not transfected (untransfected). 24h post transfection the medium was 

changed and after an additional secretion period of 48h EVs were isolated by differential centrifugation. 

Isolated EVs derived from transfected or untransfected cells were co-incubated with ASCs for 72h. (B) 

Bright field (BF) and fluorescence (FL) microscopy images of endothelial cells transfected with a GFP 

overexpression construct (GFP) or untransfected cells (untransfected) as control. (C) Flow cytometry 

analysis comparing GFP transfected ECs (green population) to untransfected ECs (red population) 

demonstrates a transfection efficiency of more than 99%. (D) Relative fold change of GFP mRNA levels 

within EVs normalized to the number of donor cells were evaluated by qPCR. (E) Detection of GFP and 

GAPDH protein levels by Western blot in protein lysates derived from endothelial cells transfected with 

GFP overexpression construct (GFP HUVECs), ASCs before exposure to EVs or EVs isolated from GFP 

HUVECs (GFP EV). (F) Bright field (BF) and fluorescence (FL) microscopy images of ASCs after 

exposure to EVs isolated from GFP expressing HUVECs (GFP) or untransfected cells (untransfected) for 

72h. (G) Relative fold change of GFP mRNA levels of ASCs were evaluated by qPCR and normalized to 

GAPDH. GFP mRNA levels were significantly increased in cells after exposure for 3 days to EVs isolated 

from GFP expressing HUVECs (72h) as compared to the ASCs before co-incubation with EVs (t=0). (H) 

Detection of Galectin-3 and CD63 protein by Western blot in protein lysates derived from anti-CD63 

immunoprecipitated endothelial derived extracellular vesicles. 

***:  p<0.001 in comparison to control. Data are presented as mean values ± SD and were statistically 

analysed using unpaired t test , n=4. 

. 
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8.3.1.6.3 Vesicular Galectin-3 levels impact on osteogenic differentiation capacity 

In order to test whether vesicular Galectin-3 levels impact on osteogenesis of ASCs, 

HUVECS were transfected with siRNA against Galectin-3 or the corresponding non-

targeting control. After 24h the medium was changed in order to remove not cellularly 

incorporated siRNA. Subsequently vesicles were isolated after an additional secretion 

period of 48h. Taking account of small differences in the number of vesicle producing 

donor cells after transfection, the appropriate volume of extracellular vesicles was added 

to ASCs for 72h. Subsequently osteogenic differentiation was induced. ASCs exposed to 

extracellular vesicles isolated from siRNA transfected HUVECS exhibited a reduced 

osteogenic differentiation capacity as quantified by Alizarin Red staining (Figure 32A) 

and by qPCR on the early osteogenic marker ALP (Figure 32B).  

On the other hand osteogenesis was significantly increased as quantified by Alizarin 

Red staining (Figure 32C ) and by qPCR on ALP (Figure 32D) when ASCs were 

exposed to vesicles derived from Galectin-3 overexpressing cells as compared to cells 

co-incubated with extracellular vesicles derived from empty vector control transfected 

HUVECs. Summarizing these data indicate that vesicular Galectin-3 levels indeed 

impact on osteogenesis. 

 

A          B   
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C          D   

 

Figure 32: Vesicular Galectin-3 impacts on osteogen esis 

(A) Mineralization of ASCs exposed to siRNA against Galectin-3 (siGal3) or corresponding non-targeting 

control (siC) transfected endothelial cells was evaluated by Alizarin Red staining. The released dye was 

quantified by microplate reader at 425nm. Osteogenic differentiation was reduced in ASCs co-incubated 

with vesicles derived from HUVECs expressing less Galectin-3 (siGal3) as compared to cells exposed to 

extracellular vesicles of control transfected HUVECs (siC). (D) Relative fold change of alkaline 

phosphatase (ALP) mRNA levels of ASCs were evaluated by qPCR and normalized to GAPDH. ALP 

mRNA levels were significantly reduced in ASCs exposed to vesicles derived from HUVECs exhibiting 

reduced levels of Galectin-3. (C) Mineralization of ASCs exposed to Galectin-3 plasmid (Gal-3) or empty 

vector (C) transfected endothelial cells was evaluated by Alizarin Red stainings. The released dye was 

quantified by microplate reader at 425nm. Osteogenic differentiation was enhanced in ASCs co-incubated 

with vesicles derived from Galectin-3 overexpressing HUVECs as compared to cells exposed to 

extracellular vesicles of empty vector transfected HUVECs. (D) Relative fold change of alkaline 

phosphatase (ALP) mRNA levels of ASCs were evaluated by qPCR and normalized to GAPDH. ALP 

mRNA levels were significantly increased in ASCs exposed to vesicles derived from Galectin-3 

overexpressing HUVECs. 

*:  p<0.05, ***:  p<0.001 in comparison to control. Data are presented as mean values ± SD and were 

statistically analysed using unpaired t test , n=4. 

. 
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8.3.1.7 Molecular mechanism of Galectin-3s osteogen esis facilitating activity 

 

8.3.1.7.1 Galectin-3 influences Runx-2 expression levels 

Since Runx-2 is known to be a key transcription factor in the osteogenic differentiation 

process we wanted to test whether Galectin-3 overexpression has an effect on Runx-2 

expression. Therefore ASCs were transfected with the Galectin-3 overexpression 

plasmid or the corresponding empty vector as control. Transfection success was 

confirmed by Western blot (Figure 33A). Again Galectin-3 overexpression in ASCs led to 

an enhanced mineralization capacity as quantified by Alizarin Red staining (Figure 33B) 

and to increased ALP m-RNA levels as quantified by qPCR (Figure 33C). When testing 

for Runx-2 mRNA levels during the process of osteogenesis Galectin-3 overexpressing 

cells exhibited an earlier induction of Runx-2 as compared to empty vector control 

transfected cells at day 4 after induction of osteogenic differentiation, while at later time 

points the levels converge on a same level (Figure 33D).  

 

A          B 
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C          D 

 
Figure 33: Galectin-3 influences Runx-2 

(A) Detection of Galectin-3 normalized to GAPDH protein levels by Western blot in protein lysates derived 

from ASCs transfected with Galectin-3 overexpression construct (Gal3) or with the corresponding empty 

vector control (C). (B) Mineralization of Galectin-3 overexpressing or control ASCs was evaluated by 

Alizarin Red staining. The released dye was quantified by microplate reader at 425nm. Osteogenic 

differentiation was enhanced in Galectin-3 overexpressing ASCs (Gal3) compared to empty vector control 

transfected cells (C). (C) Relative fold change of ALP mRNA of Galectin-3 overexpressing or control 

transfected ASCs was evaluated by qPCR and normalized to GAPDH. ALP mRNA levels were 

significantly increased in ASCs transfected with a Galectin-3 overexpression construct (Gal-3) compared 

to empty vector control transfected ASCs (C). (D) Relative fold change of Runx-2 mRNA levels during 

osteogenic differentiation over a time course of 18 days. Runx-2 mRNA levels of Galectin-3 

overexpressing (Gal-3) or control transfected cells (C) were evaluated by qPCR and normalized to 

GAPDH. Runx-2 mRNA transcription was already significantly increased at day 4 of differentiation in 

Galectin-3 overexpressing ASCs (Gal3) compared to empty vector control transfected cells (C) Levels of 

empty vector control transfected cells are displayed as black dots and data obtained from Galectin-3 

overexpressing cells as grey dots. 

***:  p<0.001 in comparison to control (C). Data are presented as mean values ± SD and were statistically 

analysed using unpaired t test , n=4. 
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8.3.1.7.2 Serine 96 phosphorylated Galectin-3 and its impact on β-Catenin degradation 

Galectin-3 influences the expression of Runx-2 (Figure 33) and has previously been 

described to impact on the degradation process of β-Catenin possibly by its Serine 96 

phosphorylation site. Therefore we tested whether Serine 96 to alanine, in order to 

mimic unphosphorylated protein, or Serine 96 to aspartic acid, to simulate 

phosphorylation, Galectin-3 mutants impact on osteogenic differentiation capacity 

similarly to the wild type protein. In addition we also tested for their influence on cellular 

β-Catenin levels. Three independent experiments with ASCs isolated from two different 

donors (HUF846, HUF864) were performed. Donors are characterised in Table 23. 

 

Table 23: Characterisation of ASC donors for Galect in-3 mutant experiments 

ASCs isolated from adipose tissues of two different donors (HUF846 and 864) were used in order to 

examine the effect on their osteogenic differentiation capacities upon transfection with wild type or mutant 

Galectin-3 expression constructs. The donors number, gender, year of birth as well as the site of 

liposuction were cells were subsequently isolated from are listed. f=female,  

Donor ID. Gender Age at liposuction [years] Site of liposuction 

HUF 846 f 21 femoral and abdominal 

HUF 864 f 35 femoral 

 

 

Successful overexpression of Galectin-3 wild type (G) as well as its serine 96 to alanine 

(A) and serine 96 to aspartic acid (D) mutants was checked by Western blot. While 

donor HUF846 exhibited increased Galectin-3 protein levels under all protein expressing 

conditions compared to empty vector control transfected cells (C) (Figure 34A), 

overexpression of mutant D in Donor HUF864 did not lead to enhanced Galectin-3 

expression levels in the first experiment (Figure 34B). Therefore experiments on ASCs 

derived from donor HUF864 were performed again and in this case overexpression 

turned out to work properly (Figure 34C). When testing for the effect of Galectin-3 wild 

type overexpression on β-Catenin protein levels no trend was observable. While 

overexpression of Galectin-3 in ASCs from donor HUF846 led to decreased β-Catenin 

levels (Figure 34A), 3.9 fold overexpression of Galectin-3 in ASCs derived from donor 

HUF864 resulted in enhanced β-Catenin levels (Figure 34B) while a 1.74 fold increase 

of Galectin-3 caused slightly reduced β-Catenin levels in the second experiment (Figure 
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34C). However, successful overexpression of Galectin-3 mutants consistently led to 

reduced β-Catenin levels under all experimental conditions (Figure 34A, B, C). When 

testing for the osteogenic differentiation capacity, overexpression of wild type Galectin-3 

resulted in an enhanced mineralization capacity in all experiments on ASCs from donor 

HUF864 (Figure 34D) but did not reach significance in cells obtained from HUF846. 

Overexpression of both Galectin-3 mutants caused a decrease in osteogenic 

differentiation capacity compared to wild type Galectin-3 overexpressing cells under all 

experimental conditions emphasizing the importance of a functional Serine 96 

phosphorylation site for Galectin-3s pro-osteogenic effect. 

 

A       B             C 

 

 

D 

 

 
Figure 34: Influence of Serine 96 Galectin-3 mutant s on osteogenic differentiation capacity. 

ASCs derived from two different donors (donor I, donor II) were used. (A) Detection of total β-Catenin and 

Galectin-3 normalized to GAPDH protein levels by Western blot in protein lysates derived G, C, A and D 

ASCs of donor I. Galectin-3 overexpression as well as a reduction of β-Catenin in G, A and D cells was 

confirmed as compared to C cells. (B) Detection of total β-Catenin and Galectin-3 normalized to GAPDH 

protein levels by Western blot in protein lysates derived G, C, A and D ASCs of donor II. Galectin-3 

overexpression in G and A but not in D cells was confirmed as compared to C cells. Increased levels of β-
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Catenin in G cells but a reduction in A cells was observed. (C) Detection of total β-Catenin and Galectin-3 

normalized to GAPDH protein levels by Western blot in protein lysates derived G, C, A and D ASCs of 

donor II in a second experiment. Galectin-3 overexpression and a reduction in β-Catenin levels was 

confirmed in G, A and D cells as compared to C ASCs. (D) Mineralization of G, C, A and D ASCs derived 

from two different donors was evaluated by Alizarin Red staining. The released dye was quantified by 

microplate reader at 425nm. Osteogenic differentiation was enhanced in G ASCs compared to C cells but 

did only reach significance in cells derived from donor II. Furthermore A and D ASCs exhibited a reduced 

differentiation capacity in contrast to G cells under all experimental conditions.* p<0.05;  ***:  p<0.001 in 

comparison to indicated control (C). Data are presented as mean values ± SD and were statistically 

analysed by one way ANOVA followed by a Bonferroni test to compare every pair of means.  

C…Empty vector transfected ASCs, G…Wild type Galectin-3 plasmid transfected cells, A…Serine 96 to 

Alanine Galectin- 3 mutant expression plasmid transfected cells, D…Serine 96 to Aspartic acid Galectin- 3 

mutant plasmid transfected cells  
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8.4 MicroRNAs and osteoporosis 

In a first step the secretory levels of 175 microRNAs were analysed in 7 patients 

suffering from a femoral neck osteoporotic fracture as well as 7 unfractured aged 

matched controls. Donors are characterised in detail in  

 

Table 24.  

 

Table 24: Characterisation of plasma donors. 

Samples from 7 patients suffering from an osteoporotic fracture (femoral neck) and 7 unfractured donors 

(unfractured) were analysed. The donors age, the body mass index (BMI), the T-score as measured by 

femoral and vertebral DEXA, levels of 1.25(OH)2 Vitamin D and parathyroid hormone (PTH) as well as the 

elapsed time between the surgery and blood sampling are listed in detail.  

Donor Fracture 

Age 

(years) BMI T-score  

Hydoxy-Vitamin D  

(µg/l) 

PTH 

 (ng/L) 

Sampling day 

post surgery  

1 Femoral neck  62 17,30 n/a 9,9 20 9 

2 Femoral neck 64 27,89 n/a 10,1 59 12 

3 Femoral neck 82 23,14 -0,3 21,9 39 10 

4 Femoral neck 72 19,49 n/a 14,1 44 17 

5 Femoral neck 71 25,46 -2,5 24,3 32 10 

6 Femoral neck 87 25,10 -0,4 6,2 137 7 

7 Femoral neck 69 25,04 n/a 18,5 n/a 14 

8 Unfractured 78 28,00 -1,4 21,7 40 

 9 Unfractured 70 32,30 1,1 26,8 33   

10 Unfractured 67 31,60 2,3 13,2 37 

 11 Unfractured 69 27,30 -1,0 9,9 65   

12 Unfractured 80 28,00 3,0 43,8 33 

 13 Unfractured 72 24,50 -1,6 11,9 48   

14 Unfractured 61 35,50 -1,1 13,1 41 

 

In order to compare both groups values of each parameter were tested for Gaussian 

distribution by D'Agostino & Pearson omnibus normality test. Besides the hormone 

levels for parathyroid hormone (PTH) (p<0,001) and 1.25(OH)2 Vitamin D (p<0,001) all 

parameters were not significantly Gaussian distributed. Subsequently unpaired t-tests in 

the case of PTH and 1.25(OH)2 Vitamin D as well as Mann Whitney tests for the 

remaining parameters were performed. No significant differences were observed 

between the fractured and the unfractured group regarding the age (Figure 35A), PTH 

(Figure 35B) and 1.25(OH)2 Vitamin D (Figure 35C) levels as well as the T-score (Figure 
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35D). However, both groups differed significantly in the body mass index (BMI) (Figure 

35E). 

 

A             B        C  

 

 

D            E    

 
Figure 35: Statistical comparison of fractured vs. unfractured group 

(A-E) Statistical analysis by two tailed unpaired t-test in the case of PTH and 1.25(OH)2 Vitamin D or two 

tailed Mann Whitney tests for the remaining parameters. No significant differences in fractured patients 

compared to unfractured individuals were observed in regard of (A) age, (B) PTH, (C) 1.25(OH)2 Vitamin 

D, and (D) T-score. (E) Both groups differed significantly in body mass index (BMI). (A-E) Data are 

presented as mean values ± SD and were statistically analysed using unpaired t-test or Mann Whitney 

tests. n.s.: not significant; * = p<0,05, n=14. 

 

Tests for correlation between the T-score, the BMI and both hormone levels revealed no 

significant correlation between PTH and 1.25(OH)2 Vitamin D levels as analysed by 

Pearson correlation. In addition the T-score neither significantly correlated with BMI and 

PTH nor with 1.25(OH)2 Vitamin D levels as tested by Spearman correlation analysis 

(Figure 36). 
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Figure 36: Graphical display of parameters from pat ients and unfractured individuals. 

Body mass index (BMI), PTH and 1.25(OH)2 Vitamin D levels are blotted against the corresponding T-

score for each donor. N=14 

 

Pearson correlation of all 175 analysed microRNAs against miR-451a-5p, a typical 

marker for haemolysis, was performed and 10 significantly correlating microRNAs were 

identified and excluded from further statistical analysis. Subsequent explorative data 

analysis with the aid of principal components analysis and hierarchical clustering did not 

identify distinct patterns in the dataset (data not shown). However statistical analysis on 

the expression levels by unpaired t-test revealed 5 differentially secreted microRNAs. 

While miR-10a-5p (miR-10a), 10b-5p (miR-10b) and miR-22-3p (miR-22) have been 

shown to be upregulated miR-133b and miR-328-3p were significantly downregulated in 

fractured patients compared to unfractured individuals. Subsequent test for Gaussian 

distribution confirmed that all 5 differently regulated microRNAs passed the Shapiro-Wik 

normality test (data not shown) 

In order to investigate whether these microRNAs have an effect on osteoblastogenesis 

in vitro, ASCs of three different donors (HUF803, 812, 851) were transfected with the 

microRNAs which were found to be upregulated in fractured patients besides miR-10a 

since it differs only in one nucleotide from miR-10b and is less abundant in plasma 

samples compared to miR-10b. Furthermore ASCs were transfected with microRNA-

inhibitors against miR-328 (a-miR-328). MicroRNA inhibitors are complementary to the 

mature microRNA. Therefore they bind to their target and inhibit its activity (Weiler et al. 

2006). We did not transfect ASCs with an inhibitor against miR-133b since miR-133b is 

a muscle cell specific microRNA and therefore only expressed at very low levels in 
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ASCs (Koutsoulidou et al. 2011; Trompeter et al. 2013). All three ASC donors are 

characterized in Table 25. 

 

Table 25: Characterisation of ASC donors for transf ection experiments 

ASCs isolated from adipose tissues of three different donors (HUF803, 812 and 851) were used in order 

to examine the effect on their osteogenic differentiation capacities upon transfection with various 

microRNAs or microRNA inhibitors. The donors gender, year of birth as well as the site of liposuction were 

cells were subsequently isolated from are listed in detail. f=female, m=male 

Donor number Gender Age at liposuction [years] Site of liposuction 

HUF 803 f 45 femoral 

HUF 812 f 39 femoral and abdominal 

HUF 851 f 25 femoral 

 

Since a recently published paper analysed circulating microRNA levels in sera of 

osteoporotic patients and unfractured age matched controls we decided to test a choice 

of those differentially expressed candidates on their effect on osteoblastogenesis as well 

(Seeliger et al. 2014). In particular miR-21-5p (miR-21), miR-24-3p (miR-24) and miR-

100-5p (miR-100) which were shown to be upregulated in the serum as well as in the 

bone tissue of osteoporotic patients and miR-148a-3p (miR-148a) which was only 

upregulated in the serum of patients was tested (Seeliger et al. 2014). Since miR-637 is 

known to inhibit bone formation by targeting Runx-2 and Osterix (Zhang et al. 2011), we 

included this microRNA in our transfection experiments as a control although neither this 

nor the study of Seeliger and colleagues demonstrated that this microRNA is 

deregulated in patients suffering from osteoporosis (Seeliger et al. 2014).  

 

In order to quantify the influence of microRNA transfection on osteogenesis ALP activity 

assay, Alizarin Red staining and qPCRs on Osteonectin as well as Osteocalcin were 

performed in ASCs of three donors. ALP activity as well as Alizarin Red staining data 

strongly correlated with each other as analysed by Spearman correlation (p<0,001, 

r=0,825). However, neither OC nor ON mRNA fold change levels revealed a significant 

correlation to the mineralization capacity or the ALP activity. Therefore only ALP activity 

as well as Alizarin Red staining data were considered for subsequent interpretation 
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(Figure 37A). Statistical analysis by 2-way ANOVA to test whether the donor or the type 

of transfected microRNA has a significant influence on the mineralization capacity or the 

ALP activity revealed that both parameters have a highly significant influence (p<0,001) 

on the osteogenic differentiation process (Figure 37B).  

 

A          B  

                
Figure 37: Correlation analysis upon microRNA trans fections of ASCs from three different donors 

ASCs of three different donors (HUF803, 812 and 851) were transfected with miR-10b,, miR-21, miR-22, 

miR-24, miR-100, miR-148a, anti-miR-328 as well as miR-637. All data are displayed relative to 

corresponding non-targeting control transfection (A) Ca2+ deposition evaluated by Alizarin Red stainings 

as well as relative fold change of ON and OC analysed by qPCR were blotted against corresponding 

Alkaline Phosphatase (ALP) activity. Analysis by Spearman correlation revealed a significant correlation of 

ALP activity and Ca2+ deposition but no correlation of OC and ON mRNA levels with ALP activity or Ca2+ 

deposition. (B) ALP activity and Ca2+ deposition quantified by Alizarin Red stainings of donor HUF803, 

HUF812 or HUF851 transfected with different microRNAs were blotted against the corresponding 

parameters of HUF851 transfected cells. 2 way ANOVA reveals that the transfected micro-RNA as well as 

the donor have a significant influence on ALP activity as well as on Alizarin Red levels. N=14 

 

In particular miR-637 transfection success was confirmed by qPCR (Figure 38A, B). 

However, miR-637 transfected ASCs deriving from donor HUF812 exhibited a 

significantly enhanced differentiation capacity compared to non-targeting control 

transfected cells as quantified by ALP activity assay (Figure 38C) and Alizarin Red 

staining (Figure 38D). This observation is in contrast to the results obtained from donor 

HUF803 and HUF851 as well as to literature (Figure 38C, D) (Zhang et al. 2011). 

Therefore data from this donor were not considered furthermore.  
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A     B      C      D  

 
Figure 38: MiR-637 transfection 

(A-B)  Transfection success was confirmed by qPCR. Therefore obtained miR-637 cycle numbers of miR-

637 or non-targeting control transfected cells were normalized to corresponding (A) RNU6 or (B) 5S cycle 

numbers as reference RNA. Data are displayed as log2 miRNA 637 fold changes relative to non-targeting 

control. (C) Alkaline Phosphatase (ALP) activities of all miR-637 transfected cells was quantified by 

microplate reader at 405nm and normalized to corresponding non-targeting control transfected cells (D) 

Mineralization of transfected ASCs of three different donors was evaluated by Alizarin Red stainings. The 

released dye was quantified by microplate reader at 425nm and normalized to corresponding non-

targeting control transfected cells. (C-D) #: p<0.001 in comparison to non-targeting control transfected 

cells. Data are presented as mean values ± SD and were statistically analysed using Bonferroni test. N=3 

 

Next, transfection success of the remaining RNA transfections in cells deriving from 

donor HUF803 or HUF851 was controlled. By the use of U6 as reference RNA all RNA 

transfected cells exhibited at least an two-fold increase or downregulation of the 

corresponding microRNA compared to non-targeting control transfected cells (Figure 

39A). The same holds true when using 5S as reference RNA besides for miR-21 

transfected cells of HUF851 (Figure 39B). MiR-10b and miR-100 overexpressing ASCs 

of both donors exhibited a reduced differentiation capacity while transfection of miR-

148a led to enhanced osteogenesis as quantified by ALP activity assay (Figure 39C) as 

well as Alizarin Red staining (Figure 39D) Furthermore miR-21, miR-24 and miR-328 

overexpression caused a significant reduction of ostegenic differentiation in one of two 

donors as quantified by ALP activity assay (Figure 39C) and Alizarin Red staining 

(Figure 39D). Finally miR-22 transfected ASCs did not show a clear trend towards 

impaired osteoblastogenesis (Figure 39C, D). 
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A               B 

 

C               D 

 

 

Figure 39: Influence of osteoporosis associated mic roRNA overexpression on osteogenic 

differentiation capacity of ASCs. 

ASCs of two different donors (HUF803 and HUF851) were transfected with miR-10b (10b), miR-21 (21), 

miR-22 (22), miR-24 (24), miR-100 (100), miR-148a (148a) and an inhibitor against miR-328 (a-328). All 

data are displayed relative to corresponding non-targeting control transfection (A-B)  Relative fold change 

of indicated microRNA in miR-10b, 21, 22, 24, 100, 148-a as well as miR-328 inhibitor  transfected cells 

compared to non-targeting control transfected cells derived from two different donors (HUF803 and HUF 

851) was evaluated by qPCR and normalized to (A) U6 or (B) 5S. Transfection success was confirmed 

under all experimental conditions besides in miR-21 transfected cells of donor HUF851 when using 5S as 

reference RNA. (C) Alkaline Phosphatase (ALP) activity was quantified by microplate reader at 405nm 

and normalized to corresponding non-targeting control transfected cells (D) Mineralization of transfected 

ASCs was evaluated by Alizarin Red stainings. The released dye was quantified by microplate reader at 

425nm and normalized to corresponding non-targeting control transfected cells. (C-D) n.s.: not significant, 

+: p<0.05, *: p<0.01, #: p<0.001 in comparison to non-targeting control transfected cells. Data are 

presented as mean values ± SD and were statistically analysed using Bonferroni test. N=2 

 



DISCUSSION 

 

  
104 

 
  

9 Discussion 

Mesenchymal stem cells make up an important part of the organisms repair system 

(Caplan 2007). Reduced commitment of MSCs towards the osteogenic but also the 

chondrogenic lineage with age has already been reported. For example in rats an 

accumulation of preosteoblastic cells coupled with a decreased number of mature 

osteoblasts with age was observed , suggesting that impaired osteoblastogenesis is a 

potential mechanism for age-related impaired bone formation (Roholl et al. 1994). This 

hypothesis is further supported by the work of Föger-Samwald and colleagues who 

recently reported on a reduced expression of osteoblastogenesis relevant genes like 

Runx-2 and Osterix in hip biopsies of male patients suffering from age-related 

osteoporosis (Föger-Samwald et al. 2014). Similar to the gradual decline of osteogenic 

differentiation potential a reduction in the chondrogenic differentiation capacity of stem 

cells isolated from old rats has been observed (Zheng et al. 2007). Taken together 

these investigations suggest that the reduced replacement of specialised bone and 

cartilage forming cells indeed contributes to a decline in tissue functionality in vivo. 

Nowadays stem cell based therapies are thought to have a great therapeutic potential 

and are already in clinics (Le Blanc et al. 2004; Otsuru et al. 2012; Okamoto & 

Watanabe 2004). Therefore understanding the biology and the aging process of MSCs 

is of particular importance in order to identify factors that impact on their regenerative 

power especially in the case of elderly hosts in order to improve the therapeutic 

outcome.  

But which factors cause the age associated functional decline of MSCs? Besides 

several known intrinsic factors which have been demonstrated to impact on stem cells 

functionality (Shuanhu Zhou et al. 2008) first indications that also extrinsic factors of the 

systemic or local environment might contribute to this loss have been provided. 

Evidence accumulates that cell based therapies such as muscle transplantations are 

less efficient in elderly compared to young hosts (Carlson & Faulkner 1989). Secondly, 

when connecting the blood vessels of an elderly mouse to the circulation of a young 

mouse the regenerative capacity of the aged animal was improoved (Conboy et al. 

2005; Katsimpardi et al. 2014; Kaiser 2014; Sinha et al. 2014) and finally transplanted 

embryonic stem cells were not able to efficiently persist in the tissue of elderly 

individuals compared to young ones (Carlson & Conboy 2007). Taken together these 

studies indicate that environmental factors impact on stem cell functionality as well. 
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However, only a few secreted factors such as estrogen (Wilson & Thorp 1998) or 

growth hormones (Corpas et al. 1993) are known to contribute to the decline in bone 

anabolism caused by the aged systemic environment. Additionally influencial secreted 

factors might be provided by extracellular vesicles (EVs) since they are dectectable in 

most body fluids (Mathivanan, Ji, et al. 2010) for example in the blood (Gallo et al. 

2012) and are known to stabilize and protect their cargo efficiently from degradation 

(Chen et al. 2008; Mitchell et al. 2008). Furthermore cargo selection (Kowal et al. 2014) 

as well as delivery (Fevrier & Raposo 2004) by EVs was reported to be highly specific 

leading to the assumption that EVs contribute to cell non-autonomous cell-to-cell 

communication. Although their biogenesis, exact biological relevance as well as their 

cargo selection and cell targeting mechanism are still not completely elucidated several 

studies could demonstrate that the cargo of EVs changes in disease such as in cancer 

(Kharaziha et al. 2012) or Alzheimer’s disease (Bellingham et al. 2012). 

Therefore the effect of EVs isolated from conditioned medium of “in vitro aged” 

senescent endothelial cells or isolated from the plasma of elderly donors on the 

differentiation capacity of ASCs was investigated. The data presented indicates that 

extracellular vesicles have a donor-age dependent influence on the osteogenic as well 

as on the chondrogenic differentiation capacity of ASCs. While searching for vesicular 

factors that contribute to the inhibitory activity of EVs isolated from the plasma of elderly 

individuals on osteogenesis we found that pro-osteogenic Galectin-3 is absent while 

anti-osteogenic acting miR-31 is enriched in vesicles circulating in the plasma of elderly.  

 

9.1 Applicability of endothelial cells as in vitro EV production 

system  

Circulating EVs in the peripheral blood derive from several different cell types, mainly 

from immune cells while, current estimates suggest that only up to 8% of EVs are 

released by endothelial cells in young mice (Hunter et al. 2008). However, it has 

suggested that the percentage of MVs secreted by platelets is actually overestimated 

due to wrong sample handling and that the amount of endothelial derived vesicles has a 

larger share in human plasma than initially expected. In addition a study revealed that 

senescent fibroblasts secrete increased amounts of EVs in comparison to proliferating 

cells (Lehmann et al. 2008), suggesting that in older organisms the relative amount of 

endothelial derived EVs might be even higher due to an accumulation of senescent 
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endothelial cells with age (Erusalimsky 2009; Erusalimsky & Kurz 2006; Minamino & 

Komuro 2007). The underlying mechanism of enhanced EV release in senescence 

might be explained by the observation that cellular senescence triggering p53 was 

shown to facilitate the secretion of exosomes (Yu et al. 2006). 

Nevertheless, the pressing question if circulating EVs interact with MSCs located in the 

bone tissue remained. Anatomically the bone remodelling compartment is highly 

vascularized (Marcus et al. 2010). Consequently MSCs within the bone might be easily 

accessible for circulating vesicles. Secondly osteoprogenitor cells have been identified 

in the peripheral circulation, where they might interact with circulating EVs (Eghbali-

Fatourechi et al. 2005). Thirdly it has been confirmed that some MSCs are pericytes 

(Blocki et al. 2013; Shi & Gronthos 2003; Crisan et al. 2008) and therefore in close 

proximity to endothelial cells as well as to the vasculature. In the latter case the 

endothelial secretome might not only contribute to the systemic but also to the local 

environment of mesenchymal stem cells.  

Finally it was still unclear if endothelial derived EVs have the ability to interact with 

mesenchymal stem cells at all, since it has been previously shown that the interaction 

between extracellular vesicles and target cells is highly specific (Fevrier & Raposo 

2004). In vitro experiments confirmed that EVs secreted by GFP or cel-miR39 

transfected endothelial cells deliver their species foreign cargo to human ASCs.  

In summary endothelial cells might as well qualify as a powerful source of released 

factors that contribute to the systemic and local environment of MSCs.  

 

9.2 Galectin-3 

Galectin-3 plays a decisive role in bone, cartilage and adipose tissue remodelling 

suggesting that it might play an important role in stem cell commitment. In vivo 

experiments revealed age-dependent increased adiposity in Galectin-3 knock out mice 

(Pejnovic et al. 2013; Pang et al. 2013) and a role of Galectin-3 in preadipocyte 

proliferation (Kiwaki et al. 2007). Reduced levels of Galectin-3 did not only seem to be 

critical in regard of adipose tissue formation (Pejnovic et al. 2013) but also for the 

survival of chondrocytes (Kiwaki et al. 2007), since Galectin-3 deficiency seems to 

facilitate chondrocyte death while intracellular Galectin-3 was shown to contribute to 

chondrocyte survival (Boileau et al. 2008). In regard of bone remodelling the presence 

of Galectin-3 was reported to inhibit the formation and maturation of a murine osteoclast 
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precursor cell line in vitro (Y.-J. J. Li et al. 2009). Considering anabolic bone formation 

Galectin-3 was confirmed to be important in the late stage of osteoblast maturation 

(Aubin et al. 1996) and that its expression is mediated by Runx-2 (Stock et al. 2003), an 

important transcription factor in osteogenesis. In contrast to the last-mentioned reports 

we observed that Galectin-3 does not only play a critical role in the late stage of 

osteoblast maturation but that increased levels of Galectin-3 have a positive effect on 

ASCs, the progenitor cells of osteoblasts, since Galectin-3 overexpression in ASCs led 

to an early induction of ALP and Runx-2 at day 4 of osteogenic differentiation. 

Supportingly siRNA against Galectin-3 reduced osteogenic differentiation capacity of 

ASCs in vitro.  

While searching for pro-osteogenic factors in vesicles of young individuals, we found 

that Galectin-3 is enriched within CD63 positive plasma derived EVs of young 

individuals and that human vesicular Galectin-3 plasma levels decrease with age. 

Furthermore we demonstrated that the amount of vesicularly delivered Galectin-3 

indeed impacts on osteogenic differentiation capacity of ASCs. In regard of circulating 

Galectin-3 levels several studies already reported that Galectin-3 protein levels in body 

fluids significantly correlate with the donors state of health in several diseases such as 

various types of cancer (Inohara et al. 2008; Sakaki et al. 2008; Saussez et al. 2008; 

Vereecken et al. 2009; Vereecken & Heenen 2006; Xie et al. 2012; Yu 2010), systemic 

sclerosis (Koca et al. 2013), inflammatory diseases (Ten Oever et al. 2013), 

Alzheimer´s disease (X Wang et al. 2013), Diabetes mellitus, type 2 (Jin et al. 2013) or 

chronic heart failure (Lin et al. 2009).The origin of Galectin-3 carrying CD63 positive 

MVs within the circulation is still not clear but we identified endothelial cells as a 

possible source, as they are secreting vesicular Galectin-3 in vitro.  

 

In order to elucidate the underlying molecular mechanism of Galectin-3s pro-osteogenic 

activity we focused on its influence on β-Catenin since Galectin-3 has also been 

implicated in β-Catenin dependent Wnt signalling in the context of β-Catenin 

stabilization (Song et al. 2009) and Wnt signalling is known to be critical for 

osteogenesis (Baron & Kneissel 2013). Notably, it was recently demonstrated that 

Galectin-3 contributes to vascular calcification by stabilising β-Catenin (Menini et al. 

2013).  

Although we showed that a functional Serine 96 phosphorylation site of Galetin-3 is 

necessary for its pro-osteogenic effect, we could not attribute this effect to its proposed 
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machanism of β-Catenin stabilization (Song et al. 2009). This might have several 

reasons. On the one hand we cannot exclude the possibility that mutations in Serine 96 

have an effect on the total confirmation of Galectin-3 and thereby rather mimick a knock 

down of Galectin-3 instead of a loss of function through the mutation of the Serine 96 

phosphorylation site. Additionally analysis of the nuclear fraction instead of the whole 

cell lysate might have made clear proofs of the effects of Galectin-3 mutants on β-

Catenin stabilization.  

 

In order to estimate the biological and clinical relevance of our in vitro findings 

trabecular as well as cortical microarchitecture of bones derived from Galectin-3 knock 

out mice were examined. Although mice are a good model system to study bone biology 

in mammals, several differences to humans are subsequently outlined. Firstly, humans 

reach their peak bone mass with sexual maturity and maintain it for a couple of years 

before cortical as well as trabecular bone become weaker (Marcus et al. 2010). In 

contrast, mice mature sexually by the age of 6 – 8 weeks (Jilka 2013) but reach their 

peak bone mass with 4-6 months, after puberty (Jilka 2013). Consequently the bones 

which were examined in this study might derive from sexually but maybe not completely 

skeletally matured mice. Secondly, compared to humans no decrease in estrogen 

(Almeida et al. 2007) or testosterone (Anon 1977) is observed in aged mice, indicating 

that the age related reduction in bone strength in mice is not caused by sex steroid 

deficiency but rather age associated. Thirdly, trabecular bone remodelling was 

demonstrated to be slower (0,1% remodelled /day) (Parfitt 2002) and to require more 

time (12 – 18 times more) (Han et al. 1997) in humans compared to mice (0,7% 

remodelled/day) (Weinstein et al. 1998). And finally while cortical bones of mice are 

vascularized they are not organized in osteons like human bones (Parfitt 1994).  

When characterising bone biology in C57BL/6 mice it was revealed, that the femur 

stops growing at the age of 6 months (Glatt et al. 2007). The bones investigated in this 

work were thusly derived from mice that were still in growth. Investigations regarding the 

age related changes in BMD of this inbred strains revealed a gradual decrease of BMD 

in male and female mice from the age of 16 months (Almeida et al. 2007; Yuan et al. 

2009). Although BMD does not start to decrease before the age of 16 months, femoral 

trabecular bone mass was reported to decline already from the age of 3 months 

(Halloran et al. 2002; Glatt et al. 2007). Remarkably, this bone loss was demonstrated 

to be faster in female compared to male mice (Halloran et al. 2002; Glatt et al. 2007). 
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Quite contrary to these suggestions, we could not observe changes in trabecular bone 

volume normalized to tissue volume when comparing 17 to 22 weeks old female wild 

type mice. However, the age difference of the mice might not be significant enough in 

order to the data from literature. Furthermore, C57BL/6 mice are known to exhibit a 

decreased trabecular number and connectivity with age while trabecular thickness does 

not change (Halloran et al. 2002; Glatt et al. 2007).  

With age the cortical bone of humans becomes thinner and more porous (Glatt et al. 

2007; Han et al. 1997). Despite the differences in the cortical organization of human and 

murine bone cortical bone of C57BL/6 mice at the age of 18 months was shown to 

become more porous while no differences were observed in young mice of 6 months 

(Jilka 2013).  

Our investigations on the femoral microarchitecture of Galectin-3 knock out mice 

revealed that female Galectin-3 knock out mice did not differ significantly in trabecular 

parameters from their wild type littermates. However parameters like body weight or 

length were not taken into account at this stage. Interestingly a trend towards improved 

bone parameters was observed in the 18 weeks old male Galectin-3 knock out mouse. 

Unfortunately data on cortical thickness in female and male mice were inconclusive due 

to the small sample number indicating that more animals need to be examined.  

Taken together, our studies in combination with previous reports indicates an important 

role for Galectin-3 during bone remodelling. Increased Galectin-3 levels in vivo might 

lead to an enhanced formation of osteoblasts resulting in an improved bone formation. 

Circulating Galectin-3 might represent a novel marker of biological aging and reduced 

vesicular protein levels might contribute to the negative effect of the aged systemic 

environment on stem cell biology. Therefore, our findings suggest that Galectin-3 might 

be a valuable plasma-based biomarker for a systemic environment that does not 

facilitate osteogenic differentiation. 

 

9.3 MicroRNA-31 

While microRNA-31 is mainly known for tis role in cancers such as breast (Valastyan et 

al. 2009), oral (C. J. Liu et al. 2012) head and neck (Odar et al. 2012) carcinoma as well 

as prostate (Feng et al. 2013), colorectal (Slaby et al. 2008), colon (Cottonham et al. 

2010), lung (Tan et al. 2011), cervical (Y. Li et al. 2011) and gastric (Zhang et al. 2010) 

cancer and myeloid leukaemia (Seca et al. 2010) microRNA-31 also effects the 
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osteogenic differentiation potential of mesenchymal stem cells. MiR-31-5p (miR-31) was 

shown to target the two key regulators of osteogenesis Runx-2 and Osterix (Deng et al. 

2013) but also enhances osteoclast formation and activity (Mizoguchi et al. 2013). In 

addition the in vivo relevance of miR-31 in bone formation was confirmed by an 

improved critical size defect repair capacity of transplanted mesenchymal stem cells 

transfected with an inhibitor against miR-31 (Deng et al. 2014).  

 

Additionally to our preliminary data this series of experiments shows that CD63 positive 

extracellular vesicles and not co-pelleting protein aggregates or other impurities isolated 

from the conditioned medium of senescent endothelial cells mediate the observed 

inhibitory effect on osteogenesis in ASCs. Consistently with our in vitro data we 

confirmed that ex vivo derived CD63 positive extracellular vesicles isolated from the 

plasma of elderly individuals harbour the inhibitory activity. Finally we attributed the anti-

osteogenic effect of senescent cell or elderly plasma derived EVs to increased vesicular 

miR-31 levels.  

 

Taken together this data supports our hypothesis that extracellular vesicles are part of 

the endothelial SASP. CD63 positive extracellular vesicles isolated from the conditioned 

medium of senescent but not from quiescent early passage endothelial cells are 

enriched in anti-osteogenic miR-31. Since CD63 positive vesicles enriched in miR-31 

were also found in the plasma of elderly and in the case of osteoporotic donors they 

might contribute to impaired osteoblastogenesis in vivo as well. Consequently high 

levels of vesicular miR-31 might add to the negative effect of the aged systemic 

environment on stem cell differentiation. Therefore, our findings suggest that vesicular 

miR-31 might be a valuable plasma-based biomarker for a systemic environment that 

does not facilitate osteogenic differentiation. 
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9.4 Deregulated microRNAs in osteoporotic fractures  

The influence of microRNAs on bone formation and resorption as well as the need for a 

better fracture risk assessment has already been outlined in the introduction. However 

the question remains whether changes in the plasma microRNA profile of patients 

suffering from osteoporosis compared to healthy age matched controls are observable. 

In order to address this question plasma level of 157 microRNAs were analysed in 7 

post-traumatic osteoporotic patients as well as 7 unfractured age matched control 

individuals. Analysis for differential microRNA expression revealed 5 differentially 

secreted microRNAs. While miR-10a, 10b and miR-22 have been shown to be 

upregulated miR-133b and miR-328 were significantly downregulated in femoral 

fractured patients. When evaluating the effect of miR-10b and miR-22 overexpression 

as well as of miR-328 knock down on osteoblastogenesis a significant inhibition of 

osteogenesis in all miR-10b overexpressing donors was observed while only one miR-

328 inhibitor transfected donor exhibited a reduced differentiation capacity. MiR-10b 

was already confirmed to be downregulated in the course of osteogenic differentiation of 

induced pluripotent stem cells (Okamoto et al. 2012) indicating that it might have an 

antagonistic effect on osteogenesis. Indeed we confirmed that miR-10b overexpression 

in ASCs negatively impairs osteoblastogenesis. 

Surprisingly overexpression of miR-22 did not clearly impaired osteogenesis although 

miR-22 has been reported to promote osteogenesis in ASCs by targeting HDAC6, an 

inhibitor of osteogenic differentiation (Huang et al. 2012). 

Additionally to the microRNAs we found to be differentially expressed in hip fractured 

osteoporotic patients compared to age matched controls in this study, Seelinger and 

colleagues recently published another set of microRNAs that is differentially regulated in 

sera and bone biopsies of patients suffering from a osteoporotic hip fracture (Seeliger et 

al. 2014). In order to test whether these microRNAs have an effect on 

osteoblastogenesis, ASCs were additionally transfected with miR-21, miR-24, miR-100 

or miR-148a. While miR-100 caused a strong reduction of osteoblastogenesis in both 

donors, miR-148a was demonstrated to have an accelerating effect on osteogenesis. 

The inhibition of osteoblastogenesis by overexpressing miR-100 is in agreement with 

studies published earlier showing that miR-100bs anti-osteogenic effect in ASCs is 

mediated by targeting bone morphogenetic protein receptor type II (BMPR2) (Zeng et 

al. 2012). MiR-148a is already known to enhance osteoclastogenesis (Cheng et al. 
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2012) but nothing was reported on its effect on osteoblastogenesis by now. However, 

knock down of miR-148a in ovariectomized and shame operated control mice resulted 

in a higher bone mass compared to corresponding control animals indicating that miR-

148a has a negative effect on bone remodelling in vivo (Cheng et al. 2012). 

Supportingly increased miR-148a levels were detected in PBMCs of patients suffering 

from Lupus who exhibit a low BMD (Cheng et al. 2013).  

MiR-21 was shown to have a positive effect on the activity of osteoclasts (Sugatani et 

al. 2011). Furthermore reduced levels of miR-21 lead to apoptosis of osteoclasts 

(Sugatani & Hruska 2013). In contrast to previous investigations which demonstrated 

that miR-21 accelerates osteogenic differentiation of mesenchymal stem cells (Mei et al. 

2013), miR-21 transfection reduced the mineralization capability in one successfully 

transiently transfected donor in our experiments. Finally previous investigations report 

that Runx-2 binds to and thereby inhibits the expression of the miR-24a-27a-24 cluster 

(Hassan et al. 2010) indicating that those microRNAs might operate against 

osteoblastogenesis. We confirmed this hypothesis since miR-24 overexpression 

reduced the mineralization ability in one of two donors. Taken together all deregulated 

microRNAs in patients suffering from osteoporosis were shown to have a negative 

influence on osteoblastogenesis in vitro besides miR-22, which did not show a clear 

impact and miR-148a which had a positive effect. However, miR-148a was 

demonstrated to act on osteoclasts by accelerating their differentiation (Cheng et al. 

2013). Considering the effect of miR-148a on bone biology in in vivo experiments its 

impact on osteoclasts seems to be dominant over the consistently observed pro-

osteoblastogenic effect in our study. 

However the pressing question why this study revealed a different microRNA signature 

for patients suffering from an osteoperotic fracture compared to unfractured individuals 

compared to Seeligers work remains. In order to find an answer a closer look at the 

study designs might explain the differences. Firstly, samples of this work have been 

taken several days after surgery while in the other report blood was already drawn 

during surgery. Secondly, in contrast to our study were groups were divided in 

osteoprotic fractured and unfractured patients, Seeliger and colleagues classified the 

donors as osteoporotic or not osteoporotic according to their BMD levels measured by 

dual x-ray absorptiometry (DXA). Thirdly, obtained µ-Array data of this work were 

normalized to the volume of serum the RNAs were isolated from by the aid of spike-in 

RNAs. In contrast the group of van Griensven normalized their data to SNORD96a and 
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RNU6. SNORD96a as well as RNU6 are two frequently used reverence RNAs in order 

to normalize intracellular RNAs (Peltier & Latham 2008). However, normalization of 

circulating microRNAs is more challenging since there is no validated reference gene so 

far (Kang et al. 2012). And finally while Seeliger et al. analysed the profile of 83 

microRNAs, 157 microRNAs were examined in this study. In particular the results 

chapter of Seeliger and colleagues shows that miR-22 and miR-328 were not included 

in their arrays. Furthermore they could not detect the levels of miR-10a, miR-10b and 

miR-133b. Taken together the different aims of the studies led to a completely different 

study design of both works. While Seeliger and colleagues were looking for a microRNA 

signature correlating with the BMD, the point of this study was to identify a microRNA 

profile for a better fracture risk assessment. Consequently the valuable data of both 

studies are not conflicting but rather complementary.  

 

In summary, this study confirms that patients suffering from an osteoporotic fracture 

exhibit a changed microRNA secretion profile compared to unfractured aged matched 

control individuals and establishes the basis for further investigations in order to identify 

a microRNA profile for the early diagnosis of osteoporosis. 
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Appendix A: Abbreviations 

A 

A  Adenine 

aa  Amino acids 

AD   Acqua distillata 

ALP  Alkaline Phosphatase 

ASC  Adipose tissue derived mesenchymal stem cells 

 

B  

bp  Base pairs 

BMD  Bone mineral density 

BMI  Body mass index 

BMP2  Bone morphogenic protein 2 

BSA   Bovine serum albumin 

BV/TV  Bone volume to tissue volume 

 

C 

C  Cytosine 

C. elegans Caenorhabditis elegans 

Ca2+  Calcium 

CIP  Calf intestine alkaline phosphatase  

Co.Th. Cortical thickness 

 

D 

DNA  Deoxyribonucleic acid 

dNTPs Deoxynucleotide triphosphates  

DXA  Dual-energy X-ray absorptiometry 

 

E 

EC  Endothelial cells 

EV  Extracellular vesicles 

E.coli  Escherichia coli 

E.g.   Exempli gratia 



APPENDIX A 

 

  
148 

 
  

ELISA  Enzyme-linked immunoassay  

ESCRT  Endosomal sorting complex required for transport 

 

F 

FCS   Fetal calf serum 

Fzd3  Frizzled 3 

 

G 

G  Guanine 

Gal3  Galectin-3 

GAPDH  Gyceraldehydes-3-phosphate-dehydrogenase 

GFP  Green fluorescent protein 

GSK-3β Glycogen synthase kinase 3 β 

 

H 

HSC  Hematopoietic stem cells 

HUVECs Human umbilical vein endothelial cells 

 

M 

MRNA Messenger RNA 

MiRNA MicroRNA 

miR-31 MicroRNA 31 

Min.  Minute 

MSC  Mesenchymal stem cells 

 

N 

NFW  Nuclease free water 

nm  Nanometers 

 

O 

OC  Osteocalcin 

OD  optical density 

ON  Osteonectin 
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P 

PBS  Phosphate buffered saline 

PCR  Polymerase chain reaction 

PD  Population doubling 

PBMCs Peripheral blood mononucleated cells 

PTH  Parathyroid hormone 
 

Q 

qPCR  Quantitative real time polymerase chain reaction 
 

R 

RNA  Ribonucleic acid 

RISC  RNA induced silencing complex 

Runx-2 Runt related transcription factor-2 
 

S 

SASP  Senescence associated secretory phenotype 

SDS  Sodium dodecyl sulphate 

SDS-PAGE SDS polyacrylamide gel electrophoresis 

Sec.  Second 

siGal  siRNA against Galectin-3 
 

T 

T  Thymine 

Tr.No.  Trabecular number 

Tr.Sp.  Trabecular separation 

Tr.Th.  Trabecular thickness 
 

V 

V  Volt 
 

W  

Wnt  Wingless-type MMTV integration site family 
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Appendix B: Vector maps 

 

pcDNA 3.1/Hygro(+):  

Length: 5597 bp 

 

Figure 40: Vector map pcDNA 3.1/Hygro(+) 

 

 

pCMV6-XL4 

Length: 4707 bp 

 
Figure 41: Vector map pCMV6-XL4 
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pmaxGFP: 

Length: 3486 bp 

 
Figure 42:  Vector map pmaxGFP 
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Appendix C: Molecular weight marker 

 

Molecular weight marker for agarose gel electrophoresis: 

GeneRulerTM 1kb DNA Ladder, 0,5µg/µl (Fermentas) 

 

Figure 43: GeneRulerTM 1 kb DNA Ladder, 0,5 µg/lane, 8 cm length gel, 1 X TAE, 7 V/cm, 45  

Min 

 

Molecular weight marker for Western blotting: 

See Blue ® Plus 2 marker, company: Invitrogen 

 

 
Figure 44: See Blue® Plus 2 marker, Bis-Tris 4-12% gel, Tris-Glycine electrophoresis buffer 
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Appendix D: Sequencing results 
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Figure 45:  Sequencing result of Galectin-3 pcDNA.3.1 hygro (+) expression construct 

Primer: T7 
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Figure 46:  Sequencing result of Serine 96 to Alanine Galectin-3 mutant pcDNA.3.1 hygro (+) expression construct 

Primer: CMV 
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Figure 47: Sequencing result of Serine 96 to Aspartic acid Galectin-3 mutant pcDNA.3.1 hygro (+) expression construct 

Primer: CMV 



APPENDIX D 

 

  
160 

 
  

Appendix E: Published and accepted manuscripts 

 

Secretion of microvesicular miRNAs in cellular and organismal 

aging 

 

Sylvia Weilnera,b Elisabeth Schramla Heinz Redl,b Regina Grillari-Voglauer,a,c and 

Johannes Grillaria,c,  

 
aBOKU, VIBT, University of Natural Resources and Life Sciences, Department of 

Biotechnology, Vienna, Austria 
bLudwig Boltzmann Institute for Clinical and Experimental Traumatology, Austrian 

Cluster for Tissue Regeneration, Vienna, Austria 
cEvercyte GmbH, Vienna, Austria 

 

Corresponding author at: Muthgasse 18, A-1190 Vienna, Austria. Tel.: + 43 1 47654 

6230; fax: + 43 1 3697615. Email: johannes.grillari@boku.ac.at 

 

Abstract 

Changes of factors circulating in the systemic environment during human aging have 

been investigated for a long time. Only recently however, miRNAs have been found 

to be secreted into the systemic and tissue environments where they are protected 

from RNAses by either carrier proteins or by being packaged into microvesicles. 

These miRNAs are then taken up by recipient cells, changing the cellular behavior by 

the classical miRNA induced silencing of target mRNAs. The origin of circulating 

miRNAs, however, is in most instances unclear, but senescent cells emerge as a 

possible source of such secreted miRNAs. Since differences in the circulating 

miRNAs have been found in a variety of age-associated diseases, and accumulation 

of senescent cells in the elderly emerges as a possible detrimental factor in aging, it 

is well conceivable that these miRNAs might contribute to the functional decline 

observed during aging of organisms. 

Therefore, we here give an overview on current knowledge on microvesicular 

secretion of miRNAs, changes of the systemic and tissue environments during aging 
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of cells and organisms. Finally, we summarize current knowledge on miRNAs that 

are found to be specific for age-associated diseases. 

Abbreviations: ESCRT, endosomal sorting complex required for transport; ILV, 

intraluminal vesicles; miRNA, microRNA; mRNA, messenger RNA; MVB, 

multivesicular bodies; MSC, mesenchymal stem cell; PM, plasma membrane; Rab, 

Ras-related in brain; RISC, RNA-induced silencing complex; rRNA, ribosomal RNA; 

SASP, senescence-associated secretory phenotype 

 

Highlights 

► miRNAs are secreted within microvesicles. ► Little is known about miRNA 

secretion in cellular and organismal aging. ► miRNA secretion is altered in age 

associated diseases. 

 

Introduction 

Although much progress has been achieved in aging research over the past 

decades, the individual heterogeneity of the aging process in humans still remains 

puzzling and one of the major challenges for our societies. It is therefore mandatory 

to improve our understanding of the normal aging process, as aging is the substrate 

on which age-associated diseases will grow. Such a functional understanding on a 

molecular level might help to design strategies for prevention and therapy of the age-

related losses in cell, tissue and organism functionalities. 

Here we will summarize current knowledge on the secretion of miRNAs and their 

potential impact on cellular and organismal aging processes. 

 

Cellular senescence, organismal aging, and the syst emic environment 

Cellular senescence 

Senescent cells have been widely studied as a model system of aging ever since the 

replicative limit of normal human somatic cells in culture had been described by 

Hayflick more than four decades ago (Hayflick, 1965). Senescent cells are 

characterized by a combination of changes in cell behavior, structure and functions 

including an irreversible growth arrest, resistance to apoptosis and alteration in gene 

expression (Campisi and d'Adda di Fagagna, 2007). Moreover, a senescent 

phenotype is also induced by various physico-chemical stressors that induce DNA 

damage and chromatin disruption as well as by oncogenic signals (Cabrera et al., 
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1992; Maruyama et al., 2009). Since senescent cells never re-enter the cell cycle, 

cellular senescence is suggested to prevent malignant transformation of potentially 

mutated cells and thus contributes to tumor suppression. In contrast, senescent cells 

persist within tissues and are not eliminated by apoptosis, and their altered functional 

profile alters tissue microenvironments in ways that can promote both cancer and 

aging phenotypes (Krtolica and Campisi, 2002; Rodier et al., 2007). Recently it was 

shown that premalignant mammary epithelial cells exposed to senescent human 

fibroblasts in mice irreversibly lose differentiated properties, become invasive and 

undergo full malignant transformation (Parrinello et al., 2005). 

Cellular senescence in vivo 

By now, the presence and age-related accumulation of senescent cells in vivo have 

become well accepted (Campisi and d'Adda di Fagagna, 2007; Campisi and Sedivy, 

2009) and it is well established that senescent cells in vivo contribute to age-

associated diseases like atherosclerosis (Erusalimsky, 2009; Erusalimsky and 

Skene, 2009; Minamino and Komuro, 2007). Moreover it was shown that cellular 

senescence limits the extent of fibrosis following liver damage and underscores the 

interplay between senescent cells and the tissue microenvironment (Krizhanovsky et 

al., 2008). 

In spite of these variously good and bad effects of cellular senescence, recent 

studies support the idea that accumulation of senescent cells with the aging of 

organisms accelerates age-associated diseases and loss of tissue function (Baker et 

al., 2011). In addition, the reactivation of telomerase in mice delays the onset of loss 

of tissue functionality (Jaskelioff et al., 2011), and even increases mouse life span 

(Bernardes de Jesus et al., 2012). 

Senescent cells and their microenvironment 

Besides the altered functionality of the cells themselves, detrimental effects of 

senescent cells might be due to an altered secretion phenotype. Indeed, senescent 

cells develop a senescence-associated secretory phenotype (SASP), where 

cytokines, extracellular matrix proteins and proteases, as well as other factors that 

alter the behavior of neighboring cells have been found. The senescent secretome of 

fibroblasts has been well established by the identification of various secreted factors 

that contribute to senescence like insulin-like growth factor binding protein 7 

(IGFBP7) (Wajapeyee et al., 2008), interleukin-8 (IL-8) receptor binding chemokines 

(Acosta et al., 2008a, 2008b), IL-6 (Kuilman and Peeper, 2009), but also key 
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components of the Wnt pathway, insulin-like growth factor 1 (IGF1), transforming 

growth factor-β (TGFβ), and plasmin (Kuilman and Peeper, 2009). The SASP 

includes inflammatory cytokines that are thought to drive aging and age-related 

disease (Finch and Crimmins, 2004). Indeed, some SASP factors, when chronically 

present, can disrupt tissue structure and differentiation (Parrinello et al., 2005), and 

others can promote malignant phenotypes in nearby premalignant cells (Bavik et al., 

2006; Coppé et al., 2008; Krtolica et al., 2001; Liu and Hornsby, 2007). On the other 

hand, some SASP factors may be beneficial. For example, some reinforce the 

senescence growth arrest in an autocrine manner (Acosta et al., 2008b; Kuilman and 

Peeper, 2009; Kuilman et al., 2008). Others may allow damaged cells to 

communicate their compromised state (Rodier et al., 2009) in order to stimulate 

tissue repair or limit pathology (Krizhanovsky et al., 2008). 

Senescent cells, the systemic environment and miRNAs 

Accumulation of damage in cells and tissues has been accepted as one of the major 

driving forces of aging and age related diseases (Kirkwood, 2005). Several systemic 

factors have been found to change with age so far, among them chemokines like 

chemokine (C–C motif) ligand 11 (CCL11), whose levels correlate with neurogenesis 

(Villeda et al., 2011), and hormones like the growth hormone (Corpas et al., 1993) as 

well as the sulfated form of dehydroepiandrosterone (Baulieu, 1996). 

In most tissues, there is an age-related decline in stem cell functionality but not a 

depletion of stem cells. Their ability to self-renew and differentiate is essential for 

homeostasis and regeneration of tissue and organs. The functionality of these cells 

declines with age (Rando, 2006). One factor that contributes to this functional decline 

is the systemic environment of old organisms (Conboy et al., 2005). This decline in 

functionality might be either due to factors that actively inhibit successful tissue 

regeneration or due to the absence of promoting factors in the elderly. In contrast, 

factors present in the systemic environment of young animals promote successful 

tissue regeneration (Matsumoto et al., 2009). 

Such factors are still largely unknown, but some are slowly emerging. Among these 

are proteins, Wnt, TGF-β (Carlson et al., 2009) and IGF-1 signaling molecules 

(Mayack et al., 2010) that are suspected to be factors contributing to the functional 

decline. However, the source of such factors is currently unknown. It can be imagined 

that any other types of endocrine and inflammatory signaling molecules by their 

presence or absence might contribute to such an impairment of tissue functionality. 
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Recently, such “endocrine” functions have been attributed to miRNAs, as miRNAs 

are not only found intracellularly, but are also detectable outside of the cells, 

including various body fluids (e.g., serum, plasma, saliva, urine and milk) (Chen et 

al., 2012), where they circulate unimpeded by RNAses due to association with 

protective proteins or by being packaged into microvesicles (Viaud et al., 2008). But 

how are miRNAs generated, and how do they end up in microvesicles? 

 

Microvesicular miRNAs 

MicroRNA biogenesis and turnover 

MiRNAs comprise a large family of ~ 21-nucleotide-long RNAs that have emerged as 

key post-transcriptional regulators of gene expression and have revolutionized our 

comprehension of the post-transcriptional regulation of gene expression. miRNAs are 

processed from primary transcripts (pri-miRNAs), which are either transcribed by 

RNA polymerase II from independent genes or represent introns of protein-coding 

genes. Pri-miRs are then processed to precursor miRNAs (pre-miRs) by the RNA 

endonucleases Drosha and Pasha and are exported to the cytoplasm where dicer 

cuts the pre-miRs into the mature miRNA duplexes. The mode of action in silencing 

depends on the recognition of target mRNAs by single stranded miRNAs that get 

incorporated into the RNA induced silencing complex (RISC). Binding may depend 

on the “seed” region consisting of nucleotides 2–8 of the miRNA only. One miRNA is 

able to regulate up to hundred mRNA targets and therefore seems to orchestrate a 

large variety of cellular processes similar to transcription factors (Lim et al., 2005; 

Stefani and Slack, 2008), but also in concert with transcription factors forming feed 

forward loops (Shalgi et al., 2007). 

In contrast to miRNA biogenesis, turnover of miRNAs has received only limited 

attention to date. It is generally thought that miRNAs represent highly stable 

molecules and, experimentally using RNA polymerase II inhibitors or depletion of 

miRNA processing enzymes, have indicated that the half-lives of miRNAs in cell lines 

or in organs such as liver or heart correspond to many hours or even days (Gatfield 

et al., 2009; Großhans and Chatterjee, 2010; Krol et al., 2010; van Rooij et al., 2007). 

miRNA stability is influenced by the 3′ end sequence motif or modification that mark 

miRNAs for degradation or protect them against exonucleolytic activity, depending on 

the specific miRNAs and the tissues. In liver cells, a single adenine residue added to 
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the 3′ end of miR-122 prevents trimming and protects the miRNA against 

exonucleolytic degradation (Katoh et al., 2009). 

Microvesicles 

It was long believed that the way of communication between cells and tissues 

depends to a large extent on protein-based signaling systems exemplified by soluble 

secreted factors like cytokines, chemokines, neurotransmitter, enzymes and 

hormones. In principle there were two classes of signaling systems described. One 

system depends on direct cell–cell contact (also known as juxtacrine signaling) 

exemplified by the formation of gap junctions, intercellular bridges or synaptic 

connections. On the other hand a second contact independent system has been 

described. In the latter case soluble factors are either secreted into the intercellular 

space where they are able to effect nearby cells (also known as paracrine signaling) 

or into the circulation where they can cover long distances and affect faraway 

recipient cells (also known as endocrine signaling). 

With the recent discovery of microvesicles a new mechanism of cell communication 

participating in the contact independent system was proposed. Microvesicles are 

vesicles which bud from a cellular membrane and contain, depending on their origin, 

proteins, mRNAs, miRNAs and/or DNA (Mathivanan et al., 2010a). In contrast to the 

abovementioned and well understood protein-based signaling systems, microvesicles 

have the advantage that they deliver not only one but multiple (potentially synergistic) 

messages, whereby they might be able to influence and change the cellular behavior 

at several stages of protein expression allowing rapid control over targeted cells. 

Microvesicles were found to be produced by various cells e.g. by dentritic cells, mast 

cells, B-cells, T-cells, platelets, but also in neurons, oligodentrocytes, epithelial cells, 

endothelial cells, embryonic fibroplast cells, microglia, neuroglial cells and several 

tumor cell lines to name but a few (Hu et al., 2012; Mathivanan et al., 2010a). 

Furthermore they were also found in several body fluids such as serum, plasma, 

urine, ocular fluids, amniotic fluid, ascites, broncheoalveolar lavage, cerebrospinal 

fluid, seminal plasma, breast milk, tears and saliva (Cocucci et al., 2009; Hu et al., 

2012; Mathivanan et al., 2010a; Pant et al., 2012; Zhu and Fan, 2011). 

The Babylonian language problem 

To date, three different types of microvesicles seem to crystallize out of a plethora of 

names (Table 1): ectosomes, exosomes and apoptotic blebs. In principle they are 
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distinguished by their size, shape, density, origin as well as protein membrane 

composition (Mathivanan et al., 2010a; Thery et al., 2009). 

However, no commonly accepted nomenclature for microvesicles has yet been 

established, resulting in a confusing and confounding terminology. For example 

several names such as microparticles, microvesicles, nanoparticles, shedding 

microvesicles, ectosomes, exosomes, exosome-like vesicles, dexosomes, 

texosomes, oncosomes, apoptotic blebs, apoptotic bodies, to name a few were used 

for a mixed population of microvesicles. Only recently, we have begun to understand 

that in body fluids different species of vesicles exist and that we need to isolate them 

based on differences in composition, size or shape as done in a couple of recent 

reports (Mathivanan et al., 2010b). Therefore, a close look on the performed isolation 

method of vesicles is highly recommended when reading literature and a commonly 

agreed terminology would be highly welcome. 

 

Biogenesis of microvesicles 

Exosomes 

Exosomes are small cup shaped membrane vesicles of 30–100 nm in diameter which 

originate from the endosomal compartment (Simpson et al., 2008, 2009). The name 

goes back to 1983, when Pan and Johnstone described microvesicles responsible for 

externalizing receptors during erythrocyte maturation, which are formed by inward 

budding of vesicles into the late endosomal compartment (Pan and Johnstone, 

1983). Such inward budding of the late endosomal limiting membrane, is by now 

known to encapsulate cytosolic ‘cargo’ into intraluminal vesicles (ILV) whereby large 

multivesicular bodies (MVB) are formed (van Niel et al., 2006). MVBs enriched in ILV 

can either fuse with lysosomes, if their content is intended for degradation or with the 

plasma membrane whereby ILVs are released into the extracellular space as 

“exosomes” (Simpson et al., 2009). 

Although it is still unknown how the formation of MVBs works on a molecular basis, 

mechanisms have been proposed. 

The first requires the ESCRT (endosomal sorting complex required for transport) 

machinery to comprise mainly mono ubiquitinated cargo for lysosomal degradation 

(Babst, 2005). The formation of the second type of MVBs is based on an alternative 

mechanism involving lipid rafts enriched in sphingolipid ceramide (Trajkovic et al., 

2008). The third mechanism was proposed by Rana et al. assuming that proteins are 
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incorporated by special membrane domains resistant to detergents because of their 

lipid composition and enriched in tetraspanin (Rana and Zöller, 2011). 

Whichever mechanism or combination of mechanisms will be operative, several 

necessary components for exosome formation have by now been identified, e.g., 

Ras-related in brain 27a (Rab27a) which influences the size of MVBs (Ostrowski et 

al., 2010), Rab27b which is controlling the direction of MVBs (Ostrowski et al., 2010), 

Rab35 which contributes to the docking of exosomes to the plasma membrane (Hsu 

et al., 2010), hepatocyte growth factor receptor substrate (Hrs) which is necessary for 

ILV formation (Razi and Futter, 2006), soluble N-ethylmaleimide-sensitive-factor 

attachment receptors (SNAREs) having a role in the fusion process of MVBs and the 

cellular plasma membrane (Bobrie et al., 2011) and myosins (Pant et al., 2012). 

Ectosomes 

Stein and Luzio defined ectosomes as right-side-out-orientated vesicles containing 

cytosolic components which are released from the surface of polymorphonuclear 

leucocytes attacked by a complement (Stein and Luzio, 1991). Today the term 

“ectosomes” is used in a more general way and defined as microvesicles which 

directly bud from the cellular plasma membrane. Ectosomes are of irregular shape 

and vary in size between 100 and 1000 µm (Mathivanan et al., 2010a). In contrast to 

the plasma membrane that they originate from, they expose phospholipid 

phospatidylserine (PS) on their surface (Zwaal and Schroit, 1997). Furthermore they 

contain metalloproteinases, which were shown to influence the extracellular space 

thereby promoting tumor metastasis and invasion, selectins and integrins (Coppé et 

al., 2008; Mathivanan et al., 2010a). 

Ectosomes are continuously produced by many if not all cells in vitro but the 

stimulating agents, which are able to enhance their production, vary between the 

different cell types (Sadallah et al., 2011). In addition they contain proteins, mRNAs 

and miRNAs. The composition depends on cell type, cellular state, and stimulating 

agent (Cocucci and Meldolesi, 2011). 

For the shedding of ectosomes a local disassembly of the cytoskeleton as well as the 

vesicle abscission process is necessary (Cocucci and Meldolesi, 2011). Therefore 

increasing cytosolic Ca2+ concentrations, activated p38 MAPK Curtis et al. (2009), 

acid sphingomyelinase (Bianco et al., 2009) and the Rho–ROCK axis (Pinner and 

Sahai, 2008) as well as the regulative enzymes calpain, a calcium-dependent 
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cytosolic protease (Miyoshi et al., 1996), flippase, floppase, scramblase and gelosin 

were shown to be involved (Enjeti et al., 2008). 

Apoptotic blebs 

Apoptotic blebs are released by cells during the late stage of apoptosis through 

pinching off from the cellular plasma membrane (Beyer and Pisetsky, 2010). The 

abscission of apoptotic blebs is performed through the intracellular increase of the 

hydrostatic pressure followed by the cellular contraction with the aid of actomyosin 

(Charras et al., 2005, 2008). They are greater than 50 nm in diameter and of irregular 

shape (Mathivanan et al., 2010a). They contain proteins, mRNAs, miRNAs as well as 

DNA and expose phosphatidylserine (Théry et al., 2001). 

 

Packaging of miRNAs into vesicles and releasing to the cellular environment 

In 2007 Valadi and coworkers were the first to show that miRNAs, besides mRNAs 

and proteins, are packaged into microvesicles (Valadi et al., 2007). Surprisingly, the 

miRNA content of microvesicles does not necessarily correspond to the cytosolic 

repertoire of miRNAs, as the miRNA profile of hepatocellular cancer cells and their 

microvesicles does differ (Kogure et al., 2011). Only 134 of 424 cellular detectable 

miRNAs were also found in the exosomes of hepatocellular cancer cells. Of these 

134 vesicular miRNAs, 25 were higher and 30 miRNAs were less expressed 

compared to the intracellular miRNA expression levels. Interestingly, 11 miRNAs 

were solely identified in microvesicles, strongly suggesting that a specific and 

controlled packaging mechanism needs to exist (Kogure et al., 2011). 

So far, only the first indications on this mechanism are known from studies using 

human monocytes, where mRNAs, miRNAs and components of the RNA-induced 

silencing complexes (RISCs) are concentrated in GW-bodies, which are distinct foci 

within the cytoplasm where many necessary proteins for miRNA gene silencing 

accumulate. These GW-bodies accumulate at the membrane of late endosomes and 

MVBs which might facilitate the loading of RNA into exosomes thereby contributing to 

intercellular transport or post-transcriptional control of intracellular miRNA levels 

(Gibbings and Voinnet, 2010). Although all components of RISC were found to be 

localized at the membranes of late endosomes and MVBs, only trinucleotide repeat 

containing 6 (TNRC6), pre-miRNAs, fragments of pre-miRNA stem loops and 

miRNAs were found to be enriched within exosomes (Chen et al., 2010; Gibbings et 

al., 2009). It is known that TNRC6 directly binds to Argonaute (Ago) thereby initiating 



APPENDIX D 

 

  
169 

 
  

the mRNA decay (Chen et al., 2009). A mutant of TNRC6 lacking, in its C-terminus, 

caused a reduced miRNA activity and the accumulation of miRISC (AGO, miRNA, 

mRNA and TNRC6) indicating that its C-terminus might be necessary for the 

dissociation of miRISC (Zekri et al., 2009). Poly(A) binding protein (PABP) which 

potentially binds at the C-terminus of TNRC6 was shown to bind directly to tumor 

susceptibility gene 101 (TSG101) thereby providing the link between the RISC 

complex and exosomes (Schlundt et al., 2009). 

Interestingly similar inhibiting effects on miRISC dissociation and reduced levels of 

exosomal TNRC6 were observed when ESCRT was knocked out, suggesting that 

ESCRT is necessary for sorting TNRC6 into exosomes (Gibbings et al., 2009). In 

addition ESCRT II might have a role in sorting miRNA into exosomes since it is able 

to bind RNA directly (Irion and St Johnston, 2007). Summarizing functional links 

between miRNAs and the ESCRT machinery, where RISC as well as the ESCRT 

complex might work together in a common pathway to load miRNAs into exosomes 

were found. 

In contrast, neutral sphingomyelinase 2 (nSMase2), which is regulating the 

biosynthesis of ceramide, but not the ESCRT machinery is necessary for the 

production of exosomes and their enclosed miRNAs in human T cells (Mittelbrunn et 

al., 2011). This indicates that the uptake of miRNAs by the aid of the ESCRT 

machinery may not be the only miRNA loading mechanism and might depend on the 

cell type and condition. 

Packaging of miRNAs into ectosomes is currently even less understood. It is 

assumed that ectosomes shed from plasma membrane regions enriched in lipid rafts 

and that proteins, mRNAs and miRNAs supposed to be packaged into ectosomes, 

accumulate at these regions (Cocucci and Meldolesi, 2011). However, there are 

several independent studies indicating that ectosomes mainly contain mRNAs and 

show lower levels of miRNAs compared to exosomes. Skog et al. determined in 2008 

by bioanalyzer that ectosomes originating from glioblastoma cells predominantly 

contain mRNAs and barely miRNAs (Skog et al., 2008). 

In any case, packaging of miRNAs into vesicles is a key step for protecting the 

miRNAs against the ubiquitous RNAses in the extracellular space, clearly necessary 

for the stability of extracellular miRNAs, which are reportedly more resistant against 

extreme temperatures, extreme pHs, prolonged storage and freeze–thaw cycles 

(Chen et al., 2008; Mitchell et al., 2008). 
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Microvesicular miRNAs: uptake mechanisms by target cell 

After packaging miRNAs into microvesicles, they can be transported through the 

interstitium or even the peripheral blood (Hunter et al., 2008). Interestingly 

microvesicular miRNAs were also found in serum (Skog et al., 2008), breast milk 

(Kosaka et al., 2010) and saliva (Michael et al., 2010). Recently it was shown that 

engineered microvesicles expressing a neuron specific peptide fused to the surface 

marker CD107b, are even able to cross the blood–brain barrier and to deliver siRNA 

to murine neurons, microglia and oligodendrocytes after their intravenous injection 

(Alvarez-Erviti et al., 2011). 

The first RNAs to be proven as functionally delivered and translated by microvesicles 

were mRNAs originating from mouse mast cells. Their vesicular transport to human 

mast cells resulted in the expression of three mouse proteins in human cells (Valadi 

et al., 2007). 

In terms of miRNAs, by now several independent studies demonstrate, that functional 

microvesicular miRNAs are taken up by targeted cells in a sufficient amount to 

repress the translation of target genes. For example in 2010 the group of Pegtel 

observed a microvesicular transport of miR-150 from THP-1 to HMEC-1 cells and the 

consequent silencing of its target c-Myb in the recipient cells (Zhang et al., 2010). 

These results also make clear that our current transfection procedures might work so 

well since they just mimic the natural transfer of RNA and DNA species via 

microvesicles. But how are the microvesicular miRNAs then taken up by the target 

cells? There are two mechanisms that have been observed so far. 

Plasma membrane fusion 

Exosomes can be transferred between dendritic cells (DC) and are taken up by 

membrane fusion. Through the expression of a GFP-tagged exosomal surface 

marker protein by the cells of origin, the recipient plasma membrane exhibited 

fluorescing GFP patterns after exosomal uptake. This is taken as a proof that 

vesicles are taken up by membrane fusion (Montecalvo et al., 2012). 

Endocytosis 

By live-cell microscopy Tian et al. observed that microvesicles from rat PC-12 cells 

can be efficiently taken up by endocytosis and consequently transferred to the 

perinuclear region probably mediated by the cytoskeleton (Tian et al., 2010). 

Similarly, we recently observed a reduced uptake of microvesicles originating from 
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endothelial cells by human mesenchymal stem cells (MSCs), when endocytosis of 

MSCs was blocked by the overexpression of a dominant negative dynamin construct 

(K44A) (Schraml et al., unpublished data). 

 

Functional consequences of microvesicular miRNA upt ake 

Several functions of microvesicles were demonstrated in recent years including 

effects on cell growth, proliferation, development, differentiation and cell death as 

well as on coagulation, the immunological processes, viral infections, prion infections 

and cancer progression (Janowska-Wieczorek et al., 2005; Vlassov et al., 2012; Zhu 

and Fan, 2011). By now, several examples exist showing that the transfer of miRNAs 

to target cells results in changes of the target cell behavior strongly indicating that 

microvesicular miRNAs do indeed make part of the cell to cell communication 

system. Such examples come mainly from studies in the cancer field, where 

microvesicles isolated from the highly metastatic gastric cancer cell line AZ-P7a 

secrete increased levels of the let-7 miRNA family compared to low metastatic AZ-

521. Let-7 miRNAs are known to function in tumor suppression since they target the 

oncogenes RAS and HMGA2. It is assumed, that metastatic AZ-P7a cells release let-

7 miRNAs via microvesicles in order to get rid of this tumor suppressive miRNAs and 

to maintain their own tumorigenesis (Ohshima et al., 2010). 

Similarly, several examples in the immune system exist. Unidirectional transfer of 

miRNA within CD63 positive exosomes, derived from T cells to antigen-presenting 

cells was shown (Mittelbrunn et al., 2011). Furthermore miRNAs circulating in human 

breast milk might support the development of the infants' immune system (Kosaka et 

al., 2010) and miRNA transfer by microvesicles seems also important in viral infection 

or defense (Pegtel et al., 2010). 

 

Aging, senescence and microvesicular miRNAs 

Recently, it has been reported that in both replicative and cell damage-driven 

senescence, cells increase overall secretion, termed SASP, which is characterized 

by the secretion of a wide variety of factors, including peptide hormones, as well as 

the release of microvesicles (Acosta et al., 2008a, 2008b; Campisi, 2008; Campisi 

and d'Adda di Fagagna, 2007). Of note, this secretory activity and microvesicle 

formation in senescent cells is also regulated by p53 (Yu et al., 2006). 
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It is known that miRNAs have some influence on the aging process (Gorospe and 

Abdelmohsen, 2011; Hackl et al., 2010), but little is known in regard to the systemic 

environment. So far, several studies have compared samples from young versus 

healthy elderly individuals of different species from worm to human tissues in regard 

to the intra-cellular miRNA expression profile. Indeed, different expression levels of 

several miRNAs have been found with age, e.g., the miR-17-92 cluster (Hackl et al., 

2010) let-7 (Peng et al., 2012) and miR-34a (Li et al., 2011). Upregulation of specific 

miRNAs seems to induce senescence in cells, among them miR-34a in human cells 

(Christoffersen et al., 2010), miR-203 in melanoma cells (Noguchi et al., 2012) and 

miR-101, miR-137 and miR-668 in keratinocytes (Shin et al., 2011). 

While not much has been published on miRNA secretion during the process of aging, 

it becomes increasingly clear that miRNAs might be biomarkers of several age-

associated diseases. Since several of these diseases seem to be connected to the 

increase of senescent cells, we summarize in the following the current knowledge on 

miRNAs that have been found in the serum or plasma of such patients (Fig. 1). 

 

Microvesicular miRNAs in age-associated diseases 

The promises of miRNAs as diagnostics and therapeutics are very high even if we 

are only at the beginning of developing this RNA species into biomedical tools. Still, 

we are convinced that the need for personalized medicine will boost the search and 

identification of single miRNAs and/or miRNA signatures characterizing specific 

patients and thus will help in guiding therapies. This seems an urgent need 

considering that 90% of the available drugs are efficient only in 40% of the patients. 

Cardiovascular disease 

Cardiovascular diseases are the primary cause of death and cause for many 

conditions that severely impact on the quality of life at old age. Endothelial cells seem 

to counteract this as they secrete microvesicles, containing miR-143 and miR-145 

that are taken up by VSMC preventing VSMC de-differentiation (Hergenreider et al., 

2012). Injection of vesicles containing both miRNAs into ApoE−/− mice then indeed 

resulted in reduced atherosclerotic lesion formation (Hergenreider et al., 2012). In 

addition, it was found that deregulation of both miRNAs contributes to aberrant 

VSMC plasticity occurring during vascular diseases (Jakob and Landmesser, 2012). 

During atherosclerosis, miR-126 has been found to be secreted via apoptotic blebs 

by endothelial cells. This in turn enhances the production of the anti-inflammatory 



APPENDIX D 

 

  
173 

 
  

chemokine CXCL12 as well as its receptor CXCR4 and promotes the recruitment of 

endothelial progenitor cells supposedly as a protective mechanism, where the 

progenitor cells help to maintain tissue homeostasis (Zernecke et al., 2009). The 

protective role of miR-126 was demonstrated also in vivo when apoptotic blebs 

enriched in miR-126 originating from human umbilical vein endothelial cells 

(HUVECs) were injected into high fat diet ApoE−/− mice, resulting in a reduced lesion 

size and macrophage accumulation through CXCR4 expression (Zernecke et al., 

2005). 

Counterintuitively, downregulation of miR-126 in the plasma of patients suffering from 

coronary artery disease has been reported (Fichtlscherer et al., 2011). It might be 

speculated, that the targeted transport of vesicular miRNAs to the sites of 

atherosclerotic lesions could cause a reduced detection of freely circulating miRNA 

levels (Zhu and Fan, 2011). 

Moreover microvesicles also protect against progression of chronic kidney damage 

by inhibiting capillary refraction, glomerulosclerosis, and tubulointerstitial fibrosis by 

delivering pro-angiogenic miR-126 and miR-296 (Cantaluppi et al., 2012). 

In any case, these studies taken together indicate that endothelially derived miRNA 

carrying microvesicles might contribute to the progression of atherosclerosis. 

Neurodegenerative diseases 

Alzheimer's disease is the most frequent neurodegenerative disease in humans. It is 

characterized by the incident of amyloid plaques, which are insoluble extracellular 

depositions containing amyloid beta peptide (Aβ) (Cai et al., 1993). In Alzheimer's 

patients, typical exosomal markers were found to be located at sites of amyloid 

plaques (Rajendran et al., 2006), giving a first indication that microvesicles might be 

involved in neurodegenerative diseases. Indeed, microvesicles have been shown to 

be secreted by several neuronal cell types, thereby contributing to the physiology and 

synaptic plasticity of the central nervous system (Bellingham et al., 2012). It is also of 

note, that microvesicles have been found to be able to pass the blood–brain barrier 

and to deliver functional siRNA to neurons (Alvarez-Erviti et al., 2011), which opens 

up the possibility of cross talk via this usually very tight and selective barrier. 

Furthermore, microvesicles from Alzheimer's patients have been found to be 

enriched in Aβ, its precursor protein APP and some components of γ-secretase and 

might thereby contribute to the spread of Alzheimer's disease (Vella et al., 2008). 

Surprisingly, microvesicles isolated from the cerebrospinal fluid of diseased patients 
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contain around 60 differentially expressed miRNAs compared to healthy controls 

(Cogswell et al., 2008). So far it is unclear, if these miRNAs might in consequence 

also be involved in the pathogenic mechanisms of Alzheimer's disease, but the 

findings again support the importance of microvesicular miRNAs which might serve at 

least as biomarkers of diseases like Alzheimer's disease. 

Diabetes mellitus, type 2 (T2DM) 

The number of patients suffering from T2DM is dramatically increasing in developed 

and developing countries (Zimmet et al., 2001). 

First indications of deregulated microvesicular miRNAs in plasma of patients suffering 

from T2DM compared to healthy age and sex matched controls are available and 

provide a potential diagnostic signature containing 5 miRNAs, including reduced miR-

126 level (Zampetaki et al., 2010). 

Interestingly, it was already demonstrated that increased miR-126 level promote 

vascular endothelial growth factor (VEGF) signaling and has a positive effect on 

vascular protection (Zernecke et al., 2009). It is known that the monocytes of patients 

suffering from T2DM exhibit reduced VEGF sensitivity which is contributing to an 

impaired collateral vessel development. This effect might be due to a reduced 

microvesicular transport of miR-126 to monocytes (Zampetaki et al., 2010). 

Osteoporosis 

So far, no study has addressed secreted miRNA in bone disorders of the elderly, 

however, it is conceivable that miRNAs will be associated with this disease as well, 

since several miRNAs are known to be regulated during osteogenic differentiation 

(reviewed by Schraml and Grillari, 2012). 

Recently our group could show that microvesicles originating from senescent 

endothelial cells are taken up by MSCs thereby inhibiting osteogenesis via miR-31 

delivery Weilner, Schraml and Grillari, unpublished observations. Additionally, 

circulating miR-31 levels were also found to be significantly increased in plasma of 

donors older than 55 as well as in patients suffering from osteopenia compared to 

donors younger than 25 years Weilner, Schraml and Grillari, unpublished 

observations. 

These results might provide a link between the age associated incidence of reduced 

bone healing or osteopenia and accumulating senescent endothelial cells with age in 

vivo. 
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Concluding remarks 

The still quite recent identification of secreted and/or microvesicular miRNAs in the 

systemic environment, in interstitial fluids or other body fluids poses a formidable tool 

to identify and use miRNAs as diagnostic signatures. Developing such signatures is 

of high concern as personalized medication and therapy depends on “personalized” 

diagnostic tools. The here presented examples of miRNAs that are associated or 

sometimes even causally linked to age-associated diseases might provide such a 

toolbox of biomarkers. As small non-coding RNAs have been used in clinical trials by 

now, miRNAs will certainly also find applications as therapeutic targets. Especially for 

those miRNAs that circulate in the systemic environment, drug targeting might be 

comparably easy due to good accessibility in the blood. 
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Fig. 1 

 

Senescent donor cells contribute to the senescence-associated secretory phenotype 

(SASP) by secreting not only soluble proteins but also microvesicles either in a 

paracrine, endocrine or synaptic manner. These vesicles are taken up by recipient 

cells and may cause or contribute to age related pathologies like osteoporosis, 

atherosclerosis, Alzheimer's disease or diabetes mellitus, type 2. 
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Table 1 Comparison of microvesicle types. 

 
Exosomes Ectosomes Apoptotic bodies 

Size [nm] 30–100 nm 100–1000 nm 50–5000 nm 

Floating 

density [g/ml] 
1.10–1.21 N.K. 1.16–1.28 

Sedimentation 

[g] 
100,000–110,000 10,000–100,000 1500–100,000 

Cargo mRNA, miRNA, proteins 
mRNA, miRNA, 

proteins 

mRNA, 

miRNA,rRNA, DNA, 

proteins 

Origin Late endosomes Plama membrane Apoptotic cells 

Specific 

marker 

Tetraspanins(CD81, 

CD63) ESCRT member 

(Alix, TSG 101) 

Integrins, 

selectins, 

metalloproteinases 

Histones, DNA 

Morphology Cup shaped Irregularly Irregularly 

Uptake of 

cargo 
Specific Specific N.K. 

Mode of 

release 
Fusion of MVB with PM 

PM blebbing by 

actomyosin 

contraction 

PM blebbing by 

actomyosin 

contraction 
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Abstract 

 

Objective: To review the current state of research on microRNAs in age-related 

diseases in cartilage and bone. 

Methods: PubMed searches were conducted using separate terms to retrieve articles 

on i) the role of microRNAs on aging and tissue degeneration, ii) specific microRNAs 

that influence cellular and organisms senescence, iii) microRNAs in musculoskeletal 

age-related conditions, and iv) the diagnostic and therapeutic potential of microRNAs 

in musculoskeletal age-related conditions. 

Results: A constantly increasing number of studies identify microRNAs associated 

with cellular aging and tissue degeneration. Specifically in regard to frailty, 

microRNAs have been found to influence the onset and course of age-related 

musculoskeletal conditions, such as osteoporosis, osteoarthritis and posttraumatic 

arthritis. Intracellular as well as extracellular microRNAs may be suitable to function 

as diagnostic biomarkers. Especially, extracellular microRNAs in vesicles may open 

the doors to novel therapeutic targets. 

Conclusion: The available current research data suggest that microRNAs play an 

important role in orchestrating age-related processes and conditions of the 

musculoskeletal system. Further research may help to improve the understanding of 

the complexity of these processes on a cellular as well as extra-cellular level. The 

option to develop microRNA biomarkers and novel therapeutic agents for the 

degenerating diseases of bone and cartilage appears to be promising.. 
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Introduction 

 

Musculoskeletal tissue degeneration, in general, is thought to be an age-related 

process that may be aggravated or accelerated by injury or disease (Loeser, 2010). It 

has been well studied that the cellular and molecular processes during degeneration 

can be directly associated with those happening during aging. During the last 3 

decades, research has shown that despite many environmental stimuli, genetic 

factors play an important role in the regulation of aging (Smith-Vikos and Slack, 

2012). More recently, the role of microRNAs (miRNAs) as regulators of cellular and 

organism aging has been increasingly studied (Jung and Suh, 2012; Ukai et al., 

2012; Yu et al., 2013). These short and non-coding RNAs regulate the translation of 

mRNA on a posttranscriptional level, and therefore widely influence the biological cell 

function . Currently, around 1400 different human miRNAs have been identified and 

reported in miRBase (http://www.mirbase.org). In terms of aging, a number of 

miRNAs has been shown to be up- or down regulated, thus they are considered to 

play a key role as regulators of the aging processes (Grillari and Grillari-Voglauer, 

2010)(Weilner et al., 2012).  

In this review article, we will first describe the present state of research of miRNAs 

regarding their function in the aging and tissue degeneration processes. We will then 

address studies that have focused on specific miRNAs that influence cellular and 

organism aging. Then we will discuss age-related diseases in cartilage and bone that 

are already being brought into connection with miRNAs. We will close by exploring 

the future role of miRNAs in the field of orthopaedic research. 
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MicroRNAs and cellular aging  

Cellular aging 

The phenomenon of irreversible cellular growth arrest of normal human cells after 

serial passaging in vitro is called cellular senescence and was first described by 

Leonard Hayflick and Paul Moorhead in 1961 (Hayflick and Moorhead, 1961). This 

cell cycle block can be caused by critically short telomeres, DNA damage, oncogenic 

signaling or cellular stress (Campisi and d'Adda di Fagagna, 2007). Senescent cells 

are not only characterized by a changed morphology and function but also by an 

altered intracellular protein expression as well as secretion profile compared to early 

passage cells (Campisi and d'Adda di Fagagna, 2007). It was long believed that 

cellular senescence is just an in vitro phenomenon, but in recent years an increasing 

number of papers were published showing not only that senescent cells accumulate 

with age in vivo, as for instance in the skin (Herbig et al., 2006; Jeyapalan et al., 

2007), at sites of arteriosclerosis (Erusalimsky, 2009) or in the kidney (Koppelstaetter 

et al., 2008; Melk et al., 2004), but that they are also contributing to overall organism 

aging and age-related diseases. For example Baker et al. could demonstrate that the 

onset of age-related diseases could be delayed by removing p16Ink4a positive cells, a 

typical marker for cellular senescence, in mice (Baker et al., 2011). Furthermore the 

influence of senescent cells to organism aging was also shown by reactivating 

telomerase in mouse tissues that consequently “rejuvenate” (Bernardes de Jesus et 

al., 2012; Jaskelioff et al., 2011). Today, two pathways are known whose activation 

can lead to cellular senescence. Firstly, replicative senescence is triggered by 

exhausted replicative potential due to critical short telomeres (Campisi and d'Adda di 

Fagagna, 2007). Secondly, stress can induce premature senescence, triggered by 

cellular stressors like DNA damage or oncogenic signaling (Chen et al., 2008). 

Whatever the trigger for cellular senescence and thus cellular aging is, so far the two 
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executors of irreversible cell cycle arrest are either the p21 or the p16 dependent 

pathways (Campisi and d'Adda di Fagagna, 2007). Both pathways result in the 

activation of the retinoblastoma cell cycle inhibitory pathways, leading to cell cycle 

arrest, possibly followed by a permanent growth arrest and cellular senescence 

(Campisi and d'Adda di Fagagna, 2007).  

 

Interestingly even in musculoskeletal tissue, like bone and cartilage, accumulation of 

senescent cells with age was observed. Mesenchymal stem cells (MSCs) are the 

source of bone matrix forming osteoblasts as well as of cartilage matrix forming 

chondroblasts. Since bone is continuously remodeled, a functionally adequate 

number of proliferating and differentiating stem cells for tissue regeneration is 

required. A number of studies reviewed by Kassem and Marie, examining  the 

differences in the number of formed colonies by MSCs isolated from young and aged 

donors, led to no clear but rather contradictory results (Kassem and Marie, 2011). In 

summary, a strong decline in the number of MSCs can be observed in early 

adulthood as soon as skeletal growth is completed, but this reduction does not 

contribute to the frequently observed reduced bone matrix density in old age 

(Kassem and Marie, 2011). Although no conclusive reduction in the number of MSCs 

after the completion of skeletal growth has been observed so far a higher percentage 

of MSCs, exhibiting typical markers for senescence, such as β-galactosidase, was 

observed in cultures established from elderly donors, indicating that senescent MSCs 

accumulate with age in vivo and that they might thereby contribute to age related 

bone-loss (Stenderup et al., 2003) (Zhou et al., 2008). Supportingly a reduced 

replicative potential of human MSCs (Laschober et al., 2009; Stolzing et al., 2008) 

and osteoblasts (Kassem et al., 1997), isolated from elderly donors compared to 

young individuals has been reported.   
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Furthermore, increased protein levels of senescence inducing p53 and p21 were 

observed in aged MSCs (Zhou et al., 2008). Interestingly, p53 was shown to have an 

impact on osteogenesis of MSCs, since p53 knock down resulted in the initiation of 

osteogenic differentiation (Kim et al., 2012b). Taken together this studies show, that 

the share of cellular senescent MSCs increases with the population doubling in vitro 

as well as with the donors’ age and that these observations go along with a reduced 

differentiation capacity.   

Not only MSCs and osteoblasts were shown to enter cellular senescence. 

Chondrocytes of aged donors exhibited typical markers of senescence, such as 

reduced telomere length and enhanced β-galactosidase expression compared to 

young donors (Martin and Buckwalter, 2003). In addition, transfection of 

chondrocytes isolated from an elderly donor with the telomerase reverse 

transcriptase hTERT, resulted not only in elongated telomeres but enabled the 

transduced cells to undergo 275 more population doublings compared to normal 

cells, indicating that also chondrocytes are effected by replicative senescence (Martin 

and Buckwalter, 2003).  

Another example for senescent cells and their contribution to the age associated 

degeneration of cartilage is provided by the group of Hoyland. They hypothesized 

that the reason for degenerated intervertebral discs might be senescent cells. When 

comparing cells isolated from non-degenerated and degenerated human tissue, 

reduced telomere length and replicative potential as well as increased p16INK4A levels 

and senescence associated β-galactosidase positive cells were detected in cell 

cultures isolated from degraded tissues. Even when cells isolated from two discs of 

the same individual were compared, differences in their mean telomere length could 

be observed, depending on the grade of tissue-degradation.  (Le Maitre et al., 2007). 

Summarizing the data it is clear that cells known to be relevant for the 
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musculoskeletal tissue are also affected by cellular senescence and that they 

accumulate with age or in the case of musculoskeletal diseases.  

MiRNAs are single stranded 22 – 24 nucleotide small non-protein coding RNAs, 

which have the ability to inhibit protein translation by recognizing and binding the 3´-

untranslated region of specific target mRNAs (Fig. 1). In 1993, the first miRNA lin-4 

was discovered in Caenorhabditis elegans (C. elegans) (Lee et al., 1993), and more 

than 10 years later, higher levels of lin-4 were demonstrated to have a positive effect 

on the nematodes life span (Boehm and Slack, 2005). MiRNAs do not only target one 

but up to several hundred mRNAs, resulting in the capability to repress the 

expression of components within one pathway, but also within related pathways. 

Thereby they rapidly control cellular processes like differentiation, proliferation, 

migration, autophagy, apoptosis and senescence (Bartel, 2004; Thum et al., 2008; 

Zhao and Srivastava, 2007), but they also effect processes of the entire organism, 

such as aging (Boehm and Slack, 2005). The importance of microRNAs in bone 

formation of adult organisms is emphasized by several studies showing that deletion 

of Dicer, a protein necessary for microRNA biogenesis, in either mature osteoblasts 

or in osteoclasts leads to an high bone mass phenotype in mice (Gaur et al., 2010; 

Mizoguchi et al., 2010; Sugatani and Hruska, 2009). 
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How do miRNAs and senescence interact? 

Initially, different miRNA expression profiles in replicative senescence were shown for 

various cell types, such arterial and umbilical vein derived endothelial cells, replicated 

CD8(+) T cells, renal proximal tubular epithelial cells and skin fibroblasts(Hackl et al., 

2010; Maes et al., 2008a; Rippe et al., 2012) , indicating that miRNAs might play an 

important role in orchestrating replicative senescence.  Also in the case of human 

bone marrow derived mesenchymal stem an altered miRNA expression profile due to 

cellular senescence was observed.  In particular an upregulation of miR-369-5p, miR-

29c and let-7f was demonstrated upon replicative senescence (Wagner et al., 2008). 

However, whether the altered microRNA profile is a consequence of senescence or 

the altered microRNA profile triggers replicative senescence is still a matter of 

debate. Another prominent example for miRNAs being differentially regulated during 

senescence is miR-34a. MiR-34a is highly expressed in senescent fibroblasts 

(Tazawa et al., 2007), endothelial cells as well as in the heart and spleen of aged 

mice, suggesting a possible role of miR-34 in cardiovascular diseases (Ito et al., 

2010). MiR-34a is known to target the class III histone deacetylase silent information 

regulator 1 (SIRT1) (Yamakuchi et al., 2008), and expression of miR-34a , which is 

going along with reduced SIRT1 levels, contributes to a positive p53 activating 

feedback loop leading to increased p21 levels thereby triggering senescence 

(Yamakuchi and Lowenstein, 2009). In regard to bone, bone formation and 

tumorigenesis in bone, miR-34a was observed to decrease in osteosarcoma cell lines 

(Li et al., 2013; Yan et al., 2012). Furthermore Yan et al. could demonstrate that 

overexpression of miR-34a inhibits the tumor growth and metastasis of osteosarcoma 

(Yan et al., 2012). This observation was confirmed by Li et al who demonstrated that 

miR-34a overexpressing tumor cells exhibit a reduced replicative potential indicating 

that this microRNA indeed impacts on the cell cycle progression (Liu et al., 2011). 
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However, whether the observed downregulation of miR-34a in osteosarcoma directly 

impairs bone formation, or if the enhanced formation is due to a prevention of 

senescence which would otherwise inhibit tumor formation, is still not clear (He et al., 

2009). 

MiRNAs are not only differentially regulated during replicative senescence, but also in 

stress induced premature senescence (Cufi et al., 2012; Li et al., 2009a; Li et al., 

2012a). In regard to bone formation, first data on the miRNA expression profiles 

during senescence show changes in irradiation induced premature senescent 

osteoblasts as compared to early passage cells (Li et al., 2012b). Another study 

detected the miR-17-92 cluster, a group of microRNAs which were shown to be 

downregulated in low level irradiation induced senescent cells (Maes et al., 2008a; 

Maes et al., 2008b) but upregulated in osteosarcoma cell lines (Baumhoer et al., 

2012), indicating that this family of miRNAs might also play a critical role in controlling 

cell cycle progression during bone formation.  

Oxidative stress was shown to induce premature cellular senescence in various cell 

types (Brandl et al., 2011; Estrada et al., 2013; Feng et al., 2001; Sohal and Orr, 

1998; Yudoh et al., 2005). Several studies could demonstrate that miRNAs play an 

important role in reactive oxygen species induced senescence  (Bai et al., 2011; Cufi 

et al., 2012; Ito et al., 2010; Magenta et al., 2011; Menghini et al., 2009). Magenta et 

al. reported that miR-200c is upregulated upon H2O2-treatment in human endothelial 

cells, and that miR-200c overexpression alone causes growth arrest, apoptosis and 

cellular senescence (Magenta et al., 2011). Interestingly Li et al. reported in 2013, 

that miR-200b/c are usually downregulated in Osteosarcomas and that 

overexpression of those two microRNAs leads to a reduced proliferation potential 

indicating that this microRNAs indeed impact on the cell cycle progression of bone 

relevant cells (Li et al., 2013).  
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However, whether the altered microRNA profile is a consequence of stress induced 

senescence or of the afflicted DNA damage remains unclear. 

 

What is the functional consequence of microRNAs in senescence? 

Differential expression of miRNAs by cellular senescence in various cell types 

strongly suggests functional consequences of the differentially expressed miRNAs in 

the context of cellular aging, for which we present only some examples, 

predominantly of studies of bone derived tumor cells. 

It was shown that miR-21 levels are upregulated in osteosarcoma cell lines, and that 

its overexpression correlates with enhanced cell invasion and migration of tumor cells 

by targeting and inhibiting the expression of reversion-inducing-cysteine-rich protein 

with kazal motifs (RECK), a protein which negatively regulates matrix 

metalloproteinase-9 (MMP-9) (Ziyan et al., 2011). It was also demonstrated that miR-

21 is down regulated in bone marrow derived mesenchymal stem cells (BMSCs) of 

postmenopausal patients suffering from osteoporosis as well as in ovariectomized 

mice (Yang et al., 2013). Recombinant expression of miR-21 in murine BMSCs 

resulted not only in an enhanced osteoblastogenesis in vitro, but also in an increased 

bone formation in vivo (Yang et al., 2013). 

Another prominent example for miRNAs to play an important role in the process of 

cellular senescence is miR-24. MiR-24 targets p16 mRNA and is downregulated in 

replicative senescent diploid fibroblasts (Lal et al., 2008) thereby promoting the p16 

dependent senescence pathway. Interestingly, miR-24 was also demonstrated to 

have a key role in facilitating osteogenesis of MSCs (Goff et al., 2008). Therefore it is 

tempting to speculate that reduced miR-24 level contribute to the phenomenon of 

reduced proliferation potential, by facilitating  p16 mediated senescence, as well as 

to decreased osteogenic differentiation potential of MSCs with age.  
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Not only p16, but also p21 as ultimate effector of senescence was shown to be 

regulated by miRNAs. Besides miRNAs, such as miR-663, the miR-17-92 cluster is a 

prominent example for the posttranscriptional repression of p21 via miRNAs (Yi et al., 

2012). This cluster was not only reported in the context of cell cycle regulation, but to 

be deregulated in various cancer cell lines including osteosarcomas as well 

(Thayanithy et al., 2012).  

 

MicroRNAs and age-related diseases in cartilage and  bone 

Several studies have revealed that miRNAs play a central role in age-related 

diseases, such as cardiovascular diseases, Alzheimer´s disease (AD), arthritis, 

dementia, cataract, osteoporosis, diabetes and cancer as reviewed by Schraml at el. 

(Schraml, 2012). Hereafter a few examples of deregulated miRNAs in patients 

suffering from age-related diseases regarding the bone or the cartilage are given.  

 

Several studies have demonstrated the importance of miRNAs in cartilage 

development, maintenance and destruction (Karlsen et al., 2014; Song et al., 2013a; 

Song et al., 2013b; Sumiyoshi et al., 2010; Ukai et al., 2012; Vonk et al., 2014). 

MiRNA expression profiles were established, using chondrocytes isolated from 

patients with osteoarthritis and compared to healthy age matched controls. 7 

differentially regulated miRNAs were found, among them hsa-miR-483-5p which was 

higher expressed in cells of osteoarthritic donors (Diaz-Prado et al., 2012).  In 

contrast, hsa-miR-149*, hsa-miR-582-3p, hsa-miR-1227, hsa-miR-634, hsa-miR-576-

5p and hsa-miR-641, were down-regulated in osteoarthritis (Diaz-Prado et al., 2012). 

Interestingly, these miRNAs were shown to influence pathways associated with 

cartilage function (Diaz-Prado et al., 2012). In this regard it was also shown that 

SIRT1 levels are deregulated in osteoarthritis chondrocytes. It is known that SIRT1 
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expression levels are tightly regulated by miRNAs and it was already demonstrated 

that SIRT1 levels change during the development of osteoarthritis (Diaz-Prado et al., 

2012). One example of microRNAs having an influence on SIRT1 expression level is 

miR-34a. It was shown that miR-34a is upregulated in response to activated p53 and 

in turn inhibits the expression of SIRT1(Zhao et al., 2010). Interestingly elevated 

levels of miR-34a contribute to osteoarthritis since silencing of  miR-34a in an 

osteoarthritis rat model resulted in reduced cartilage destruction (Abouheif et al., 

2010). A positive effect on the preservation of cartilage in an osteoarthritis mouse 

model was observed due to miR-146a overexpression (Li et al., 2011). In other age-

related diseases, such as osteoporosis or osteopenia, miRNAs were shown to have a 

high impact as well. Several miRNAs are known to influence the function of bone 

forming osteoblasts. For example miR-133a was not only shown to inhibit 

osteoblastogenesis by targeting Runx-2 but it also turned out as a potential 

biomarker since miR-133a levels are increased in patients suffering from 

osteoporosis as compared to healthy postmenopausal women (Li et al., 2008; Wang 

et al., 2012). Another promising candidate for a marker of osteoporosis is miR-214 

whose expression negatively correlates with Alkaline phosphatase and Osteocalcin 

levels, two established bone formation marker (Wang et al., 2013).  Furthermore 

overexpression of miR-138, which was shown to inhibit osteogenic differentiation of 

mesenchymal stem cells in vitro, was also demonstrated to cause an osteoporotic 

phenotype in mice (Eskildsen et al., 2011).  MiR-182 suppresses osteogenesis of 

bone forming osteoblasts by knocking down its target Forkhead box O1 (FOXO1) 

(Kim et al., 2012a). On the other hand, some miRNAs are known to enhance the 

activity of bone resorbing osteoclasts. MiR-148a was shown to increase 

osteoclastogenesis in vitro by knocking down the expression of V-maf 

musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) (Cheng et al., 
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2012). Supportingly the group of Luo could demonstrate that inhibiting miR-148a 

expression in vivo leads to impaired osteoclast development and increased bone 

mass in ovariectomized (OVX) and sham-operated control mice (Cheng et al., 2012).  

The influence of miRNAs on the development of osteoporosis was demonstrated by a 

study of Li et al.. MiR-2861 was shown to target histone deacetylase 5 (HDAC5), a 

protein facilitating Runx2 degradation (Li et al., 2009b). Silencing miR-2861 resulted 

in reduced osteogenesis in mice (Li et al., 2009b). Furthermore they also reported on 

a case of two young related individuals, who were suffering from primary 

osteoporosis due to mutations in miR-2861 (Li et al., 2009b).  

 

Future role of MicroRNAs in musculoskeletal researc h  

The high potential of miRNAs as diagnostic marker or biomarker has been mentioned 

on several occasions (Kosaka et al., 2010; Mitchell et al., 2008; Miyaki and Asahara, 

2012; Pauley and Cha, 2011; Wittmann and Jack, 2010). As the majority of studies 

focused on the intracellular role of miRNAs, it was only recently, that they were 

detected in blood and other body fluids as well (Miyaki and Asahara, 2012). Mitchell 

et al. were the first to describe stable circulating miRNAs in cancer patients (Mitchell 

et al., 2008), which was consequently supported by findings in other studies (Kosaka 

et al., 2010; Wittmann and Jack, 2010) In terms of arthritis, Pauley et al. showed an 

increased expression of miR-146a in peripheral blood mononuclear cells from 

patients with rheumatoid arthritis (Pauley and Cha, 2011). Murata et al. described 

miRNAs in the synovial fluid of patients with rheumatoid as well as osteoarthritis. 

MiR-16, miR-146a, miR-155 and miR-223 in synovial fluid, all were higher in 

rheumatoid arthritis compared to osteoarthritis (Murata et al., 2010). MiRNAs as 

biomarker in synovial fluids seem to be a very exciting field for further research. 

Especially, the development of disease-specific profiling using synovial fluid as well 
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as peripheral blood could be promising. In terms of osteoarthritis and posttraumatic 

arthritis, the role of extracellular miRNAs in signaling that directly activates the 

arthritic process has been mentioned (Wittmann and Jack, 2011). Recently, we have 

reviewed that extracellular miRNAs are packed in secretory microparticles, such as 

exosomes, and so being transferable from tissue to tissue (Weilner et al., 2012). 

Miyaki and Asahara mentioned that extracellular miRNAs may play a similar role as 

cytokines, and could be considered as paracrine regulatory molecules for cell-cell or 

tissue-tissue communication (Miyaki and Asahara, 2012). They also pointed out that 

those mechanisms involving transport and functions of exosomes are not well 

understood yet and need to be explored further (Miyaki and Asahara, 2012). This 

may not only lead to new biomarkers, but may open novel therapeutic targets in 

osteoarthritis as well.  

Wang et al. described miR-133a in human peripheral blood monocytes as potential 

biomarker of postmenopausal osteoporosis (Wang et al., 2012). MiR-133a was 

significantly upregulated in the low compared to the high bone mineral density group 

(Wang et al., 2012). They found three potential osteoclast related target genes, 

CXC11, CXCR3 and SLC39A1 which are known to play an important role in 

osteogenesis (Wang et al., 2012).  

The use of miRNAs as therapeutic agent in joint diseases were demonstrated by 

Nagata et al.. They injected double-stranded miR-15a into arthritic joints of mice 

(Nagata et al., 2009) which was subsequently found in synovial cells, but not in 

chondrocytes (Nagata et al., 2009). MiR-15a lead to increased cell apoptosis by 

inhibiting the expression of B-cell CLL/lymphoma 2 (BCL-2), which is known to act as 

an inhibitor of apoptosis which is overexpressed in rheumatoid arthritis synovial 

fibroblasts (Nagata et al., 2009). Another possible therapeutic target might be 

represented by miR-210. Shoji et al. reported on the effect of intraarticular injection of 
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miRNA-210 on partially transected anterior cruciate ligaments in rats (Shoji et al., 

2012). They observed healing of the ligament following miRNA-210 injection through 

enhancement of angiogenesis via upregulation of VEGF and FGF2 (Shoji et al., 

2012) 

 

Conclusions 

MiRNAs play an important role in the aging process in general and in age-related 

diseases (Schraml, 2012). Due to the complexity of the spectrum of intracellular as 

well as extracellular miRNAs, the current understanding in this area is far from being 

complete. However, the number of reports addressing specific miRNAs and their role 

in tissue degeneration is constantly increasing. With regard to the age-related 

diseases of the musculoskeletal system, such as osteoporosis and osteoarthritis, 

promising studies have been undertaken that contribute to a better understanding of 

the underlying mechanisms of these conditions. The role of miRNAs as diagnostic 

biomarkers, tissue specific as well as in body fluids, has gained enormous research 

interest recently. Furthermore, it has been shown that miRNAs, locally and 

systemically, may represent future therapeutic agents. 
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Appendix F: Filed patents 

  

Galectin-3 

 
Compositions and methods for the treatment of bone disorders  

The present invention relates to the therapy, prophylaxis and diagnosis of disorders 

that are associated with aberrant bone mineral density.  

Metabolism and remodeling of the bone structure are the result of coordinated 

actions of bone-resorbing osteoclasts and bone-forming osteoblasts. While upon 

activation, osteoclasts resorb a portion of bone and finally undergo apoptosis, newly 

generated osteoblasts form bone at the site of resorption. Since development of 

osteoclasts is controlled by pre-osteoblastic cells, resorption and formation of bones 

are tightly coordinated. 

An imbalance between osteoclast and osteoblast activities can result in skeletal 

abnormalities like osteoporosis (OP), which is characterized by decreased bone 

density and micro-architectural deterioration of bone tissue. The osteoporotic 

syndrome encompasses primary disorders such as postmenopausal or age-related 

OP, and secondary conditions that accompany disease states or medications. Low  

bone mineral density and low bone mass are the most important risk factor for 

osteoporosis.  

Overall, the fact that the repair capacity of fractures is reduced and disorders like 

osteopenia or osteoporosis increase with age, implicates that the bone regeneration 

capacity is affected by the aging process.  

Osteoporosis is estimated to affect 200 million women worldwide; in Europe, USA 

and Japan, osteoporosis affects an estimated 75 million people. Due to increased life 

expectancy, numbers are expected to increase.  

Most of the currently available treatments aim at substantially increasing the bone 

density by using anti-resorptive strategies, i.e. they act by inhibiting bone  resorption 

by osteoclasts. These therapies essentially include the use of bisphosphonates, 

estrogens, selective estrogen receptor modulators (SERMs), calcitonin and 

monoclonal antibodies such as denosumab, a monoclonal antibody against receptor 

activator of NFκB-ligand (RANKL), a factor made by osteoblasts which stimulates 

osteoclast development. These therapies have been shown to have limited efficacy. 

The first, and to date only, approved agent that stimulates new bone formation in the 
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treatment of osteoporosis in menopausal women is teriparatide, a portion of human 

parathyroid hormone, which is the primary regulator of calcium and phosphate 

metabolism in bone and kidney.  

It has been an object of the invention to provide new agents and therapies for the 

treatment of bone disorders that result in new bone formation, thus reducing fracture 

at a higher rate than the available anti-resorptive therapies.  

To solve the problem underlying the invention, the inventors focused on the process 

of osteogenesis. 

Osteogenesis, i.e. the differentiation of mesenchymal stem cells into osteoblasts, is 

one of the basic mechanisms underlying the activities of osteoblasts, which are the 

key players in the formation of new bone.  

In line with the finding that advanced age correlates with the incidence of reduced 

bone mineral density or bone mass disorders, it has been shown that the 

differentiation capacity of mesenchymal stem cells (MSCs) decreases with age, 

thereby contributing to slowed-down bone healing with age and to impaired bone 

remodeling leading to osteopenia or osteoporosis.  

The experiments of the present invention focus on the role of circulating 

microvesicles (MVs) and their effect on the osteogenic differentiation capacity of 

mesenchymal stem cells (MSCs). While searching for systemic factors that are 

deregulated in old age and influence osteogenic differentiation capacity of 

mesenchymal stem cells (MSCs), it was surprisingly found that vesicular Galectin-3 

is secreted by endothelial cells within CD63 negative and also CD63 positive MVs as 

well as in MVs isolated from human plasma of young people. 

Galectin-3 (NG_017089.1 RefSeqGene, NR_003225.2, Isoform1: NM_002306.3, 

Isoform 1: Isoform 2: NP_002297.2, Isoform 2: NM_001177388.1, NP_001170859.1; 

protein and cDNA sequence: GenBank accession No.: AB006780.1) is a ubiquitously 

expressed lectin. It belongs to the family of galectins, a class of proteins exhibiting a 

conserved carbohydrate-recognition domain (CRD) which facilitates a beta-

galactoside binding activity due to its NWGR amino acid sequence (Leffler et al., 

2004, Glycoconjugate journal 19, 433-440). In addition to the CRD, Galectin-3 has a 

collagen α-like and a short amino-terminal domain containing six predicted 

phosphorylation sites, whereof some are known to have also CRD-domain-

independent functions. For example, phosphorylation of Serine 96 was shown to 

inhibit degradation of β-Catenin, an important mediator of Wnt-signalling (Song, S., et 



APPENDIX E 

 

216 

al, 2009, Cancer Res 69, 1343-1349). Depending on the state and type of the cells, 

Galectin-3 can be found intracellularly, in the extracellular matrix and the circulation. 

Recently, it has been shown that tyrosine phosphorylation by Calpain-4 is essential 

for Galectin-3 secretion (Menon et al., 2011, Biochem Biophys Res Commun 410, 

91-96). Galectin-3 has been shown to play a critical role in cellular processes such as 

pre-mRNA splicing, cell growth, cell cycle progression and apoptosis, as well as in 

systemic processes, inflammation, atherosclerosis, wound healing, prion infection 

and, most prominent, in tumour development and progression. 

In the experiments of the present invention, it was tested if altered levels of Galectin-

3, as observed in the plasma of young versus elderly individuals, might have an 

impact on the osteogenic differentiation capacity of mesenchymal stem cells.  

It was confirmed that Galectin-3 levels are lower in elderly persons and that knock-

down of Galectin-3 inhibits osteogenic differentiation of MSCs in vitro, while its 

overexpression before induction of osteogenesis accelerates the osteogenic 

differentiation process of MSCs even before Runx2 induces Galectin-3 expression 

during osteogenesis.  

It can be concluded from the findings obtained in the experiments of the present 

invention that Galectin-3 will be useful in replacement therapies in patients with 

aberrant bone mineral density disorders, in particular in patients with reduced bone 

mass, e.g. osteoporotic patients, for restoring balanced osteogenesis.  

In addition, it can be concluded that Galectin-3 levels in human plasma may serve as 

a biomarker indicating how permissive the systemic environment is to osteogenic 

differentiation.   

In a first aspect, the present invention relates to a composition for the treatment and 

prophylaxis of disorders associated with aberrant bone mineral density or for 

accelerating bone healing, comprising, in a therapeutically effective amount, an agent 

that alters the level of Galectin-3 in mesenchymal stem cells, wherein said agent is 

selected from the group of   

a) agents with the ability to increase the level of Galectin-3 in mesenchymal stem 

cells, selected from  

i. Galectin-3 or fragments or variants or derivatives thereof, or  

ii. nucleic acid molecules encoding Galectin-3 or fragments or variants thereof; or  

iii. cells containing one or more nucleic acids molecule defined in ii.;  
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b) agents with the ability to decrease the level of Galectin-3 in mesenchymal stem 

cells, selected from  

i. agents inhibiting Galectin-3 expression in mesenchymal stem cells or  

ii. agents targeting the Serine 96 phosphorylation site of Galectin-3 protein, or  

iii. dominant negative alleles of Galectin-3.  

 

For the purpose of embodiment a), Galectin-3 may be any isoform of the protein. 

Alternatively to the naturally occuring Galectin-3 protein, or a nucleic acid molecule 

encoding it, a variant Galectin-3 polypeptide or a fragment or a nucleic acid molecule 

encoding such variant or fragment may be used. Variant Galectin-3 polypeptides 

having substantial sequence similarity to the Galectin-3 protein, such as 90%, 95% or 

99% sequence identity to a corresponding portion of Galectin-3, the corresponding 

portion being any contiguous sequence of any length, such as 10, 20, 30, 40, 50 or 

more amino acids. In some embodiments, chemically similar amino acids may be 

substituted for amino acids in the Galectin-3 protein sequence (to provide 

conservative amino acid substitutions).  

Furthermore, a Galectin-3 molecule modified by amino acids exchanges other than 

conservative substitutions may be useful, e.g. to enhance its activity. Optimization of 

the amino acid sequence may be achieved by methods known in the art, e.g. by site-

directed mutagenesis.   

In certain embodiments, the therapeutically active agent is a Galectin-3 derivative in 

which Galectin-3 is coupled to a chemical moiety that effects an increase of its half-

life, activity or uptake in bone. By way of example, Galectin-3 derivatives may be 

obtained by conjugation to polyethylene glycol (Iversen et al., Theranostics. 2013, 

3(3):201-9), or by N-glycosylation (Flintegaard et al., 2010, Endocrinology. 

Nov;151(11):5326-36). Alternatively, derivatization may be achieved by genetic 

modification that results in an N-terminal cyclic conformation (Cao et al., 2012, 

Diabetes Res Clin Pract. Jun; 96(3):362-70).  

In certain therapeutic methods of the invention, Intralipid®, an FDA-approved fat 

emulsion, may be injected before admistering Galectin-3 to effect the protein’s half-

life  (Liu et al., 2013, Biochim Biophys Acta. Jun; 1830(6):3447-53).  

In a specific embodiment, the therapeutically active agent is a peptide containing the 

phosphorylation site Serine 96 of Galectin-3. Without wishing to be bound by theory - 
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since Galectin-3 phosphorylation may act as a scavenger of beta-Catenin, excess 

Galectin-3 may compete with -Catenin for phosphorylation, thereby protecting it from 

degradation so that it can exert its function in osteogenesis.  

Galectin-3 variants, fragments or derivatives are useful within the scope of the 

present invention as long as their effect on differentiation of mesenchymal stem cells 

is equal to or greater than that of Galectin-3.  

Preferably, a Galectin-3 peptide has a length of about 8 – 30 amino acids.  

Galectin-3 variants or fragments may be routinely tested for usefulness in the present 

invention by transfecting MSCs or, as a model for MSCs, adipose-tissue derived 

stem cells (ASCs), with mammalian vector constructs containing the DNA sequence 

encoding the Galectin-3 protein or peptide of interest and determining its effect on 

osteogenic differentiation. MSCs and ASCs may be obtained by known methods, e.g. 

as described by Wolbank et al., 2007 (Tissue Eng 13, 1173-1183) and Wolbank et 

al., 2009 (Tissue Eng Part A, 1843-1854).  

The usefulness of Galectin-3 variants or derivatives may also be tested by incubating 

the test cells with such variant or derivative of interest. The effect may be quantified, 

e.g. as described in the Examples, by Alizarin staining to determine the cells’ degree 

of calcification, and additionally be confirmed by qPCR of the early osteogenic 

marker alkaline phosphatase (ALP) and the late osteogenic markers osteonectin 

(ON) and osteocalcin (OC).  

With respect to embodiment a), the term “Galectin-3” as used herein refers both to 

the naturally occurring protein and its therapeutically active 

variants/fragments/derivatives.  

With respect to the present invention, the term “disorders associated with aberrant 

bone mineral density” (“bone mineral density disorders” or "bone density disorders" 

or “BMD disorders”) refers both to conditions which are characterized, at least in part, 

by a decrease in bone mineral density (BMD), or bone mass respectively, that is 

associated with an aberrantly low level of Galectin-3, or, conversely, it refers to bone 

disorders associated with bone overgrowth and aberrantly high bone mineral density, 

in which bone formation and deposition exceed resorption.  

For the purpose of the present invention, such disorders are due to an abnormal 

capacity of mesenchymal stem cells to differentiate into osteoblasts, such capacity 

including both the process of differentiation itself as well as its stimulation/activation.  
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A composition according to a) may be used to i) increase low bone density/low bone 

mass or to ii) accelerate bone healing, e.g. after fractures or iii) for the prevention of 

fractures in defined regions of the skeleton that are at high risk of fractures, e.g. the 

hip of a patient suffering from osteoporosis, iv) in dentistry/ periodontology when an 

increase of bone mass due to increased differentiation of mesenchymal stem cells is 

to be achieved.  

In the case of i), Galectin-3 is the effective agent in a pharmaceutical composition to 

be administered systemically/parenterally, e.g. by subcutaneous bolus injection.  

In certain embodiments, when administered systemically, in order to enrich Galectin-

3 in osteogenic cells and to avoid tissue or organ-unspecific side effects, it may be 

linked to a bone-targeting molecule. Examples for bone-targeting molecules are, 

without limitation, bisphosphonates, lipids, or acidic oligopeptides, as described by 

Low and Kopecek, 2012 (Adv Drug Deliv Rev. 64(12): 1189–1204). Coupling 

Galectin-3 to bone-targeting molecules may be achieved according to methods 

known in the art. Examples of such methods are conjugation of Galecin-3 itself, or its 

delivery vehicle, e.g. liposomes, nanoparticles or microspheres, respectively, to 

bisphosphonates by a disulfide bridge (Doschak et al., 2009, Mol. Pharm. 6, 634-

640) or to collagen-binding domains by fusing its cDNA to the N- or C-terminus of the 

protein (Ponnapakkam et al., 2011, Calcif. Tissue Int. 88 511–520). Alternatively, 

short peptides containing repetitive aspartate and/or glutamate sequences may be 

fused to the C- or N-terminus of the protein, such fusion constructs being obtainable 

by recombinant protein expression. Such constructs may additionally include a 

spacer such as the Fc region of human IgG to improve the targeting and/or to ensure 

the activity of the protein (Nishioka et al., 2006, Mol. Genet. Metab. 88 244–255).  

Thus, in a further embodiment, the invention relates to Galectin-3, or a fragment or 

variant thereof, linked to a bone-targeting molecule.  

According to yet another embodiment, Galectin-3 or a gene construct containing the 

Galectin-3 encoding DNA, is contained in a delivery vehicle. Examples of delivery 

vehicles for bone-targeting are cationic liposomes like dioleoyl trimethylammonium 

propane (DOTAP)-based cationic liposomes attached to six repetitive sequences of  

aspartate, serine, serine ((AspSerSer)(6)), as described by Zhang et al., 2012 (Nat 

Med 18(2): 307-14) for the delivery of siRNA to bone-forming surfaces.  
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In the case of ii) or iii), Galectin-3 is administered locally, either directly or as a 

component of a matrix (also known as “scaffold) or bolus or by implantation of 

Galectin-3 overexpressing cells.  

A composition according to a) may be used, but its use is not limited to, ghosal 

hematodiaphyseal dysplasia syndrome (GHDD), osteoporosis, osteogenesis  

imperfecta osteopenia, Paget's disease, osteomyelitis, hypercalcemia, osteonecrosis, 

hyperparathyroidism, lytic bone metastases, periodontitis, and bone loss due to 

immobilization.  

As defined in US 20130195863, and also used herein, the term "osteoporosis" 

includes any form of osteoporosis. For example, osteoporosis includes primary 

osteoporosis, post-menopausal and age-related osteoporosis, endocrine 

osteoporosis (including hyperthyroidism, hyperparathyroidism, Gushing's syndrome, 

and acromegaly), hereditary and congenital forms of osteoporosis (including 

osteogenesis imperfecta, homocystinuria, Menkes' syndrome, Riley-Day syndrome), 

and osteoporosis due to immobilization of extremities. The term also includes 

osteoporosis  that is secondary to other disorders, including hemochromatosis, 

hyperprolactinemia, anorexia nervosa, thyrotoxicosis, diabetes mellitus, celiac 

disease, inflammatory bowel disease, primary biliary cirrhosis, rheumatoid arthritis, 

ankylosing spondylitis, multiple myeloma, lymphoproliferative diseases, and systemic 

mastocytosis. The term also includes osteoporosis secondary to surgery (e.g., 

gastrectomy) or to drug therapy, 20 including chemotherapy, endocrine therapy, 

anticonvulsant therapy, immuno-suppressive therapy, and anticoagulant therapy. The 

term also includes osteoporosis secondary to glucocorticosteroid treatment for 

certain diseases, including rheumatoid arthritis (RA), systemic lupus erythematosus 

(SLE), asthma, temporal arthritis, vasculitis, chronic obstructive pulmonary disease, 

polymyalgia rheumatica, polymyositis, and chronic interstitial lung disease. The term 

also includes osteoporosis secondary to glucocorticosteroid and/or 

immunomodulatory treatment to prevent organ rejection following organ transplant 

such as kidney, liver, lung, and heart transplants. The term also includes 

osteoporosis due to submission to microgravity, such as observed during space 

travel. The term also includes osteoporosis associated with malignant disease, such 

as breast cancer, prostate cancer.  

A composition according to b) may be used for the therapy of disorders which aim at 

decreasing an aberrantly high bone density and bone overgrowth. Such disorders are 
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caused by bone formation and deposition that exceed resorption, potentially resulting 

in pathologically increased bone mass and strength. Examples are sclerosteosis, 

Simpson-Golabi-Behmel syndrome (SGBS), Van Buchem Disease  

In order to determine whether a person is eligible for the treatment with a 

composition of the present invention, he or she may be first tested for BMD using 

approved physical methods. Examples are dual-energy X-ray absorptiometry (DXA 

or  DEXA), quantitative computed tomography (QCT), qualitative ultrasound (QUS), 

single photon absorptiometry (SPA), dual photon absorptiometry (DPA), digital X-ray 

radiogrammetry (DXR) or single energy X-ray absorptiometry (SEXA). Such 

measurements rely on the measurement of bone density, which is considered to be 

an indicator also of bone mass. (Since the terms “bone density” and “bone mineral” 

density are often mostly interchangeably, they are also used, if not otherwise stated, 

synonymously for the purpose of the present invention).  

The currently used relevant measure when screening for osteoporosis is the T-score, 

which is a comparison of a patient's BMD to that of a healthy thirty-year-old. The 

criteria of the World Health Organization are: the normal T-score is ≥ -1.0; osteopenia 

is defined by a T-score of -1.0 to -2.5; osteoporosis is defined by a T-score of ≤ -2.5.  

In the context of the present invention, the term “aberrant BMD” designates, if the T-

score is the relevant parameter, a BMD level outside the T-score range of -1,0 - +0,5. 

For the purpose of the present invention, this term also encompasses a level of BMD 

that is to be increased during bone healing, when the bone repair capacity after  

fractures is reduced.  

Subsequently to the step of measuring BMD, the person’s Galectin-3 level in plasma 

is determined (either by a separate Galectin-3 test or by assessing Galectin-3 

expression as a component of a diagnostic signature). If measuring BMD by a 

physical method, e.g. any of the methods mentioned above, is omitted, determining 

the Galectin-3 level is used as the only test for diagnosing a disorder correlating an 

aberrant BMD. In this case, the Galectin-3 level is the parameter for eligibility for a 

Galectin-3-based therapy. Eligibility for a Galectin-3-based therapy is given if the 

Galectin-3 plasma level deviates from a value of young, healthy individuals, by more 

than 15%. In addition, eligibility is given in case that the patient has one or more 

Galectin-3 mutations, or deficiencies in the response to Galectin-3, e.g. mutations in 

the down-stream signaling events induced by Galectin-3, or impaired binding of 

Galectin-3 to receptors, or impaired cellular uptake of Galectin-3. The therapeutically 
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effective amount of Galectin-3, i.e. the amount effective at dosages and for periods of 

time necessary to achieve the desired therapeutic result, i.e. the desired bone 

mineral density, may vary depending on factors such as the disease state, age, sex, 

and weight of the individual, and the ability of the therapeutic to elicit a desired 

response in the individual. Dosage regimens may be adjusted to provide the optimum 

therapeutic response.  

Response to Galectin-3-based therapy may be determined by standard methods, i.e. 

by determining BMD as described above.  

A "prophylactically effective amount" refers to an amount effective, at dosages and 

for periods of time necessary, to achieve the desired prophylactic result by increasing 

bone mineral density or preventing its decrease, thus preventing disorders like 

osteoporosis. A prophylactic dose may be used in subjects prior to or at an earlier 

stage of disease, and a prophylactically effective amount may be more or less than a 

therapeutically effective amount in some cases.  

A composition of the invention containing the Galectin-3 protein, operably linked  to a 

bone-targeting molecule, may be administered systemically, preferably parenterally, 

e.g. intravenously or subcutaneously, or locally, e.g. in the form of bone implants, 

prostheses or internal patches around bones.  

As mentioned above, the Galectin-3 protein/peptide may also be packaged into lipid 

vesicles, or mixed with a polymer like polyethylenimine linked to a bone targeting 20 

molecule.  

In yet another embodiment, the Galectin-3 protein may be administered as a 

component of a so-called “protein activated matrix (PAM), i.e. a matrix impregnated 

with the protein of interest.  

Matrices useful for drug delivery in bones, including controlled release composites, 

e.g. for delivering growth factors, are well known in the art and may be adapted for a 

therapeutic Galectin-3 protein. Examples are organic bone-derived matrices like 

demineralised bone matrix, autolyzed antigen-extracted allogenic bone; synthetic 

polymers like polylactic acid or polyglycolic acid homo-/heterodimer; natural polymers 

like collagen (types I and IV), non-collagenous proteins like fibrin and hydrogels. 

Example of inorganic matrices are natural bone mineral and thermoashed bone 

mineral, hydroxyapatite, tricalcium phosphate and other bioceramics, bioactive glass 

and coral (Kirker-Head, 2000, Adv Drug Deliv Rev 43: 65-92). Detailed reviews of 

composites as well as methods for incorparting the therapeutic agent into such 



APPENDIX E 

 

223 

composites are provided by Lauzon et al., 2012 (Journal of Controlled Release 162, 

502-520), and by Soundrapandian et al., 2009 (AAPS PharmSciTech. 10(4): 1158–

1171).  

Further examples of biomaterial matrices are described in US 20130195863. In yet 

another embodiment, to facilitate uptake of a Galectin-3 protein or peptide into the 

target cells, it may be operably linked to a CPP (“cell penetrating peptide”). Examples 

for CPPs, also known as protein transduction domains (PTDs), are transportan, pISl, 

Tat(48-60), pVEC, MAP and MTS, or the Oct4 transduction domain. A CPP-linked 

Galectin-3 may be obtained by recombinant production of the respective Galectin-

3/CPP fusion protein/peptide.  

For a formulation to be injected, the Galectin-3-containing composition contains 

components which are pharmaceutically acceptable. These may be in particular 

isotonic, sterile, saline solutions (monosodium or disodium phosphate, sodium, 

potassium, calcium or magnesium chloride and the like or mixtures of such salts), or  

dry, especially freeze-dried compositions which upon addition, depending on the 

case, of sterilized water or physiological saline, permit the constitution of injectable 

solutions. The pharmaceutical forms suitable for injectable use include sterile 

aqueous solutions or dispersions; formulations including sesame oil, peanut oil or 

aqueous propylene glycol; and sterile powders for the extemporaneous preparation 

of sterile injectable 20 solutions or dispersions.  

In certain embodiments, the Galectin-3 therapeutic is a DNA molecule inserted in a 

vector that is administered according to methods for gene therapy known in the art. 

Vectors may be prepared from different type of viruses, including adenoviruses, 

adeno-associated viruses (AAV), herpes viruses (HSV), lentiviruses and retroviruses. 

When the Galectin-3 therapeutic is used in a gene therapy using a virus, an 

adenovirus vector is preferably used. As a useful adenovirus vector, a so-called 

“second generation adenovirus vector” (obtained from a first generation adenovirus 

vector lacking the E1/E3 domain by deleting the E2 or E4) or a third generation 

adenovirus vector in which all viral coding sequences are deleted. DNA replication 

and packaging of such so-called “gutless” (or helper-dependent) adenoviral vectors 

depend on a helper virus to provide viral gene products to support the vector. 

Adenoviral and other viral vectors and the requirements they must fulfill to be suitable 

for bone-directed gene therapy, are described by Fischer et al., 2011, Journal of 

Cranio-Maxillo-Facial Surgery 39, 54-64).  
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Alternatively, the Galectin-3 therapeutic may be administered in the form of a naked 

DNA or mRNA molecule.  

In general, as for application of the protein, the dosage of the Galectin-3 nucleic acid 

molecule, i.e. when inserted in a gene therapy vector or applied as naked DNA or 

RNA, may depend to a large extent on the condition and size of the subject being 

treated as well as the therapeutic formulation, frequency of treatment and the route of 

administration. Regimens for continuing therapy, including dose, formulation, and 

frequency may be guided by the initial response and clinical judgment.  

To improve uptake of DNA in gene therapeutical applications of Galectin-3, physical 

and chemical methods may be useful. Examples of physical methods are 

electroporation (using short pulses of high voltage to carry DNA across the cell 

membrane), the so-called “gene gun” (using DNA coated with gold particles loaded 

into a “gun” achieves penetration into the cells), sonoporation (using ultrasonic  

frequencies) magnetofection (in which DNA is complexed to a magnetic particles). 

Examples of chemical methods are lipoplexes and polyplexes as well as dendrimers.  

According to certain embodiments, to achieve bone-directed expression of Galectin-3 

in mesenchymal stem cells (osteoprogenitor cells), the vector construct may include 

an osteoprogenitor-specific promoter, as described for expression of BMP-2 20 (bone 

morphogenic protein 2) by Kumar et al., 2005, Biochimica et Biophysica Acta 1731, 

95 – 103. Known osteoprogenitor-specific promoters are the Runx-2/cbfa1 (RUNX) 

promoter, the osteopontin (OPN) promoter, the collagen type 1a (COL) promoter and 

the osteocalcin (OCN) promoter. Since Galectin-3 expression is desirable during 

early stages of osteogenic differentiation (or activation of differentiation, respectively), 

the promoter cloned upstream of the Galectin-3 encoding DNA sequence is the COL 

or the RUNX promoter, preferably the RUNX promoter.  

In embodiments of local administration, e.g. for accelerating bone healing after a 

fracture, the therapeutic Galectin-3 encoding nucleic acid molecule may be delivered 

to the site of interest by means of viral or non-viral vectors or as naked DNA or RNA. 

As reviewed by Pelled et al., 2010 (Tissue Engineering: Part B, Volume 16, No.1, 13-

20), localization of the therapeutic molecule within the fracture site may be assured 

either by physical placement at the target site or by gene release from a three-

dimensional biomaterial implanted at or near the defect area. Useful physical 

placement methods include direct injection of the Galectin-3 protein, or the transgene 

respectively, into the fracture site. Preferably, in order for the DNA molecule to 
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penetrate cells in situ, it is delivered by a virus or forced into cells’ nuclei by an 

electric pulse or ultrasonic wave. Preferably, an adenoviral vector is used, as 

described for expressing bone morphogenetic protein (BMP) Egermann et al., 2006 

(Hum Gene  Ther. May;17(5):507-17).  

Alternatively to using a vector, in vivo electroporation or sonoporation may be used to 

deliver the therapeutic locally. Using these methods, the Galectin-3 encoding nucleic 

acid molecule is directly injected into a fracture and an electric pulse or ultrasonic 

wave is applied to the site either trans- or percutaneously.  

In a further embodiment, mesenchymal stem cells derived from any source, including 

but not limited to bone marrow, adipose tissue, umbilical tissue, urine, or placenta, 

genetically engineered to overexpress Galectin-3, as described in the Examples, may 

be implanted at the defect site (Marie, 2011, Osteoporos Int 22:2023–2026).  

In an alternative embodiment, localizing Galectin-3 at the site of interest, e.g. the 

fracture site, e.g. by transgene expression, is achieved by first binding Galectin-3 

DNA/RNA to a delivery system (e.g. by adsorption, entrapment or immobilization, or 

by covalent binding; Luginbuehl et al., 2004, Eur J Pharm Biopharm 58:197–208) and 

then implanting the gene-activated matrix (GAM) into the defect site, e.g. as 

described by Fang et al., 1996 (Proc Natl Acad Sci USA 93, 5753). To increase 

transfection efficiency, the DNA may be condensed by chemical vectors such as 

polyethyleneimine, liposomes or calcium-phosphate precipitates.  

Useful matrices (GAMs, “gene-activated matrices”) have been described above in the 

context with matrices for the delivery of the Galectin-3 protein.  

Also when the therapeutically active agent, either in the form of a protein/peptide or 

in the form of a nucleic acid, is administered locally, either as such or incorporated in 

a matrix, it may advantageously be linked to a bone-targeting molecule. For the 

protein/peptide, this may be accomplished either by directly linking the 

protein/peptide to the bone-targeting molecule or by linking the delivery vehicle, e.g. 

a liposome, that contains the agent, with the bone-targeting molecule. In the case 

that a nucleic acid molecule is to be administered locally, incorporation of the bone-

targeting molecule is achieved by linking it to the surface of the delivery vehicle. The 

same applies for a CPP. In certain embodiments, a Galectin-3 therapeutic of the 

invention, either containing Galectin-3 or the nucleic acid molecule encoding it, may 

be combined with one or more other therapeutic agents, e.g. teriparatide, 

denosumab, blosozumab, romosozumab, or one or more bone growth factors or the 
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respective encoding nucleic acid molecules, e.g. a BMP like BMP-2 and/or BMP-7, or 

RNAs, like e.g. RNAs antagonizing miR-31.  

In a composition of the invention according to embodiment b) ii., the inhibitor of 

Galectin-3 expression may be selected from any RNAi (RNA interference) molecule 

including siRNAs, miRNAs, LNAs, phosphorothioate RNAs, antisense 

oligonucleotides, ribozymes and aptamers. According to embodiment b) ii., the 

inhibitor is an agent targeting the active site (Serine 96) of the Galectin-3 protein, e.g. 

a protein/peptide that competes with phosphorylation or prevents it.  

According to embodiment b) iii., inhibition of Galectin-3 activity is achieved by 

overexpression of a dominant negative allele of Galectin-3. Dominant negative alleles 

of Galectin-3 may be selected upon testing truncation mutants of Galectin-3 that, 

upon overexpression in MSCs or during bone formation, inhibit or fail to accelerate 

osteogenic differentiation.  

In this case, an inhibitor of Galectin-3, linked to a bone-targeting molecule, is the 

effective agent in a pharmaceutical composition to be administered  

systemically/parenterally/subcutaneously, or locally to the bone, either directly or in 

combination with one or more physical and chemical method to improve uptake, or 

as a component of a matrix (GAM, “gene activated matrix”) or bolus.  

As for the Galectin-3 protein or peptide, uptake of a Galectin-3 inhibitor into the target 

cell may be facilitated by operably linking it to a CPP (“cell penetrating peptide”), as 

described e.g. in WO2008033285 . Examples for CPPs, also known as protein 

transduction domains (PTDs), are transportan, pISl, Tat(48-60), pVEC, MAP and 

MTS, or the Oct4 protein transduction domain.  

In a further aspect, the present invention relates to methods and assays for 

diagnosing in a subject a disorder associated with aberrant bone mineral density, 

wherein the Galectin-3 level in mesenchymal stem cells of said subject is determined 

in a sample and a Galectin-3 level deviating from that of a healthy young individual 

(by ≥15%) is indicative for an aberrant bone mineral density. In preferred 

embodiments, the Galectin-3 protein level is determined by using an antibody binding 

specifically to Galectin-3. For the purpose of the present invention, neither the type of 

antibody nor the Galectin-3 epitope that it recognizes is critical. Preferably the 

antibody recognizes the full length of the Galectin-3 molecule,  

In particularly preferred embodiments, Galectin-3 levels are determined using an 

ELISA assay.  
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The term “ELISA” refers to enzyme-linked immunosorbent assay (or EIA). Numerous 

ELISA methods and applications are known in the art and there are many ELISA test 

systems commercially available.  

One example for an ELISA method is a “direct ELISA,” wherein the Galectin-3  

antigen in a sample is detected. In one embodiment of the direct ELISA, a sample 

containing Galectin-3 is exposed to a solid (i.e., stationary or immobilized) support 

(e.g., a microtiter plate well). Galectin-3 within the sample becomes immobilized to 

the stationary phase, and is detected directly using an enzyme-conjugated antibody 

specific for Galectin-3.  

In an alternative embodiment, an “indirect ELISA” is used. In one embodiment, 

Galectin-3 is immobilized to a solid support (e.g., a microtiter plate well) as in the 

direct ELISA, but is detected indirectly by first adding the anti-Galectin-3 antibody, 

followed by the addition of a detection antibody specific for the anti-Galectin-3 

antibody, also known as “species-specific” antibodies (e.g., a goat anti-rabbit 

antibody), which are available from various manufacturers known to those in the art.  

In other embodiments, a “sandwich ELISA” is used, where Galectin-3 (e.g. contained 

in a test sample) is immobilized on a solid support (e.g., a microtiter plate) via an 

antibody (i.e., a capture antibody) that is immobilized on the solid support and is able 

to bind to Galectin-3. Following the affixing of a suitable capture antibody to the 

immobilized phase, a sample is then added to the microtiter plate well, followed by 

washing. Galectin-3 present in the sample is bound to the capture antibody present 

on the support. In some embodiments, a sandwich ELISA is a “direct sandwich” 

ELISA, where the captured Galectin-3 antigen is detected directly by using an 

enzyme-conjugated antibody directed against the antigen. Alternatively, in other 

embodiments, a sandwich ELISA is an “indirect sandwich” ELISA, where the 

captured Galectin-3 antigen is detected indirectly by using an antibody directed 

against the antigen, which is then detected by another enzyme-conjugated antibody 

which binds the antigen-specific antibody, thus forming an antibody-antigen-antibody-

antibody complex. Suitable reporter reagents are then added to detect the third 

antibody. Alternatively, in some embodiments, any number of additional antibodies 

are added as necessary, in order to detect the antigen-antibody complex. In some 

preferred embodiments, these additional antibodies are labeled or tagged, so as to 

permit their visualization and/or quantitation.  
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As used herein, the term “capture antibody” refers to an antibody that is used in a 

sandwich ELISA to bind (i.e., capture) Galectin-3 in a sample prior to its detection. 

For example, in some embodiments, a polyclonal antibody against Galectin-3 serves 

as a capture antibody when immobilized in a microtiter plate well. This capture 

antibody binds Galectin-3 present in a sample added to the well. In one embodiment 

of the present invention, biotinylated capture antibodies are used in conjunction with 

avidin-coated solid support. Another antibody (i.e., the detection antibody) is then 

used to bind and detect the antigen-antibody complex, in effect forming a “sandwich” 

comprised of antibody-antigen-antibody (i.e., a sandwich ELISA).  

As capture antibody, any specific Galectin-3-binding antibody may be used, e.g. 

polyclonal serum, or monoclonal antibodies. Monoclonal anti-Galectin-3 antibodies 

are commercially available, e.g. from Pierce (A3A12, B2C10).  

In the diagnostic method of the present invention, the sample is a preparation 

containing plasma-derived MVs. The sample may be obtained according to methods 

known in the art as described by Lehmann et al., Cancer Res 68, 7864-7871 (2008), 

or using the method described in the Examples.  

Alternatively, the Galectin-3 level may be determined directly in the plasma, i.e. 

without a preceding enrichment of MVs.  

 

Brief description of the Figure:  

Galectin-3 protein levels of microvesicles isolated from plasma of young and elderly 

donors  

 

Examples  

In the Examples, the following materials and methods were used: 

 

a) Cell culture  

i. Human umbilical vein endothelial cell (HUVEC)  

 

Endothelial cells were isolated from human umbilical veins as described (Jaffe et al., 

1973, Clin Invest 52, 2745-2756; Chang, 2005, Mutat Res 576, 39-53 HUVECs were 

cultivated in gelatin-precoated flasks in EGM (Lonza) at 37°C in a humidified 

atmosphere with 5% CO2. Cells were passaged once or twice a week at a split ratio 

of 1:2 to 1:6 according to the growth rate. HUVECs were cultivated to senescence 
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and stained for senescence- associated -galactosidase (SA--gal) activity as 

described by Chang, et al., 2005,Exp Cell Res 309, 121-136. For collection of 

supernatants, contact-inhibited (quiescent, PD19) and senescent (PD52 / 95% SA-β-

gal positive) cells were allowed to secrete into HUVEC medium, depending on the 

experiment, for 48 hours.  

ii. Human adipose-derived stem cells (ASCs) Subcutaneous adipose tissue was 

obtained during outpatient tumescence liposuction under local anestesia. ASCs were 

isolated as described (Wolbank et  al., 2007, Tissue Eng 13, 1173-1183; Wolbank et 

al., 2009, Tissue Eng Part A 15, 1843-1854) and cultured in DMEM-low 

glucose/HAM´s F-12 supplemented with 4mM L-glutamine, 10% fetal calf serum 

(FCS, PAA) and 1ng/mL recombinant human basic fibroblast growth factor (rhFGF, 

R&D Systems) at 37°C, 5% CO2 and 95% air humidity. Cells were passaged once or 

twice a week at a split ratio of 1:2 according to the growth rate. All differentiation 

protocols were carried out in 24 well cell culture plates. For osteogenic differentiation, 

ASCs were seeded at a density of 2x103 cell per well. 72 hours after seeding cells 

were incubated with osteogenic differentiation medium (DMEM-low glucose, 10% 

FCS, 4 mM L-glutamine, 10 nM  dexamethasone, 150 M ascorbate-2-phosphat, 10 

mM -glycerolphosphate and 10 nM vitamine-D3) up to 4 weeks. For Alizarin staining 

of calcified structures, cells were fixed for 1 hour in 70% ethanol at -20°C. After brief 

rinsing, cells were stained for 20 minutes with 40 mM Alizarin Red solution (Sigma) 

and washed with PBS. For quantification, Alizarin was extracted for 30 minutes using 

200 l 0.1M HCL/0.5% SDS solution.  

 

b) Construction of Galectin-3 expression vector  

 

Homo sapiens lectin, galactoside-binding, soluble, 3 (LGALS3 = Galectin-3), 

transcript variant 1 as transfection-ready DNA within the pCMV6-XL4 vector 

(SC118706), was purchased from Origin. The restriction enzyme site NotI upstream 

and downstream of the gene of interest was used to cut out the insert. The obtained 

insert was cloned into the NotI restriction site of pcDNA 3.1 hgro (+), a mammalian 

expression vector containing a CMV promoter and conferring Hygromycin B 

resistance.  
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c) Transfections  

 

i) Human adipose-derived stem cells (ASCs)  

ASCs were transfected using Neon® Transfection System (Life technologies). Cells 

were transfected according to the manufactures protocol. Briefly, 1x105 ASCs 

resuspended in 10 µl buffer R, were mixed with 1µg of DNA or 10 pmol of siRNA and 

loaded into the Neon TM pipet tip. Subsequently cells were electroporated using the 

recommended parameters: Pulse voltage: 1400 V; pulse width: 10 ms; pulse number: 

3. After electroporation, cells were directly transferred into a 6 well tissue culture 

vessel containing growth medium. ON-TARGETplus Non-targeting Pool (20 nmol) 

(D-001810-10-20, Dharmacon), ON-TARGETplus SMARTpool, Human LGALS3, (5 

nmol) (L-010606-00-0005, Dharmacon).   

 

ii) Human umbilical vein endothelial cells (HUVECs) HUVECs were transfected using 

Neon® Transfection System (Life technologies). Cells were transfected according to 

the manufactures protocol. Briefly; 5x105 HUVECs resuspended in 100 µl buffer R 

were mixed with 5 µg of DNA and loaded into the Neon TM pipet tip. Subsequently, 

cells were electroporated using  the recommended parameters: Pulse voltage: 1350 

V; pulse width: 30 ms; pulse number: 1. After electroporation, cells were directly 

transferred into a gelatin precoated culture flask containing growth medium. 

pmaxGFP vector (Amaxa).  

 

d) Assessment of apoptotic cell death  

 

HUVECs were seeded in 12-well cell culture plates and were allowed to secrete into 

ASC or HUVEC medium for 48 hours. Thereafter, the cells were detached using 50 

mM EDTA and stained with Annexin V- FITC and PI (Roche) according to the 

manufacturer´s instructions. Analysis of the percentage of apoptotic and 

necrotic/late-apoptotic cells were performed using a FACS-Calibur and the CellQuest 

software (Becton Dickinson).  
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e) Quantitative real-time PCR  

 

Alizarin stainings were confirmed using different osteogenic differentiation marker 

genes. To this end, total ASCs RNA was isolated using Tri Reagent (Sigma) at 

different time points during osteogenesis. 7 days after differentiation start, the early 

osteogenic marker alkaline phosphate (ALP), 14 days after start of differentiation, the 

osteogenic marker osteonectin (ON) and 21 days after start of differentiation, the late 

osteogenic marker osteocalcin (OC) was measured Reverse transcription was 

performed using DyNAmo cDNA Synthesis Kit (Biozym) and qPCR was performed 

using the RotorGene2000 (Corbett).  

 

Primer pair for quantifying ALP mRNA NM_000478.4 spans Exon 3 (319-438 nt) and 

4 (439-554 nt).Primer pair for quantifying ON mRNA NM_003118  

spans Exon 8 (789 -937 nt) and 9 (938-1086 nt). Primer pair for quantifying OC  

mRNA NM_001199662 spans Exon 3 (296-396 nt) and 4 (397-592 nt). Primer pair 

for quantifying GAPDH mRNA NM_002046.4 span Exon 8 (700 -1112 nt) and 9 

(1113-1383 nt).  

 

f) Microvesicle (MV) purification  

 

MVs were purified by filtration and differential centrifugation as described by 

Lehmann et al., Cancer Res 68, 7864-7871 (2008). In brief, cell culture supernatant 

was collected after a secretion period of 48 hours or plasma samples were thawed 

and diluted 1:2 in PBS. The conditioned medium or the diluted plasma sample was 

centrifuged at 500 g for 15 minutes to sediment cells, at 14.000 g for 15 minutes to 

eliminate cell debris and filtered through a 0.22 m filter. MVs were then sedimented 

by ultracentrifugation at 100.000 g for 60 minutes and the resultant pellet was 

washed with PBS. MV were used as fresh preparations for electron microscopy and 

differentiation experiments or conserved at -80°C for further analysis. For 

differentiation studies MV derived from 2x104 HUVECs or 1 ml of human serum  were 

resuspended in 50 l ASC growth medium and added per well ASCs.  

g) Purification of CD63 positive exosomes  

i. Preparation of immunoaffinity capture microbeads CD63 monoclonal antibody 

immunoaffinity capture microbeads (Dynabeads® M-270 Epoxy, Invitrogen) were 
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prepared with the aid of Dynabeads® Antibody Coupling Kit (Invitrogen) according to 

the manufacturer’s protocol. Briefly, 5 mg of Dynabeads were washed with 1 ml of C1 

solution. The supernatant was removed by placing the tube on a magnet whereby 

beads were able to collect at the tube wall. 50 µl of monoclonal CD63 antibody 

(ab8219 Abcam) were mixed with 200 µl of C1 solution. Washed beads were first 

mixed with prepared antibody solution and 250 µl of C2 solution were added 

afterwards. Beads were incubated at 37°C on a roller over night. The next day 

supernatant was removed by placing the tube on a magnet whereby beads were able 

to collect at the tube wall. Afterwards beads were washed with each 800 µl of HB, LB 

and finally SB buffer and stored at 4°C until use.  

 

ii) Purification of CD63 positive exosomes by immunoaffinity capture microbeaded  

MVs were isolated as described above and subsequently incubated with CD63 

antibody-coupled Dynabeads for 2 h at 4°C on a roller. Afterwards the tube was 

placed on a magnet allowing the beads to collect at the wall. Supernatant containing 

MV depleted of CD63 positive exosomes was decanted. CD63 positive MVs were 

eluted through incubation of beads with 140 µl of citric acid, pH=3. The tube was 

placed on a magnet allowing the beads to collect at the wall. Supernatant containing 

CD63 positive MVs was decanted and immediately mixed with 50 µl of 1M NaOH for 

neutralization. CD63 positive MVs were conserved at -80°C for further analysis.  

 

h) Electron microscopy  

 

Purified MVs were left to settle on nickel coverslips (200 mesh, hexagonal, Pioloform-

coated Athene copper grids). After fixation with 4% paraformaldehyde, MVs were 

stained with 2% uranyl acetate for 30 seconds, coverslips were left to dry and 

visualized using a transmission electron microscopy (TEM), Philips model CM 12 

electron microscope (Philips, Eindhoven, NL).  

For electron microscopy in-situ hybridization (EM-ISH), MV pellets were 

permeabilized with 0.1% Triton-X for 5 minutes at room temperature. After washing 

with PBS, MVs were incubated for at least 4 hours with hybridization buffer as 

described 98. For each sample 1 pM of the LNA DIG-labeled single stranded probe 

(Exiqon, Denmark) was denaturated in denaturizing hybridization buffer (containing 

50% formamide, 5x SSC, 5x Denhardt´s solution, 0.1% Tween, 0.25% CHAPS, 200g 
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ml-1 yeast RNA, 500g ml-1 salmon sperm DNA) by incubation at 80°C for 5 minutes. 

Probes were placed on ice quickly. MVs were mixed with the probe and 5 hybridized 

at 50°C over night. After hybridization, samples were washed stringently with 0.2 x 

SSC at 60°C for 1 hour. Thereafter, MV were incubated with Anti-DIG antibody 

(Roche) for 30 minutes and an additional hour with the second 5nm gold particle-

labeled antibody (Sigma). After washing with PBS, MVs were embedded in Epon, 

approximately 80 nm sections on average, were cut using an Ultramicrotom  

(Ultracut, Reichelt) and then analyzed using transmission electron microscopy 

(TEM), Philips model CM 12 electron microscope (Philips, Eindhoven, NL).  

 

i) Western blot  

 

Total proteins and proteins from MVs were extracted and separated on  

polyacrylamide gels, before transfer to a PVDF membrane (BioRad). The membrane 

was blocked in 3% skimmed milk, incubated with the CD63 antibody (sc-15363 Santa 

Cruz), Galectin-3 antibody [A3A12] (ab2785 Abcam) or GAPDH antibody [FL-33] (sc-

25778 Santa Cruz), followed by incubation with the corresponding secondary 

antibody Alexa Fluor 680-conjugated anti-rabbit IgG (Molecular Probes) or Alexa 

Fluor 800-conjugated anti-mouse IgG (Molecular Probes). Signal intensities were 

analyzed by using the Odyssey infrared image system (LiCor).  

 

j) Statistics   

 

Data were statistically analyzed using Student´s t test, one-way ANOVA and one-way 

ANOVA followed by the Dunn´s method as indicated. Analyses were performed with 

SigmaPlot 10.0 (SigmaPlot, Germany). The tests were two-sided with type 1 error 

probability of 0.05. Data are presented as mean values ± SEM.  

 

Example 1  Microvesicles isolated from plasma from elderly donors reduce 

osteogenic differentiation capacity of ASCs. In order to test whether osteogenic 

differentiation capacity of MSCs is influenced by ex vivo plasma-derived MVs and by 

the donors age, MVs smaller than 200 nm in diameter were isolated from donors 

younger than 25 or older than 55 years by different centrifugation steps. Electron 

microscopy was performed to confirm size and shape. 
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MSCs derived from adipose tissue were used as model system. ASCs were 

characterized in detail. In particular, the differentiation capacity towards the 

osteogenic and adipogenic lineage, the immunomodulatory properties as well as 

expression of typical and atypical surface markers were examined by 

phytohemagglutinin activation assay and flow cytometric analysis for the presence or 

absence of the surface markers CD14, CD34, CD45, CD73, CD90, HLA ABC, HLA 

DR and CD105.  

Subsequently, ASCs were seeded one day before exposing them to plasma derived 

MVs for 72 hours. After 3 days osteogenic differentiation was induced as described 

(Wolbank et al., 2009,Tissue Eng Part A 15, 1843-1854). It could be shown that 

differentiation capacity was reduced to 30 % when cells were co-incubated with MVs 

isolated from the plasma of healthy elderly donors compared to ASCs exposed to 

MVs of young donors as quantified by Alizarin Red staining.  

 

Example 2 Microvesicular Galectin-3 is elevated in healthy young donors  

Since proteins have been reported to be packaged into MVs, the known  

microvesicular repertoire of proteins, as published by Mathivanan, S. & Simpson, 

R.J. ExoCarta: Proteomics 9, 4997-5000 (2009) was compared with a list of proteins 

known to be involved in the Wnt-siganling pathway, an important pathway for the 

induction of osteogenic differentiation. Galectin-3 resulted as the most prominent 

member.  

MVs from plasma of healthy young (20-25 years) and healthy elderly female donors  

(older than 55 years) were isolated and Galectin-3 protein levels were analyzed by 

Western blot. While no large differences in Galectin-3 levels in plasma of young 

donors were observed, reduced levels could be seen in the group of women older 

than 55 years (Figure: healthy elderly female donors (E); young healthy controls (Y).  

In order to exclude the possibility that Galectin-3 is not a component of MVs but co-

sediments in protein aggregates due to ultracentrifugation, the pellet obtained by 

ultracentrifugation was used to purify CD63 positive MVs by an immuno-affinity 

capture assay, since CD63 is an established microvesicular marker. Successful 

separation of the CD63-containing fraction was confirmed by Western blot when 

CD63 positive MV fraction was loaded against CD63 negative MV fraction. Thus, it 

was confirmed that Galectin-3 is a component of ex-vivo plasma derived CD63 

positive MVs.  
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Example 3  Impact of Galectin-3 level on osteogenic differentiation capacity  

Since proteins are transferred to recipient cells by microvesicles, it was tested if  

altered levels of Galectin-3 in ASCs have an impact on osteogenic differentiation. 

Osteogenic differentiation was induced 3 days after transient transfection of ASCs 

with a plasmid overexpressing Galectin-3. Elevated Galectin-3 levels were confirmed 

using Western blot. It was found that Galectin-3 alone was sufficient to significantly 

increase osteogenic differentiation ( ~3 fold), as quantitated by Alizarin staining as 

well as by  qPCR of the early osteogenic marker ALP and the late osteogenic 

markers osteonectin (ON) and osteocalcin (OC). In agreement with this, osteogenic 

differentiation was decreased when ASCs were transfected with siRNA against 

Galectin-3. Knock-down of Galectin-3 was confirmed by Western blotting; it resulted 

in ~30 % lower osteogenesis as quantitated by Alizarin staining and confirmed by 

qPCR of ALP, ON and OC.  

 

Example 4  Galectin-3 acts upstream of Runx-2 in increasing osteogenic 

differentiation capacity  

Galectin-3 was already known to be expressed in the late stage of osteoblast 20 

maturation and that its expression is induced by the transcription factor Runx-2, a 

master regulator of ostogenic differentiation. In contrast to the work published before, 

it could be shown here that Galectin-3 acts upstream of Runx-2: Galectin-3 

overexpressing ASCs, which were induced to undergo osteogenic differentiation, 

show elevated ALP m-RNA level as measured by qPCR and enhanced ALP 

enzymatic  activity on day 7 while Runx-2 expr 

ession is not induced until day 12 as analyzed by qPCR. These observations suggest 

a surprising and unexpected mechanism, namely that Galectin-3 induces a positive 

feed forward loop, since its enhanced expression accelerates osteogenic 

differentiation and in association also Runx-2 expression, which in turn results in 

Galectin-3 expression.   

 

Example 5  Endothelial cells are a possible source of Galectin-3 containing plasma 

derived microvesicles. Since endothelial cells line the vasculature and secrete a large 

variety of factors to the circulation, it was examined whether they also secrete 

Galectin-3. Therefore MVs were isolated from the supernatant of human umbilical 

vein endothelial cells (HUVECs) after a 48 h secretion period by differential 
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centrifugation. Electron microscopy confirmed the isolation of membrane vesicles 

smaller than 120 nm in diameter and positive for CD63, which is an established 

microvesicular marker. In addition, the presence of CD63 positive MVs in conditioned 

medium was confirmed by Western blot. Subsequently, Western blot of CD63 

positive MVs isolated from the cell culture supernatant revealed that Galectin-3 is 

indeed a component of CD63 positive MVs derived from endothelial cells.  

 

Example 6  Endothelial microvesicles deliver genetic information to adipose-derived 

mesenchymal stem cells  

In order to test whether endothelial MVs have the ability to interact with and transfer 

their cargo to MSCs, transiently transfected GFP-expressing HUVECs were 

prepared. 24 hours after transfection, HUVECS were washed twice and medium was 

changed in order to ensure the removal of remaining vector constructs in the 

supernatant. After a secretion period of 48 hours, MVs were isolated from cell culture 

supernatant of transfected or untransfected HUVECs.   

Subsequently, ASCs were exposed to MVs for 3 days. Compared to MVs of 

untransfected cells, MVs isolated from GFP-transfected cells contained GFP mRNA 

as shown by qPCR and ASCs exposed to GFP-MVs showed GFP signals in a 

punctuate pattern within the cytoplasm compared to ASCs exposed to MVs of 

untransfected HUVECs, which showed no fluorescent signal No transfer of GFP was 

observed in the  negative control. The obtained results indicate that a genetic transfer 

between endothelial derived MVs and ASCs is indeed possible.  

 

Example 7 Microvesicles of senescent endothelial cells fail to induce osteogenic 

differentiation capacity . Since senescent endothelial cells were shown to accumulate 

with age in vivo, it was tested whether MVs of senescent cells effect the 

differentiation capacity of ASCs differently when compared to MVs of early passage 

cells. After a secretion period of 48 hours, MVs smaller than 200 nm in diameter were 

isolated from cell culture supernatant of HUVECs at an early population doubling 

level, at quiescence as well as from HUVECs at replicative senescence. HUVECS 

were passaged to 52 population doublings before irreversible growth arrest and 

morphological changes were observed. Replicative senescence of HUVECs was 

additionally confirmed by beta-galactosidase staining. During the secretion period, no 

differences in the number of apoptotic cells  between the early population doubling 
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and the replicative senescent culture was observed, thereby excluding that an 

observed effect might result from a larger share of apoptotic cells within the 

senescent cell culture.  

Subsequently, ASCs were seeded 24 hours before exposing them to MVs isolated 

from cell culture supernatant of senescent or early passage quiescent HUVECs, and  

induced to undergo osteogenesis after a period of 72 hours. Osteogenic 

differentiation of ASCs incubated with MVs derived from replicative senescent cells 

was reduced to 50%, as quantified by Alizarin staining and by reduced ALP mRNA 

expression levels.  

 

Example 8  Vesicular Galectin-3 influences osteogenic differentiation capacity  

In order to test if elevated microvesicular Galectin-3 levels indeed contribute to an 

enhanced osteoblastogenesis, HUVECs were transfected with Galectin-3 or the 

corresponding empty vector control. 24 hours after transfection, HUVECS were 

washed twice and medium was changed in order to ensure the removal of remaining 

vector constructs in the supernatant. After a secretion period of 48 hours, MVs were 

isolated from cell culture supernatant of transfected or untransfected HUVCEs.  

Overexpression of Galectin-3 was confirmed by Western blot. Subsequently, MVs of 

HUVECS transfected with Galectin-3 or with empty control vector were isolated and 

co-incubated with ASCs for 72 hours before osteogenic differentiation was induced. 

Exposure of MVs isolated from Galectin-3 overexpressing HUVECs to ASCs caused 

a doubling of calcium depositions as quantified by Alizarin Red staining, indicating 

that vesicular Galectin-3 level indeed impact on the osteogenic differentiation 

capacity of ASCs.  

 

Claims  

1. A composition for the treatment and prophylaxis of disorders associated with 

aberrant bone mineral density or for accelerating bone healing, comprising, in a 

therapeutically effective amount, an agent that alters the level of Galectin-3 in 

mesenchymal stem cells, wherein said agent is selected from the group of  

a) agents with the ability to increase the level of Galectin-3 in mesenchymal stem 

cells, selected from  

i. Galectin-3 or fragments or variants or derivatives thereof, or  

ii. nucleic acid molecules encoding Galectin-3 or fragments or variants thereof; or  
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iii. cells containing one or more nucleic acid molecules defined in ii.;  

b) agents with the ability to decrease the level of Galectin-3 in mesenchymal stem 

cells, selected from  

i. agents inhibiting Galectin-3 expression in mesenchymal stem cells, or  

ii. agents targeting the Serine 96 phosphorylation site of Galectin-3 protein, or  

iii. dominant negative alleles of Galectin-3.  

2. The composition of claim 1, wherein Galectin-3, or a fragment or variant thereof, is 

linked to a bone-targeting molecule.  

3. The composition of claim 1, wherein Galectin-3, or a fragment or variant thereof, is 

contained in a delivery vehicle that is linked to a bone-targeting molecule.  

4. The composition of claim 2 or 3, wherein said bone-targeting molecule is selected 

from the group of bisphosphonates, collagen-binding domains, lipids or acidic 

oligopeptides.  

5. The composition of claim 3, wherein said delivery vehicle is selected from  

liposomes, nanoparticles or microspheres.  

6. The composition of any one of claims 1 to 5 for the prophylaxis and treatment of 

disorders associated with a reduced bone mineral density.  

7. The composition of any one of claims 1 to 5 for or prophylaxis of osteopenia or 

osteoporosis.  

8. The composition of any one of claims 1 to 5 for local administration to accelerate 

bone healing, wherein said agent is incorporated in a matrix.  

9. The composition of claim 8, wherein said matrix is a demineralised bone matrix, an 

autolyzed antigen-extracted allogenic bone matrix, a polylactic acid or polyglycolic 

acid homo- or heterodimer, a collagen matrix, fibrin or a hydrogel.  

10. The composition of claim 1, wherein said agent a) ii. is naked DNA or RNA.  

11. The composition of claim 1, wherein said agent a) ii. is a DNA molecule inserted 

in a vector.  

12. The composition of claim 1, wherein said agent a) iii. is a mesenchymal stem cell 

genetically engineered to overexpress Galectin-3.  

13. Galectin-3, or a fragment or variant thereof, linked to a bone-targeting molecule.  

14. The use of Galectin-3, or a fragment or variant thereof, for the treatment or  

prophylaxis of disorders associated with decreased bone mineral density.  

15. The use according to claim 14, wherein said disorder is osteopenia or 

osteoporosis.  
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16. A method for the treatment of disorders associated with decreased bone mineral 

density, said method comprising administering a composition, containing, as the 

active agent, an agent with the ability to increase the level of Galectin-3 in 

mesenchymal stem cells, wherein said agent is selected from  

i. Galectin-3 or fragments or variants or derivatives thereof, or  

ii. nucleic acid molecules encoding Galectin-3 or fragments or variants thereof; or  

iii. cells containing one or more nucleic acid molecules defined in ii. 

17. A method for the treatment of disorders associated with increased bone mineral 

density, said method comprising administering a composition, containing, as the 

active agent, an agent with the ability to decrease the level of Galectin-3 in 

mesenchymal stem cells, wherein said agent is selected from  

i. inhibitors of Galectin-3 expression in mesenchymal stem cells, or   

ii. agents targeting the Serine 96 phosphorylation site of Galectin-3 protein, or  

iii. dominant negative alleles of Galectin-3.  

18. The method of claim 17, wherein said disorder is osteopetrosis.  

19. A method of diagnosing in a subject a disorder associated with an aberrant bone 

mineral density, comprising determining said subject’s Galectin-3 level   

a) in microvesicles purified from plasma, or  

b) directly in plasma.  

20. The method of claim 19, wherein the Galectin-3 level is determined by an 

enzyme-linked immunosorbent assay (ELISA).  

21. The method of claim 19 or 20, wherein a reduced Galectin-3 level is indicative of 

osteopenia or osteoporosis.  

22. An assay to determine the Galectin-3 level for use in a method for the diagnosis 

of disorders associated with a decreased bone mineral density.  

 

Abstract  

The invention relates to compositions and methods for the treatment, prophylaxis and 

diagnosis of disorders associated with aberrant bone mineral density. More 

particularly, the invention relates to increasing Galectin-3 levels in mesenchymal 

stem cells to increase osteogenesis. Compositions comprising Galectin-3 or nucleic 

acids encoding Galectin-3 may be administered systemically or locally and are useful 

for the treatment of diseases like osteoporosis and for accelerating bone healing. The 
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invention also relates to methods for diagnosing bone diseases, wherein the level of 

Galectin-3 is measured.   
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HIGHLIGHTS: 

 

►Microvesicles impact on osteogenic differentiation of adipose tissue derived 

mesenchymal stem cells ►MiR-31 is present in high levels in microvesicles of 

replicative senescent endothelial cells and of elderly donors ►MiR-31 inhibits 

osteogenic differentiation by knocking-down its target FZD3 ►FZD3 is robustly 

induced early during osteogenic differentiation ►MiR-31 might be a plasma-based 

biomarker for age/age-associated diseases 
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Summary  

 

Damage to cells and tissues is one of the driving forces of aging and age-related 

diseases. To counteract this functional decline, various repair systems are in place. 

Especially the property of adult stem cells to self-renew and differentiate is essential 

for homeostasis and regeneration of tissues and organs. However, not only their 

functionality declines with age1, but also the systemic environment of the elderly 

negatively impacts on them, either by circulating factors that inhibit stem cell 

functions, or by the absence of factors that would be needed to support it2,3. 

However, such factors, sources and molecular mechanisms involved are not well 

understood yet. Consequently gaining insights into the aging systemic environment 

and its impact on stem cell regulation might be a key for the successful application of 

cell based therapies for the elderly.  

Here we found miR-31 to be such a factor, present at elevated levels in the plasma of 

elderly and of osteoporosis patients. As a potential source of its secretion, we 

identified senescent endothelial cells, which are known to increase during aging in 

vivo4. We demonstrate that endothelial miR-31 is secreted within microvesicles and 

taken up by mesenchymal stem cells where it inhibits osteogenic differentiation. 

Therefore, we suggest that microvesicular miR-31 in the plasma of elderly might play 

a role in the pathogenesis of age related impaired bone formation and that miR-31 

might be a valuable plasma-based biomarker for aging and for a systemic 

environment that does not favor cell based therapies whenever osteogenesis is a 

limiting factor.  
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Introduction  

Various repair systems at the tissue level are at work that counteract the functional 

decline driving and accompanying the organismal aging process, such as adult stem 

cells5. However, also stem cell functionality declines with age, due to both intrinsic 

and extrinsic factors5. Specifically, extrinsic factors circulating in the blood do 

influence stem cell behavior in aging of organisms6. Since senescent human cells are 

known to have an altered secretory behavior termed senescence-associated 

secretory phenotype (SASP), such extrinsic factors that inhibit tissue repair and 

regeneration might be provided by senescent cells. Indeed, the importance of 

senescence in vivo was demonstrated recently, as removal of senescent cells 

postpones the onset of age-associated diseases7, similar to the anti-aging effects 

obtained by re-elongation of eroded telomeres8.  

Specifically, endothelial cells (ECs) line the blood vessels and senescent ECs are 

known to accumulate in the vessel wall 4,9, suggesting that senescent endothelial 

cells may secrete specific factors impacting on the systemic environment during 

aging. Unlike SASP of human fibroblasts10, very little data are yet available on the 

endothelial SASP (eSASP).  

 

Results  

To address the possibility that components of the eSASP would influence 

mesenchymal stem cell (MSC) function, adipose derived MSCs (ASCs) were 

exposed to conditioned media derived from senescent or quiescent early passage 

human umbilical vein endothelial cells (HUVECs) for 3 days before inducing 

osteogenic differentiation. Alizarin Red S staining for Ca2+ deposition was performed 

21 days after induction. ASCs were isolated from different donors, showed typical 

morphology (Fig. S1A) and stained positive for adult mesenchymal as well as 

negative for typical hematopoietic stem cell marker (Fig. S1B).  Senescent 

endothelial cells were growth arrested, showed a large flattened morphology and 

stained positive for SA-β-gal activity (Fig. S1C) as published earlier 11. No significant 

increase in apoptosis was observed during the 48h period of secretion under all 

experimental conditions (Fig. 1A) thereby excluding effects mediated by apoptotic 

vesicles. Senescent endothelial cell supernatants decreased the osteogenic 

differentiation of ASCs (Fig. 1B) compared to ASCs exposed to conditioned medium 
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of early passage HUVECs  as visualized by staining for Ca2+ deposition using 

Alizarin Red S staining. 

 

Recently microvesicles (MVs) were discovered to be secreted in vitro by various cell 

types but also to be present in body fluids such as blood as reviewed by Mathivanan 

and coworkers12. They serve as vehicles for RNA and proteins and enable a 

protected and targeted transport from the donor to the recipient cell, thereby 

representing a new type of cell-cell communication12. We isolated the fraction 

containing microvesicles below 220 nm in size by differential centrifugation13, 

hereinafter referred to as total MV fraction, from cell culture supernatant of quiescent, 

early passage HUVECs and of replicatively senescent HUVECs in order to narrow 

down the fraction of supernatant containing the osteogenesis inhibitory activity. 

Electron microscopy confirmed the isolation of membrane vesicles, which were 

smaller than 100 nm in size (Fig. 1C), and reacted positive for CD63 staining (Fig. 

1D), a transmembrane protein and established microvesicular marker14. In addition, 

the presence of CD63 positive MVs in the total MV fraction isolated from conditioned 

medium was confirmed by Western blot (Fig. S1B)  

 ASCs were then exposed to total MV fraction isolated from conditioned media of 

senescent or early passage derived HUVECs for 3 days before osteogenesis was 

induced (Fig 1E). Indeed, osteogenic differentiation of ASCs incubated with MVs of 

senescent cells was significantly decreased, as shown by a reduction of calcium 

deposition (Fig 1F, G) and by decreased expression of the osteogenic marker gene 

alkaline phosphatase (ALP) (Fig. 1H) compared to ASCs exposed to MVs secreted 

by quiescent early passage endothelial cells.  

In order to confirm that the osteogenesis inhibitory activity of the total MV fraction  

indeed resides in the MVs and not in protein aggregates that might co-sediment, we 

depleted the pellet fraction after ultracentrifugation from CD63 positive MVs by 

immuno-affinity capture (Fig. 1I) using anti-CD63 antibody coupled beads, hereinafter 

referred to as CD63- fraction. Successful separation of the CD63 containing fraction 

was confirmed by Western blot when total MV fraction was compared to CD63 

negative fraction (Fig. 1J) as well as by comparing the eluted CD63+ fraction against 

CD63- fraction (Fig. 1K). In order to control, if depletion of the CD63+ microvesicles 

also rescues the inhibitory effect of the MVs isolated from senescent HUVECs, ASCs 

were exposed to the total MV fraction, or the CD63- fraction, as outlined in Fig. 1I. 
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Subsequently osteogenic differentiation was induced and quantified by changes in 

ALP mRNA as marker. Indeed, the inhibitory activity of the senescent cell derived 

total MV fraction was depleted with the depletion of CD63 positive microvesicles (Fig 

1L) indicating that the inhibitory activity is mediated by senescent HUVECs derived 

CD63 positive MVs. 

Since miRNAs have been reported to be packaged into MVs15, we analyzed the 

expression of age-related miRNA species16 in MVs derived from early quiescent 

versus senescent cells and focused on miR-31 since it is upregulated intracellulary in 

senescent HUVECs16 and since it recently turned out to be a master regulator of 

osteogenesis by targeting Runx217, Osterix18 and SATB219 . We confirmed that miR-

31 is upregulated in HUVECs during both replicative (Fig. 2A) and stress-induced 

senescence (Fig. S2C, D), as well as in senescent human liver endothelial cells (Fig. 

S2A) and human retinal microvascular endothelial cells (Fig. S2B) compared to 

corresponding quiescent early passage cells. In addition, miR-31 expression was 

increased in conditioned medium (Fig. 2B) and in MVs (Fig. 2C) derived from 

replicatively (Fig. 2B-C) as well as from stress induced (Fig. S2E) senescent 

HUVECs compared to quiescent, early passage cells. In particular, microvesicular 

miR-31 was found to be enriched in the total MV fraction (~4 fold) (Fig. 2D) compared 

to the CD63- fraction isolated from senescent endothelial cells, suggesting that the 

majority of endothelially secreted miR-31 is secreted within CD63 positive MVs. Its 

localization within MVs was additionally confirmed by electron microscopy of in situ 

hybridized samples (Fig. 2E). In order to test, if miR-31 alone is sufficient to inhibit 

osteogenic differentiation of ASCs, we then proceeded to transiently transfect ASCs 

with miR-31 mimicks. Transfection success was confirmed by qPCR (Fig. S3A). 

Indeed, miR-31 alone was sufficient to significantly inhibit osteogenic differentiation 

by ~50% as visualized and quantitated by Alizarin Red S staining (Fig. 3A, B), as well 

as by decreased expression of osteocalcin (OC) mRNA (Fig. 3C). This is supported 

by our findings that miR-31 overexpression in both C3Ht101/2 and C2C12 cells, 

representing two established mouse model systems of osteogenic differentiation20, 

resulted in an anti-osteogenic effect as well (Fig. S3C and S3D).  

 

MiR-31 regulates FZD3, a Wnt5A receptor, in the context of breast cancer 

invasiveness21, and we observed that FZD3 mRNA was also downregulated upon 

miR-31 transfection in ASCs (Fig. 3D). In order to test whether FZD3 has a crucial 
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role in osteogenesis we compared FZD3 mRNA levels of differentiated versus 

undifferentiated ASCs and found that FZD3 mRNA is upregulated during 

osteogenesis 4 days after induction compared to non-differentiating ASCs (Fig. 3E). 

To address the question, if depletion of FZD3 mRNA would be sufficient to inhibit 

osteogenesis, FZD3 gene expression was silenced by specific siRNA (Fig. S3B), 

which led to a significant inhibition of osteogenesis compared to non targeting siRNA 

transfected cells (Fig. 3F).  

In order to test whether endothelial derived MVs are able to interact with and to 

release their content into ASCs and thus transfer microRNAs from endothelial cells to 

ASCs, HUVECs were transfected with cel-miR39, a Caenorhabditis elegans miRNA 

with no homologue in humans22. MVs isolated from transfected HUVECs were added 

to ASCs and indeed, intracellular cel-miR39 levels of ASCs increased with exposure 

time (Fig. 3G) and microvesicular dose (Fig. 3H). 

To see, if miR-31 might be transferred to ASCs as recipient cells via MVs as well, we 

exposed ASCs to senescent or early passage cell derived MVs. Indeed, exposure to 

senescent cell derived microvesicles resulted in a 3-fold increase of miR-31 levels in 

ASCs (Fig. 3I) compared to ASCs exposed to quiescent early passage HUVECs, 

accompanied by a decrease in FZD3 mRNA (Fig 3J). 

To test, if microvesicularly transferred miR-31 is crucial to confer the inhibitory effect 

of senescent HUVECs derived MVs on osteogenic differentiation, we pre-transfected 

ASCs using anti-miR-31 or a non targeting anti-miRNA as control, 24h before 

exposing them to the total MV fraction isolated from conditioned medium of 

senescent HUVECs. Transfection success of antimiR-31 was confirmed (Fig S3E). 

Anti-miR31 transfection indeed rescued the inhibition of osteogenic differentiation, 

mediated by MVs of senescent HUVECs, as quantified by Alizarin Red S staining 

(Fig. 3K) and qPCR of OC mRNA (Fig. 3L). Moreover, antimiR-31 transfection of 

ASCs also rescued the decrease of FZD3 mRNA levels upon treatment of ASCs with 

MVs (Fig. 3M). In order to exclude the possibility that the observed restored 

osteogenic differentiation capacity results from the antimiR-31 transfection we 

transfected ASCs with antimiR-31 or a non targeting anti-miRNA as control without 

exposing them to MVs. AntimiR-31 transfection of ASCs alone had no significant 

influence on osteogenic differentiation capacity as shown by Alizarin Red S staining 

(Fig. 3K), and on OC (Fig. 3L) und FZD3 (Fig. 3M) mRNA level.  
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Since senescent cells accumulate with age in vivo, and since endothelial cells line 

the vasculature, we were curious to see whether miR-31 might also be secreted to 

the circulation. We did not observe large differences in miR-31 levels in plasma of 

young donors. However, we did observe large variations and a subpopulation with 

significantly increased miR-31 plasma levels in the group of women older than 50 

years (Fig. 4A).  

We reasoned that if high miR-31 is related to decreased bone formation we might 

expect upregulated plasma miR-31 levels also in osteoporotic patients. Indeed, miR-

31 levels in plasma derived from male osteoporosis patients was significantly 

increased compared to healthy age matched controls (Fig. 4B). 

Based on these results, we addressed the question if microvesicles isolated from 

elderly individuals with high miR-31 levels in the plasma would also inhibit 

osteogenesis. Therefore, we isolated MVs from human blood plasma and performed 

electron microscopy to confirm size and shape (Fig. 4C). Indeed, total MV fraction 

derived from elderly donors failed to induce osteogenic differentiation compared to 

MVs isolated from plasma of young individuals (Fig. 4D and E). In order test, if the 

inhibitory activity of the  total MV fraction isolated from elderly donors again resides in 

the CD63 positive MVs, we depleted them from the total MV fraction by affinity 

purification. Coincubation of ASCs with the CD63- fraction of an elderly donor 

resulted in an enhanced osteogenic differentiation capacity compared to ASCs 

exposed to the total MV fraction as confirmed by quantification of Ca2+ depositions 

(Fig 4F) and qPCR of ALP mRNA (Fig 4G) indicating that the inhibitory activity again 

resided in the CD63 positive MV fraction.  

Finally, we confirmed that even in the case of ex-vivo derived MVs of elderly donors 

miR-31 is a crucial, osteogenesis impacting microvesicular factor, since antimiR-31 

transfection of ASCs prior to total MV fraction exposure rescued the inhibitory effect 

of plasma derived MVs as quantified by Alizarin Red S staining (Fig. 4H), ALP (Fig. 

4I) as well as OC (Fig. 4J) mRNA levels. In addition FZD3 mRNA levels were 

restored (Fig. 4K).  



APPENDIX E 

 

249 

Discussion  

Here, we set out to identify factors that contribute to the negative effect of the aged 

systemic environment on the functionality of adult stem cells23. With regard to bone 

and its regeneration capacity mesenchymal stem cells give rise to bone forming 

osteoblasts but there is evidence that their osteogenic differentiation capacity 

decreases with age24,25. Therefore we focused on extracellular factors impacting on 

osteogenic differentiation capacity of ASCs. Besides well-known factors like the 

growth hormone or estrogen whose level decline with age and contribute to impaired 

bone formation hardly any other circulating factors are known in this context 26,27. We 

hypothesized that such factors might be provided by microvesicles (MVs) that are 

known to be contained in most body fluids 12. Recently circulating MVs were not only 

shown to stabilize and protect their cargo efficiently from degradation but also to 

contribute to a directed and highly specific cell-cell communication 12,28.  

As potential source of factors impacting on stem cell fate we focused on the 

microvesicular secretome of endothelial cells (ECs) for several reasons: (i) ECs line 

the vasculature and are thereby able to secret factors into the circulation. (ii) 

Senescent ECs which were shown to exhibit an altered intracellular expression 

profile compared to early passage quiescent cells in vitro were also observed in vivo 
9,29,30. (iii) MSCs are in close proximity to ECs within the bone 31,32. In such 

microvesicles derived from senescent ECs, we found that miR-31 is enriched within 

secreted CD63 positive MVs of replicatively and stress induced senescent ECs and 

that miR-31 transferred via microvesicles is conferring the osteogenesis inhibiting 

activity of senescent cell derived microvesicles. These findings demonstrate that not 

only the transcription of miRNAs16 but also their secretion changes when cells enter 

senescence. That this in vitro observation might also be relevant in vivo is supported 

by many publications which report on alterations in the level and composition of 

circulating miRNAs associated with various health problems such as tumors or age-

associated diseases 33-36. But how many microvesicles in the circulation might derive 

from the endothelium? Current estimates suggest that up to 8% of circulating 

microvesicles are derived from ECs in young mice 15 and humans 37. However, the 

amount of microvesicles released by ECs might be larger than initially expected due 

to sampling artifacts. In addition, the number of microvesicles secreted by senescent 

cells 38,which might be caused by p53 activation 39 is higher than from early passage 

cells. This would also suggest that in elderly organisms the relative amount of 
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microvesicles derived from senescent ECs might be even higher. Due to these data 

indicating the in vivo relevance of circulating microvesicles, we tested if miR-31 high 

plasma levels are also found in elderly individuals. Indeed, miR-31 turned out to be 

upregulated in elderly donors as well as in patients suffering from osteoporosis. 

Furthermore our data show that vesicular miR-31 is contributing to the osteogenesis 

inhibiting property of microvesicles isolated from plasma of elderly donors.  

 

The observation of this study that antimiR-31 transfection of ASCs alone had no 

effect on osteogenesis, explainable by the observation that ASCs exhibited relatively 

low intracellular miR-31 levels, but that transfection of ASCs exposed to MVs had a 

positive effect on osteoblastogenesis emphasizes once more the importance of the 

stem cell environment. 

 MiR-31 turned out as a master regulator of osteogenesis recently. Specifically, its 

inhibition by antimiR-31 in bone marrow stromal stem cells seeded onto a scaffold in 

a critical-sized calvarial defect in rats leads to more new bone formation compared to 

non-targeting control transfected cells 40. This effect might be mediated by de-

repression of  its already known osteogenesis relevant targets Runx2 17, Osterix 18 

and SATB2 19, to which we here add FZD3 mRNA, a validated target of miR-31 in the 

field of breast cancer metastasis 21 and a member of the non-canonical Wnt signaling 

pathway 41. Since FZD3 is robustly upregulated 4 days after induction of osteogenic 

differentiation, it might well turn out as a novel early marker of osteogenesis, as it 

was also found to increase during osteogenesis by other studies 42.  

Taken together these data support our hypothesis that decreased osteogenesis in 

vivo might be caused by secreted and circulating microvesicles high in miR-31. Their 

uptake into MSCs might then lead to impaired osteoblastogenesis which in turn might 

shift the delicate balance between bone forming osteoblasts and bone resorbing 

osteoclasts to the osteoclast resulting in reduced bone mineral density and bone 

quality (Fig. 4L). 

Finally, we show for the first time that microvesicles from senescent cells contribute 

to an aged systemic environment that fails to support tissue regeneration. Thus miR-

31 might represent a biomarker and therapeutic target for conditions/diseases 

whenever osteoblast differentiation is a limiting factor. Finally, we also suggest that 

understanding and controlling the systemic environment might turn out to be a key 
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factor for the success of stem cell based medicine, especially in regard to age 

associated diseases. 

 

Experimental procedures  

 

Cell culture 

Human umbilical vein endothelial cell (HUVEC) 

Endothelial cells were isolated from human umbilical veins as described 13,49 

HUVECs were cultivated in gelatin precoated flasks in M199 with Earle's salts 

supplemented with 4 mM glutamine, 15% fetal calf serum (FCS) and 10% endothelial 

cell growth supplement (ECGS) containing 170 U/ml heparin at 37°C in a humidified 

atmosphere with 5% CO2. Cells were passaged once or twice a week at a split ratio 

of 1:2 to 1:4 according to the growth rate. HUVECs were cultivated to senescence 

and stained for senescence associated β-galactosidase (SA-β-gal) activity as 

described previously 13. For collection of supernatants, contact inhibited (quiescent, 

PD19) and senescent (PD53 / 95% SA-β-gal positive) cells were allowed to secrete 

into ASC or HUVEC medium, depending on the experiment, for 48 hours. 

 

Human adipose-derived stem cells (ASCs) 

Subcutaneous adipose tissue was obtained during outpatient tumescence liposuction 

under local anesthesia with patient consent. ASCs were isolated as described before 

18,50 and cultured in DMEM-low glucose/HAM´s F-12 supplemented with 4mM 

Lglutamine,10% fetal calf serum (FCS, PAA) and 1ng/mL recombinant human basic 

fibroblast growth factor (rhFGF, R&D Systems) at 37°C, 5% CO2 and 95% air 

humidity. Cells were passaged once or twice a week at a split ratio of 1:2 according 

to the growth rate. 

 

C2C12 and C3Ht101/2 

The mouse skeletal osteo/myoblast cell line (C2C12) obtained from ATCC were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose,supplemented 

with 5% heat inactivated fetal calf serum (FCS) and 2 mmol/L Lglutamine at 37°C in 

a humidified atmosphere with 5% CO2. 

Mouse embryonic fibroblast cells C3Ht10 1/2 obtained from ATCC were cultured in 

DMEM/Ham´s F-12 containing 10% FCS at 37°C in a humidified atmosphere with 5% 
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CO2. 

Induction of osteogenic differentiation in ASCs 

All differentiation protocols were carried out in 24 well cell culture plates. For 

osteogenic differentiation ASCs were seeded at a density of 2x103 cell per well. 72 

hours after seeding cells were incubated with osteogenic differentiation medium 

(DMEM-low glucose, 10% FCS, 4mM L-glutamine, 10nM dexamethasone, 150µM 

ascorbate-2-phosphat, 10mM β-glycerolphosphate and 10nM vitamine-D3) up to 4 

weeks. 

 

Osteocalcin specific reporter gene assay 

The influence of miRNA-31 transfection on osteogenic differentiation was analyzed 

using the C2C12 and C3Ht10 1/2 cell line in conjunction with an osteocalcin specific 

reporter gene assay 26. C2C12 and C3Ht10 1/2 cells are capable of differentiating to 

the osteogenic lineage upon treatment with recombinant BMPs, which is observable 

by the induction of alkaline phosphatase, osteocalcin and other osteoblast specific 

genes. The cells, seeded in a T175, were first transfected with 99 µg of the 

osteocalcin reporter system and after 24 h reverse transfected with 30 nM miRNA- 

31, antimiR-31 or scrambled miRNA control #2 as control using Ambions siPORTTM 

NeoFXTM. Osteogenic differentiation was induced using 100ng/ml or 300ng/ml 

recombinant BMP2 (InductOS, Pfizer), controls were not induced with growth factor. 

Osteocalcin reporter activity was assessed after 6 days of differentiation by 

determining Metridia luciferase activity in the cell culture supernatants using Clontech 

Ready-To-Glow Secreted Luciferase System Kit. On day 12 Alizarin Red S staining 

was performed to further analyze the degree of differentiation as described 

subsequently. 

 

Alizarin Red S Staining 

For Alizarin Red S staining of calcified structures, cells were fixed for 1 hour in 70% 

ethanol at -20°C. After brief rinsing, cells were stained for 20 minutes with 40mM 

Alizarin Red S solution (Sigma) and washed with PBS. For quantification Alizarin Red 

S was extracted for 30 minutes using 200µl 0.1M HCL/0.5% SDS solution. The 

extracted dye was measured at 425nm. 
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Transfections 

ASCs were transfected using siPORTTM NeoFXTM transfection reagent (Applied 

Biosystems). Cells were transfected with 10nM precursor hsa-miR-31, antimiR-31 or 

scrambled miRNA control #2 (Ambion) according to the manufacturer’s protocol. 

Three days after transfection, differentiation was started as described before. 100 nM 

FZD3 siRNA (Dharmacon, L-005502-00-0005) and siRNA control were transfected 

with Dharmafect 1 (Dharmafect) according to manufactures protocol. 

 

Assessment of apoptotic cell death 

HUVECs were seeded in 12-well cell culture plates and were allowed to secrete into 

ASC or HUVEC medium for 48 hours. Thereafter, the cells were detached using 

50mM EDTA and stained with Annexin V- FITC and PI (Roche) according to the 

manufacturer´s instructions. Analysis of the percentage of apoptotic and 

necrotic/late-apoptotic cells were performed using a FACS-Calibur and the CellQuest 

software (Becton Dickinson). 

 

Induction of stress induced premature senescence 

SIPS was induced by tBHP treatment of HUVECs on 5 consecutive days for one 

hour each by adding tBHP to a final concentration of 35 µM, 50 µM or 75 µM in the 

medium. Permanent growth arrest was induced by 75 µM tBHP as assessed by 

microscopic follow up for 14 days. Supernatants were collected, centrifuged at 

1900g, 4°C and used freshly for MV preparation or stored at -80°C. Supernatant 

volumes were normalized to the number of HUVECs at the time of supernatant 

harvest. Cell culture medium incubated for 48 hours at 37°C was used as additional 

control. 

 

Quantitative real-time PCR 

Alizarin Red S stainings were confirmed using different osteogenic differentiation 

marker genes. Therefore total ASCs RNA was isolated using Trizol (Invitrogen) at 

different time points before and during osteogenesis. 7 days after differentiation start 

the early osteogenic marker alkaline phosphatase (ALP) was used, 21 days after 

differentiation start the late osteogenic marker osteocalcin (OC) was used. Reverse 

transcription was performed using DyNAmo cDNA Synthesis Kit (Biozym) and qPCR 

was performed using the RotorGene2000 (Corbett). 
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For miRNA analysis specific TaqMan assays (Applied Biosystems) were used 

according to manufactures protocol. 

For isolation of RNA from blood samples, 250-500µl serum was used to isolate total 

RNA using Trizol LS reagent (Invitrogen). To allow for normalization of sample to 

sample variation in RNA isolation, 25fmol synthetic C-elegans miRNAs cel-miR-39 

were added before isolation. Serum samples (12 healthy old donors and 17 healthy 

young donors) were obtained from R. Westendorp, Department of Gerontology & 

Geriatrics C2-R, Leiden University Medical Center, The Netherlands or C. Gabriel, 

Blutzentrale, Linz. Osteoporotic serum samples were obtained from Heinrich Resch, 

Department of Medicine 2, St. Vincent Hospital, Austria. Institutional ethics 

committees approved the study, and written, informed consent has been obtained 

from each subject. 

 

Microvesicle (MV) purification 

MV were purified by filtration and differential centrifugation as described previously 44. 

In brief, supernatants were collected after incubation of 48 hours. Conditioned media 

were centrifuged at 500g for 15 minutes to sediment cells and at 14.000g for 15 

minutes to eliminate cell debris and filtered through a 0.22µm filter. MVs were then 

sedimented by ultracentrifugation at 100.000g for 60 minutes and the resultant pellet 

was washed with PBS. MV were used as fresh preparations for electron microscopy 

or conserved at -80°C for further analysis. For differentiation studies MV derived from 

2x104 HUVECs or 1 ml of human serum were resuspended in 50µl PBS and added 

per well ASCs. 

 

Depletion of CD63 positive microvesicles 

Preparation of Immunoaffinity Capture Microbeads 

CD63 monoclonal antibody immunoaffinity capture microbeads (Dynabeads® M-270 

Epoxy, Invitrogen) were prepared using Dynabeads® Antibody Coupling Kit 

(Invitrogen) according to the manufacturer’s protocol. Briefly 5 mg of Dynabeads 

were washed with 1 ml of C1 solution. The supernatant was removed by magnetic 

sedimentation of the beads and 50µl of monoclonal CD63 antibody (ab8219 Abcam) 

were mixed with 200 µl of C1 solution. Washed beads were first mixed with prepared 

antibody solution and 250µl of C2 solution were added afterwards. Beads were 

incubated at 37°C on a roller overnight. 
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The next day supernatant was removed by placing the tube on a magnet whereby 

beads were able to collect at the tube wall. Afterwards beads were washed with each 

800µl of HB, LB and finally SB buffer and stored at 4°C until use. 

Purification of CD63 positive microvesicles by immunoaffinity capture microbeads 

Isolated MVs were incubated with CD63 antibody coupled Dynabeads for 2 h at 4°C 

on a roller. Afterwards the tube was placed on a magnet allowing the beads to collect 

at the wall. Supernatant containing MV depleted of CD63 positive MVs was 

decanted. MV depleted of CD63 positive MVs derived from 2x104 HUVECs or 1 ml of 

human serum were resuspended in 50µl PBS and added per well ASCs. 

CD63 positive MVs were eluted through incubation of beads with 140 µl of citric acid 

pH=3. The tube was placed on a magnet allowing the beads to collect at the wall. 

Supernatant containing CD63 positive MVs was decanted and immediately mixed 

with 50 µl of 1M NaOH for neutralization. CD63 positive MVs derived from 2x104 

HUVECs or 1 ml of human serum were resuspended in 50µl PBS and added per well 

ASCs. 

 

Electron microscopy 

Purified MVs were left to absorb on coated nickel grids (200 mesh, hexagonal, 

Pioloform-coated Athene nickel grids). After fixation with 4% paraformaldehyde MVs 

were stained with 2% uranyl acetate for 30 seconds, the grids were left to dry and the 

absorbed material was visualized using transmission electron microscopy (TEM), 

(Philips model CM 12 electron microscope, Philips, Eindhoven, NL). 

For electron microscopy in-situ hybridization (EM-ISH) MV pellets were 

permeabilized with 0.1% Triton-X for 5 minutes at room temperature. After washing 

with PBS MVs were incubated for at least 4 hours with hybridization buffer as 

described previously 51. For each sample 1pM of the LNA DIG-labelled single 

stranded probe (Exiqon, Denmark) was denaturated in denaturizing hybridization 

buffer (containing 50% formamide, 5x SSC, 5x Denhardt´s solution, 0.1% Tween, 

0.25% CHAPS, 200µg ml-1 yeast RNA, 500µg ml-1 salmon sperm DNA) by incubation 

at 80°C for 5 minutes. Probes were placed on ice quickly. MV were mixed with the 

probe and hybridized at 50°C over night. After hybridization samples were washed 

stringently with 0.2 x SSC at 60°C for 1 hour. Subsequently, MVs were incubated 

with Anti-DIG antibody (Roche) for 30 minutes and an additional hour with the 

second 5nm gold particle labelled antibody (Sigma). After washing with PBS MV 
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were embedded in Epon, and 80 nm, on average, sections were cut using an 

ultramicrotom (Ultracut, Reichert) and then analyzed by transmission electron 

microscopy (TEM, Philips model CM 12 electron microscope ,Philips, Eindhoven, 

NL). 

 

Western Blot 

Total proteins and proteins from microvesicles as well as the fraction depleted of 

CD63 positive MVs were extracted and separated on polyacrylamide gels containing 

trihalo compounds , before transfer to a PVDF membrane (Roth, Germany). The 

membrane was blocked in 3% skimmed milk, incubated with the CD63 antibody (sc- 

15363 Santa Cruz). Alexa Fluor 680-conjugated anti-rabbit IgG (Molecular Probes) or 

peroxidase-coupled secondary antibody was used as secondary antibodies. Signal 

intensities were analyzed by using the Odyssey infrared image system (LiCor) or 

subjected to enhanced chemiluminescence using ECL Western Blotting Substrate 

(Pierce) on a Chemidoc (Biorad) respectively. 

 

Osteoporosis Patients 

14 men with idiopathic osteoporosis and a mean age ~53 years were studied. 

Osteoporosis was defined by the presence of low trauma fractures at vertebral or 

peripheral sites and/or by dual energy X rax absorptiometry (T-scores less than - 

2.5). In all subjects secondary causes of osteoporosis (such as glucocorticoid 

treatment, alcohol abuse or thyrotoxicosis) had been excluded by an appropriate 

clinical and laboratory evaluation. 

 

Statistics 

Data were statistically analyzed using Student´s t test, one-way ANOVA and one-way 

ANOVA followed by the Dunn´s method as indicated. Analyses were performed with 

SigmaPlot 10.0 (SigmaPlot, Germany). The tests were two-sided with type 1 error 

probability of 0.05. Data are presented as mean values ± SEM. Samples were not 

blinded systematically but repetitions of experiments were performed by different 

operators and methods having unbiased read-outs were. 
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Figure Legends 

Figure 1: CD63 positive Microvesicles (MVs) of senescent HUVECs reduce 

osteogenic differentiation capacity of ASCs 

(A) Apoptotic cell death of early quiescent passage (PD21) or replicative senescent 

(PD49) HUVECs 48 hours after secretion into ASC or HUVEC medium was 

measured using Annexin V-FITC and PI staining (N=3) (B) Representative example 

of Alizarin Red S staining for Ca2+ deposition of ASCs exposed to conditioned media 

of early quiescent passage (Y), senescent (S) or unconditioned medium (C) as well 

as without switching to differentiation medium (undiff). Treated cells were induced to 

differentiate into the osteogenic lineage. Differentiation was visualized using Alizarin 

Red S staining for Ca2+ deposition at day 21 of differentiation. Representative 

pictures of 3 independent experiments are shown. (C) MVs were isolated from 

conditioned medium of HUVECs, prepared for EM imaging and stained by uranyl 

acetate. The EM image shows representative MV membrane vesicles of ~ 50 to 100 

nm in diameter. (D) CD63 as marker of MVs was immunogold-labelled with anti-

CD63 antibody (5 nm gold particles, see arrows) and visualized by electron 

microscopy. The dotted lines accentuate the border of selected MVs adsorbed to the 

coated Ni-grid after weak staining with uranyl acetate. (E) Time scheme of 

experimental design. ASCs were exposed to microvesicles from early quiescent 

passage (13 PD) or senescent (53PD) cells and unconditioned control medium for 3 

days, then medium was changed to differentiation medium and Alizarin Red S 

staining for Ca2+ deposits was performed after 21 days. In addition quantitative qPCR 

for the osteogenic marker mRNA alkaline phosphatase (ALP) was performed after 7 

days. (F-H) ASCs were preincubated in the presence of MVs derived from early 

quiescent passage (Y),senescent (S) cells or in the absence of exogenously added 

MVs (C) for 3 days before osteogenic differentiation was induced as well as without 

switching to differentiation medium (undiff). MVs were isolated freshly for each 

experiment from different HUVEC cell lines. (F) Representative images of Alizarin 

Red S stained ASCs of 3 independent differentiations after 21 days are shown. (G) 

Ca2+ deposition was quantitated using Alizarin Red S staining and 

spectrophotometric analysis at 425 nm. (H) Quantitative qPCR for ALP mRNA at day 

7 after induction of differentiation relative to GAPDH was performed. Error bars 

indicate the standard deviations of 3 independent measurements. (I) Scheme of 

experimental design. After 48h of secretion, conditioned supernatant (SN) was 
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collected from senescent cells and centrifuged for 15 minutes at 500g. Next the 

supernatant was centrifuged at 14000 g für 15 minutes in order to remove all cell 

debris. The remaining supernatant was filtered through a 220nm filter before it was 

centrifuged for 1h at 100 000g. Subsequently the supernatant was discarded while 

the obtained MV containing pellet, referred to as total MV fraction (tMV), was 

resuspended in 2ml PBS. 1ml was loaded for 2h at 4°C on anti CD63 antibody 

coupled magnetic beads, while the remaining 1ml was stored at 4°C. After 2h of 

incubation tMV as well as the supernatant of the immune isolated fraction containing 

no CD63 positive vesicles, referred to as CD63- fraction (CD63-), were centrifuged for 

1h at 100 000g. Finally, the pellets of the tMV and of the CD63- fraction were 

resuspended in PBS and added to ASCs. (J) Western blot analysis of HUVEC cell 

lysate, the tMV fraction and the CD63- fraction using anti CD63 antibody. (K) Western 

blot analysis of the CD63- fraction as well as of eluted CD63 positive MVs (CD63+) 

using anti CD63 antibody as well as an image of the corresponding gel before 

blotting showing proteins stained with trihalo compounds as a loading control. (L) 

Decreased osteogenic differentiation potential of ASCs exposed to isolated total MV 

fraction (tMV) of senescent endothelial cells compared to ASCs treated with CD63 

negative fraction (CD63-) as quantified by the early osteogenic differentiation marker  

ALP mRNA 7 days after induction of osteogenesis relative to GAPDH using qPCR.  

ns: not significant, *:  p<0.05, **:  p<0.01, ***:  p<0.001 in comparison to control. Data 

are presented as mean values ± SM and were statistically analyzed using Student´s t 

test. 

 

Figure 2: MiR-31 is enriched in CD63 positive microvesicles of senescent endothelial 

cells 

(A) MiR-31 expression is upregulated in senescent (S) versus early quiescent 

passage (Y) HUVECs (N=3) as analyzed by qPCR and normalized to the snRNA U6 

as internal control. (B) Similarly, miR-31 was detected at high levels after RNA 

isolation from supernatants (SN) (N=3) and (C) from MVs of senescent (S) versus 

early quiescent (Y) passage HUVECs (N=3) as analyzed by qPCR and normalized to 

the secreting cell number and spiked in cel-miR39 as internal control. (D) 

Significantly increased miR-31 levels in total MV fraction (tMV) of senescent 

endothelial cells compared to the fraction which is depleted of CD63 positive MVs 

(CD63-) as analyzed by qPCR and normalized to cel-miR39 as internal control (E) 
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Localization of miR-31 within MVs by electron microscopy in situ hybridization (EM-

ISH). Arrowhead indicates immunogold labelled anti-DIG antibody after hybridizing a 

DIG labelled antimiR-31 probe to permeabilized MVs.   

***:  p<0.001 in comparison to control. Data of this figure are presented as mean 

values ± SM and were statistically analyzed using Student´s t test. 

 

Figure 3: Vesicular MiR-31 reduces osteogenesis by knocking down FZD3 mRNA  

(A-C) ASCs were transfected with miR-31 or a non-targeting miRNA control (miRC) 

as negative control 3 days before induction of osteogenic differentiation. As control, 

ASCs were not exposed to differentiation inducing medium (undiff). (A) 

Representative images of Alizarin Red S stained ASCs at day 21 of differentiation of 

3 independent experiments are shown. (B) Osteogenic differentiation was quantitated 

by spectrophotometrical analysis of Alizarin Red S staining for Ca2+ deposition (n=3). 

(C) qPCR for the osteogenic marker osteocalcin (OC) at day 21 of differentiation 

normalized to GAPDH confirms inhibition of osteogenic differentiation after miR-31 

transfection. (D) ASCs were transiently transfected with miR-31, non-targeting control 

(miRC) and non-transfected (untransf.) 3 days before induction of osteogenesis. 4 

days later, FZD3 mRNA was quantified by qPCR and normalized to GAPDH. MiR-31 

transfection of ASCs results in downregulated, FDZ3 mRNA compared to non-

targeting control transfected cells. (E) FDZ3 mRNA is upregulated 4 days after 

osteogenic differentiation start as analyzed by qPCR relative to GAPDH. (F) 

Knockdown of FDZ3 by siRNAs (siFZD3) in ASCs inhibits osteogenic differentiation 

compared to non-targeting control transfected (siC) or untransfected (untransf.) cells 

as quantified by spectrophotometric analysis of Ca2+ deposition using Alizarin Red S 

staining at day 21 of differentiation. (G) Intracellular cel-miR39 levels of ASCs that 

were exposed to MVs isolated from cel-miR39 transfected HUVECs for 1, 12, 24 or 

72 hours were quantified by qPCR relative to snRNA U6. (H) Intracellular cel-miR39 

levels of ASCs that were exposed for 72 hours to MVs isolated from the indicated 

number of cel-miR39 transfected HUVECs or from non-targeting control (miRC) 

transfected HUVECs were quantified by qPCR relative to snRNA U6. Intracellular 

levels of miR-31 (I) and FZD3 mRNA (J) in ASCs after treatment with MVs for 72 

hours derived from early quiescent passage (Y), senescent (S) HUVECs or control 

medium (C), were quantified by qPCR relative to snRNA U6 (I) or  GAPDH (J) . (K-M) 

ASCs were transfected with antimiR-31 or a non-targeting miRNA control (antimiRC).  
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Either no or MVs of senescent HUVECs were added 24 hours post transfection. (K) 

Alizarin Red S stained calcium depositions were quantified by measuring the optical 

density at 425nm at day 21 of differentiation, (L) OC mRNA levels normalized to 

GAPDH were measured 21 days and (M) FZD3 levels relative to GAPDH 4 days 

after induction of osteogenic differentiaton by qPCR. 

Error bars derived from 3 independent experiments. ND: non-differentiated.   

ns: not significant, **:  p<0.01, ***:  p<0.001 in comparison to control. Data are 

presented as mean values ± SM and were statistically analyzed using Student´s t 

test. 

 

Figure 4: Effects of plasma MVs derived from young and elderly donors on ASCs. (A) 

Upregulation of miR-31 levels relative to cel-miR39 as spike in control in plasma 

samples derived from healthy, female elderly donors (n=17) compared to young 

healthy controls (n=12). RNA was always isolated from the same volume of plasma 

(B) miR-31 levels relative to cel-miR39 as spike in control in plasma derived from 

male osteoporosis patients (n=14) were significantly increased compared to healthy 

age matched controls (n=11). RNA was always isolated from the same volume of 

plasma. (C) Microvesicles isolated from human plasma as analyzed by electron 

microscopy showing typical morphology. (D-E) ASCs were exposed to MVs derived 

from healthy donors younger than 25 (Y) and elderly donors of above 55 years (E) for 

3 days before inducing osteogenesis. As controls, no MVs were added (C) as well as 

no differentiation was induced (undiff). (D) Representative images of  Alizarin Red S 

stained 3 independent differentiations 21 days after induction of osteogenic 

differentiation are shown. (E) ASCs of 2 different donors were treated with MVs 

derived from young and elderly donors. Osteogenic differentiation was analyzed by 

quantitation of Alizarin Red S staining for Ca2+ deposition. Results derived from 3 

independent replicates of each donor are shown. (F-G) ASCs showed a decreased 

osteogenic differentiation potential after treatment with the total MV fraction (tMV) 

isolated from an elderly miR-31 high donor compared to ASCs exposed to the CD63 

negative fraction (CD63-) as (F) quantified by Alizarin Red S staining for Ca2+ 

deposition at day 21 of differentiation and (G) shown on the basis of ALP mRNA 

normalized to GAPDH at day 71 of differentiation. (H-J) ASCs were transfected with 

antimiR-31 or a non-targeting miRNA control (antimiRC), 24h before total plasma MV 

fraction from an elderly miR-31 high donor was added. (H) Osteogenic differentiation 
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was analyzed by quantitation of Alizarin Red S staining for Ca2+ deposition at day 21 

of differentiation. (I) ALP, (J) OC and (K) FZD3 mRNA levels normalized to GAPDH 

were measured 7, 21 or 4 days after differentiation start using qPCR, showing the 

rescue of osteogenic differentiation capacity despite MV coincubation due to antimiR-

31 transfection. (L) Overview of our working hypothesis: Exosomes/MVs/Supernatant 

derived from senescent endothelial cells affect differentiation potential of ASCs via 

miRNA-31 delivery by knocking down its target FZD3 mRNA. Thereby, the 

“senescent” environment hampers tissue regeneration by inhibiting the induction of 

osteogenesis. Therefore, the systemic environment of the elderly might favour loss of 

bone mass and inhibit bone healing.  

*:  p<0.05, **:  p<0.01, ***:  p<0.001 in comparison to control. Data are presented as 

mean values ± SM and were statistically analyzed using Wilcoxon signed rank test in 

Fig. 4.B and Student´s t test for figures 4E-K. 

 

Figure S1: 

(A) Representative microscope image of ASCs showing a typical morphology. (B) 

Representative flow cytometric analysis of two donors used in this study, ASC57 and 

ASC60, show expression of ASC specific (ASC*) and mesenchymal stem cell  

surface markers and did not show hematopoietic stem cells surface marker. (C) Early 

quiescent passage (PD13) and senescent (PD53) endothelial cells that were used for 

isolating MVs from conditioned medium were stained for senescence associated β-

galactosidase activity, representative images are shown. (D) Western blot analysis of 

MVs protein lysate detected with antiCD63 antibody.  

 

Figure S2: 

MiR-31 is upregulated intracellularly in senescent (S) versus early quiescent passage 

(Y) (A) human liver endothelial cells (ECs) (S = senescent; Y = early quiescent 

passage; N=3) and (B) human retinal microvascular endothelial cells (hReEC) (S = 

senescent; Y = early quiescent passage; N=3) as analyzed by qPCR and normalized 

to the snRNA U6 as internal control. 

(C) SIPS treatment of endothelial cells results in growth arrest at 75 µM tBHP. 

HUVECs were pulsed with the indicated concentration of tBHP. Growth was 

monitored by cell counting. Representative figures until day 5 of treatment indicating 

growth arrest at the highest dose are shown. MVs were isolated from tBHP pulsed 
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endothelial cells after 14 days, when no additional cell proliferation was observed in 

the cells treated with 75 µM tBHP. In contrast, after exposure to 35 µM tBHP the cells 

completely recovered and resumed growth (N=3). MiR-31 is also induced by tBHP 

treatment of HUVECs (D) endogenously and (E) accumulates in MVs derived from 

treated versus replicative senescent or untreated HUVECs. Error bars indicate the 

standard deviations of 3 independent measurements.  

*:  p<0.05, **:  p<0.01, ***:  p<0.001. Data are presented as mean values ± SM 

 

Figure S3: 

(A) ASCs were transfected with miR-31, non-targeting miRNA control (miRC) or 

MOCK transfected (untransf.). Taqman based qPCR showing increased intracellular 

miR-31 levels relative to snRNA U6 24 h and 48 h after transient transfection 

compared to non targeting miRNA control or MOCK transfected cells. , . (B) 

Confirmation of FZD3 knockdown relative to GAPDH of siFZD3 transfected cells 

compared to non-targeting miRNA control (miRC) transfected ASCs 24 hours after 

transfection using qPCR. (C, D) Confirmation that miR-31 is a general regulator of 

osteogenesis. (C) C3Ht101/2 and (D) C2C12, two mouse mesenchymal mulitpotent 

cell lines were induced to undergo osteogenic differentiation upon addition of bone 

morphogenic protein 2 (BMP2), which was inhibited by transient transfection of miR-

31 compared to non-targeting miRNA control (miRC) and  MOCK transfected 

(untransf.) cells measured by Osteocalcin reporter activity. (N=4). (E) Taqman based 

qPCR showing downregulated intracellular miR-31 levels relative to snRNA U6 24 h 

after transient antimiR-31 transfection compared to non-targeting miRNA control 

(antimiRC) transfected cells. ). 

ns: not significant, *:  p<0.05, **:  p<0.01, ***:  p<0.001. Data are presented as mean 

values ± SM
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Abstract 

Regenerative medicine is strictly dependent on stem cells as a source for a high diversity of 

somatic cells. However, the isolation of such from individuals suffering from severe genetic skin 

blistering disease like epidermolysis bullosa (EB) is often associated with further organ damage. 

We provide here an optimized protocol for the reproducible isolation of mesenchymal stem cells 

from urine, even from small volumes as obtained from patients with EB. Furthermore, we 

describe a basic characterization of those urine-derived stem cells (USCs) from healthy donors, 

as well as from patients with EB, and demonstrate their potential to differentiate into 

chondrocytes and osteoblasts, as well as their immune-modulatory properties. 

Thus, USCs provide a novel and non-invasive source of stem cells, which might be applied for 

gene-therapeutic approaches to improve the quality of life of patients with EB in the future.   

 

Introduction  

Epidermolysis bullosa (EB) is a devastating disease of the skin and mucous membranes, 

caused by mutations in either one of 17 genes encoding structural proteins required for skin 

integrity. Patients suffer from extensive blistering upon minor mechanical impact due to the 

reduced connectivity of the skin layers. In severe subtypes of EB, the continuous wounding of 

the skin causes a constant need for repair, which leads to the depletion of epidermal stem cells 

and thus to multiple chronic wounds (Fine et al. 2008). 

Currently, ex vivo gene therapy is the most promising therapeutic approach concerning safety 

and technical realization. In 2006, Mavilio et al. described the transplantation of an in-vitro 

engineered skin graft of 50 cm2 onto the backside of a leg of a patient with EB (Mavilio et al. 

2006). Therefore, epidermal stem cells were isolated from patient skin biopsies, retrovirally 

transduced with a wildtype copy of the defective laminin ß3 (LAMB3) cDNA in a MFG vector, 

and expanded in vitro. Clinically, the patient showed no more blistering in the area of the 

transplanted skin until 6.5 years after the transplantation, proving the long-term stability and 

safety of this approach (De Rosa et al. 2013). However, the recovery of pertinent epidermal 
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stem cells, which usually requires multiple skin biopsies, is an extremely displeasing and painful 

demand especially for patients with EB. Thus, other sources for the non-invasive recovery of 

stem cells, such as urine, are required. 

Zhang and co-workers recently described the isolation of mesenchymal-like stem cells from 

urine. These multi-potent cells are termed urine-derived stem cells (USCs) and were shown to 

have the potential to differentiate towards osteocytes, chondrocytes, adipocytes, myocytes and 

endothelial cells (Bharadwaj et al. 2011; Guan et al. 2014; Bharadwaj et al. 2013; Lang et al. 

2013; Liu, Wang, et al. 2013; Wu et al. 2011; Zhang et al. 2008; Liu, Pareta, et al. 2013). These 

mesenchymal lineages, such as fibroblasts, could be used for the treatment of patients suffering 

from dystrophic EB. Furthermore, recent reports suggest that mesenchymal stem cells can also 

be trans-differentiated into epidermal cells (Chavez-Munoz et al. 2013; Păunescu et al. 2007), 

which might be beneficial for the treatment of the other subtypes. Thus, the isolation of USCs 

from urine might provide a non-invasive route for the painless recovery of stem cells from 

patients with EB. 

We show here that by using an optimized protocol USCs could be reproducibly isolated from 

small volumes of urine from healthy donors, as well as from patients with EB. Recovered USCs 

were positive for various marker genes and could be differentiated into osteocytes and 

chondrocytes. Furthermore USCs showed similar immunomodulatory properties as MSCs.  

 

Materials and methods 

Isolation of USCs from urine 

Mid- and last-stream urine from healthy donors was collected into sterile recipes, transferred to 

50 ml tubes and centrifuged for 5 min at 500 x g. Thereafter, the supernatant was discarded and 

cells were washed twice with PBS. The remaining pellet was re-suspended in culture medium 

and seeded into one well of a 24-well plate for male donors or a 6-well plate for female donors. 
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Culture plates (Nunc) were either used without coating or coated with Collagen (Sigma Aldrich). 

Four different formulations of culture medium were used:  

I- Primary urine cells culture medium (pUSCs, according to the method described by Zhang 

et al. (Bharadwaj et al. 2011), 50% Keratinocyte-SFM (Gibco), 33.75% DMEM (PAA), 

11.25% Hams F12, 5% Fetal calf serum (FCS, PAA), 5 ng/ml Epidermal growth 

factor (Sigma Aldrich), 50 ng/ml Bovine pituitary extract (Sigma Aldrich), 30 ng/ml 

Cholera toxin (Sigma Aldrich), 0.4 µg/ml Hydrocortisone (Sigma Aldrich), 5 ng/ml 

Insulin (Sigma Aldrich), 1.8 x 10-4 M Adenine (Sigma Aldrich), 5 µg/ml Holo-

Transferrin (VWR), 2 nM Triiodo-L-thyronine (Life Technologies)) 

II- MesenCult® MSC Basal Medium supplemented with MesenCult™ Mesenchymal Stem 

Cell Stimulatory Supplement (Stem Cell 

III- MesenPRO RS™ supplemented with MesenPRO RS™ Growth Supplement (Gibco) 

IV- EGM™-2 Bulletkit (Lonza). 

 

All formulations were additionally supplemented with 100 U/ml penicillin and 100 µg/ml 

streptomycin (Sigma). 

Urine pH was measured and samples were also evaluated for the presence of glucose, 

leucocytes, nitrites, proteins and blood using Combur Test HC (Cobas) (Belik et al. 2008). 

The local ethic commissions either approved this study (Vienna) or declared that no formal 

approval is required, as long as no clinical trials are conducted (Salzburg). All the donors gave 

informed consent before providing urine samples. Thus, the study was performed in accordance 

with the Declaration of Helsinki. 

Immunophenotypic characterization of USCs 

After 3 or 4 passages, USCs and adipose derived stem cells (ASCs) as control, were seeded 

into 8 well chamber slides (µ-Slide, IBIDI-Treat surface, IBIDI) without coating. Next day, cells 

were rinsed with PBS and fixed with 3.6% formaldehyde in PBS for 10 min at room temperature. 
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After two consecutive washes with PBS, the cells were stained for 1 h at room temperature with 

antibodies against CD14 (from mouse, ab7800, Abcam), CD34 (from mouse, FITC-labeled, 

555821, BD Pharmingen), CD44 (from mouse, SAB4700184, Sigma Aldrich), CD73 (from 

mouse, FITC-labeled, 561254, BD Pharmingen), CD90 (from mouse, PE-labeled, 555596, BD 

Pharmingen), CD105 (from mouse, FITC-labeled, 561443, BD Pharmingen), CD117 (from 

mouse, FITC-labeled, 561443, BD Pharmingen), CD133 (from rabbit, ab19898, Abcam), 

Vimentin (from mouse, FITC-labeled, 562338, BD Pharmingen), and Collagen I (from rabbit, 

ab292, Abcam). For antibodies without dye-conjugate, samples were washed three times and 

incubated with Dyelight488 or Dyelight549-conjugated secondary antibodies against mouse or 

rabbit (Jackson Immunoresearch) for one hour. Finally, the wells were washed twice with PBS, 

stained with Hoechst 33258 for 5 min, washed once with PBS and analyzed by fluorescence 

microscopy on a Leica DMI-6000 microscope equipped with filter sets for DAPI, GFP and RFP. 

Cell differentiation 

For osteogenic differentiation, 3000 cells were seeded into one well of a 24-well plate without 

coating containing 1 ml DMEM low glucose (PAA) supplemented with 10% FCS, 10 nM 

dexamethasone (Sigma), 150 µM ascorbate 2-phosphate (Sigma), 10 nM vitamin D3 (Sigma) 

and 10 mM L-glycerophosphate (Sigma). The plates (Nunc) were kept in a humidified incubator 

(37ºC and 5% CO2) and the culture medium was changed twice a week for 28 days. 

For healthy donors, the medium was aspirated after this time and the cells were washed three 

times with PBS. Then, cells were fixed in ice-cold 70% ethanol for 1 h at -20°C and washed 

three times with distillated water. The cells were incubated with 40 mM Alizarin Red solution 

(Sigma) at room temperature for 10 min and washed until all remaining traces of dye were 

removed. Representative pictures were acquired on a Leica DMI microscope equipped with a 

color-camera. 

Cells differentiated from patients with EB were equilibrated in an alkaline-phosphatase (AP)-

buffer (0.1 M Tris-HCl pH 9.5, 0.1 M NaCl, 0.05 M MgCl2) for 10 minutes. Then, cells were 
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incubated in 2% NBT/BCIP (Sigma) in AP-buffer for 75 minutes and representative microscope 

pictures were acquired. 

 

For chondrogenic differentiation, 3000 cells were seeded in 24-well plates (Nunc) without 

coating containing 2 ml DMEM/Ham’s F12 supplemented with 10% FCS, 6 µg/ml insulin 

(Sigma), 0.2 mM ascorbic acid-2P (Fluka) and 10 ng/ml TGF-β1 (R&D). The plates (Nunc) were 

kept in a humidified incubator (37ºC and 5% CO2) and the culture medium was changed twice a 

week for 28 days. 

After this period, the medium was aspirated and the cells were washed three times with PBS. 

Then, the cells were incubated with 3.6% formaldehyde in PBS for 1 h, washed three times with 

distillated water and incubated with 1% Alcian blue 8GX staining solution (Sigma) at room 

temperature for 30 min. The cells were washed until all traces of remaining dye were removed 

and representative microscope pictures were acquired. 

 

Cell differentiations were confirmed by analyzing relative expression levels of different marker 

genes. Primer sequences are given in Table 1. Therefore, cells were harvested by trypsinization 

and total RNA was isolated using QIAzol Lysis Reagent (Qiagen), according to the 

manufacture’s protocol. RNA pellets were dried and re-suspended in 50 µl RNase-free water. 

RNA was quantified using a NanoDrop Spectrophotometer (Thermo Scientific) and 100 ng of 

total RNA were reverse transcribed using Dynamo cDNA synthesis kit (Finnzymes). For 

quantification of osteocalcin mRNA, qPCR was performed on a Rotorgene Q (Qiagen) using 

SensiMix Plus SYBR-Green Mix. Expression values were normalized to GAPDH and are 

indicated as fold changes relative to control. 

The relative abundance of Collagen X, Aggrecan and GAPDH mRNAs were evaluated by semi-

quantitive real-time PCR (SQRT-PCR). After reverse transcription as above, PCR products were 
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generated using GoTAQ Polymerase (Promega) and separated on a 2% agarose gel in 1x TBE 

buffer. The number of cycles was adjusted so that saturation was not reached. 

 

Target Primer sense Primer antisense 

GAPDH1,2 GCCAACGTGTCAGTGGTGGA CACCACCCTGTTGCTGTAGCC 

Osteocalcin1 ATCAAAGAGGAGGGGAACCTA AGGAAGTAGGGTGCCATAACA 

Osteocalcin2 GTGCAGAGTCCAGCAAAGGT TCAGCCAACTCGTCACAGTC 

Collagen X1 CCCTTTTTGCTGCTAGTATCC CTGTTGTCCAGGTTTTCCTGGCA 

Aggrecan2 ACAGCTGGGGACATTAGTGG GTGGAATGCAGAGGTGGTTT 
1Primer used for USCs from healthy donors 
2Primer used for USCs from patients with EB. 

 

Evaluation of immunomodulatory properties  

The isolation of peripheral blood mononuclear cells (PBMCs) from whole blood and subsequent 

lymphocyte separation by plate adherence were performed as described previously (Reynoso et 

al. 2012). Two different concentrations of USCs (4 x 105 or 2 x 105) were seeded and allowed to 

attach in individual wells of 6 well-plates (Nunc). Then the medium was replaced with 4 x 105 

lymphocytes in RPMI medium supplemented with 10% FCS and 4 mM glutamine. For the 

activation of lymphocytes 2.4 µg/ml phytohemagglutinin (PHA, Sigma) were used. After 48 h, 

proliferation of lymphocytes was determined by bromodeoxyuridine (BrdU) incorporation as 

described previously (Wieser et al. 2008). Briefly, 10 µM BrdU were added to the culture 

medium and lymphocytes were harvested after 24 h. Fixation and permeabilization were 

followed by staining with anti-BrdU primary antibody (BD Biosciences) and goat-anti-mouse 

DyLight 488 conjugate secondary antibody (Pierce). Finally, BrdU incorporation was analyzed by 

flow cytometry (FACSDiva, BD Biosciences).  

Statistical analysis 

All the experiments were performed in biological triplicates at least. Correlations were studied 

using the Pearson test. Association between urine volume and the presence of colonies was 
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determined by Chi-Square test. The differences in gene expression, as well as in the number of 

colonies depending on collagen coating were analyzed by Student’s t-test. The statistical 

significance of cell culture characteristics depending on culture medium and lymphocytes 

proliferation were assessed by one-way ANOVA followed by Bonferroni multiple-comparison 

post-hoc test. All statistical tests were performed in SPSS (IBM). p-values ≤ 0.05 were 

considered significant. 
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Results 

Characteristics of donors and urine 

Urine provides a source for mesenchymal-like stem cells, also termed USCs (Bharadwaj et al. 

2011), which we envision to be applicable for the treatment of patients with EB in the future. In 

order to establish a robust isolation protocol of USCs in our lab, we obtained in total 112 urine 

samples from 21 different healthy donors. The pH of the urine varied from 5.3 to 7.6 and only 

one sample was positive for nitrites, being all of them negative for the presence of glucose, 

leucocytes, proteins and blood. The volume of urine varied from 50 to 495 ml and there was no 

correlation between any of these parameters and the presence or quantity of colonies of USCs 

(p = 0.484 and p = 0.58, respectively) (Table 1). This result indicates that the volume of urine do 

not influence the success rate of USCs isolation and even from small volumes of urine, as 

usually provided by patients with EB,USCs can be isolated.  

Establishment of a reproducible USCs isolation protocol from healthy donors 

In order to isolate USCs, urine was centrifuged and cells were seeded either in 24-well plates for 

male donors or 6-well plates for female donors. Urine samples showed a variable content of 

squamous cells, being in general more abundant in female samples (FIG. 1A). Cell colonies 

appeared most frequently between 3 and 8 days after isolation. Eventually, samples from 

specific donors showed the first colony after 2-3 weeks. 

 

In the following we define successful isolation of USCs, when at least one colony was obtained. 

As shown in Table 1, the success rate of isolations from male donors was higher than from 

female donors (70% vs. 42%). However, we observed that by isolating multiple samples from the 

same donor within two weeks (2-3 samples per day, 3 times per week), at least two successful 

isolations from each donor could be obtained. 

 

Morphology of freshly isolated USCs-enriched cells from urine 
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Urine derived cells exhibited morphologies ranging from more epithelial to more elongated- 

fibroblastoid, independent of the donor. This indicates that a mixed population of different cell 

types was present immediately after isolation. Representative pictures of primary colonies are 

shown in FIG 1B. However, after three passages the cell morphology became homogeneously 

elongated-fibroblastoid. This cell population homogeneous in morphology is henceforth referred 

to as USCs and was used for all upcoming experiments. It is unclear, however, if the epithelial 

cells are lost over passaging due to the media enriching for fibroblastoid cells. The isolated cells 

reached confluence at around 12 days (FIG. 1C). In general the replicative life span ranged from 

4.5 to 12 population doublings, after which cells stopped growing and displayed typical 

senescent morphology (FIG. 1D). 

 

Optimization of culture conditions 

In order to optimize the culture conditions for USCs, we tested different media formulations. 

Consequently, urine samples were obtained from four donors and the cells were cultivated either 

in MesenCult, MesenPRO, EGM-2 or pUSCs medium. We did not see major differences in cell 

morphology depending on the culture medium used (FIG. 2A). Cells from only one out of five 

samples showed cell proliferation in EGM-2 and also in this case cells stopped growing after 

passage 3. Interestingly, when either MesenCult or MesenPRO medium was used some 

colonies appeared already as soon as 3 days after isolation. Nevertheless, we did not find 

significant differences between the four media formulations regarding the necessary timeframe 

for colony formation. The number of colonies and the time needed to passage the cells for the 

first time did not differ significantly either (Table 2). Cells cultivated in MesenPRO or MesenCult 

stopped cell division after passage 1 in some cases, while in pUSCs medium they grew for 

longer periods of time and reached significantly higher population doublings (PDs) compared to 

MesenCult (p = 0.013) or MesenPRO (p = 0.006) (Table 2). 
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In addition, we tested whether the pre-coating of culture dishes with collagen improved the 

efficiency of isolation and culture of USCs. Surprisingly, the number of colonies was significantly 

higher when the plates were not coated (p = 0.026) (FIG. 2B) 

In summary these results indicate that USCs can be cultivated in different media formulations, 

but pUSCs medium without collagen coating of culture dishes is most efficient for expanding the 

cells. 

 

USCs express typical markers for mesenchymal stem cells (MSCs) 

In order to test if the urine-derived cells are indeed enriched for USCs, the expression of MSC 

surface markers including CD73, CD90 and CD105 [6], as well as a lack of hematopoietic 

surface markers was analyzed by indirect immunofluorescence. Adipose derived mesenchymal 

stem cells (ASCs) served as positive control. Indeed, the surface marker profile of USCs 

resembled closely that of ASCs, as both were positive for the mesenchymal stem cells markers 

CD44, CD73, CD90, CD105, Vimentin and Collagen I, and negative for the hematopoietic 

markers CD14, CD34, CD117 and CD133 (FIG. 3). 

These results are consistent with previous findings and corroborate that USCs closely resemble 

MSCs. 

 

USCs have the potential to differentiate into osteogenic and chondrogenic lineages 

In order to further confirm that our USCs are functionally similar to MSCs and previously 

published USCs, we studied their potential to differentiate into osteoblasts and chondrocytes. 

Therefore, USCs were exposed to osteogenic induction medium for 4 weeks. At the end of this 

time period the cells aggregated and formed calcium precipitates, which were confirmed by 

alizarin red staining (FIG. 4A). On transcriptional level, osteocalcin mRNA expression showed a 

significant 2-fold increase in induced cells when they were compared to the control (p = 0.05) 

(FIG. 4B). 
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When USCs were cultivated with chondrogenic induction medium over a period of 28 days, cells 

formed aggregates as expected during differentiation, and stained positive for proteoglycans 

using Alcian blue (FIG. 4C). At mRNA level, differentiated USCs exhibited detectable levels of 

Collagen X in contrast to the non-differentiated control cells (FIG. 4D). 

These results demonstrate that USCs are indeed able to differentiate toward the osteogenic and 

chondrogenic lineages. 

 

USCs have immunomodulatory properties 

Finally, we wanted to test if USCs also display the typical immunosuppressive activity towards 

lymphocytes. Therefore, USCs were co-cultured with lymphocytes and after PHA stimulation the 

proliferation levels of lymphocytes were analyzed by measuring BrdU incorporation. Indeed, 

USCs inhibited the formation of cell clusters typically found after in vitro activation of 

lymphocytes (Hamann et al. 1986) (FIG. 5A). Similarly, lymphocyte proliferation was significantly 

reduced by 50% (p = 0.02) by co-culturing with USCs at a lymphocytes:USCs ratio of 1:1 (FIG. 

5B). 

These observations strongly suggest that USCs have all the characteristics of MSCs, including 

surface marker profile, differentiation potential as well as immunomodulatory properties. 

 

USCs from patients with EB 

After the optimization of USCs isolation and cultivation, as well as the characterization of USCs 

from healthy donors, we tested if our protocol was also applicable to samples from patients with 

epidermolysis bullosa in another laboratory (FIG. 6A). In total, 33 urine samples were obtained 

from 25 donors, suffering from different types of EB (dystrophic EB, junctional EB, EB simplex) 

(Table 3). In contrast to urine samples from healthy volunteers, the average volume from 

patients with EB was only 58.3 ml, probably due to the fact that in some patients the urinary tract 

is also affected from blistering and scarring, rendering urination painful. Interestingly, the mean 
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number of colonies was with 1.6 colonies per patient only slightly lower than the mean number of 

healthy volunteers (1.9). The number of samples showing cell proliferation was similar between 

both groups (60% patients with EB, 58% healthy volunteers) (Table 3).  

Also EB-patient derived USCs differentiated into chondrogenic and osteogenic lineages, as 

could be shown by positive alzian blue (chondrogenic lineages) or NBT/BCIP (osteogenic 

lineages) staining and morphologic characteristics of the respective lineages. SQRT-PCR 

revealed the expression of lineage-specific genes compared to undifferentiated controls (FIG. 

6B). 

These data confirm that our optimized protocol is also applicable to the reproducible isolation of 

functional USCs from urine of patients with EB. 

 

Discussion 

We describe here the isolation and characterization of cells from human urine termed USCs, 

which display similar markers, differentiation potential and immunomodulatory properties as 

adipose tissue derived mesenchymal stem cells (ASCs). 

In contrast to the isolation of bulk urine cells and their reprogramming to induced pluripotent 

stem cells (iPSCs) recently described by us (Zhou et al. 2011; Zhou et al. 2012), the direct 

isolation of USCs and their subsequent (trans-)differentiation in various cell lineages offers the 

advantage that transfection steps or the transduction with putatively oncogenic viruses can be 

completely omitted. However, since USCs have only a narrow differentiation potential compared 

to iPSCs, their usage for the generation of certain tissues, especially those originating from the 

ecto- and endoderm, is limited. 

We and others already showed that USCs can be differentiated into the main mesenchymal 

lineages, such as chondrocytes and osteoblasts. Already fibroblasts could be beneficial for the 

treatment of patients suffering from dystrophic EB. However, recent reports demonstrate that 

ASCs, MSCs derived from adipose tissue, can also be trans-differentiated into keratinocyte-like 

cells just by co-incubation with conditioned medium or cultured keratinocytes. Furthermore, 
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those cells were able to form a stratified structure similar to human skin on top of a 

decellularized dermal matrix (Chavez-Munoz et al. 2013). Paunescu et  al. demonstrated the 

differentiation of bone-marrow derived mesenchymal stem cells into keratinocytes by incubation 

with a mixture of different growth factors (Păunescu et al. 2007). 

We therefore hypothesize that also USCs have the potential to trans-differentiate into 

keratinocyte-like cells, which could later be used for the engineering of transplantable skin-grafts 

as therapeutic approach for patients with EB. The isolation of functional USCs from patients with 

EB, as shown here, is the first important step in this process. 

Next, a reproducible protocol for the generation of therapeutically relevant amounts of 

keratinocytes from USCs is required, which might be hindered by their limited number, 

proliferation and differentiation potential. However, we are convinced to circumvent this problem 

by generating purer USCs-populations by FACS or other enrichment strategies in the future. 

Furthermore, the limited number of cells can be certainly compensated by processing multiple 

samples, since USCs can be easily and inexpensively isolated, and which is more important, 

without causing any discomfort to the patients.  

Summarized, the work presented here suggests a promising novel non-invasive route for 

obtaining stem cells from patients with EB, which might be used for therapeutic approaches after 

resolving the last open technical issues. Importantly, the retrieval of USCs might also be 

beneficial for the treatment of autoimmune disorders {Farini, 2014 #145} and other diseases, 

where taking biopsies is painful. 
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Figures: 

FIG. 1. Morphology of USCs . A, Immediately after seeding (d0), urine samples show different contents of 

squamous cells, ranging from only few cells to complete coverage of the surface (from left to right panel). 

Representative pictures of four different donors are shown. B, Approximately 3 days (d3) after seeding, 

the formation of colonies could be observed. The variability in size and morphology between donors, as 

well as between two samples from the same donor are shown. C, Approximately 10 days (d10) after 

seeding, the cells reached confluence. Even within two different samples from the same donor, 

differences in cell morphology could be observed at his stage. D, After 10 PDs on average USCs stopped 

proliferation and showed the typical senescent morphology. Samples from two different donors are 

depicted. d:day 
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FIG. 2. Media optimization for the isolation and cu ltivation of USCs . A, Comparison of the effect of 

different medium formulations on the isolation and growth characteristics of USCs. The values represent 

the mean of at least biological triplicates, except EGM-2. Only one sample showed proliferation in EGM-2. 

Error bars represent the standard deviation. B, Representative images of cells on day 6-7 after isolation of 

one donor. C, Collagen-coating reduces significantly the efficiency of USCs-isolation (p = 0.026). Error 

bars indicate the standard deviation of biological triplicates. 
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FIG. 3. USCs surface marker expression patterns res emble those of ASCs.  Representative 

immunofluorescence images of USCs and ASCs as control are shown. USCs, as well as ASCs, stained 

positive for the typical MSC markers CD44, CD73, CD90 and CD105, and negative for the hematopoietic 

markers CD14, CD34, CD117 and CD133. Additionally, the mesenchymal markers Vimentin and Collagen 

I stained positive both in USCs and ASCs. 
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FIG. 4. USCs have the potential to differentiate to wards osteocytes and chondrocytes . A,  

Osteogenic differentiation: After 28 days of culture in the induction medium, USCs stained positive for 

Alizarin red in contrast to the un-induced control. Representative images are shown. B, mRNA expression 

of Osteocalcin relative to GAPDH was analyzed by qPCR. Induced cells showed a significant increase 

compared to the un-induced control (p = 0.05). Error bars indicate the standard deviation from three 

biological replicates (three different donors). Con.: control, Ind.: induced. C, Chondrogenic differentiation: 

Representative pictures showing morphological changes and alcian blue positive staining of USCs after 

28 days of induction, compared to an un-induced control, are depicted. D, The chondrogenic marker 

Collagen X (Coll. X) could only be detected in induced cultures by semi-quantitive PCR. GAPDH was used 

as loading control. Numbers represent different donors, I: induced, C: control, L: 100 bp ladder.  
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FIG. 5. USCs display immunomodulatory properties.  A,The presence of USCs inhibited the typical 

cluster formation of lymphocytes after their activation by PHA. Representative pictures of lymphocytes 

alone (1:0) and lymphocytes and USCs at a 1:1 ratio are shown. B, USCs reduced PHA- activated 

lymphocyte proliferation in a dose-dependent manner. Error bars indicate the standard deviation of 

biological triplicates.  

 



APPENDIX E 

 

298 

FIG. 6. Isolation and differentiation of USCs from patients  with EB . A, Representative colonies of 

USCs isolated from patients with EB are shown. B, Chondrogenic differentiation: Representative pictures 

showing morphological changes and alcian blue positive staining of USCs after 18 days of induction, 

compared to an un-induced control, are depicted (left). The chondrogenic marker Aggrecan could only be 

detected in induced cultures by semi-quantitive PCR. GAPDH was used as loading control. I: induced, C: 

control (right). C, Osteogenic differentiation: After 15 days of culture in the induction medium, EB-USCs 

stained positive for NBT/BCIP in contrast to the un-induced control. Representative images are shown 

(left). mRNA expression of Osteocalcin (Osteoc.) was analyzed by semi-quantitive PCR. Induced cells 

showed a significant increase compared to the un-induced control. GAPDH was used as loading control. 

C: control, I: induced (right).  
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Tables: 

TAB. 1. Donor characteristics and isolation success  of USCs from healthy donors.  

 

 

 

 

 

 

*only 
successful isolations were considered 

 

TAB. 2.  Comparison of the effect of different medi um formulations on USCs. The values represent 

the mean and standard deviation of at least biological triplicates, unless indicated otherwise. 

 Colonies  

Days until 

first colony 

appearance 

First passage  

at day 

Maximal 

population 

doublings 

pUSCs 1.3 ±0.6 8.0 ±3.6 14.7 ±1.2 9.6 ±2.6 

Mesencult 2.0 ±0.8 6.3 ±2.9 13.5 ±0.6 6.8 ±5.3 

Mesenpro 1.7 ±1.2 6.3 ±2.9 14.0 ±3.5 1.7 ±1.2 

EGM-2 2.0* 5.0* 11.0* 6.0* 

*only one sample showed cell proliferation in EGM-2. 

  

 Donors  Samples  

 Samples with 

cell proliferation 

(%) 

Colonies 

formed* 

(± SD) 

Urine volume 

in ml  

( ± SD) 

Total 21 127 59 2.1 ±1.4 202 ±77 

Male 14 75 70 2.3 ±1.6 200 ±82 

Female  7 52 42 1.6 ±0.8 203 ±72 
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TAB. 3.  Donor characteristics and isolation succes s of USCs from patients with EB. DEB: 

dystrophic EB, JEB: junctional EB, EBS: EB simplex. 

 

*only 
successful 
isolations 

were 
considered 

 

 

 

 Donors  Samples  

 Samples  

with cell 

proliferation (%) 

Colonies 

formed* 

Urine volume  

in ml  

( ± SD) 

Total 25 33 61 1.6 58 

DEB 14 19 47 1.3 58 

JEB 2 2 50 1.5 67.5 

EBS 5 7 71 1.3 46 

Unknown 4 5 100 2.2 61 



APPENDIX E 

 

301 

Appendix H: Manuscripts in preparation 

 

MiR-10a, miR-10b, miR-22, miR-133b and miR-328 are 

differentially regulated in serum from patients with osteoporotic 

fractures 

 

Draft Author List: 

Sylvia Weilner1,2, Verena Keider1,2, Susanna Skalicky2, Michael Wagner1, Heinz Redl3, 

Peter Dovjak4, Peter Pietschmann5, Regina Grillari1,2, Johannes Grillari1,2,6,*, Matthias 

Hackl1,7 

 

Affiliations 

1 Department of Biotechnology, BOKU – University of Natural Resources and Life 

Sciences Vienna, Muthgasse 18, A-1190 Vienna, Austria 
2 Evercyte GmbH, Muthgasse 18, A-1190 Vienna, Austria 
3 LBI Wien 
4 LKH Gmunden 
5 AKH Wien 
6 CD Labor Chanel 
7 TAmiRNA GmbH, Muthgasse 11, A-1190 Vienna, Austria 

 

Keywords: Osteoporosis, microRNA, fracture, plasma, biomarker, miR-10a, miR-10b, 

miR-133b 

* Correspondance to 
Johannes Grillari 
Department of Biotechnology 
BOKU – University of Natural Resources and Life Sciences Vienna 
Muthgasse 18, A-1190 Vienna, Austria 
johannes.grillari@boku.ac.at 
Tel.: +43 1 47654 6230 
 

Abstract 

Osteoporosis is characterized by a systemic reduction in bone mass leading to 

increased bone fragility and an increased risk of bone fracture. Several guidelines have 
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been introduced to assist the early assessment of fracture risk as well as treatment 

response, which include several non-invasive imaging techniques, as well as the 

analysis of clinical parameters and biochemical markers of bone turnover. Recently, 

microRNAs have been identified to be secreted into the bloodstream from cells 

belonging to various tissues, thus, possibly indicating pathological processes occurring 

in different body parts. Proof that microRNAs play an important role in the control of 

bone homeostasis between anabolism and catabolism has already been given. 

However, it is not known whether the balance of both processes is also reflected in the 

levels of circulating microRNAs. 

In this study we profiled the levels of 175 microRNAs in serum samples obtained from 7 

patients with osteoporotic fractures at the femoral neck, and 7 age-matched control 

samples. Exploratory data analysis on the basis of all detected miRNAs did not result in 

a clear clustering of both groups. However, differential expression analysis identified 5 

miRNAs with significantly (FDR adj. p < 0.05) altered serum levels in response to 

fracture (miR-10a, miR-10b, miR-22, miR-133b, miR-328). Functional screening of 

miRNA activity during osteogenic differentiation showed that miR-10a and miR-10b 

significantly repress osteogenic differentiation of fat-derived mesenchymal stem cells. 

Overall, these data provide first proof that microRNA levels in peripheral blood change in 

post-traumatic patients suffering from osteoporosis. Future studies will show, whether 

this knowledge can be used to improve current diagnostic methodologies to predict 

fracture risk and treatment response in osteoporosis patients. 
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Introduction 

Osteoporotic fractures are caused by an increase in bone fragility, which can occur due 

to low bone mass and microarchitectural changes in bone tissue. Such fractures are the 

critical hard outcome of osteoporosis, which affects more than 75 million people in the 

United States, Europe and Japan(Kanis et al. 2013). With a lifetime risk of 30% - 40% to 

be affected by vertebral or non-vertebral fractures in developed countries, osteoporosis 

has an incidence rate similar to that of coronary heart disease. Furthermore, with the 

exception of forearm fractures, osteoporotic fractures are associated with increased 

mortality. Most fractures cause acute pain and lead to patient hospitalization, 

immobilization and often slow recovery. 

Assessment of fracture risk is one of the most important aspects of diagnosing 

osteoporosis. Therefore, analysis of bone mass by measuring bone mineral density 

(BMD) is currently the only clinical parameter of the skeleton that is routinely analyzed in 

clinical practice and part of the WHO FRAX questionnaire(Kanis et al. 2013). However, 

the assessment of T-Scores does not necessarily improve fracture risk prediction in 

combination with established clinical scores of fracture risk(Rubin et al. 2013), due to 

lacking correlation with bone strength and bone metabolism(Cefalu 2004). In order to 

estimate the rate of bone formation, bone resorption and eventually bone quality and 

therapeutic treatment response, several molecular bone turnover markers (BTM) have 

been identified(Vasikaran et al. 2011). Of these, serum procollagen type I N propeptide 

(s-PINP) and serum C-terminal telopeptide of type I collagen (s-CTX) have been 

recommended by The International Osteoporosis Foundation (IOF) and the International 

Federation of Clinical Chemistry and laboratory Medicine (IFCC) as reference 

BTMs(Vasikaran et al. 2011). Both markers are derived from collagen metabolism, either 

from cathepsin K mediated collagen hydrolysis (s-CTX) or as collagen building blocks 

produced by osteoblasts. Nevertheless, specificity and sensitivity of these markers have 

to be further validated. 

Other markers of bone metabolism might be derived from the signaling pathways that 

play a major role in bone formation and resorption, such as WNT, BMP-2 or RANKL. 

Recently, increased attention has been attributed to the importance of microRNAs 

(miRNAs), small non-coding RNAs that regulate gene expression(Bartel 2009), in the 
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control of bone metabolism(Dong et al. 2012; Zhao et al. 2013). Several miRNAs were 

shown to silence osteogenic inhibitors during stem cell differentiation into 

osteocytes(Trompeter et al. 2013), to regulate BMP2 mediated osteoblast proliferation 

and differentiation(Li et al. 2008), or orchestrate the activity of WNT-signalling(Kapinas 

et al. 2009). Therefore, the potential of miRNAs as therapeutic agents accelerating bone 

regeneration or as diagnostic targets for evaluating bone metabolism and fracture risk 

has recently been acknowledged(van Wijnen et al. 2013). A non-invasive approach to 

fracture risk assessment could therefore be presented by the analysis of blood-

circulating miRNAs, which have started to become extensively analyzed in the context of 

disease, especially cancer and cardiovascular disease, or non-pathological processes 

such as ageing(Weilner et al. 2013). In order to provide a first proof-of-principle, that 

osteoporosis and especially osteoporotic fractures lead to changes in patterns of blood-

circulating miRNAs, we set out to profile 175 miRNAs in 14 serum samples, 7 of which 

were derived from patients suffering from fractures at the femoral neck and 7 control 

samples that were matched according to several clinical parameters such as age. Our 

results indicate significant difference in the levels of 5 miRNAs, 4 of which have been 

previously reported to be involved in osteoblast differentiation or activity. 

 

Material and Methods 

Study Population 

Ethical approval was granted by the upper Austrian ethics committee for the collection of 

serum samples from 14 subjects by centrifugation at room temperature at 2000xg for 15 

minutes after incubation at room temperature for 30 minutes. Subjects were classified 

into two groups (n=7) based on prior occurrence of osteoporotic femoral fractures 

(Figure 1a). Of the analyzed characteristics such as age, body mass index (BMI), 

sampling interval after surgery, BMD T-Score, Vitamin D and PTH, only BMI showed 

significant differences.  

RNA Isolation from Serum 

Serum samples were frozen at -80°C for long term storage. Upon RNA isolation, serum 

was thawed at 37°C, centrifuged and 200 µl serum were homogenized in 750 µl Qiazol 
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containing 35 fmol synthetic cel-miR-39-3p spike-in control. RNA isolation was 

performed using chloroform and the miRNeasy isolation kit (Qiagen, Germany) for RNA 

precipitation and purification with the following deviations from the standard protocol: 

200 µl plasma were homogenized in 750 µl Qiazol. Exactly 500 µl aqueous phase were 

taken, 1 µl Glycogen (Ambion, TX) were added to a final concentration of 50 µg/ml and 

precipitated with 750 µl 100% Ethanol. Columns were washed three times with RPE 

buffer and plasma-RNA was eluted once in 30 µl nuclease-free water and stored at -

80°C. Quantitation of cel-miR-39-3p was performed in quadruplicates on a Qiagen 

Rotorgene using the respective Taqman microRNA Assay Kit and Mastermix (Applied 

Biosystems). 

microRNA qPCR profiling 

Screening of miRNA expression was performed by Exiqon Inc. in Denmark using 384-

well serum/plasma focus panels, which cover 175 distinct human miRNAs that have 

been repeatedly found to circulate in serum or plasma. First, 4 µl of isolated RNA were 

reverse transcribed in 20 µl reactions using the miRCURY LNA Universal RT reaction 

kit. UniSp3 and UniSp6 are synthetic controls that were added at this step and 

subsequently analyzed to detect presence of enzyme inhibitors. RT-reactions were 

diluted 50-fold prior to qPCR analysis and each miRNA was assayed once per sample in 

a 10 µl reaction using the Roche LC 480 Real-Time PCR System (Roche, Germany). 

qPCR data analysis 

Melting curve analysis was performed and miRNA PCR reactions with more than one 

peak were excluded from the analysis. Amplification efficiencies were calculated using 

algorithms similar to the linreg software package. Efficiencies ranged between 1.8 and 

2.1 for most miRNAs. Individual reactions that gave efficiencies < 1.6 were excluded 

from the dataset. Background levels for each miRNA were generated by assaying a “no 

template” cDNA synthesis control on a full serum/plasma focus panel plate. The majority 

of miRNA assays did not yield any signal and background Cp was set to 42. We 

required every miRNA assay to exhibit signals > 5 Cps lower than the background value 

to be included in the analysis. Normalization of Cp-values was performed based on the 

average Cp of the miRNA assays detected across all 14 samples (124 assays). 

Normfinder software was used to confirm that the stability of the average Cp was higher 
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than the stability of any individual miRNA assay in the data set. The following equation 

was used for normalization: normalized Cp (dCp) = average Cp (124 assays) – assay 

Cp (sample). This results in a delta Cp (dCp) value, which is a relative log2-transformed 

measure for expression where higher values indicate a higher concentration and lower 

dCp values indicate lower concentration in plasma. 

Statistical data analysis 

Hierarchical clustering and heatmap production was performed in R using the 

“heatmap.2” function of the gplot package. Euclidean distance was taken as distance 

metric, and clusters were generated using complete linkage. Principal component 

analysis was performed in R using the prcomp function. Differential miRNA expression 

analysis was performed by calculating p-values in Excel 2010 using the two-sided 

TTEST formula and assumed equal distribution. P-value adjustment for multiple testing 

was performed using Benjamini-Hochberg FDR calculation. 

MicroRNA transfection in fat-derived mesenchymal stem cells 

See chapter Material and Methods  

 

Results 

Sample characteristics and selection 

In this study we set out to analyze the levels of blood-circulating miRNAs from patients 

with osteoporotic fractures, in order to enhance our understanding of potential risk 

factors that contribute to the occurrence of type I osteoporosis. Therefore, we obtained 

samples from 14 female individuals, of which 7 had suffered from fractures at the 

femoral neck (median age 70y, 66.5 - 71) and had undergone surgery. Based on the 

age distribution of these individuals, 7 age-matched control samples were chosen with 

equivalent normal distribution of age (median age 70y, 68 – 75). Further clinical 

parameters of all 14 donors are included in Figure 1a. Besides age, also Vitamin D3 or 

parathyroid hormone levels were found to be equal between both groups (Fig 1b). 

However, body mass index (BMI) was higher in the control group compared to the 

fracture group. 
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Sample and RNA quality were controlled at several stages during the analysis process. 

Cel-miR-39-3p was spiked prior to RNA isolation and analyzed by qPCR to ensure 

consistent RNA isolation (Fig 2a). In addition two synthetic spike-in controls, UniSp3 and 

UniSp6, were added to the isolated RNA in order to test for the presence of enzyme 

inhibitors (Fig 2b). The uniform Cp values obtained for all spike-ins confirmed successful 

RNA isolation, reverse transcription and qPCR. Based on a recent study by Blondal et 

al., the degree of contamination with erythrocyte RNA was assessed by computing the 

dCp between miR-23a-3p and miR-451a-5p, which is known to be highly transcribed in 

erythrocytes (ref). The results indicated relatively high levels (> 6) for five samples (Fig 

2c). Consequently we identified miRNAs that could originate from hemolysis by 

correlating the expression levels to miR-451a-5p levels (Supp. Fig. 1) using Pearson 

correlation. In total 10 miRNAs, with a PCC > 0.9 (including miR-451a) were identified 

and removed from the data set. Thus, a total of 165 miRNAs remained in the data-set, 

which were further normalized to the average Cp-value in each sample, which was 

identified as the most robust reference using Normfinder (ref). The resulting delta Cp 

(dCp) values can be regarded as log2 transformed relative expression value and were 

used for explorative and statistical data analysis. 

Explorative data analysis does not clearly discriminate fracture from control samples 

We performed principal component on  the basis of 149 miRNAs, which were called 

present in at least 12 out of 14 plasma samples using R/Bioconductor. The first three 

independent principal components accounted for a total variance of 61.1% but could not 

clearly separate the analyzed samples into distinct clusters (Fig 3a). Consequently, 

hierarchical clustering on the basis of 124 miRNA, which were called present across all 

14 samples was performed (Fig 3b). While this analysis resulted in two distinct clusters 

containing 5 and 9 samples, respectively, both clusters consisted of samples from 

patients with fractures and respective controls. Thus, based on this dataset, no 

discrimination of samples derived from patients with osteoporotic femoral neck fractures 

from the age-matched control samples could be achieved on the basis of circulating 

miRNA levels. 

Statistical data analysis identifies 5 miRNAs deregulated upon femoral neck fractures 
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In the next step, differential expression analysis was performed to identify circulating 

miRNAs that are deregulated in serum upon the occurrence of femoral fractures in 

women. Therefore, dCp values from each group were analyzed by Students T-Test 

followed by Benjamini-Hochberg p-value correction for multiple testing (q-value). All 165 

miRNAs were ranked according to their q-value and a FDR-threshold of 0.05 was 

imposed (Tab 1, Fig 4a). In total, 5 miRNAs fulfilled this criterion (Fig 4b), of which 3 

miRNAs were up-regulated in plasma from fracture patients (miR-10a, miR-10b, miR-22) 

and 2 were down-regulated (miR-133b, miR-328) 

Bioinformatic target gene prediction 

An estimation of the biological function of these 5 miRNAs was performed using the 

DIANA miRPath target gene prediction tool in order to predict the union of potential 

miRNA targets and to analyze target enrichment in KEGG pathways. Using two distinct 

prediction algorithms (microT v 4.0 and Targetscan 5.0) the KEGG pathways with 

significantly enriched targets were identified (p-value < 0.05) for both predictions (Table 

2). Out of 29 pathways that were identified, five were common to both prediction 

algorithms, of which Wnt signaling pathway (including the canonical and Wnt/Ca2+ 

pathway) was ranked second according to the average p-value (Table 2). 

Functional characterization of microRNAs 

microRNAs that were found up-regulated in fracture patients (miR-10a, miR-10b, miR-

22) were selected for overexpression in fat-derived mesenchymal stem cells prior to 

osteogenic differentiation, while down-regulated miRNAs (miR-328) were inhibited using 

antagomiR inhibitors. Although down-regulated in fractures miR-133b was 

overexpressed as well, since it was previously that miR-133a/b are muscle specific with 

no expression in stem cells(E. J. Lee et al. 2008; Zaharieva et al. 2013). Two days after 

transfection, miRNA overexpression or knockdown was confirmed by qPCR (Fig 5a). At 

day 4 after transfection osteogenic differentiation was induced and Alkaline 

Phosphatase (ALP) activity and calcification were chosen as read outs for osteogenic 

differentiation at day 7 and day 21, respectively. Analysis of both markers clearly 

indicates that overexpression of miR-10a/b results in significant repression of osteogenic 

differentiation. Overexpression of miR-22 did not show any effect, while down-regulation 

of miR-328 reduced ALP activity and slightly decreased calcification (Fig. 5b/c). 
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Discussion 

Several studies have shown that specific miRNA signatures in the blood stream can be 

representative for the absence or presence of pathological conditions, or even the stage 

of a certain disease. In this study we set out to compare the levels of secreted miRNAs 

from 7 patients suffering from osteoporotic fractures to 7 control samples with similar 

distribution of age and additional clinical parameters except BMI. Our analysis identified 

5 out of 175 miRNAs as differentially expressed after correction for multiple testing. 

Among these, miR-10a/b and miR-22 were up-regulated in patients suffering from 

femoral neck fractures, while miR-133b and miR-328 were found to be down-regulated. 

miRNA-10a and miR-22 were recently described to aid osteogenic differentiation by 

silencing the expression of osteoblast inhibitors such as cyclin dependant kinase 6 

(CDK6) or histone deacetylase 4 (HDAC4)(Trompeter et al. 2013). Therefore, increasing 

concentrations of these miRNAs in serum of fracture patients might indicate higher 

osteoblast activity and differentiation due to regeneration of fracture. The down-

regulation of miR-133b in serum of fracture patients supports this assumption, since it is 

known from in vitro experiments that a decrease in miR-133b is during BMP-2 induced 

osteoblast differentiation of C2C12 progenitor cells allows an increase in the expression 

of its target gene Runx-2, a transcription factor that is crucial to osteoblast 

differentiation(Li et al. 2008). 

In addition, bioinformatics target prediction listed WNT-signaling as one of five cellular 

pathways that were identified as significantly enriched using two independent target 

prediction algorithms. Canonical WNT-signaling is known to play an important role in the 

signaling cascade that mediates bone metabolism, because it enhances osteoblast 

proliferation and mineralization through the stabilization of β-catenin(Marcellini et al. 

2012). The β-catenin inhibiting binding-protein CTNNBIP1 was found present among the 

targets predicted for miR-10a/b(Trompeter et al. 2013), and down-regulation of 

CTNNBIP1 could enhance β-catenin accumulation in the nucleus and therefore the 

expression of factors supporting osteogenic differentiation. 

The fact that the levels of miRNAs, which have previously been identified as regulators 

of osteogenic differentiation, are found to be altered in patients suffering from 

osteoporotic fractures at the femoral neck indicates that homeostasis of bone 

metabolism can be detected by the non-invasive analysis of circulating miRNAs. This 
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knowledge is extremely valuable, since it justifies further studies that aim to analyze 

miRNA levels at an earlier stage during osteoporosis, before fractures have occurred. 

These population based prospective studies will give insights into whether specific 

miRNAs signatures can be helpful in improving current strategies for patient stratification 

according to their fracture risk. 

Figures and Tables 

 
Figure 1: Overview of clinical parameters: a) Table with patient specific data for age, surgery and blood 

sampling date, body mass index (BMI), bone mineral density measured as T-Score at the femor and 

vertebral spine, Hydroxyvitamin-D and parathyroid hormone (PTH) levels. b) Boxplot illustration of 

selected parameters. * Student´s T-Test  p < 0.05
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Figure 2: Quality attributes of qPCR plasma profili ng: a,b) Synthetic RNA oligonucleotides were  

added to the organic solvent prior to RNA isolation (cel-miR-39-3p) and to isolated RNA prior to cDNA 

synthesis (UniSp3 and 6) and analyzed by qPCR to detect presence of enzyme inhibitors. RAW Cp-values 

for RNA spike-ins cel-miR-39-3p, UniSp3 and UniSp6 are given for all 14 samples. c) Contamination of 

plasma RNA with erythrocyte RNA was detected by analyzing miR-451a levels relative to miR-23a (delta 

Cp values, dCp). dCp values below 5 indicate low risk of contamination, while dCp values > 7 indicate 

high risk of contamination. d) Analysis of microRNA presence calls by qPCR across 14 plasma samples. 
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Figure 3: Exploratory analysis of circulating micro RNA levels:  a) Principal component analysis was 

performed on microRNAs with present calls in 12 or more clinical samples, and which did not respond to 

the level of erythrocyte contamination (degree of haemolysis). h) Hierarchical cluster analysis was 

performed using Euclidean square distance as distance metric and complete cluster linkage. 
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Figure 4: Statistical analysis of differential micr oRNA expression in plasma derived from patients 

with fractures and respective controls:  a) Fold changes were calculated for the top 15 microRNAs 

sorted by false-discovery rate adjusted p-values. Fold changes are given for miRNAs in plasma from 

patients with fracture compared to control. * indicate miRNAs with FDR-adjusted p-values < 0.05. b) Dot 

plots showing individual normalized log2 transformed expression (dCp values) for 5 simiRNAs in patients 

with (n=7) or without fracture (n=7).
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Figure 5: microRNA transfection and osteogenic diff erentiation: a) qPCR confirmation of microRNA overexpression and knockdown. b) Alkaline 

Phosphatase (ALP) activity at day 7 post differentiation (average +/- S.D. n=X). c) Alizarin Red incorporation at differentiation endpoint (average +/- 

S.D. n=X). 
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Table 1: Plasma microRNA levels, Top 15 sorted by F DR-adjusted p-value 

Rank miRNA Count* Fracture 
Avg 

Fracture 
SD 

Control 
Avg 

Control 
SD 

D vs H 
ddCp** 

ddCp 
SD 

D vs H 
FC 

FC 
SD 

T-TEST 
p-value 

FDR BH 
q-value 

1 hsa-miR-10a 12 -4.10 0.40 -5.05 0.25 0.95 0.65 1.93 0.90 0.001 0.002 
2 hsa-miR-10b 14 -2.51 0.41 -3.52 0.41 1.01 0.83 2.02 1.24 0.001 0.023 
3 hsa-miR-22 14 0.19 0.28 -0.18 0.18 0.38 0.46 1.30 0.65 0.017 0.034 

4 
hsa-miR-
133b 14 -4.63 1.04 -3.16 1.00 -1.47 2.04 0.36 3.04 0.028 0.041 

5 hsa-miR-328 14 -2.30 0.53 -1.68 0.37 -0.62 0.89 0.65 1.26 0.034 0.048 
6 hsa-let-7g 14 1.25 0.27 1.55 0.19 -0.31 0.46 0.81 0.66 0.041 0.077 

7 
hsa-miR-
320b 14 3.03 0.34 2.73 0.14 0.30 0.48 1.23 0.62 0.07 0.09 

8 
hsa-miR-
106a 14 2.54 0.37 2.88 0.21 -0.33 0.58 0.79 0.79 0.08 0.09 

9 hsa-miR-22* 14 -1.84 0.25 -2.24 0.46 0.40 0.72 1.32 1.18 0.09 0.10 
10 hsa-miR-18a 14 -1.67 0.25 -1.32 0.39 -0.34 0.63 0.79 1.02 0.09 0.11 
11 hsa-miR-143 14 -0.18 0.49 0.33 0.50 -0.51 0.99 0.70 1.49 0.10 0.12 
12 hsa-miR-30a 13 -3.81 0.54 -4.54 0.79 0.72 1.33 1.65 2.12 0.11 0.12 

13 
hsa-miR-
376a 14 -2.44 0.70 -3.21 0.86 0.77 1.56 1.70 2.42 0.12 0.13 

14 hsa-miR-17 14 -1.20 0.31 -0.91 0.28 -0.29 0.59 0.82 0.88 0.12 0.14 

15 
hsa-miR-103-
2* 12 -4.53 0.29 -4.91 0.40 0.38 0.69 1.30 1.09 0.13 0.16 

* present calls out of 14 samples 
** = log2 fold change 
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Table 2: KEGG pathway and target enrichment of miR- 10a/b, miR-22, miR-133b and miR-328 

KEGG microT v4 Targetscan 
5.0 

Avg p -
value 

Overlapping predicted 
targets 

Adherens junction x x 2.79E-07 

EGFR, EP300, FGFR1, 
IGF1R, INSR, MAP3K7, 
MLLT4, PTPRF, SNAI1, 

SSX2IP, TGFBR1, WASF1, 
YES1 

Wnt signaling pathway x x 8.06E-04 

BTRC, CTBP2, CTNNBIP1, 
EP300, FBXW11, FRAT2, 

MAP3K7, NFAT5, PPP2CA, 
PPP2CB, TBL1X, WNT4 

Regulation of actin 
cytoskeleton 

x x 2.53E-03 

ARPC5, CRK, DIAPH2, 
EGFR, FGF1, FGFR1, 

IQGAP2, ITGA10, ITGA5, 
ITGB8, MSN, MYH9, PAK6, 
PFN2, PIK3CA, PIP4K2B, 
PIP5K3, SLC9A1, TIAM1, 

WASF1 

Chronic myeloid leukemia x x 4.33E-03 AKT3, PIK3CA 

ErbB signaling pathway x x 1.96E-02 
AKT3, CBL, CDKN1A, CRK, 

EGFR, ERBB3, ERBB4, 
MAP2K4, PAK6, PIK3CA 
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Supporting Figure 1: microRNAs with high correlatio n to miR-451a indicating presence of 

erythrocyte RNA:  Scatterplots showing the correlation of microRNA plasma levels and the haemolysis 

score, calculated as miR-451a – miR-23a. Pearson correlation coefficients are: hsa-miR-101, 0.94; hsa-

miR-140-3p, 0.85; hsa-miR-15a, 0.93; hsa-miR-16, 0.94; hsa-miR-19a, 0.87; hsa-miR-25, 0.86; hsa-miR-

32, 0.92; hsa-miR-486-5p, 0.94; hsa-miR-92a, 0.90; 
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