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FBS    fetal bovine serum 

FCS    forward scatter 

FGF2    basic fibroblast growth factor  

FGF4   fibroblast growth factor 4 (heparin secretory transforming protein 1, Kaposi 

   sarcoma oncogene)  

FGFR    basic fibroblast growth factor receptor  

FITC    fluorescein isothiocyanate  

Foxo1   forkhead box O1  

Frizzled   WNT receptor 

gag    group-specific antigen 

GAPDH  glyceraldehyde-3-phosphate dehydrogenase  

GCAT   glycine C-acetyltransferase (2-amino-3-ketobutyrate coenzyme A ligase)  

GCLM   glutamate-cysteine ligase, modifier subunit  

GFP    green fluorescent protein 

GGCT    gamma-glutamyl cyclotransferase  

GnRH    gonadotropin-releasing hormone 1 

GO    gene ontology 

GPI   glucose-6-phosphate isomerase 

Gpx1    glutathione peroxidase 1  

GPX2    glutathione peroxidase 2 

GPX3   glutathione peroxidase 3  

GPX8   glutathione peroxidase 8  

GSH   guthatione  
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GSK3β   glycogene synthase kinase 3 β  

Gsta2   glutathione S-transferase A2  

Gstm2   glutathione S-transferase M2 (muscle)  

GTG banding  Giemsa stain based banding 

HEK293T  transformed human embryonic kidney cell line  

HeLa   epithelial cell line derived from cervical cancer cells 1951 from Henrietta 

   Lacks 

HEPES   4-(2-hydroxyethyl)-1-piperazineetanesulfonic acid 

hESC   human embryonic stem cells 

hFF   human fetal foreskin fibroblasts 

HGPS   lamin A/C 

HLA-DR  major histocompatibility complex, class II, DR beta 1 

hMSCs   human bone marrow -derived mesenchymal stem cells  

ID1   inhibitor of DNA binding 1, dominant negative helix-loop-helix protein  

ID2   inhibitor of DNA binding 2, dominant negative helix-loop-helix protein  

IDE   insulin-degrading enzyme  

IGF-1   insulin-like growth factor 1  

IGFBP5  insulin-like growth factor binding protein 5  

IGFR   insulin-like growth factor receptor 

IgG1    immunoglobulin heavy constant gamma 1 

IgG2a   gamma-2a immunoglobulin heavy chain 

IMDM   Iscove's Modified Dulbecco's Medium  

iMSCs   mesenchymal stem cell-like cells derived from pluripotent stem cells 

INK4A/ARF locus  locus encoding INK4A, INK4B, and ARF  

iPSC   induced pluripotent stem cells will be named 

IRES2   internal ribosome entry site 2  

IRS1   insulin receptor substrate 1 

JUN   jun oncogene 

KEGG   Kyoto Encyclopedia of Genes and Genomes 

KLF4   Kruppel-like factor 4  

KRT25   keratin 25  

LEFTY1  left-right determination factor 1  

LIN28   lin-28 homolog  

LPL   lipoprotein lipase  

MAP2K1  mitogen-activated protein kinase kinase 1 

MCM7   minichromosome maintenance complex component 7  

MEF2D  myocyte enhancer factor 2D  
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MEK   mitogen-activated protein kinase kinase 1 

MET   mesenchymal-to-epithelial transition  

MGST2  microsomal glutathione S-transferase 2 

MIF   macrophage migration inhibitory factor (glycosylation-inhibiting factor)  

MMLV   Moloney Murine Leukemia Virus 

MORC3  MORC family CW-type zinc finger 3 

MRPL28  mitochondrial ribosomal protein L28  

MSRA   methionine sulfoxide reductase A  

MSRB2  methionine sulfoxide reductase B2  

MSRB3  methionine sulfoxide reductase B3  

mTOR   mammalian target of Rapamycin 

N2   chemically defined, serum-free supplement based on Bottenstein’s N-1  

   formulation  

NANOG  Nanog homeobox  

NEK6   NIMA (never in mitosis gene a)-related kinase 6  

NES    Nestin 

NF-κB   nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 

NOD scid gamma mouse  immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mouse  

NOX4   NADPH oxidase 4  

NUAK1  NUAK family, SNF1-like kinase, 1  

OCT4 / POU5F1 octamer-binding protein 4 / POU class 5 homeobox 1 

OGDHL  oxoglutarate dehydrogenase-like  

OriP   origin of replication of episomal plasmid 

ORX1   olfactory receptor, family 13, subfamily H, member 1 

OXR1   oxidation resistance 1  

P16INK4A  cyclin-dependent kinase inhibitor 2A  

P19ARF   ARF tumor suppressor, alternate reading frame protein product of the  

   INK4A/ARF locus  

P21   Cip1, cyclin-dependent kinase inhibitor 1A 

P53   tumor protein P53 

PARP3   poly (ADP-ribose) polymerase family, member 3  

PAX6   paired box 6  

PBS   phosphate-buffered saline  

pCMV   cytomegalovirus immediate-early promoter   

PCR   polymerase chain reaction  

PDCD4   programmed cell death 4 (neoplastic transformation inhibitor)  

PDK1   pyruvate dehydrogenase lipoamide kinase isozyme 1 
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PDLIM1  PDZ and LIM domain 1  

Pdpk1   3-phosphoinositide dependent protein kinase-1  

PE    phycoerythrin 

pEF    eukaryotic elongation 1α promoter   

PerCP    peridinin  

PFKFB3  6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3  

Pfkl   phosphofructokinase, liver  

PFKP   phosphofructokinase, platelet  

Pfu    Pfu DNA polymerase from Pyrococcus furiosus  

PGAM1  phosphoglycerate mutase 1 (brain)  

PI3K   phosphatidylinositol-4,5-bisphosphate 3-kinase 

PI3K    Phosphatidylinositol-4,5-bisphosphate 3-kinase   

PML   promyelocytic leukemia  

PNPT1   polyribonucleotide nucleotidyltransferase 1  

PODXL  podocalyxin-like  

pol   retroviral DNA polymerase  

POLR2H  polymerase (RNA) II (DNA directed) polypeptide H  

POLR3G  polymerase (RNA) III (DNA directed) polypeptide G (32kD) 

poly(I:C)   polyinosinic:polycytidylic acid  

PPARγ   peroxisome proliferator-activated receptor gamma 

PRKAG1  protein kinase, AMP-activated, gamma 1 non-catalytic subunit  

PRKDC  protein kinase, DNA-activated, catalytic polypeptide  

PRR11   proline rich 11  

PTGS1   prostaglandin-endoperoxide synthase 1 (prostaglandin G/H synthase and  

   cyclooxygenase)  

qRT-PCR  quantitative real-time PCR  

Raf   rat fibrosarcoma protein   

Rapgef1  rap guanine nucleotide exchange factor (GEF) 1  

Ras   rat sacoma protein  

RCAN1  regulator of calcineurin 1  

RFC3   replication factor C (activator 1) 3  

RFC5   replication factor C (activator 1) 5 

RNase   ribonuclease  

ROCK   rho-associated protein kinase 1 

ROI   regions of interest  

ROMO1  reactive oxygen species modulator 1 

ROS   intracellular reactive oxygen species  
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SERPINB2  serpin peptidase inhibitor, clade B (ovalbumin), member 2  

SERPINE1  serpin peptidase inhibitor, clade E (plasminogen activator inhibitor type 1) 

SHMT2  serine hydroxymethyltransferase 2 (mitochondrial)  

SMA   smooth muscle actin 

SMAD2  SMAD family member 2  

SMOC1  SPARC related modular calcium binding 1 

SON   SON DNA binding protein  

SOX17   SRY (sex determining region Y)-box 17  

SOX2   SRY (sex determining region Y)-box 2  

SRXN1   sulfiredoxin 1 homolog 

SSC   side scatter  

SSEA-1  stage-specific antigene 1 

SSEA-4  stage-specific antigene 4 

SV40LT  SV40 large T antigen (Simian Vacuolating Virus 40 TAg) 

Taq   taq polymerase, thermostable DNA polymerase  

TBE   Tris/Borate/EDTA 

TBX2   T-box 2 

TBX3   T-box 3  

TCA cycle   tricarboxylic acid cycle  

TDG   thymine DNA glycosylase 

TEMED  tetramethylethylenediamine  

TERT   telomerase reverse transcriptase  

TGF-β   transforming growth factor, beta 1 

THBS1   thrombospondin 1  

THY1   Thy-1 cell surface antigen  

TLR3    toll-like receptor 3 

TOR    target of Rapamycin 

TRA-1-60  tumour related antigen -1-60 

TRA-1-81  tumour related antigen -1-81 

tRNA   transfer RNA  

TSPO   translocator protein 

TUJ1   βIII-tubulin  
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VIM   vimentin  
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%   per cent 

°C   degree Celcius 
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g   gram 
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Abstract 

Ageing-related limits in the propagation and the application possibilities of primary human bone 

marrow-derived mesenchymal stem cells (hMSCs) can be circumvented by generating induced 

pluripotent stem cells (iPS cells) from them. iPS cells are able to self-renew without senescence and 

have potential as clinically relevant source of hMSC-like cells (iMSCs). Recent evidence suggests that 

donor cell type specific gene expression is retained in iPS cells, whereas ageing-related processes are 

most likely reverted to a younger state during pluripotency induction. Moreover, ambiguous results 

have been reported addressing the retention of ageing processes in iMSCs and other iPS derivatives. 

Therefore, the extent of the retention of ageing hallmarks in iPS cells and iMSCs from aged hMSCs 

needs more detailed clarification. To shed light on these aspects, ageing-related features and gene 

expression patterns were comparatively characterised in hMSCs of fetal femur isolated 53 days post-

conception and in hMSCs of donors of 60-74 years before and after pluripotency induction and 

redifferentiation to iMSCs. Comparative viral and non-viral reprogramming of hMSCs with different 

age background suggested an age-related decline in reprogramming efficiency. iPS cells could be 

derived from fetal hMSCs with viral and non-viral methods and from an aged donor with non-viral 

methods with addition of vitamin c. iMSCs were derived from iPS cells of fetal and aged background. 

Cell type identity and according functionality could be confirmed in primary hMSCs, corresponding 

iPS cells and iMSCs irrespective of age. Further, comparison of ageing features and related gene 

expression patterns indicated age-related differences in senescence and oxidative stress-related 

processes in primary hMSCs. Upon pluripotency induction, these ageing-related differences were not 

detectable and most likely reverted to a more immature state. Moreover, the presence of oxidative 

DNA damage, response to oxidative stress was decreased in both age groups. Moreover, processes 

related to energy metabolism and glutathione metabolism were changed irrespective of age. Despite 

this, ageing-related processes seemed to be re-introduced in iMSCs. In particular, gene expression 

signatures annotated to senescence, oxidative stress response, ageing, insulin signalling, oxidative 

phosphorylation, glycolysis and cytoskeleton suggested reflection of donor age in iMSCs. However, 

glutathione metabolism and DNA damage repair-associated gene expression indicated a reversion to a 

more immature state. The results described herein suggest a reflection of donor age in iPS cells and 

iMSCs derived from hMSCs next to reversion of particular ageing aspects to a more fetal-like state in 

both cell types. Further exploration of these previously undescribed processes in hMSC-derived iPS 

cells and iMSCs will help to translate regenerative approaches of these cells tailored for elderly 

patients into clinical applications. 
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Zusammenfassung 

Die Zellexpansion und Anwendbarkeit von primären humanen mesenchymalen Stammzellen (hMSCs) 

unterliegen Einschränkungen aufgrund ihrer Alterung. Durch Umwandlung in induziert pluripotente 

Stammzellen (iPS-Zellen) kann dies umgangen werden. iPS-Zellen besitzen die Fähigkeit der 

Selbsterneuerung ohne Seneszenz und haben Potential als Quelle von hMSC-ähnlichen Zellen 

(iMSCs). Aktuelle Studien zeigen den Erhalt von Zelltyp-spezifischen Genexpressionsmustern in iPS-

Zellen, während molekularer Alterungsprozesse in einen verjüngten Zustand versetzt werden. Ob 

Alterungsmerkmale in iMSCs und iPS-Zellen aus hMSCs erhalten bleiben, ist nicht ausreichend 

bekannt. Eine Aufklärung dieser Aspekte in iPS-Zellen und iMSCs aus hMSCs älterer Spender ist 

daher für eine sichere Anwendung notwendig. Diesbezüglich vergleicht diese Arbeit 

Alterungsmerkmale in hMSCs aus dem fetalen Oberschenkelknochen (Isolation 53 Tage nach 

Empfängnis) und in hMSCs älterer Spender (Isolation im Alter von 60-74 Jahren) vor und nach der 

Induktion von Pluripotenz und der Differenzierung zu iMSCs. Reprogrammierung von hMSCs 

unterschiedlichen Alters zu iPS-Zellen zeigte eine Verminderung der Reprogrammierungseffizienz. 

iPS-Zellen konnten aus fetalen hMSCs mittels viraler und nicht-viraler Methoden und aus hMSCs 

eines älteren Spenders nicht-viral hergestellt werden. Ebenfalls konnten iMSCs aus iPS-Zellen der 

verglichenen Altersgruppen hergestellt werden. Die Identität und Funktionalität primärer hMSCs und 

entsprechender iPS-Zellen und iMSCs konnte unabhängig vom Alter belegt werden. Eine 

vergleichende Analyse von Alterungsprozessen und Genexpressionsmustern deutete auf altersbedingte 

Unterschiede in der Seneszenz und oxidativen Stress in primären hMSCs hin. Nach der Induktion von 

Pluripotenz konnten diese Alterungsmerkmale nicht nachgewiesen werden. Zum Beispiel wurden der 

Energie- und Glutathion-Stoffwechsel unabhängig vom Spenderalter verändert. Im Gegensatz dazu 

wurden Alterungsmerkmale in iMSCs sehr wahrscheinlich wieder aktiviert. Insbesondere wurde das 

Spenderalter in den Expressionsmustern von solchen Genen widergespiegelt, die eine Rolle in der 

Seneszenz, der zellulären Antwort auf oxidativen Stress, der Alterung, im Insulin-Signalweg, der 

Oxidative Phosphorylierung, der Glykolyse, der Adhäsion und dem Zytoskelett spielen. Darüber 

hinaus deuteten Expressionsmuster von Genen des Glutathion-Stoffwechsels und der DNA-Reparatur 

einen potentiell verjüngten Zustand in iMSCs aus älteren Spendern an. Diese Studie zeigt, dass das 

Spenderalter sehr wahrscheinlich einen Einfluss auf Alterungsprozesse in aus hMSCs hergeleiteten 

iPS-Zellen und iMSCs hat. Daneben deuten die Ergebnisse eine Veränderung bestimmter 

Alterungsprozesse hin zu einem Zustand jüngeren Alters in beiden Zellarten an. Die weitere 

Erforschung dieser bisher nicht charakterisierten Prozesse wird helfen, eine auf das Spenderalter 

zugeschnittene medizinische Anwendung dieser Zellen zu ermöglichen. 
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1 Introduction 

1.1 Implications of ageing in human bone marrow-derived 

mesenchymal stem cells for regenerative applications based 

on induced pluripotent stem cells 

The following text will give a short overview of the inter-relation of the research fields converging in 

this study. This will be followed by a more detailed explanation of the state of the art in the fields 

themselves. 

Ageing is defined as functional decline of cells, tissues and organs over the course of time leading to 

age-related diseases and death in all organisms. Ageing itself is a complex process, the molecular basis 

of which has been increasingly investigated in the last decades (de Magalhães 2014, López-Otín et al. 

2013). One emerging research field, which constantly develops new cures for organ dysfunctions 

related to diseases of ageing, is the field of regenerative medicine (Mason and Dunnill 2008). 

Regenerative medicine is defined as research and therapies with the aim of regenerating or repairing 

organs, tissues and cells with reduced function due to diseases, ageing or injuries. The approaches of 

regenerative medicine comprise for example stem cell transplantation, tissue engineering and the use 

of cellular reprogramming (Mason and Dunnill 2008). One of the goals of research in regenerative 

medicine is to provide patient-tailored cell therapeutics for the cure of ageing-related diseases, such as 

cardiovascular or diseases of the nerve system (Bellin et al. 2012). One cell type with tremendous 

potential for curing age-related neurodegenerative diseases, diabetes and skeletal diseases, such as 

osteoarthritis or osteoporosis, are mesenchymal stem cells (González et al. 2009, Ito 2014, Jurewicz et 

al. 2010, Koç et al. 2000, Koga et al. 2008, Lee et al. 2006, Zappia et al. 2005, Jing Zhang et al. 2005). 

Mesenchymal stem cells were first isolated from the bone marrow (Friedenstein et al. 1974) and later 

from other sources such as adipose tissue, umbilical cord and dental pulp (Erices et al. 2000, Gronthos 

et al. 2000, Zuk et al. 2001). Moreover, MSCs were isolated from human fetal bone marrow and the 

multipotency and proliferative properties of these cells were demonstrated (Campagnoli et al. 2001, 

Mirmalek-Sani et al. 2006). In addition, MSCs are already analysed in various clinical trials and used 

as cell therapeutics in autologous and allogenic cell transplantation (Escacena et al. 2015). As MSCs 

will be applied in adult and aged patients rather than in young patients, it is important to understand 

the effect of donor age on hMSCs. Higher donor age leads to shorter in vitro life spans, enhances 

senescence in hMSCs (Stenderup et al. 2003) as well as a decrease in abundance of MSCs (M. Fan et 

al. 2010, Kasper et al. 2009, Katsara et al. 2011, Siegel et al. 2013). Moreover, ageing impairs the 

function and seems to cause changes in the differentiation potential of these cells (Kretlow et al. 2008, 

Siegel et al. 2013, Stolzing and Scutt 2006, Wagner et al. 2009, Ji Min Yu et al. 2011, Zhou et al. 

2008). In addition, the in vitro expansion potential of MSCs is limited as MSCs undergo changes upon 
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long-term culture which eventually lead to functional decline and replicative senescence (Baker et al. 

2015, Geißler et al. 2012, Wagner et al. 2009, Wagner et al. 2010). In addition to that, donor age has 

an effect on therapeutic efficacy of MSCs of aged background (Bajek et al. 2012, Golpanian et al. 

2015, Khan et al. 2011). One very promising approach to overcome these limitations associated with 

applications of MSCs and MSCs of elderly donors in particular, is to reprogram them to induced 

pluripotent stem cells (iPSCs). iPSCs are pluripotent cells that can be differentiated in all cell types of 

the body, are able to self-renew and to be propagated in the undifferentiated state without the 

limitation of in vitro senescence, which makes them very similar to human embryonic stem cells 

(hESCs) (Takahashi et al. 2007, Takahashi and Yamanaka 2006, Yu et al. 2007). Since the discovery 

of induced pluripotent stem cells, the number of protocols to directly differentiate these cells into 

lineages of all three germ layers has grown exponentially. Thus, in the future it is very likely that cells 

of all lineages can be generated with a low variability and at large scale without limitations associated 

with the use of primary somatic cells. In addition, iPS cells have been generated from mesenchymal 

stem cells (Frobel et al. 2014, Megges et al. 2015, Nasu et al. 2013, Ohnishi et al. 2012, Park et al. 

2008a, Shao et al. 2013, Yulin et al. 2012).  

However, many aspects associated with the potential use of iPS technology to counteract shortfalls of 

primary hMSCs and hMSCs of aged background in particular need to be analysed in more detail. For 

example, the higher reprogramming efficiency of cells from fetal tissues has been demonstrated 

(Galende et al. 2010, Wolfrum et al. 2010). However, nothing is known about the susceptibility of 

fetal hMSCs from the bone marrow to pluripotency induction. Moreover, the process of 

reprogramming reverses aspects of ageing such as senescence and leads to a rejuvenated state 

(Boulting et al. 2011, Lapasset et al. 2011, Miller et al. 2013, Ohmine et al. 2012, Prigione et al. 

2011a, Yagi et al. 2012) and high age most likely impairs reprogramming efficiency (Cheng et al. 

2011, Kim et al. 2010, Li et al. 2009, Soria-Valles et al. 2015). However, iPSCs most likely retain a 

functional memory of their somatic origin, which has potential implications for cures of skeletal 

diseases and injuries in hMSC-iPSCs (Kim et al. 2010, Kim et al. 2011, Ohi et al. 2011, Polo et al. 

2010, Rizzi et al. 2012, Thomas et al. 2015). This makes iPS cells a potential tool to model complex 

gene regulatory networks of diseases and to conduct patient-tailored drug testing (Bellin et al. 2012). 

Yet, the extent to which hMSCs as somatic origin and their age is reflected in the features of the 

respective iPS cells and how it affects pluripotency induction is not clear as both aspects are still a 

matter of debate (Ishiy et al. 2015, Nasu et al. 2013, Nejadnik et al. 2015, Rohani et al. 2014, Shao et 

al. 2013). As iPSCs can give rise to tumours (Masuda et al. 2015), it might be safer to generate 

progenitor cells from iPS cells and apply these in regenerative approaches. A cell type of great interest 

for applications of regenerative medicine of the skeletal system are mesenchymal stem cell-like cells 

derived from iPS cells and hESCs (iMSCs). The derivation and characterisation of iMSCs has been 

demonstrated by various groups (Frobel et al. 2014, Hong et al. 2015, Ishiy et al. 2015, Kimbrel et al. 

2014, Raynaud et al. 2013, Wang et al. 2014). In addition, the regenerative functionality of iMSCs has 
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been demonstrated in animal disease models including ageing-related diseases (Hong et al. 2014, 

Kimbrel et al. 2014, Nejadnik et al. 2015, Wang et al. 2014). These studies demonstrate the potential 

of iMSCs for circumventing shortcomings associated with primary MSCs of aged individuals such as 

fast in vitro senescence and functional decline. However, it is not well understood whether organismal 

age has an effect on the features of cells re-differentiated from iPSCs as demonstrated by studies in 

fibroblasts (Lapasset et al. 2011, Miller et al. 2013, Prigione and Adjaye 2010, Suhr et al. 2010, Wen 

et al. 2013). Likewise, the reflection of ageing in iMSCs is still debated (Frobel et al. 2014, Zhang et 

al. 2011). In particular, whether organismal age is reflected in the functionality and transcriptome of 

iMSCs derived from fetal hMSCs or from hMSCs with aged background is not clear and has to be 

determined further before the tremendous potential of these cells can be translated into therapeutic 

applications. 

1.2 Aspects of ageing and their presence in hMSCs 

Ageing has been defined as an inevitable complex process, taking place throughout life, which leads to 

decline of organ, tissue and cellular functionality, eventually resulting in disease and death 

determining the lifespan of an organism (Studer et al. 2015). The molecular events taking place in 

ageing have been concluded to involve senescence, stability of the genome, the shortening of 

telomeres, epigenetic changes, decline of mitochondrial function and oxidative stress, impaired stem 

cell function, deregulated nutrient sensing and changes in cellular communication and dysfunctional 

proteostasis. There is no consensus on the exact processes taking place during ageing, yet (López-Otín 

et al. 2013). Furthermore, there are several theories of ageing. In the DNA damage theory of ageing 

accumulation of DNA damage by telomere shortening or mutation as well as oxidative damage causes 

age-related functional decline (Aubert and Lansdorp 2008, Moskalev et al. 2013). Moreover, recent 

evidence suggests that ageing is caused by changes of the interaction of stem cells with their 

microenvironment or niche (Reitinger et al. 2015). In contrast to that, the mitochondria free radical 

theory of ageing states that ageing is caused by reactive oxygen species (ROS) produced by 

mitochondrial dysfunction which react with DNA, proteins and lipids in the cells and damage them 

impairing cellular function and leading to oxidative stress and ageing of tissues (Liu et al. 2014). 

However, this theory is rejected by the metabolic stability theory of ageing, which states that the 

ability to maintain ROS levels determines the pace of ageing (Brink et al. 2009). 

1.2.1 Cellular senescence 

Cellular senescence was first described as in human fibroblasts as a state of non-reversible growth 

arrest after continuous passaging in vitro (Hayflick and Moorhead 1961). This effect was later 

attributed to be caused by telomere shortening (Bodnar et al. 1998). The number of senescent cells 

increases with ageing (Dimri et al. 1995). Furthermore, higher numbers of senescent cells have been 

found in aged mice (Wang et al. 2009) using DNA damage and senescence-associated β-galactosidase 
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(SABG) as markers (Dimri et al. 1995). Moreover, senescence can be triggered prematurely by 

transcription of the INK4/ARF locus or by DNA damage (Collado et al. 2007). Interestingly, the locus 

on the genome encoding P16INK4A and P19ARF, the INK4/ARF locus, was linked to the most 

ageing-associated diseases in a genome wide association study (Jeck et al. 2012). Furthermore, the 

number of senescent cells was described to be dependent on donor age in human (Zhou et al. 2008).  

In MSCs, senescence was not altered by higher age in studies of the rat (Geißler et al. 2012). In 

contrast to that, MSCs have been reported to go into a senescent state during in vitro long-term culture 

(Baxter et al. 2004, Bork et al. 2010, Geissler et al. 2012, Wagner et al. 2009, Wagner et al. 2010). 

1.2.2 DNA damage, DNA damage repair and stability of the genome 

DNA damage in the form of somatic mutations accumulates throughout life and has been associated 

with ageing (Moskalev et al. 2013). Moreover, ageing is associated with elevated accumulation of 

chromosomal aberrations (Faggioli et al. 2012, Forsberg et al. 2012). The damage of the DNA can be 

caused by extrinsic factors, such as radiation or chemicals or by endogenous factors, such as 

replication errors or reactive oxygen species. The constantly occurring DNA lesions are repaired by 

processes that are able to repair most types of DNA damage (Lord and Ashworth 2012). Accordingly, 

defective DNA repair negatively influences lifespan (Gregg et al. 2012). Furthermore, apart from the 

damage of nuclear DNA, increased damage of mitochondrial DNA has been associated with ageing 

(Kazak et al. 2012). Moreover, DNA double-strand breaks (DSB) are some of the most consequential 

DNA lesions in genomic instability and can be caused by ROS generated by oxidative 

phosphorylation, by stalled replication forks or by radiation. The immediate response of the cell to the 

presence of DNA double-strand breaks is the phosphorylation of histone H2AX within minutes after 

the double-strand break. This leads to the generation of γH2AX foci at the adjacent sites to the DSB. 

Therefore, immunofluorescence labelling of γH2AX is used as indicator for the presence of DSB 

(Pilch et al. 2003, Rogakou et al. 1998). In addition to that, telomeres are gradually lost during cell 

division and in the course of ageing, as somatic cells do not express telomerase (Blasco 2007). Yet, 

whether ageing is caused by short telomeres or short telomeres are caused by the ageing process is still 

debated (Aubert and Lansdorp 2008).  

Accumulation of DNA damage with ageing has been described in MSCs (Beauséjour 2007, Wagner et 

al. 2009). Moreover, genes involved in DNA damage repair were found to be down-regulated in MSCs 

of aged background (Hacia et al. 2008, Wagner et al. 2009, Wagner et al. 2008). Yet`, independent 

from age, MSCs were found to have a frequency of ~4% of chromosomal aberrations in a high 

throughput study analysing 144 MSC samples with 139 human MSC samples among them (Ben-

David et al.). Moreover, whether MSCs develop chromosomal instabilities in vitro is not clear as there 

are studies reporting ambiguous results of chromosomal analyses after long-term culture (Bernardo et 

al. 2007, Røsland et al. 2009, Takeuchi et al. 2009, Zhang et al. 2007).  
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1.2.3 Mitochondrial dysfunction, reactive oxygen species and oxidative 

stress  

The role of reactive oxygen species (ROS) was first described in the mitochondrial free radical theory 

of ageing which states that ageing-related decline in mitochondrial function causes increased levels of 

reactive oxygen species that in turn further enhance mitochondrial dysfunction (Harman 1965). The 

functionality of the respiratory chain declines with age, leading to electron leakage, which in turn 

leads to the development of ROS (Green et al. 2011). This results in the development of free radicals 

or reactive oxygen species, which are molecules with an unpaired electron. This molecule category 

consists of hydrogen peroxide, superoxide anions and hydroxyl radicals (Poyton et al. 2009). Elevated 

levels of ROS lead to oxidative stress, which is defined as an imbalance of ROS production and 

antioxidants (Reuter et al. 2010). Reactive oxygen species can react with lipids, proteins and DNA and 

damage them (Reuter et al. 2010). The reaction of reactive oxygen species with DNA can cause a 

variety of damages. 8-hydroxy-2' -deoxyguanosine (8-OHdG) or 8-oxo-7,8-dihydro-2'-

deoxyguanosine (8-oxodG) is one of the most predominant forms of oxidative DNA damage (Jacob et 

al. 2013). Therefore, 8-OHdG is one of the most widely used biomarkers of oxidative stress-induced 

DNA damage (Valavanidis et al. 2009).  

In MSCs elevated ROS levels were detected upon long-term culture independent of age (Geissler et al. 

2012). There are studies supporting the notion that elevated levels of ROS in MSCs might, in addition 

to cell intrinsic mitochondrial dysfunction, be effected by age-related changes of paracrine factors or 

extracellular matrix compositions (Geissler et al. 2013, Sun et al. 2011). Moreover, it has been shown 

that high oxygen levels, and therefore higher intracellular ROS, causes genomic instability in MSCs, 

which can be prevented by culturing them under hypoxic conditions (Estrada et al. 2012, Holzwarth et 

al. 2010, Li and Marbán 2010, Tsai et al. 2011). Likewise, culture of MSCs in the presence of 

antioxidants was shown to reduce DNA damage in them (Alves et al. 2013).  

1.2.4 The metabolic instability theory of ageing 

The free radical theory of ageing has been rejected by a study corroborating the metabolic stability-

longevity principle. This principle describes the lifespan of organisms to be determined by the 

homeostasis of ROS (Brink et al. 2009). The principle is based on a mathematical model of metabolic 

stability, which described ROS and other metabolites to be maintained by dissipative and stabilizing 

regulatory networks (Demetrius 2004). Brink et al. confirmed the principle through detection of 

changes in pathways associated with ageing that were predicted by this model (Brink et al. 2009). 

More specifically, Brink et al. described the age-related deregulation of glutathione metabolism, 

insulin signalling and oxidative phosphorylation in mice. (i) Glutathione metabolism is involved in the 

maintenance of ROS levels in the cell. The age-related up-regulation of the glutathione metabolism 

associated genes Gclm, Gpx1, Gpx3, Gsta2 and Gstm2 was detected in aged mouse hearts in the study 
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by Brink et al. (Brink et al. 2009). (ii) Foxo1 is a gene, which regulates the expression of genes 

involved in glycolysis and insulin signalling. Moreover, Foxo1 is involved in ageing (Curran and 

Ruvkun 2007). The age-related down regulation of Foxo1 was found by Brink et al.. Other insulin 

signalling-associated genes which were found to be differentially expressed in the tissue of aged mice 

were Map2k1, Pdpk1, Pfkl and Rapgef1 (Brink et al. 2009). (iii) The process of oxidative 

phosphorylation produces ATP by nutrient oxidation. Genes involved in oxidative phosphorylation 

such as Atp5a1, Atp5f1, Cox7a2, Cox7b were deregulated in the heart of aged mice in the study of 

Brink et al. (Brink et al. 2009).  

Moreover, Brink et al. proposed a model of a gene regulatory network in the aged mouse heart in 

which insulin signalling and glutathione metabolism are positively regulated and the tricarboxylic acid 

(TCA) cycle and oxidative phosphorylation are negatively regulated. In the regulatory network insulin 

signalling leads to enhanced TOR (target of Rapamycin) signalling reducing the expression levels of 

genes involved in TCA cycle, mitochondrial ribosomes and oxidative phosphorylation, thus reducing 

cell respiration (Shamji et al. 2000). Furthermore, glucose concentration is regulated by insulin, which 

is linked to TCA cycle by glycolysis and pyruvate, whereas the TCA cycle is linked to the respiratory 

chain via fumarate and succinate (Figure 1). In agreement with this model, recent studies suggest that 

catabolic signalling increases ageing, whereas decreased nutrient signalling extends lifespan (Fontana 

et al. 2010).  
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Figure 1 Model of the regulatory network based on the metabolic stability theory of ageing.  

r.: regulation, -: down-regulation of genes, +: up-regulation of genes. TOR: target of 

Rapamycin, TCA cycle: tricarboxylic acid cycle, ROS: reactive oxygen species. Taken from 

(Brink et al. 2009) 

 

Whether the network based on the metabolic stability theory of ageing is applicable to ageing of bone 

marrow-derived mesenchymal stem cells remains to be determined. However, there are studies 

describing age-related alterations in hMSCs in components of the network. For example, antioxidant 

capacity was altered in aged MSCs. Yet, antioxidative processes were down-regulated in MSCs upon 

long-term cultivation independent from age (Geißler et al. 2012). Furthermore, even exposure to 

serum of aged MSCs induced elevated ROS levels and underlined the systemic nature of ageing in 

MSCs and the importance of ROS homeostasis (Geissler et al. 2013, Shipounova et al. 2010). In 

addition, the role of TOR signalling in ageing of MSCs has been shown (Gharibi et al. 2014, Dayong 

Zhang et al. 2015). Likewise, genes associated with TOR signalling were found to be up-regulated in 

transcriptomes of MSCs of aged donors (Zhou et al. 2015).  



 

 

8 

1.2.5 Age-related changes of interaction with the stem cell niche  

Stem cells reside in a tissue in a particular microenvironment called niche (Rando 2006). However, the 

niche has been found to be changed upon ageing and these changes in turn were shown to have an 

impact on stem cell function (Kurtz and Oh 2012, Pan et al. 2007). Yet, to which extent intrinsic 

changes of the interaction with the niche or changes of the niche itself cause the ageing-related 

changes is still debated (Rando 2006). One of the main components of the niche is the extracellular 

matrix (ECM), which plays an important role in tissue maintenance and regeneration (Bonnans et al. 

2014). The effect of extracellular matrix composition on age-related changes has been demonstrated in 

fibroblasts as modulation of ECM could revert senescence in these cells (Choi et al. 2011). Moreover, 

systems biology-based approaches analysing ageing and metabolism-related genes provided evidence 

that genes involved in cell-cell and cell-matrix adhesion are associated with ageing and longevity 

(Wolfson et al. 2009). 

Comparative analyses of the transcriptome revealed the up-regulation of genes involved in ECM-

receptor interaction and focal adhesion in MSCs derived from osteoporosis patients (Zhou et al. 2015). 

Furthermore, ECM from fetal MSCs was shown to enhance proliferative properties of adult MSCs (Ng 

et al. 2014). Likewise, declining proliferation in aged MSCs could be restored by culture on ECM 

derived from fetal MSCs (Sun et al. 2011).  

1.2.6 Age-related changes in the cytoskeleton  

Changes in the cytoskeleton were shown to be associated with ageing (Baird et al. 2014, Liu et al. 

2015). Moreover, ageing has been shown to lead to altered tissue biomechanics by senescence-

associated changes of the cytoskeleton (Morgan et al. 2015). Furthermore, comparative meta analyses 

of in vivo aged tissue and in vitro cellular senescence revealed the de-regulation of genes involved in 

actin cytoskeleton-related functions in both processes (Voutetakis et al. 2015).  

Ageing of hMSCs seems to be associated with changes in their cytoskeleton, as indicated by a study 

that compared young and aged MSCs of the rat (Kasper et al. 2009). A further study described the 

down-regulation of cytoskeleton-associated genes upon long-term cultivation in MSCs with a young 

and aged background (Geissler et al. 2012). Moreover, changes levels of cytoskeleton-associated 

proteins were found in hMSCs cultivated for higher passage numbers (Madeira et al. 2012).  

1.2.7 Further aspects of ageing 

Apart from the above-described aspects of ageing, there are more processes, which are important and 

are subject of research. One such aspect is the involvement of proteostasis in ageing which is the 

process of protein folding and protein degradation. The impairment of proteostasis is associated with 

age-related diseases and lifespan could be enhanced by alterations of gene expression associated with 

proteostasis (Zhang and Cuervo 2008). A further aspect of ageing, which is discussed as one of the 
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main contributors of ageing are age-related epigenetic changes. Changes in global DNA methylation 

patterns, changes in modifications of histones as well as changes in the chromatin status, have been 

associated with ageing and diseases of accelerated ageing such as progeroid syndromes (Horvath 

2013, Kanfi et al. 2012, Mostoslavsky et al. 2006). A recent study described changes in 

heterochromatin as one of the main drivers of ageing and of an accelerated ageing syndrome called 

Werner syndrome (Weiqi Zhang et al. 2015). However, these age-related features are not analysed in 

the comparative analysis of ageing aspects in pluripotency induction and redifferentiation of hMSCs in 

this work.  

1.3 Mesenchymal stem cells 

Mesenchymal stem cells, which are also termed mesenchymal stromal cells, were first described by 

Friedenstein as non-hematopoietic progenitor cells in the bone marrow that have a spindle-shaped 

morphology in monolayer culture (Friedenstein et al. 1974, Friedenstein et al. 1968). In addition, 

MSCs were isolated from different tissues such as umbilical cord, dental pulp and adipose tissue 

(Collart-Dutilleul et al. 2015, Crisan et al. 2009, da Silva Meirelles et al. 2006, Suzuki et al. 2015, 

Vangsness et al. 2015). The clonogenic cells today known as MSCs were named colony forming unit 

fibroblasts (Friedenstein et al. 1974). In vivo MSCs represent 0.0001% of the nucleoted cells of the 

bone marrow and their number declines with age (Caplan 2009). The International Society for Cellular 

Therapy defined the minimal criteria of MSCs to be (i) plastic adherence, (ii) expression of the cell 

surface markers CD105 (endoglin), CD73 (ecto-5'-nucleotidase) and CD90 (THY1) and no expression 

of CD34, CD14, CD79α CD11b, CD45, HLA-DR as well as (iii) multipotency as progenitors of 

osteoblasts, adipocytes and chondrocytes (Dominici et al. 2006). MSCs are defined as stem cells as 

they are able to self-renew. Moreover, the multipotency of MSCs has first been described for MSCs 

derived from the bone marrow (Caplan 1991). However, their ability to trans-differentiate into 

ectodermal and endodermal lineages is still debated (Kopen et al. 1999, Pittenger et al. 1999) (Figure 

2). Moreover, MSCs have immuno-modulatory properties and are involved in tissue regeneration 

(Baker et al. 2015). Yet, there is a debate about characteristics and lineage markers of MSCs (Calloni 

et al. 2013, Frenette et al. 2013, Lv et al. 2014). The reason for this is that MSC populations were 

described as heterogeneous population with different subpopulations of distinct immunophenotypes 

(Caplan 2005), whereas a different study described CD271 (low-affinity nerve growth factor receptor) 

positivity as marker for MSCs (Eghbali-Fatourechi et al. 2005). Furthermore, the extend of the 

changes of the features of MSCs upon in vitro cultivation compared to the in vivo features of these 

cells is not entirely clear yet (Bara et al. 2014). MSCs are at this point already applied as cellular 

therapeutic agents, they are part of numerous clinical trials, and there are many preclinical models of 

the use of MSCs in tissue repair. In addition, MSCs were shown to play a role in wound healing and 

were proven to enhance healing of injuries of the digestive system as well as of liver, of diabetic limb 
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ischemia, of burned skin, of injuries of the musculoskeletal system as well as lung and brain injuries 

(Wei et al. 2013).  

 

Figure 2 Characteristics and differentiation potential of bone marrow derived mesenchymal 

stem cells.  

MSC: mesenchymal stem cell, dotted line: differentiation propensity of MSCs still debated. 

Taken from (Uccelli et al. 2008) 

1.3.1 Fetal MSCs 

The isolation of fetal MSCs from the bone marrow of first trimester foetuses was first described by 

Campagnoli et al. (Campagnoli et al. 2001). Frist trimester fetal MSCs have the same 

immunophenotype as adult bone marrow derived MSCs, proliferate faster than their adult counterparts 

and they have a fibroblast-like morphology, which does not change in vitro for at least 20 passages 

(Campagnoli et al. 2001, Campagnoli et al. 2002). Moreover, fetal MSCs go later into senescence, 

compared to their adult counterparts (Guillot et al. 2006). Apart from MSCs of aged donors, 

mesenchymal stem cells derived from fetal femur were used in this study. The isolation of these cells 

was described by Mirmalek-Sani and colleagues, who isolated these cells from the cartilage anlage of 
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femurs of foetuses with 8 weeks of age (Mirmalek-Sani et al. 2006). The cells used in this study were 

isolated with the same procedure. Fetal femur-derived MSCs were confirmed to be multipotent and 

were tested towards their osteogenic potential on different scaffold surfaces for tissue engineering 

(Kanczler et al. 2009, Mirmalek-Sani et al. 2009). Moreover, fetal hMSCs were used to model bone 

development in vitro as well as to study epigenetic changes during bone development (de Andrés et al. 

2013, El-Serafi et al. 2011).  

1.3.2 Ageing-associated shortfalls of MSCs  

Despite their regenerative potential, there are shortfalls associated with ageing of MSCs that might 

represent roadblocks for their application (Diederichs and Tuan 2014). One aspect of ageing in this 

context is the age related decline of colony forming unit fibroblastoid cells (CFU-f) in MSC 

populations of the bone marrow. However, this feature is still a matter of debate (Ming Fan et al. 2010, 

Kasper et al. 2009, Katsara et al. 2011, Sethe et al. 2006). There are studies describing increased 

senescence in vivo in MSCs as primary cause of this (Geißler et al. 2012, Kasper et al. 2009). 

Moreover, ageing has been reported to lead to decreased proliferation rates (Sethe et al. 2006). Yet, the 

effect of organismal ageing on the proliferation rate of MSCs is still unclear (Ming Fan et al. 2010, 

Geißler et al. 2012, Katsara et al. 2011, Kretlow et al. 2008, Sun et al. 2011, Ji Min Yu et al. 2011). In 

addition, age-related changes of the differentiation capacity of MSCs were reported (Sethe et al. 

2006). Moreover, aged MSCs demonstrated an ageing-related decline in regenerative potential (Bustos 

et al. 2014, Ming Fan et al. 2010, Kang et al. 2012, Yao et al. 2012, Hao Zhang et al. 2005). Moreover, 

MSCs have to be propagated ex vivo before application. However, the potential effects of in vitro 

culture are not understood in detail, yet (Baker et al. 2015). Upon long-term culture, MSCs lost their 

differentiation potential and showed changes in their immunophenotype as well as increased cell size 

(Wagner et al. 2010). The causes of these changes were described to be related to decline in self-

renewal and increased differentiation and accumulation of mutations and DNA damage due to 

telomere loss eventually leading to decreased proliferation and increased senescence (Bork et al. 2010, 

Wagner et al. 2009, Wagner et al. 2010).  

The limits of the application potential of MSCs by age-related decline in functionality and in vitro 

senescence could be solved by reprogramming MSCs to induced pluripotent stem cells.  

1.4 Pluripotent stem cells  

1.4.1 Human embryonic stem cells  

Isolation of pluripotent self-renewing stem cells from inner cell mass of mammals was first described 

by Evans and Kaufman (Evans and Kaufman 1981). Similarly, human embryonic stem cells are cells 

derived from the inner cell mass of the blastocyst stage of in vitro fertilised embryos, which was 

described for the first time in humans by Thomson and colleagues (Thomson et al. 1998). These cells 
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are pluripotent as they have the potential to give rise to lineages of all three germ layers, which are 

formed during gastrulation, namely ectoderm, endoderm and mesoderm. In addition, hESCs express 

pluripotency markers such as OCT4, NANOG, SOX2, SSEA-4 or TRA-1-60 (Chan et al. 2011, 

Thomson et al. 1998). The morphology of human embryonic stem cells is characterised by their small 

size. In addition, hESCs grow in colonies, which are flat and have sharp edges and the cells have a 

high nucleus to cytoplasm ratio. Furthermore, embryonic stem cells can be cultured for long periods 

without differentiation and without showing signs of senescence. Moreover, hESCs form teratomas 

when injected into mice, which are immune-compromised. In addition, hESCs express telomerase, 

enabling self-renewal without senescence. Furthermore, hESCs are epithelial cells expressing cell-cell 

adhesion molecules such as desmosomes, tight junctions and adherence junctions, which leads to low 

survival rates of single cells (Thomson et al. 1998).  

1.4.1.1 Applications of human embryonic stem cells 

Due to theoretically limitless propagation potential without senescence and pluripotent differentiation 

propensity, hESCs are a potential unlimited source of cells types that are difficult to isolate or to study. 

These features raised the hopes for applications of these cells in toxicity testing and drug discovery 

(Daley 2014, Jensen et al. 2009). However, applications involving human embryonic stem cells are 

associated with ethical concerns. It is still debated whether research on human embryonic stem cells is 

still needed as they can be replaced by induced pluripotent stem cells, which have very similar 

properties (Hug and Hermerén 2011). 

1.4.1.2 Regulation of the pluripotent state 

The pluripotent state of hESCs is controlled by a regulatory network consisting of transcription 

factors, micro RNAs and chromatin modifying enzymes as well as regulatory signalling pathways 

(Jaenisch and Young 2008). Within this regulatory network, the transcription factors OCT4, SOX2 

and NANOG were shown to play key roles in maintaining pluripotency in mammalian stem cells 

(Avilion et al. 2003, Babaie et al. 2007, Chambers et al. 2003, Hart et al. 2004, Hay et al. 2004, 

Jaenisch and Young 2008, Jung et al. 2010, Matin et al. 2004, Nichols et al. 1998). These three 

transcription factors repress or activate genes, which are part of processes taking place during 

differentiation, eventually leading to maintenance of the pluripotent state. The role of OCT4, SOX2 

and NANOG in the complex regulatory network of pluripotency was first described by Boyer et al. 

(Boyer et al. 2005). Moreover, pluripotency is maintained in hESCs and iPSCs through extracellular 

signalling molecules resulting in repression of genes associated with differentiation and development 

and activating transcriptional programs associated with pluripotency. Among these extracellular 

factors, basic fibroblast growth factor (bFGF or FGF2) plays one of the most important roles. FGF2 is 

an essential additive to hESC and iPS cell media for in vitro culture of these cells in order to maintain 
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pluripotency (Amit et al. 2000, Greber et al. 2007, Thomson et al. 1998). Furthermore, the 

transforming growth factor β (TGF-β)/Nodal/Activin A signalling pathway was shown to play a key 

role in pluripotency maintenance (Greber et al. 2007, James et al. 2005, Vallier et al. 2005, Vallier et 

al. 2009). Likewise, the WNT signalling pathway was described to play an important role in 

pluripotency regulation (Davidson et al. 2012, Sato et al. 2004). Figure 3 shows the context between 

different signalling pathways in the maintenance of pluripotency and how the extracellular signals are 

transduced to activate the pluripotency core transcription factors in hESCs and iPSCs. Due to the role 

of FGF2 in pluripotency maintenance in hESCs and iPS cells, mouse embryonic fibroblasts (MEFs) 

are used as feeder cells for co-culture. The reason for this is that MEFs provide the right surface and 

secrete signalling molecules for the maintenance of the pluripotency upon stimulation with FGF2 

(Greber et al. 2007) 

 

 

Figure 3 Interplay of signal transduction pathways in maintenance of self-renewal and the 

pluripotent state in human pluripotent stem cells.  

Differentiation inducing signalling molecules such as BMP4 interact with the BMP receptor 

(BMPR//II) and activate SMAD1/5/8 which, via SMAD4, activates differentiation-associated 

gene expression. During pluripotency maintenance, the interaction between BMPs and the 

receptor is hindered by the receptor antagonists CER1 (Cerberus protein) and GREM1 

(Gremlin 1 protein) which are secreted upon FGF stimulation. (not shown) Activin A and Nodal 

interaction with the TGFβ receptor (ACVR I/II) activate SMAD 2/3 and lead to gene expression 
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involved in pluripotency maintenance. FGF2 interacts with the FGF2 receptor (FGFR) and 

activates the MAP kinase signalling cascade as well as downstream signalling involving PI3K 

and AKT, which in turn is activated by insulin-like growth factor 1 (IGF-1) signalling. These 

processes result in the maintenance of gene expression networks controlling pluripotency. WNT 

signalling is leading to differentiation. However, the inhibition of GSK3β, which is part of the 

WNT signalling pathway enhances pluripotency induction. Finally, all these pathways converge 

leading to a self-regulatory network involving OCT4, SOX2 and NANOG as key components. 

BMP 4: Bone Morphogentic Protein 4; BMPRI/II: BMP receptorI/II; SMADs: SMAD 1/5/8; 

ACVR I/II: TGF-β receptor; FGF2: basic fibroblast growth factor; FGFR: basic fibroblast 

growth factor receptor; Ras: Rat sacoma protein; Raf: Rat fibrosarcoma protein; ERK1/2: 

Extracellular signal regulated kinase1/2; IGF-1: Insulin-like growth factor 1; IGFR: Insulin-like 

growth factor receptor; PI3K: Phosphatidylinositol-4,5-bisphosphate 3-kinase; AKT: AKT 

kinase; WNT: wingless-type MMTV integration site family, member protein; Frizzled: WNT 

receptor; DVL: segment polarity protein dishevelled; GSK-3 β: Glycogene synthase kinase 3 β; 

APC: adenomatosis polyposis coli protein. Taken from Kyoto Encyclopedia of Genes and 

Genomes (Kanehisa and Goto 2000, Kanehisa et al. 2014), http://www.genome.jp/kegg-

bin/show_pathway?map04550 (03.09.2015), KEGG-map signalling pathways regulating 

pluripotency of stem cells.  

 

 

1.4.2 Induced pluripotent stem cells 

The background of discoveries in the field of embryonic stem cells led to the establishment of a 

protocol for the induction of pluripotency in fibroblasts of the mouse in 2006 by Takahashi and 

Yamanaka (Takahashi and Yamanaka 2006). In the following year the induction of pluripotency in 

human fibroblasts was reported by Takahashi et al. by using retroviral overexpression of the 

transcription factors OCT4 (octamer-binding transcription factor 4), SOX2 (sex determining region Y 

box 2), KLF4 (Krueppel-like factor 4) and c-MYC (v-Myc myelocytomatosis avian viral oncogene 

homolog) (Takahashi et al. 2007). Yu et al., using ectopic expression of OCT4, SOX2, NANOG and 

LIN28, reported the same (Yu et al. 2007). Both studies described the reprogramming of human 

fibroblasts by means of ectopic expression of transcription factors to iPS cells which are able to self-

renew without senescence and which are pluripotent as they can give rise to lineages of all three germ 

layers (Takahashi et al. 2007, Yu et al. 2007). In addition, iPSCs are very similar to hESCs in terms of 

expression of pluripotency-related genes and the ability to give rise to teratoma in mice. Moreover, it 

could be shown that mouse iPS cells could give rise to chimeras and germ line transmission in mice 

(Okita et al. 2007, Takahashi and Yamanaka 2006). One additional feature of hESCs and iPSCs is that 

they form spheres when cultured in low-attachment culture dishes. These spherical structures are 

http://www.genome.jp/kegg-bin/show_pathway?map04550
http://www.genome.jp/kegg-bin/show_pathway?map04550
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called embryoid bodies. One way to test the pluripotency of generated induced pluripotent stem cells 

in vitro is to seed embryoid bodies on a gelatine-coated surface in medium without FGF2 for random 

differentiation of the cells. This promotes the outgrowth of cells from the seeded embryoid bodies. 

This outgrowth is tested towards the presence of cells of mesodermal, endodermal and ectodermal 

lineages by analysis of the respective markers. Markers for mesodermal differentiation are brachiury 

and α smooth muscle actin. In addition, ectodermal markers are PAX6, Nestin and TUJ1 (β-III-

Tubulin). Finally, endodermal marker proteins used in this pluripotency test are α fetoprotein (AFP) 

and SOX17 (Takahashi et al. 2007). 

1.4.2.1 Applications of iPS cells  

The development of iPS technology led to new directions of research. The tremendous potential of iPS 

cells in regenerative medicine became increasingly clear through several preclinical studies. The first 

study describing such an approach was the treatment of sickle cell anaemia with autologous iPS-

derived cells in mice (Hanna et al. 2007). Further applications of iPS cells have been described for 

Parkinson’s disease (Rakovic et al. 2015), spinal cord injury (Nori et al. 2011), macular degeneration 

(Singh et al. 2013)), muscular dystrophy (Filareto et al. 2013), ischemic stroke (Oki et al. 2012, 

Polentes et al. 2012) and limb ischemia (Suzuki et al. 2010). Moreover, the potential application of iPS 

technology for the regeneration of cartilage and bone has been demonstrated (Jin et al. 2013, 

Medvedev et al. 2010). A further field based on iPS technology is disease modelling and drug 

screening. The first studies describing such applications of iPS cells were published in 2008 (Dimos et 

al. 2008, Park et al. 2008a). When applied for disease modelling, iPS cells are generated from patients 

and in most studies used to recapitulate disease-related phenotypical changes in patient-derived iPS 

cells and their derivatives. Today there are numerous studies describing the modelling of diseases with 

this approach. For example, iPS-technology has been used to model Alzheimer´s disease (Hossini et 

al. 2015, Yagi et al. 2011), Parkinson´s disease (Imaizumi and Okano 2014) or cardiac diseases 

(Moretti et al. 2010).  

1.4.2.2 The process of pluripotency induction 

The process of induction of pluripotency in somatic cells is not known in detail. The comparative 

analysis of the transcriptome during reprogramming revealed that reprogramming most likely consists 

of several steps (Mah et al. 2011). In the first phase it has been shown that processes such as cell 

adhesion and cell contact are down-regulated, whereas genes involved in proliferation and DNA 

replication are up-regulated. The reprogramming factors used initiate the development of somatic cells 

to pre-iPS cells. Yet, only a small fraction of these become fully reprogrammed iPS cells (Polo et al. 

2012). Moreover, it has been shown that the process of cellular reprogramming consists of a stochastic 

and a hierarchical phase (Buganim et al. 2012, Hanna et al. 2009, Smith et al. 2010). In addition, 
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epigenetic changes take place during reprogramming. These changes include expression of proteins 

regulating the chromatin status and chromatin dynamics (Apostolou and Hochedlinger 2013, Gładych 

et al. 2015, Watanabe et al. 2013).  

1.4.2.3 Methods for iPS derivation 

The first reports of iPS generation were using retroviruses or lentiviruses, which randomly integrate 

into the genome and could cause insertional mutagenesis with negative effects (Aasen et al. 2008, Aoi 

et al. 2008, Judson et al. 2009, Jeong Beom Kim et al. 2009, Kim et al. 2008, Takahashi et al. 2007, 

Yu et al. 2007). To circumvent these problems, various approaches resulting in integration free 

pluripotency induction were developed since 2006. Among these methods for delivery of 

reprogramming factors are episomal plasmid-based methods (Yu et al. 2009), viral plasmid-based 

methods (Okita et al. 2011, Okita et al. 2008), methods based on synthesised RNA (Warren et al. 

2010), on proteins (Dohoon Kim et al. 2009), on Sendai virus (Ban et al. 2011, Fusaki et al. 2009, Ono 

et al. 2012) and on adenovirus (Stadtfeld et al. 2008). Notably, a recent report described 

reprogramming of mouse embryonic fibroblasts using six small molecule compounds, namely VPA, 

CHIR99021, 616452, Tranylcypromine, Forskolin and DZNep. The same study confirmed the 

similarity between the chemically generated iPS cells and ESCs (Hou et al. 2013). 

One of the most widely used non-integrating vector systems for reprogramming is the Epstein–Barr 

virus-derived oriP/EBNA1 episomal vector system. This method enables transgene expression during 

reprogramming. Subsequently, the vectors are lost after about 15 passages post isolation in the iPS cell 

lines (Hu and Slukvin 2013, Yu et al. 2009). The episomal plasmid system developed by Yu et al. was 

furthermore optimised using particular vector combinations and the addition of small molecule 

inhibitors (J. Yu et al. 2011). In addition, the reprogramming efficiency was reported to be lower than 

in retroviral reprogramming. Yet, compared to other reprogramming methods employing plasmids, 

one nucleofection of episomal plasmids is enough to induce pluripotency in somatic cells, even when 

more reprogramming factors are needed, such as SV40LT and LIN28 (Guokai Chen et al. 2011, Chou 

et al. 2011, Hu et al. 2011, Okita et al. 2011, Yu et al. 2011, Yu et al. 2009). There are no studies at 

this point that describe iPS generation by non-viral reprogramming methods for hMSCs of fetal or 

aged origin.  

1.4.2.4 Chemical enhancement of reprogramming efficiency  

Yu et al. have described a combination of chemical inhibitors that enhance reprogramming efficiency 

during iPS generation from fibroblasts based on episomal plasmids. This combination consisted of the 

TGF-β receptor I kinase inhibitor or ALK5 inhibitor A-83-01, the MEK inhibitor PD0325901, the 

GSK3β inhibitor CHIR99021, and the ROCK inhibitor HA-100 (J. Yu et al. 2011). In addition, the 
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combination of TGF-β receptor I kinase inhibition and MEK inhibition was previously described to 

increase the reprogramming efficiency of fibroblasts over 100-fold (Lin et al. 2009). 

 

Modulation of ageing-associated pathways and features 

 

Hypoxia and antioxidants  

Pluripotent cells meet their higher need for energy through enhanced glycolysis, whereas energy in 

somatic cells is generated mainly through oxidative phosphorylation (Kondoh et al. 2007, Zhang et al. 

2012). Consistently, it has been described that pluripotency induction can be enhanced by hypoxia in 

murine and human cells (Yoshida et al. 2009). In a following study, it has been shown that 

pluripotency induction could be enhanced by blocking oxidative phosphorylation (Zhu et al. 2010). 

The addition of antioxidants was reported to enhance iPS quality in terms of the stability of the 

genome. One antioxidant that was used in this context is N-acetyl-cysteine, which reduced the 

induction of reactive oxygen species and the associated instability of the genome during 

reprogramming (Luo et al. 2014). 

 

Vitamin c 

Addition of vitamin c increased the efficiency of pluripotency induction in human skin fibroblasts and 

stromal cells derived from the adipose tissue during retroviral reprogramming with OCT4, SOX2, 

KLF4 and c-MYC (Esteban et al. 2010). In addition, vitamin c was described to enhance the quality of 

iPS cells during reprogramming. This is most probably due to the restoration of epigenetic features by 

vitamin c (Stadtfeld et al. 2012). Next to its function as antioxidant, vitamin c was found to most likely 

enhance reprogramming efficiency through its function as cofactor of enzymes involved in epigenetic 

gene regulation (Loenarz and Schofield 2008, Tao Wang et al. 2011). Moreover, pre-iPS cells could 

be converted into fully reprogrammed iPS cells using vitamin c most likely mediated through the 

histone demethylases KDM3/4 (Chen et al. 2013). 

 

Inhibitors of epigenetic enzymes  

The important role of chromatin remodelling during reprogramming enabling pluripotency induction 

through granting access to loci for the transcriptional activation of pluripotency-associated genes is 

still a matter of debate (Apostolou and Hochedlinger 2013). Yet, the inhibition of histone deacetylases 

which take part in chromatin remodeling by valproic acid (VPA), or sodium butyrate, enhanced 

reprogramming efficiency (Huangfu et al. 2008b, Luo et al. 2013, Mali et al. 2010). In addition, VPA 

was reported as a substitute of Klf4 and c-Myc (Huangfu et al. 2008a, Onder et al. 2012). 
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Inhibition of the IGF-1 (Insulin-like growth factor 1) pathway 

The insulin and IGF-1 pathway which is associated with metabolism and ageing is a determinant of 

lifespan in worms and vertebrates and is involved in longevity in humans (Kenyon 2010, Suh et al. 

2008). So far, it has been shown that inhibition of the IGF-1 receptor with the chemical compounds 

PQ401 or with LY294002 which inhibits PI3K, a downstream effector of the IGF-1 receptor, 

increased reprogramming efficiency in mouse fibroblasts (Taotao Chen et al. 2011). 

 

Modulation of senescence-associated factors and P53 

Cellular senescence has been described to occur during reprogramming and to interfere with the 

establishment of pluripotency by lowering the pace and efficiency of pluripotency induction (Zhao and 

Daley 2008). In addition, the absence of senescence-associated P16INK4A and P19ARF (Banito et al. 

2009) and P53 or P21 enabled a more efficient generation of iPS cells (Hanna et al. 2009, Hong et al. 

2009). Therefore, inhibition of P53 might be a possibility to enhance ageing-associated decline of 

reprogramming efficiency in hMSCs. A P53 inhibitor used in this study is pifithrin α (Komarov et al. 

1999). 

Modulation of the activity of the toll-like receptor 

A recent study described that, apart from their function in delivering the reprogramming factors, 

retroviruses most likely contribute to pluripotency induction by activation of innate immunity in part 

through activation of the toll-like receptor 3 (TLR3). In the study, reprogramming efficiency was 

much lower when OCT4, SOX2, KLF4 and c-MYC were delivered as non-viral peptides. Moreover, 

the efficiency could be restored by additionally utilising polyinosinic:polycytidylic acid (Poly I:C) 

which is an antagonist of TLR3 and activates the innate immune response. Accordingly, knockdown 

of TLR3 reduced reprogramming efficiency when retroviral vehicles were used for delivery (Lee et al. 

2012). Moreover, ageing has been described to lead to impairment of the function of toll-like receptors 

(Shaw et al. 2011). However, it is not known whether it is possible to enhance reprogramming 

efficiency of hMSCs derived from aged donors by means of activation of innate immunity through 

TLR3 activation.  

 

1.4.3 Pluripotency induction in hMSCs 

iPS cell generation from human bone marrow-derived MSCs was first described by Park et al. 

Conflicting with the notion that less mature cells such as mesenchymal stem cells may be 

reprogrammed faster than terminally differentiated cells, the study described that OCT4, SOX2, KLF4 

and c-MYC did not suffice to induce pluripotency in hMSCs. The factors TERT (telomerase reverse 

transcriptase) and the viral gene SV40LT had to be used in addition to the classical combination of 

ectopic transcription factors OCT4, SOX2, KLF4 and c-MYC. However, compared to fibroblasts, the 

reprogramming efficiency was low (Park et al. 2008a). In a further report published few months later, 
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hMSCs from a patient were reprogrammed using retroviral transduction with only OCT4, SOX2, 

KLF4 and c-MYC without additional factors (Park et al. 2008b). In addition, human bone marrow-

derived MSCs, which were stored as frozen stock could be reprogrammed to iPS cells. The 

reprogramming efficiency ranged from 0 to 0.0008% in three primary hMSC preparations that were 

reprogrammed (Ohnishi et al. 2012). Moreover, a recent study comparatively reprogrammed hMSCs 

and fibroblasts using retroviral overexpression of OCT4, SOX2, KLF4, c-MYC. The reprogramming 

efficiency was between 1.6 up to 10-fold lower in hMSCs compared to dermal fibroblasts (Nasu et al. 

2013). In addition, a recent study described the iPS generation from bone marrow-derived hMSCs 

from a 48-year-old male donor using lentiviral reprogramming by means of OCT4, SOX2, KLF4 and 

c-MYC overexpression. The hMSC-iPS cells were successfully differentiated towards MSC-like cells 

(Diederichs and Tuan 2014). In addition to that, iPS cells could be generated from bone marrow-

derived hMSCs by means of retroviral delivery of OCT4, SOX2, KLF4 and c-MYC in combination 

with P53 knock down by siRNA, supplementation with valproic acid and vitamin c (Yulin et al. 2012). 

So far, there are no reports describing iPS cell generation from hMSCs without viruses. Furthermore, 

there are no reports describing either viral or non-viral pluripotency induction in fetal hMSCs derived 

from the femur. Finally, it is not clear whether the pluripotency induction follows similar processes in 

fetal hMSCs and hMSCs of aged donors. Moreover, it is not clear how similar iPS cells derived from 

fetal hMSCs and hMSCs from aged donors are to hESCs and whether there are differences between 

iPS cells derived from fetal hMSCs and aged hMSCs according to their origin. Therefore, more 

research is needed to evaluate fetal hMSCs and aged hMSCs as potential cell sources for iPS 

generation. The possible age-related effects in hMSCs and the changes of age-related features through 

the reprogramming process need to be characterised in more detail before hMSCs can be used for iPS-

based regenerative applications that exploit the likely higher potential of hMSC-iPSCs to give rise to 

mesenchymal cell lineages. 

  

1.4.4 Somatic donor cell memory in iPS cells  

iPS cells which were generated from murine fibroblasts, precursor cells of skeletal muscle, or 

granulocytes or B cells from the spleen displayed gene expression patterns related to their parental cell 

type (Polo et al. 2010). A further study found that residual DNA methylation patterns in iPS cells were 

similar to the patterns detected in their somatic origin and leading to preference of the differentiation 

into the lineage of the parental cell type. This memory of the somatic donor cell could be attributed to 

retention of donor-specific DNA methylation patterns (Kim et al. 2011). Moreover, it has been shown, 

that this somatic donor cell memory can be modulated by treatment with chromatin modifying 

molecules (Kim et al. 2010). Therefore, it is very likely that iPS cells generated from hMSCs will 

retain a memory of the donor cell and therefore tend to differentiate more efficiently into tissue 

developmentally related to hMSCs such as osteoblasts. However, a recent study comparing iPS cells 
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derived from fibroblasts and bone marrow-derived MSCs from the same donor reported a retention of 

epigenetic characteristic related to the somatic origin. However, no clear effect on the differentiation 

propensity could be shown when osteogenic and chondrogenic potential of the iPS cells of different 

background were tested (Nasu et al. 2013). Yet, it remains to be determined whether the effect of 

epigenetic memory on the differentiation propensity of iPS cells from bone marrow MSCs depends on 

the age of the donor.  

1.5 The role of age related processes in reprogramming and 

occurrence pluripotent stem cells 

1.5.1 Pluripotency induction in cells with aged background 

There are few studies that addressed the effect of the age of the donor on the process of 

reprogramming. Initial studies in mice showed that increased donor age leads to a decline in the 

efficiency of reprogramming (Cheng et al. 2011, Kim et al. 2010, Li et al. 2009, Bo Wang et al. 2011). 

In addition, few studies compared the effect of age in the process of pluripotency induction in human 

cells. In contrast to the studies in mice, the first report addressing the effect of donor age on 

reprogramming efficiency in human cells could not find a correlation between age and efficiency of 

pluripotency induction. In this study, over 100 iPS cell lines were generated from fibroblasts of donors 

between 8-64 years of age. Independent from donor age, iPS cells were successfully generated from 

all cell preparations and the generated iPS cells could be differentiated into the endodermal lineage 

(Somers et al. 2010). Consistently, a further study could not detect a negative effect of high age on 

reprogramming efficiency and differentiation propensity of the generated iPS cell lines with different 

age background. In this study 16 iPS cell lines were generated from donor cells between 29 and 82 

years of age. The iPS cells could be re-differentiated into functional motor neurons (Boulting et al. 

2011). However, a decline in reprogramming efficiency of fibroblasts from a 78-year-old patient 

compared to fibroblasts of 47-year-old donor derived control was reported. In this study high age 

resulted in fewer fully reprogrammed colonies (Wen et al. 2013). In addition, Miller et al. reported the 

iPS generation from fibroblast populations from donors of three different age groups. Reprogrammed 

were young donors 11 years of age, from aged donors 82 years of age as well as fibroblasts from 

patients suffering from the premature ageing syndrome called Hutchinson-Gilford progeria syndrome 

(HGPS) with 14 years of age using OCT4, SOX2, KLF4 and c-MYC and Sendai virus-based 

reprogramming. The study showed that fibroblasts of all ages and the HGPS-fibroblasts could be 

reprogrammed to pluripotency. In addition, donor age and HGPS background had no impact on the 

karyotype of the iPS cells. Moreover, after reprogramming age-associated markers were absent in the 

generated iPS cells, irrespective of age background (Miller et al. 2013). In addition, a recent study on 

ageing and reprogramming efficiency utilised retroviral reprogramming or Sendai virus-based 
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reprogramming with the factors OCT4, SOX2, KLF4 and c-MYC to induce pluripotency in human 

newborn fibroblasts compared to fibroblasts derived from donors between 1 and 83 years of age. That 

study reported a decline of reprogramming efficiency with increasing donor age. In addition, the age 

related decline in reprogramming could be mimicked in younger cells when they were reprogrammed 

in high passages indicating similar effects between organismal ageing and in vitro senescence or 

ageing (Trokovic et al. 2015). 

The generation of fully reprogrammed iPS cells from cells derived from aged human donors has been 

described in a number of studies (Lapasset et al. 2011, Ohmine et al. 2012, Prigione et al. 2011a, Suhr 

et al. 2009, Yagi et al. 2012). One of these studies described the pluripotency induction in human 

keratinocytes from donors of the ages 56-76 years using OCT4, SOX2, KLF4 and c-MYC. With a 

value of 0.0001%, the reprogramming efficiency was lower than initially described for adult 

fibroblasts (Takahashi et al. 2007). However, the pluripotency status of generated iPS cells did not 

vary with age (Ohmine et al. 2012). Notably, successful generation of iPS cells from fibroblasts, 

which were derived from centenarians, were described by two studies (Lapasset et al. 2011, Yagi et al. 

2012).  

These studies confirmed that ageing does not necessarily block reprogramming. However, in which 

way ageing interferes with the process of reprogramming, in particular in hMSCs, is not known. 

Likewise, until now, no study comparatively described the effect of ageing on reprogramming 

efficiency and the process of pluripotency induction in bone marrow-derived hMSCs from aged 

donors and hMSCs from fetal femur-derived MSCs. Such a study would help to elucidate details of 

ageing-related effects for the application of cellular reprogramming in hMSCs. 

  

1.5.2 Senescence  

Numerous studies in mice described that senescence could be one of the main reasons for an age-

related decline of reprogramming efficiency (Banito et al. 2009, Hong et al. 2009, Kawamura et al. 

2009, Li et al. 2009, Marión et al. 2009, Utikal et al. 2009, Zhao et al. 2008). As described above upon 

senescence, cells undergo a decline in proliferation resulting in a stop of the progression of the cell 

cycle (Campisi 2011, Kuilman et al. 2010). Therefore, senescence could interfere with reprogramming 

of aged cells as a change in proliferation is a crucial process involved in reprogramming (Hanna et al. 

2009, Hanna et al. 2010). Moreover, reprogramming-induced senescence is likely to contribute to 

senescence-associated blocks of reprogramming in aged cell populations (Banito et al. 2009). More 

specifically, increased expression levels of the senescence-associated genes P16INK4 and P19ARF, 

encoded in the INK4A/ARF locus, which downregulates proliferation, was described to be associated 

with the negative effect of ageing on reprogramming efficiency. Consistently, silencing of the genes 

rescued reprogramming efficiency (Li et al. 2009). In addition, absence of senescence-associated 

genes P53 and P21CIP1 resulted in higher efficiencies of pluripotency induction (Kawamura et al. 
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2009, Li et al. 2009). Moreover, it has been described that cells from a 74-year-old donor could be 

reprogrammed after senescence had been induced in vitro through long-term culture. As re-

differentiated fibroblasts of these iPS cells showed proliferation rates of younger fibroblasts and lower 

rates of senescence after long-term culture, a reversion of senescence into a rejuvenated state through 

reprogramming is likely. This indicates that cellular senescence can be circumvented and reverted by 

pluripotency induction (Lapasset et al. 2011). In a further study senescence was confirmed to 

contribute to decline of reprogramming efficiency in fibroblasts from aged donors as well as from 

senescent young and aged fibroblasts compared to fibroblasts derived from young donors (Trokovic et 

al. 2015). 

1.5.3 Oxidative stress 

As described above, two features likely causative of ageing are oxidative stress and the functional 

decline of mitochondria (Moiseeva et al. 2009, Passos et al. 2007). As pluripotent stem cells 

proliferate faster than somatic cells, they mainly rely on glycolysis-associated metabolism and less on 

oxidative phosphorylation. This difference in energy metabolism leads to lower production rates of 

reactive oxygen species, which are a by-product of oxidative phosphorylation and therefore a 

reduction of oxidative stress (Kondoh et al. 2007, Prigione et al. 2010). Likewise, in hESCs, 

mitochondria were reported to have a more effective DNA damage repair, less mass and a more 

anaerobic metabolism relying on glycolysis (Cho et al. 2006, Prigione et al. 2010, Saretzki et al. 2008, 

Suhr et al. 2010). Moreover, the expression of genes involved in oxidative stress and metabolism of 

mitochondria was changed through reprogramming in fibroblasts of centenarians. In addition, the 

features of mitochondria in iPSCs were found to be very similar to mitochondria in hESCs indicating a 

rejuvenation (Lapasset et al. 2011). Moreover, it has been shown that higher levels of anti-oxidative 

glutathione are present in pluripotent stem cells and promote enhanced protection from oxidative DNA 

damage further reducing oxidative stress (Dannenmann et al. 2015). 

1.5.4 Genomic instability in pluripotent stem cells 

It has been shown that damage of nuclear and mitochondrial DNA is enhanced with age (Garinis et al. 

2008). In addition, the derivation of iPS cells from somatic cells of aged individuals led to iPSCs with 

chromosomal aberrations (Boulting et al. 2011, Prigione et al. 2011a). In addition to that, the 

development of genomic instabilities and chromosomal aberrations has been detected during 

reprogramming and in cultured iPS cells and ESCs (Gore et al. 2011, Hussein et al. 2011, Laurent et 

al. 2011, Mayshar et al. 2010). Moreover, mutations of mitochondrial DNA were detected in iPS cells 

(Prigione et al. 2011b). On the other hand, recent studies described iPS cells to be less sensitive to 

DNA damage than their somatic counterparts and derivatives (Dannenmann et al. 2015). The role of 

DNA damage response and DNA repair in reprogramming and in pluripotent cells has been confirmed 

by studies looking at enzymes such as ATM (Kinoshita et al. 2011, Lee et al. 2013, Nayler et al. 2012) 
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as well as the DNA repair processes homologous recombination (González et al. 2013, Soyombo et al. 

2013) and non-homologous end joining (Molina-Estevez et al. 2013, Tilgner et al. 2013). Moreover, 

pluripotent stem cells showed a higher efficiency of repairing DNA damage than HeLa cells and 

fibroblasts (Maynard et al. 2008). Furthermore, a study described the up-regulation of genes involved 

in DNA repair and confirmed the presence of respective proteins in pluripotent cells compared to 

differentiated cells (Fan et al. 2011). However, whether DNA damage response and repair processes 

and genomic stability differ in iPS cells from hMSCs of aged donors and fetal hMSCs due to donor 

age-related difference remains to be clarified. 

1.5.5 Remodelling of pathways associated with metabolic stability 

theory of ageing during pluripotency induction and in pluripotent 

cells 

 

Mitochondrial energy metabolism 

As described above in more detail, several studies reported the changes of the properties of 

mitochondria in the process of pluripotency induction, rendering their metabolism and morphology 

less mature and more similar to the mitochondria of hESCs (Lapasset et al. 2011, Ohmine et al. 2012, 

Prigione et al. 2010, Suhr et al. 2009). In addition, recent studies described that a metabolic switch is 

occurring during reprogramming as the energy metabolism is changed from aerobic respiration relying 

on oxidative phosphorylation to a more anaerobic energy metabolism relying on glycolysis (Prigione 

et al. 2010, Suhr et al. 2010). When the metabolic switch cannot take place, reprogramming to 

pluripotency is impaired (Kida et al. 2015). The occurrence of the changes in metabolism during 

reprogramming seems to be independent of the age of the parental cell as the same changes of 

mitochondrial properties were taking place when fetal fibroblasts as well as when fibroblasts of an 84 

year old donor (Prigione et al. 2010) and fibroblasts of a centenarian were reprogrammed to 

pluripotency (Lapasset et al. 2011). 

 

Insulin signalling 

Moreover, insulin signalling has been reported to be necessary to maintain pluripotency in iPS cells 

and ESCs (Guokai Chen et al. 2011). In addition, Brink et al. found that age results in the differential 

regulation of insulin signalling associated genes in mice such as Foxo1, Pdpk1 and Pfkl (Brink et al. 

2009). From these genes 3-phosphoinositide-dependent protein kinase-1 (Pdpk1) is a key part of the 

signalling response triggered by ligand binding to the insulin receptor and activates numerous 

downstream signalling molecules (King and Newton 2004) Pdpk1 or PDK1 has been described to be 

necessary for pluripotency maintenance in embryonic stem cells (Ling et al. 2013). In addition, PDK1 

is activated by PI3K, which has been shown to increase the efficiency of reprogramming (Taotao Chen 
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et al. 2011). Downstream of PDK1 is mTOR, which has been shown to regulate lifespan (Kapahi et al. 

2010, Kapahi and Zid 2004). mTOR signalling very likely is involved in reprogramming as inhibition 

of mTOR was described to enhance reprogramming efficiency (Hanna et al. 2009, Hanna et al. 2010). 

 

Glutathione metabolism 

Ageing is dependent on the ability of the organism to maintain the levels of reactive oxygen species 

(Reinisalo et al. 2015). Guthatione (GSH) plays a key role in the maintenance of ROS levels by 

decreasing them. In addition, GSH is involved in decreasing ROS that were generated by UV light and 

ROS, which were generated in mitochondria through oxidative phosphorylation (Murakami 2006). 

The glutathione metabolism comprises biosynthesis of GSH, the detoxification of ROS by oxidation of 

GSH to the oxidised form and the catalysis of conjugation of toxic residues, e.g. from lipids which 

were peroxidised to GSH to detoxify them (Brink et al. 2009). Brink et al. have found an age-

dependent regulation of genes involved in glutathione metabolism such as Gclm, Gpx1, Gpx3, Gsta2 

and Gstm2 in the cardiac tissue of aged mice (Brink et al. 2009). Moreover, glutathione metabolism 

changes during pluripotency induction as described in a recent study. The same study reported higher 

levels of glutathione and of GPX2 (glutathione peroxidase 2) in iPS cells compared to fibroblasts. This 

enhanced protection from DNA damage as well as decreased oxidative stress in iPS cells 

(Dannenmann et al. 2015) 

Although the remodelling of processes involve in ROS maintenance and metabolic stability during 

pluripotency induction were described, it is still unclear which impact the age has on these processes 

when human mesenchymal stem cells are reprogrammed to induced pluripotency.  

 

1.5.6 Changes in the cytoskeleton and adhesion during reprogramming 

The tension and the state of the cytoskeleton are associated with regulation of self-renewal and 

differentiation in pluripotent stem cells. This was reported to be mediated by rho-associated kinase, 

myosin II and E-cadherin, which control the self-renewal, differentiation and survival of pluripotent 

stem cells (James et al. 2005, Xu et al. 2005). During pluripotency induction, mesenchymal-to-

epithelial transition (MET) was described to be an important step. In particular, mesenchymal 

transcription factors are down-regulated and epithelial markers such as E-cadherin are induced 

(Lamouille et al. 2014). The regulation of the remodelling of the cytoskeleton by novel kinases during 

MET in reprogramming has been described recently (Hu et al. 2014, Sakurai et al. 2014). Moreover, 

cytoskeleton-associated molecules are involved in the maintenance of pluripotency (Jiang et al. 2013). 

However, the impact of age-specific changes of the cytoskeleton in MSCs during pluripotency 

induction is not clear. Likewise, nothing is known about a potential effect of donor age of human 

MSCs on adhesion-associated processes during reprogramming. In addition, whether ageing leads to 
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particular patterns of gene expression of adhesion-associated genes in MSC-iPSCs remains to be 

elucidated. 

1.6 Redifferentiation of pluripotent cells to mesenchymal stem cell-

like cells (iMSCs) 

1.6.1 Differentiation methods 

Various publications described the derivation of mesenchymal stem cell-like cells from embryonic 

stem cells and from iPS cells (Barberi et al. 2005, Fukuta et al. 2014, Hwang et al. 2008, Lian et al. 

2007, Liu et al. 2012, Luzzani et al. 2015, Olivier et al. 2006, Trivedi and Hematti 2007, Trivedi and 

Hematti 2008, Villa-Diaz et al. 2012). Moreover, Chen et al. reported a simple method to derive 

iMSCs from pluripotent cells, which is also used in this work. The study described that the application 

of the TGF-β receptor inhibitor SB-431542 to pluripotent stem cells and subsequent passaging of the 

cells by trypsinisation in different seeding densities resulted in the generation of iMSCs. The 

generated iMSCs met all criteria of mesenchymal stromal cells (Yen Shun Chen et al. 2012). The 

treatment of pluripotent stem cells with the inhibitor SB-431542 that blocks the phosphorylation of 

TGF-β receptors ALK4, ALK5, and ALK7 and therefore phosphorylation of SMAD2 resulted in a 

lower expression of pluripotency-associated genes and induced differentiation (Galvin et al. 2010).  

1.6.2 Properties of iMSCs and similarity to primary MSCs 

Most studies reported that the generated iMSCs showed the typical immunophenotype, which is 

defined by positivity for CD105, CD73 and CD90 and negativity for hematopoietic markers. 

Therefore, iMSCs met the minimal criteria for MSCs described by The International Society for 

Cellular Therapy (Dominici et al. 2006). However, different surface-marker expression patterns of 

iMSC were reported. ESC-derived iMSCs by Olivier et al. were CD73 and CD105 positive. Yet the 

cells also expressed SSEA4 (Olivier et al. 2006), which is a marker of pluripotency. In addition, 

iMSCs derived in the study of Hwang et al. did not express CD73 (Hwang et al. 2006). Furthermore, 

most studies demonstrated the potential iMSCs to differentiate into osteoblasts, adipocytes and 

chondrocytes as described by the International Society for Cellular Therapy (Dominici et al. 2006). 

Yet; lower efficiency of adipogenesis from iMSCs has been described by several studies using various 

protocols (Boyd et al. 2009, Yen Shun Chen et al. 2012, Diederichs and Tuan 2014, Frobel et al. 2014, 

Kang et al. 2015). In a further study, hMSCs were reprogrammed to iPS cells using lentiviral 

expression of OCT4, SOX2, KLF4 and c-MYC from one vector. In that study iMSCs were generated 

with four distinct derivation protocols and compared to their parental origin. The MSC-like surface 

marker profile was confirmed in the iMSCs. However, the generated iMSCs were reported to 
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differentiate less efficiently into osteoblast than into adipocytes and chondrocytes and to show distinct 

gene expression patterns compared to their parental primary hMSCs (Diederichs and Tuan 2014). 

1.6.3 Application potential  

It has been suggested that iMSCs represent a more standardised cell type which could be used for 

regenerative approaches and circumvent variability in primary MSCs (Diederichs and Tuan 2014). IN 

this respect, bone formation of iMSCs in vivo was described by several studies (Arpornmaeklong et al. 

2010, Bilousova et al. 2011, Diederichs and Tuan 2014, Hu et al. 2010, Koyama et al. 2013, Kuhn et 

al. 2014, Mahmood et al. 2010). Furthermore, the potential in regeneration of cartilage defects could 

be confirmed (Nejadnik et al. 2015, Wang et al. 2014, Zhang et al. 2013). Additional applications of 

iMSCs were described in various studies (Xiao Chen et al. 2012, de Peppo et al. 2010, Deyle et al. 

2012, Gruenloh et al. 2011, Hajizadeh-Saffar et al. 2015, Himeno et al. 2013, Hu et al. 2015, Kimbrel 

et al. 2014, Yang et al. 2014, Jieyuan Zhang et al. 2015). 

1.6.4 Ageing-related properties in derivatives of iPS cells 

As described above, ageing features are in part remodelled during reprogramming, and even higher 

age does not represent an unsurmountable roadblock in reprogramming. Despite this, it is not yet well 

understood whether the aspects of ageing are reintroduced upon differentiation of iPS cells from aged 

backgrounds compared to iPS cells with a younger background (Mahmoudi and Brunet 2012, Rohani 

et al. 2014). Concerning this, it was reported that mitochondria are reverted into a developmentally 

younger state, which is similar to ESCs during reprogramming. Yet, it is not clear to which extent the 

mitochondria return to their initial age and development-related phenotype (Armstrong et al. 2010). 

Yet, fibroblasts differentiated from iPS cells derived from an aged donor displayed rejuvenated 

mitochondrial properties indicating the maintenance of the rejuvenated state (Prigione and Adjaye 

2010, Suhr et al. 2009). A further study reported a rejuvenation of the stress response in mitochondria 

in iPS-derived fibroblasts (Lapasset et al. 2011). In addition, metabolism and signalling processes 

associated with mitochondria were reset to a state similar to the parental cells upon redifferentiation of 

fibroblast iPS cells in a further study (Prigione et al. 2010). Furthermore, the premature senescence of 

fibroblasts derived from centenarians and the iPS generation from these cells were described. Notably, 

fibroblasts derived from the respective iPS cells did not show signs of premature senescence indicating 

a rejuvenation through pluripotency induction (Lapasset et al. 2011). However, several cell types 

differentiated from iPS cells were described to undergo early senescence compared to cells derived 

from ESCs (Feng et al. 2010). Yet, Gokoh et al. described differentiated cells from iPS cells, which 

did not show the same early senescence (Gokoh et al. 2011). The most extensive study on the changes 

of ageing-associated features during reprogramming and redifferentiation is the study by Miller et al.. 

In this study the change of ageing aspects such as DNA-damage response, γH2AX DNA damage foci, 

age-related increased ROS, epigenetic features, changes associated with the lamina of the nucleus, 
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number of senescent cells and length of telomeres were investigated in iPS cell derived from old donor 

fibroblasts and re-differentiated fibroblasts. All ageing aspects were reset to a younger state upon 

reprogramming and ageing-like features were not re-introduced when the iPS cells were re-

differentiated into fibroblast-like cells indicting a permanent reset of the ageing processes (Miller et al. 

2013). However, mesenchymal stem cells and vascular smooth muscle cells re-differentiated from iPS 

cells derived from patients suffering from an accelerated ageing syndrome called Hutchinson-Gilford 

progeria (HGPS) displayed again ageing features similar to the parental cells, which could not be 

detected in the pluripotent state (Liu et al. 2011, Zhang et al. 2011). On the other hand, 

reprogramming-induced rejuvenation interferes with modelling of the molecular pathology of late 

onset diseases of the nervous system (Srikanth and Young-Pearse 2014). These studies indicate that 

although in some cases ageing features are re-introduced upon redifferentiation, redifferentiation 

mostly results in a rejuvenated cell type. Whether this rejuvenation depends on the age of the donor in 

particular in hMSCs and respective iPS cells and iMSCs remains to be determined. 

  

1.6.5 Transcriptional and epigenetic aspects of ageing in iMSCs 

Although it has been reported that iMSCs fulfilled the minimal criteria of MSCs defined by the 

International Society for Cellular Therapy (Dominici et al. 2006), differences between hMSCs and 

iMSCs were reported in particular when the transcriptomes were compared to primary hMSCs (Barbet 

et al. 2011, Karlsson et al. 2009, Kopher et al. 2010, Lee et al. 2010). Concerning the similarity 

between the transcriptomes, a recent study compared the transcriptomes of primary MSCs and iMSCs 

derived from hESCs. The same study reported that the iMSCs showed gene expression related to an 

immature developmental state in between primary MSCs and the pluripotent stem cells they were 

derived from (Barbet et al. 2011). In addition, iMSCs generated from hMSC-derived iPS cells showed 

distinct gene expression patterns compared to their parental primary hMSCs (Diederichs and Tuan 

2014). Moreover, the methylation of DNA has been described to have a role in ageing (Horvath 2013). 

A recent study described the successful generation of iMSCs from primary hMSCs of 56- to 73-year-

old donors, which showed the required properties characterising MSCs in terms of immunophenotype 

and capacity to differentiate into osteoblasts and chondrocytes. Yet, the loss of age-related epigenetic 

features was described for iMSCs. However, the same study reported a high similarity between the 

transcriptomes of iMSCs and their corresponding primary MSCs although they were derived from 

aged patients (Frobel et al. 2014). In contrast to that, the presence of ageing-related features in MSCs 

derived from patients with Hutchinson Gilford Progeria has been reported (Zhang et al. 2011).  

These studies show that knowledge about the effect of the somatic donor cell and donor age on 

features of iMSCs has to be broadened further. This will provide more detailed insights into 

applicability and regenerative potential of iMSCs. In particular, there are no studies comparing iMSCs 

of a young and aged background which were derived from primary hMSCs. Likewise, nothing is 



 

 

28 

known about the effect of donor age on the gene expression associated with ageing processes such as 

senescence, response to oxidative stress and DNA damage repair in iMSCs derived from fetal and 

aged hMSCs. In addition, it is not known whether ageing-related gene expression patterns are reverted 

to a more fetal-like state when iMSCs are generated from hMSCs of aged donors. In this respect, the 

direct comparison of iPS cell and iMSC generation from a fetal and aged donor hMSCs would help to 

get more insight into these aspects. In addition, the effect of reprogramming technology in this context 

is not known and comparison of viral and episomal plasmid-based reprogramming and subsequent 

iMSC generation from fetal and aged MSCs would elucidate these aspects. Finally, the analysis of the 

gene expression patterns would help to understand the extent of reflection of age in hMSC-derived iPS 

cells and its maintenance in the corresponding iMSCs. 
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1.7 Aim of this work 

This study seeks to provide more detailed knowledge about the effect of donor age and age-related 

features in human bone marrow-derived mesenchymal stem cells on the process of the generation, the 

features of the derived iPS cells and on corresponding iMSCs. These efforts aim to provide insights 

into the applicability of iPS and iMSC-based approaches to change ageing features in hMSCs from 

elderly donors in comparison to fetal hMSCs as a very young cell type. In order to reach the aim, the 

following questions will be addressed using the described approaches: 

 

 What are age-related differences between fetal hMSCs and hMSCs of aged donors that 

potentially could interfere with reprogramming of hMSCs into iPS cells? 

-Comparative characterisation of primary hMSCs of fetal and aged background in 

terms of surface marker expression and trilineage differentiation potential. 

-Comparative characterisation of ageing-related features, such as intracellular ROS 

levels, senescence, cell cycle regulation and comparative transcriptome analysis based 

on microarray data of primary hMSCs of fetal and aged background. 

 

 Can hMSCs derived from aged individuals be reprogrammed to pluripotency with the same 

efficiency as hMSCs with fetal background and can the manipulation of known pathways 

implicated in aging improve the efficiency of iPS generation from aged hMSCs? 

-Comparative reprogramming of fetal hMSCs and hMSCs from elderly donors using 

retroviral and non-viral reprogramming.  

-Comparative reprogramming under conditions known to modulate reprogramming 

efficiency and to modulate ageing-associated features and signalling. 

-Characterisation of the generated iPS cells in terms of pluripotency and somatic 

origin. 

 

 Are MSC-specific features and aspects of aging reflected in iPS cells reprogrammed from 

hMSCs of fetal and high age origin?  

-Detection of ageing-related fetaures, such as DNA damage and ROS in hMSC-iPS 

cells of different age backgrounds. 

-Comparison of retained donor cell-specific gene expression patterns in iPSCs of fetal 

and aged background. 

-Analysis of gene expression patterns comparing hMSC-iPSCs with fetal and aged 

background based on gene sets specific for ageing-related processes. 
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-Analysis of retained gene expression related to osteogenesis in hMSC-derived iPS 

cells compared to fibroblast-derived iPS cells and of a potential effect of donor cell 

background on osteoblast differentiation. 

 Can hMSC-iPSCs be re-differentiated to iMSCs and are features of ageing or rejuvenation 

reflected in iMSCs of fetal and high age origin? 

-Derivation of iMSCs from hMSC-iPSCs of fetal and aged background and from 

hESCs. 

-Characterisation of surface marker expression and trilineage potential. 

-Analysis of age-related gene expression patterns in iMSCs of fetal and aged 

background based on gene sets specific for ageing-related processes. 

-Comparison of the transcriptional profiles of iMSCs with primary hMSCs of 

different age background. 
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2 Materials and Methods 

2.1 Ethics statement 

Fetal hMSCs and aged hMSCs were kindly provided by Professor Richard Oreffo of the Bone and 

Joint Research Group, Institute of Developmental Sciences, Southampton General Hospital, 

Southampton, United Kingdom. Primary hMSCs fetal hMSC 1, fetal hMSC 2 and fetal hMSC 3 were 

isolated from human fetal femur that was obtained after termination of pregnancy according to 

guidelines issued by the Polkinghorne Report and with approval of from the Southampton & South 

West Hampshire Local Research Ethics Committee. Primary aged hMSC (60y), aged hMSC (62y) and 

aged hMSC (70y) were isolated from the bone marrow and used after written informed consent of the 

patient. Ethical approval was obtained from the Southampton & South West Hampshire Local 

Research Ethics Committee. Aged hMSC (74y) were kindly provided by Professor Georg Duda and 

Dr. Sven Geissler of the Julius Wolff Institute, Charité - Universitätsmedizin Berlin, Berlin, Germany. 

Aged hMSC (74y) were isolated and used with written informed consent of the patient and the use of 

the cells was approved by the research ethics board of the Charite - Universitätsmedizin, Berlin. 

2.2 Cell culture 

Mesenchymal stem cells were maintained under normoxic conditions in an incubator (INNOVA CO-

170 Incubator, New Brunswick Scientific) under humidified atmosphere at 37°C and 5% CO2. 

Pluripotent cells were maintained under hypoxic conditions in a hypoxia incubator (C-200, 

LABOTECT) at 37°C, 5% CO2 and 5% O2. Reprogramming experiments were conducted under 

hypoxic or normoxic conditions. Cell culture procedures were carried out under aseptic conditions 

under clean benches with laminar flow (HeraSafe, Thermo Scientific). 

2.2.1 Primary cells and cell lines 

The primary hMSCs fetal hMSC 1, fetal hMSC 2, fetal hMSC 3, aged hMSC (60y), aged hMSC (62y), 

aged hMSC (70y) used in the course of this thesis were isolated in the Bone and Joint Research Group, 

Institute of Developmental Sciences, Southampton General Hospital, Southampton, United Kingdom 

and were transported to the Max Planck Institute as cryopreserved samples. The primary aged hMSC 

(74y) were isolated at the Julius Wolff Institute, Charité, Berlin, Germany. The reprogramming of 

aged hMSC (74y) was described as part of my master thesis (Megges 2010). The further 

characterisation of aged hMSC (74y) and the respective iPS cell line as well as corresponding iMSCs 

were carried out as part of this PhD thesis. All cells used in the experiments of this work are listed in  

Table 1. 
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Table 1 Primary hMSCs, pluripotent cell lines and iMSCs.  

Name Sex Age of donor Isolated from Received from 

fetal hMSC 1 m 55 days post conception bone marrow of femur    Bone & Joint Research Group, Southampton General Hospital

fetal hMSC 2 m 55 days post conception bone marrow of femur    Bone & Joint Research Group, Southampton General Hospital

aged hMSC (60y) f 60 years bone marrow of hip bone    Bone & Joint Research Group, Southampton General Hospital

aged hMSC (62y) f 62 years bone marrow of hip bone    Bone & Joint Research Group, Southampton General Hospital

aged hMSC (70y) f 70 years bone marrow of hip bone    Bone & Joint Research Group, Southampton General Hospital

aged hMSC (74y) f 74 years bone marrow of hip bone  Julius Wolff Institute, Charité, Berlin 

Name Derived from Reprogramming method 

iPSC (hMSC, fetal line 1, viral) fetal hMSC 1 retroviral transduction 

iPSC (hMSC, fetal, line 1, episomal 1) fetal hMSC 1 episomal plasmids 

iPSC (hMSC, fetal, line 1, episomal 2) fetal hMSC 1 episomal plasmids 

iPSC (hMSC, 62y, episomal) aged hMSC (62y) episomal plasmids 

iPSC (hMSC, 74y, viral) aged hMSC (74y) retroviral transduction 

Name Purchased from Cell line Sex

hESC H1 WiCell Research Institute WA 01 male 

hESC H9 WiCell Research Institute WA-09 female

Name Derived from

iMSC (fetal, line 1, viral) iPSC (hMSC, fetal line 1, viral)

iMSC (74y, viral) iPSC (hMSC, 74y, viral)

iMSC (hESC H1) hESC H1

primary hMSCs

induced pluripotent cell lines

human embryonic stemm cell lines 

iMSC preparations

 

 

HEK293T: transformed Human Embryonic Kidney cell line (Max Planck Institute for Molecular 

Genetics, Berlin) 

Mouse Embryonic Fibroblasts (MEFs): MEFs were isolated from pregnant female mice (CF-1, Harlan, 

USA) after they were sacrificed by a technician of the Max Planck Institute for Molecular Genetics 

Berlin.  

The iPS cell line iPSC (hFF, viral) was generated by Dr. Ying Wang, a post-doc in the Molecular 

Embryology and Ageing Group at the Max Planck Institute for Molecular Genetics, Berlin. The 

respective iPS cell line was generated using the same retroviral approach for reprogramming as for 

iPSC (hMSC, 74y, viral), however without addition of inhibitors. In this work, the transcriptome data 

of iPSC (hFF, viral) were used that were detected by microarray.  

2.2.2 Isolation of primary bone marrow-derived mesenchymal stem cells 

Fetal hMSC 1, fetal hMSC 2 and fetal hMSC 3 were isolated from bone marrow of fetal femur as 

previously described (Cheung et al. 2014). Primary aged hMSC (60y), aged hMSC (62y) and aged 

hMSC (70y) were isolated from the bone marrow of the hip bone. Primary hMSCs aged hMSC (74y) 

were isolated at the Julius Wolff Institute, Charité, Berlin, Germany, from bone marrow aspirates from 

the hip bone in an operation. After separation by density gradient centrifugation the part of the bone 

marrow containing mononuclear cells was seeded in cell culture dishes in order to isolate hMSCs via 

plastic adherence. All primary hMSCs were transported to Max Planck Institute for Molecular 

Genetics as cryopreserved samples. 
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2.2.3 Maintenance and expansion of hMSCs, mouse embryonic 

fibroblasts (MEFs) and iMSCs  

After being defrosted, MEFs were initially seeded at a density of 3000 cells per cm2 and split in a ratio 

of 1:6 when subconfluent. hMSCs were seeded at a density of 1000cm2. MEFs were cultured in MEF 

maintenance medium (7.1.1.1). hMSCs and iMSC were cultured in hMSC maintenance medium 

(7.1.1.2). The seeding density of iMSCs was 1000cm2 after passage four. This seeding density was 

maintained when hMSCs were split when subconfluency was reached. To split the cells, the medium 

was removed with a pump and sterile glass pipette. As a next step, the cells were washed with PBS 

without Magnesium and Calcium ions for three times. Subsequently, 0.01% Trypsin/EDTA (Life 

Technologies) was used to detach the cells from the surface by applying a volume enough to cover the 

surface of the dish and keeping the dish at 37°C and 5% CO2 until full detachment was reached. At 

this point, the trypsin was inactivated by adding 2.5-10ml culture medium containing FBS depending 

on the size of the dish. The cell suspension was collected in tubes with conic ends (Falcon) and spun 

down for 5min at 500 x g. The supernatant was removed and the cell pellet was resuspended for cell 

counting using a Neubauer haemocytometer. After the calculation of the cell number, the volume of 

the cell suspension was adapted to reach a concentration that seeding the cells in the respective 

seeding density could be carried out. For seeding the new cell culture, the dish was filled with the 

appropriate volume of culture medium and the cell suspension was applied containing the calculated 

amount of cells. The cells were evenly distributed before the dish was placed into an incubator. 

Growth of the cells was controlled using a bright-field microscope. Medium change was carried out 

every three days. 

2.2.4 Freezing and thawing of primary hMSCs, MEFs and iMSCs  

hMSCs or MEFs were washed, detached and spun down as described in the previous section. To 

freeze hMSCs, the cell pellet was resuspended in hMSC freezing medium containing 10% DMSO 

HYBRY Max, sterile filtered (Sigma-Aldrich, D26509) and 90% FBS (Biochrom AG). To freeze 

MEFs and mitotically inactivated MEFs, the cell pellet was resuspended in MEF freezing medium 

containing 10% of DMSO HYBRY Max, sterile filtered (Sigma-Aldrich, D26509), 40% of DMEM 

(High Glucose, Life Technologies) and 50% of FBS (Biochrom AG). The mix was shared to cryovials 

and put into a freezing container (Nalgene). After an overnight incubation at -80°C the cryovials were 

transferred into liquid nitrogen tanks with appropriate racks at -196°C. To thaw hMSCs, MEFs and 

iMSCs, the cryovials were transferred from liquid nitrogen to a 37°C water bath to quickly defrost. 

The cryovial was then sterilised using 70% Ethanol before it was opened under a laminar flow hood. 

Medium warmed to 37°C was prepared and the thawed cell suspension was resuspended in 10ml of it 

using a 1ml pipette for this procedure. Subsequently, the defrosted cells were spun down for 5min at 

500 x g, the supernatant was removed and the cell pellet was resuspended in 10ml culture medium for 
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assessment of the number of living cells using Trypan Blue (Sigma-Aldrich, 72-57-1) and a Neubauer 

counting chamber. The concentration of living cells in the suspension was calculated on the base of 

trypan blue negative cells and the respective number needed to reach the wished seeding density was 

transferred to the cell culture dish, which contained fresh culture medium.  

2.2.5 Maintenance and expansion of pluripotent cells  

iPS cells and human embryonic stem cells were cultured in six well cell culture plates coated with 

Matrigel and inactivated feeder cells using unconditioned medium (7.1.1.3) supplemented with 4ng/ml 

FGF2. The cells were split when colonies covered 80% of the well surface. When the cells had not 

grown enough to be split after one week the maintenance medium was switched to conditioned 

medium supplemented with 4ng/ml FGF2. The medium was changed every day using 2.5ml -4ml per 

well depending on the confluence. One day before passaging the cells, inactivated MEFs (feeder cells) 

were seeded onto Matrigel-coated six well plates at a density of 2x105 cells per well of a six well plate 

and cultured in MEF maintenance medium until the next day. Directly before splitting, the feeder cell 

coated cell culture dishes were washed with PBS for three times and unconditioned medium was 

warmed to 37°C and supplemented with 4ng/ml of FGF2 and subsequently added to the culture dish 

using 2ml of medium per well.  

To passage the cells they were cut manually using a BD MicrolanceTM 3 injection needle (Becton 

Dickinson) and a Stereo Microscope of the model Leica MZ 95 under a HERAguard Clean Bench 

(Heraeus, Thermo Fischer Scientific). By using the needle, the undifferentiated cells detached from the 

surface. The old medium was removed and the cut colonies were washed with PBS twice. Next 1ml of 

unconditioned medium was added to each well and the pluripotent stem cell colonies were detached 

from the surface by scraping using a cell scraper. The suspension was mixed and distributed to three 

prepared wells resulting in a 1:3 split ratio, which was used for the maintenance of all pluripotent cell 

lines in this study. The seeded pluripotent cells were distributed evenly in the well by agitation and 

carefully placed in the middle of a shelf in the incubator under hypoxic conditions for attachment. 

2.2.6 Mitotic inactivation of mouse embryonic fibroblasts 

MEFs were cultured in 150cm2 tissue culture dishes until 80% confluence was reached. In addition, 

MEFs were only cultured until passage 2 before they were inactivated. To inactivate them, MEFs were 

cultured in MEF maintenance medium containing 10μg/ml of mitomycin c (Roche) for 2h at 37°C. 

Subsequently, the inactivation medium was removed and the cells were washed three times with PBS, 

detached using trypsin and either seeded immediately as feeder cells for maintenance of pluripotent 

stem cells or cryopreserved and stored at 196°C.  
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2.2.7 Preparation of Matrigel-coated plates 

In order to avoid the polymerisation, Matrigel (Becton Dickinson) was slowly defrosted overnight at 

4°C. Subsequently, a stock solution was prepared by adding the appropriate amount of KnockoutTM 

DMEM to the thawed Matrigel solution for a final concentration of 5mg/ml. The stock solution was 

then aliquotted on ice in pre-cooled 15ml plastic tubes and stored at -20°C. To coat cell culture dishes 

using Matrigel, a frozen vial of the 5mg/ml stock solution was resuspended using 14ml 4°C cold 

KnockoutTM DMEM for 1ml of the stock solution. 1ml per well of a six well plate of the 4°C Matrigel 

suspension was then transferred to the surface of the cell culture dish and distributed to cover the 

whole bottom of the well. The cell culture plates were subsequently wrapped with Para film and left 

overnight at 4°C for polymerisation of the Matrigel. Before use, the leftover Matrigel solution was 

removed and washed with PBS twice before using it for feeder-free maintenance of pluripotent stem 

cells. 

2.2.8 Preparation of conditioned medium 

Conditioned medium was used to culture pluripotent stem cells under feeder-free conditions and after 

one week of culture on feeder cells to ensure maintenance in the pluripotent state. First, mitotically 

inactivated MEFs were seeded in 150cm2 cell culture flasks at a density of 5.6x104 cells/cm2. After 

attachment of the MEFs, the medium was removed and the cells were washed four times using PBS. 

Next, the medium was replaced with unconditioned medium supplemented with 4ng/ml FGF2 using a 

volume of 0.5ml/cm2. The cell culture dish was placed in an incubator under normoxic conditions for 

24 h and the conditioned medium was collected. The medium was changed another six times. Finally, 

the collected conditioned medium was pooled, frozen and stored at -80°C. For use in feeder-free 

maintenance of pluripotent stem cells, the conditioned medium was defrosted and supplemented with 

4ng/ml of FGF2.  

2.2.9 Feeder-free maintenance of pluripotent stem cells 

Pluripotent stem cells were cultured without feeders before isolation of RNA and DNA, before being 

injected when tested in the Teratoma assay and before being differentiated into Osteoblasts or iMSCs. 

The pluripotent stem cells were seeded onto Matrigel-coated plates. For maintenance, conditioned 

medium supplemented with 4ng/ml FGF2 was used. In addition, mTeSR 1 (Stem Cell Technologies) 

was used for feeder-free culture of hMSC-iPSCs.  

2.2.10 Freezing and thawing of pluripotent cells 

For cryopreservation of pluripotent stem cells, they were cut into pieces and detached from the surface 

using a cell scraper as described for passaging. The cell suspension was spun down for 5min at 500 x g 

and 4ºC. The supernatant was removed and the cell pellet was resuspended in pluripotent stem cell 
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freezing medium containing 10% DMSO (Sigma-Aldrich), 40% KnockoutTM DMEM (Life 

Technologies) and 50% Knockout TM Serum Replacement (Life Technologies). Subsequently, the 

freezing medium mixed with cell clumps was transferred to cryovials and put into a freezing container 

(Nalgene) which was placed in a -80°C freezer overnight. On the next day, the cryovials were 

transferred into liquid nitrogen tanks with appropriate racks at -196°C. 

To defrost pluripotent stem cells, the cryovial was removed from the liquid nitrogen tank and 

defrosted in a 37°C water bath. The defrosted cell suspension was quickly transferred into 10ml of 

conditioned medium, which was pre-warmed, to 37°C under aseptic conditions. The solution was spun 

down at 500 x g and 4ºC for 5min and the supernatant was removed. The cell pellet was resuspended 

in unconditioned medium suppelemented with 8ng/ml FGF2 and seeded onto feeder coated cell 

culture dishes with a culture volume of 2.5ml per well of a six well plate. 10µM Rho-associated kinase 

(ROCK) inhibitor Y-27632 (Tocris, 1254) were added to the culture medium to support the attachment 

of the pluripotent stem cells as previously described (Watanabe et al. 2007) 

2.3 Analysis of nucleic acids  

2.3.1 Isolation of genomic DNA 

Genomic DNA was isolated in order to be used in PCR applications to analyse the somatic origin of 

iPS cells generated and to detect sequences of episomal plasmids. To isolate genomic DNA, the 

pluripotent cells were cultured under feeder free conditions. The FlexiGene DNA Kit (Qiagen) was 

used to isolate genomic DNA following the instructions of the manufacturer. hMSCs were trypsinised, 

whereas pluripotent cells were detached by scraping. The cells were spun down at 300 x g, for 5min. 

The supernatant was removed and the cell pellet was resuspended in 300µl FG1 buffer and transferred 

to a 1.5ml micro tube followed by addition of 300µl FG2 buffer containing 3µl Quiagen protease 

provided with FlexiGene DNA Kit and a 10min incubation at 65ºC. After the incubation the 600µl 2-

propanol were added and the suspension was mixed thoroughly until the DNA precipitated. This was 

followed by a centrifugation step for 3min at 10,000 x g and subsequent removal of the supernatant. 

The tube was left to dry for a short time and 600μl 70% ethanol were added and the mix was vortexed 

for 5s. Next, the solution was centrifuged at 10,000 x g for 3min. After discarding the supernatant the 

DNA pellet at the bottom of the tube was left to dry for 5min. Finally, the pellet was dissolved in 

200μl of buffer FG3 by vortexing for 5s at low speed and an incubation for 30min at 65°C. The 

isolated DNA was stored at -80°C after the concentration was measured and the quality was checked 

with a spectrophotometer type NanoDrop® ND-1.000. 

2.3.2 Polymerase chain reaction 

PCR was used to detect specific sequences of episomal plasmids in iPS cell lines generated with the 

episomal plasmid-based non-viral method and for DNA fingerprinting.  
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Reaction mix for one DNA sample:  

 

2.5μl        10 x B1 buffer (7.1.2.1) 

0.2µl   dNTP-Mix (dATP, dCTP, dGTP, dTTP each 25mM) 

0.5μl       50μM forward primer 

0.5μl       50μM reverse primer 

0.4µl   Taq DNA Polymerase (10U/µl) 

0.1µl  Pfu DNA Polymerase (10U/µl) 

Equivalent volume for 50ng template DNA  

ad 25µl      ddH2O  

 

The PCR reaction was conducted in a Dyad thermal cycler (BioRad, Hercules, CA) using the 

following programs: 

 

DNA fingerprinting:  

Initial denaturation 94°C for 2min 30s, denaturation 94°C for 1min, primer annealing 56°C for 1min, 

primer extension 72°C for 1min, final extension 72°C for 10min for 40 cycles followed by a final hold 

at 4°C.  

 

Episomal plasmid-specific sequence detection: 

Initial denaturation 94°C for 5min, denaturation 94°C for 15s, primer annealing 55°C for 30s, primer 

extension 68°C for 1min, final extension 68°C for 7min for 35 cycles followed by a final hold at 4°C.  

The primers sequences used in the respective PCR reaction are listed in Table 2. 

2.3.3 Agarose and acrylamide gel electrophoresis  

Products of PCR reactions used to detect sequences within episomal plasmids were separated using 

2% agarose gels and subsequent electrophoresis. The PCR products of the DNA fingerprinting PCR 

used for characterisation of iPSC (hMSC, 74y, viral) were separated in 3.5% agarose gels. Isolated 

RNA was quality-checked using 1.5% agarose gels. The PCR products of the fingerprinting PCR of all 

other hMSC-iPS cell lines were separated in 4% acrylamide gels.  

Agarose gels were prepared using 200ml 1 x SB buffer (1:10 dilution of 10 x SB buffer in ddH2O, 

7.1.2.3) with the appropriate amount of Agarose (Sigma-Aldrich, A9539). The mixture was heated 

until clear using a microwave oven. After letting the mixture cool for a short amount of time 5µl of 

Ethidium Bromide solution (Sigma-Aldrich, E1510) was added. The solution was mixed thoroughly, 

cast in a casting chamber and left to polymerise. The polymerised gel was used for electrophoresis 

employing 1 x SB buffer as running buffer.  
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For electrophoresis 12µl of each sample were mixed with 6 x loading buffer (7.1.2.2) and the agarose 

gel was loaded with the mix. 1 x SB buffer was used as separation buffer. The electrophoresis was 

carried out at 100 V for 20-30min or longer, depending on the gel concentration. Perfect Plus 1 kb 

DNA ladder (Roboklon) was used as a marker of amplicon length.  

4% polyacrylamid gels were prepared using the following recipe: 

 

13.4ml    30% acrylamide:bis-acrylamide (29:1)  

20ml    5 x TBE (7.1.2.4) 

56ml    ddH2O   

750ul    10% ammonium persulfate   

85ul     TEMED 

 

The solution was mixed thoroughly and the gels were cast using a hand cast system. After the comb 

was put, the gel was left to polymerase for 1h. The polymerised gel was used in a Mini-PROTEAN® II 

electrophoresis cell (Biorad) using 1 x TBE buffer (1:5 dilution of 5 x TBE buffer in ddH2O) for 

separation. The samples were mixed with 6 x loading buffer and then loaded into the samples slots. 

The electrophoresis was carried out using 100V for 2h. For visualisation of the PCR product 

fragments, the gel was stained in 100ml distilled water containing 15µl of a 10mg/ml ethidium 

bromide solution. The DNA in agarose and polyacrylamide gels was visualised under UV light using 

AlphaImagerTM (Alpha Innotech). 

 

2.3.4 RNA isolation 

The RNeasy® Mini Kit (Qiagen) was used to isolate RNA for qRT PCR and microarray-based gene 

expression analysis. The RNA was isolated following the instructions of the manufacturer. In addition, 

the optional on-column DNAse treatment using the RNase-Free DNAse Set (Quiagen) was carried out.  

The medium of the cells was aspirated and the cells were washed with 37°C warm PBS. The cells 

were lysed with RLT buffer containing 10µl per 1ml β-mercaptoethanol and the lysate was transferred 

to a 1.5ml micro centrifuge tube. The lysate was vortexted for 1min and passed through a 20-gauge 

(0.9mm) BD MicrolanceTM 3 injection needle (Becton Dickinson) attached to a sterile plastic syringe 

for 10 times. As a next step, the lysates were transferred to RNeasy®-columns and 80µl DNAse I mix 

(70µl Buffer RDD mixed with 10µl DNAse I stock solution) of the RNase-free DNAse Set were used 

to perform on-column DNA digestion for 15min at RT. The following steps were carried out exactly 

following the manufacturer´s instructions. However, the RNA was eluted using two times 15µl of 

DEPC treated water followed by a 1-min-centrifugation at full speed. The isolated RNA was quality-

checked on a 1.5% agarose gel loading 200ng onto the gel for separation. In addition, the 
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concentration and quality parameters of the RNA were measured using spectrophotometer type 

NanoDrop® ND-1.000. 

2.3.5 Reverse transcription 

When the RNA sample could not be used for qRT PCR due to a too low concentration, it was 

concentrated by SpeedVac centrifugation using a Savant SPD131DDA SpeedVac concentrator. 

0.5-2µg of RNA were transcribed to cDNA, depending on the sample with the lowest concentration. 

The RNA samples isolated after the osteoblast, adipocyte and chondrocyte differentiation of hMCSs 

were merged from three wells of a six well plate or three cell pellets respectively. The primers used for 

real-time PCR in this work are listed in Table 2. 

The RNA was mixed with 0.05µl of a 1μg/μl oligo dT primer solution (Invitek) and with ddH2O to a 

final volume of 15µl. The sample mixes were incubated for 3min at 70°C in a Thermocycler PTC100 

(MJ Research Inc.). Subsequently, the samples were cooled on ice and a master mix was added with 

the following components per sample: 

 

5μl         5 x-reaction buffer (Promega) 

0.5µl   dNTP-Mix (dATP, dCTP, dGTP, dTTP each 25mM) 

0.1μl        MMLV (Moloney Murine Leukemia Virus) reverse transcriptase (200U/μl, USB) 

9.4μl        ddH2O  

The solution was incubated in a thermocycler of the model PTC100 (MJ Research Inc.) for 1h at 42°C. 

The reaction was stopped by an incubation at 65°C for 10min. The cDNA samples were stored at -

80°C until they were used for real-time PCR. 

2.3.6 Real-time PCR  

Determination of gene expression by real-time PCR was carried out using technical triplicates and a 

control in which ddH2O is used instead of the template (NTC, no template control). The cDNA was 

diluted in ddH2O before use with a ratio of 1:8 for 2µg of input RNA. The real-time PCR was carried 

out in 384-well Optical Reaction Plates (Applied Biosystems).  

The following target gene-related reaction mix was transferred to one well per reaction:  

 

3μl   SYBR®Green PCR Master Mix (Applied Biosystems) 

1μl          mix of 5µM forward and 5µM reverse primer  

2μl   ddH2O 

 

6µl of the reaction mix was mixed with 2µl of diluted cDNA. A reaction mix specific for the 

amplification of GAPDH served as endogenous control for normalisation of the samples. After the 
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reaction mixed were added the reaction plate was sealed and the real-time PCR reactions were 

conducted in an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). 

 

The following program was used for all real-time PCR reactions: 

 

stage 1: 50°C for 2min 

stage 2: 95°C for 10min 

stage 3: 95°C for 15s and 60°C for 1min, for 40 cycles 

stage 4: 95°C for 15s, 60°C for 15s and 95°C for 15s 

 

Stage 4 was carried out using a ramp rate of 2% in order to generate a dissociation curve of the 

products of the real-time PCR reactions. 

The measured data were analysed using the software SDS 2.2 (Life Technologies). The data were 

exported to Excel (Microsoft) and analysed according to the ΔΔCt method (Livak and Schmittgen 

2001). The measured mRNA expression was normalised against the mRNA expression of GAPDH. 

The data were presented as log2 ratio of the mRNA level measured in the sample over the value 

measured in untreated hMSCs with respect to standard deviation.  

2.3.7 Primers 

The primers used in this work for PCR and real-time PCR are listed in Table 2.  

Table 2 Primer sequences used in PCR and real-time PCR reactions. 

Gene forward primer sequence (5´-3´) reverse primer sequence (5´-3´)

D7S796 TTTTGGTATTGGCCATCCTA GAAAGGAACAGAGAGACAGGG

D10S1214 ATTGCCCCAAAACTTTTTTG TTGAAGACCAGTCTGGGAAG

OriP TTCCACGAGGGTAGTGAACC TCGGGGGTGTTAGAGACAAC

EBNA ATCGTCAAAGCTGCACACAG CCCAGGAGTCCCAGTAGTCA

SV40LT AGTTTGTGCCAGGGTTTTTG ACTTCACCTTCCCTCCAACC

GAPDH GTGGACCTGACCTGCCGTCT GGAGGAGTGGGTGTCGCTGT

COL1A1 GGTCAGATGGGCCCCCG GCACCATCATTTCCACGAGC

PPARG CGTGGCCGCAGAAATGAC CACGGAGCTGATCCCAAAGT

LPL AGTAGCAGAGTCCGTGGCTA ATTCCTGTTACCGTCCAGCC

RUNX2 CTCGGGAACCCAGAAACCC GGCTCAGGTAGGAGGGGTAA

ALPL CTATCCTGGCTCCGTGCTC ACTGATGTTCCAATCCTGCG

BGLAP AAGGTGCAGCCTTTGTGTCC GGCTCCCAGCCATTGATACA

PCR: DNA fingerprinting

PCR: episomal plasmid detection 

qRT-PCR

 

2.3.8 Amplification of plasmid DNA  

The plasmids used in this work are listed in Table 3. 
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Glycerol stocks of plasmid carrying E.coli JM109 were expanded selectively using LB medium 

(7.1.3.1) supplemented with 100µg/ml ampicillin. The isolation of the plasmids was carried out using 

NucleoBond Xtra Maxi EF Kit (MACHEREY-NAGEL) following the instructions of the 

manufacturer. The plasmid integrity was tested using a 1% agarose gel. The yield of the plasmids was 

measured using a spectrophotometer type NanoDrop® ND-1.000. The identity of the episomal 

plasmids was tested by digestion with restriction enzymes. 

Table 3 Plasmids used for reprogramming experiments. 

plasmid name used for transgenes bacteria strain company 

pCMV-VSV-G retrovirus generation VSV-G envelope protein E.Coli JM109 8454, Addgene 

pUMVC3-gag-pol retrovirus generation gag, pol, viral packaging E.Coli JM109 4561, Addgene

pMXs-hOCT3/4 viral reprogramming OCT4 E.Coli JM109 17217, Addgene

pMXs-hSOX2 viral reprogramming SOX2 E.Coli JM109 17218, Addgene

pMXs-hKLF4 viral reprogramming KLF4 E.Coli JM109 17219, Addgene

pMXs-hc-MYC viral reprogramming c-MYC E.Coli JM109 17220, Addgene

pLIB GFP control of transduction GFP E.Coli JM110 PT3189-5, Clontech

pEP4 E02S EN2K episomal plasmid based reprogramming OCT4, SOX2, NANOG, KLF4 n/a 20925, Addgene

pCEP4-M2L episomal plasmid based reprogramming c-MYC, LIN28 n/a 20926, Addgene

pEP4 E02S ET2K episomal plasmid based reprogramming OCT4, SOX2, SV40LT, KLF4 n/a 20927, Addgene  

2.4 Microarray-based gene expression profiling  

2.4.1 Hybridisation on an Illumina Bead Chip  

The Illumina platform was used for microarray-based gene expression analysis of fetal hMSC 1, fetal 

hMSC 2, aged hMSC (60y), aged hMSC (62y), aged hMSC (70y), aged hMSC (74y), iPSC (hMSC, 

fetal, line 1, viral), iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, fetal, line 1, episomal 2), 

iPSC (hMSC, 62y, episomal), iPSC (hMSC, 74y, viral), hESC H1, iMSC (fetal, line 1, viral), iMSC 

(74y, viral) and iMSC (hESC H1). The RNA of one sample each was hybridised on an Illumina 

HumanHT-12 v3 Expression BeadChip.  

500ng of high quality total RNA were amplified and used for the generation of cRNA and biotin 

labelling (Illumina TotalPrep RNA Amplification Kit, Ambion). The labelled cRNA was hybridised to 

an Illumina HumanHT-12 v3 Expression BeadChip, washed and stained with Cy3-streptavidin on an 

Illumina BeadStation 500 platform. The mRNA levels were detected quantitatively by scanning of the 

fluorescence signals on the array. The RNA preparation, hybridisation and scanning were carried out 

by the company Alacris Theranostics, Berlin.  

 

2.5 Microarray data analysis  

2.5.1 Normalisation and detection of expressed genes 

The raw gene expression data were normalised and background-subtracted using the “rank invariant” 

algorithm of the Gene Expression Module, which is part of the GenomeStudio software (Illumina). To 
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exclude negative gene expression signals that may have been generated by background subtraction, a 

cut off was set. The software GenomeStudio compares the signal measured with negative control 

beads to calculate the probability that a gene is expressed. The result of this calculation is the 

“detection p-value”. A gene was considered to be expressed when the expression p-value was below 

0.01. The data were exported to Microsoft Excel (Microsoft) and the genes with a detection p-value 

below 0.01 were marked by conditional formatting to extract gene lists of expressed genes of each 

sample for further analysis.  

2.5.2 Extraction of differentially expressed genes and up or down-

regulated genes 

The significance of differential gene expression was calculated using GenomeStudio based on an 

Illumina custom model (Kuhn et al. 2004). Doing this a “differential p-value” was computed 

describing the probability that average signal intensity measured for two samples or sample groups is 

significantly different. The “differential p-value” was adjusted in GenomeStudio using the Benjamini 

and Hochberg false discovery rate (FDR) correction algorithm (Benjamini and Hochberg 1995). 

Geneexpression values with a FDR-corrected differential p-value at least below 0.05 were considered 

significantly different in terms of expression. From these genes up- and down-regulation was 

determined by calculating ratios of the average signal. Genes with a ratio higher than 1.5 were 

considered up-regulated, whereas genes with an average signal that is at least 1.5-fold lower were 

considered to be down-regulated. Gene lists of FDR-corrected differentially expressed genes and of 

significantly down- or up-regulated genes were  extracted using these thresholds in Microsoft Excel by 

conditional formatting. 

2.5.3 Calculation of correlations and hierarchical clustering 

dendrograms 

Correlations between the transcriptomes of the samples were calculated based on the Pearson 

correlation using the microarray-based transcriptome data and the software GenomeStudio.  

2.5.4 Generation of Venn diagrams  

Venn diagrams were generated using either expressed genes, differentially expressed genes or 

significantly up or down-regulated genes as input in the platform Venny 2.0 

(http://bioinfogp.cnb.csic.es/tools/venny/). 

2.5.5 Functional annotation of gene sets  

Functional annotation of gene lists was carried out using the platform DAVID Bioinformatics 

resources 6.7 (http://david.abcc.ncifcrf.gov/, (Huang et al. 2009)). Lists of official gene symbols or 

http://bioinfogp.cnb.csic.es/tools/venny/
http://david.abcc.ncifcrf.gov/
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Illumina IDs were used as input against human background. The functional annotation was carried out 

using the default settings of DAVID Bioinformatics resources 6.7. Annotation of expressed or 

regulated genes extracted with GenomeStudio was carried out in DAVID Bioinformatics resources 6.7 

by using the option pathways and the annotation to KEGG terms which are based on the database 

KEGG, by choosing the option general annotation to gene ontology (GO)-terms of biological 

processes named GO_BP_FAT, by choosing BIOCARTA, based on the database with the same name, 

or the option tissue-specific annotation with the category UNIGENE.  

2.5.6 Hierarchical clustering analysis of gene sets 

Lists of human gene sets annotated to the GO-terms osteoblast differentiation, cell cycle, senescence, 

response to oxidative stress, DNA-damage repair, ageing, regulation of senescence, oxidative 

phosphorylation, glutathione metabolism, glycolysis and insulin signalling were generated using 

AmiGO 2 version 2.3.1 (http://amigo2.berkeleybop.org/amigo, (Ashburner et al. 2000)). The average 

signals measured by microarray of the genes of these lists were extracted using Microsoft Excel. The 

extracted data were used for heat map generation and hierarchical clustering analysis based on the 

Pearson correlation or on the Euclidean distance of the gene expression patterns using TM4 

Microarray Software Suite, Multiple Experiment Viewer version 4.9 (http://www.tm4.org/mev.html, 

(Saeed et al. 2006, Saeed et al. 2003)) 

2.5.7 In silico determination of pluripotency 

In order to analyse whether hMSC-iPSCs are pluripotent based on the microarray gene expression data 

measured, the raw gene expression data (.idat files) were used as input for the platform PluriTest 

(www.pluritest.org, (Müller et al. 2011)) The similarity of the output based on Pearson correlation was 

used to generate a clustering dendrogram of the analysed samples.  

 

2.6 Immunofluorescence labelling of proteins and surface epitopes 

Before cells were subjected to immunofluorescence staining, they were fixed using 4% 

paraformaldehyde for 20min at RT. Subsequently, the cells were washed three times with PBS and the 

fixed cells were covered with fresh PBS and either stored at 4°C or stained immediately. To stain the 

fixed cells, they were permeabilised for 10min using 1% Triton X-100 in PBS. This was followed by a 

45min blocking step using 10% chicken serum 0.1% Triton X-100 in PBS at RT and the incubation 

with the primary antibody which was diluted in 10% chicken serum, 0.1% Triton X-100 in PBS for 1 

hour at RT or at 4°C overnight. The primary antibodies and dilutions that were used are listed in Table 

4. 200µl of the primary antibody solution were used per well of a 12 well plate. This was followed by 

three washes with PBS for 5min each and subsequent incubation with the secondary antibody which 

was diluted in 10% chicken serum, 0.1% Triton X-100 in PBS for 1 hour at RT in the dark under mild 

http://amigo2.berkeleybop.org/amigo
http://www.tm4.org/mev.html
http://www.pluritest.org/
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agitation. The secondary antibodies and dilutions used are listed in Table 4. Subsequently, the cells 

were washed another three times using PBS and incubated with 100ng/ml 4′,6-Diamidin-2-

phenylindol (DAPI) in PBS for 20min at RT to visualise the nuclei. Finally, the cells were covered 

with PBS.  

 

Table 4 Primary and secondary antibodies. 

human antigen dilution species raised in company catalogue number

Vimentin (VIM)  1:80 mouse Sigma-Aldrich V6630

 OCT4 (C-10)  1:100 mouse Santa Cruz sc-5279

SOX2 (Y-17)  1:100 goat Santa Cruz sc-17320

NANOG  1:100 mouse Abcam ab62734

GKLF  (H-180) 

(KLF-4)  1:100 rabbit Santa Cruz sc-20691

 c-Myc (N-262)  1:100 rabbit Santa Cruz sc-764

SSEA-1  1:100 mouse Millipore SCR001

SSEA-4  1:100 mouse Millipore SCR001

TRA-1-60  1:100 mouse Millipore SCR001

TRA-1-81  1:100 mouse Millipore SCR001

SOX17  1:50 goat R&D AF1924

AFP  1:300 mouse Sigma-Aldrich WH0000174M1

Smooth Muscle Actin (SMA)  1:100 mouse Dako Cytomation M0851

brachyury (T) (H-210)  1:300 rabbit Santa Cruz sc-20109

β-Tubulin III (TUJ1)  1:1000 mouse Sigma-Aldrich T8660

Nestin  1:200 mouse Chemicon MAB5326

8 Hydroxyguanosine (8-OHdG)  1:100 mouse Abcam ab48508

Phospho-Histone H2A.X (Ser139) (20E3)  1:400 rabbit Cell Signalig Technology  #9718

Phospho-p53 (Ser15) (16G8)  1:400 mouse Cell Signalig Technology  #9286

Alexa Fluor 488 conjugated goat anti-mouse IgG  1:300 goat Life Technologies A10667

Alexa Fluor 594 conjugated goat anti-mouse IgG  1:300 goat Life Technologies A11013

Alexa Fluor 488 conjugated chicken anti-goat IgG  1:300 chicken Life Technologies  A11006

Alexa Fluor 594 conjugated chicken anti-goat IgG  1:300 chicken Life Technologies  A11013

Alexa Fluor 488 conjugated donkey anti-rabbit IgG  1:300 donkey Life Technologies  A11015

Secondary antibodies

Primary Antibodies

Confirmation of pluripotency marker 

Embryoid body based differentiation 

 Immunofluorescence labeling of ROS induced DNA damage

Immunofluorescence labeling DNA double strand breaks

 Immunofluorescence labeling of DNA damage response signaling

 

2.7 Microscopy and quantitative image analysis  

2.7.1 Bright-field microscopy  

Frequent bright-field microscopy of cells in culture and reprogramming experiments was carried out 

using an inverted microscope model CK2 (Olympus). Bright-field pictures were taken by means of a 

digital camera Canon model Power shot A650IS through the ocular of the microscope. 
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2.7.2 Fluorescence microscopy  

The fluorophores conjugated to the secondary antibodies were detected with a confocal microscope of 

the model LSM 510 Meta (Zeiss) with a camera of the model Axio-Cam ICc3 (Zeiss) using the 

software Axiovision 4.9 for image acquisition. Images were saved as .zvi files and processed using the 

softwares Axiovision 4.9 and Image J. 

2.7.3 Quantification of ROS-induced DNA damage 

Pictures of immunofluorescence-labelled 8-OHdG were opened in ImageJ as .zvi files. The threshold 

in the blue channel was set in a way that the blue nuclei could be marked as regions of interest using 

the option “analyse Particles”. The marked regions were saved as regions of interest (ROI) using the 

ROI manager of the program. The area of the nuclei was marked in the green channel picture and the 

mean colour intensity was measured in the area of the nuclei in the green channel, resulting in a list of 

mean intensities measured for each particle or area of the nucleus. Subsequently, the median of the 

mean intensities was calculated and plotted with the standard deviation. A two-tailed unpaired 

Student's t test was used to determine the significance of the differences between the samples. A p-

value of <0.01 was considered significant.  

2.8 Fluorescence-activated cell sorting and data analysis 

2.8.1 Flow cytometry procedure 

Fluorescence-labelled cells were kept on ice after the staining procedure. The samples were measured 

using a flow cytometer of the model FACSCalibur (Beckton Dickinson) following the manufacturer's 

instructions. Before multicolour acquisition, a fluorescence compensation was conducted using a 

stained positive control for each fluorophore. The Forward Scatter (FCS) and Side Scatter (SSC) were 

adjusted to the measured cell type, so single cells could be analysed. The program CellQuestPro was 

used for data acquisition. The software Cyflogic was used to analyse the measured data.  

2.8.2 MSC surface marker staining 

hMSCs and iMSCs were detached using 0.05% Trypsin (Life Technologies), were washed with PBS 

and stained with fluorophore labelled MSC marker gene-specific antibodies against CD73, CD90, 

CD105 and CD45, CD34, CD14 and CD20 using the MSC Phenotyping Kit (Miltenyi) following the 

instructions of the manufacturer. This was done using a cocktail of fluorochrome-conjugated 

antibodies consisting of CD14-PerCP (clone: TÜK4, isotype: mouse IgG2a), CD20-PerCP (clone: 

LT20.B4, isotype: mouse Ig G1), CD34-PerCP (clone: AC136, isotype: mouse IgG2a), CD45-PerCP 

(clone: 5B1, isotype: mouse IgG2a), CD73-APC (clone: AD2, isotype: mouse IgG1), CD90-FITC 

(clone: DG3, isotype: mouse IgG1) and CD105-PE (clone: 43A4E1, isotype: mouse IgG1). A cocktail 
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of the following antibodies was used as isotype control: Mouse IgG1-FITC (clone: IS5-21F5), Mouse 

IgG1-PE (clone: IS5-21F5), Mouse IgG1-APC (clone: IS5-21F5), Mouse IgG1-PerCP (clone: IS5-

21F5) and Mouse IgG2a-PerCP (clone S43.10). The fluorophores were detected in the respective 

bandpass filter after compensation. 

2.8.3 Propidium iodide staining 

The cells were detached using 0.05% Trypsin (Life Technologies), were washed with PBS. 

Subsequently, the cell pellet was resuspended in 300µl cold PBS. The cells were fixed in cold 70% 

Ethanol in PBS using a vortexer with mild agitation, slowly adding 700µl of cold 100% Ethanol to the 

cell suspension. The cells were fixed for 30min in this solution and washed in PBS three times. The 

supernatant was discarded. Next, the cells were treated with Ribonuclease (RNase) by adding 50µl of 

a 100µg/ml stock solution of RNase to the cells, followed by 200µl of a 50µg/ml stock solution of 

propidium iodide. Subsequently, the stained cells were visualised using the filter FL-2. The gates to 

measure cells in the G1-phase, S-phase or G2-phase of the cell cycle were set in the histogram mode. 

The percentage of cells in the respective phase of the cell cycle was calculated based on the percentage 

of single cells visible in the red bandpass filter Fl-2.  

2.8.4 Measurement of intracellular reactive oxygen species 

The hMSCs and hMSC-iPSCs were washed with PBS twice and were subsequently incubated in 

medium supplemented with 15µM DCFDA for 30min at 37°C under normoxic conditions. ROS 

oxidise DCFDA to fluorescent DCF, which is measured. Subsequently, the cells were washed with 

PBS, trypsinised to detach them and resuspended in PBS. The fluorescent dye was measured in the 

green bandpass filter Fl-1. The samples of two groups were compared by unpaired Student´s t test. 

2.8.5 Quantification of DNA double-strand breaks 

The cells were trypsinised for detachment and washed with PBS twice. Subsequently the cells were 

fixed using with a solution containing 95% ethanol and 5% acetic acid for 10min. The cells were 

washed and resuspended in 1% formaldehyde, 0.25% Triton® X-100 in TBS for 5min. 2µg/ml Anti-

γH2AX Antibody, clone JBW301, FITC conjugate (16-202A, Merck Millipore) was added and the 

cells were incubated in the solution for 1 h at RT. Subsequently, the stained cells were measured using 

the filter for green fluorescence Fl-1. The mean fluorescence intensity was calculated by gating the 

positively stained cells in a histogram using unstained cells as control.  

2.8.6 Transduction and nucleofection efficiency 

To calculate the transduction efficiency hMSCs were transduced with a GFP-carrying retrovirus that 

was produced along with retroviruses harbouring OCT4, SOX2, KLF4 and c-MYC. The transduced 

cells were harvested by trypsinisation one day after transduction and the GFP-positive cells were 
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measured by FACS using the filter for green fluorescence Fl-1. The positive cells were determined by 

setting a gate that excluded unstained hMSCs, which were used as negative control. The potentially 

transduced cells showing a higher fluorescence than unstained cells were considered successfully 

transduced and GFP-positive. Likewise, to calculate the nucleofection efficiency hMSCs were 

nucleofected using the GFP carrying control plasmid pmaxGFP provided with the Human MSC 

Nucleofector® Kit (VPE-1001, LONZA) using the same nucleofection program that was used for the 

nucelofection of the episomal plasmids. The cells nucleofected with pmaxGFP were trypsinised one 

day after nucleofection and measured using the filter Fl-1. Non-nucleofected hMSCs were used as 

negative control. Cells with a higher fluorescence intensity than the negative control were considered 

GFP-positive. The percentage of GFP-positive cells was calculated by setting a respective gate.  

2.9 Generation of iMSCs  

hMSC-iPSCs and hESC H1 were differentiated into mesenchymal stem cells like cells (iMSCs) using 

a protocol as previously described (Yen Shun Chen et al. 2012). hMSC-iPSCs and hESC H1 were 

cultured under feeder free conditions until confluent. Subsequently, the medium was changed to 

unconditioned medium without FGF supplemented with 10µM SB-431542 in DMSO (Sigma-

Aldrich). The medium was changed daily until the cells were trypsinised and passaged as single cells 

after 10 days. The cells were initially seeded at a density of 4x104 cells per cm2 in hMSC maintenance 

medium. In the next passaging the cells were seeded at a density of 2x104 cells per cm2 in hMSC 

maintenance medium, followed by a density of 1x104 cells per cm2 in the next passage. The seeding 

density of 1x104 cells per cm2 was maintained for every further passage. 

2.10 Characterisation of hMSCs and iMSCs  

2.10.1 In vitro osteoblast differentiation 

The hMSCs or iMSCs were detached from the surface using trypsin and seeded in one six well plate 

and six wells of a twelve well plate at a density of 5x103 cells per cm2 in hMSC expansion medium. 

The cells were cultured until they reached 80% confluence. At this point the medium was changed to 

differentiation medium of the StemPro® Osteogenesis Differentiation Kit (Life Technologies, A10072-

01) in three wells of the six well plate and three wells of the 12 well plate. The cells in the respective 

other three wells were cultured further in hMSC maintenance medium as negative control. The 

medium was changed every three days for 21 days. At day 21 RNA was isolated from the wells treated 

with osteogenic medium and from the control and analysed using real-time PCR-specific for RUNX2, 

ALPL and BGLAP was carried out. The cells in the 12 well format were stained using Alizarin Red. 

The osteoblast differentiation of aged hMSC (74y) was part of a previously published master thesis 

(Megges 2010). 
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Osteoblast differentiation of iPSC (hMSC, 74y, viral) and iPSC (hFF, viral) was carried out with a 

different protocol. The pluripotent cells were cultured in N2B27 medium (7.1.1.4) supplemented with 

4ng/ml FGF2 in six wells of a 12 well cell culture plate. When the cells reached 80% confluence, three 

wells of the twelve well plate were cultured in osteogenic medium. In addition, three wells of a twelve 

well plate were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin, 

which was used as a control. On day 11 RNA the cells cultured under osteogenic conditions and the 

cells cultured under control conditions were stained with Alizarin Red to visualise calcified bone 

matrix. The osteogenic induction, Alizarin Red staining and image acquisition was performed at 

Berlin-Brandenburger Centrum für Regenerative Therapien, Charité - Universitätsmedizin Berlin. 

2.10.1.1 Alizarin Red S staining 

After 21 days of culture under osteogenic conditions or in hMSC expansion medium, mineralised bone 

matrix was visualised by staining with the dye Alizarin Red S. 

To stain the cells they were washed with PBS and fixed for 20min in 4% paraformaldehyde in PBS. 

Subsequently, the fixed cells were washed three times with PBS and the cells were incubated in 1ml of 

a 2% Alizarin Red S solution in ddH2O (7.1.4.1) for 5min. The excess dye was washed away with 

water and the stained cells were covered with PBS and stored at 4°C until images were acquired. 

2.10.2 In vitro adipocyte differentiation 

To differentiate hMSCs and iMSC into adipocytes, 1x105 cells were seeded per well of a six well plate 

and 0.5x105 cells were seeded per well of a twelve well plate. The cells were seeded in six wells of a 

six well plate and six wells of a twelve well plate and cultured in hMSC maintenance medium until 

80% confluence was reached. At this point half of the wells in six well and twelve well plate format 

were filled with adipogeneic medium using the StemPro® Adipogenesis Differentiation Kit (A10070-

01, Life Technologies). The cells in the other wells were cultured in hMSC maintenance medium as 

control. The differentiation was carried out for 21 days with a medium change every three days. On 

day 21, cells in the twelve well plate format were fixed for staining with Oil Red O and the cells in the 

six well plate format were used for RNA isolation in order to measure the expression of the marker 

genes PPARG and LPL. Adipocyte differentiation of aged hMSC (74y) was carried out with a 

different protocol as part of a master thesis which was previously published (Megges 2010). 

 

2.10.2.1 Oil Red staining 

To visualise lipids in the vacuoles of differentiated adipocytes, the differentiated cells were stained 

with the lipophilic dye Oil Red O. 

After 21 days of culture under adipogenic conditions or in hMSC maintenance medium the cells were 

washed with PBS and fixed for 20min in 4% paraformaldehyde in PBS. At this point, the fixed cells 
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were washed three times with PBS and the cells were covered with 100% propylene glycol for 5min at 

RT. Subsequently the polypropylene glycol was removed and replaced by a filtered Oil Red O staining 

solution diluted in water (7.1.4.2). The cells were left in the solution for four h at RT followed by a 

5min incubation in 85% propylene glycol. The lipid vacuoles of adipocytes were now visible in red. 

After staining, the plates were left to dry and stored at 4ºC until images were acquired. 

2.10.3 Chondrocyte differentiation  

To differentiate hMSCs into chondrocytes the cells were harvested using trypsin, counted using a 

haemocytometer and 5x105 cells were spun down to form a cell pellet. In order to differentiate iMSCs 

into chondrocytes, the cells were detached by trypsin, counted and a cell solution of 1.6x107 cells per 

ml of hMSC maintenance medium was prepared. A 5µl drop of this solution was seeded per well of a 

48 well plate to prepare micro mass cultures. The cell solution drops were incubated under high 

humidity at 37°C in an incubator. Subsequently, the micro mass cultures were cultured in 

chondrogenic medium using the StemPro® Chondrogenesis Differentiation Kit (A10071-01, Life 

Technologies). The hMSC cell pellets were cultured in 15ml centrifugation tubes in 1ml of the same 

chondrogenic medium after they were cultured in hMSCs maintenance medium for one day after the 

centrifugation step. For chondogenic differentiation of iMSCs, six wells of a 48 well plate were used 

and for chondrocyte differentiation of hMSCs, ten pellets were prepared per primary hMSC 

preparation. Half of the wells or pellets were cultured in hMSC maintenance medium as a control. The 

medium was changed every three days for 21 days. At day 21 successful chondrocyte differentiation 

of iMSCs was visualised using Alcian Blue staining of all micro mass culture wells. Two pellets 

cultured under chondrogenic conditions and two control pellets were stained with Alcian Blue at day 

21 of the chondrocyte differentiation of hMSCs. In addition, RNA was isolated after 21 days of the 

chondrocyte differentiation of fetal hMSC 1 for expression analysis of the marker gene COL1A1. 

2.10.3.1 Alcian blue staining  

Successful chondrocyte differentiation was visualised by blue staining of proteoglycans produced by 

chondrocytes through Alician Blue staining. To do this, the micro mass cultures and cell pellets were 

washed with PBS and fixed with 4% paraformaldehyde in PBS. Subsequently, the fixed cells were 

washed with PBS and incubated in a 1% Alcian Blue solution in 0.1 N HCl for 30min, followed by 

three washes with 0.1N HCl and the addition of water to dilute the acidity. The micro mass cultures 

and pellets were stored at 4ºC after staining until bright-field images were acquired of the stained cells. 

 

2.10.4 Visualisation of senescence – β-galactosidase staining 

hMSCs were stained using the Senescence β-galactosidase Staining Kit (Cell Signaling Technology, 

#9860) following the instructions of the manufacturer. Briefly, the hMSCs maintenance medium was 
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removed and the cells were washed three times with PBS. The cells were cultured in one well of a 12 

well plate each. Subsequently, 1x fixative solution consisting of 20% formaldehyde, 2% 

glutaraldehyde in 10 x PBS diluted 1:10 in ddH2O was added, followed by incubation for 15min at RT. 

The cells were then rinsed with PBS for two times and incubated in β-galactosidase staining solution 

in a cell culture dish sealed with Para film at 37°C overnight in a dry incubator. The cells were 

checked on the next day under a bright-field microscope for the development of blue colour indicating 

senescence-associated β-galactosidase. For long-term storage, the stained cells were covered with 70% 

glycerol and stored at 4°C. 

2.10.5 Colony-forming unit assay 

hMSCs and iMSCs were analysed toward their numbers colony-of forming unit fibroblastoid cells as 

described previously (Colony Forming Unit Assays for MSCs - Springer  2008). hMSCs and iMSCs 

that were 80% confluent were detached from surface of the culture vessel using trypsin-EDTA and 

counted with a haemocytometer. 100 cells per 100mm2 tissue culture dish were seeded in six wells of 

a six well plate and cultured in hMSC maintenance medium at 37°C in 5% CO2 in a humidified 

atmosphere for ten days, with a media change every three days. Subsequently, the cells were washed 

with PBS and fixed in 4% paraformaldehyde in PBS for 20min at RT. Finally, the fixed cells were 

stained with 0.5% Crystal violet in methanol for 10min at RT. The excess dye was washed off and the 

stained cells were left to dry before image acquisition with a bright-field microscope. 

2.11 Generation of induced pluripotent stem cells by retroviral 

transduction 

2.11.1 Generation of retroviral particles 

To generate retroviral particles for subsequent use in reprogramming experiments, 8x106 HEK293T 

cells were seeded per 150mm tissue culture dish. The cells were cultured in MEF maintenance 

medium for 24h. Two h before transfection the medium was changed to HEK293T medium (7.1.5.1). 

The cells were then transfected with a mix of plasmids consisting of  

 

9µg of plasmid pCMV-VSV-G (harbouring a gene encoding a virus envelope protein)  

 

20µg plasmid pUMVC3-gag-pol (harbouring a gene encoding proteins for viral packaging)  

 

32µg of plasmid, either pMXs-hOCT4 or pMXs-hSOX2 or pMXs-hKLF4 or pMXs-hc-Myc or  

pLIB-GFP. 
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The plasmid mix was prepared with a final volume of 1125µl ddH2O. This was followed by addition of 

125µl of 2.5M CaCl2
 to each plasmid DNA mix and an incubation of 5min at RT. While vortexing at 

full speed, 1250µl of a 2 x HBS (7.1.5.2) solution was added dropwise to the plasmid–CaCl2 mixture 

to generate precipitates for transfection. This mixture was added to the HEK293T cell immediately by 

dropwise addition and distribution into the medium. HEK293T cells were incubated for 14 h with the 

plasmid DNA precipitates, followed by medium change. The retroviral particles produced by the 

transfected cells were harvested by collecting the medium 24 h and 48 h after transfection. The 

medium of the respective virus particle was pooled and filtered with a 0.45µm pore size syringe driven 

filter (Durapore). The filtered supernatant was centrifuged in Polyallomer centrifugation tubes using 

20,000 rpm for 2h at 4°C in vacuum with a Beckman L7 Ultracentrifuge with a rotor type SW-28. 

After the centrifugation step, the supernatant was discarded and the pelleted retroviral particles were 

resuspended in 200-400µl Knock-outTM DMEM. The suspension was incubated at 4°C overnight, 

followed by careful mixing and subsequent aliquoting for storage at -80°C until use for transduction. 

2.11.2 Calculation of the retrovirus titer 

Fetal hMSC 1 were seeded with a density of 6x104 cells per well of a twelve well plate in hMSC 

maintenance medium. After 24 h 1µl, 10µl and 100µl of the retrovirus suspension produced with the 

plasmid pLIB-GFP were added to 1ml hMSC maintenance medium in the well to the cells. In addition, 

4µg/ml polybrene (Sigma-Aldrich, 107689-10G) were added per well and distributed by mild 

agitation. This was followed by a centrifugation of the culture plates at 2,000rpm, 37°C for 90min. 

After the centrifugation step, the medium was changed and the cells were left to grow for 48h in 

hMSC maintenance medium. Finally, the cells were trypsinised and the number of GFP-positive cells 

for each transduction was determined using FACS and used for the calculation of the virus-titer using 

the following equation: 

 

TU/µl = (PxN / 100xV) x 1/DF 

 

TU = transducing units 

P = % GFP positiv cells 

N = number of cells at time of transduction in each well 

V = volume of dilution added to each well  

DF = dilution factor (1 = undiluted) 

 

The retroviral particles harbouring OCT4, SOX2, KLF4 and c-MYC were assumed to have the same 

titer as the particles harbouring GFP.  
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2.11.3 Verification of functionality of produced viral particles 

Before being used in reprogramming experiments the retroviral particles harbouring OCT4, SOX2, 

KLF4 and c-MYC were tested. Doing this, fetal hMSC 1 were seeded with a density of 6x104 cell per 

well of a twelve well plate. Subsequently, the cells were transduced with the retroviral particles for the 

expression of OCT4 or SOX2 or KLF4 or c-MYC. Subsequently, the cells were fixed 48 hours after 

the transduction and stained for the respective protein encoded by the transgene using 

immunofluorescence staining and staining of the nuclei by DAPI. The staining results were monitored 

by confocal microscopy using a LSM510 meta confocal microscope.  

2.11.4 Pluripotency induction in hMSCs mediated by retroviral 

transduction 

2.11.4.1 Retrovirus transduction  

Retroviral reprogramming of hMSCs was conducted using retrovirus-mediated expression of OCT4, 

SOX2, KLF4 or c-MYC. The viral transduction was carried out in a laboratory of the security level S2. 

hMSCs were plated in six well plates with a seeding density of 2.5x105 cells per well of a 6-well plate 

and cultured in hMSC maintenance medium overnight followed by a medium change. Subsequently, 

the equivalent volumes of 2.5 transduction units per cell for 2.5x105 cells per well of a six well plate of 

retroviruses harbouring the genes OCT4, SOX2, KLF4 or c-MYC were mixed. The mixed particles 

were added to each well followed by supplementation with 4µg/ml Polybrene (Sigma-Adrich) per 

well. This was followed by a centrifugation of the culture plates at 2,000rpm, 37°C for 90min. The 

cells were then incubated at 37°C and 5% CO2 in humidified atmosphere for 24 hours. At this point 

the medium was changed and the cells were transduced a second time using the same amount of 

particles followed by a centrifugation of the culture plates at 2000rpm, 37°C for 90min. Subsequently, 

cell culture plates coated with Matrigel®
 (Corning) and 1.5x105 feeder cells per well of a 6 well plate 

were prepared one day prior to splitting the transduced hMSCs. After a second incubation for 24h, the 

transduced cells were washed with PBS and harvested using trypsin. The cells were split with a ratio 

of 1:4 and seeded onto the previously prepared plates coated with Matrigel® and feeder cells and 

cultured in hMSC maintenance medium for two days. Subsequently, the medium was changed to the 

respective medium used for reprogramming specified in Table 5. The cells were either cultured under 

normoxia or und hypoxic conditions using a hypoxia incubator (C-200, LABOTECT) at 37°C, 5% 

CO2 and 5% O2. Retroviral transduction was carried out using fetal hMSC 1, fetal hMSC 2, aged 

hMSC (60y), aged hMSC (62y) and aged hMSC (70y) using the same batch of viral particles. Aged 

hMSC (74y) were transduced and reprogrammed as part of a previous master thesis using retroviral 

particles for overexpression of OCT4, SOX2, KLF4 and c-MYC produced with the same protocol 

(Megges 2010).  
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2.11.4.2 Reprogramming of transduced cells  

The day when hMSCs were first transduced was defined as day zero of the respective reprogramming 

experiment. Throughout reprogramming 8ng/ml FGF2 were added to the reprogramming medium and 

the medium was changed every other day. The reprogramming conditions were adapted from a study 

in which they were used for episomal plasmid-based reprogramming (J. Yu et al. 2011) N2B27 

medium (7.1.1.4) was used supplemented with 8ng/ml FGF2 as well as with and without a 

combination of 0.5µM MEK inhibitor PD0325901, 3µM GSK3β inhibitor CHIR99021, 0.5µM TGF-

β/Activin/Nodal receptor inhibitor A-83-01 and 10µM ROCK inhibitor HA-100. [14] (smM, Table 5) 

The reprogramming of the transduced cells was conducted under normoxia or under hypoxia using a 

hypoxia incubator (C-200, LABOTECT) at 37°C, 5% CO2 and 5% O2. The treatment with inhibitors 

was started when the medium was changed to N2B27 medium. The inhibitors were stored according to 

the manufacturer´s instructions. In addition, one condition of viral reprogramming was a medium 

switch from N2B27 medium to mTeSR at day 14 of the reprogramming experiment (J. Yu et al. 2011) 

(Table 5). The medium was changed every other day until iPSC-like colonies were isolated. In the 

case of fetal hMSC 1 iPS-like colonies were isolated on day 55. The experiments were stopped at day 

65 in case of fetal hMSC 2, aged hMSC (60y) and aged hMSC (62y) or on day 55 in the case of aged 

hMSC (70y). Aged hMSC (74y) were reprogrammed in my master thesis by being infected with 

retroviruses carrying OCT4, SOX2, KLF4 or c-MYC and seeded onto six well plates coated with 

2.5x105 feeder cells per well. Until day seven the cells were cultured in unconditioned medium 

supplemented with 4ng/ml FGF2. At this point, the cells were cultured in conditioned medium with a 

supplementation of 4ng/ml FGF2. Furthermore, during the course of reprogramming the medium was 

supplemented with 0.5µM MEK inhibitor PD325901, 2µM inhibitor of the TGFβ receptors ALK4, 

ALK 5 and ALK 7 SB-431542 and 10µM P53 inhibitor pifithrin α. The medium was changed every 

other day until iPSCs could be isolated at day 40 after the transduced cells were seeded (Megges 

2010). 
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Table 5 Reprogramming conditions used for retroviral reprogramming of hMSCs. 

H: Hypoxia, cell culture in 5% oxygen; N: normoxia, cell culture under normoxic conditions; 

smM: cocktail of MEK inhibitor 0,5µM PD0325901, 3µM GSK3β inhibitor CHIR99021, 0.5µM 

TGF-β/Activin/Nodal receptor inhibitor A-83-01 and 10µM ROCK inhibitor HA-100. PD: 

0.5µM MEK inhibitor PD0325901, SB: 2µM TGFβ receptor inhibitor SB-431542, p53i: 10µM 

P53 inhibitor pifithrin α. The reprogramming experiment of aged hMSC (74y) was part of a 

previously published master thesis (Megges 2010). mTeSR= culture in mTeSR 1 from day 14 

post transduction. 

primary hMSC
passage at 

transduction 

Hypoxia (H)/

Normoxia(N)

addtion of 

small 

molecules 

(smM)

additional 

conditions

iPS cell lines 

established

fetal hMSC 1 2 N

fetal hMSC 1 2 H iPSC (hMSC, fetal line 1, viral)

fetal hMSC 1 2 H mTeSR

fetal hMSC 1 2 H smM

fetal hMSC 1 2 H smM mTeSR

fetal hMSC 2 2 N

fetal hMSC 2 2 H

fetal hMSC 2 2 H mTeSR

fetal hMSC 2 2 H smM

fetal hMSC 2 2 H smM mTeSR

aged hMSC (60y) 2 N

aged hMSC (60y) 2 H

aged hMSC (60y) 2 H mTeSR

aged hMSC (60y) 2 H smM

aged hMSC (60y) 2 H smM mTeSR

aged hMSC (62y) 2 N

aged hMSC (62y) 2 H

aged hMSC (62y) 2 H mTeSR

aged hMSC (62y) 2 H smM

aged hMSC (62y) 2 H smM mTeSR

aged hMSC (70y) 2 N

aged hMSC (70y) 2 H

aged hMSC (70y) 2 H smM

aged hMSC (74y) 2 N SB, PD, p53i iPSC (hMSC, 74y, viral)  

2.11.5 Monitoring of transduction efficiency 

hMSCs that were transduced with OCT4, SOX2, KLF4 and c-MYC carrying viruses were transduced 

only with a GFP-carrying retrovirus in parallel as described in the section ‘retroviral transduction’. 

The transduced cells were washed with PBS and detached using trypsin on the next day. The cells 

were resuspended in PBS and GFP-positive cells were measured for calculation of the transduction 

efficiency using a flow cytometer as described in the section ‘fluorescence-activated cell sorting’ and 

pictures were taken using a LSM510 meta confocal microscope. 
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2.12 Reprogramming using episomal plasmids  

2.12.1 Plasmid amplification and verification 

The episomal plasmids pEP4 E02S EN2K, pCEP4-M2L and pEP4 E02S ET2K (vector maps see 

7.1.6.1) were received as glycerol stocks of already transformed bacteria. The bacteria were expanded 

in LB medium (7.1.3.1) and the plasmids were isolated and quality-checked as described in the section 

‘amplification of plasmid DNA’. 

2.12.2 Nucleofection of hMSCs to deliver episomal plasmids 

The primary hMSCs fetal hMSC 1, fetal hMSC 2, aged hMSC (60y) and aged hMSC (62y) were 

cultured in hMSC maintenance medium until they reached 80% confluence. At this point the cells 

were washed with PBS and detached from the surface using trypsin. The cells were then counted using 

a haemocytometer. To deliver the episomal plasmids to the cells the Human MSC (Mesenchymal 

Stem Cell) Nucleofector® Kit (Lonza, VPE-1001) and the Amaxa Nucleofector II® Device (Lonza) 

were used following the protocol of the manufacturer and by using the episomal plasmid combination 

7F2 which was described in a recent study (J. Yu et al. 2011). 

1x106 hMSCs were mixed with the plasmid DNA by combining: 

 

-3µg of pEP4 EO2S EN2K 

-3.2µg of pEP4 EO2S ET2K 

-2.4µg of pCEP4-M2L 

-100µl Human MSC Nucleofactor solution warmed to RT  

-the respective volume of 1x106 hMSCs 

 

The solution was mixed under aseptic conditions and transferred to an Amaxa-certified cuvette 

delivered with the kit used. The lid was closed and the cuvette was placed in the nucleofector device 

after the absence of air bubbles was confirmed. All hMSCs were nucleofected with the program U-23 

for high nucleofection efficiency. The nucleofected cell suspension was immediately transferred to a 

150cm2 cell culture dish containing pre-warmed hMSC maintenance media. The nucleofected cells 

were cultured for 6 days with a media change every other day and subsequently shared to Matrigel® 

and feeder cell-coated 6 well plates with a seeding density of 6x104 per well of a 6 well plate. The 

same nucleofection was carried out using the control plasmid pmax-GFP which is part of the the 

Human MSC (Mesenchymal Stem Cell) Nucleofector® Kit instead of the episomal plasmids. The 

nucleofection efficiency was monitored subsequently using either a flow cytometer as described in the 

section ‘fluorescence-activated cell sorting’ or by confocal microscopy using a microscope of the 

model LSM510 Meta (Zeiss). 
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2.12.3 Pluripotency induction in hMSCs by means of nucleofection 

with episomal plasmids 

The day the nucleofected hMSCs were seeded onto feeder-coated cell culture dishes was defined as 

day zero of the reprogramming experiment. The nucleofected hMSCs were immediately cultured in 

N2B27 medium (7.1.1.4) supplemented with 4ng/ml FGF2 with and without the addition of the small 

molecule inhibitor cocktail smM (Table 6) and in case of aged hMSC (62y) with addition of 50µg/ml 

vitamin c, as previously described (Gao et al. 2013), as well as a medium switch to mTeSR 1 from day 

14. In addition, the nucleofected cells were cultured under normoxia or under hypoxic conditions in 

5% oxygen. The medium was changed every other day. All experimental conditions used for episomal 

plasmid-based reprogramming are listed in Table 6. The reprogramming experiment was stopped at 

day 41 or 45 when iPS colonies were isolated from fetal hMSC 1 or on day 54 in the reprogramming 

experiments of fetal hMSC 2, aged hMSC (60y) and aged hMSC (62y). 

 

Table 6 Experimental conditions used for episomal plasmid-based reprogramming of hMSCs. 

Reprogramming conditions used for episomal plasmid-based reprogramming of hMSCs. H: 

hypoxia, cell culture in 5% oxygen; N: normoxia, cell culture under normoxic conditions; smM: 

cocktail of MEK inhibitor 0.5µM PD0325901, 3µM GSK3β inhibitor CHIR99021, 0.5µM TGF-

β/Activin/Nodal receptor inhibitor A-83-01 and 10µM ROCK inhibitor HA-100. mTeSR= 

culture in mTeSR 1 from day 14 post-nucleofection. vitamin c= 50µg/ml vitamin c 

primary hMSC
passage at 

nucleofection 

Hypoxia (H)/

Normoxia(N)

addtion of 

small 

molecules 

(smM)

additional 

conditions
iPS cell lines established

fetal hMSC 1 2 N iPSC (hMSC, fetal, line 1, episomal 3)

fetal hMSC 1 2 N smM

iPSC (hMSC, fetal, line 1, episomal 1)

iPSC (hMSC, fetal, line 1, episomal 2)

fetal hMSC 1 2 H

fetal hMSC 1 2 H smM

fetal hMSC 2 2 N

fetal hMSC 2 2 H

fetal hMSC 2 2 H smM

aged hMSC (60y) 2 N

aged hMSC (60y) 2 H

aged hMSC (60y) 2 H smM

aged hMSC (62y) 2 N

aged hMSC (62y) 2 H

Vitamin C

from day14 

mTesR

iPSC (hMSC, 62y, episomal)

aged hMSC (62y) 2 H smM  

 

2.13 Isolation of iPS clones and establishment of iPS cell lines  

The morphological changes of the hMSCs during the reprogramming experiments were monitored by 

bright-field microscopy. The colony-like structures containing cells with a high nucleus to cytoplasm 
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ratio and a high similarity to human embryonic stem cells were chosen for isolation. The iPS clones 

were cut manually into four pieces using a sterile BD MicrolanceTM 3 injection needle (Becton 

Dickinson) and transferred to a well of a twelve well plate coated with Matrigel® and feeders and 

containing fresh unconditioned medium supplemented with 4ng/ml FGF2 and 10µM ROCK inhibitor 

as previously described (Watanabe et al. 2007). The attached colonies were cultured further and 

passaged every seven days with a ratio of 1:1 onto new feeders. The medium was changed every day. 

The iPS clones were cultured until passage six to obtain stable iPS cell lines. After passage six the 

characterisation of the iPS cell lines was started. 

2.14 Experimental conditions used for modulation of 

reprogramming efficiency in aged hMSCs 

hMSCs were transduced or nucleofected as described in the respective section. After being seeded 

onto feeder-coated cell culture plates the cells were cultured under conditions potentially modulating 

age-related obstacles of hMSC reprogramming using conditioned medium supplemented with 4ng/ml 

FGF2, N2B27 medium with and without the inhibitor cocktail smM described for the viral and non-

viral reprogramming, N2B27 medium supplemented with 2mM valproic acid (Stemgent, 04-0007) 

(Huangfu et al. 2008a) and smM, N2B27 medium supplemented with 50µg/ml L-ascorbic acid 

(Sigma-Aldrich, 57803) (Tao Wang et al. 2011) with and without smM, N2B27 medium with a 

combination of 2µM valproic acid (Stemgent, 04-0007), 10µM P53 inhibitor pifithrin α and 25µg/ml 

vitamin c (Yulin et al. 2012), N2B27 medium supplemented with 10µM P53 inhibitor pifithrin α and 

smM, N2B27 medium supplemented with 10µM of the insulin-like growth factor receptor (IGF1R) 

inhibitor PQ401 (Sivakumar et al. 2009) (Tocris Biosciences, 2768) and N2B27 medium 

supplemented with 10µg/ml of the Toll-like receptor 3 agonist Polyinosinic-polycytidylic acid poly 

(I:C) (Tocris Biosciences, 4287) (West et al. 2011). In addition, all conditions were carried out with an 

additional switch to mTeSR 1 (Stemcell Technologies) at day 14 after the start of the reprogramming 

experiments. These conditions were tested for fetal hMSC 1, fetal hMSC 2, aged hMSC (60y) and 

aged hMSC (62y). All conditions tested are listed in Table 7. The medium was changed every other 

day and the reprogramming efficiency was calculated based on the count of the colonies of embryonic 

stem cell-like morphology after 45 days.  
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Table 7 Overview of experimental conditions used to modulate reprogramming efficiency in 

hMSCs derived from fetal and aged origin.  

smM: cocktail of MEK inhibitor 0.5µM PD0325901, 3µM GSK3β inhibitor CHIR99021, 0.5µM 

TGF-β/Activin/Nodal receptor inhibitor A-83-01 and 10µM ROCK inhibitor HA-100. mTeSR: 

culture in mTeSR 1 from day 14 post-transduction/nucleofection. CM: conditioned medium, 

VPA: 2mM in the condition VPA smM and 2µM valproic acid in condition VPA P53 VitC, VitC: 

50µg/ml vitamin c in combination VitC smM and 25µg/ml vitamin c in combination VPA P53 

VitC; P53=10µM of P53 inhibitor pifithrin α, IGF Inh: 10µM insulin-like growth factor receptor 

(IGF1R) inhibitor PQ401; TLR3 Agon: 10µg/ml Toll-like receptor 3 agonist Polyinosinic-

polycytidylic acid poly (I:C). All experiments were carried out under hypoxic conditions in 5% 

oxygen. 

condition medium modulation 

normal N2B27

mTeSR N2B27, from day 14 mTeSR 1 

smM N2B27 inhibition of MEK, TGFβ receptor, GSK3β, Rho associated kinase

mTeSR N2B27+smM, from day 14 mTeSR 1 

CM conditioned medium

mTeSR CM, from day 14 TeSR 1 

smM VPA N2B27 inhibiton of MEK, TGFβ receptor, GSK3β, Rho associated kinase, histone deacetylase

mTeSR N2B27+smM VPA, from day 14 mTeSR 1 

VitC N2B27 antioxidant

mTeSR N2B27+VitC, from day 14 mTeSR 1 

smM VitC N2B27 antioxidant and inhibition of MEK, TGFβ receptor, GSK3β, Rho associated kinase

mTeSR N2B27+smM VitC, from day 14 mTeSR 1 

VPA p53 VitC N2B27 antioxidant, inhibition of histone deacetylase, p53

mTeSR N2B27+VPA p53 Vit C, from day 14 mTeSR 1 

smM p53 N2B27 inhibiton of MEK, TGFβ receptor, GSK3β, Rho associated kinase, p53

mTeSR N2B27+smM p53 , from day 14 mTeSR 1 

IGF Inh N2B27 insulin-like growth factor receptor (IGF1R) 

mTeSR N2B27+IGF Inh , from day 14 mTeSR 1 

TLR3 Agon N2B27 stimulation of Toll-like receptor 3 (TLR3)

mTeSR N2B27+TLR3 Agon , from day 14 mTeSR 1  

 

 

2.15 Characterisation of induced pluripotent stem cells  

2.15.1 Alkaline phosphatase staining 

The pluripotency marker Alkaline Phosphatase was visualised in hMSC-iPSCs using Alkaline 

Phosphatase Live Stain (Life Technologies, A14353) following the instructions of the manufacturer. 

Doing this, iPSCs were cultured under iPSC maintenance conditions using feeders until 50% 

confluence was reached. The unconditioned medium was aspirated and the cells were washed with 

Knock OutTM DMEM warmed to 37°C. The 500 x AP live stain stock solution was diluted in pre-

warmed Knock OutTM DMEM to 1:500. The resulting 1 x AP live staining solution was applied to the 
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cells after removal of the previous medium, followed by an incubation at 37°C for 20min in the dark. 

Subsequently, the 1 x AP live staining solution was removed and the cells were washed with PBS and 

covered with unconditioned medium with FGF. The positive staining result was visualised using a 

confocal microscope.  

2.15.2 Confirmation of pluripotency markers  

To confirm the presence of the pluripotency markers OCT4 SOX2, KLF4, c-MYC, SSEA4, TRA-1-60 

and TRA-1-81 as well as absence of SSEA1, hMSC-iPSCs were cultured with feeder cells and 

unconditioned medium supplemented with FGF2 until 50-70% confluence were reached. 

Subsequently, immunofluorescence staining was performed as described in the respective section 

using the primary antibodies against OCT4 (Santa Cruz, sc-5279), SOX2 (Santa Cruz, sc-17320), 

KLF-4 (Santa Cruz, sc-20691), c-MYC (Santa Cruz, sc-764), NANOG (Abcam, ab62734) and 

SSEA1, SSEA4, TRA-1-60, as well as TRA-1-81 (all Merck Millipore, #SCR004) in combination 

with the respective fluorophore-conjugated secondary antibodies for visualisation. Subsequently, 

images were acquired using a confocal microscope. The dilutions used for the respective primary and 

secondary antibodies are listed in Table 4. 

2.15.3 In vitro confirmation of pluripotency by embryoid body-based 

differentiation 

hMSC-iPSCs were grown until confluence was reached in three wells of a six well plate. 

Subsequently, the colonies were cut in equally sized pieces using a BD MicrolanceTM 3 injection 

needle (Becton Dickinson), followed by a medium change to 1ml unconditioned medium without FGF 

per well, and scraping of the iPSC colony pieces using a cell scraper. 60mm ultra-low attachment 

culture dishes (Corning) were filled with 5ml unconditioned medium without FGF and the suspension 

containing the scraped cells from three well of a 6 well plate was transferred to these dishes. The 

formation of embryoid bodies was monitored using bright-field microscopy. The medium was 

changed every other day by transferring the embryoid body medium suspension in a sterile 15ml 

plastic tube and letting the embryoid bodies settle on the bottom for 5min. The supernatant was 

removed and fresh medium was added, followed by a transfer back to the low attachment culture dish. 

After seven days of suspension culture in low attachment dishes, the embryoid bodies were transferred 

and distributed to 12 wells of a 24 well plate coated with 0.1% gelatine, culturing them further in the 

same medium without FGF. The medium was again changed every other day for 7 and for 14 days. At 

day 7 and day 14, the embryoid bodies and outgrowing cells on gelatine were fixed using 4% 

paraformaldehyde in PBS. The differentiation of the embryoid bodies into derivatives of ectoderm, 

endoderm and mesoderm was confirmed by immunofluorescence staining using antibodies against the 

mesodermal marker Brachyury (T) (Santa Cruz, sc-20109) to stain the embryoid bodies and outgrowth 
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that were fixed on day 7. The embryoid bodies and outgrowth that was fixed after 14 days was stained 

using antibodies against the mesodermal marker Smooth-Muscle-Actin (SMA) (Dako, M0851), 

against the endodermal markers Alpha-Fetoprotein (AFP) (Sigma-Aldrich, WH0000174M1), SOX17 

(R&D, AF1924) and against the ectodermal markers Nestin (Chemicon, MAB5326) and β-TubulinIII 

(Sigma-Aldrich, T8660). The immunofluorescence staining was carried out as described in the 

respective section above. Images of the staining were acquired using a confocal microscope. The 

dilutions of the primary and secondary antibodies used in these experiments are listed in Table 4. 

2.15.4 In vivo pluripotency test – teratoma assay  

The confirmation of pluripotency of iPSC (hMSC, 74y, viral) by the teratoma formation assay was 

carried out by EPO Berlin GmbH. iPSC (hMSC, 74y, viral) were grown under feeder free conditions 

using conditioned medium until confluent. The cells were washed, treated with trypsin for 2min, 

where after the trypsin was washed away using conditioned medium. Approximately 2x106 iPS cells 

were resuspended in Matrigel® and injected subcutaneously into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

mice (NOD scid gamma (NSG) mice). The experiment was carried out in duplicate. Mice that 

developed tumours at the site of injection were sacrificed at day 72 after injection. The tumour tissue 

was isolated and embedded in paraffin. Tissue sections were analysed by a pathologist after 

haematoxylin and eosin staining for presence of structures of mesoderm, ectoderm or endoderm. 

2.15.5 DNA fingerprinting 

Genomic DNA was isolated from hMSC-iPSCs, which were grown under feeder free conditions, from 

parental hMSCs and from hESC H1 and hESC H9 as described in the section isolation of DNA. 50ng 

of the genomic DNA were used as template in a PCR using primers amplifying the variable numbers 

of tandem repeats (VNTR) across the whole genome, resulting in a specific mixture of amplicons with 

different sizes enabling the distinction between cell lines. The amplicon size patterns of the parental 

hMSCs were compared to the patterns of the corresponding iPSCs and hESC H1 as well as hESC H9 

to rule out cross-contamination and to confirm the somatic origin of the iPS cell lines generated. The 

PCR products were resolved using agarose or acrylamide gel electrophoresis and visualised using 

Ethidiumbromid. The details of PCR and primer sequences are explained in the sections polymerase 

chain reaction and gel electrophoresis. The primer sequences are listed in Table 2. 

2.15.6 Karyotyping  

Chromosomal analysis by GTG banding was performed to detect karyotypical abnormalities in 

hMSCs of fetal and aged background as well as in corresponding iPSCs. The karyotyping analysis was 

performed by Human Genetic Center of Berlin. 10 karyograms were generated and 20 metaphases 

were analysed of fetal hMSC 1, fetal hMSC 2, aged hMSC (60y), aged hMSC (70y), aged hMSC 
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(74y), iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, fetal, line 1, episomal 2), iPSC (hMSC, 

fetal, line 1, episomal 3) and iPSC (hMSC, 74y, viral). 

2.15.7 Confirmation of absence of episomal plasmids  

To confirm that episomal plasmids were lost in iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, 

fetal, line 1, episomal 2), iPSC (hMSC, fetal, line 1, episomal 3) and iPSC (hMSC, 62y, episomal), 

genomic DNA was isolated from these cells and 100ng of these were used as template in a PCR using 

primers specific for the OriP sequence and the transgenes EBNA1 and SV40LT which are not present 

in the human genome. The same PCR was carried out using the episomal plasmid pEP4 E02S ET2K 

as template, using it as positive control. The absence of a PCR product in gDNA from episomal 

plasmid-derived iPSCs and presence of a PCR product when pEP4 E02S ET2K was used, was 

interpreted as absence of the episomal plasmids in the respective iPS cells. The details of the PCR 

reaction and the primer secquences are explained in the section polymerase chain reaction. The primer 

sequences are listed in Table 2. 
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3 Results 

In the following section bone marrow-derived mesenchymal stem cells will be referred to as hMSCs. 

Bone marrow-derived mesenchymal stem cells isolated from fetal femur at day 55 post-conception 

will be named fetal hMSCs. Two primary cell preparations of fetal hMSCs, fetal hMSC 1 and fetal 

hMSC 2 were used in this study. hMSCs isolated from the bone marrow of aged donors will be 

referred to as aged hMSCs. The age of the respective donor can be found in brackets behind the name. 

The letter ‘y’ stands for years in this case. Four aged hMSC preparations were used in the course of 

this study: aged hMSC (60y) derived from a 60-year-old donor, aged hMSC (62y) derived from a 62-

year-old donor, aged hMSC (70y) derived from a 70-year-old donor and aged hMSC (74y) derived 

from the bone marrow of a 74-year-old-donor. Moreover, human fetal foreskin fibroblasts will be 

named hFF. Induced pluripotent stem cells will be named iPSCs or iPS cells in the following section. 

The iPS cell line derived from fetal hMSC 1 using retroviral reprogramming will be named iPSC 

(hMSC, fetal, line 1, viral). The three iPS cell lines derived from fetal hMSC 1 using episomal 

plasmid-based reprogramming will be named iPSC(hMSC, fetal, line 1, episomal 1), iPSC (hMSC, 

fetal, line 1, episomal 2) and iPSC (hMSC, fetal, line 1, episomal 3). The iPS cell line derived from 

aged hMSC (62y) using episomal plasmid-based reprogramming will be called iPSC (hMSC, 62y, 

episomal). The iPS cell line derived from aged hMSC (74y) by means of retroviral reprogramming 

will be named iPSC (hMSC, 74y, viral). iPSCs derived from hFF by retroviral reprogramming will be 

named iPSC (hFF, viral). Human embryonic stem cells will be referred to as hESCs. In addition, 

mesenchymal stem cell-like cells derived from hESC H1 and hMSC-iPSCs will be referred to as 

iMSCs. iMSCs derived from hESC H1 will be referred to as iMSC (hESC H1). iMSCs derived from 

iPSC (hMSC, fetal, line 1, viral) will be named iMSC (fetal, line 1, viral). iMSCs differentiated from 

iPSC (hMSC, 74y, viral) will be named iMSC (74y, viral). 

The two primary hMSC preparations isolated from fetal femur and the four primary hMSC 

preparations isolated from the bone marrow of 60-year-old, 62-year-old, 70-year-old and 74-year-old 

donors were used in this study to compare age-related changes between these two age groups and to 

analyse the effect of the age-related differences between these two age groups on the induction of 

pluripotency, on the features of iPSCs and on the features of iMSCs from hMSC-iPSCs with different 

age backgrounds.  

3.1 Characterisation of fetal hMSCs and hMSCs of aged donors 

used for pluripotency induction 

Before the hMSCs, that were used in this study, were employed to characterise the effect of age-

related differences on pluripotency induction and on the features of iPSCs and iMSCs, a confirmation 

of typical hMSC features was carried out. Doing this, the fulfilment of the criteria for mesenchymal 
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stem cells set by the International Society for Cellular Therapy (Dominici et al. 2006), such as 

morphology, surface marker expression and ability to differentiatiate into osteoblasts, chondrocytes 

and adipocytes, was analysed. 

 

3.1.1 Confirmation of MSC-specific features in hMSCs of fetal and aged 

background 

Both fetal hMSCs and hMSCs of aged donors showed a fibroblast-like morphology, whereas hMSCs 

from aged donors were bigger in size than fetal hMSCs (Figure 4 A). The pictures shown in Figure 4 

A are representative of the morphology of the other primary hMSCs used in this study. Fetal hMSC 2 

showed a morphology similar to the morphology of fetal hMSC 1, whereas the morphology of aged 

hMSC (70y) was similar to the morphology of aged hMSC (62y), aged hMSC (70y) and aged hMSC 

(74y). In addition, fetal hMSCs proliferated faster than hMSCs of aged donors. This led to confluence 

within two days after fetal hMSCs were seeded at a density of 1x103 cells per cm2. hMSCs of aged 

donors reached confluence within 5 to 8 days after being seeded at the same initial density (data not 

shown). Moreover, using microarray-based gene expression profiling, the expression of MSC marker 

genes CD90, CD73 and CD105 could be confirmed in the two fetal hMSC preparations as well as in 

hMSCs from older donors with 60, 62, 70 or 74 years of age. In contrast to that, expression of the 

hematopoietic marker genes CD14, CD45 and CD34 could not be detected. However, hESC H1 were 

found to express only the marker gene CD90 (Figure 4 B). Moreover, the presence of hMSC surface 

markers CD90, CD73 and CD105 and the absence of hematopoietic markers CD14, CD20, CD34 and 

CD45 could be confirmed using flow cytometry-based detection of these markers for fetal hMSC 1, 

aged hMSC (62y) and aged hMSC (74y) against an isotype control (Figure 4 C). 
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Figure 4 Morphology of fetal hMSCs and hMSCs of elderly donors and expression MCS surface 

markers.  

(A) The cells of fetal hMSC 1 are smaller in size compared to the cells of aged hMSC (70y). 

Bright-field microscopy. 10 x magnification. Both cell preparations were in passage 2. (B) 

hMSCs of fetal and aged background were found to express typical MSC surface marker genes 

but no hematopoietic marker genes. hESC H1 did not show the same gene expression pattern. 

Heatmap based on average signal of gene expression values detected using an Illumina Bead 

Chip microarray. (C) Fetal hMSC 1, aged hMSC (62y) and aged hMSC (74y) showed MSC-typic 

surface marker expression detected by FACS. Hematopoietic markers were not detected by this 

method. Blue: fluorophore-conjugated antibody against surface antigen. Grey: isotype control. 
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As a next step, the differentiation capacity of the primary hMSCs of both age groups used in this study 

was tested. After 21 days of in vitro differentiation into osteoblasts, fetal hMSC 1 as well as aged 

hMSC (62y) and aged hMSC (74y) displayed calcified bone matrix indicated by red colour after 

Alizarin Red staining. Moreover, fat vacuoles were indicated by red colour through Oil Red O staining 

after in vitro adipocyte differentiation, and acidic mucosubstances were indicated by blue colour after 

staining with Alcian Blue after in vitro chondrogenesis. The osteoblast and adipocyte differentiation of 

aged hMSC (74y) was part of my master thesis and is shown here for comparison (Megges 2010) 

(Figure 5 A). Moreover, at day 21 of each differentiation RNA was isolated to confirm the expression 

of lineage-specific marker genes. RNA lysates of aged hMSC (74y) after osteoblast and adipocyte 

differentiation were prepared as part of my master thesis (Megges 2010). The isolation of RNA and 

analysis of marker gene expression by qRT-PCR and microarray were conducted as part of this thesis. 

The ability to differentiate into adipocytes could be confirmed by the expression of the marker genes 

PPARγ and LPL after 21 days of culture in adipogenic medium in fetal hMSC 1, aged hMSC (62y) 

and aged hMSC (74y) compared to low expression of the markers after 21 days in expansion medium. 

The expression of PPARγ was lower in fetal hMSCs compared to the detected expression in hMSCs 

derived from aged donors (Figure 5 B). Likewise, the chondrocyte differentiation marker gene 

COL1A1 was found to be expressed in fetal hMSC 1 compared to low expression after 21 days of 

culture in expansion medium (Figure 5 C). Finally, the expression of osteoblast differentiation marker 

genes RUNX2, ALPL, BGLAP could be detected in aged hMSC (62y) and aged hMSC (74y) after 21 

days of culture in osteoblast differentiation medium. The expression of RUNX2, ALPL and BGLAP 

was lower in fetal hMSC 1 compared to aged hMSC (62y) and aged hMSC (74y) (Figure 5 D). In 

addition to that, higher expression of genes related to bone cell differentiation could be confirmed 

comparing undifferentiated aged hMSC (74) and aged hMSC (74) after 21 days of culture in 

osteoblast differentiation medium by microarray-based gene expression profiling. In particular, genes 

such as BMP6 or SMOC1 were found to be upregulated in aged hMSC (74) after 21 days of culture in 

osteoblast differentiation medium compared to undifferentiated aged hMSC (74y) (Figure 5 E). 
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Figure 5 Trilineage differentiation potential of hMSCs of fetal and aged background.  

(A) Confirmation of typical MSC lineage differentiation potential in fetal hMSC 1, aged hMSC 

(62y) and aged hMSC (74y). Osteogenic: hMSCs after 21 days of culture in osteogenic medium. 

Alizarin Red staining visualised the calcified matrix in red. Bright-field microscopy. 10 x 
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magnification. Adipogenic: hMSCs after 21 days of culture in adipogenic medium. Oil Red O 

staining was used to visualise fat vacuoles of adipocytes in red. Bright-field microscopy. 10 x 

magnification. Chondogenic: hMSCs after 21 days of culture in chondrogenic medium and 

subsequent stain with Alcian blue to visualise acidic mucosubstances in blue. Fetal hMSC 1 and 

aged hMSC (62y): pellet culture. Pictures were taken using a stereo microscope. Aged hMSC 

(74y): micro mass culture. Bright-field microscopy. 10 x magnification. Osteoblast and adipocyte 

differentiation of hMSC (74y) were performed and previously described as part of my master 

thesis. The images of osteogenic differentiation and adipogenic differentiation of aged hMSC 

(74y) were published in this work (Megges 2010) (B) Real-time PCR-based confirmation of 

adipocyte differentiation marker expression (PPARγ, LPL) after 21 days of culture in adipogenic 

medium (AM) in fetal hMSC 1, aged hMSC (62y) and aged hMSC (74y) compared to 21 days of 

culture in expansion medium (EM). (C) Real-time PCR-based confirmation of chondrocyte 

differentiation marker expression (COL1A1) after 21 days of culture in chondrogenic medium 

(ChM) in fetal hMSC 1 compared to 21 days of culture in expansion medium (EM). (D) Real-

time PCR-based confirmation of osteoblast differentiation marker expression (RUNX2, ALPL, 

BGLAP) after 21 days of culture in osteogenic medium (OM) in fetal hMSC1, aged hMSC (62y) 

and aged hMSC (74y). The bars represent the mean of n=3, error bars represent the standard 

deviation. Data were plotted as log2 ratio of the differentiated sample or control over hMSCs of 

the same source that were cultured under standard conditions. (E) Expression of genes related 

to bone cell differentiation in aged hMSC (74y) cultured in osteogenic medium for 21 days 

compared to undifferentiated hMSCs of the same source under normal culture conditions. 

Heatmap based on average signal detected using an Illumina Bead Chip microarray. Gene 

description see Table 17. 

3.1.2 Age-related differences present between fetal hMSCs and hMSCs 

of elderly donors before induction of pluripotency  

In order to be able to narrow down whether age-related differences between fetal hMSCs and hMSCs 

of aged donors have an impact on the induction of pluripotency or on the features of iPS cells with 

different age background and cells differentiated from them, hMSCs of fetal and age background were 

compared towards the presence of such features. The focus of this characterisation of ageing-related 

features were (i) the effect on genomic stability, (ii) the effect on transcriptional patterns of genes 

involved in cell cycle regulation, senescence and response to oxidative stress as well as (iii) 

measurement of intracellular reactive oxygen species (ROS). Furthermore, the expression of 

pluripotency-associated genes and marker-proteins, the similarities of the transcriptomes as well as 

significantly up- and down-regulated genes were characterised comparing primary hMSCs of fetal and 

high age background. 
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The effect of age in primary hMSCs on genomic stability was analysed by karyotyping. In this 

karyotype analysis by GTG banding revealed a normal male karyotype for fetal hMSC 1 and 

hMSC 2. Furthermore, aged hMSC (60y), aged hMSC (62y) and aged hMSC (70y) were found to 

have a normal female karyotype. However, a female karyotype with two aberrant cell lines, both 

a distinct derivative chromosome 11 could be detected in aged hMSC (74y). More specifically, 14 

mitoses out of 23 revealed an unbalanced translocation between chromosome 5 and 11 resulting 

trisomy 5q. Two mitoses showed no aberration whereas chromosome 11 contained additional 

of unknown origin in seven mitoses in aged hMSC (74y) ( 

Figure 6). 
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Figure 6 Karyotype of fetal and hMSCs of elderly donors.  

A normal male karyotype was revealed for fetal hMSC 1 and fetal hMSC 2 by chromosomal 

analysis using GTG-banding. A normal female karyotype was revealed for aged hMSC (60y), 

aged hMSC (62y) and aged hMSC (70y). In aged hMSC (74y), a female karyotype with two 

aberrant cell lines, both with a distinct derivative chromosome 11, was detected. In 14 of 23 

mitoses, an unbalanced translocation between chromosome 5 and 11 resulting in trisomy 5q 
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could be detected. In seven mitosis chromosome 11 contained additional material of unknown 

origin. Two mitoses showed no aberrations. 

 

 

Moreover, the age-related changes of the cell cycle during proliferation were analysed by propidium 

iodide staining and FACS in fetal hMSC 1 and fetal hMSC 2 as well as in aged hMSC (60y), aged 

hMSC (62y) and aged hMSC (70y). The data were pooled according to age into two groups: fetal 

hMSCs consisting of the data measured for fetal hMSC 1 and fetal hMSC 2 and the second group aged 

hMSCs consisting of the merged sample data of hMSC (60y), aged hMSC (62y) and aged hMSC 

(70y). The average of the sample groups was calculated and compared. The comparison revealed that 

on average more cells were in the G2 phase of the cell cycle in aged hMSCs compared to the average 

measured for fetal hMSCs. In addition, fewer cells were detected to be in the G1-phase and the S-

phase of the cell cycle in hMSCs of aged origin compared to fetal hMSCs (Figure 7 A). To analyse 

differences related to cell cycle regulation on the gene expression level, a hierarchical clustering 

analysis of fetal hMSCs and aged hMSCs based on gene expression related to cell cycle regulation 

was carried out. Moreover, the differences of the hMSC samples compared to hESC H1 was included 

by calculating the ratio of the hMSC samples over hESC H1. Interestingly, based on the expression of 

this gene set in this analysis, fetal hMSC 1 and fetal hMSC 2 were more similar to each other than to 

all samples derived from hMSCs of aged donors. Likewise, aged hMSC (60y), aged hMSC (62y), 

aged hMSC (70y) and aged hMSC (74y) were more similar to each other than to the samples derived 

from fetal hMSCs (Figure 7 B). In addition, it was tested whether genes of this gene set were 

significantly up-or down-regulated in fetal or aged hMSC samples compared to hESC H1. A gene that 

was found to be significantly up-regulated only in samples derived from age hMSCs but not from fetal 

hMSCs compared to hESC H1 with a p-value below 0.01 is CCNDBP1. Genes which were found to 

be significantly up-regulated with a p-value below 0.01 only in fetal hMSCs compared to hESC H1 

but not in aged hMSCs are JUN and SON. In addition, the genes PRR11 and BOP1 were found to be 

significantly down-regulated in aged hMSCs but not in fetal hMSCs compared to hESC H1 (data not 

shown) In order to analyse whether there are age-related differences between hMSCs of fetal origin 

and hMSCs derived from elderly donors which are associated with senescence, a β-galactosidase 

staining visualising senescent cells and a comparative analysis of senescence-associated gene 

expression patterns was carried out. Doing this, a hierarchical clustering analysis based on the 

similarity of the ratios of the expression of senescence-associated genes in fetal hMSCs and hMSCs of 

aged donors over the expression in hESC H1 was conducted. The results revealed that similar to cell 

cycle-associated genes, fetal hMSC 1 and fetal hMSC 2 were more similar to each other based on the 

expression of this gene set than to all samples derived from hMSCs of aged donors. Likewise, the 

hybridised samples from aged hMSCs were more similar to each other than to fetal hMSC samples. 

Moreover, aged hMSC (60y) and aged hMSC (70y) formed one similarity cluster, whereas aged 
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hMSC (62y) formed a cluster with hMSC (74y) (Figure 7 C). In order to find significant up or down-

regulated genes hMSC samples of both age groups were compared to hESC H1 using the software 

GenomeStudio. This analysis revealed that the genes CDKN1C, ETS2, CDK4 and NOX4 were 

significantly down-regulated with a p-value below 0.01 in all aged hMSC samples but not in fetal 

hMSC samples compared to hESC H1. Moreover, the genes CCND1 and SERPINB2 were found to be 

significantly up-regulated in aged hMSCs but not in fetal hMSCs with a p-value below 0.01 compared 

to hESC H1. In addition the genes CDK6 and ID1 were significantly up-regulated with a p-value 

below 0.01 in fetal hMSC 1 but not in aged hMSCs compared to hESC H1 (data not shown). To 

compare the level of senescence between fetal and aged hMSCs, β-galactosidase staining was 

performed. Aged hMSC (62y) displayed more cells positive for the senescence marker β-galactosidase 

in blue compared to cells of fetal hMSC 1 stained with the same protocol (Figure 7 D).  
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Figure 7 Differences in cell cycle regulation, senescence and associated gene expression between 

fetal hMSCs and hMSCs from elderly donors. 
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(A) Quantitative comparison of cell cycle stages of fetal hMSCs (pooled data of fetal hMSC 1and 

fetal hMSC 2) and aged hMSCs (pooled data of aged hMSC (60y), aged hMSC (62y), aged 

hMSC (70y)). Propidium iodide staining and analysis via FACS and software Cyflogic. The bars 

represent the mean of the pooled samples of n=6 for fetal hMSCs (n=3 per measured hMSCs 

preparation) and n=9 for aged hMSCs (n=3 per measured hMSC preparation). The standard 

deviation is represented by error bars. (B) Hierarchical clustering analysis of gene expression 

related to cell cycle regulation in fetal and aged hMSCs compared to hESC H1 detected using 

Illumina Bead Chip microarray. Heatmap based on log 2 ratio of average signal of the respective 

sample over average signal in hESC H1. Hierarchical clustering based on Pearson correlation. 

Gene description see Table 18. (C) Hierarchical cluster analysis comparing the expression of 

senescence associated genes in fetal and aged hMSCs detected by means of microarray (Illumina 

Bead Chip technology). Heatmap based on the log 2 ratio of the average signal in the respective 

sample over the average signal in hESC H1. Hierarchical clustering based on Euclidean 

distance. Gene description see Table 19. (D) Expression of senescence marker β-galactosidase in 

aged hMSC (62y) compared to the expression in fetal hMSC 1. Blue: β-galactosidase positive 

cells. Bright-field microscopy. 10 x magnification.  

 

A further aspect of ageing is the deregulation of the redox homeostasis, a process that is important 

during reprogramming and could have an impact on pluripotency induction in these cells. In order to 

analyse whether this feature can be found in hMSCs derived from elderly donors, intracellular ROS 

measurement and analysis of age-related differences in gene expression related to the response to 

oxidative stress were carried out. Interestingly, the measurement of intracellular ROS using the 

fluorescent dye DCFDA and flow cytometry revealed significantly higher ROS levels in aged hMSC 

(60y) and hMSC (62y) but not in aged hMSC (70y) compared to fetal hMSC 1 and fetal hMSC 2 

(Figure 8 A and B). A hierarchical clustering analysis of genes associated to the response to oxidative 

stress revealed no particular age-related regulation of gene expression as fetal hMSC 2 and aged 

hMSC (74y) displayed high similarity to each other but low similarity to the other samples which 

formed a cluster based on the similarity of the gene expression patterns of this category (Figure 8 C). 

However, an additionally performed microarray data analysis of differentially expressed genes 

comparing fetal hMSC 1 and hMSCs of aged background revealed, a significant up-regulation (p-

value below 0.01) of the genes PDLIM1, GPX3, MSRB2 in aged hMSC (60y) and a significant (p-

value below 0.01) down-regulation of RCAN in the same sample. In addition, PDLIM and MSRB3 

were significantly up-regulated whereas SCARA3 was significantly down-regulated in aged hMSC 

(62y) compare to fetal hMSC 1 both with a p-value below 0.01. Likewise, GPX3, PDLIM1 and 

MSRB2 displayed significant up-regulation whereas OXR1 was down-regulated in aged hMSC (70y). 

Finally, PDLIM1, MSRB3, MSRA and RCAN were significantly up-regulated whereas DUSP1, 
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SCARA3 and ORX1 were significantly down-regulated in aged hMSC (74y) compare to fetal hMSC 1 

(data not shown). 

 

Figure 8 Age-related changes of reactive oxygen species (ROS) levels and gene expression 

related to response to oxidative stress in fetal hMSCs and hMSCs of elderly donors.  

(A) Measurement of reactive oxygen species in fetal hMSC 1 (grey), fetal hMSC 2 (green), aged 

hMSC (60y) (red) and aged hMSC (70y) (blue). DCFDA and FACS-based measurement of 

reactive oxygen species in living hMSCs. Histogram was prepared using software Cyflogic. (B) 

Quantification of reactive oxygen species in fetal hMSCs and hMSCs of elderly donors. DCFDA-
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based measurement of reactive oxygen species in living cells using FACS. Data analysis with 

software Cyflogic and Excel. The bars represent the mean of n=4 measurements. Error bars 

represent the standard deviation. Black asterisks: significant difference to fetal hMSC 1 (p-

value<0.05). Blue asterisks: significant difference to fetal hMSC 2 (p-value<0.05). (C) 

Hierarchical cluster analysis of the expression values of genes involved in response to oxidative 

stress in fetal hMSCs and hMSCs of aged donors. Heatmap based on average signal detected 

using Illumina Bead Chip microarray technology. Hierarchical clustering based on Euclidean 

distance. Gene description see Table 20. 

 

To test the notion that fetal hMSCs might express more pluripotency related genes than their 

counterparts derived from aged donors, the expression of pluripotency markers was analysed on the 

protein level and on the level of gene expression in hMSCs of both age groups. Immunofluorescence-

based detection of pluripotency markers in fetal hMSC 1 resulted in positive staining for SSEA4, 

KLF4 and c-MYC, whereas the detected staining signals for OCT4 and SOX2 were very faint. In 

contrast to that, no signal was detected when fetal hMSC 1 were stained for SSEA1, TRA1-60 and 

TRA-81 as well as NANOG (Figure 9 A). Likewise, aged hMSC (74y), when analysed towards 

expression of pluripotency markers, displayed positive expression for KLF4. In addition, OCT4 and 

SOX2 could not be detected (Figure 9 B). To analyse the expression of pluripotency markers on the 

mRNA level, a hierarchical clustering analysis based on the expression of pluripotency marker genes 

in hESC H1 compared to the expression in fetal hMSCs and aged hMSCs was conducted. All hMSC 

samples shared a low similarity with the sample derived from pluripotent hESC H1. More specifically, 

fetal hMSCs formed a similarity cluster with aged hMSC (74y) whereas aged hMSC (60y), aged 

hMSC (62y) and aged hMSC (70y) formed a separate cluster. Pluripotency-related genes expressed in 

all hMSC samples and hESC H1 were ALPL, CD9, PODXL, c-MYC and KLF4. In contrast to that, all 

other pluripotency-associated genes displayed low expression compared to the expression hESC H1 

(Figure 9 C). 
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Figure 9 Expression of pluripotency markers in fetal hMSCs and hMSCs of elderly donors.  

(A) Expression of pluripotency markers KLF4, c-MYC and SSEA4 in fetal hMSC 1. 

Immunofluorescence staining. Green: fluorescence signal of marker. Blue: nuclei visualised by 

DAPI. Both: merge of blue and green channel. Confocal microscopy. 10 x magnification. (B) 
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Expression of KLF4 in aged hMSC (74y). Immunofluorescence staining. Green: fluorescence 

signal of maker, blue: nuclei visualised by DAPI. Both: merge of green and blue channel. (C) 

Hierarchical clustering analysis comparing the expression of pluripotency marker genes in 

hESC H1 with the expression in fetal hMSCs and aged hMSCs. Heatmap based on average 

signal detected using an Illumina Bead Chip microarray. Hierarchical clustering based on 

Pearson correlation. Gene description see Table 21. 

 

 

In order to characterise the similarities and differences of the transcriptomes of hMSCs of fetal and 

aged background that were used to study the effect of biological age on pluripotency induction, a 

microarray-based gene expression analysis was performed using RNA samples isolated from fetal 

hMSC 1, fetal hMSC 2, aged hMSC (60y), aged hMSC (62y), aged hMSC (70y), aged hMSC (74y) as 

well as from hESC H1 and hESC H9. To compare the similarities of the transcriptomes, a clustering 

dendrogram was generated based on the Pearson correlation between the transcriptomes. A higher 

similarity between the transcriptomes of the hMSC samples compared to a low similarity between the 

transcriptomes of the hMSC samples and hESC H1 was revealed. Surprisingly, the transcriptomes of 

fetal hMSCs, while most similar to each other, formed a cluster with aged hMSC (60y) and aged 

hMSC (70y). These samples were in turn less similar to aged hMSC (62y) and aged hMSC (74y) 

whose transcriptomes were most similar to each other (Figure 10 A). The exact values of the Pearson 

correlations between detected transcriptomes of the samples are listed in Figure 10 B. To better 

visualise the similarities and differences between the samples, a colour code was used. The colour 

green stands for high similarity, whereas red represents lower similarity comparing only the 

correlation values of the respective column of the table. According to the results, the correlation 

between the samples of aged hMSCs was above 0.9. More specifically, the correlation between the 

transcriptomes of aged hMSC (74y) and aged hMSC (62y) has the second highest value (0.97), 

whereas the transcriptomes of aged hMSC (60y) and aged hMSC (70y) had a correlation of 0.99, 

which was the highest correlation between aged hMSC samples. In contrast to that, the correlations of 

the transcriptomes of aged hMSC (62y), of aged hMSC (60y) and aged hMSC (70y) had a value of 

0.93 and 0.94 respectively. Moreover, the correlation between the transcriptome of aged hMSC (74y), 

the transcriptome of hMSC (60y) and aged hMSC (70y) was measured with a value of 0.95 and 0.94 

respectively. However, the correlations between aged hMSC (60) and hMSC (70) was measured with 

a value of above 0.96 and was therefore higher than the correlation between fetal hMSC samples, aged 

hMSC (62y) and aged hMSC (74y), which were measured with values between 0.93 and 0.94. 

Interestingly, the correlations between the transcriptomes of fetal hMSCs and hESCs was 0.9 and 

therefore higher than the correlations between the transcriptomes of aged hMSC samples and the 

transcriptome of hESC H1 and hESC H9 which had a value below 0.9 (Figure 10 B). To characterise 

the differences between fetal hMSC 1 and all aged hMSC samples of 60-74 year old donors, a Venn 
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diagram of the differentially expressed genes with a p-value below 0.01 comparing fetal hMSC 1 and 

all aged hMSC samples was generated using the platform VENNY. The genes that were differentially 

expressed according to a statistical test of the software GenomeStudio and had a p-value of 0.01 and 

below were used as input. According to this analysis, all samples of aged hMSC share 888 genes, 

which are differentially expressed in fetal hMSC 1. The highest number of differentially expressed 

genes only measured in one sample but not in the other three samples was detected for the sample of 

aged hMSC (62y) with 1276 genes that are differentially expressed. This was followed by aged hMSC 

(70y) with 488 genes, aged hMSC (74y) with 390 genes and finally aged hMSC (60y) with 285 genes, 

which were differentially expressed between fetal hMSC 1, and the respective samples. In addition to 

that, the differentially expressed genes commonly present in two samples of aged hMSCs were 

detected. The highest number of overlapping gene expression was detected for the samples aged 

hMSC (62y) and hMSC (74y) with 847 genes which are common in the two samples. This was 

followed by 390 common genes in aged hMSC (70y) and aged hMSC (60y), 261 common genes in 

aged hMSC (62y) and aged hMSC (70y), 117 common genes in aged hMSC (70y) and aged hMSC 

(74y) and the lowest number of common genes in the samples aged hMSC (74y) and aged hMSC 

(60y) with 51 genes (Figure 10 C). 
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Figure 10 Microarray-based gene expression analysis comparing fetal hMSCs and hMSCs of 

aged individuals.  



 

 

80 

(A) Hierarchical clustering dendrogram comparing the transcriptomes of fetal hMSC 1, fetal 

hMSC 2, aged hMSC (60y), aged hMSC (62y), aged hMSC (70y), aged hMSC (74y) and hESC 

H1 based on Pearson correlation generated using the software GenomeStudio. (B) Table of 

Pearson correlation values between all fetal hMSC and aged hMSC samples as well as hESC H1 

and hESC H9. Correlations were calculated using the software GenomeStudio. The similarity of 

the samples is coded by colour of the cell starting from green representing the highest similarity 

to strong red representing the lowest similarity. (C) Venn diagram showing overlaps of genes 

differentially expressed (p-value of 0.01 and below) in aged hMSCs derived from 60, 62, 70 and 

74-year-old donors compared to fetal hMSC 1. Venn diagram created with the platform 

VENNY. A statistical test towards differential expression was performed using software 

GenomeStudio.  

 

In order to characterise the processes which are differentially regulated between fetal hMSCs and 

hMSCs derived from older donors, the transcriptome data measured by microarray-based 

transcriptome profiling was grouped according to the age of the samples. In this way the average gene 

expression of the merged samples was calculated. The samples fetal hMSC 1 and fetal hMSC 2 were 

grouped and the grouped sample was called fetal hMSCs. Likewise, the samples aged hMSC (60y), 

aged hMSC (62y), aged hMSC (70y) and aged hMSC (74y) were grouped and the merged samples 

were called aged hMSCs. Subsequently, a statistical test using the software GenomeStudio was 

performed to narrow down the genes, which are differentially expressed between the grouped, samples 

fetal hMSCs and aged hMSCs. The genes, which were detected to be different with a p-value of below 

0.05, were used in the next step. At this point, the ratio of the average signals of the grouped sample 

aged hMSCs over fetal hMSC was calculated and the genes with a 1.5-fold lower average signal in 

aged hMSC compared to fetal hMSCs were considered to be down-regulated. The results of the 

functional annotation of these genes using the DAVID functional annotation database are listed in 

Table 8 and Table 9. The down-regulated genes in aged hMSCs compared to fetal hMSCs were 

annotated to the processes Cell cycle, Notch signalling pathway and Axon guidance of the category 

KEGG with a p-value of below 0.05, whereas the further annotations of the category KEGG with p-

values between 0.06 and 0.086 were Pathways in Cancer, Spliceosome and P53 signalling pathway. In 

addition, genes down-regulated in aged hMSCs were annotated to the BIOCARTA-processe Role of 

MEF2D in T-cell Apoptosis, whereas the down-regulated gene ontology terms (GO-terms) with the 

ten lowest p-values below 0.01 were related to cell cycle and cell cycle regulation processes, such as 

M-Phase except for the annotations regulation of transcription from RNA polymerase II promoter and 

amine biosynthetic process (Table 8). 
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Table 8 Significantly down-regulated processes in hMSCs of aged individuals compared to fetal 

hMSCs.  

Functional annotation of genes, which were differentially expressed between fetal hMSCs 

(merged samples of fetal hMSC 1 and fetal hMSC 2) and aged hMSCs (merged samples of aged 

hMSC (60y), aged hMSC (62y) and aged hMSC (70y)) with a p-value below 0.05 and at least 1.5-

fold lower average signal. The average signal was detected using an Illumina Bead Chip 

microarray. The genes were annotated using the DAVID functional annotation database. A p-

value of 0.05 and below was considered significant but all results are listed for categories KEGG 

and BIOCARTA. In addition, the first ten annotations of the category GO-TERM_BP_FAT are 

listed. 

Category Term Count % PValue

KEGG_PATHWAY hsa04110:Cell cycle 17 2.773 4.95E-06

KEGG_PATHWAY hsa04330:Notch signaling pathway 6 0.979 2.22E-02

KEGG_PATHWAY hsa04360:Axon guidance 10 1.631 3.39E-02

KEGG_PATHWAY hsa05200:Pathways in cancer 18 2.936 6.00E-02

KEGG_PATHWAY hsa03040:Spliceosome 9 1.468 6.96E-02

KEGG_PATHWAY hsa04115:p53 signaling pathway 6 0.979 8.52E-02

Category Term Count % PValue

BIOCARTA h_mef2dPathway:Role of MEF2D in T-cell Apoptosis 4 0.653 9.98E-03

BIOCARTA h_s1pPathway:SREBP control of lipid synthesis 3 0.489 5.28E-02

Category Term Count % PValue

GOTERM_BP_FAT GO:0051726~regulation of cell cycle 36 5.873 1.39E-09

GOTERM_BP_FAT GO:0007049~cell cycle 60 9.788 1.87E-09

GOTERM_BP_FAT GO:0022403~cell cycle phase 40 6.525 4.36E-09

GOTERM_BP_FAT GO:0000278~mitotic cell cycle 36 5.873 2.53E-08

GOTERM_BP_FAT GO:0022402~cell cycle process 45 7.341 1.31E-07

GOTERM_BP_FAT GO:0008284~positive regulation of cell proliferation 35 5.710 1.14E-06

GOTERM_BP_FAT GO:0000279~M phase 30 4.894 1.76E-06

GOTERM_BP_FAT GO:0006357~regulation of transcription from RNA polymerase II promoter 48 7.830 9.24E-06

GOTERM_BP_FAT GO:0009309~amine biosynthetic process 13 2.121 1.40E-05

GOTERM_BP_FAT GO:0007067~mitosis 22 3.589 1.44E-05

Down-regulated in aged hMSCs compared to fetal hMSCs 

 

 

In contrast to that, the genes with a 1.5-fold higher average signal in the grouped sample aged hMSCs 

compare to the grouped sample fetal hMSCs were considered to be up-regulated and were further 

characterised using the DAVID gene annotation database to find the processes these genes are part of. 

The ten gene annotations of the category KEGG with the lowest p-values below 0.05 in aged hMSCs 

were ECM-receptor interaction, Focal adhesion, Graft-versus-host disease, Antigen processing and 

presentation, Lysosome, Viral myocarditis, Type I diabetes mellitus, Complement and coagulation 

cascades, Allograft rejection and Cell adhesion molecules (CAMs). Furthermore, the up-regulated 

genes in aged hMSCs compared to fetal hMSCs were annotated to Antigen Processing and 

Presentation as well as to Ghrelin: Regulation of Food Intake and Energy Homeostasis in the category 

BIOCARTA. In addition, among the ten GO-term-based annotations with the lowest p-value below 

0.01 for the up-regulated genes, were the annotations to extracellular matrix organisation, response to 
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wounding, wound healing, cell adhesion, antigen processing and presentation of peptide antigen as 

well as the GO-term immune response (Table 9). 

 

 

Table 9 Up-regulated processes in hMSCs of aged individuals compared to fetal hMSCs. 

Functional annotation of genes, which are differentially expressed (p-value of 0.05 and below) 

between fetal hMSCs (merged samples of fetal hMSC 1 and fetal hMSC 2) and hMSCs of aged 

donors (merged samples of aged hMSC (60y), aged hMSC (62y) and aged hMSC (70y)) that had 

an at least 1.5-fold higher average signal detected by an Illumina Bead Chip microarray. The 

genes were annotated using DAVID functional annotation platform. A p-value of 0.05 and below 

was considered significant. The first ten annotations with the lowest p-values below 0.01 are 

listed for the category KEGG. All results are shown for the category BIOCARTA. The first ten 

annotations for the category GO-TERM_BP_FAT are listed. 

Category Term Count % PValue

KEGG_PATHWAY hsa04512:ECM-receptor interaction 18 2.378 2.06E-06

KEGG_PATHWAY hsa04510:Focal adhesion 29 3.831 3.51E-06

KEGG_PATHWAY hsa05332:Graft-versus-host disease 12 1.585 4.71E-06

KEGG_PATHWAY hsa04612:Antigen processing and presentation 17 2.246 8.06E-06

KEGG_PATHWAY hsa04142:Lysosome 20 2.642 1.58E-05

KEGG_PATHWAY hsa05416:Viral myocarditis 15 1.982 2.29E-05

KEGG_PATHWAY hsa04940:Type I diabetes mellitus 11 1.453 6.46E-05

KEGG_PATHWAY hsa04610:Complement and coagulation cascades 14 1.849 7.44E-05

KEGG_PATHWAY hsa05330:Allograft rejection 10 1.321 1.00E-04

KEGG_PATHWAY hsa04514:Cell adhesion molecules (CAMs) 18 2.378 7.89E-04

Category Term Count % PValue

BIOCARTA h_mhcPathway:Antigen Processing and Presentation 6 0.793 3.10E-04

BIOCARTA h_ghrelinPathway:Ghrelin: Regulation of Food Intake and Energy Homeostasis 6 0.793 1.33E-03

BIOCARTA h_fibrinolysisPathway:Fibrinolysis Pathway 5 0.661 5.36E-03

BIOCARTA h_ifnaPathway:IFN alpha signaling pathway 4 0.528 2.13E-02

BIOCARTA h_compPathway:Complement Pathway 5 0.661 2.78E-02

BIOCARTA h_il5Pathway:IL 5 Signaling Pathway 4 0.528 2.89E-02

BIOCARTA h_amiPathway:Acute Myocardial Infarction 4 0.528 5.89E-02

BIOCARTA h_tsp1Pathway:TSP-1 Induced Apoptosis in Microvascular Endothelial Cell 3 0.396 8.29E-02

Category Term Count % PValue

GOTERM_BP_FAT GO:0009611~response to wounding 64 8.454 3.55E-14

GOTERM_BP_FAT GO:0042060~wound healing 33 4.359 1.41E-11

GOTERM_BP_FAT GO:0007155~cell adhesion 68 8.983 1.24E-10

GOTERM_BP_FAT GO:0022610~biological adhesion 68 8.983 1.28E-10

GOTERM_BP_FAT GO:0048002~antigen processing and presentation of peptide antigen 12 1.585 6.76E-09

GOTERM_BP_FAT GO:0019882~antigen processing and presentation 18 2.378 4.3E-08

GOTERM_BP_FAT GO:0006955~immune response 61 8.058 4.48E-08

GOTERM_BP_FAT GO:0030198~extracellular matrix organization 20 2.642 4.91E-08

GOTERM_BP_FAT GO:0010033~response to organic substance 62 8.190 9.24E-08

GOTERM_BP_FAT GO:0009719~response to endogenous stimulus 40 5.284 9.73E-07

Up-regulated in aged hMSCs compared to fetal hMSCs

 

 

A recent study that compared gene expression between different aged mice in various organs 

confirmed the metabolic stability theory of ageing (Brink et al. 2009). In addition, the senescence-

related mitochondrial oxidative stress pathway very likely plays a role during reprogramming of 

somatic cells to iPSCs (Prigione et al. 2011b). Therefore, genes, which were found to be significantly 
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up-or down-regulated with age in hMSCs in this study were annotated to biological processes using 

the database DAVID and as additional step screened for annotations confirming differentially gene 

expression of processes and gene ontologies related to metabolic stability as well as the mitochondrial 

oxidative stress pathway including the categories KEGG, BIOCARTA, GOTERM_MF_FAT, 

GOTERM_BP_FAT and GOTERM_CC_FAT in the functional annotation platform DAVID. Doing 

this, the genes found to be up-regulated by microarray in aged hMSCs (merged sample of aged hMSC 

(60y), aged hMSC (62y) and aged hMSC (70y)) compared to fetal hMSCs (merged samples of fetal 

hMSC 1 and fetal hMSC 2) showed annotations to response to oxidative stress (p-value 0.004), 

glutathione metabolism (p-value: 0.19), antioxidant activity (p-value 0.280) and mitochondrion (p-

value 0.880). However, the genes detected as significantly down-regulated in aged hMSCs compared 

to fetal hMSCs were annotated to response to insulin stimulus (p-value: 0.009), insulin receptor 

signalling pathway (p-value: 0.14) and glucose metabolic process (p-value: 0.763 (Table 10). 

 

Table 10 Differential expression of genes related to processes associated to the metabolic 

stability theory of ageing. 

Functional annotation of genes, which were differentially expressed (p-value of 0.05 and below) 

between fetal hMSCs (merged samples of fetal hMSC 1 and fetal hMSC 2) and hMSCs of aged 

donors (merged samples of aged hMSC (60y), aged hMSC (62y) and aged hMSC (70y)). Genes 

with a 1.5-fold higher (up-regulation) or 1.5-fold lower (down-regulation) average signal in fetal 

hMSCs compared to the average signal in aged hMSCs measured using Illumina Bead Chip 

microarray. The up- or down-regulated genes were annotated using the DAVID functional 

annotation platform. Results related to oxidative phosphorylation, citric acid cycle, oxidative 

stress, glutathione metabolism, glycolysis and insulin signalling are shown. A p-value of 0.5 and 

below was considered significant but all results are listed.  

Category Term Count % PValue Genes

GOTERM_BP_FAT GO:0032868~response to insulin stimulus 7 2.053 9.078E-03
IRS2, ADM, FADS1, BAIAP2, BCAR1, 

VGF, ABCC5

GOTERM_BP_FAT GO:0008286~insulin receptor signaling pathway 3 0.880 1.414E-01 IRS2, BAIAP2, BCAR1

GOTERM_BP_FAT GO:0006006~glucose metabolic process 3 0.880 7.625E-01 IRS2, ATF3, PGM2L1

Category Term Count % PValue Genes

GOTERM_BP_FAT GO:0006979~response to oxidative stress 11 2.657 3.962E-03

TXNIP, EPAS1, CRYAB, HMOX1, GPX3, 

CYGB, PDLIM1, BCL2L1, GPX7, STAT1, 

GCLM

KEGG_PATHWAY hsa00480:Glutathione metabolism 4 0.966 1.922E-01 GPX3, GPX7, GCLM, MGST1

GOTERM_MF_FAT GO:0016209~antioxidant activity 3 0.725 2.814E-01 GPX3, CYGB, GPX7

GOTERM_CC_FAT GO:0005739~mitochondrion 23 5.556 8.758E-01

TXNIP, SQRDL, COX7A1, TDRD7, AK1, 

STXBP1, NLRX1, BCL2L1, OAS2, 

MAPK10, MSRB2, STARD13, ACADVL, 

SLC1A3, FYN, HEBP1, CTSB, XAF1, 

SLC27A3, SLC25A43, IFI6, MGST1, PC

up-regulated in aged hMSCs against fetal hMSCs  

down-regulated in aged hMSCs against fetal hMSCs  

 

 

Interestingly, a recent study confirmed the age-related regulation of a set of genes in human fibroblasts 

(Hashizume et al. 2015). To reveal whether these genes are regulated with age in hMSCs, the average 
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signal detected by microarray was plotted comparing the expression of the genes COX7A1, MRPL28, 

CAPRIN2, GCAT, EHHADH, ALDH5A1 and SHMT2 between the samples of fetal hMSCs and aged 

hMSCs. The analysis revealed a higher average signal for the gene COX7A1 in aged hMSC samples 

but not in fetal hMSCs. In addition, the signal intensity of the gene SHMT2 was higher than the signal 

intensity of MRPL28, CAPRIN2, GCAT, EHHADH and ALDH5A1 in fetal and aged hMSCs. 

Moreover, a slightly lower average signal was detected for the gene GCAT in aged hMSCs compared 

to fetal hMSCs (Figure 11 A). In addition to that, gene lists based on the GO-terms oxidative 

phosphorylation, citric acid cycle, glycolysis, glutathione metabolism and insulin signalling that were 

differentially expressed in fetal hMSCs (merged samples of fetal hMSC 1 and fetal hMSC 2) 

compared to aged hMSCs (merged samples of aged hMSC (60y), aged hMSC (62y) and aged hMSC 

(70y)) were extracted using microarray-based gene expression analysis. Genes involved in glycolysis 

were found to be significantly up-regulated (ALDOC, PFKFB3) and down-regulated (GPI) in fetal 

hMSCs compared to aged hMSCs. In addition, the gene IRS2 involved in insulin signalling was found 

to be up-regulated, whereas the gene GCLM, which is involved in glutathione metabolism was down-

regulated in fetal hMSCs compared to aged hMSCs (Figure 11 B).  

 

Figure 11 Expression of genes regulated with age and with implications in the metabolic stability 

theory of ageing in fetal hMSCs compared to hMSCs of aged donors. 
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(A) Histogram plot of the average signal of expression of genes described to be regulated with 

age in a recent study (Hashizume et al. 2015). Compared are fetal hMSC 1, fetal hMSC 2, fetal 

hMSC 3, aged hMSC (60y), aged hMSC (62y), aged hMSC (70y) and aged hMSC (74y). Gene 

expression was measured using an Illumina Bead Chip. (B) Genes of gene lists based on the GO-

terms oxidative phosphorylation, TCA cycle, glycolysis, glutathione metabolism and insulin 

signalling that were differentially expressed in fetal hMSCs (merged samples of fetal hMSC 1 

and fetal hMSC 2) compared to aged hMSCs (merged samples of aged hMSC (60y), aged hMSC 

(62y) and aged hMSC (70y)). Left: Log 10 of the differential p-values below 0.05 of differentially 

expressed genes calculated by the software GenomeStudio. Right: Log 2 of the ratios of the 

average signals in fetal hMSCs over aged hMSCs of the differentially expressed genes sorted 

according to the differential p-value. Gene expression was measured using an Illumina Bead 

Chip. 

 

In addition to that, the results of recent studies suggest that the cytoskeleton dynamics change in aged 

hMSCs compared to hMSCs of young background and that stem cells in aged individuals interact 

differently with their surrounding extracellular matrix (Geissler et al. 2012, Rando and Wyss-Coray 

2014). Therefore, genes that were significantly up- or down-regulated in aged hMSCs compared to 

fetal hMSCs were extracted and annotated to pathways and gene ontologies using DAVID functional 

annotation database. The results of the analysis revealed an up-regulation of genes annotated to the 

gene ontologies and processes proteinaceous extracellular matrix, extracellular matrix, cell adhesion, 

biological adhesion, extracellular matrix part, extracellular matrix organisation, ECM-receptor 

interaction, Focal adhesion, cell migration and Cell adhesion molecules (CAMs) in aged hMSCs 

compared to fetal hMSCs. In contrast to that, the comparison revealed that genes annotated to the 

processes and gene ontologies microtubule cytoskeleton, cytoskeleton organisation, extracellular 

matrix, cytoskeleton, proteinaceous extracellular matrix, cytoskeletal part, microtubule cytoskeleton 

organisation, cell adhesion and actin cytoskeleton were down-regulated in aged hMSCs compared to 

fetal hMSCs (Table 11). 
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Table 11 Differential expression of genes related to processes associated to the cytoskeleton and 

to the interaction with the extracellular matrix. 

Functional annotation of genes, which were differentially, expressed (p-value of 0.05 and below) 

between fetal hMSCs (merged samples of fetal hMSC 1 and fetal hMSC 2) and hMSCs of aged 

donors (merged samples of aged hMSC (60y), aged hMSC (62y) and aged hMSC (70y)). Genes 

with a 1.5-fold higher (up-regulation) or 1.5-fold lower (down-regulation) average signal in fetal 

hMSCs compared to the average signal in aged hMSCs measured using Illumina Bead Chip 

Microarray. The up or down-regulated genes were annotated using the DAVID functional 

annotation platform. Results related to cell adhesion, extracellular matrix interaction and the 

cytoskeleton are shown. A p-value of 0.5 and below was considered significant but the ten most 

significant annotations with the lowest differential p-value are listed.  

Category Term Count % PValue

GOTERM_CC_FAT GO:0015630~microtubule cytoskeleton 31 5.057 9.377E-04

GOTERM_BP_FAT GO:0007010~cytoskeleton organization 27 4.405 2.971E-03

GOTERM_CC_FAT GO:0031012~extracellular matrix 20 3.263 7.175E-03

GOTERM_CC_FAT GO:0005856~cytoskeleton 56 9.135 1.380E-02

GOTERM_CC_FAT GO:0005578~proteinaceous extracellular matrix 18 2.936 1.479E-02

GOTERM_CC_FAT GO:0044430~cytoskeletal part 41 6.688 1.582E-02

GOTERM_BP_FAT GO:0000226~microtubule cytoskeleton organization 11 1.794 2.504E-02

GOTERM_BP_FAT GO:0007155~cell adhesion 34 5.546 2.781E-02

GOTERM_BP_FAT GO:0022610~biological adhesion 34 5.546 2.788E-02

GOTERM_CC_FAT GO:0015629~actin cytoskeleton 15 2.447 2.977E-02

Category Term Count % PValue

GOTERM_CC_FAT GO:0005578~proteinaceous extracellular matrix 49 6.473 3.69E-13

GOTERM_CC_FAT GO:0031012~extracellular matrix 50 6.605 1.68E-12

GOTERM_BP_FAT GO:0007155~cell adhesion 68 8.983 1.24E-10

GOTERM_BP_FAT GO:0022610~biological adhesion 68 8.983 1.28E-10

GOTERM_CC_FAT GO:0044420~extracellular matrix part 24 3.170 3.06E-09

GOTERM_BP_FAT GO:0030198~extracellular matrix organization 20 2.642 4.91E-08

KEGG_PATHWAY hsa04512:ECM-receptor interaction 18 2.378 2.06E-06

KEGG_PATHWAY hsa04510:Focal adhesion 29 3.831 3.51E-06

GOTERM_BP_FAT GO:0016477~cell migration 26 3.435 2.29E-04

KEGG_PATHWAY hsa04514:Cell adhesion molecules (CAMs) 18 2.378 7.89E-04

up-regulated in aged hMSCs against fetal hMSCs  

down-regulated in aged hMSCs against fetal hMSCs  

 

 

3.2 iPS generation and characterisation  

In order to analyse the effect of age-related differences between fetal hMSCs and hMSCs of aged 

donors on the induction of pluripotency and on the features of induced pluripotent stem cells derived 

from hMSCs of fetal and high age background, hMSCs of both age groups were reprogrammed to iPS 
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cells using retroviral and episomal plasmid-based, non-viral methods. Table 12 gives an overview of 

the reprogramming experiments conducted.  

 

3.2.1 Reprogramming of hMSCs of fetal and aged background to 

induced pluripotent stem cells 

Retroviral reprogramming 

Retroviral iPS cell generation from hMSCs was carried out by means of pMX vector-based retrovirus 

generation and subsequent transduction and overexpression of the so called Yamanaka factors OCT4, 

SOX2, KLF4 and c-MYC based on a previously described protocol that was modified (Takahashi et 

al. 2007). The reprogramming protocol was modified according to a protocol described for episomal 

plasmid-based reprogramming (Yu et al. 2011). Reprogramming was conducted using N2B27 medium 

with and without addition of an inhibitor cocktail consisting of MEK inhibitor PD0325901, GSK3β 

inhibitor CHIR99021, TGF-β/Activin/Nodal receptor inhibitor A-83-01 and ROCK inhibitor HA-100 

(Yu et al. 2011) (smM) and under hypoxia (5% oxygen) as well as normoxia. Moreover, the 

reprogramming was conducted with and without switch of the initial medium to mTeSR 1 14 days 

after viral transduction. In addition, the viral reprogramming of hMSC (74y) was carried out as part of 

my master thesis. The further characterisation and comparison to other hMSC-iPSCs was conducted in 

this PhD thesis. In contrast to the other hMSCs, aged hMSC (74y) was reprogrammed using hESC 

maintenance medium followed by conditioned medium and addition of an inhibitor cocktail consisting 

of MEK inhibitor PD0325901, TGFβ receptor inhibitor SB-431542 and P53 inhibitor pifithrin α 

(Megges 2010). All reprogramming experiments conducted are listed in Table 12.  

The retroviruses harbouring the open reading frames of OCT4, SOX2, KLF4 and c-MYC were 

generated using HEK293T cells. Subsequently, the functionality of the viruses was assessed by a test-

transduction of fetal hMSC 1. Immunofluorescence staining after the viral transduction revealed 

OCT4-positive cells, SOX2-positive cells, KLF4-positive and c-MYC-positive cells after transduction 

with the retrovirus harbouring the respective transgene (Figure 12 A). In addition to the viruses used 

for reprogramming, GFP-carrying viruses were produced and used to test the functionality of the 

approach as well as to calculate the virus titer and transduction efficiency. Fetal hMSC 1 transduced 

with a GFP-carrying virus-based on the plasmid pLIB GFP revealed a total of 16.1% GFP-positive 

cells when analysed using FACS compared to the same cells without transduction which showed 

0.13% GFP positivity. In addition to that, fetal hMSC 1 transduced with a GFP harbouring retrovirus 

displayed a positive fluorescence signal in the green channel of a fluorescence microscope (Figure 12 

B and C). 

Fetal hMSC 1 could be reprogrammed to induced pluripotent cells by all conditions used. 

Reprogramming in N2B27 medium and normoxia resulted in a reprogramming efficiency of 0.03% 
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whereas hypoxia (5% oxygen) enhanced the efficiency to 0.04% under the same conditions. Hypoxia 

and addition of mTeSR 1 after 14 days resulted in an efficiency of 0.04%. In contrast to that, hypoxia 

and addition of the inhibitor cocktail smM resulted in a reprogramming efficiency of 0.02%, whereas 

addition of mTeSR 1 enhanced the efficiency to 0.06% in fetal hMSC 1. One stable iPS cell line was 

isolated from fetal hMSC 1 by retroviral reprogramming under hypoxia in N2B27 medium named 

iPSC (hMSC, fetal, line 1, viral). In contrast to that, aged hMSC (74y) were reprogrammed with an 

efficiency of 0.0005% as part of my master thesis (Megges 2010). The generated iPS cell line was 

further characterised in this work. However, fetal hMSC 2, aged hMSC (60y), aged hMSC (62y) and 

aged hMSC (70y) could not be reprogrammed with any of the conditions used. The reprogramming 

experiments were stopped 65 days after viral transduction (Table 12).  
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Figure 12 Confirmation of functionality of retroviruses used for reprogramming of hMSCs into 

iPS cells. 

(A) Example of a functionality test of the generated retroviruses used for reprogramming. 

OCT4: fetal hMSC 1 infected with OCT4-harbouring retrovirus. SOX2: fetal hMSC 1 infected 
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with SOX2-harbouring retrovirus. KLF4: fetal hMSC 1 infected with KLF4-harbouring 

retrovirus. c-MYC: fetal hMSC 1 infected with c-MYC-harbouring retrovirus. The correct 

expression of the transgene was visualised by immunofluorescence staining employing primary 

antibodies specific for the respective transgene. Green: fluorescence signal visualising transgene 

expression. Blue: nuclei visualised by DAPI. Both: merge of green and blue channel. Confocal 

microscopy. 10 x magnification. (B) FACS-based quantification of infection efficiency. Example 

of fetal hMSC 1 infected with a retrovirus harbouring GFP (plasmid) compared to fetal hMSC 1 

without infection (control). FACS analysis carried out one day after transduction. Shown are 

percentages of GFP-positive cells of cells measured. (C) Example of fetal hMSC 1 infected with a 

GFP-carrying retrovirus produced in parallel to OCT4, SOX2, KLF4 and c-MYC-harbouring 

retroviruses. Picture taken 1 day after viral transduction. Green: expressed GFP. Blue: nuclei 

stained with DAPI. Confocal microscopy. 10 x magnification. 

 

Reprogramming using episomal plasmids 

Non-viral reprogramming based on episomal plasmids was conducted according to a protocol that was 

previously described (Yu et al. 2011). The plasmid combination 7F-2 was used employing the same 

amounts of plasmids for nucleofection. All reprogramming experiments were conducted on feeder 

cells (inactivated mouse embryonic fibroblasts). hMSCs were cultured for five days in hMSC medium 

before they were plated for reprogramming in N2B27 medium with FGF2. The same reprogramming 

conditions as described for viral reprogramming were used for episomal reprogramming: hypoxia or 

normoxia and addition of the inhibitor cocktail smM as well as medium switch to mTeSR 1 after 14 

days (Yu et al. 2011). The addition of vitamin c to the reprogramming medium using a previously 

described concentration (Gao et al. 2013) was a modification yielded episomal iPSCs from aged 

hMSC (62y).  

All hMSCs used in this study were nucleofected with the plasmid combination 7-F2. In order to 

analyse whether the nucleofection was successful, hMSCs were nucleofected with pmax-GFP, a 

control plasmid delivered as part of the Human MSC Nucleofector® Kit (LONZA), which was 

for all episomal plasmid-based reprogramming experiments. The nucleofection of fetal hMSC 1 

pmax-GFP resulted in 30.1% GFP-positive cells measured using FACS compared to 0.4% cells 

measured as positive using FACS in non-nucleofected fetal hMSC 1. Moreover, 31.45% cells 

measured as GFP-positive cells by FACS compared to 1.34% cells detected as GFP-positive in 

nucleofected cells after the nucleofection of aged hMSC (62y) with pmax-GFP ( 

Figure 13 A). In addition to that, fetal hMSC 1 and aged hMSC (62y) nucleofected with pmax-

GFP according to the manufacturer’s instructions displayed a fluorescence signal in the green 

channel of a fluorescence microscope indicating the presence of GFP and successful 

nucleofection ( 

Figure 13 B and C).  
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Figure 13 Confirmation of successful nucleofection in episomal plasmid-based reprogramming 

of fetal hMSCs and hMSCs of aged donors.  

(A) FACS-based measurement of nucleofection efficiency. Shown are fetal hMSC 1 and aged 

hMSC (62y) nucleofected with the control plasmid pmax–GFP (plasmid) of the Human MSC 

Nucleofector® Kit (LONZA) used for reprogramming against non-nucleofected cells of the same 

type (control). The same nucleofection parameters as for the nucleofection of the episomal 
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plasmid combination for reprogramming were used. The cells measured as GFP-positive with 

this method of all measured cells are shown in percent. (B) Fetal hMSC 1 nucleofected with 

plasmid pmax-GFP of the Human MSC Nucleofector® Kit (LONZA) using the same conditions 

as for the nucleofection of episomal plasmid combination for reprogramming. Green: GFP-

positive cells, Grey: bright-field recorded with a confocal microscope. 10 x magnification (C) 

Aged hMSC (62y) nucleofected with plasmid pmax-GFP using the same conditions that were 

used for the nucleofection of the episomal plasmid combination during reprogramming. Green: 

GFP-positive cells. 

 

Fetal hMSC 1 could be reprogrammed using episomal plasmids with efficiencies of 0.01% to 0.05%. 

Reprogramming under normoxia in N2B27 medium resulted in a reprogramming efficiency of 0.01% 

with and without the inhibitor cocktail smM. In contrast to that, the reprogramming efficiency was 

0.04% with N2B27 medium and 0.05% with N2B27 medium and switch to mTeSR 1 after 14 days, 

whereas hypoxic conditions and N2B27 medium with smM and with smM and medium switch to 

mTeSR 1 lead to a reprogramming efficiency of 0.01%. Interestingly, fetal hMSC 2 could be induced 

to derived iPS cell colonies under hypoxia, N2B27 medium, addition of smM and switch to mTeSR 14 

days after the cells were plated for reprogramming with an efficiency of 0.02%. Under all other 

conditions used no pluripotent stem cell colonies could be detected during reprogramming of fetal 

hMSCs. Moreover, aged hMSC (62y) could be reprogrammed to iPSCs under hypoxia using the 

condition N2B27 medium and medium switch to mTeSR 1 14 days after seeding on feeder cells and 

addition of vitamin c. All other conditions tested to reprogram aged hMSC (62y) did not result in 

visible iPS cell colonies. In addition to that, aged hMSC (60y) and aged hMSC (70y) could not be 

reprogrammed to iPS cells by any of the tested conditions. (Table 12) 

Four iPS cell lines were isolated and established using episomal plasmid-based reprogramming in this 

study. iPSC (hMSC, fetal, line 1, episomal 3) was derived from fetal hMSC 1 using N2B27 medium 

under normoxia, whereas iPSC (hMSC, fetal, line 1, episomal 1) and iPSC (hMSC, fetal, line 1, 

episomal 2) were derived from fetal hMSC 1 using N2B27 medium and the addition of the inhibitor 

cocktail smM under normoxia. Moreover, the iPS cell line iPSC (hMSC, 62y, episomal) was derived 

from aged hMSC (62y) under hypoxia N2B27 medium, addition of vitamin c and switch to mTeSR 1 

14 days after seeding of the nucleofected cells on feeders (Table 12). 

 

Isolation and expansion of iPS clones  

During the course of all reprogramming experiments, morphological changes occurred, which resulted 

in the case of successful reprogramming into clusters of small cells that developed further into cells 

with a morphology similar to hESCs. These colony-like cell clusters were picked by hand using a 

pipette and seeded onto feeder cells using addition of ROCK inhibitor. When the picked colonies 

showed a stable hESC-like morphology, they were passaged further every seven days until the 
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characterisation was started at passage six. Figure 14 A shows an example of morphological changes 

that occurred during viral reprogramming of fetal hMSC 1 during the reprogramming experiment Fetal 

1.8 described in Table 12 14 days after viral transduction. All iPS cell lines derived from fetal hMSC 

1, aged hMSC (62y) and aged hMSC (74y) showed a morphology similar to human embryonic stem 

cells. The hMSC-iPSCs displayed a high nucleus to cytoplasm ratio and grew in colonies with smooth 

edges. Figure 14 B shows examples of the hESC-like morphology of iPSC (hMSC, fetal, line 1, 

episomal 1), iPSC (hMSC, 62y, episomal) and iPSC (hMSC, 74y, viral). 

 

 

Figure 14 Morphological changes during reprogramming and morphology of generated hMSC-

iPS cells.  

(A) Representative picture of morphology changes observed during viral reprogramming of 

fetal hMSC 1 (reprogramming experiment Fetal 1.8) Picture taken at day 14 after viral 

transduction (B) Morphologies of generated hMSC-iPS cells. Pictures taken at passage 11: iPSC 

(hMSC, fetal, line 1, episomal 1), passage 8: iPSC (hMSC, 62y, episomal) and passage 18: iPSC 

(hMSC, 74y, viral). All iPS cell lines showed typical small cell size, colony-like growth and high 
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nucleus to cytosol ratio. Bright-field microscopy. Pictures were taken with a digital camera and 

processed using the software ImageJ. 

 

Comparison of retroviral and episomal plasmid-based reprogramming efficiencies 

As fetal hMSC 1 could be reprogrammed with all conditions tested, a comparison between the 

reprogramming techniques could be made. Viral reprogramming of fetal hMSC 1 under normoxia 

resulted in an efficiency of 0.03% compared to 0.01% when episomal plasmids were used. Moreover, 

viral reprogramming under hypoxia led to an efficiency of 0.04% and 0.04% when mTeSR 1 was 

added 14 days after viral transduction compared to efficiencies of 0.04% and 0.05% with mTeSR 1 

addition after 14 days when episomal plasmid-based reprogramming was used. In addition to that, 

hypoxia and addition to the inhibitor cocktail smM resulted in an efficiency of 0.02% using viral 

reprogramming, whereas the efficiency was 0.01% when episomal plasmid-based reprogramming was 

used (Table 12). 

 

Table 12 Overview of conducted viral and episomal plasmid-based reprogramming experiments.  

M: male, F: female; s: addition of small molecules: MEK inhibitor PD0325901, GSK3β inhibitor 

CHIR99021, TGF-β/Activin/Nodal receptor inhibitor A-83-01 and ROCK inhibitor HA-100. PD: 

MEK inhibitor PD0325901, SB: TGFβ receptor inhibitor SB-431542, p53i: P53 inhibitor  

pifithrin α. The reprogramming experiment of aged hMSC (74y) was part of a previously 

published master thesis (Megges 2010). Episomal: reprogramming based on episomal plasmids 

with the plasmid combination 7F-2 previously described. (Yu et al. 2011). Viral: reprogramming 

using retroviruses harbouring OCT4, SOX2, KLF4 and c-MYC, N: normoxia, H: hypoxia, 5% 

oxygen. mTeSR: from day 14 post-transduction / post-nucleofection cells were cultured in 

mTeSR 1. Table see next page. 
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Reprogramming 

experiment
parental cell age sex 

passage 

at 

infection/

nucleofection 

reprogramming 

method

Hypoxia (H)/

Normoxia(N)

addtion of 

small 

molecules (s)

additional 

conditions

number of 

input cell 

number of 

colonies 

visible (days 

post 

transduction/ 

nucleofection)

efficiency iPS cell lines established

Fetal 1.1 fetal hMSC 1
day 55 post 

conception
M 2 episomal N 3.3E+04 29(41) 0.01% iPSC (hMSC, fetal, line 1, episomal 3)

Fetal 1.2 fetal hMSC 1 2 episomal N s 3.3E+04 28(41) 0.01%
iPSC (hMSC, fetal, line 1, episomal 1)

iPSC (hMSC, fetal, line 1, episomal 2)

Fetal 1.3 fetal hMSC 1 2 episomal H 8.0E+04 35(45) 0.04%

Fetal 1.4 fetal hMSC 1 2 episomal H mTeSR 8.0E+04 36(45) 0.05%

Fetal 1.5 fetal hMSC 1 2 episomal H s 2.0E+04 2(45) 0.01%

Fetal 1.6 fetal hMSC 1 2 episomal H s mTeSR 2.0E+04 2(45) 0.01%

Fetal 1.7 fetal hMSC 1 2 viral N 6.0E+04 18(55) 0.03%

Fetal 1.8 fetal hMSC 1 2 viral H 2.4E+05 101(55) 0.04% iPSC (hMSC, fetal line 1, viral)

Fetal 1.9 fetal hMSC 1 2 viral H mTeSR 2.4E+05 150(55) 0.04%

Fetal 1.10 fetal hMSC 1 2 viral H s 8.0E+04 17(55) 0.02%

Fetal 1.11 fetal hMSC 1 2 viral H s mTeSR 8.0E+04 50(55) 0.06%

Fetal 2.1 fetal hMSC 2
day 55 post 

conception
M 2 episomal N 4.0E+04 0(54) n.a

Fetal 2.2 fetal hMSC 2 2 episomal H 2.0E+04 0(54) n.a

Fetal 2.3 fetal hMSC 2 2 episomal H mTeSR 2.0E+04 0(54) n.a

Fetal 2.4 fetal hMSC 2 2 episomal H s 4.0E+04 0(54) n.a

Fetal 2.5 fetal hMSC 2 2 episomal H s mTeSR 4.0E+04 9(54) 0.02%

Fetal 2.6 fetal hMSC 2 2 viral N 6.0E+04 0(65) n.a

Fetal 2.7 fetal hMSC 2 2 viral H 2.4E+05 0(65) n.a

Fetal 2.8 fetal hMSC 2 2 viral H mTeSR 2.4E+05 0(65) n.a

Fetal 2.9 fetal hMSC 2 2 viral H s 8.0E+04 0(65) n.a

Fetal 2.10 fetal hMSC 2 2 viral H s mTeSR 8.0E+04 0(65) n.a

(60y).1 aged hMSC (60y) 60 years F 2 episomal N 4.0E+04 0(54) n.a

(60y).2 aged hMSC (60y) 2 episomal H 2.0E+04 0(54) n.a

(60y).3 aged hMSC (60y) 2 episomal H mTeSR 2.0E+04 0(54)

(60y).4 aged hMSC (60y) 2 episomal H s 4.0E+04 0(54) n.a.

(60y).5 aged hMSC (60y) 2 episomal H s mTeSR 4.0E+04 0(54)

(60y).6 aged hMSC (60y) 2 viral N 6.0E+04 0(65) n.a

(60y).7 aged hMSC (60y) 2 viral H 2.4E+05 0(65) n.a

(60y).8 aged hMSC (60y) 2 viral H mTeSR 2.4E+05 0(65)

(60y).9 aged hMSC (60y) 2 viral H s 8.0E+04 0(65) n.a

(60y).10 aged hMSC (60y) 2 viral H s mTeSR 8.0E+04 0(65)

(62y).1 aged hMSC (62y) 62 years F 2 episomal N 4.0E+04 0(54) n.a

(62y).2 aged hMSC (62y) 2 episomal H 2.0E+04 0(54) n.a

(62y).3 aged hMSC (62y) 2 episomal H mTeSR 2.0E+04 0(54)

(62y).4 aged hMSC (62y) 2 episomal H
mTesR+

Vitamin C
2.0E+04 8(54) 0.04% iPSC (hMSC, 62y, episomal)

(62y).5 aged hMSC (62y) 2 episomal H s 4.0E+04 0(54) n.a.

(62y).6 aged hMSC (62y) 2 episomal H s mTeSR 4.0E+04 0(54)

(62y).7 aged hMSC (62y) 2 viral N 6.0E+04 0(65) n.a

(62y).8 aged hMSC (62y) 2 viral H 2.4E+05 0(65) n.a

(62y).9 aged hMSC (62y) 2 viral H mTeSR 2.4E+05 0(65)

(62y).10 aged hMSC (62y) 2 viral H s 8.0E+04 0(65) n.a

(62y).11 aged hMSC (62y) 2 viral H s mTeSR 8.0E+04 0(65)

(70y).1 aged hMSC (70y) 70 years F 2 viral N 6.0E+04 0(55) n.a

(70y).2 aged hMSC (70y) 2 viral H 6.0E+04 0(55) n.a

(70y).3 aged hMSC (70y) 2 viral H s 6.0E+04 0(55) n.a

(74y).1 aged hMSC (74y) 74 years F 2 viral N SB, PD, p53i 2.0E+05 1(40) 0.0005% iPSC (hMSC, 74y, viral)  

3.2.2 Characterisation of hMSC-iPSCs 

In order to confirm pluripotency, the iPS cells derived from hMSCs of fetal and high age background 

were tested towards expression of pluripotency markers.  
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A green fluorescence signal indicating the expression of the pluripotency marker alkaline phosphatase 

could be detected in iPSC (hMSC, fetal, line 1, viral), iPSC (hMSC, fetal, line 1, episomal 1), iPSC 

(hMSC, fetal, line 1, episomal 2), iPSC (hMSC, fetal, line 1, episomal 3), iPSC (hMSC, 62y, 

episomal) and iPSC (hMSC, 74y, viral) (Figure 15). 

 

 

Figure 15 Expression of pluripotency marker alkaline phosphatase in hMSC-iPSCs of different 

age and reprogramming backgrounds.  

iPSCs were stained with Alkaline Phosphatase Live Stain (Life Technologies). Green: alkaline 

phosphatase positive cells. Confocal microscopy. 10 x magnification. AP: alkaline phosphatase. 

 

In addition to that, microarray-based gene expression profiling and subsequent comparison of 

measured expression of pluripotency marker genes in the derived hMSC-iPSCs of different age 

background revealed the induction pluripotency-related genes in fetal hMSC 1 using viral and 

episomal plasmid-based reprogramming, in aged hMSC (74y) with viral reprogramming and in aged 

hMSC (62y) with episomal plasmid-based reprogramming. The pluripotency-related genes were 

detected as expressed in iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, fetal, line 1, episomal 

2) and iPSC (hMSC, 74y, viral) in a similar manner to the expression in hESC H1. In contrast to that, 

iPSC (hMSC, fetal, line 1, viral) and iPSC (hMSC, 62y, episomal) were found to express fewer 

pluripotency-related genes compared to hESCs and the other hMSC-iPSCs. However more 

pluripotency-related genes were expressed than in the parental hMSCs, fetal hMSC 1 and aged hMSC 

(62y). The pluripotency marker gene NANOG was expressed in hESC H1 as well as in hMSC-iPSCs 

except iPSC (hMSC, fetal, line 1, viral) in which a very low expression of this gene was detected. 

Furthermore, LIN28 and LEFTY1 displayed a high expression in iPSC (hMSC, fetal, line 1, episomal 
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1), iPSC (hMSC, fetal, line 1, episomal 2) and iPSC (hMSC, 74y, viral) but a low expression in iPSC 

(hMSC, fetal, line 1, viral) and iPSC (hMSC, 62y, episomal). In contrast to that, the pluripotency 

marker genes KLF4, SOX2, POU5F1 (OCT4), c-MYC and DPPA4 showed high expression levels in 

all iPS cell lines similar to the expression in hESC H1. However, genes like FGF4 and TERT were 

detected with a low expression in all samples (Figure 16 A). Subsequently, the expression of 

pluripotency markers was tested on the protein level using immunofluorescence staining. The set of 

antibodies used for this purpose was tested using hESC H1 as positive control. Indeed, the expression 

of OCT4, NANOG, SOX2, KLF4, SSEA4, TRA1-60, TRA1-81 and absence of SSEA1 could be 

confirmed in hESCs (Figure 16 B). Moreover, the expression of the pluripotency markers OCT4, 

NANOG, SOX2, KLF4, c-MYC, SSEA4, TRA1-60, TRA1-81 and absence of SSEA1 expression 

could be confirmed in iPSC (hMSC, 74y, viral) and iPSC (hMSC, fetal, line 1, viral). However, iPSC 

(hMSC, fetal, line 1, viral) were not stained for c-MYC and SSEA1 (Figure 16 C and D). In addition 

to that, iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, fetal, line 1, episomal 2) and iPSC 

(hMSC, fetal, line 1, episomal 3) showed positive staining results for the pluripotency markers OCT4, 

NANOG, SOX2, SSEA4 and TRA1-60, whereas iPSC (hMSC, 62y, episomal) displayed positive 

immunofluorescence staining results for OCT4, NANOG, SSEA4, TRA1-60, TRA1-81 (Figure 17). 
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Figure 16 Analysis of pluripotency maker gene expression in hMSCs of fetal and aged 

background and immunofluorescence-based pluripotency marker detection in iPS cells derived 

with retrovirus-mediated reprogramming. 
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(A) Heatmap based on average signal intensities of pluripotency-related genes detected using an 

Illumina Bead Chip microarray in samples isolated from iPSCs derived from fetal hMSC 1, 

aged hMSC (62y) and aged hMSC (74y) by viral and episomal plasmid based methods. Parental 

hMSCs and hESC H1 are shown for comparison. Gene description see Table 21. (B) 

Pluripotency marker expression in hESC H1 cultured in unconditioned medium. (C) Expression 

of pluripotency markers detected in iPSCs derived from fetal hMSC 1 by retroviral 

reprogramming. (D) Expression of pluripotency markers detected in iPSCs derived from aged 

hMSC (74y) (taken from (Megges et al. 2015)) by means of retroviral reprogramming. The 

marker expression was comparable to the expression in hESC H1 shown in B. (B, C, D): 

Immunofluorescence. Green/red: fluorescence signal indicating marker expression. Blue: Nuclei 

visualised by DAPI. Confocal microscopy. 10 x magnification. Scale bar=100µm. 
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Figure 17 Immunofluorescence-based pluripotency marker detection in iPS cells derived with 

episomal plasmid-based reprogramming methods.  

Episomal plasmid-based reprogramming resulted in iPSCs derived from fetal hMSC 1 and aged 

hMSC (62y) that express pluripotency markers in a manner similar to hESC H1 shown in 

Figure 16 B. Immunofluorescence-based visualisation. Green/red: fluorescence signal indicating 

marker expression. Blue: Nuclei visualised by DAPI. Confocal microscopy. 10 x magnification. 

Scale bar=100µm.  
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In order to confirm the somatic origin of the derived hMSC-iPS cell lines DNA fingerprinting was 

performed. iPSC (hMSC, fetal, line 1, viral), iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, 

fetal, line 1, episomal 2), iPSC (hMSC, fetal, line 1, episomal 3), iPSC (hMSC, 62y, episomal) and 

iPSC (hMSC, 74y, viral) showed the same size distribution of PCR products as their parental cells. In 

addition, cross contamination with the embryonic stem cell lines H1 and H9 could be ruled out as none 

of the iPS cell lines had the same pattern of PCR product sizes (Figure 18 A, B, C and D).  

 

 

Figure 18 Confirmation of the somatic origin of generated hMSC-iPSCs.  

DNA fingerprinting was used to confirm the original parental primary hMSC population of the 

respective iPSCs using microsattelite-specific primers in a PCR with genomic DNA of (A) iPSC 

(hMSC, fetal, line 1, viral) with a primer for the microsattelite marker D10S1214, (B) iPSC 

(hMSC, fetal, line 1, episomal 1), iPSC (hMSC, fetal, line 1, episomal 2) and iPSC (hMSC, fetal, 

line 1, episomal 3) using a primer for D7S796, (C) iPSC (hMSC, 74y, viral) using primers for 

D7S796 and D101214 (taken from (Megges et al. 2015)) and (D) iPSC (hMSC, 62y, episomal) 

using primers for D7S796. The PCR products were separated using agaraose gel electrophoresis 

in 4% agarose gels the case of (C) or in 4% acrylamide gels using electrophoresis in (A), (B) and 

(D). Genomic DNA of hESC H1 and H9 was used in all experiments to exclude cross-

contamination with these pluripotent cell lines during reprogramming.  
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Moreover, the iPS cell lines derived from hMSCs using episomal plasmid-based reprogramming were 

tested towards the presence of the episomal plasmid using PCR and transgene-specific primers. iPSC 

(hMSC, fetal, line 1, episomal 1), iPSC (hMSC, fetal, line 1, episomal 2), iPSC (hMSC, fetal, line 1, 

episomal 3) as well as iPSC (hMSC, 62y, episomal) derived genomic DNA was used in the PCR 

reaction. No PCR product was generated in all samples of the episomal plasmid derived iPS cell lines, 

which were derived from fetal hMSC 1 and from aged hMSC (62y). However, a PCR product was 

generated when the episomal plasmid pEP4 E02S ET2K was used (Figure 19 A and B).  
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Figure 19 Episomal plasmids are not present in hMSC-iPSCs derived with episomal plasmid-

based reprogramming. 

The absence of episomal plasmids in hMSC-iPSCs could be confirmed with PCR using genomic 

DNA of iPS cells as template and primers specific for sequences within OriP, EBNA1 or SV40LT 

on the episomal plasmids. (A) Sequences within OriP, EBNA1 and SV40LT on the episomal 

plasmids could not be detected in genomic DNA samples of iPSC (hMSC, fetal, line 1, episomal 
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1), iPSC (hMSC, fetal, line 1, episomal 2) and iPSC (hMSC, fetal, line 1, episomal 3) compared to 

the positive control, 50ng of the episomal plasmid pEP4 E02S ET2K, and negative control, 

gDNA of parental fetal hMSC 1. gDNA was isolated at passage 26 after iPS cell isolation. (B) 

Sequences within OriP, EBNA1 and SV40LT on the episomal plasmids could not be detected in 

the genomic DNA sample of iPSC (hMSC, 62y, episomal) compared to the positive control, 50ng 

of the episomal plasmid pEP4 E02S ET2K and negative control parental aged hMSC (62y). Size 

marker: GeneRuler 1 kb DNA Ladder (Life Technologies). Maps of the episomal plasmids can 

be found in the appendix. 

 

As a next step, all derived hMSC-iPS cell lines were analysed towards their pluripotency using an 

embryoid body based in vitro differentiation assay testing the ability to give rise to derivatives of all 

three germ layers expressing the respective marker proteins. The embryonic stem cell line H1 served 

as positive control. The expression of mesodermal marker smooth muscle actin (SMA), the ectodermal 

markers nestin (NES), β-III tubulin (TUJ1) and the endodermal markers α fetoprotein (AFP) and 

SOX17 could be detected via immunofluorescence staining in hESC H1 after embryoid body-based 

differentiation (Figure 20 A). Likewise, all derived hMSC-iPS cell lines expressed markers of 

endoderm, mesoderm and ectoderm after embryoid body-based differentiation. The expression of 

smooth muscle actin (SMA), the ectodermal markers nestin (NES), β-III tubulin (TUJ1) and the 

endodermal markers α fetoprotein (AFP) and SOX17 could be detected via immunofluorescence 

staining in hMSC-iPSCs derived using viral and episomal plasmid-based reprogramming. In addition 

to that, all derived iPS cell lines expressed brachiury at day 7 after being plated as embryoid bodies 

onto gelatine-coated cell culture dishes and cultured without FGF2 (Figure 20 B, Figure 21).  
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Figure 20 In vitro pluripotency confirmation for iPSCs derived from fetal hMSCs and elderly 

donors by viral reprogramming. 

Embryoid body-based differentiation was performed to test the ability of the generated hMSC-

iPSCs to generate derivatives of all three germ layers. Derivatives of mesoderm, ectoderm or 

endoderm were identified by immunofluorescence staining using germ layer-specific markers. 

(A) hESCs H1 served as positive control and expressed markers of all three germ layers upon 
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embryoid body-based differentiation. (B) iPSCs derived from fetal hMSC 1 and aged hMSC 

(74y) (taken from (Megges et al. 2015)) by retroviral reprogramming expressed markers of the 

three germ layers after embryoid body-based differentiation. Immunofluorescence staining 

using primary antibodies against mesodermal markers brachiury (T), smooth muscle actin 

(SMA), ectodermal markers nestin (NES), β-III tubulin (TUJ1) and endodermal markers α 

fetoprotein (AFP) and SOX17. Green/red: fluorescence signal of marker protein detected by 

immunofluorescence. Blue: nuclei visualised by DAPI. Confocal microscopy. 10 x magnification. 

Scale bar=100µm. 
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Figure 21 In vitro pluripotency confirmation for iPSCs derived from fetal hMSCs and elderly 

donors by episomal plasmid-based reprogramming. 

Embryoid body-based differentiation was performed to test the ability of the generated hMSC-

iPSCs to generate derivatives of all three germ layers. Derivatives of mesoderm, ectoderm or 

endoderm were identified by immunofluorescence staining using germ layer-specific markers. 
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iPSCs derived from fetal hMSC 1 and aged hMSC (62y) by episomal plasmid-based 

reprogramming were able to undergo differentiation into lineages of the three germ layers as 

confirmed by expression of markers for mesoderm, ectoderm and endoderm. 

Immunofluorescence staining using primary antibodies against mesodermal markers brachiury 

(T), smooth muscle actin (SMA), ectodermal markers nestin (NES), β-III tubulin (TUJ1) and 

endodermal markers α fetoprotein (AFP) and SOX17. Green/red: fluorescence signal of marker 

protein detected by immunofluorescence. Blue: nuclei visualised by DAPI. Confocal microscopy. 

10 x magnification. Scale bar=100µm. 

 

In order to test the genomic stability of the iPS cell lines derived from fetal hMSCs and hMSC of older 

donors, GTG banding-based karyotyping was performed. iPSC (hMSC, fetal, line 1, episomal 1) and 

iPSC (hMSC, fetal, line 1, episomal 2) revealed a normal male karyotype in 20 metaphases that were 

analysed. In contrast to that, iPSC (hMSC, fetal, line 1, episomal 3) showed an aberrant male 

karyotype with a derivative chromosome 15 containing additional material with the size of a D group 

chromosome in all metaphases (46,XY,add(15)(q24[20]) in 20 analysed metaphases. In addition, iPSC 

(hMSC, 74y, viral) revealed a normal female karyotype in 25 of 33 analysed metaphases. However, 8 

of 33 metaphases showed a tetraploid female karyotype (46,XX[25]/92,XXXX[8]) (Figure 22). The 

karyotype of iPSC (hMSC, fetal, line 1, viral) and iPSC (hMSC, 62y, episomal) needs to be analysed 

to confirm absence of aberrations.  
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Figure 22 Karyotype of generated hMSC-iPSCs.  

Chromosomal analysis by GTG banding was used to characterise the karyotype of the derived 

hMSC-iPSCs. A normal male karyotype was found in 20 metaphases in iPSC (hMSC, fetal, line 

1, episomal 1) and iPSC (hMSC, fetal, line 1, episomal 2). An aberrant male karyotype with a 

derivative chromosome 15 containing additional material with the size of a D group 

chromosome in all metaphases (46,XY,add(15)(q24[20]) was found in iPSC(hMSC, fetal, line 1, 

episomal 3). The chromosomal analysis of iPSC (hMSC, 74y, viral) revealed a normal female 

karyotype in 25 of 33 analysed metaphases. 8 of 33 metaphases revealed a tetraploid female 

karyotype (46,XX[25]/92,XXXX[8]). Chromosomal analysis of iPSC (hMSC, 74y, viral) taken 

from (Megges et al. 2015). 

 

After confirmation of pluripotency using embryoid body-based differentiation, further pluripotency 

tests were performed. iPSC (hMSC, 74y, viral) were tested towards their ability to differentiate into 

lineages of all three germ layers in an in vivo teratoma test. To do this, iPSC (hMSC, 74y, viral) cells 

were injected subcutaneously in a NOD scid gamma mouse. Using this method the formation of 
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endodermal, mesodermal and ectodermal tissue structures in the derived teratoma could be confirmed 

in two experiments (Figure 23 A). The in vivo confirmation of pluripotency using this test was not 

performed for iPSC (hMSC, fetal, line 1, viral), iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, 

fetal, line 1, episomal 2), iPSC (hMSC, fetal, line 1, episomal 3) and iPSC (hMSC, 62y, episomal). 

However, all derived hMSC-iPS cell lines were tested using the in silico transcriptome-based test 

towards pluripotency called PluriTest which was recently described (Müller et al. 2011). According to 

the results of this test, hESCs H1 and H9 as well as all iPS cell lines derived from hMSCs in this study 

are similar. Interestingly, iPSC (hMSC, fetal, line 1, viral) and iPSC (hMSC, 62y, episomal) are more 

similar to each other than to the other iPS and hESC samples whereas iPSC (hMSC, fetal, line 1, 

episomal 1), iPSC (hMSC, fetal, line 1, episomal 2) and hESC H1 and H9 samples were more similar 

to each other than to the other samples. However, the outcome in hMSCs derived from fetal and aged 

donors is not similar to the hESC and iPSC samples. In addition, the hMSC samples are similar among 

each other based on the results of PluriTest (Figure 23 B). 
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Figure 23 In vivo confirmation of pluripotency in iPSC (hMSC, 74y, viral) and transcriptome-

based confirmation of pluripotency in generated hMSC-iPSCs.  

(A) iPSC (hMSC, 74y, viral) was able to differentiate into derivatives of the three germ layers in 

two experiments after subcutaneous injection in a NOD scid gamma mouse: Expt 1: endoderm: 
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tublar gland-like structure; mesoderm: bone; ectoderm: mucous gland. Expt 2: endoderm: gut-

like epithelium; mesoderm: bone; ectoderm: neuroepithelial structure. Haematoxylin and eosin 

stained teratoma tissue sections of each experiment. Bright-field microscopy. Taken from 

(Megges et al. 2015) (B) Hierarchical clustering dendrogram of generated hMSC-iPS cells, 

hESCs H1 and H9 and hMSCs of fetal and aged origin based on the results of the transcriptome-

based in silico pluripotency test PluriTest (Müller et al. 2011). hMSC_fetal_H1536: fetal hMSC 

1, hMSC_fetal_H1537: fetal hMSC 2, hMSC_60y: aged hMSC (60y), hMSC_62y: aged hMSC 

(62y), hMSC_70y: aged hMSC (70y), hMSC_74y: aged hMSC (74y), 

iPSC_hMSC_fetal_H1536_viral: iPSC (hMSC, fetal, line 1, viral), 

iPSC_hMSC_fetal_H1536_episomal_1: iPSC (hMSC, fetal, line 1, episomal 1), 

iPSC_hMSC_fetal_H1536_episomal_2: iPSC (hMSC, fetal, line 1, episomal 2), 

iPSC_hMSC_62y_episomal: iPSC (hMSC, 62y, episomal), iPSC_hMSC_74y_viral: iPSC 

(hMSC, 74y, viral), H1_a, H1_b: hESC H1, H9_a: hESC H9. 

 

 

In order to characterise the commonalities and differences of the transcriptomes of hMSCs of different 

age background with the transcriptomes of corresponding hMSC-iPSCs and with the transcriptomes of 

hESCs H1 and H9, a microarray-based gene expression analysis was performed using RNA samples 

isolated from the respective cells. To visualise the similarities between the samples, a clustering 

dendrogram was generated based on the Pearson correlation of the transcriptomes using 

GenomeStudio. Interestingly, iPS cell samples and hESC samples formed one cluster, which is 

separate from all hMSC samples, which in turn formed a second cluster based on the correlations of 

the transcriptomes of the samples. More specifically, the transcriptomes of hESC H1 and H9 were 

most similar to each other, whereas the transcriptome of iPSC (hMSC, 74y, viral) was most similar to 

the transcriptomes of the hESC samples. However, the transcriptomes of iPSC (hMSC, fetal, line 1, 

viral) and hESCs displayed the lowest correlation of all pluripotent cell samples of this cluster. In 

addition, the transcriptomes of iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, fetal, line 1 and 

iPSC (hMSC, 62y, episomal) were more similar to each other than to all other iPSC or hESC samples, 

whereas they were more similar to the transcriptomes of hESCs than iPSC (hMSC, fetal, line 1, viral) 

(Figure 24 A). The measured correlation values between hMSCs, iPSCs and hESCs are listed in 

Figure 24 B. The correlation between the transcriptomes of hMSC (74y) and iPSC (hMSC, 74y, viral) 

was detected to be 0.89 whereas there is a lower similarity to the transcriptomes of hESCs. A similar 

result could be detected for the transcriptomes of hMSC (62y) as well as iPSC (hMSC, 62y, episomal) 

and the transcriptomes of hESC H1 and H9. In contrast to that, there is a correlation of 0.87 to 0.88 

between the transcriptomes of hMSC (60y) and hMSC (70y) and the transcriptomes of hMSC-iPSCs 

derived from aged donors. Moreover, the correlation of the transcriptomes of fetal hMSCs and iPSCs 

derived from aged donors was measured to be between 0.91 and 0.93, whereas the correlation between 
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the transcriptomes of fetal hMSCs and the transcriptomes of iPSC (hMSC, fetal, line 1, episomal 1) 

and iPSC (hMSC, fetal, line 1, episomal 2) were detected to be 0.93. In addition to that, the 

correlations between the transcriptomes of fetal hMSCs and iPSC (hMSC, fetal, line 1, viral) were 

measured with values of 0.90 to 0.92. Interestingly, the correlation of the transcriptomes of the iPS cell 

lines derived from aged donors was 0.95, whereas the correlation between the transcriptomes of iPSC 

(hMSC, 74y, viral) and iPSC (hMSC, fetal, line 1, viral) was 0.92. In addition, the correlation between 

the samples of the iPS cell lines derived from aged hMSC (62y) and from fetal hMSC 1 was 0.96. 

However, the similarity between the samples iPSC (hMSC, fetal, line 1, viral) and hESC H1 was 0.89 

(Figure 24 B). 
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sample aged hMSC (74y) aged hMSC (62y) aged hMSC (60y) aged hMSC (70y) fetal hMSC 1 fetal hMSC 2 iPSC (hMSC, 62y, episomal) iPSC (hMSC, 74y, viral) iPSC (hMSC, fetal, line 1, viral) iPSC (hMSC, fetal, line 1, episomal 1) iPSC (hMSC, fetal, line 1, episomal 2) hESC H1 hESC H9

aged hMSC (74y) 1.000 0.972 0.944 0.951 0.933 0.943 0.868 0.897 0.862 0.880 0.884 0.869 0.855

aged hMSC (62y) 0.972 1.000 0.929 0.939 0.924 0.937 0.868 0.896 0.862 0.878 0.880 0.869 0.857

aged hMSC (60y) 0.944 0.929 1.000 0.986 0.961 0.964 0.881 0.887 0.884 0.891 0.902 0.885 0.874

aged hMSC (70y) 0.951 0.939 0.986 1.000 0.957 0.962 0.872 0.883 0.881 0.884 0.893 0.877 0.865

fetal hMSC 1 0.933 0.924 0.961 0.957 1.000 0.987 0.925 0.933 0.918 0.932 0.938 0.931 0.923

fetal hMSC 2 0.943 0.937 0.964 0.962 0.987 1.000 0.914 0.931 0.903 0.926 0.932 0.939 0.925

iPSC (hMSC, 62y, episomal) 0.868 0.868 0.881 0.872 0.925 0.914 1.000 0.954 0.947 0.958 0.958 0.935 0.943

iPSC (hMSC, 74y, viral) 0.897 0.896 0.887 0.883 0.933 0.931 0.954 1.000 0.923 0.962 0.958 0.962 0.967

iPSC (hMSC, fetal, line 1, viral) 0.862 0.862 0.884 0.881 0.918 0.903 0.947 0.923 1.000 0.927 0.930 0.899 0.906

iPSC (hMSC, fetal, line 1, episomal 1) 0.880 0.878 0.891 0.884 0.932 0.926 0.958 0.962 0.927 1.000 0.991 0.953 0.956

iPSC (hMSC, fetal, line 1, episomal 2) 0.884 0.880 0.902 0.893 0.938 0.932 0.958 0.958 0.930 0.991 1.000 0.952 0.953

hESC H1 0.869 0.869 0.885 0.877 0.931 0.939 0.935 0.962 0.899 0.953 0.952 1.000 0.983

hESC H9 0.855 0.857 0.874 0.865 0.923 0.925 0.943 0.967 0.906 0.956 0.953 0.983 1.000  

Figure 24 Microarray-based comparison of the transcriptomes of generated hMSC-iPSCs, 

hESCs and hMSCs of fetal and aged background.  

(A) Hierarchical clustering dendrogram showing the similarities between hESCs H1 and H9, 

aged hMSCs derived from 60, 62, 70 and 74-year-old donors, fetal hMSC 1 and 2 as well as 

iPSCs derived from fetal hMSC 1, aged hMSC (62y) and aged hMSC (74y) by viral and 

episomal plasmid-based methods. The dendrogram was generated using the software 

GenomeStudio (Illumina) and is based on the Pearson correlation between the transcriptomes. 

(B) Table listing the Pearson correlations between the samples shown in A. The colour of each 

cell of the table is coded according to the correlation value. Starting from the highest similarity 

represented by green colouring to red representing the least similar transcriptome samples in 

one column. The less similar the transcriptomes are, the stronger is the red colouring. The 

correlation values were calculated using the software GenomeStudio. The shown transcriptome 

data were generated using an Illumina Bead Chip microarray. 
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3.3 Effect of age-related differences in hMSCs on the repro-

gramming process  

In order to analyse the effect of the age-related differences between fetal hMSCs and hMSC derived 

from aged donors on the reprogramming process and to elucidate whether and how these differences 

change during reprogramming, the up-and down-regulated genes of iPSCs compared to the parental 

hMSCs of different age backgrounds were analysed in detail. In addition, the change of ageing related 

features after pluripotency induction was tested.  

3.3.1 Donor age-dependent changes of ageing features during 

reprogramming of hMSCs 

To find out whether age-related features found in hMSCs change in the first six days after viral 

transduction during reprogramming and to analyse whether this change depends on the age, fetal 

hMSC 1, fetal hMSC 2, aged hMSC (60y), aged hMSC (62y) were transduced with the same 

retroviruses used to generate hMSC-iPSCs in this study. Retroviruses harbouring the transgenes 

OCT4, SOX2, KLF4 and c-MYC were used in combination. On day six, after viral transduction hMSCs 

were stained using immunofluorescence to visualise ROS-induced DNA damage and DNA double-

strand breaks. The results revealed that fetal hMSC 1 and cells of aged hMSC (62y) showed a positive 

staining signal visualising ROS-induced DNA damage employing 8-OHdG. In addition, γH2AX, a 

marker of DNA double-strand breaks, was found in both fetal hMSC 1 and nuclei of aged hMSC (62y) 

at day six after retroviral transduction (Figure 25 A) Moreover, the fluorescence signal in the nuclei 

after staining for ROS-induced DNA damage was measured using the software ImageJ comparing 

fetal hMSC 1, aged hMSC (62y) as well as fetal hMSC 1, aged hMSC (60y) and aged hMSC (62y) at 

day 6 after retroviral transduction. Interestingly, fetal hMSC 1 and aged hMSC (62y) transduced six 

days before showed a significantly lower fluorescence signal compared to hMSCs that were not 

transduced. However, there was no obvious difference between the fluorescence signals for 8-OHdG 

between the different age groups of fetal hMSCs and aged hMSC derived from a 60 and 62-year-old 

donor (Figure 25 B). 

 



 

 

116 

 

Figure 25 Age-dependent changes of reactive oxygen species (ROS)-induced DNA damage and 

DNA double-strand breaks upon viral reprogramming in fetal hMSC 1, aged hMSC (60y) and 

aged hMSC (62y). 

(A) ROS-induced DNA damage was visualised by 8-OHdG-specific immunofluorescence 

staining. DNA double-strand breaks visualised by γH2AX-specific antibodies. Depicted are fetal 
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hMSC 1 and aged hMSC (62y) at day 6 after viral transduction with retroviruses harbouring 

open reading frames of OCT4, SOX2, KLF4 and c-MYC. The combination was used in all viral 

reprogramming experiments. No obvious differences between the two samples could be detected. 

Green: fluorescence signal indicating the marker staining. Blue: nuclei visualised by DAPI. (B) 

Quantification of immunofluorescence staining of ROS-induced DNA damage marker 8-OHdG 

comparing non-transduced fetal hMSC 1 and aged hMSC (62y) with fetal hMSC 1, aged hMSC 

(60y) and aged hMSC (62y) at day 6 after transduction with retroviruses harbouring OCT4, 

SOX2, KLF4 and c-MYC. The quantification was carried out using the software ImageJ. Plotted 

are the median fluorescence intensities measured in 20 nuclei. Error bars represent the standard 

deviation. Black asterisks: significant difference to fetal hMSC 1 (p-value<0.01). Blue asterisks: 

significant difference to aged hMSC (62y) (p-value<0.01). 

3.3.2 Transcriptional changes in fetal and aged hMSCs upon induction of 

pluripotency 

To understand the effect of the age-related differences between fetal hMSCs and hMSCs of aged 

donors on the processes taking place during reprogramming, a more detailed comparative analysis of 

the microarray-based transcriptome data was carried out.  

For this purpose, two Venn diagrams were generated using the platform VENNY. The first Venn 

diagram was prepared using genes that were differentially regulated compared to their parental hMSCs 

with a p-value below 0.01 and were up-regulated (more than 1.5-fold higher average signal in iPSCs). 

The second Venn diagram was prepared using genes that were differentially regulated compared to 

their parental hMSCs with a p-value below 0.01 and were down-regulated (less than 1.5-fold lower 

average signal in iPSCs). Comparisons were between samples iPSC (hMSC, fetal, line 1, viral), iPSC 

(hMSC, fetal, line 1, episomal 1), iPSC (hMSC, 62y, episomal) and iPSC (hMSC, 74y, viral) in both 

Venn diagrams. Subsequently the genes that were common to all four samples were annotated to 

biological processes using the functional annotation database DAVID. Interestingly, 384 genes were 

found to be up-regulated, whereas less than half as many genes were detected as down-regulated. The 

genes commonly down-regulated in all hMSC-iPSC samples were annotated to glycine, serine and 

threonine metabolism and alanine, aspartate and glutamate metabolism with a p-value below 0.05. In 

contrast to that, the commonly up-regulated genes were annotated to the processes focal adhesion, 

ECM-receptor interaction, regulation of actin cytoskeleton, hypertrophic cardiomyopathy (HCM), 

hematopoietic cell lineage, TGFβsignalling pathway, dilated cardiomyopathy, MAPK signalling 

pathway, Fc gamma R-mediated phagocytosis, arrhythmogenic right ventricular cardiomyopathy 

(ARVC) and pathways in cancer with a p-value below 0.05. In order to elucidate processes only 

changing in aged hMSCs or only in fetal hMSCs during reprogramming, the overlapping genes of the 

iPS samples derived from fetal hMSCs and the iPS samples derived from aged hMSC (62y) and aged 
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hMSC (74y) were analysed using functional annotation. 360 up-regulated genes were common to 

iPSC (hMSC, 62y, episomal) and iPSC (hMSC, 74y, viral) whereas only 187 up-regulated genes were 

common to the iPS samples derived from fetal hMSC 1. The up-regulated genes common to hMSC-

iPSCs of aged origin were annotated to antigen processing and presentation, systemic lupus 

erythematosus, lysosome, viral myocarditis, allograft rejection, graft-versus-host disease, type I 

diabetes mellitus, autoimmune thyroid disease, asthma, metabolism of xenobiotics by cytochrome 

P450 drug metabolism and cell adhesion molecules (CAMs) with a p-value of below 0.05. However, 

the up-regulated genes common to iPSCsderived from fetal hMSC 1 were annotated to melanogenesis, 

endocytosis and MAPK signalling pathway. Interestingly, the significantly down-regulated genes 

compared to the parental hMSC differed between iPSCs derived from fetal hMSC 1 and iPSCs derived 

from hMSCs of aged background. 229 down-regulated genes were found to be common to iPSCs 

derived from hMSCs of aged background, whereas only 74 down-regulated genes were common 

between iPSCs derived from fetal hMSC 1. The genes commonly down-regulated compared to the 

parental hMSCs in iPSCs derived from hMSCs of aged background were annotated to aminoacyl-

tRNA biosynthesis and mismatch repair with a p-value below 0.05. The genes commonly down-

regulated in iPSCs derived from fetal hMSC 1 with viral and non-viral approaches were annotated to 

GO-terms, such as cellular lipid catabolic process, response to wounding, positive regulation of 

neurological system process with a p-value below 0.05 and could not be annotated to any KEGG terms 

using the DAVID functional annotation (Figure 26). 
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Figure 26 Age-related transcriptional changes during viral and episomal plasmid based 

reprogramming of hMSCs of fetal and aged origin. 

Shown are two Venn diagrams of genes that are differentially regulated compared to their 

parental hMSCs with a p-value below 0.01 and are up-regulated (more than 1.5-fold higher 

average signal in iPSCs) or down-regulated (less than 1.5-fold lower average signal in iPSCs). 

The gene lists were detected and generated using an Illumina Bead Chip microarray and the 

software GenomeStudio. Genes common between all samples and common between iPSCs 

derived from fetal hMSC 1 or between iPSCs derived from aged hMSC (62y) and hMSC (74y) 
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were annotated to pathways using the gene annotation platform DAVID, the option pathways 

and the category KEGG or GO-terms of biological processes. P-values of less or equal to 0.05 

were considered significant but the full results are shown in the tables. Ep: episomal, Vir: 

retroviral. 

 

3.4 Effect of age on reprogramming efficiency in hMSCs and 

possible modulation 

 

Comparative reprogramming of fetal hMSCs and hMSCs of aged donors revealed a negative effect of 

hMSC donor age on the reprogramming efficiency (Table 12). To optimise the reprogramming 

protocol for hMSCs of aged donors and to find out whether it is possible to compensate the negative 

effect on the reprogramming efficiency, reprogramming experiments were performed in which 

pathways implicated in ageing were inhibited and in which inhibitor combinations were used that are 

known to enhance reprogramming efficiency.  

Following a previously described protocol reprogramming was performed using N2B27 medium or 

N2B27 medium followed by culture in mTeSR 1 14 days after the start of the reprogramming 

experiment. In addition, a combination of inhibitors consisting of MEK inhibitor PD0325901, GSK3β 

inhibitor CHIR99021, TGF-β/Activin/Nodal receptor inhibitor A-83-01 and ROCK inhibitor HA-100 

(smM) described in the same study was used (Yu et al. 2011). Furthermore, the culture in conditioned 

medium was used in the reprogramming experiments. In addition, valproic acid, which is known to 

enhance the reprogramming efficiency (Wang and Adjaye 2011), was used together with the inhibitor 

combination smM. Moreover, the insulin-like growth factor receptor (IGF1R) inhibitor PQ401 was 

used as IGF-1 signalling has implications for longevity in humans and has a putative enhancing role 

during reprogramming (Li and Geng 2010, Vitale et al. 2012). In addition, the possibility to modulate 

the reprogramming efficiency of hMSCs derived from aged donors was tested using vitamin c as an 

enhancer during cell reprogramming as previously described (Tao Wang et al. 2011). Moreover, the 

P53 inhibitor pifithrin α was used to modulate age-dependent impairment of reprogramming efficiency 

in hMSCs as the limiting role of P53 during reprogramming was described before (Takenaka et al. 

2010). In this work a combination of pifithrin α and smM was used as experimental condition for 

reprogramming. Apart from that, the combination of VPA, P53 inhibition and vitamin c was described 

to increase reprogramming efficiencies in hMSCs (Yulin et al. 2012). This combination was used in 

this work. Finally, the toll-like receptor 3 agonist Polyinosinic-polycytidylic acid (poly(I:C)) was used 

to find out whether the enhancing effect of the activation of the innate immune system could be used 

to compensate the low reprogramming efficiency of hMSCs derived from aged donors (Lee et al. 

2012).  
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Out of all reprogramming conditions used, none could enhance viral reprogramming of aged hMSC 

(60y) and aged hMSC (62y). Likewise, none of the experimental conditions tested led to enhanced 

efficiency of iPS cell generation with episomal plasmids in hMSC (60y). However, aged hMSC (62y) 

could be reprogrammed using episomal plasmids in the condition culture in mTeSR 1 from day 14 and 

addition of vitamin c as well as using the combination of smM and vitamin c and by using a 

combination of P53 inhibition and smM. Interestingly, the first condition yielded an almost threefold 

higher reprogramming efficiency in aged hMSC (62y). All other reprogramming conditions did not 

result in induction of pluripotency of aged hMSC (62y) (Figure 27 A). 

In contrast to that, fetal hMSC 2 could only be reprogrammed using episomal plasmids and the 

condition N2B27 medium and culture in mTeSR 1 from day 14 after start of the reprogramming 

experiment. Viral reprogramming of fetal hMSC 2 could not be achieved with any of the used 

experimental conditions (Figure 27 A). 

This is in contrast to the second fetal hMSC preparation fetal hMSC 1, which could be reprogrammed 

using retroviral reprogramming in all experimental conditions that were tested. In addition, the 

reprogramming efficiency was found to be higher than the reprogramming efficiencies of fetal hMSC 

2 and aged hMSC (62y) when episomal plasmids were used. However, fetal hMSC 1 revealed a lower 

reprogramming efficiency when episomal plasmids were used compared to viral reprogramming. 

Interestingly, fetal hMSC 1 could not be reprogrammed using episomal plasmids in conditioned 

medium; in the condition combination of smM and VPA, in the condition vitamin c, in the condition 

combination of VPA, P53 inhibition and vitamin c as well as when the combination of P53 inhibition 

and smM was used (Figure 27 A and B).  

Moreover, the addition of mTeSR 1 at day 14 after the start of the reprogramming experiment 

enhanced the reprogramming efficiency of fetal hMSC 1 in the case of viral reprogramming. More 

specifically the highest enhancement could be detected for the combination smM and VPA with a 

four-fold higher reprogramming efficiency when mTeSR 1 was used as culture medium from day 14 

compared to all other tested conditions. Out of these conditions, the combination smM; the 

combination of VPA, P53 inhibition and vitamin c and the combination of P53 inhibition and smM 

showed the highest fold change when mTeSR 1 was used (Figure 27 C). 

The enhancing effect of the experimental conditions used was much lower when fetal hMSC 1 were 

reprogrammed using episomal plasmids. Fetal hMSC 1 could not be reprogrammed when conditioned 

medium was used as well as when the combination VPA, P53 and vitamin c was used. In addition, 

fetal hMSC 1 could only be reprogrammed when mTeSR 1 was not added in the conditions smM and 

VPA, smM and vitamin c as well as when the agonist of TLR3 was used. In contrast to that, fetal 

hMSC 1 could only be reprogrammed when mTeSR 1 was used as culture medium from day 14 after 

the start of the pluripotency induction when vitamin c was used and when smM and P53 inhibition 

was employed (Figure 27 C).  

 



 

 

122 

 

Figure 27 Enhancement of the reprogramming efficiency in fetal hMSC 1, fetal hMSC 2 and 

aged hMSC (62y) using conditions modulating age-related processes.  
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(A) Effect of reprogramming conditions used in reprogramming of hMSC 1 by means of viral 

and episomal plasmid-based reprogramming techniques and of fetal hMSC 2 and aged hMSC 

(62y) using episomal plasmid-based iPS generation. Depicted is the calculated reprogramming 

efficiency in per cent based on counted colonies. (B) Effect of used reprogramming conditions 

and of the addition of mTeSR 1 at day 14 post-nucleofection/post-transduction on the 

reprogramming efficiency compared to N2B27 medium in retroviral and episomal plasmid-

based reprogramming of fetal hMSC 1. (C) Effect of addition of mTeSR 1 at day 14 post-

nucleofection/post-transduction on the reprogramming efficiency in fetal hMSC 1 comparing 

retroviral and episomal reprogramming. Colonies were counted at day 55 post-transduction 

(fetal hMSC 1 retroviral), day 45 post-nucleofection (fetal hMSC 1 episomal), day 54 post-

nucleofection (fetal hMSC 2 episomal) and day 54 post-nucleofection (aged hMSC (62y). CM: 

unconditioned medium conditioned with inactivated mouse embryonic fibroblasts; smM: 

combination of MEK inhibitor PD0325901, GSK3β inhibitor CHIR99021, TGF-β/Activin/Nodal 

receptor inhibitor A-83-01 and ROCK inhibitor HA-100; VPA: valproic acid; V: vitamin c; P53: 

P53 inhibitor pifithrin α, IGF Inh: IGF receptor inhibitor PQ401; TLR3 Agon: toll-like receptor 

3 agonist polyinosinic-polycytidylic acid (poly(I:C); mTeSR: switch to medium mTeSR 1 from 

day 14 post-transfection/post-nucleofection. Depicted are the results of one experiment each.  

3.5 Effect of age of hMSCs on the features of iPSCs derived from 

them 

In order to clarify whether differences of ageing-related features have an effect on the features of 

hMSC-iPSCs, features such as intracellular ROS, oxidative DNA damage as well as integrity of the 

DNA were measured comparatively. In addition, the effect of biological age of the parental hMSCs on 

the transcriptome of hMSC-iPSCs was analysed in detail to find potential residual donor age-specific 

transcriptional patterns that might have an influence on the characteristics of the respective iPS cell 

line. 

3.5.1 Ageing-related features in hMSC-iPSCs of different age 

background 

Age-related features, such as ROS-induced DNA damage and DNA double-strand breaks were 

measured in hMSC-iPSCs of both fetal and aged background. Doing this, immunofluorescence 

staining specific for 8-OHdG, a DNA damage induced by intracellular ROS, resulted in positive 

staining signals for iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, fetal, line 1, episomal 2), 

iPSC (hMSC, fetal, line 1, episomal 3) and iPSC (hMSC, 74y, viral). Furthermore, positive 

immunofluorescence staining signals could be measured using an antibody specific for the DNA 

double-strand break marker γH2AX in iPSC (hMSC, fetal, line 1, episomal 1) and iPSC (hMSC, 62y, 
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episomal). Interestingly, the measured immunofluorescence signal for γH2AX was much lower in 

iPSC (hMSC, 74y, viral). In addition, positive immunofluorescence staining signals were measured in 

iPSC (hMSC, 62y, episomal) after staining with an antibody specific for the phosphorylation of P53 

during DNA damage response signalling (Figure 28). 

 

Figure 28 Age-related DNA damage, ROS-induced DNA lesions and DNA damage response in 

hMSC-iPSCs of fetal and higher donor age origin.  
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ROS-induced DNA damage was visualised using immunofluorescence staining of the marker  

8-OHdG. DNA double-strand breaks were visualised by immunostaining using an antibody 

specific for the marker γH2AX. P53-mediated DNA damage response was visualised using 

immunofluorescence staining with an antibody against phosphorylated P53 (PP53), specific for 

DNA damage response. Confocal microscopy. Green: marker visualised by immunofluorescence. 

Blue: nuclei visualised by DAPI. 10 x magnification.  

 

 

In order to elucidate whether donor age of hMSC has an effect on intracellular ROS levels and 

expression of genes related to the response to oxidative stress, age-related changes of intracellular 

ROS levels were measured by FACS in hMSCs of fetal and high age background and corresponding 

iPSCs. In addition to that, the gene expression related to oxidative stress was measured using 

microarray-based gene expression profiling and subsequent extraction of the expression of genes, 

which are annotated to the GO-term response to oxidative stress. For comparison, a hierarchical 

clustering of the expression of this gene set was carried out.  

The results of the FACS-based quantification of intracellular ROS levels by means of DCFDA 

revealed significantly lower fluorescence levels in fetal hMSC 1 compared to iPSCs derived from fetal 

hMSC 1. Significantly higher fluorescence signals were measured in iPSC (hMSC, fetal, line 1, 

episomal 1) compared to iPSC (hMSC, fetal, line 1, episomal 2), iPSC (hMSC, fetal, line 1, episomal 

3) and iPSC (hMSC, fetal, line 1, viral). The measured fluorescence levels indicating intracellular 

ROS in aged hMSCs varied depending on the donor. Among the fluorescence signals measured for 

aged hMSCs the signal measured in aged hMSC (60y) was higher than the signal measured in aged 

hMSC (62y) and aged hMSC (70y) whereas the signal measured in aged hMSC (62y) was higher than 

the signal measured in aged hMSC (70y). However, similar to fetal hMSCs and respective iPSCs the 

fluorescence signal indicating intracellular ROS was significantly higher in iPSC (hMSC, 62y, 

episomal) and iPSC (hMSC, 74y, viral) than in aged hMSC (62y). In addition, there were no obvious 

differences in measured fluorescence signals between iPSCs derived from fetal hMSC 1 and iPSCs 

derived from hMSCs of aged donors (Figure 29 A). In order to analyse the impact of age of hMSCs on 

the expression of genes related to the response to oxidative stress in hMSC-iPSCs, a hierarchical 

clustering analysis was carried out based on the log2 ratio of the average signal of the gene of the 

respective sample over the average signal detected in hESC H1. The Pearson correlation-based 

clustering revealed high similarity of iPSC (hMSC, fetal, line 1, episomal 1) and iPSC (hMSC, fetal, 

line 1, episomal 2). In addition, a high similarity between iPSC (hMSC, fetal, line 1, viral), iPSC 

(hMSC, 62y, episomal) and iPSC (hMSC, 74y, viral) could be detected. However, gene expression 

pattern related to the response to oxidative stress showed a low similarity between the cluster of the 

samples iPSC (hMSC, fetal, line 1, episomal 1) and iPSC (hMSC, fetal, line 1, episomal 2) and the 
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similarity cluster of iPSC (hMSC, fetal, line 1, viral), iPSC (hMSC, 62y, episomal) and iPSC (hMSC, 

74y, viral) (Figure 29 B).  
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Figure 29 Age-related changes of intracellular ROS levels and gene expression related to 

oxidative stress in hMSCs of fetal and high age background and corresponding iPSCs. 

(A) FACS-based quantification of intracellular reactive oxygen species by means of DCFDA 

treatment and flow cytometry-based measurement. FACS data were quantified using the 

software Cyflogic. Plottet is the mean value of n=4. The error bars represent the standard 

deviation. Black asterisks: significant difference to fetal hMSC 1 (p-value<0.05). Blues asterisks: 

significant difference to aged hMSC(62y) (p-value<0.05). (B) Hierarchical clustering analysis of 

gene expression related to the response to oxidative stress. Heatmap based on the log 2 ratio of 

the average signal of the respective sample over the average signal detected in hESC H1. The 

average signal intensities were detected using an Illumina Bead Chip microarray. The 

hierarchical clustering is based on Pearson correlation of the samples and genes.  Gene 

description see Table 20. 

 

As mentioned above, a recent study confirmed the regulation of the genes COX7A1, MRPL28, 

CAPRIN2, GCAT, EHHADH, ALDH5A1 and SHMT2 through biological age (Hashizume et al. 2015). 

A hierarchical clustering analysis based on these genes comparing iPSCs derived in this study with 

hESC H1 revealed a higher similarity between the samples iPSC (hMSC, fetal, line 1, episomal 1), 

iPSC (hMSC, fetal, line 1, episomal 2) and iPSC (hMSC, 74y, viral) which formed a cluster separating 

these samples from iPSC (hMSC, fetal, line 1, viral) and iPSC (hMSC, 62y, episomal). In addition, 

iPSC (hMSC, 62y) was more similar to the samples of this cluster than to iPSC (hMSC, fetal, line 1, 

viral), which showed the lowest similarity compared to all other samples (Figure 30 A). To further 

look into the changes of genes involved in processes implicated in the metabolic stability theory of 

ageing (Brink et al. 2009) during reprogramming of aged hMSCs to iPSCs, genes of gene lists based 

on the GO-terms oxidative phosphorylation, TCA cycle, glycolysis, glutathione metabolism and 

insulin signalling that were differentially expressed in iPSC (hMSC aged) (merged samples of iPSC 

(hMSC, 62y, episomal) and iPSC (hMSC, 74y, viral)) against aged hMSCs (merged samples of aged 

hMSC (60y), aged hMSC (62y) and aged hMSC (70y)) and up or down-regulated were extracted from 

microarray data generated with an Illumina Bead Chip microarray. The analysis showed that the gene 

OGDHL, which is involved in the citric acid cycle, was found to be up-regulated in iPSC (hMSC 

aged) compared to the merged samples of aged hMSCs with a p-value of 9.258E-36. In addition to 

that, the genes GAPDH and PFKP, which are part of the glycolysis, were down-regulated in iPSC 

(hMSC aged) compared to the merged samples of aged hMSCs. Moreover, genes involved in 

glutathione metabolism were found to up-regulated (GGCT, CNDP2) and down-regulated (GCCM) in 

iPSC (hMSC aged) compared to aged hMSCs. Finally, the genes MAP2K1 and IRS1, which are 

involved in insulin signalling, were down-regulated in iPSC (hMSC aged) compared to aged hMSCs 

(Figure 30 B). 
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Figure 30 Expression patterns of genes regulated with age and with implications in the metabolic 

stability theory of ageing comparing hMSC-iPSCs derived aged hMSCs and corresponding 

parental hMSCs. 

(A) Hierarchical clustering analysis based on the Pearson correlation of the average signal of the 

expression of genes described to be regulated with age in a recent study (Hashizume et al. 2015). 

Compared are hMSC-iPSCs derived from fetal and aged hMSCs with hESC H1. Gene 

expression was measured using an Illumina Bead Chip. (B) Genes of gene lists based on the GO-

terms oxdative phosphorylation, TCA cycle, glycolysis, glutathione metabolism and insulin 

signalling that are differentially expressed in iPSC (hMSC aged) (merged samples of iPSC 

(hMSC, 62y, episomal) and iPSC (hMSC, 74y, viral)) against aged hMSCs (merged samples of 

aged hMSC (60y), aged hMSC (62y) and aged hMSC (70y)). Left: log 10 of the differential p-



 

 

129 

values below 0.01 calculated by GenomeStudio of differentially expressed genes in iPSC (hMSC 

aged) (merged samples of iPSC (hMSC, 62y, episomal) and iPSC (hMSC, 74y, viral)) against 

aged hMSCs (merged samples of aged hMSC (60y), aged hMSC (62y) and aged hMSC (70y)). 

Right: log 2 of the ratios of the average signals in in iPSC (hMSC aged) over aged hMSCs of the 

differentially expressed genes sorted according to the differential p-value. Gene expression was 

measured using an Illumina Bead Chip microarray. 

3.5.2 Age-related and cell type-specific transcriptional memory in iPS 

cells compared to parental hMSCs  

Several studies describe that after reprogramming a donor cell-specific transcriptional memory can be 

detected in iPSCs (Bar-Nur et al. 2011, Kim et al. 2011). Following the notion that age-related 

transcriptional signatures might be still present in hMSC-iPSCs of fetal and high age background, 

Venn diagrams were prepared consisting of genes detected as expressed in parental hMSCs and the 

corresponding iPS cell line. To rule out a potential influence of gene expression patterns generally 

present in pluripotent cells compared to somatic cells, the expressed genes detected in hESC H1 were 

included in each Venn diagram. In the next step, the overlapping genes between the parental hMSC 

sample and the corresponding iPS cell sample were analysed by functional annotation using the 

database DAVID. The genes expressed in fetal hMSC 1 and iPSC (hMSC, fetal, line 1, viral) were 

annotated to the KEGG terms Axon guidance, Circadian rhythm with a p-value below 0.05 and to 

Apoptosis with a p-value of 0.09. Moreover, the genes expressed in fetal hMSC 1 and iPSC (hMSC, 

fetal, line 1, episomal 1) were annotated to the KEGG terms Axon guidance and Renin-angiotensin 

system with a p-value below 0.01. In contrast to that, the genes expressed in aged hMSC (62y) and 

iPSC (hMSC, 62y, episomal) were annotated to the KEGG term Vascular smooth muscle contraction 

with a p-value below 0.05 and to the KEGG terms Renin-angiotensin system, Purine metabolism, 

GnRH signalling pathway, Systemic lupus erythematosus, Viral myocarditis, Alzheimer's disease, 

Natural killer cell mediated cytotoxicity and Phosphatidylinositol signalling system with p-values 

between 0.06 and 0.09. In addition, the genes present in aged hMSC (74y) and iPSC (hMSC, 74y, 

viral) were annotated to the KEGG terms Pentose and glucoronate interconversions, Calcium 

signalling pathway and MAPK signalling pathway with p-value below 0.01 and to the KEGG terms 

Hematopoietic cell lineage and Neurotrophin signalling pathway with p-values between 0.07 and 0.1 

(Figure 31). 
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Figure 31 Age-and parental cell type-specific transcriptional memory in hMSC-iPSCs derived 

from hMSCs with fetal and high age background.  

The Venn diagrams were prepared with lists of genes detected as expressed (expression p-value 

below or equal to 0.01) in fetal hMSC 1, aged hMSC (62y), aged hMSC (74y), corresponding 
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iPSCs and hESC H1 using an Illumina Bead Chip microarray and the platform Venny. The 

inclusion of the sample hESC H1 served to filter out genes of the iPS gene lists which are related 

to the pluripotent state. The genes expressed exclusively in parental hMSCs and corresponding 

iPSCs but not in hESC H1 (red circle) were considered to be the parental cell type specific 

retained genes in hMSC-iPSCs. The list was annotated to pathways using DAVID gene 

annotation database, the option pathways and the category KEGG. A p-value of 0.05 and below 

was considered significant. The complete list of results is shown. See also Table 13. 

 

To further elucidate whether the gene expression patterns measured in hMSC-iPSCs reveal an age or 

cell type-specific transcriptional memory. The functional annotation of the genes expressed in iPSCs 

and parental hMSCs but not in hESCs highlighted by the red circles in Figure 31 was repeated using 

DAVID functional annotation database and the category GO-BP-FAT, which is based on Go-terms of 

biological processes. More specifically, annotations to processes related to ageing, mesenchymal stem 

cells, osteoblast differentiation, adipocyte differentiation or chondrocyte differentiation and related 

processes were highlighted after scanning the the resulting list of annotations. The analysis revealed 

that the functional annotation of genes expressed in fetal hMSC 1 and iPSC (hMSC, fetal, line 1, viral) 

resulted in annotation to the GO-terms skeletal system development (p-value: 7.79E-07), skeletal 

system morphogenesis (p-value: 7.42E-06), embryonic skeletal system morphogenesis (p-value: 

3.59E-05), embryonic skeletal system development (p-value: 5.21E-05), cartilage development (p-

value: 2.36E-04), aging (p-value: 0.037) and cell aging (p-value: 0.037). In addition, the functional 

annotation of genes expressed in fetal hMSC 1 and iPSC (hMSC, fetal, line 1, episomal 1) were 

annotated to the GO-terms skeletal system development (p-value: 1,380E-05), skeletal system 

morphogenesis (p-value: 3.14E-04), ossification (p-value: 3.82E-04), bone development (p-value: 

6.26E-04), regulation of ossification (p-value: 0.0173) and osteoblast differentiation (p-value: 0.047). 

In contrast to that, the functional annotation of genes expressed in aged hMSC (62y) and iPSC (hMSC, 

62y, episomal) were annotated to the GO-terms skeletal system development (p-value: 0.0003), 

skeletal system morphogenesis (p-value: 0.001), cell aging (p-value: 0.0082, genes: CDKN2A, TBX2, 

MORC3, PML) and cartilage development (p-value: 0.0094). Finally, the functional annotation of 

genes expressed in aged hMSC (74y) and iPSC (hMSC, 74y, viral) were annotated to the GO-terms 

skeletal system development (p-value: 0.0001), skeletal system morphogenesis (p-value: 0.0017), 

cartilage development (p-value: 0.006), bone development (p-value: 0.011), cell aging (p-value: 0.015, 

genes: CDKN2A, TBX2, MORC3, BCL2), mesenchyme development (p-value: 0.017) and ossification 

(p-value: 0.020) (Table 13). 
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Table 13 Ageing- and parental-cell type-specific retained processes in hMSC-iPSCs of fetal and 

high age background.  

Listed are the results of the functional annotation of the list of genes expressed in parental 

hMSCs and corresponding iPSCs but not in hESC H1 (red circle in Figure 31). Genes that were 

found to be expressed by Illumina Bead Chip microarray with an expression p-value of 0.01 and 

below were used as input. The gene lists were generated using the software GenomeStudio. The 

overlapping gene expression was found using Venn diagrams. The functional annotation was 

carried out using DAVID functional annotation database and the option general annotation with 

the category GOTERM_BP_FAT. A p-value of 0.05 and below was considered significant. 

Listed are only results with a p-value below 0.05. Processes related to MSC-specific 

differentiation were marked yellow. Processes related to ageing were marked green. Table see 

next page. 
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Term PValue Term PValue

GO:0006355~regulation of transcription, DNA-dependent 4.43E-07 GO:0001501~skeletal system development 1.88E-04

GO:0001501~skeletal system development 7.79E-07 GO:0032835~glomerulus development 2.40E-04

GO:0051252~regulation of RNA metabolic process 1.03E-06 GO:0006355~regulation of transcription, DNA-dependent 0.002

GO:0045449~regulation of transcription 5.27E-06 GO:0048705~skeletal system morphogenesis 0.002

GO:0048705~skeletal system morphogenesis 7.42E-06 GO:0051252~regulation of RNA metabolic process 0.003

GO:0007389~pattern specification process 3.15E-05 GO:0043392~negative regulation of DNA binding 0.004

GO:0048704~embryonic skeletal system morphogenesis 3.59E-05 GO:0051216~cartilage development 0.006

GO:0003002~regionalization 3.62E-05 GO:0030155~regulation of cell adhesion 0.007

GO:0048562~embryonic organ morphogenesis 4.25E-05 GO:0051100~negative regulation of binding 0.007

GO:0006350~transcription 5.06E-05 GO:0045449~regulation of transcription 0.008

GO:0048706~embryonic skeletal system development 5.21E-05 GO:0003014~renal system process 0.009

GO:0048598~embryonic morphogenesis 6.13E-05 GO:0043433~negative regulation of transcription factor activity 0.010

GO:0051216~cartilage development 2.36E-04 GO:0060348~bone development 0.010

GO:0009952~anterior/posterior pattern formation 3.02E-04 GO:0001558~regulation of cell growth 0.012

GO:0048568~embryonic organ development 4.84E-04 GO:0010033~response to organic substance 0.013

GO:0009954~proximal/distal pattern formation 0.002 GO:0007169~transmembrane receptor protein tyrosine kinase signaling pathway 0.015

GO:0006357~regulation of transcription from RNA polymerase II promoter 0.002 GO:0007569~cell aging 0.015

GO:0032835~glomerulus development 0.005 GO:0046903~secretion 0.016

GO:0001822~kidney development 0.006 GO:0060485~mesenchyme development 0.018

GO:0010033~response to organic substance 0.006 GO:0000902~cell morphogenesis 0.018

GO:0030182~neuron differentiation 0.010 GO:0008361~regulation of cell size 0.019

GO:0001655~urogenital system development 0.012 GO:0001503~ossification 0.020

GO:0006954~inflammatory response 0.014 GO:0032880~regulation of protein localization 0.020

GO:0009725~response to hormone stimulus 0.018 GO:0001822~kidney development 0.023

GO:0009719~response to endogenous stimulus 0.020 GO:0009408~response to heat 0.024

GO:0048858~cell projection morphogenesis 0.022 GO:0032989~cellular component morphogenesis 0.025

GO:0048511~rhythmic process 0.025 GO:0060416~response to growth hormone stimulus 0.027

GO:0030878~thyroid gland development 0.028 GO:0034097~response to cytokine stimulus 0.028

GO:0002675~positive regulation of acute inflammatory response 0.028 GO:0016049~cell growth 0.033

GO:0048545~response to steroid hormone stimulus 0.029 GO:0051149~positive regulation of muscle cell differentiation 0.033

GO:0032990~cell part morphogenesis 0.029 GO:0001649~osteoblast differentiation 0.034

GO:0051384~response to glucocorticoid stimulus 0.030 GO:0031647~regulation of protein stability 0.034

GO:0045995~regulation of embryonic development 0.033 GO:0051098~regulation of binding 0.037

GO:0030155~regulation of cell adhesion 0.034 GO:0006357~regulation of transcription from RNA polymerase II promoter 0.037

GO:0007568~aging 0.037 GO:0006350~transcription 0.038

GO:0007569~cell aging 0.037 GO:0022610~biological adhesion 0.039

GO:0045944~positive regulation of transcription from RNA polymerase II promoter 0.039 GO:0007155~cell adhesion 0.040

GO:0031960~response to corticosteroid stimulus 0.041 GO:0001655~urogenital system development 0.043

GO:0007517~muscle organ development 0.047 GO:0009725~response to hormone stimulus 0.043

GO:0000165~MAPKKK cascade 0.045

GO:0010810~regulation of cell-substrate adhesion 0.045

GO:0051222~positive regulation of protein transport 0.047

GO:0001934~positive regulation of protein amino acid phosphorylation 0.047

Term PValue Term PValue

GO:0001501~skeletal system development 1.38E-05 GO:0001501~skeletal system development 3.31E-04

GO:0006355~regulation of transcription, DNA-dependent 1.11E-04 GO:0048705~skeletal system morphogenesis 4.17E-04

GO:0030182~neuron differentiation 1.20E-04 GO:0006355~regulation of transcription, DNA-dependent 0.001

GO:0000902~cell morphogenesis 1.93E-04 GO:0045449~regulation of transcription 0.002

GO:0051252~regulation of RNA metabolic process 2.00E-04 GO:0051252~regulation of RNA metabolic process 0.002

GO:0032989~cellular component morphogenesis 2.60E-04 GO:0003014~renal system process 0.005

GO:0048705~skeletal system morphogenesis 3.14E-04 GO:0009952~anterior/posterior pattern formation 0.007

GO:0045449~regulation of transcription 3.48E-04 GO:0007569~cell aging 0.008

GO:0001503~ossification 3.82E-04 GO:0001558~regulation of cell growth 0.008

GO:0060348~bone development 6.26E-04 GO:0051216~cartilage development 0.009

GO:0006350~transcription 9.03E-04 GO:0048706~embryonic skeletal system development 0.011

GO:0048666~neuron development 9.14E-04 GO:0048704~embryonic skeletal system morphogenesis 0.013

GO:0048858~cell projection morphogenesis 9.57E-04 GO:0008361~regulation of cell size 0.013

GO:0007409~axonogenesis 0.001 GO:0034097~response to cytokine stimulus 0.013

GO:0032990~cell part morphogenesis 0.001 GO:0007588~excretion 0.014

GO:0006357~regulation of transcription from RNA polymerase II promoter 0.002 GO:0007389~pattern specification process 0.015

GO:0048667~cell morphogenesis involved in neuron differentiation 0.002 GO:0007517~muscle organ development 0.015

GO:0000904~cell morphogenesis involved in differentiation 0.003 GO:0032387~negative regulation of intracellular transport 0.016

GO:0048812~neuron projection morphogenesis 0.003 GO:0048562~embryonic organ morphogenesis 0.017

GO:0043392~negative regulation of DNA binding 0.003 GO:0032507~maintenance of protein location in cell 0.017

GO:0031175~neuron projection development 0.004 GO:0016481~negative regulation of transcription 0.018

GO:0030030~cell projection organization 0.005 GO:0030155~regulation of cell adhesion 0.019

GO:0051100~negative regulation of binding 0.006 GO:0007010~cytoskeleton organization 0.022

GO:0051173~positive regulation of nitrogen compound metabolic process 0.007 GO:0003002~regionalization 0.023

GO:0007517~muscle organ development 0.008 GO:0043433~negative regulation of transcription factor activity 0.024

GO:0009891~positive regulation of biosynthetic process 0.008 GO:0006350~transcription 0.025

GO:0007507~heart development 0.009 GO:0048568~embryonic organ development 0.026

GO:0001822~kidney development 0.011 GO:0006952~defense response 0.029

GO:0043433~negative regulation of transcription factor activity 0.011 GO:0051651~maintenance of location in cell 0.029

GO:0031328~positive regulation of cellular biosynthetic process 0.013 GO:0045185~maintenance of protein location 0.029

GO:0021700~developmental maturation 0.013 GO:0032386~regulation of intracellular transport 0.030

GO:0003002~regionalization 0.014 GO:0007173~epidermal growth factor receptor signaling pathway 0.030

GO:0048562~embryonic organ morphogenesis 0.015 GO:0006955~immune response 0.032

GO:0010604~positive regulation of macromolecule metabolic process 0.015 GO:0030878~thyroid gland development 0.034

GO:0048469~cell maturation 0.015 GO:0046903~secretion 0.034

GO:0034341~response to interferon-gamma 0.015 GO:0045792~negative regulation of cell size 0.035

GO:0048598~embryonic morphogenesis 0.016 GO:0032535~regulation of cellular component size 0.035

GO:0030155~regulation of cell adhesion 0.017 GO:0030029~actin filament-based process 0.035

GO:0030278~regulation of ossification 0.017 GO:0043392~negative regulation of DNA binding 0.036

GO:0045935~positive regulation of nucleobase, nucleoside, 

nucleotide and nucleic acid metabolic process
0.018 GO:0008217~regulation of blood pressure 0.036

GO:0048568~embryonic organ development 0.019 GO:0048598~embryonic morphogenesis 0.040

GO:0001655~urogenital system development 0.020 GO:0010629~negative regulation of gene expression 0.041

GO:0045893~positive regulation of transcription, DNA-dependent 0.023 GO:0040008~regulation of growth 0.041

GO:0008285~negative regulation of cell proliferation 0.023 GO:0042992~negative regulation of transcription factor import into nucleus 0.045

GO:0006954~inflammatory response 0.024 GO:0043526~neuroprotection 0.045

GO:0051254~positive regulation of RNA metabolic process 0.025 GO:0045934~negative regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolic process0.047

GO:0009719~response to endogenous stimulus 0.026 GO:0010558~negative regulation of macromolecule biosynthetic process 0.048

GO:0009725~response to hormone stimulus 0.026 GO:0051725~protein amino acid de-ADP-ribosylation 0.048

overlap fetal hMSC 1 and iPSC (hMSC, fetal line 1, viral) overlap aged hMSC (74y) and iPSC (hMSC, 74y, viral)

overlap fetal hMSC 1 and iPSC (hMSC, fetal, line 1, episomal 1) overlap aged hMSC (62y) and iPSC (hMSC, 62y, episomal)
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In order to elucidate whether genes related to processes associated with extracellular matrix interaction 

or the cytoskeleton as well as related to the metabolic instability theory of ageing are changed in 

hMSC-iPSCs of different age backgrounds upon reprogramming, differentially expressed genes that 

are up-or downregulated in iPSCs derived from fetal hMSCs or from aged hMSCs compared to aged 

hMSCs were extracted from microarray data. Subsequently the genes were annotated to processes 

using DAVID functional annotation database and screened for annotations related to extracellular 

matrix interaction or the cytoskeleton as well as related to the metabolic instability theory of ageing. 

The analysis revealed that genes down-regulated in iPSCs derived from aged hMSCs compared to 

aged hMSCs were annotated to the processes and gene ontologies actin cytoskeleton organisation, 

actin cytoskeleton, extracellular matrix and antioxidant activity with a p-value below 0.01, whereas the 

genes up-regulated in iPSCs derived from aged hMSCs compared to aged hMSCs were annotated to 

the gene ontology term mitochondrion with a p-value below 0.01. In contrast to that, genes down-

regulated in iPSCs derived from fetal hMSCs compared to aged hMSCs were annotated to the 

processes and gene ontologies focal adhesion, insulin-like growth factor binding, positive regulation of 

cell-substrate adhesion, extracellular matrix and mitochondrion with a p-value below 0.05. Moreover, 

the genes up-regulated between iPSCs derived from fetal hMSCs compared to aged hMSCs could not 

be annotated to processes or gene ontologies with a p-value below 0.05 (Table 14). 

 

Table 14 Differential expression of genes related to processes associated to the cytoskeleton, 

interaction with the extracellular matrix and to the metabolic instability theory of ageing. 

Functional annotation of genes which were differentially expressed (p-value of 0.01 and below) 

between iPSC (hMSC aged) (merged samples of iPSC (hMSC, 62y, episomal) and iPSC (hMSC, 

74y, viral)) or iPSC (hMSC fetal) (merged samples of iPSC (hMSC, fetal, line 1, viral), iPSC 

(hMSC, fetal, line 1, episomal 1) and iPSC (hMSC, fetal, line 1, episomal 2)) and hMSCs of aged 

donors (merged samples of aged hMSC (60y), aged hMSC (62y) and aged hMSC (70y)). Genes 

with a 1.5-fold higher (up-regulation) or 1.5-fold lower (down-regulation) average signal in iPSC 

(hMSC aged) or iPSC (hMSC fetal) compared to the average signal in aged hMSCs were 

measured using an Illumina Bead Chip microarray. The up or down-regulated genes were 

annotated using DAVID functional annotation platform. Results related to cell adhesion, 

extracellular matrix interaction, cytoskeleton, oxidative phosphorylation, insulin signalling, 

glycolysis and glutathione metabolism are shown. A p-value of 0.5 and below was considered 

significant. Table see next page. 
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Category Term Count % PValue

GOTERM_BP_FAT GO:0030036~actin cytoskeleton organization 37 3.144 1.950E-07

GOTERM_CC_FAT GO:0015629~actin cytoskeleton 38 3.229 3.115E-05

GOTERM_CC_FAT GO:0031012~extracellular matrix 39 3.314 2.176E-03

GOTERM_MF_FAT GO:0016209~antioxidant activity 8 0.680 2.240E-02

KEGG_PATHWAY hsa00010:Glycolysis / Gluconeogenesis 8 0.680 1.251E-01

GOTERM_MF_FAT GO:0004602~glutathione peroxidase activity 3 0.255 1.411E-01

GOTERM_BP_FAT GO:0006119~oxidative phosphorylation 9 0.765 2.704E-01

KEGG_PATHWAY hsa04910:Insulin signaling pathway 11 0.935 4.783E-01

GOTERM_BP_FAT GO:0006006~glucose metabolic process 11 0.935 4.913E-01

GOTERM_CC_FAT GO:0005739~mitochondrion 59 5.013 9.831E-01

Category Term Count % PValue

GOTERM_CC_FAT GO:0005739~mitochondrion 50 7.974 6.776E-03

GOTERM_BP_FAT GO:0007010~cytoskeleton organization 20 3.190 1.256E-01

GOTERM_CC_FAT GO:0005856~cytoskeleton 49 7.815 2.556E-01

GOTERM_BP_FAT GO:0032869~cellular response to insulin stimulus 4 0.638 3.842E-01

GOTERM_CC_FAT GO:0031012~extracellular matrix 10 1.595 7.648E-01

Category Term Count % PValue

GOTERM_CC_FAT GO:0005925~focal adhesion 21 1.878 8.587E-06

GOTERM_MF_FAT GO:0005520~insulin-like growth factor binding 9 0.805 4.776E-05

GOTERM_BP_FAT GO:0010811~positive regulation of cell-substrate adhesion 7 0.626 4.967E-03

GOTERM_CC_FAT GO:0031012~extracellular matrix 35 3.131 1.162E-02

GOTERM_CC_FAT GO:0005739~mitochondrion 86 7.692 4.866E-02

GOTERM_BP_FAT GO:0006749~glutathione metabolic process 5 0.447 7.875E-02

GOTERM_BP_FAT GO:0006750~glutathione biosynthetic process 3 0.268 1.133E-01

KEGG_PATHWAY hsa00480:Glutathione metabolism 6 0.537 2.403E-01

KEGG_PATHWAY hsa04910:Insulin signaling pathway 12 1.073 2.913E-01

KEGG_PATHWAY hsa00190:Oxidative phosphorylation 8 0.716 7.766E-01

GOTERM_CC_FAT GO:0070469~respiratory chain 4 0.358 8.780E-01

GOTERM_CC_FAT GO:0005746~mitochondrial respiratory chain 3 0.268 9.292E-01

Category Term Count % PValue

GOTERM_CC_FAT GO:0005925~focal adhesion 5 0.711 0.409

GOTERM_BP_FAT GO:0032869~cellular response to insulin stimulus 4 0.569 0.442

GOTERM_BP_FAT GO:0016337~cell-cell adhesion 11 1.565 0.531

GOTERM_BP_FAT GO:0030155~regulation of cell adhesion 6 0.853 0.548

GOTERM_CC_FAT GO:0005741~mitochondrial outer membrane 4 0.569 0.550

KEGG_PATHWAY hsa04512:ECM-receptor interaction 3 0.427 0.767

down-regulated in iPSC (hMSC aged) against aged hMSC

up-regulated in iPSC (hMSC aged) against aged hMSC

down-regulated in iPSC (hMSC fetal) against aged hMSC

up-regulated in iPSC (hMSC aged) against aged hMSC 

 

 

In order to analyse in more detail, whether the age of the parental hMSCs influences the expression of 

ageing-related genes in hMSC-iPSCs, a hierarchical clustering analysis based on Pearson correlation 

of average signal values measured for genes of the GO- term ageing was performed comparing the 

expression signatures of fetal hMSCs and hMSCs of aged background with the corresponding iPS cell 

lines and hESC H1. Interestingly, based on the clustering analysis, the hMSC samples formed one 

cluster based on similarity, whereas iPSCs and hESC H1 formed a separate cluster. Within the cluster 

consisting of hESC H1 and the iPS cell samples, iPSC (hMSC, fetal, line 1, episomal 1), iPSC (hMSC, 

fetal, line 1, episomal 2) and iPSC (hMSC, 74y, viral) formed one cluster based on the similarity of the 

gene expression patterns. iPSC (hMSC, fetal, line 1, viral) and iPSC (hMSC, 62y, episomal) formed a 

separate similarity cluster. All hMSC-iPSC samples formed a cluster that separated them from hESC 
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H1 (Figure 32). A statistical test toward differential expression of genes of the GO-term ageing 

comparing the respective iPS cell sample to hESC H1 revealed a down-regulation of ROMO1, ID2, 

FADS1 and IDE and an up-regulation of TBX2, MIF, PDCD4, PNPT1, ATM, ZNF277, VASH1, 

APOD, TWIST1, C2orf40 and TSPO of more than 1.5-fold with a p-value below 0,01 in iPSC (hMSC, 

fetal, line 1, viral). Moreover, ROMO1 and FADS1 were down-regulated and CITED2, TBX3, PNPT1 

and ID2 were detected as up-regulated in iPSC (hMSC, fetal, line 1, episomal 1). In addition, ROMO1 

was down-regulated in iPSC (hMSC, fetal, line 1, episomal 2), whereas PDCD4, CITED2, TBX3, ID2, 

TSPO and PNPT1 were up-regulated compared to the gene expression in hESC H1. Interestingly, 

ROMO1, FADS1 and TWIST1 were detected to be down-regulated significantly in iPSC (hMSC, 62y, 

episomal) whereas VASH1, KRT25, PDCD4, PNPT1, ATM and TSPO were up-regulated. Moreover, 

ROMO1 was detected to be down-regulated in iPSC (hMSC, 74y, viral) and ID2, TSPO, CITED2 and 

TBX2 were detected to be up-regulated.  
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Figure 32 Gene expression changes related to ageing-associated processes in fetal and aged 

hMSCs upon induction of pluripotency with viral and episomal plasmid-based methods. 

Hierarchical clustering analysis of gene expression related to ageing (GO-term: ageing) detected 

using an Illumina Bead Chip microarray and extracted using the software GenomeStudio. 

Heatmap based on the average signal. Hierarchical clustering based on Pearson correlation 

between the samples and genes. Gene description see Table 22. 
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3.5.3 Influence of parental cell type on differentiation propensity and cell 

fate-specific transcriptional memory in hMSC-iPSCs 

To further analyse the donor cell-specific memory and to find out whether it influences the 

functionality and differentiation propensity of hMSC-iPSCs, a comparative microarray-based gene 

expression analysis was carried out comparing the transcriptomes of iPSC (hMSC, 74y, viral) with an 

iPS cell line derived from human foreskin fibroblasts using retroviral reprogramming (iPS (hFF, 

viral)). Furthermore, in vitro osteoblast differentiation was carried out to test the influence of the 

somatic origin of hMSCs as parental cell type has an effect on the efficiency of osteoblast 

differentiation in iPSC (hMSC, 74y, viral) compared to iPS (hFF, viral). More Alizarin Red positive 

calcified matrix was detected when iPSC (hMSC, 74y, viral) were cultured in osteogenic medium for 

11 days compared to iPS (hFF, viral) differentiated under the same conditions (Figure 33 A). 

Comparing iPSCs derived from aged hMSC (74y) and derived from hFF a statistical test was used to 

extract differentially expressed genes between the two samples. The genes differentially expressed 

with a p-value below 0.01 and a 1.5-fold higher average signal in iPSC (hMSC, 74y, viral) were 

considered to be up-regulated. These genes were analysed using functional annotation with the 

database DAVID. Interestingly, the up-regulated genes in iPSC (hMSC, 74y, viral) were annotated to 

the UNIGENE terms bone_normal_3rd (p-value: 5.267E-06, 161 genes), connective 

tissue_normal_3rd (p-value: 7,343E-05, 162 genes), chondrosarcoma_disease_3rd (p-value: 0.0001, 

122 genes), adipose tissue_normal_3rd (p-value: 0.0004, 110 genes) and to bone marrow_normal_3rd 

(p-value: 0.002, 101 genes) (Figure 33 B). Moreover, a hierarchical clustering analysis based on the 

Euclidean distance between the gene expression values measured by microarray in iPSC (hMSC, 74y, 

viral), iPSC (hFF, viral) and hESC H1 with the genes annotated to the UNIGENE term 

bone_normal_3rd revealed a higher similarity between iPSC (hFF, viral) and hESC H1 than between 

iPSC (hMSC, 74y, viral) and hESC H1 (Figure 33 C).  
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Figure 33 Retained parental cell type-specific functional properties in iPSCs derived from aged 

hMSC (74y) compared to hFF-derived iPSCs. 
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(A) Enhanced osteoblast differentiation of iPSC (hMSC, 74y, viral) compared to iPS (hFF, viral) 

after 11 days of treatment with osteoblast differentiation medium (OM) compared to 11 days of 

culture in expansion medium (EM). Alizarin Red S staining was used to visualise calcified 

matrix in red. (B) Functional annotation of differentially expressed (p-value of 0.01 and below) 

and up-regulated genes (1.5-fold higher average signal in iPSC (hMSC, 74y, viral)) detected 

using an Illumina Bead Chip microarray. The genes were used as input for functional 

annotation by the tool DAVID. The option tissue-specific annotation and the category 

UNIGENE were used. P-values of 0.05 and below were considered as significant. Listed are the 

first 26 annotations. (C) Hierarchical clustering analysis of the up-regulated genes annotated to 

bone_normal_3d in B comparing iPSC (hMSC, 74y, viral), iPS (hFF, viral) and hESC H1. Heat 

map based on average signal detected by microarray-based transcriptome profiling. The 

hierarchical clustering is based on Euclidean distance. Gene description see Table 23. 

 

3.6 Directed differentiation of iPS cells derived from hMSCs of 

different biological age into mesenchymal stem cell-like cells 

The fast in vitro senescence of primary hMSCs derived from aged donors might be circumvented by 

generation of mesenchymal stem cell-like cells from iPS cells. A recent study described the a 

rejuvenation of ageing-related features in cell differentiated from iPS cell of aged donors (Miller and 

Studer 2014). However, the effect of the donor age of the parental hMSCs and the potential effect of 

the somatic cell type of the parental cells on the features of mesenchymal stem cell-like cells (iMSCs) 

is not clear. Therefore, hMSC-iPSCs derived from fetal hMSC 1 and from aged hMSC (74y) as well 

as from hESC H1 were differentiated into iMSCs. Subsequently, the MSC phenotype as well as the 

differentiation potential were analysed. The effect of age of the parental hMSCs of the generated iPS 

cell lines and the effect of the pluripotent parental cell type of iMSCs was analysed by microarray-

based comparative gene expression profiling.  

3.6.1 Generation and characterisation of iMSCs  

To analyse the potential effect of the biological age of parental hMSCs and of the type of 

cell on the features of iMSCs, mesenchymal stem cell-like cells were generated using a previously 

published protocol (Yen Shun Chen et al. 2012). iMSCs were generated from iPSC (hMSC, fetal, 

1, viral) and will be called iMSC (fetal, line 1, viral), from iPSC (hMSC, 74y, viral) which will be 

called iMSC (74y, viral), from iPSC (hMSC, fetal, line 1, episomal 1) named iMSC (fetal, line 1, 

episomal 1) and from hESC H1 named iMSC (hESC H1). The iPS cells were treated for one 

with the inhibitor of the TGFβ receptor SB-431542. Subsequently, the cells were split and seeded 

normal cell culture dishes in hMSC maintenance medium. After three more passages, the iMSCs 
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tested for their ability to differentiate into osteoblasts, adipocytes and chondrocytes in in vitro 

differentiation experiments. After being treated with osteogenic medium for 21 days iMSC 

1, viral) and iMSC (74y, viral) showed more Alizarin Red positive areas compared to iMSC 

H1) the staining colour intensity of which was similar to the control condition, 21 days in hMSC 

expansion medium. In contrast to that, after 21 days of culture in adipocyte differentiation 

iMSC (fetal, line 1, viral), iMSC (74y, viral) and iMSC (hESC H1) showed few Oil Red O 

cells after the respective staining. Moreover, the chondrogenic potential of iMSC (fetal, line 1, 

iMSC (74y, viral) and iMSC (hESC H1) was tested in micro mass culture. After 21 days of 

chondrogenic medium and subsequent Alcian Blue staining to visualise acidic mucosubstances 

(74y, viral) and iMSC (hESC H1) showed Alcian Blue positive blue staining compared to the 

However, iMSC (fetal, line 1, viral) did not show a clear blue staining after Alcian Blue was used 

compared to the control culture in expansion medium for 21 days ( 

Figure 34 A). Subsequently, an immunofluorescence-based detection of MSC-specific surface 

markers was carried out. The results of the analysis revealed that iMSC (fetal, line 1, viral), 

iMSC (74y, viral) and iMSC (hESC H1) showed no expression of the hematopoietic markers 

CD14, CD20, CD34 and CD45, whereas CD105 and CD73 were detected in all three iMSC 

preparations. Interestingly, CD90 could not be detected in iMSC (hESC H1) whereas this 

marker was detected on the surface of iMSC (fetal, line 1, viral) and iMSC (74y, viral) cells ( 

Figure 34 B). To further confirm the MSC phenotype of the generated iMSCs the average signal 

of the gene expression measured by microarray was compared for MSC marker genes CD90, 

CD73 and CD105 as well as for genes encoding hematopoietic markers comparing hMSCs and 

iMSC samples. The expression of the genes CD90, CD73 and CD105 encoding the respective 

marker proteins was detected in all iMSC preparations and the expression levels were similar to 

the levels detected in hMSCs of fetal and aged background. Moreover, the genes CD45, CD34 

and CD14 encoding hematopoietic markers were not detected as expressed ( 

Figure 34 C). 
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Figure 34 Characterisation of mesenchymal stem cell-like cells (iMSC) derived from hMSC-

iPSCs of different age and reprogramming background. 

(A) Trilineage potential of iMSCs. osteogenic: iMSCs were cultured for 21 days in osteoblast 

differentiation medium (OM) or in expansion medium (EM). The calcified matrix was visualised 

in red using Alizarin Red S staining. adipogenic: iMCs were cultured for 21 days in adipocyte 

differentiation medium (AM). Fat vacuoles were visualised in red using the dye Oil Red O. 
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Chondrogenic: iMSCs were cultured as micro mass culture for 21 days in chondrogenic 

differentiation medium (CM) and in hMSC expansion medium (EM). Acidic mucosubstances 

were visualised in blue using the dye Alcian Blue. (B) iMSC (fetal, line 1, viral), iMSC (74y, 

viral) and iMSC (hESC H1) were found to express typical MSC surface markers. The expression 

of hematopoietic markers could not be detected. FACS-based detection of typical MSC and 

hematopoietic marker antigens using fluorophore-conjugated antibodies. Grey: isotype control, 

Blue: cells stained with labelled marker-specific antibody. (C) Expression of MSC surface 

marker genes in iMSCs compared to fetal hMSCs and hMSCs of higher age as well as hESC H1. 

Heat map based on the average signal detected using an Illumina Bead Chip microarray.  

3.7 Reflection of ageing features and pluripotent cell-specific 

features in iMSCs differentiated from hMSC-iPSCs of distinct 

biological age 

3.7.1 Effect of hMSC donor age and parental pluripotent cell type on 

cellular and transcriptional features of iMSCs 

In order to test a potential reflection of the age of the original parental hMSCs and of the parental 

pluripotent cell line in the morphology of the iMSC preparations generated, bright-field pictures were 

taken to compare iMSC (fetal, line 1, viral), iMSC (fetal, line 1, episomal 1), iMSC (74y, viral) and 

iMSC (hESC H1). The morphology of iMSC (fetal, line 1, viral), iMSC (74y, viral) and iMSC (hESC 

H1) was fibroblast-like with few elongated cells. In contrast to that, the morphology of iMSC (fetal, 

line 1, episomal 1) cell revealed a more elongated morphology, along with a bigger cell size (Figure 

35 A). In order to test whether the age of the parental hMSCs influences the number of colony-

forming unit fibroblastoid cells (CFU-f) in iMSCs, a CFU-f assay was performed comparing iMSC 

(fetal, line 1, viral), iMSC (74y, viral) with fetal hMSC 2. Doing this, iMSC (fetal, line 1, viral) 

showed a similar number of CFU-f compared to fetal hMSC 2, whereas the number of CFU-f detected 

in iMSC (74y, viral) was reduced (Figure 35 B). 



 

 

144 

 

Figure 35 Morphology and colony forming unit fibroblastoid cells of iMSCs derived from fetal 

hMSC 1, aged hMSC (74y) and hESC H1. 

(A) Morphology of iMSCs derived from hESC H1, iPSC (hMSC, fetal, line 1, episomal 1), iPSC 

(hMSC, fetal, line 1, viral) and iPSC (hMSC, 74y, viral). Bright-field microscopy. 10 x 

magnification. (B) CFU-f assay comparing fetal hMSC 2 to iMSCs derived from iPSC (hMSC, 

fetal, line 1, viral) and from iPSC (hMSC, 74y, viral). CFU-fs were visualised using Crystal violet 

staining. 
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Furthermore, a microarray-based gene expression analysis was conducted to compare and characterise 

transcriptional changes between hMSCs and iMSCs as well as between hMSC-iPSCs and iMSCs. To 

reach this goal, correlations of the transcriptomes of hMSCs, iMSC and hMSC-iPSCs were compared 

using the software GenomeStudio. The correlation values detected are listed in Figure 36 A. The 

similarity analysis between the transcriptomes revealed a correlation of 0.95 between fetal hMSC 1 

and corresponding iMSCs. The correlation between the transcriptomes of aged hMSC (74y) and the 

corresponding iMSCs was 0.94. Comparing the transcriptomes of iMSCs and the corresponding 

pluripotent cell lines they originated from, the highest similarity could be found between the samples 

hESC H1 and iMSC (hESC H1) with a value of 0.92 followed by the similarity between iPSC (hMSC, 

fetal, line 1, viral) and iMSC (fetal, line 1, viral) with a value of 0.90. Interestingly, the correlation 

between iPSC (hMSC, 74y, viral) and iMSC (74y, viral) was the lowest with a value of 0.88. In 

addition, the transcriptomes of iMSCs were more similar to the transcriptome of fetal hMSC 2 than to 

fetal hMSC 1. The correlation between fetal hMSC 1 and iMSC (fetal, line 1, viral) was 0.93 like the 

correlation between fetal hMSC 1 and iMSC (hESC H1), whereas the correlation between fetal hMSC 

1 and iMSC (74y, viral) was 0.92 and therefore the lowest of all three. In contrast to that, the 

correlation between fetal hMSC 2 and iMSC (fetal, line 1, viral) was 0.96 like the correlation between 

fetal hMSC 2 and iMSC (hESC H1) whereas the correlation between fetal hMSC 2 and iMSC (74y, 

viral) was 0.94. Interestingly, there was a higher similarity between aged hMSC (62y) and iMSC (74y, 

viral) with a value of 0.95 than between aged hMSC (74y) and iMSC (74y, viral) with a value of 0.94. 

Comparing hMSCs and iMSCs towards their similarity to the corresponding iPS cell line sample, 

iMSCs were less similar to the iPS cell than the corresponding hMSC samples. The correlation 

between iPSC (hMSC, fetal, line 1, viral) and fetal hMSC 1 was 0.92 whereas the corresponding 

correlation between iPSC (hMSC, fetal, line 1, viral) and iMSC (fetal, line 1, viral) was 0.89, which is 

lower than the correlation between iMSC (fetal, line 1, viral) and fetal hMSC1 with a value of 0.95. 

Likewise, the correlation between iPSC (hMSC, 74y, viral) and aged hMSC (74y) was 0.9, whereas 

the correlation between iPSC (hMSC, 74y, viral) and iMSC (74y, viral) was 0.87. In addition, the 

correlation between hMSC (74y) and iMSC (74y, viral) was higher with a value of 0.94 (Figure 36 A). 

Furthermore, a clustering dendrogram based on the Pearson correlation between the grouped 

transcriptome samples fetal hMSCs (fetal hMSC 1 and fetal hMSC 2), aged hMSCs (aged hMSC 

(60y), aged hMSC (62y), aged hMSC (70y), aged hMSC (74y)), iMSC. (iMSC (fetal, line 1, viral), 

iMSC (74y, viral) and iMSC (hESC H1)) and hESCs (hESC H1 and hESC H9 grouped) revealed the 

highest similarities between the grouped transcriptomes fetal hMSCs and aged hMSCs. The grouped 

transcriptome data sample iMSC was more similar to the grouped samples fetal hMSCs and aged 

hMSCs than to hESC H1 (Figure 36 B). Moreover, a hierarchical clustering dendrogram comparing 

the grouped samples fetal hMSCs and aged hMSCs with iMSC (74y, viral) and iMSC (fetal, line 1, 

viral) revealed a higher similarity between iMSC (fetal, line 1, viral) and the grouped samples fetal 
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hMSCs and aged hMSCs than between iMSC (74y, viral) and the grouped samples fetal hMSCs and 

aged hMSCs (Figure 36 C). A further hierarchical clustering dendrogram comparing all hMSC-iPSCs, 

hESC H1, hMSCs of fetal and aged background with the generated iMSCs revealed a separate 

similarity-based clustering of all pluripotent cell samples and the samples of hMSCs and iMSCs. In 

addition, iMSC (74y, viral) and iMSC (hESC H1) were more similar to aged hMSC (62y) and aged 

hMSC (74y) than to all other samples. In contrast to that, iMSC (fetal, line 1, viral) were more similar 

to fetal hMSC 1 and 2 as well as to aged hMSC (60y) and aged hMSC (70y) (Figure 36 D). 
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Figure 36 Microarray-based comparison of transcriptomes of iMSCs corresponding hMCSs and 

hMSC-iPSCs of fetal and high age background and hESCs.  

(A) Table listing Pearson correlations between transcriptomes of iMSCs, fetal hMSCs and 

hMSCs of aged origin, corresponding iPSCs used for iMSC generation and hESCs. The 

similarity of the samples is colour coded starting with green representing the highest similarity 

to strong red representing the lowest similarity. (B) Hierarchical clustering dendrogram 
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representing the similarity of grouped transcriptomes based on Pearson correlation. Fetal 

hMSCs (fetal hMSC 1 and fetal hMSC 2 grouped), aged hMSCs (aged hMSC (60y), aged hMSC 

(62y), aged hMSC (70y), aged hMSC (74y) grouped), iMSC. (iMSC (fetal, line 1, viral), iMSC 

(74y, viral) and iMSC (hESC H1) grouped) and hESCs (hESC H1 and hESC H9 grouped). (C) 

Hierarchical clustering dendrogram based on the Pearson correlation of the transcriptomes of 

iMSC (fetal viral) (iMSC (fetal, line 1, viral)), iMSC (aged viral) (iMSC (74y, viral)), fetal 

hMSCs (fetal hMSC 1 and fetal hMSC 2 grouped) and aged hMSCs (aged hMSC (60y), aged 

hMSC (62y), aged hMSC (70y), aged hMSC (74y) grouped). (D) Hierarchical clustering 

dendrogram based on Pearson correlation of the transcriptomes of single samples including 

hESC H1, iPSCs of fetal and high age background, fetal hMSCs, hMSCs of aged donors and 

corresponding iMSCs. All clustering dendrograms were generated using the software 

GenomeStudio. The data were generated with an Illumina Bead Chip microarray. 

 

In order to compare the transcriptional features of iMSCs derived from the hMSC-iPS cells and hESC 

H1, a Venn diagram based on genes found to be expressed by microarray in iMSC (fetal, line 1, viral), 

iMSC (74y, viral) and iMSC (hESC H1) was prepared. Among the genes commonly expressed in all 

three iMSC samples MSC-specific marker genes ALCAM, ANPEP, BMP2, CASP3, CD44, ENG 

(CD105), ERBB2 (HER2), FUT4, FZD9, ITGA6, ITGAV, MCAM, NT5E (CD73), PDGFRB and THY1 

(CD90) were detected. Moreover, further genes associated with MSCs were detected as expressed in 

all derived iMSC preparations by microarray such as ANXA5, COL1A1, CTNNB1, EGF, GTF3A, 

ICAM1, IL10, IL1B, IL6, ITGB1, KITLG, MMP2, NES, NUDT6, PIGS, TGFB3, VEGFA and VIM. In 

addition, genes associated with osteogenesis, adipogenesis, chondrogenesis, myogenesis and 

tenogenesis were detected to be expressed in iMSC (fetal, line 1, viral), iMSC (74y, viral) and iMSC 

(hESC H1) (Figure 37 A). Furthermore, a Venn diagram consisting of genes found to be expressed by 

microarray in grouped samples of fetal hMSCs (fetal hMSC 1, fetal hMSC 2 and fetal hMSC 3), aged 

hMSCs (aged hMSC (60y), aged hMSC (62y), aged hMSC (70y), aged hMSC (74y)) and iMSCs 

(iMSC (fetal, line 1, viral), iMSC (74y, viral) and iMSC (hESC H1)) was prepared. Interestingly, the 

grouped sample iMSCs shared 534 genes with the group fetal hMSCs and only 398 genes with the 

group aged hMSCs. In order to characterise the processes the genes common to iMSCs and fetal 

hMSCs are involved in, a functional annotation of these genes was carried out. The commonly 

expressed genes were annotated to the KEGG terms Cell cycle (p-value: 0.046, genes: CCNE2, 

CDKN1C, ORC4L, RBL1, CDC25C, TGFB2), Prostate cancer (p-value: 0.051, genes: CCNE2, IGF1R, 

AR, PDGFA, TCF7L2) and Pathways in cancer (p-value: 0.071, genes: TRAF1, CCNE2, FZD9, 

IGF1R, AR, PDGFA, PAX8, TCF7L2, DAPK1, TGFB2) (Figure 37 B). 
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Figure 37 Transcriptional features of iMSCs derived from iPS cells and hESC H1. 

(A) Venn diagram based on genes found to be expressed by microarray (detection p-value of 

0.01 and below) in iMSC (fetal viral) (iMSC_fetal), iMSC (74y, viral) (iMSC_aged) and iMSC 

(hESC H1) (iMSC_H1). Expressed genes common to all three samples were found to contain 

genes related to MSCs and MSC differentiation as well as MSC marker genes. Gene description 

see Table 24 and Table 25. (B) Venn diagram consisting of genes found to be expressed by 

microarray (detection p-value 0.01 and below) in grouped samples of fetal hMSCs, aged hMSCs 

and iMSCs. Sample groups: hMSC_fetal: grouped fetal hMSC 1, fetal hMSC 2 and fetal hMSC 

3. hMSC_aged: grouped aged hMSC (60y), aged hMSC (62y), aged hMSC (70y), aged hMSC 

(74y). iMSCs: grouped iMSC (fetal, line 1, viral), iMSC (74y, viral) and iMSC (hESC H1). The 

genes expressed in the groups hMSC_fetal and iMSCs (red circle) were annotated using DAVID 

functional annotation tool. Results are shown in the table. A p-value of 0.05 and below was 

considered significant. The table shows the complete list of results.  
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To analyse the potential effect of donor age of parental hMSCs on the transcriptional features of 

corresponding iMSCs, microarray based gene expression profiling followed by extraction of  genes 

differentially expressed between iMSC (fetal, line 1, viral) and iMSC (74y, viral) with a p-value below 

0.01 was carried out. The differentially expressed genes which were up-regulated (1.5-fold higher 

average signal) or down-regulated (1.5-fold lower average signal) were analysed by functional 

annotation using the database DAVID. The functional annotation of up-regulated genes in iMSC (74y, 

viral) against iMSC (fetal, line 1, viral) resulted in an annotation to the KEGG terms Cell cycle (p-

value: 8.34E-11, genes: e.g. CDC7, E2F2) to DNA replication (p-value: 4.72E-07, genes: e.g. RFC3, 

MCM7), P53 signalling pathway (p-value: 0.005, genes:  e.g. CCNE2), Oocyte meiosis (p-value: 

0.015, genes: e.g. CCNE2, CCNB1), Mismatch repair (p-value: 0.022, genes: e.g. RFC5, EXO1), 

Pentose phosphate pathway (p-value: 0.029, genes: e.g. GPI, ALDOC) and Pyrimidine metabolism (p-

value: 0.036, genes: POLR2H, POLR3G). In contrast to that, functional annotation of down-regulated 

genes in iMSC (74y, viral) compared to iMSC (fetal, line 1, viral) resulted in an annotation to the 

KEGG terms Pathways in cancer, Focal adhesion, Lysosome, ECM-receptor interaction, Pancreatic 

cancer, Colorectal cancer, Bladder cancer, Small cell lung cancer and Regulation of actin cytoskeleton 

with a p-value below 0.01 and to the KEGG terms Chronic myeloid leukemia, Leukocyte trans-

endothelial migration, Axon guidance, TGF-beta signalling pathway, Epithelial cell signalling in 

Helicobacter pylori infection, Complement and coagulation cascades, Neurotrophin signalling 

pathway, Other glycan degradation, Endocytosis, Glioma, Adherens junction, P53 signalling pathway 

and Glycosaminoglycan degradation with p-values between 0.01 and 0.05. The corresponding genes 

which or the respective annotations of the up and down-regulated genes are listed in Table 15. 

 

Table 15 The effect of donor age of hMSCs on the transcriptional features of corresponding 

iMSCs. 

Genes that were differentially expressed (p-value 0.01 and below) and were up-regulated (1.5-

fold higher average signal) or down-regulated (1.5-fold lower average signal) in iMSC (74y, 

viral) compared to iMSC (fetal, line 1, viral) were annotated using the DAVID functional 

annotation database employing the option pathway and the category KEGG. A p-value of 0.05 

and below was considered significant. Listed are the results with a p-value below 0.05. See 

following page. Table see next page. 
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up-regulated in iMSC (74y, viral)  against iMSC (fetal, line 1, viral)

Term Count PValue Genes

hsa04110:Cell cycle 27 8.342E-11

CDC7, E2F2, LOC100133012, TGFB3, PRKDC, TTK, 

PKMYT1, CDC20, MCM2, PTTG1, MCM3, CDC25C, MCM4, MCM5, 

CDC25A, MCM6, CCNB1, CCNE2, CCNE1, MAD2L1, MCM7, 

CCND3, ORC6L, BUB1, BUB1B, CCNA2

hsa03030:DNA replication 12 4.721E-07
RFC5, RFC3, MCM7, RFC4, POLA2, MCM2, MCM3, 

RNASEH2A, MCM4, FEN1, MCM5, MCM6

hsa04115:p53 signaling pathway 10 4.544E-03
CCNE2, CCNB1, CCNE1, LOC100133012, CCNB2, 

CCND3, RRM2, CYCS, RPRM, GTSE1

hsa04114:Oocyte meiosis 12 1.488E-02
CCNE2, CCNB1, CCNE1, MAD2L1, CCNB2, BUB1, 

PKMYT1, CDC20, AURKA, PTTG1, CDC25C, ITPR1

hsa03430:Mismatch repair 5 2.169E-02 RFC5, EXO1, RFC3, RFC4, MSH3

hsa00030:Pentose phosphate pathway 5 2.878E-02 GPI, ALDOC, PGM1, PRPS2, PRPS1

hsa00240:Pyrimidine metabolism 10 3.585E-02
POLR2H, POLR3G, TYMS, POLR1E, RRM2, PNPT1, 

RRM1, CTPS2, POLA2, TK1

down-regulated in iMSC (74y, viral)  against iMSC (fetal, line 1, viral)

Term Count PValue Genes

hsa05200:Pathways in cancer 47 8.308E-07

BID, WNT5B, MMP9, PPARG, NFKBIA, KITLG, GLI2, 

ITGB1, MMP2, MMP1, LOC407835, CDC42, FOS, CDKN2A, 

CDKN2B, RAC2, RAC3, RALB, NKX3-1, RARA, LAMB1, MYC, FN1, 

EGFR, AR, PLD1, EPAS1, IL8, KLK3, TGFBR2, PIK3CD, SMAD3, 

ITGA2, CDK6, ITGA3, FZD2, FZD4, RALGDS, COL4A6, FZD6, JUP, 

LAMA1, CCND1, ETS1, MAPK3, PDGFRB, LAMC2

hsa04510:Focal adhesion 31 2.328E-05

CAV1, BCAR1, ITGA11, PIP5K1C, ITGB1, MYL9, CDC42,

 RAC2, RAC3, COL6A3, PDGFC, SHC1, LAMB1, SHC3, THBS2, FN1, 

SPP1, EGFR, PIK3CD, ITGA1, ITGA2, ITGA3, COL5A2, COL4A6, 

LAMA1, CCND1, CCND2, MAPK3, COL1A2, PDGFRB, LAMC2

hsa04142:Lysosome 22 2.611E-05

TCIRG1, CTSZ, NAGLU, PLA2G15, HEXB, FUCA1, MANBA, 

GLB1, SLC11A2, ATP6V0C, GNS, LAMP2, CD68, AP1S1, TPP1, 

AP3M1, CTSO, GAA, CTSD, CTSH, IDUA, GBA

hsa04512:ECM-receptor interaction 16 3.972E-04

ITGA11, ITGA1, ITGA2, ITGA3, COL5A2, ITGB1, COL4A6, 

LAMA1, COL6A3, COL1A2, LAMC2, AGRN, LAMB1, THBS2, FN1, 

SPP1

hsa05212:Pancreatic cancer 14 8.622E-04
EGFR, CDC42, PLD1, CCND1, CDKN2A, RAC2, RAC3, TGFBR2, 

MAPK3, PIK3CD, RALB, SMAD3, CDK6, RALGDS

hsa05210:Colorectal cancer 15 1.255E-03
EGFR, PIK3CD, TGFBR2, SMAD3, FZD2, FZD4, RALGDS, 

FZD6, FOS, CCND1, RAC2, RAC3, MAPK3, PDGFRB, MYC

hsa05219:Bladder cancer 10 1.553E-03
EGFR, LOC407835, CCND1, CDKN2A, IL8, MMP9, MAPK3,

 MYC, MMP2, MMP1

hsa05222:Small cell lung cancer 14 3.656E-03
PIK3CD, NFKBIA, ITGA2, CDK6, ITGA3, ITGB1, COL4A6, 

LAMA1, CCND1, CDKN2B, LAMC2, LAMB1, MYC, FN1

hsa04810:Regulation of actin cytoskeleton 25 9.071E-03

GNA13, EGFR, FGD1, SSH1, BAIAP2, BCAR1, PIK3CD,

 ITGA1, ITGA11, PIP5K1C, ITGA2, ITGA3, ITGB1, MYL9, 

LOC407835, CDC42, PFN2, RAC2, RAC3, MAPK3, RRAS, 

PDGFRB, PDGFC, FN1, F2R

hsa05220:Chronic myeloid leukemia 12 1.085E-02
LOC407835, CCND1, CDKN2A, MAPK3, PIK3CD, TGFBR2,

 SMAD3, NFKBIA, CDK6, SHC1, SHC3, MYC

hsa04670:Leukocyte transendothelial migration 16 1.203E-02

F11R, ICAM1, GNAI2, MMP9, BCAR1, PIK3CD, MMP2,

 CXCL12, ITGB1, MYL9, VCAM1, CDC42, CYBA, RAC2, CLDN1, 

JAM2

hsa04360:Axon guidance 17 1.211E-02

ABLIM1, GNAI2, ABLIM3, DPYSL2, CXCL12, ITGB1, SLIT2, 

EPHA2, EPHB2, SEMA5A, CDC42, UNC5B, RAC2, RAC3, MAPK3, 

SEMA3C, SEMA3A

hsa04350:TGF-beta signaling pathway 13 1.283E-02
PPP2R1A, ACVRL1, SMAD7, TGFBR2, GDF5, FST, SMAD3,

 DCN, ID2, CDKN2B, MAPK3, MYC, THBS2

hsa05120:Epithelial cell signaling in Helicobacter pylori infection11 1.457E-02
EGFR, ATP6V0C, CXCL1, TCIRG1, F11R, CDC42, IL8, NFKBIA, 

HBEGF, ATP6V1G1, JAM2

hsa04610:Complement and coagulation cascades 11 1.605E-02
PLAT, LOC653879, CFB, SERPINE1, CFH, TFPI, C1S, PROS1, 

PLAU, F2R, PLAUR

hsa04722:Neurotrophin signaling pathway 16 1.840E-02

IRAK2, PIK3CD, NFKBIA, IRS1, MAGED1, LOC407835, CDC42, 

BDNF, PRDM4, MAPK3, SH2B3, SHC1, MAPK7, SHC3, ARHGDIA, 

ARHGDIB

hsa00511:Other glycan degradation 5 1.917E-02 HEXB, FUCA1, MANBA, GLB1, GBA

hsa04144:Endocytosis 21 2.148E-02

EGFR, FAM125B, PLD1, CHMP4B, RAB5C, TGFBR2, PSD3, ASAP2,

 ASAP1, PIP5K1C, CDC42, AP2B1, ADRB2, NEDD4, SH3KBP1, 

NEDD4L, PARD6G, ARAP3, EHD3, F2R, RNF41

hsa05214:Glioma 10 2.379E-02
EGFR, LOC407835, CCND1, CDKN2A, MAPK3, PIK3CD, PDGFRB, 

CDK6, SHC1, SHC3

hsa04520:Adherens junction 11 3.226E-02
EGFR, CDC42, CSNK2A1, RAC2, PTPRF, WASF3, RAC3, BAIAP2, 

MAPK3, TGFBR2, SMAD3

hsa04115:p53 signaling pathway 10 3.697E-02
BID, CCND1, CDKN2A, TNFRSF10B, CCND2, ZMAT3, CD82,

 SERPINE1, CDK6, IGFBP3

hsa00531:Glycosaminoglycan degradation 5 4.840E-02 GNS, NAGLU, HEXB, GLB1, IDUA  
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Having analysed the differences between iMSCs of fetal and aged background, further gene 

expression analysis was carried out to extract a list of genes, which show rejuvenated expression 

patterns. To do this, genes which were not expressed in all hMSC samples (detection p-value of 0.01 

and above) and which were expressed in all iPSCs (detection p-value 0.001 and below) and in iMSCs 

derived from hMSC-iPSCs of fetal and aged background (detection p-value 0.001 and below) were 

extracted. The gene list was annotated to biological processes and gene ontologies using the DAVID 

database. The results of the functional annotation analysis are listed in Table 16. The rejuvenated 

genes were annotated to the KEGG term TGF-beta signalling pathway however with a p-value below 

0.05. Moreover, the genes with a rejuvenated expression pattern were annotated to the gene ontologies 

neuron recognition, regulation of cell-substrate adhesion, negative regulation of cell proliferation, 

regulation of cyclin-dependent protein kinase activity, cell recognition, cell adhesion and biological 

adhesion with a p-value below 0.05 (Table 16). 

 

Table 16 Functional annotation of rejuvenated gene expression signatures in iMSCs. 

Genes which were not expressed in all hMSC samples (detection p-value of 0.01 and above) and 

which were expressed in all iPSCs (detection p-value 0.001 and below) and in iMSCs derived 

from hMSC-iPSCs of fetal and aged background (detection p-value 0.001 and below) were 

extracted. The gene list was annotated to biological processes and gene ontologies using DAVID 

database. A p-value of 0.05 and below was considered significant however the complete results 

are listed.  

Term Count PValue Genes

hsa04350:TGF-beta signaling pathway 3 0.067 LTBP1, ACVRL1, INHBE

GO:0008038~neuron recognition 3 0.004 BDNF, EFNB3, NTM

GO:0010810~regulation of cell-substrate adhesion 3 0.017 ACVRL1, EDIL3, EMILIN1

GO:0008285~negative regulation of cell proliferation 6 0.020 CDKN1C, BDNF, ACVRL1, CDKN2C, CXADR, GAL

GO:0000079~regulation of cyclin-dependent protein kinase activity 3 0.023 CDKN1C, CDKN2C, HERC5

GO:0008037~cell recognition 3 0.024 BDNF, EFNB3, NTM

GO:0007155~cell adhesion 8 0.032 ISLR, HAPLN1, PCDHB2, IL32, EDIL3, CXADR, NTM, EMILIN1

GO:0022610~biological adhesion 8 0.032 ISLR, HAPLN1, PCDHB2, IL32, EDIL3, CXADR, NTM, EMILIN1

GO:0007186~G-protein coupled receptor protein signaling pathway 10 0.053
AGTR1, KIAA1324L, ENPP2, CXCR7, ELTD1, MRGPRF, GPR68, 

GAL, D4S234E, KCNK2

GO:0007166~cell surface receptor linked signal transduction 14 0.054
AGTR1, KIAA1324L, ACVRL1, EFNB3, HEY1, ENPP2, CXCR7, DLL3, 

ELTD1, MRGPRF, GPR68, D4S234E, GAL, KCNK2

GO:0042127~regulation of cell proliferation 8 0.054 CDKN1C, AGTR1, BDNF, ACVRL1, CDKN2C, HCLS1, CXADR, GAL

GO:0045597~positive regulation of cell differentiation 4 0.078 AGTR1, BDNF, DLL3, DNMT3B

GO:0006024~glycosaminoglycan biosynthetic process 2 0.088 GCNT2, XYLT1

GO:0006790~sulfur metabolic process 3 0.090 SULF2, ALDH5A1, DNMT3B

GO:0006023~aminoglycan biosynthetic process 2 0.096 GCNT2, XYLT1

GO:0045666~positive regulation of neuron differentiation 2 0.100 BDNF, DNMT3B

processes with rejuvenated gene expression signature

 

 

Subsequently, the effect of age of the parental hMSC and of hESCs as parental pluripotent cell line on 

senescence-related gene expression in iMSCs generated from hMSC-iPSCs and generated from hESC 

H1 were analysed by comparing gene expression patterns in the respective transcriptomes, which were  
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detected using microarray. First, a hierarchical clustering analysis of genes annotated to the GO-term 

regulation of senescence base on the Euclidean distance of the average signal of the genes was carried 

out comparing fetal hMSCs, hMSCs of aged donors, iMSCs and hESC H1. The clustering analysis 

revealed a high similarity between the samples aged hMSC (60y) and aged hMSC (70y) which formed 

a cluster separated from iMSCs, hESC h1 fetal hMSCs, aged hMSC (62y) and aged hMSC (74y) who 

in turn formed a similarity cluster. Within this cluster aged hMSC (62y), aged hMSC (74y) and iMSC 

(74y, viral) were most similar and formed a cluster which separates these samples from a cluster 

consisting of iMSC (fetal, line 1, viral), iMSC (hESC H1), fetal hMSC 1 and fetal hMSC 2. These two 

clusters were separated from hESC H1 which was more similar to the samples within the two clusters 

than to aged hMSC (60y) and aged hMSC (70y) (Figure 38 A). A statistical test was used in addition 

to find genes of the GO-term regulation of senescence, which were differentially regulated comparing 

iMSCs and fetal hMSC 1. In addition, CDK6, VASH1 and ZNF277 were down-regulated in iMSC 

(fetal, line 1, viral) and NUAK1 was detected to be up-regulated compared to fetal hMSC 1. Finally, 

TWIST1 was down-regulated in iMSC (74y, viral) while NEK6, CDK6 and NUAK1 were detected as 

up-regulated. Subsequently, a hierarchical clustering analysis based on a gene set annotated to the GO-

term senescence and on the log 2 ratio of the average signal in iMSC (fetal, line 1, viral), iMSC (74y, 

viral) and the corresponding hMSCs over the average signal in hESC H1 was carried out. The Pearson 

correlation-based clustering revealed that aged hMSC (74y) and iMSC (74y, viral) were the most 

similar samples which in turn were more similar to iMSC (fetal, line 1, viral) than to the fetal hMSC 1 

(Figure 38 B). In order to elucidate the differences in gene expression of senescence-related genes in 

aged hMSC (74y) and iMSC (74y, viral) compared to the corresponding iPS cell line named iPSC 

(hMSC, 74y, viral) and to analyse whether iMSC (74y, viral) share a similar expression pattern of 

senescence-related genes with fetal hMSC 1, the ratio of the expression levels in hMSCs and iMSCs 

over iPSC (hMSC, 74y, viral) was plotted. The fold changes are depicted in Figure 38 C showing the 

genes which were differentially expressed between fetal hMSC 1 and iPSC (hMSC, 74y, viral) and 

additionally were up-regulated (1.5-fold higher average signal) or down-regulated (average signal 

lower than 1.5-fold) in fetal hMSC 1 compared to iPSC (hMSC 74y viral). The respective ratios of 

hMSC (74y) and iMSC (74y viral) over iPSC (hMSC 74y viral) were plotted for comparison. The 

genes, which are differentially expressed in all samples but have a difference in regulation, were 

CREG which was significantly down-regulated in fetal hMSC 1 but up-regulated in aged hMSC (74y) 

and iMSC (74y viral). Moreover, CDK6 was significantly down-regulated in aged hMSC (74y) but up-

regulated in fetal hMSC 1 and iMSC (74y viral) and ALDH1A3 was significantly up-regulated in both 

hMSC samples but down-regulated in iMSC (74y viral). Plotting of the ratios of gene expression 

signals revealed that IGFBP5 is the most down-regulated senescence-associated gene in fetal hMSC 1 

compared to iPSC (hMSC, 74y, viral) whereas EGR1 is the most up-regulated gene. In addition, genes 
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with a higher expression ratio in fetal hMSC 1 than in aged hMSC (74y) and iMSC (74y viral) were 

ID1, ETS2, TBX2 and EGR1 (Figure 38 C).  
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Figure 38 Effect of hMSC donor age on senescence-related gene expression in generated iMSCs.  

(A) Hierarchical clustering analysis of gene expression related to regulation of senescence in 

fetal hMSCs, hMSCs of aged donors, iMSCs and hESC H1. Heat map based on average signal 

detected using an Illumina Bead Chip microarray. Hierarchical clustering analysis based on 

Euclidean distance. Gene description see Table 26. (B) Hierarchical clustering analysis of 

senescence-related gene expression in fetal hMSC 1 and aged hMSC (74y) and corresponding 

iMSCs compared to hESC H1. Heat map based on log 2 ratio of average signal in hMSCs or 

iMSCs over the average signal in hESC H1. Hierarchical clustering analysis based on Pearson 

correlation. Gene description see Table 19. (C) Expression of senescence-related genes 

comparing fetal hMSC 1, aged hMSC (74y) and iMSC (74y viral) to iPSC (hMSC 74y viral). 

Bars represent log 2 ratios of the average signals. Depicted are genes that are differentially 

expressed (p-value 0.01 and below) between fetal hMSC 1 and iPSC (hMSC 74y viral) and are 

up-regulated (1.5-fold higher average signal) or down-regulated (average signal lower than 1.5-

fold) in fetal hMSC 1 compared to iPSC (hMSC 74y viral). The respective ratios of hMSC (74y) 

and iMSC (74y viral) and iPSC (hMSC 74y viral) are shown for comparison.  

 

Furthermore, to analyse the effect of hMSC age on gene expression related to ageing-associated 

processes in generated iMSCs, hierarchical clustering analyses were carried out comparing the 

similarity between the samples based on gene sets annotated to the GO-terms DNA damage repair, 

ageing, ageing and response to oxidative stress. The hierarchical clustering analysis based on the 

Euclidean distance of the average signal of genes related to DNA damage repair revealed that aged 

hMSCs were most similar to each other and formed a cluster that separated them from fetal hMSCs 

and iMSCs. Likewise, fetal hMSCs and iMSCs formed a similarity cluster that separated these 

samples from all aged hMSC samples. Within the cluster consisting of iMSCs and fetal hMSCs, iMSC 

(fetal, line 1, viral) showed the lowest similarity to fetal hMSCs (Figure 39). 
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Figure 39 Effect of biological age of hMSCs on the gene expression related to DNA-damage 

repair in generated iMSCs. 

Hierarchical clustering analysis showing similarities in gene expression related to DNA damage 

repair comparing hMSCs and iMSCs of fetal and aged genetic background. Heat map based on 

average signal detected using microarray-based gene expression profiling. Hierarchical 

clustering analysis based on Euclidean distance. Gene description see Table 27. 
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Moreover, the hierarchical clustering analysis based on the Pearson correlation of the average signal of 

genes related to ageing separated the samples into distinct similarity clusters. Aged hMSC (62y) and 

aged hMSC (74y) formed a cluster which showed the lowest similarity to all other samples followed 

by iMSC (fetal, line 1, viral), which formed a cluster with all samples except aged hMSC (62y) and 

aged hMSC (74y) but showed the lowest similarity to the samples in this cluster. Furthermore, iMSC 

(74y, viral) and iMSC (hESC H1) formed a cluster with fetal hMSC 1 and 2, which shared a low 

similarity to all other samples but the highest similarity to aged hMSC (60y) and aged hMSC (70y) 

(Figure 40). Subsequently, analysis of microarray data was carried out comparing fetal hMSC 1, iMSC 

(fetal, line 1, viral), iMSC (74y, viral) and iMSC (hESC H1) to aged hMSC (74y) towards 

differentially expressed genes related to ageing. The test revealed the significant down-regulation of 

TSPO in all iMSC samples and fetal hMSC 1. Furthermore, the genes ATM and FADS1 were up-

regulated in fetal hMSC 1 and iMSC (74y, viral) but not in the other iMSC samples. Finally, RSL1D1 

was up-regulated in fetal hMSC 1 and the corresponding iMSCs. A further hierarchical clustering 

analysis was carried out to compare the similarities of gene expression patterns of genes related to 

response to oxidative stress based on the Pearson correlation of the average signals between the 

samples comparing fetal hMSCs, hMSCs of elderly donors, iMSCs and hESC H1. Interestingly, all 

samples shared a low similarity to hESC H1 and formed a cluster. Within this cluster aged hMSC 

(74y) and iMSC (74y, viral) were most similar to each other but not to all other samples of the cluster. 

In addition, iMSC (fetal, line 1, viral) and iMSC (hESC H1) were most similar to fetal hMSC 2 and 

formed a cluster which was most similar to a cluster of the samples fetal hMSC 1, aged hMSC (60y), 

aged hMSC (62y) and aged hMSC (70y) (Figure 41). A statistical test toward differential expression 

compared to hESC H1 revealed the significant more than 1.5-fold down-regulation of DUSP1, 

MSRB3, PTGS1, OXR1, PDLIM1, RCAN1, SRXN1 and GPX8 in iMSC (fetal, line 1, viral), iMSC 

(74y, viral), iMSC (hESC H1) and fetal hMSC 1 compared to hESC H1. However, the gene PDLIM1 

was down-regulated with a p-value below 0.01. 
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Figure 40 Effect of biological age of hMSCs on the gene expression annotated to ageing and to 

response to oxidative stress in generated iMSCs. 

Hierarchical clustering analysis of gene expression related to ageing comparing hMSCs and 

iMSCs of fetal and aged genetic background. Heat map based on average signal detected by 

microarray. Hierarchical clustering analysis based on Pearson correlation. Gene description see 

Table 22. 
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Figure 41 Effect of biological age of hMSCs on the gene expression annotated to response to 

oxidative stress in generated iMSCs. 

Hierarchical clustering analysis based on genes related to the response to oxidative stress 

comparing fetal hMSCs, hMSCs of elderly donors, iMSCs and hESC H1. Heat map based on 

average signal measured by microarray gene expression profiling. The hierarchical clustering 

analysis was based on the Pearson correlation between the samples and genes. Gene description 

see Table 20. 

To follow the notions that the expression patterns of ageing-related genes associated with the 

metabolic stability theory of ageing and the michondrial oxidative stress pathway (Brink et al. 2009, 

Prigione et al. 2010) in iMSCs are influenced by the biological age of parental hMSCs, hierarchical 

clustering analyses based on gene expression measured by microarray were carried out. Doing this, 

iMSCs were compared to hMSCs, iPSCs and hESCs. A hierarchical clustering analysis based on a 

gene list of the GO-term oxidative phosphorylation revealed, that a similarity cluster consisting of 
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fetal hMSC 1, fetal hMSC 2, aged hMSC (60y) and aged hMSC (70y) shared the least similarities with 

all other samples, whereas the samples were more similar to each other. Yet, the other samples formed 

one cluster in which iPSC (hMSC, fetal, line 1, viral) was least similar to all other samples that in turn 

formed three separate clusters. One cluster of these clusters consisted of iPSC (hMSC, fetal, line 1, 

episomal 1), iPSC (hMSC, fetal, line 1, episomal 2) and iPSC (hMSC, 74y, viral), a second cluster 

consisted of iPSC (hMSC, 62y, episomal), hESC H1 and iMSC (fetal, line 1, viral) and a third cluster 

consisted of aged hMSC (62y), aged hMSC (74y), iMSC (74y, viral) and iMSC (hESC H1) (Figure 

42).  
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Figure 42 Effect of biological age of hMSCs on the gene expression related to oxidative 

phosphorylation in generated iMSCs compared hMSC-iPSCs and hMSCs.  

Hierarchical clustering analysis showing similarities in gene expression related to oxidative 

phosphorylation comparing iMSCs of fetal and aged genetic background and derived from 

hESC H1 to hMSCs of different biological age, iPSCs and hESC H1. Heat map based on average 

signal detected using microarray-based gene expression profiling. Hierarchical clustering 

analysis based on Pearson correlation. Gene description Table 28.  
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In addition, a hierarchical clustering analysis based on genes of the GO-term glutathione metabolism 

was carried out. The experiment revealed two similarity clusters based on Pearson correlation between 

the samples. One cluster mainly consisted of all hMSC-iPSCs and hESC H1 as well as of iMSC (fetal, 

line 1, viral) and iMSC (74y, viral). The second cluster consisted of fetal hMSCs, aged hMSCs and 

iMSC (hESC H1), which was most similar to aged hMSC (62y) (Figure 43). 

 

 

 

Figure 43 Effect of biological age of hMSCs on the gene expression related to glutathione 

metabolism in generated iMSCs compared hMSC-iPSCs and hMSCs. 

Hierarchical clustering analysis showing similarities in gene expression related to glutathione 

metabolism comparing iMSCs of fetal and aged genetic background to hMSCs of different 

biological age, iPSCs and hESC H1. Heat map based on average signal detected using 

microarray-based gene expression profiling. Hierarchical clustering analysis based on Pearson 

correlation. Gene description see Table 29. 

 

To further analyse the effect of biological age of parental hMSCs on processes related to the metabolic 

stability theory of ageing, hierarchical clustering analyses based on genes of the GO-terms glycolysis 

and insulin signalling were carried out. The hierarchical clustering analysis based on the genes 



 

 

163 

associated with glycolysis showed the lowest similarity between iPSC (hMSC, fetal, line 1, viral) and 

all other samples, which in turn formed two clusters. One of these clusters consisted of hMSCs of fetal 

and aged background as well as of iMSC (74y, viral), which in turn formed a cluster with aged hMSC 

(70y) and aged hMSC (74y). The second cluster consisted of hMSC-iPSCs, hESCs, iMSC (fetal, line 

1, viral) and iMSC (hESC H1). Interestingly, iMSC (fetal, line 1, viral) and iMSC (hESC H1) formed 

a similarity cluster with iPSC (hMSC, fetal, line 1, episomal 2) and iPSC (hMSC, 62y) (Figure 44). 

 

Figure 44 Effect of biological age of hMSCs on the gene expression related to glycolysis in 

generated iMSCs compared hMSC-iPSCs and hMSCs. 

Hierarchical clustering analysis showing similarities in gene expression related to glycolysis 

comparing iMSCs of fetal and aged genetic background to hMSCs of different biological age, 

iPSCs and hESC H1. Heat map based on average signal detected using microarray-based gene 
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expression profiling. Hierarchical clustering analysis based on Pearson correlation. Gene 

description see Table 30. 

 

A further hierarchical clustering analysis was performed to find the differences and similarities 

between iMSCs, iPSCs, hESC H1 and hMSCs of genes related to the GO-term insulin signalling. 

analysis revealed a high similarity between all iPSC samples except iPSC (hMSC, 74y, viral) and 

hESC H1 that were part of a separate cluster additionally consisting of hMSCs and iMSCs. 

cluster iMSC (fetal, line 1, viral) was detected to be the least similar sample compared to all 

samples of the cluster. In contrast to that, iMSC (hESC H1) showed the highest similarity to 

hMSC (74y) and formed a cluster with iPSC (hMSC, 74y, viral) and hESC H1 and fetal hMSC 1 

fetal hMSC 2 which in turn formed a similarity cluster themselves. Moreover, iMSC (74y, viral) 

showed the highest similarity to aged hMSC (62y) ( 

Figure 45). 
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Figure 45 Effect of biological age of hMSCs on the gene expression related to insulin signalling 

in generated iMSCs compared hMSC-iPSCs and hMSCs. 

Hierarchical clustering analysis showing similarities in gene expression related to insulin 

signalling comparing iMSCs of fetal and aged genetic background to hMSCs of different 

biological age, iPSCs and hESC H1. Heat map based on average signal detected using 

microarray-based gene expression profiling. Hierarchical clustering analysis based on Pearson 

correlation. Gene description Table 31. 

 

In order to elucidate the potential residual gene expression patterns related to the metabolic instability 

theory of ageing (Brink et al. 2009) in iMSCs significantly up-and down-regulated genes of gene lists 

based on the GO-terms oxidative phosphorylation, TCA cycle, glycolysis, glutathione metabolism and 

insulin signalling that are differentially expressed in iMSC (merged samples of iMSC (fetal, line 1, 
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viral), iMSC (74y, viral) and iMSC (hESC H1)) against aged hMSCs (merged samples of aged hMSC 

(60y), aged hMSC (62y), aged hMSC (70y) and aged hMSC (74y) ) were extracted from raw 

microarray data detected with an Illumina Bead Chip system. Through this analysis, genes related to 

glutathione metabolism were detected to be differentially expressed. More specifically, GCLM was 

down-regulated and MGST2 was up-regulated. In addition, PGAM1, a gene involved in glycolysis was 

found to be down-regulated (Figure 46 A). Moreover, the expression of genes that are known to be 

regulated with age in human fibroblasts according to a recent study (Hashizume et al. 2015) was 

analysed in iMSCs compared to hMSCs of fetal and aged origin and corresponding iPSCs as well as 

hESC H1. Plotting of the genes revealed that higher expression levels of the gene COX7A1 in aged 

hMSCs is down-regulated in the corresponding iPS cells and iMSCs. The genes MRPL28, CAPRIN2, 

GCAT, EHHADH, ALDH5A1 and SHMT2, did not show ageing–related regulation or modulation upon 

pluripotency induction or redifferentiation. (Figure 46 B). 

 

 

Figure 46 Expression patterns of genes with implications in the metabolic stability theory of 

ageing and known to be regulated with age in iMSCs. 
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(A) Genes of gene lists based on the GO-terms oxidative phosphorylation, TCA cycle, glycolysis, 

glutathione metabolism and insulin signalling that were differentially expressed in iMSC 

(merged samples of iMSC (fetal, line 1, viral), iMSC (74y, viral) and iMSC (hESC H1)) against 

aged hMSCs (merged samples of aged hMSC (60y), aged hMSC (62y), aged hMSC (70y) and 

aged hMSC (74y)). Left: log 10 of the differential p-values below 0.01 calculated by 

GenomeStudio of differentially expressed genes in iMSCs compared to aged hMSCs. Right: log 2 

of the ratios of the average signals in iMSCs over aged hMSCs of the differentially expressed 

genes sorted according to the differential p-value. Gene expression was measured using an 

Illumina Bead Chip. (B) Hierarchical clustering analysis based on the Pearson correlation of the 

average signals of expression of genes described to be regulated with age in a recent study 

(Hashizume et al. 2015). Compared were iMSCs to hMSCs of fetal and aged origin, hMSC-

iPSCs and hESC H1. Gene expression was measured using an Illumina Bead Chip. 
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4 Discussion 

4.1 Characterisation of primary hMSCs and iPS-derived iMSCs  

In the first step of this work, hMSCs derived from fetal and aged backgrounds were analysed towards 

fulfilment of the criteria for mesenchymal stem cells set by the International Society for Cellular 

Therapy (Dominici et al. 2006). Doing this, the fibroblast-like morphology and the expression of MSC 

surface markers CD90, CD73 and CD105 as well as the absence of hematopoietic markers could be 

confirmed by FACS and microarray proving the cell type identity of the hMSCs used in this study 

(Figure 4 A-C). However, the marker set of MSCs is still under debate (Lv et al. 2014). Moreover, the 

multipotency of hMSCs used in this study could be confirmed by the differentiation experiments and 

subsequent staining and quantification of marker gene expression and microarray based gene 

expression analysis (Figure 5 A-E). This is in line with the minimal criteria required for MSCs 

(Dominici et al. 2006). Yet, variation in trilineage differentiation between fetal and aged hMSCs might 

be due to an age-related shift from osteogenic to adipogenic potential described in a recent study (Kim 

et al. 2012).  

In addition, iPSC (hMSC, fetal, line 1, viral), iPSC (hMSC, 74y, viral), iPSC (hMSC, fetal, line 1, 

episomal 1) and hESC H1 could successfully be differentiated into mesenchymal stem cell-like 

(iMSCs) using a previously described protocol (Yen Shun Chen et al. 2012). The generated 

showed MSC surface marker expression and trilineage differentiation ( 

Figure 34 A-C). These results are in line with the study applying the same protocol on fibroblast-

derived iPS cells (Yen Shun Chen et al. 2012). Interestingly, osteogenic differentiation 

propensity seemed to be retained in iMSCs derived from hMSC-iPSCs compared to iMSC 

(hESC H1). Furthermore, adipocyte differentiation seemed to be less efficient or even impaired 

in comparison to the adipocyte differentiation of the parental hMSCs. Moreover, chondrocyte 

differentiation seemed to be impaired in iMSCs derived from fetal hMSC-iPSCs ( 

Figure 34 A). The possibility to derive mesenchymal stem cell-like cells from pluripotent cells was 

described in numerous studies (Barberi et al. 2005, Yen Shun Chen et al. 2012, Diederichs and Tuan 

2014, Frobel et al. 2014, Hong et al. 2015, Ishiy et al. 2015, Kimbrel et al. 2014, Raynaud et al. 2013, 

Wang et al. 2014). One of these studies described variations in trilineage differentiation capacity of 

iMSCs, which is in line with our results (Diederichs and Tuan 2014). A further study described 

reduced adipogenesis but retention of osteogenic and adipogeneic differentiation potential in iMSCs 

(Kang et al. 2015), which is in line with the results of this study. 
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4.2 Negative effect of donor age on reprogramming efficiency 

Reprogramming using retroviruses was more efficient than episomal plasmid-based reprogramming 

when pluripotency was induced in fetal hMSCs under normoxic conditions. Furthermore, hypoxic 

conditions enhanced the efficiency of viral and non-viral reprogramming efficiency in fetal hMSCs. 

Moreover, the combination of mTeSR 1 addition at day 14 and hypoxia enhanced the reprogramming 

efficiency of fetal hMSCs to 0.06% (Table 12). This is in line with a previously published report 

describing the same effect in fibroblasts (Yoshida et al. 2009). Interestingly, the reprogramming 

efficiency of aged hMSC (62y) was 0.04% and therefore as high as the reprogramming efficiency of 

fetal hMSCs reprogrammed using viruses and much higher than the reprogramming efficiency of aged 

hMSC (74y) with retroviruses and additional inhibitors (Table 12). A possible reason for this is that 

the addition of vitamin c might have had a much more positive effect on the reprogramming efficiency 

of aged hMSC (62y) than the inhibitor combination used to reprogram aged hMSC (74y). In 

conclusion, hMSC 1 could be reprogrammed more efficiently using viral reprogramming and episomal 

plasmid-based reprogramming than all aged hMSCs used in this study indicating a negative effect of 

donor age of hMSCs on the reprogramming efficiency. Moreover, this is the first study to describe the 

reprogramming of fetal hMSCs with viral and non-viral methods. However, there are numerous 

studies reporting the reprogramming of fetal stem cell types, such as amniotic fluid-derived stem cells 

(Moschidou et al. 2012, Wolfrum et al. 2010) showing effective reprogramming of fetal cells to 

iPSCs. Moreover, the reprogramming efficiency of retroviral reprogramming using OCT4, SOX2, 

KLF4 and c-MYC was initially described to be 0.02% in fibroblasts (Takahashi et al. 2007). The 

reprogramming efficiency of fetal hMSCs was slightly higher under normoxic conditions with 0.03% 

(Table 12). One reason for this could be that fetal hMSCs are a younger cell type than the fibroblasts 

used in the study of Takahashi et al. (Takahashi et al. 2007). Furthermore, the reprogramming 

efficiency of hMSCs reprogrammed with OCT4, SOX2, KLF4 and c-MYC as well as SV40LT and 

hTERT was described to be 0.003% (Park et al. 2008b). The reprogramming efficiency of fetal hMSCs 

was tenfold higher under normoxia and twentyfold higher under hypoxia with addition of mTeSR 1. 

Likewise, the reprogramming efficiency of aged hMSC (62y) was more than tenfold higher, whereas 

the reprogramming efficiency of hMSC aged (74y) was more than tenfold lower (Table 12). 

Furthermore, several studies have described successful reprogramming of bone marrow-derived 

hMSCs (Frobel et al. 2014, Ohnishi et al. 2012, Park et al. 2008a, Shao et al. 2013). One of these 

studies reported a reprogramming efficiency of 0.0002-0.0008% (Ohnishi et al. 2012). In addition, 

several studies in mice reported a lower reprogramming efficiency of biological older cells confirming 

the lower reprogramming efficiency of aged hMSCs compared to fetal hMSCs detected in this thesis 

project (Cheng et al. 2011, Kim et al. 2010, Li et al. 2009, Bo Wang et al. 2011).  
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4.3 Enhancement of reprogramming efficiency in hMSCs of fetal 

and aged background  

Aged hMSCs could only be reprogrammed with retroviruses using inhibition of P53 as well as 

additional inhibition of MEK and TGF-β receptor inhibitor (Megges 2010) or addition of vitamin c. 

(Table 12; Figure 27 A). This is in line with reports describing the enhancing effects of these 

conditions in reprogramming (Gao et al. 2013, Kawamura et al. 2009, Lin et al. 2009). The treatment 

of aged hMSCs with small molecule inhibitors and with agents modulating ageing-related processes 

revealed that the most effective condition to enhance the reprogramming efficiency of aged hMSC 

(62y) was addition of vitamin c and mTeSR 1 from day 14 after nucleofection when the cells were 

reprogrammed using episomal plasmids. This is in line with the described effect of addition of mTeSR 

1at day 14 during reprogramming in a recent study (Yu et al. 2011). Furthermore, the combination 

smM and vitamin c as well as the combination of P53 inhibition and smM yielded iPS colonies from 

aged hMSC (62y) (Figure 27 A). The combination smM was described to enhance episomal plasmid-

based reprogramming (Yu et al. 2011). Interestingly, the same experimental conditions did not yield 

iPS colonies when aged hMSC (62y) were reprogrammed with retroviruses, which could be used to 

reprogram fetal hMSCs. In addition, viral reprogramming of fetal hMSCs was most efficient when 

conditioned medium or smM and mTeSR 1 were used during reprogramming. Furthermore, episomal 

plasmid-based reprogramming of fetal hMSCs was most efficient when only N2B27 medium was used 

without inhibitor in contrast to episomal plasmid-based reprogramming of aged hMSC (62y) (Figure 

27 A-C). These results indicate that the used conditions might have had adverse effects on 

reprogramming of fetal hMSCs compared to aged hMSCs. An additional report described a 

reprogramming efficiency of 0.01% and the tenfold increase of it by using valproic acid, vitamin c and 

P53 inhibition in MSCs (Yulin et al. 2012). The same combination of additives resulted in a 

reprogramming efficiency of 0.02% in fetal hMSCs and no iPS cells in aged hMSCs in this study 

(Figure 27). As the results are form one reprogramming experiment per primary hMSC population 

more comparative reprogramming experiments need to be conducted to confirm these observations. 

4.4 iPS characterisation 

All hMSC iPS cell lines generated were confirmed to be pluripotent by embryoid body based 

undirected differentiation and immunofluorescence labelling of pluripotency markers as well as by the 

transcriptome-based test of pluripotency PluriTest (Müller et al. 2011) (Figure 15, Figure 16, Figure 

17, Figure 20, Figure 21 and Figure 23 B). These results are in line with studies describing iPS 

generation by retroviral and episomal plasmid-based reprogramming (Takahashi et al. 2007, Yu et al. 

2011, Yu et al. 2009). In addition, pluripotency of iPSC (hMSC, 74y, viral) was confirmed in vivo by a 

teratoma assay in NSG mice (Figure 23 A). However, the in vivo pluripotency confirmation of the 

remaining hMSC-iPSCs still remains to be determined. Yet, a comparison of the expression of 
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pluripotency-related genes of all hMSC-iPSCs to hESCs revealed, that iPSC (hMSC, fetal, line 1, 

viral) expressed lower levels of NANOG than all other iPSCs. However, OCT4, SOX2, KLF4 and 

further marker genes were expressed. Likewise, iPSC (hMSC, 62y, episomal) expressed fewer 

pluripotency markers in a pattern similar to the expression in iPSC (hMSC, fetal, line 1, viral) (Figure 

16 A). These results implicate that iPSC (hMSC, fetal, line 1, viral) and iPSC (hMSC, 62y, episomal) 

might be partially reprogrammed iPS cells (Buganim et al. 2012), which have to be cultured further to 

reach the fully reprogrammed state. However, the other hMSC-iPSC lines, which were not tested in a 

teratoma assay, are very likely fully reprogrammed, as their expression pattern of pluripotency-related 

genes was very similar to the pattern in hESCs (Figure 16 A). Further, confirmation of the expression 

of pluripotency marker genes for example via quantitative real-time PCR is necessary to confirm these 

results. In addition, the hMSC-iPSCs were confirmed to have originated from their parental cells by 

DNA fingerprinting (Figure 18 A-D) and hMSC-iPSCs derived by means of the episomal plasmid-

based reprogramming method did not show plasmid-specific transgene expression, which makes it 

very likely that the episomal plasmids were diluted out and the iPS cell lines are transgene-free (Figure 

19 A and B). Yet, for more robust confirmation of the absence of the episomal plasmids, further PCR-

based tests using transgene-specific primers are necessary. A further possibility to confirm the absence 

of the episomal plasmids could be to use Southern Blotting to rule out integration of the episomal 

plasmids into the genomic DNA of the derived iPS cells. Moreover, the transcriptome analysis of 

hiPSCs, hESCs, fetal hMSCs and aged hMSCs revealed that all iPS cell lines were more similar to 

hESCs than to hMSC samples (Figure 24 A and B) which confirms the loss of hMSC properties and 

acquisition of transcriptional properties similar to pluripotent hESCs in the derived iPSCs. 

Interestingly, iPSC (hMSC, 74y, viral) were most similar to hESCs and iPSC (hMSC, fetal, line 1, 

viral) were the least similar sample compared to hESCs based on correlation of the transcriptomes. 

However, the iPS cell lines reprogrammed using episomal plasmids formed a similarity-based cluster 

revealing a potential common gene expression signature due to reprogramming technique. 

Interestingly, this was not the case for iPSCs derived by means of retroviruses (Figure 24 A and B). 

Yet, a clear age-related effect of the donor age on similarities of the transcriptomes of hMSC-derived 

iPSCs was not detectable with this method.  

4.5 Age-related differences in pluripotency marker expression in 

hMSCs  

Human first trimester bone marrow MSCs express the pluripotency markers OCT4, NANOG, REX-1, 

SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81 (Guillot et al. 2007). Fetal hMSCs used in this study 

were found to express SSEA4, KLF4, c-MYC and with very faint immunofluorescence staining 

signals of OCT4 and SOX2. However, TRA1-60 and TRA-81 as well as NANOG were not present 

contradicting the study by Guillot et al. (Figure 9 A). In addition, high OCT4 expression in adult 



 

 

172 

hMSCs was described as marker for higher in vitro lifespan of these cells in a recent study, which is in 

line with the result of this thesis for fetal hMSCs (Piccinato et al. 2015). The differences in 

pluripotency marker expression between fetal and aged hMSCs (Figure 9 A, B and C) might have 

facilitated reprogramming of fetal hMSCs.  

4.6 Ageing-related changes in cell cycle and implications for hMSC 

reprogramming 

In addition, a FACS-based analysis of the cell cycle phases comparing fetal and aged hMSCs revealed 

that more cells were in the G2 phase of the cell cycle and less cells in the G1 and S phase in 

populations of aged hMSCs compared to fetal hMSCs (Figure 7 A). So far no study reported a higher 

number of cells in G2 in hMSC preparations from aged donors. Yet, a recent report described an 

induced cell cycle arrest in G2 in normal human keratinocytes from aged donors (Kim et al. 2015). It 

is likely that the higher number of aged hMSCs in the G2 phase of the cell cycle is induced by a higher 

frequency of DNA damage as the G2 checkpoint in the cell cycle is ensuring the proper segregation 

and stops the cell from entering into mitosis in case of DNA damage (Cuddihy and O'Connell 2003). 

Differences in proliferation between hMSCs of different age background were reported previously 

confirming the results (Beane et al. 2014). In addition, the higher proliferation rate of fetal hMSCs 

might have contributed to the different amounts of cells in the cell cycle phases, which was observed 

(Guillot et al. 2007). Moreover, the differences in the cell cycle phases and cell cycle-related genes 

(Figure 7 B) most likely have facilitated the reprogramming of fetal hMSCs as the cell cycle is 

modulated during pluripotency induction (Ghule et al. 2011). 

 

4.7 Retention of hMSC-related gene expression patterns in hMSC-

iPSCs and effect on differentiation propensity 

In addition to ageing-related features, the results of this study support the notion that donor cell 

transcriptional memory in hMSC-iPSCs might be reflected in the differentiation propensity of hMSC-

iPSCs. This was revealed by microarray-based gene expression analysis indicating the retention of 

genes involved in the skeletal system and implying a possible enhanced propensity of all hMSC-iPSCs 

to differentiate into osteoblasts. Indeed, iPSC (hMSC, 74y, viral) could be differentiated into 

osteoblasts more efficiently than hFF-derived iPSCs and genes associated with MSC-specific 

processes or tissues such as genes related to bone were up-regulated (Figure 33). So far, there are no 

studies supporting the context between MSC-specific donor cell memory in iPSCs derived from 

hMSCs from the bone marrow and the differentiation propensity of the respective iPSCs. However, 

there are reports claiming a variation of the donor cell memory depending on the clone or individual 

but not depending on the cell type of origin (Nasu et al. 2013, Shao et al. 2013) Yet, one study 
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described enhanced osteogenic potential of MSCs derived from iPSCs from MSCs of a dental source 

but not from bone marrow, which is in line with the results (Ishiy et al. 2015). Further, reports 

described that the iPSCs tend to differentiate more efficiently into the cell lineages of their somatic 

origin confirming our results (Kim et al. 2010, Kim et al. 2011, Ohi et al. 2011, Polo et al. 2010, Rizzi 

et al. 2012). However, a recent report described that the differentiation propensity of iPS cells is 

affected by the reprogramming factor selection (Buganim et al. 2014). Therefore, the enhanced 

osteogenic potential of hMSC-iPSCs might be due to the use of the combination of OCT4, SOX2, 

KLF4 and c-MYC as reprogramming factor combination. 

 

4.8 Change of ageing-related features before and after iPS 

generation and redifferentiation to iMSCs in hMSCs of different 

age backgrounds  

4.8.1 Genomic stability, DNA damage and DNA damage repair  

The results of karyotyping analysis showed that fetal and most of the aged hMSCs were 

stable. Yet, aged hMSC (74y) showed karyotypic abnormalities ( 

Figure 6). As aged hMSC (74y) were derived from the oldest donor in this study, the aberrations might 

have been caused by telomere exhaustion due to high age in these cells. However, it has been reported 

that MSCs develop chromosomal aberrations in culture (Foudah et al. 2009). Furthermore, it has been 

shown that fibroblasts from older donors display higher chromosomal instability compared to young 

donors, confirming a likely effect of age on frequency of chromosomal aberrations seen in aged 

hMSCs (Kalfalah et al. 2015). Therefore, the higher reprogramming efficiency of fetal hMSCs could 

be due to higher genomic stability compared to aged hMSCs. However, iPSCs derived from aged 

hMSC (74y) had chromosomal instabilities (Figure 22) and could only be reprogrammed with P53 

inhibition revealing that P53 might have hindered the reprogramming process (Megges 2010). The 

inhibiting role of P53 during reprogramming has been described previously confirming the enhancing 

role of P53 inhibition on reprogramming efficiency (Kawamura et al. 2009). Interestingly, the 

tetraploid karyotype might have been caused by P53 inhibition and not by age (Aylon and Oren 2011). 

In addition iPSC (hMSC, fetal, line 1, episomal 3) showed chromosomal aberrations however distinct 

from iPSC (hMSC, 74y, viral) (Figure 22). As the other iPS cell lines generated from fetal hMSC 1 

had no karyotypical aberrations, the aberrant karyotype of iPSC (hMSC, fetal, line 1, episomal 3) 

might have been caused by EBNA1 the open reading frame of which is on episomal plasmids and has 

been described to be involved in chromosomal instabilities in cancer (Kamranvar and Masucci 2011). 

Whether, iPSC (hMSC, fetal, line 1, viral) or iPSC (hMSC, 62y, episomal) carry karyotypical 

abnormalities was not analysed and therefore still remains to be determined. Interestingly, it is likely 
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that lower numbers of a DNA double-strand breaks are present in iPSC (hMSC, 74y, viral) compared 

to iPSCs derived from fetal hMSCs and from aged hMSC (62y) using episomal plasmids. In addition, 

aged hMSC (62y) showed phosphorylation of P53 implying the presence of a DNA damage response 

(Figure 28). These results imply a potentially higher likelihood that DNA lesions accumulate in 

episomal plasmid-derived iPSCs. Moreover, the expression patterns of genes involved in DNA 

damage repair were more similar between iMSCs irrespective of donor age or pluripotent cell line and 

fetal hMSCs than between iMSCs and aged hMSCs (Figure 39). This result indicates a change to a 

younger gene expression pattern of genes involved in the process of DNA damage repair during iMSC 

generation from aged hMSCs. Interestingly, this might be due to remodelling of the DNA damage 

repair pathways during pluripotency induction (Rocha et al. 2013). In addition, numerous studies 

reported the detection of genomic instabilities in iPS cells, which is in line with some of the results of 

this study (Ronen and Benvenisty 2012). Furthermore, the results indicate the need for thorough 

analysis of the genomic stability of iPS cells and iMSCs before application in therapy. Therefore, 

further experiments have to be conducted to analyse the impact of high age on the genomic stability of 

iPSCs. For example karyotyping of all iPS cell lines and iMSCs and a more detailed analysis of the 

DNA damage are necessary. Furthermore, array-based comparative genomic hybridisation (array 

CGH) or single nucleotide polymorphism arrays (SNP arrays) would help to get a more profound 

picture about of the age effect of hMSCs on genomic stability features of iPS cells and iMSCs derived 

from them. 

4.8.2 Reactive oxygen species, oxidative DNA damage and oxidative 

stress response  

A further hallmark of ageing are elevated levels of ROS and subsequent accumulation of oxidative 

DNA damage and oxidative stress in hMSCs of high age background (Stolzing et al. 2008). In line 

with that, elevated ROS levels were measured in hMSCs derived from 60 to 70-year-old donors 

compared to fetal hMSCs (Figure 8 A and B). In addition, functional annotation of differentially 

expressed genes revealed that genes involved in the response to oxidative stress are up-regulated in 

aged hMSCs (Table 10). Interestingly, elevated ROS levels were not only measured in MSCs of aged 

background but in MSCs of younger background after long-term cultivation (Geissler et al. 2012). The 

hMSCs in this study were not cultivated for a long term before the analysis was carried out making it 

more likely that the higher levels of ROS are an effect of high donor age. Whether the higher ROS 

levels detected in aged hMSCs correlate with high mitochondrial ROS remains to be determined. As 

the level of reactive oxygen species has implications in reprogramming of somatic cells to induced 

pluripotent stem cells (Hämäläinen et al. 2015, Prigione et al. 2010), the higher levels of intracellular 

ROS in aged hMSCs might have contributed to the age-related decline of reprogramming efficiency 

compared to fetal hMSCs (Table 12). 
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Moreover, immunofluorescence staining revealed that in both aged and fetal hMSCs the oxidative 

DNA damage was at similar levels on day six after transduction with the reprogramming factors 

(Figure 25 A). In addition, the level of oxidative DNA damage was lower in hMSCs at day 6 post-

transduction compared to MSCs that were not transduced indicating early induction of oxidative 

damage-specific DNA repair pathways during cellular reprogramming (Figure 25 B). A recent report 

described that high glutathione peroxidase levels contribute to iPS-specific maintenance of genomic 

stability after pluripotency induction (Dannenmann et al. 2015). Therefore, the decrease in oxidative 

DNA damage after transduction could be due to induction of higher glutathione peroxidase levels. In 

contrast to that, oxidative DNA damage could be detected in iPSCs derived from hMSCs of fetal and 

aged background (Figure 28) and measurements of intracellular ROS levels revealed similar or higher 

ROS levels in iPSCs compared to hMSCs independent of age background (Figure 29 A). Furthermore, 

expression patterns of genes involved in the response to oxidative stress revealed similarity between 

fetal episomal iPSCs and between iPSCs derived from aged hMSCs making an effect of donor age on 

ROS levels and related gene expression less likely and a general modulation of ROS level upon 

reprogramming more likely (Figure 29 B). These results are in line with a recent report describing the 

modulation of ROS and related oxidative damage during reprogramming (Prigione et al. 2011b). In 

addition to that, the most effective condition in terms of enhancement of reprogramming efficiency in 

aged hMSCs was vitamin c in combination with culture in mTeSR 1 from day 14 post-nucleofection in 

episomal plasmid-based reprogramming of aged hMSC (62y) (Table 12). However, the same 

condition had not the same effect when fetal hMSCs were reprogrammed (Table 12) and for 

reprogramming of other primary hMSCs of aged background (data not shown). These results indicate 

that an oxidative stress-related roadblock was possibly inherent to aged hMSC (62y) rendering them 

more susceptible to reprogramming and enhancement of reprogramming through vitamin c compared 

to the other primary hMSCs. Yet, the results are from one reprogramming experiment and more 

research has to be conducted to confirm the significance of the effect of vitamin c in this context. 

Interestingly, the enhancing effect of vitamin c in reprogramming has been described underlining the 

result of this study (Tao Wang et al. 2011). Finally, iMSCs derived from aged hMSCs showed high 

similarity of expression patterns of genes involved in oxidative stress to their parental cells whereas 

iMSCs derived from fetal hMSCs and H1 were more similar to fetal hMSC 2 in this respect (Figure 

41). This result indicates that the donor age of hMSCs might be reflected in iMSCs derived from them. 

Moreover, this result is contradicting studies describing the absence of age-related features in cells 

derived from iPSCs of aged origin using fibroblasts (Lapasset et al. 2011, Miller et al. 2013).  
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4.8.3 Effect of hMSC donor age on senescence and senescence-

associated gene expression in iPSCs and iMSCs 

Comparative staining of the senescence marker β-galactosidase in fetal hMSCs and aged hMSCs 

revealed an increase of the number of senescent cells in aged hMSCs compared to fetal hMSCs 

(Figure 7 D). Moreover, the expression patterns of genes involved in senescence differed in an age-

dependent manner between aged hMSCs and fetal hMSCs (Figure 7 C). These results revealed higher 

numbers of senescent cells and differences in senescence-related gene expression in aged hMSCs 

compared to fetal hMSCs and hESCs. In addition, the more flat and senescent appearance of aged 

hMSCs compared to fetal hMSCs indicated a higher number of senescent cells in the population of 

aged hMSCs (Figure 4 A). This result is in line with a study describing senescence to be dependent on 

donor age in human hMSCs (Wagner et al. 2009). In addition, other studies in animal models reported 

an increased senescence in aged MSCs (Choudhery et al. 2012, Yu et al. 2011). One cause for the 

increased senescence in aged hMSCs in this thesis might be an increase of ROS levels (Jeong and Cho 

2015). In addition, the differential regulation of senescence-associated genes in fetal and aged hMSCs 

compared to hESC H1 (Figure 7 C) might have contributed to the decline in reprogramming efficiency 

in aged hMSCs compared to fetal hMSCs as previous studies have shown that senescence and also 

higher donor age impairs cellular reprogramming (Banito et al. 2009, Trokovic et al. 2015). Yet, after 

pluripotency induction and redifferentiation to iMSCs, the expression patterns of genes involved in 

regulation of senescence were more similar between aged hMSCs and iMSCs of the same origin. 

Likewise, the expression patterns were more similar between fetal hMSCs and iMSCs derived from 

them and from hESC H1 (Figure 38 A). According to these results there seems to be a reflection of 

donor age in the transcriptional patterns of senesce-associated genes in iMSCs. In addition to that, 

expression patterns of senescence-associated genes were more similar between aged hMSCs and fetal 

iMSCs than between fetal hMSCs and aged iMSCs based on a further gene set involved in senescence 

(Figure 38 B), a result further indicating a senescence-related transcriptional signature rather to be 

present in iMSCs of aged background and therefore to reflect donor age. These results confirm recent 

studies describing the circumvention of senescence in aged somatic cells through reprogramming 

(Lapasset et al. 2011) and contradict studies describing lower senescence in cells derived from iPSCs 

of aged background (Frobel et al. 2014, Miller et al. 2013). However, further gene expression analysis 

revealed the rejuvenation of genes involved in negative regulation of cell proliferation (Table 16), 

which is in line with the above mentioned studies describing rejuvenation of iPS derived MSCs and 

other cell types (Frobel et al. 2014, Lapasset et al. 2011, Miller et al. 2013). 
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4.8.4 Ageing-related transcriptional changes before and after iPS 

generation and redifferentiation to iMSCs  

The microarray based transcriptome analysis enabled the detection of the differences and similarities 

between the transcriptomes of fetal hMSCs, aged hMSCs and hESCs. The clustering dendrogram 

revealed a low similarity between hMSCs and hESCs as expected. In addition, the correlation of the 

transcriptomes of fetal hMSCs and hESCs was higher than the correlation between the transcriptomes 

of aged hMSCs and hESCs (Figure 10 A and B). This result might explain why fetal hMSCs could be 

reprogrammed to pluripotency with a higher efficiency than aged hMSCs in this study. Surprisingly, 

847 genes were commonly differentially expressed in aged hMSC (62y) and aged hMSC (74y) 

compared to fetal hMSCs, which makes these two samples the least similar to fetal hMSC 1 (Figure 10 

C). As these aged hMSC populations could be reprogrammed to iPSCs in contrast to the other aged 

hMSC samples, there might be a feature inherent to these two lines rendering them more susceptible to 

reprogramming although they are more distinct from fetal hMSC 1, which in turn showed high 

reprogramming efficiency. Furthermore, a process found to be down-regulated in aged hMSCs of this 

study was Notch signalling (Table 8). This confirms a previous study in mice showing reduced basal 

Notch signalling in hMSCs of aged mice (Mutyaba et al. 2014). In addition, Notch signalling has 

recently been described to be involved in the reprogramming process (Ichida et al. 2014). Therefore, 

altered Notch signalling in aged hMSCs might have contributed to lower reprogramming efficiency in 

aged hMSCs. 

In addition, hierarchical clustering analysis of the transcriptomes did not reveal a clear age-related 

effect on the similarities of the transcriptomes of iPSCs with different age backgrounds (Figure 24 A 

and B). Moreover, the overlapping gene expression was significantly annotated to the gene ontology 

ageing in the cases of iPSC (hMSC, 62y, episomal) and iPSC (hMSC, 74y, viral) (Table 13). 

According to these results, an ageing-related gene expression signature is retained in hMSC-iPSCs. 

This adds further aspects to studies describing the rejuvenation of somatic cells of aged origin upon 

reprogramming (Lapasset et al. 2011, Prigione and Adjaye 2010) and shows that the retention of an 

age-related gene expression signature in iPSCs derived from aged hMSCs is something that needs to 

be considered when developing regenerative therapies with this technology. 

Moreover, genes of the gene ontology term ageing were changed upon reprogramming in hMSCs of 

fetal and aged origin in a similar manner revealing no regulation of these genes according to donor age 

(Figure 32). This result is in line with recent studies on remodelling of ageing-related processes upon 

reprogramming (Lapasset et al. 2011, Prigione et al. 2010). The microarray-based gene expression 

analysis comparing differentially expressed genes between iPSCs and parental cells revealed more up 

than down-regulated genes upon reprogramming of hMSCs of both age backgrounds. In addition, the 

number of up or down-regulated genes was higher in the individual iPS cell lines revealing a high 

variance in the transcriptional processes taken place during reprogramming independent from donor 
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age (Figure 26). These results show that donor age might have an impact on reprogramming of hMSCs 

of aged background - an effect that has not been described so far. Comparative transcriptome analysis 

revealed a potentially age-dependent variation of the similarities between iMSCs and their parental 

cells (Figure 36 A and C). However, iMSCs had a transcriptome, which was more similar to hMSCs 

than to hESC H1 (Figure 36 A and B). Furthermore, the clustering dendrogram revealed a higher 

similarity between the transcriptomes of iMSC and hMSCs than iMSCs and iPSCs (Figure 36 A and 

D). This is in line with recent studies describing the derivation of mesenchymal stem cell-like cells 

from pluripotent cells (Frobel et al. 2014, Kimbrel et al. 2014, Wang et al. 2014). Interestingly, iMSCs 

shared more expressed genes with fetal hMSCs than with aged hMSCs (Figure 36 B). Yet, 

transcriptional differences related to ageing-associated processed could be detected between iMSCs of 

fetal and aged background (Table 15). However, more experiments need to be conducted to further 

confirm the effects of donor age on iMSC features. 

4.8.5 Transcriptional changes related to the metabolic stability theory of 

ageing during reprogramming hMSCs and redifferentiation to 

iMSCs  

 

The microarray-based gene expression analysis revealed the down-regulation of genes involved in the 

metabolic stability theory of ageing such as insulin response, insulin receptor signalling and glucose 

metabolism in aged hMSCs compared to fetal hMSCs (Table 10). These results are not in line with a 

recent study describing the up-regulation of insulin signalling in the tissue of aged mouse hearts. 

However, the same study described the down-regulation of oxidative phosphorylation in aged mice 

corroborating lower glycolysis seen in the results of this thesis (Brink et al. 2009). However, more 

detailed gene expression analysis revealed higher levels of two glycolysis-associated genes in fetal 

hMSCs compared to aged hMSC supporting age related down-regulation in hMSCs. These genes were 

ALDOC encoding an isoenzyme of fructose-1,6-(bis)phosphate aldolase and PFKFB3 encoding the 

enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (Figure 11 B). Interestingly, a recent 

study found the up-regulation of the enzyme ALDOC in a canine model of ageing (Opii et al. 2008). 

Moreover, PFKFB3 is involved in the redox homeostasis in cancer (Seo and Lee 2014). In addition, 

genes involved in the response to insulin were down-regulated in aged hMSCs compared to fetal 

hMSCs (Table 10). This result is in line with the study of Brink et al. in which the regulated genes 

involved in insulin signalling were found to be down-regulated in the hearts of aged mice. However, 

none of the genes related to insulin signalling described in this study for aged hMSCs was found to be 

regulated by Brink et al. (Brink et al. 2009). Furthermore, genes involved in insulin signalling were 

found to be differentially expressed in hMSCs of elderly patients with osteoporosis, which is in line 

with the fining for hMSCs of aged background in this thesis (Zhou et al. 2015). Yet, the insulin 
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signalling-associated gene IRS2 was up-regulated in fetal hMSCs compared to aged hMSCs (Figure 

11 B), which is not in line with the results of Brink et al. (Brink et al. 2009). Although there is no 

report on involvement of IRS2 in ageing of hMSCs, enhanced INK4A/ARF locus expression could 

restore impaired IRS2 signalling in mice, which is not be in line with low IRS2 levels in aged hMSCs 

(Vinué et al. 2015). In contrast to that, GCLM was reported to be affected by age-related deregulation 

of circadian signalling during ageing in Drosophila and leads to temporal deregulation of the redox 

homeostasis (Klichko et al. 2015). Therefore, higher GCLM levels in aged hMSCs as detected in this 

study (Figure 11 B) could be responsible for higher ROS levels in aged hMSCs.  

Yet, genes involved in the response to oxidative stress were significantly up-regulated in aged hMSCs 

as well as genes associated with glutathione metabolism, antioxidant activity and mitochondrion, 

however without significance (Table 10). These results are in line with Brink et al. who described up-

regulation of glutathione metabolism-related genes in aged mice (Brink et al. 2009). Furthermore, 

several studies described the higher likelihood of MSC of aged background to show signs of oxidative 

stress and the involvement of decline in antioxidative capacity and mitochondrial metabolism in the 

ageing process in MSCs corroborating our results (Geissler et al. 2012, Shipounova et al. 2010). 

Moreover, the gene COX7A2, encoding cytochrome c oxidase subunit VIIa polypeptide 2 (liver), was 

found to be up-regulated in aged hMSCs in this study and was annotated to the term mitochondrion 

(Table 10). The same gene was found by Brink et al. to be up-regulated in the heart of age mice (Brink 

et al. 2009). A further publication described the deregulation of COX7A1, encoding cytochrome c 

oxidase subunit VIIa polypeptide 1 (muscle), in aged human fibroblasts (Hashizume et al. 2015) - the 

expression of which was up-regulated in aged hMSCs compared to fetal hMSCs (Figure 11 A). 

Moreover, a recent publication based on a comparative meta-analysis of in vivo aged tissue shows the 

differential regulation of genes involved in oxidative phosphorylation in aged tissues underlining the 

possibility that the deregulation of the mitochondrial enzymes of the respiratory chain might be part of 

the ageing process in aged hMSCs in this study and possibly have interfered with pluripotency 

induction (Voutetakis et al. 2015).  

Upon reprogramming, processes that were found to be changed in aged hMSCs compared to fetal 

hMSCs that are part of the metabolic stability theory of ageing were altered. Although functional 

annotation of overlapping gene expression between iPSCs and their parental fetal or aged hMSCs did 

not reveal that ageing associated metabolic processes are reflected in the iPSCs of different age 

backgrounds (Figure 31), the comparison between aged hMSCs and corresponding iPSCs elucidated a 

change in these processes upon reprogramming. Genes involved in glycolysis, oxidative 

phosphorylation, insulin signalling and glutathione peroxidase genes were down-regulated whereas 

genes associated to mitochondria were up-regulated in iPSCs derived from aged hMSCs compared to 

their parental cells (Table 14). This is in line with a recent study describing the down-regulation of 

genes involved in the response to oxidative stress and antioxidant enzymes as well as an up-regulation 

of mitochondrial biogenesis factors upon reprogramming of fibroblasts (Prigione et al. 2010).  
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However, the detected alteration of metabolic processes in iPSCs from aged hMSCs underpins a 

rejuvenated metabolic state as age-related up-regulation of glutathione metabolism and Insulin 

signalling described by Brink et al. (Brink et al. 2009) could not be detected in iPSCs from aged 

hMSCs compared to aged hMSCs (Table 14). Moreover, a recent study described the involvement of 

glycolysis in impairment of reprogramming in fibroblast further underlining the context between 

metabolic stability, pluripotency induction and age (Gupta et al. 2015). 

Interestingly, the TCA cycle-associated gene OGHDL was expressed at much higher levels and 

significance in iPSCs from aged hMSCs than in aged hMSCs (Figure 30 B). As the TCA cycle was 

recently described to be involved in age-related changes of chromatin remodelling, the low expression 

of this gene in aged hMSCs might be a cause of age-specific regulations of TCA cycle and different 

chromatin dynamics (Salminen et al. 2014). As chromatin remodelling is taking place during cellular 

reprogramming (Apostolou and Hochedlinger 2013) the age-related decline in reprogramming 

efficiency in hMSCs might be eventually caused by the down-regulation of OGHDL. Moreover, 

OGHDL has been described as modifier of NF-κB function (Sen et al. 2012) and NF-κB was described 

to be involved in age-related interfere in reprogramming ageing (Soria-Valles et al. 2015) Therefore, 

low OGHDL levels in aged hMSCs might have interfered with NF-κB function and impaired 

reprogramming in aged hMSCs. In addition, microarray-based gene expression analysis revealed a 

lower expression of glycolysis-associated genes GPDH and PFKP as well as a lower expression of 

insulin signalling-related genes PRKAG1, MAP2K1 and IRS1 in iPSCs derived from aged hMSCs 

compared to their somatic origin (Figure 30 B). These results corroborate the down-regulation of 

insulin signalling and glycolysis upon reprogramming described in a recent study (Prigione et al. 

2010). However, the down-regulation of glycolysis-associated genes is not in line with a study 

describing the enhancing effect of c-MYC on glycolytic capacity in iPSCs as c-MYC was used for 

reprogramming of aged hMSCs in this study (Folmes et al. 2013). Moreover, glutathione-associated 

genes GGCT and CNDP2 were up-regulated whereas GCLM was down-regulated (Figure 30 B) 

indicating that glutathione metabolism is not entirely down-regulated in iPSCs derived from aged 

hMSCs compared to the parental cells. Interestingly, a recent study described the mediation of 

protection from oxidative DNA damage by GPX2 in iPS cells (Dannenmann et al. 2015). Yet, the up-

regulation of this gene through reprogramming could not be confirmed. In addition, the gene COX7A1 

that was up-regulated in aged hMSCs (Figure 11 A) and described to be deregulated in aged 

fibroblasts (Hashizume et al. 2015) was down-regulated upon reprogramming of aged hMSCs (Figure 

30 A).  

Moreover, upon redifferentiation of hMSC-iPSCs of different age backgrounds, processes 

metabolic stability were in part reverted to the level detected in the hMSCs before 

indicating a reflection of the donor age. Hierarchical clustering analysis showed that genes 

oxidative phosphorylation display an iPS-like pattern in fetal iMSCs whereas the pattern is close 



 

 

181 

aged hMSCs in H1 iMSCs and aged iMSCs (Figure 42). In addition, genes involved in 

glutathione metabolism showed hMSC-like patterns in H1 iMSCs and iPS-like patterns in 

hMSC-derived iMSCs (Figure 43). Yet, genes associated with glycolysis showed expression 

pattern similar to aged hMSCs in iMSCs derived from them whereas the expression patterns 

were iPS-like in H1 iMSCs and fetal iMSCs (Figure 44). However, Insulin signalling-related 

gene expression patterns were iPS-like in H1 derived iMSCs, similar to aged hMSC (62y) in 

iMSCs of aged background and more hMSC-like in fetal hMSC derived iMSCs ( 

Figure 45). Interestingly, the glutathione metabolism-associated gene GCLM encoding glutamate-

cysteine ligase modifier subunit, was down-regulated compared to aged hMSCs in fetal hMSCs, aged 

iPSCs and iMSCs indicating the down-regulation of this gene upon reprogramming and the retention 

of the expression level upon redifferentiation of aged hMSCs (Figure 11 B; Figure 30 B; Figure 46 A) 

However, the glutathione metabolism-associated gene MGST2 was up-regulated in iMSCs compared 

to aged hMSCs indicating a modulation of glutathione metabolism upon redifferentiation. These 

findings contradict in part the study of Brink et al. who described the down-regulation of genes 

involved in glutathione metabolism in aged mice (Brink et al. 2009). Furthermore, the glycolysis-

associated gene PGAM1 encoding phosphoglyceric acid mutase was down-regulated in iMSCs. 

Interestingly, Brink et al. have found that the TCA cycle is down-regulated in aged mice however 

glycolysis-associated genes were not deregulated in aged mouse tissues (Brink et al. 2009). In 

addition, a recent report described the down-regulation of genes involved in mitochondrial biogenesis 

upon differentiation of iPS cells which is not in line with the findings in this study as only one 

glycolysis-related genes was found to be down-regulated upon differentiation to iMSCs (Prigione and 

Adjaye 2010). This low number of differentially regulated genes in iMSCs compared to aged hMSCs 

indicates a rather aged-like phenotype of processes of the metabolic stability theory of ageing in 

iMSCs. Yet, further experiments have to be conducted to confirm a reflection of donor age in the 

expression of genes involved in metabolic stability-associated processes. If confirmed, these results 

would contradict recent studies describing a rejuvenated state of iMSCs and of cells derived from 

iPSCs (Frobel et al. 2014, Lapasset et al. 2011, Miller et al. 2013). However, the gene COX7A1 was 

expressed at higher levels in aged hMSCs compared to fetal hMSCs but not in hMSC-iPSCs and 

iMSCs derived from aged hMSC (74y) (Figure 46 B). The up-regulation of COX7A1 in ageing has 

been described (Hashizume et al. 2015), which would underline a rejuvenation by reprogramming and 

iMSC differentiation from aged hMSCs in this study. In contrast to that, the genes MRPL28, 

CAPRIN2, GCAT, EHHADH, ALDH5A1 and SHMT2, which were described to be regulated with age 

in fibroblasts in the same publication, were not found to be regulated in this study. 
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4.8.6 Transcriptional changes related to cytoskeleton and niche 

interaction during reprogramming of hMSCs and redifferentiation 

to iMSCs 

Mesenchymal stem cell ageing is associated with alterations in the interaction with their 

microenvironment (Reitinger et al. 2015). In this study the effect of donor age on expression of genes 

involves in cytoskeleton dynamics and niche interaction in hMSCs, hMSC-iPSCs and iMSCs of fetal 

and aged backgrounds could successfully be analysed utilizing microarray-based gene expression 

profiling. First, microarray data analysis revealed a down-regulation of genes involved in cytoskeleton 

organisation as well as an up-regulation of genes associated to the extracellular matrix (ECM), ECM 

interaction and to cell adhesion and migration in aged hMSCs (Table 9, Table 11). This result is in line 

with recent reports describing an impaired reaction of aged hMSCs to their environment, e.g. reaction 

to surface substrate stiffness and that genes involved in the interaction with extracellular matrix are 

up-regulated (Stolzing et al. 2011, Zhou et al. 2015). However, a further study described an age-

related decline in the responsiveness to ECM in MSCs, which contradicts the finding of this thesis 

(Kasper et al. 2009). Moreover, an additional study described the up-regulation of genes associated 

with the regulation of ECM in human MSCs of elderly donors confirming the result of this work 

(Wagner et al. 2009). In contrast to that, the down-regulation of processes associated to the 

cytoskeleton in aged hMSCs compared to fetal hMSCs (Table 10) confirm studies describing age-

related deregulation of the cytoskeleton in MSCs of the rat (Geissler et al. 2012, Kasper et al. 2009). 

Interestingly, genes involved in actin cytoskeleton organisation and ECM were down-regulated upon 

reprogramming of aged hMSCs and genes involved in focal adhesion and ECM were down-regulated 

during reprogramming of fetal hMSCs (Table 14). These results indicate a possible reversion of the 

age-related transcriptional features involved in niche interaction and cytoskeleton during 

reprogramming. Interestingly, it has been described that changes in the regulation of extracellular 

matrix formulation modulates iPS generation (Li et al. 2014) indicating that the age-related features of 

ECM regulation in age hMSCs could have had an effect on the induction of pluripotency in these cells.  

Yet, genes associated to cell adhesion, and ECM interaction were down-regulated in iMSCs derived 

from aged hMSCs compared to iMSCs derived from fetal hMSCs (Table 15). Furthermore, the 

functional annotation of genes expressed in iPSCs and iMSCs but not in hMSCs revealed that 

processes related to cell adhesion are rejuvenated by reprogramming and that this is retained in iMSCs 

(Table 16). As genes involved in these processes were up-regulated in aged hMSCs compared to fetal 

hMSCs it is likely that reprogramming to iPSCs and subsequent redifferentiation reversed the niche 

interaction related gene expression patterns in aged hMSCs to a more fetal hMSC –like state. In 

addition, the up-regulation of ECM-associated genes has been described to be associated with ageing 

(Wagner et al. 2009). On the other hand, the down-regulation of genes involved in cellular adhesion 

were described to be associated with in vitro ageing of MSCs highlighting a rather aged-like 
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expression pattern of genes involved in these processes (Geissler et al. 2012). Likewise, genes 

involved in the regulation of the cytoskeleton were down-regulated in iMSCs of aged origin compared 

to iMSCs derived from fetal hMSCs (Table 15) indicating a retained age associated gene expression 

patterns of this category as the down-regulation of cytoskeleton dynamics were described for MSCs of 

aged background (Kasper et al. 2009). Although further experiments need to be conducted to confirm 

these results, they indicate reversion of ECM interaction in aged hMSCs by iMSC generation from 

them. However, adhesion- and cytoskeleton-associated processes are likely to be influenced by donor 

age in iMSCs. 

 

4.9 General discussion 

Human bone marrow derived mesenchymal stem cells are already widely tested in clinical trials for 

the use in future therapies (Mastri et al. 2014). However, their application potential is limited due to 

limited expansion possibilities and in vitro senescence, which increases with age (Baxter et al. 2004, 

Geissler et al. 2012, Stenderup et al. 2003). Furthermore, MSCs loose their differentiation potential in 

culture (Banfi et al. 2000, Bonab et al. 2006, Wagner et al. 2008), which leads to problems as high cell 

numbers are needed for cell therapy applications. Therefore, it is necessary to generate MSC cell 

populations for clinical applications, which are devoid of the limits associated with expansion and 

biological age and to circumvent senescence without using immortalisation that can lead to cancer 

cell-like features in hMSCs. The initial comparison of hMSCs of fetal and aged origin in this study 

revealed age-related decline in differentiation, proliferation, cell cycle regulation, elevated senescence 

and elevated ROS levels in aged hMSCs as well as differences in expression patterns of genes 

involved in metabolic processes and pathways regulating processes such as insulin signalling. 

Furthermore, age-related alterations in cytoskeleton dynamics and interaction with the extracellular 

matrix were detected. All of these features might have implications for reprogramming which are 

discussed above in detail.  

A possible solution to the shortfalls of functional decline and senescence caused by biological or in 

vitro ageing of hMSCs is the differentiation of these cells from pluripotent stem cells such as human 

embryonic stem cells or induced pluripotent stem cells to generate mesenchymal stem cell-like cells 

(iMSCs) (Barberi et al. 2005, Yen Shun Chen et al. 2012, Diederichs and Tuan 2014, Frobel et al. 

2014, Hong et al. 2015, Ishiy et al. 2015, Kimbrel et al. 2014, Raynaud et al. 2013, Wang et al. 2014). 

Human embryonic stem cells have a very promising potential in regenerative medicine. However, 

ethical concerns and potential rejection of the hESC-derived cells in cell replacement therapy limit 

their application possibilities (Miyazaki et al. 2012). Induced pluripotent stem cells are very similar to 

human embryonic stem cells in terms of unlimited self-renewal and differentiation potential in all cell 

types of the three germ layers and represent an alternative to the use of hESCs. Moreover, the use of 

iPS cell derived cells in therapy allows a reduction of variance often seen in primary cells, which  
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commonly impairs the application potential of hMSCs (Takahashi et al. 2007). Reprogramming of 

hMSCs to iPSCs has been described by several studies (Frobel et al. 2014, Ohnishi et al. 2012, Park et 

al. 2008a, Shao et al. 2013). In this study iPS cells could be derived from hMSCs of fetal and aged 

origin. So far, no study described reprogramming of fetal femur-derived hMSCs. Moreover, features 

of generated iPSCs are most likely affected by high hMSCs donor age. Therefore, iPSCs derived from 

aged hMSCs have to be carefully evaluated before clinical application. 

The generated hMSC-iPSCs were confirmed to be pluripotent by detection of marker expression as 

well as in vitro-, in vivo- and transcriptome-based pluripotency tests. The transcriptomes of the 

generated iPS cells were similar to the transcriptome of hESCs. Yet, two iPS cell lines were less 

similar to hESCs than all other iPS cell lines and expressed fewer pluripotency marker genes. 

Moreover, these iPS cell lines were confirmed to be pluripotent in in vitro and transcriptome-based 

tests. However, the reduced number of expressed pluripotency marker genes might indicate that these 

iPS cell lines were partially reprogrammed as described in a recent study in fibroblasts (Buganim et al. 

2012). Therefore, further passaging of these iPS cell lines is necessary to induce the fully 

reprogrammed state in these iPS cell lines. Furthermore, karyotypical abnormalities were detected in 

iPS cell line derived from aged hMSC (74y). This result is in line with a study describing the detection 

of chromosomal aberrations in iPSCs derived from fibroblasts of an 84-year-old donor (Prigione et al. 

2011a). Nevertheless, the iPS cell line derived from aged hMSC (74y) met all required characteristics 

of induced pluripotent stem cells and could successfully be re-differentiated into functional iMSCs. 

Therefore, it is important to develop strategies to ensure genomic stability in iPS cells derived from 

aged donors especially for applications of iMSCs in aged patients. Moreover, several studies reported 

the occurrence of genomic instabilities in iPSCs (Ronen and Benvenisty 2012). According to this, it is 

not clear whether the age of the hMSC donor is the only cause of the presence of chromosomal 

instabilities. Furthermore, karyotypical abnormalities depend upon the reprogramming methods. In a 

recent study the rate of karyotypical abnormalities in fibroblasts was described to be higher after 

retroviral reprogramming compared to episomal plasmid based reprogramming. However, among non-

viral reprogramming methods episomal plasmid-based iPS cell generation showed higher occurrence 

of chromosomal instabilities than other methods such as mRNA-based reprogramming (Schlaeger et 

al. 2015). 

Comparison of the transcriptomes of fetal and aged hMSCs confirmed the differential expression of 

genes involved in antioxidative processes, which is in line with the metabolic stability theory of ageing 

(Brink et al. 2009). However, other processes such as insulin signalling were regulated differently 

contradicting the metabolic stability theory of ageing (Brink et al. 2009). Upon reprogramming, 

expression patterns of genes involved in processes of the metabolic stability theory of ageing were 

changed in a way that is in line with a recent study characterising these changes in fibroblasts 

(Prigione et al. 2010). Yet, glutathione metabolism was not entirely down-regulated most probably 
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because it plays an important role in DNA damage protection in pluripotent cells (Dannenmann et al. 

2015). However, after redifferentiation into iMSCs higher donor age seemed to be reflected in the 

expression patterns of genes involved in processes of metabolic stability theory of ageing. 

Interestingly, particular processes such as glutathione metabolism seemed to resemble a rejuvenated 

state. 

Furthermore, comparative transcriptome analyses indicated that cytoskeleton related processes are 

down-regulated and processes involved in ECM interaction are up-regulated in aged hMSCs compared 

to fetal hMSCs. However, the ways in which these processes are involved in hMSC ageing are still 

debated (Kasper et al. 2009, Wagner et al. 2009). Furthermore, ECM-related gene expression changed 

upon reprogramming in fetal and aged hMSCs indicating that age-related differences in these 

processes in hMSCs might have an effect on the reprogramming process itself as described in a recent 

study (Li et al. 2014). Interestingly, processes involved in ECM interaction were up-regulated in 

iMSCs of aged background compared to iMSCs of a fetal background whereas they were down-

regulated in aged hMSCs. Yet, the age-related down-regulation of cytoskeleton-associated processes 

was retained in iMSCs. Therefore, iMSC generation from aged hMSCs very likely represents a 

potential possibility to reverse age-related changes of ECM interaction but not cytoskeleton-related 

processes in aged hMSCs, which might potentially restore defective age-related niche interaction 

processes in aged hMSCs. 

Furthermore, ROS levels were lower in fetal hMSCs compared to aged hMSCs and genes involved in 

response to oxidative stress were up-regulated in aged hMSCs compared to fetal hMSCs. Confirming 

this finding, higher ROS levels were described as hallmark of MSC ageing (Stolzing et al. 2008). In 

addition, oxidative DNA damage was lower at day six after viral transduction in both fetal and aged 

hMSCs, which could be due to early induction of processes involved in antioxidant production during 

reprogramming (Dannenmann et al. 2015). However, oxidative DNA damage could be detected in 

iPSCs derived from fetal and aged background and intracellular ROS levels were similar between 

iPSCs independent of donor age. Yet, genes involved in antioxidant processes were down-regulated in 

iPSCs however not in an age depended manner contradicting the study of Dannenmann et al. 

(Dannenmann et al. 2015). Moreover, elevated levels of ROS might have contributed to age-related 

decline of the reprogramming efficiency in hMSCs in this study as levels of ROS have implications in 

reprogramming (Hämäläinen et al. 2015, Prigione et al. 2010). Interestingly, vitamin c had the 

strongest enhancing effect on reprogramming efficiency of one primary population of the aged hMSCs 

analysed in the reprogramming experiments. Therefore, an oxidative stress-related roadblock in aged 

hMSCs is very likely. However, oxidative stress-related gene expression patterns seemed to be more 

similar to the parental hMSCs and therefore age-related in iMSCs. Yet, this is not in line with studies 

describing rejuvenation of iPS-derived cells and reversal of ageing features in mesenchymal stem cell-

like cells from iPSCs (Frobel et al. 2014, Lapasset et al. 2011, Miller et al. 2013). 
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Moreover, higher numbers of senescent cells and age-related changes of senescence-associated gene 

expression are further aspects which very likely contributed to reduce preprograming efficiency in 

aged hMSCs as already described in several reports for fibroblasts (Banito et al. 2009, Li et al. 2009). 

Interestingly, senescence-related gene expression pattern were most probably age-dependent in iMSCs 

derived from aged hMSCs further contradicting publications describing reversal of ageing features in 

iPS-derived cells (Frobel et al. 2014, Lapasset et al. 2011, Miller et al. 2013). These results confirm 

that more research needs to be done involving more aged hMSC primary cell preparations and 

reprogramming as well as redifferentiation experiments in order get more detailed insights into 

senescence regulation in iMSCs before applying them in regenerative therapies.  

A further aspect is that features of ageing are reversed upon reprogramming according to several 

studies (Koch et al. 2013, Lapasset et al. 2011, Marion et al. 2009, Prigione and Adjaye 2010, Prigione 

et al. 2011a, Suhr et al. 2009). This puts the ageing signature detected in this study into a different 

angle as detected age-related gene expression signatures in iPSCs might be distorted by introduced 

rejuvenation-like gene expression patterns. A more thorough analysis including more iPS cell lines 

and further aged hMSC samples is necessary to analyse this in more detail. On the other hand the 

reflected gene expression patterns in iPS cells can give valuable insights into the impairment of iPS 

cell application in an aged context and possible ways to rejuvenate primary hMSCs in order to be 

applied in a more efficient way in therapies of ageing-associated diseases.  

Furthermore, the transcriptional comparison between hFF-derived iPSCs and hMSC-iPSCs revealed 

the up-regulation of MSC-specific genes such as genes involved in osteogenesis. Remarkably, hMSC-

iPSCs differentiated into osteoblasts more efficiently than hFF-derived iPSCs most probably caused 

by the detected higher expression of bone-related genes. These results make the existence of an MSC-

specific epigenetic memory as the basis of a functional memory of hMSC-iPSCs very likely as 

reported by others for other cell types (Kim et al. 2010, Kim et al. 2011, Ohi et al. 2011, Polo et al. 

2010, Rizzi et al. 2012).  

The iMSCs generated in this study displayed typical MSC surface marker combinations and were able 

to differentiate into osteoblasts, adipocytes and chondrocytes in line with the study and protocol that 

was used for iMSC generation (Yen Shun Chen et al. 2012). Although many publications reported the 

generation of iMSCs from iPSCs and also from hMSC-derived iPSCs (Barberi et al. 2005, Yen Shun 

Chen et al. 2012, Diederichs and Tuan 2014, Frobel et al. 2014, Hong et al. 2015, Ishiy et al. 2015, 

Kimbrel et al. 2014, Raynaud et al. 2013, Wang et al. 2014), there are no studies on transcriptional 

ageing features in iMSCs derived from iPSCs of different age backgrounds at this point.  

The method to derive iMSCs used in this study (Yen Shun Chen et al. 2012), is one of several 

described protocols (Diederichs and Tuan 2014, Frobel et al. 2014, Hong et al. 2015, Ishiy et al. 2015, 

Kimbrel et al. 2014, Raynaud et al. 2013, Wang et al. 2014). Which protocol yields iMSCs closest to 

the somatic origin remains to be determined. One study compared several derivation methods yet 
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could not show which one is the most feasible to generate iMSCs closes to the somatic origin 

(Diederichs and Tuan 2014). However, several studies have reported the reversal of ageing-associated 

senescence through reprogramming and subsequent redifferentiation which could only partly be 

confirmed in this study (Frobel et al. 2014, Lapasset et al. 2011, Miller et al. 2013). A further result, 

supporting the notion that donor age is reflected in iMSCs is, that iMSCs from aged hMSCs showed a 

lower number of colony-forming unit fibroblastoid cells (CFU-f) than fetal hMSC derived iMSCs 

(Figure 35). This corroborates a study describing decreased numbers of CFU-f to correlate with donor 

age in hMSCs (Kuzmina et al. 2015). Likewise, others have reported the detection of age-related 

features of the donor cells in cells re-differentiated from iPSCs (Feng et al. 2010, Suhr et al. 2009).  

The results of this study confirm the hypothesis that ageing-related features are retained in iPSCs 

however partly contradict studies, which reported a rejuvenation of cells derived from iPSCs. As the 

results are from one redifferentiation experiment they have to be confirmed with more iPS cell lines 

from further aged donors and redifferentiation experiments.  

Ageing-related features such as DNA damage and processes involved in the metabolic stability theory 

of ageing as well as age-related alterations of processes associated with the niche interaction were 

most probably reversed into a rejuvenated state underlining how useful iPS technology is to tackle 

ageing-associated shortfalls of aged hMSCs. The presence of genomic instabilities, oxidative DNA 

damage and ageing-related transcriptional patterns in iPSCs give valuable insights into potential 

obstacles of applications of hMSC-iPSCs and iMSCs in the therapy of elderly patients.  

Furthermore, aspects of donor age seemed to be reflected in iMSCs as differential expression patterns 

of genes involved in the metabolic stability theory of ageing, whereas senescence of primary hMSCs 

was circumvented indicating that further improvement is needed before iMSCs can be applied for cell 

therapy of age-related diseases and personalised cell replacement therapies in patients of high age.  
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5 Conclusion 

Comparative reprogramming revealed a decline of reprogramming efficiency with age. However, fully 

reprogrammed iPS cells could be generated from aged and fetal hMSCs. Moreover, aged hMSCs 

could only be reprogrammed with additional vitamin c in combination with other inhibitors. 

Comparative analysis of ageing hallmarks and donor cell specific gene expression before and after 

pluripotency induction and redifferentiation into iMSCs revealed the following about their reflection 

in the generated cell-types: 

 Transcriptional changes: Transcriptomes of fetal hMSCs were more similar to hESCs than the 

transcriptomes of aged hMSCs and hESCs. However, after pluripotency induction the 

transcriptome comparison indicated no age-related differences between iPS cells of different 

age background. Yet, there were indications that donor age negatively influenced the 

similarity of iMSCs to primary hMSCs.  

 Expression of ageing-associated genes: The analysis of the overlapping gene expression 

between aged hMSCs and the corresponding iPS indicated the retention of genes with the gene 

ontology ageing as well as rentention of gene expression signatures related to MSC functions. 

Moreover, the gene expression pattern related to ageing was more similar between iMSCs of 

aged background and fetal hMSCs than between the same iMSCs and aged hMSCs. 

 Somatic donor cell memory: Retained MSC-specific gene expression patterns had a positive 

effect on the differentiation propensity of hMSC-iPSCs towards osteoblasts, which is of 

interest for regenerative applications.  

 Senescence: Age-related differences in senescence-associated gene expression patterns were 

likely maintained in iMSCs even after being changed in comparison to the parental primary 

hMSCs upon reprogramming to iPS cells. 

 Genomic stability: Ageing in hMSCs seemed to be accompagnied by karyotypic 

abnormalities, which most probably was retained after reprogramming. On the other hand, 

DNA damage seemed to depend on reprogramming technique as DNA damage was present in 

episomal iPS from fetal hMSCs but not in iPS cells derived with retroviruses. Moreover, 

expression patterns of genes involved in DNA damage repair were more fetal-like in iMSCs of 

aged background. 

 Metabolic stability: Age-related changes according to the metabolic stability theory of ageing 

were reflected in part in gene expression patterns most evidently in iMSCs. Anti-oxidative 

processes seemed to be changed in aged hMSCs. Upon reprogramming mitochondrial and 

glutathione metabolism were most likely changed irrespective of age. Moreover, insulin 
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signalling, oxidative phosphorylation and glycolysis seemed to reflect the age of the donor in 

iMSCs.  

 Cytoskeleton, adhesion, ECM interaction: Cytoskeleton and adhesion-related processes were 

very likely regulated by age in hMSCs and seemed be changed upon reprogramming in the 

same manner irrespective of age. In iMSCs the results suggested a reintroduction of ageing-

related changes of the cytoskeleton. However, ECM interaction and adhesion-related 

processes seemed not to reflect the donor age in iMSCs. 

 Reactive oxygen species, oxidative stress: Age-related elevation of ROS levels in hMSCs was 

not present after pluripotency induction. However, oxidative DNA damage could be detected 

in iPS cells independent from donor age. Moreover, the response to oxidative stress most 

likely depended on age in hMSCs and iMSC and seemed to be down regulated in iPS cells 

independent from age.  

Higher donor age led to less efficient pluripotency induction in hMSCs. In agreement with previous 

studies in fibroblasts, upon reprogramming of hMSCs age-related aspects such as senescence, 

impaired mitochondrial metabolism, defective DNA repair, elevated oxidative stress response, decline 

in anti-oxidative mechanisms and changes in adhesion and cytoskeleton properties were reverted to a 

different most likely more immature state. However, donor age and hMSC-specific functional 

properties were demonstrated to be reflected in iPS cells in this study. Upon iMSC differentiation, the 

results indicate that most ageing hallmarks found in aged hMSCs were reintroduced. However, DNA 

repair and glutathione metabolism resembled a more fetal-like state in iMSCs. Therefore, iPS 

generation from hMSCs of aged origin is a powerful tool to circumvent senescence of primary hMSCs 

and to enhance their differentiation potential. Yet, donor age has to be taken into account, as it seemed 

to be reflected in expression signatures of iPSCs from aged donors and in iMSCs derived from hMSCs 

of aged background. Hence, careful evaluation of the implications for the potential use of hMSCs-

derived iPS cells and iMSCs in the context of high donor age is necessary. In particular, investigations 

that are more detailed and involve further aged hMSC samples will help to further elucidate the 

implications of ageing-related features present in autologous iPS cells and iMSCs and to optimise 

resulting potential shortfalls concerning regenerative efficiency. This will help to pave the way for 

applications of of these cells in regenerative cures for the use in age-related diseases and elderly 

patients. 
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7 Appendix 

7.1 Supplementary Material and Methods 

7.1.1 Cell culture 

7.1.1.1 MEF maintenance medium 

Media components used to make 500ml of medium: 

445ml of DMEM, high Glucose, (Life Technologies) 

50ml of FBS (10%, Biochrom AG) 

5ml of Penicillin-Streptomycin (1/100, Life Technologies) 

All components were mixed and filtered with a 500ml Vacuum Filter/Storage Bottle System, 0.22μm 

pore diameter, 19.6cm² Membrane (Corning, 430756) 

7.1.1.2 hMSC maintenance medium 

Components for 500ml: 

440ml MEM α, nucleosides, GlutaMAX™ (Life technologies) 

50ml of FBS (10%, Biochrom AG) 

5ml of Penicillin-Streptomycin (1:100, Life Technologies) 

5ml Non-Essential Amino Acids (1:100, Life Technologies)  

All components were mixed and filtered with a 500ml Vacuum Filter/Storage Bottle System, 0.22μm 

pore diameter, 19.6cm² Membrane (Corning, 430756) 

7.1.1.3 Pluripotent stem cell maintenance medium (unconditioned medium) 

Components for 500ml: 

400ml of Knockout TM DMEM (Life Technologies) 

100ml of Knockout TM Serum Replacement (20%, Life Technologies) 

5ml of 200mM L-glutamine (1/100, Life Technologies) 

5ml of Penicillin-Streptomycin (1/100, Life Technologies) 

5ml of Non-Essential Amino Acids (1/100, Life Technologies) 

All components were mixed and filtered with a 500ml Vacuum Filter/Storage Bottle System, 0.22μm 

pore diameter, 19.6cm² Membrane (Corning, 430756) 
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Media additions after filtering: 

-35μl of 1.4 M β-mercaptoethanol (Sigma-Aldrich) 

-respective volume of 8μg/ml FGF2 stock solution when the medium is used to a final concentration 

of 4ng/ml FGF2 

 

7.1.1.4 N2B27 medium (defined medium) 

Components for 500ml: 

470ml of DMEM/F12 (Life Technologies) 

5ml of N2 Supplement (100 x , Life Technologies) 

10ml of B27 Supplement minus Vitamin A (50x, Life Technologies) 

3.4ml of BSA (Bovine Albumin FractionV, 7.5%, Life Technologies) 

5ml of 200mM L-glutamine (1/100, Life Technologies) 

5ml of Penicillin-Streptomycin (1/100, Life Technologies) 

5ml of Non-Essential Amino Acids (1/100, Life Technologies) 

All components were mixed and filtered with a 500ml Vacuum Filter/Storage Bottle System, 0.22μm 

pore diameter, 19.6cm² Membrane (Corning, 430756) 

 

Media additions after filtering: 

-35μl of 1.4 M β-mercaptoethanol (Sigma-Aldrich) 

-respective volume of 8μg/ml FGF2 stock solution when the medium is used to a final concentration 

of 4ng/ml FGF2 

 

Mercaptoethanol solution for unconditioned medium 

 

14.3M β-mercaptoethanol (Sigma-Aldrich) was diluted 1:10 in PBS, filtered and stored at −20°C in 

40μl aliquots. Aliquots were thawed and used immediately. 

 

8 μg/ml FGF2 stock solution 

 

50μg recombinant human basic fibroblast growth factor (FGF2, Peprotech,100-18B) were 

reconstituted in 5ml of PBS with 0.2% BSA (Bovine Serum Albumin, Fraction V, 99% purity, Sigma-

Aldrich, A9418). The BSA solution was filtered with a 22μm pore size syringe filter (Corning,431225) 

before the solution was aliquotted and stored at -20°C. 
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7.1.2 Polymerase chain reaction 

7.1.2.1 10 x-B1 buffer  

500mM Tris-Cl pH 8.8 

200mM (NH4)2SO4 

15mM MgCl2 

0.1% Tween 20 

 

7.1.2.2 6 x loading buffer 

0.2% Bromophenol Blue 

60% Glycerol 

60mM EDTA 

 

7.1.2.3 20 x SB buffer for electrophoresis 

8g  NaOH      

45g   Boric Acid   

ad 1l with ddH2O, adjust pH to 8.0 

 

7.1.2.4 5 x TBE Buffer 

10g   Boric acid 

30.25g    Tris base  

1.86g    EDTA  

ad 1l with ddH2O, adjust pH to 8.6. 

7.1.3 Amplification of plasmid DNA  

7.1.3.1 LB medium 

10g    NaCl 

10g    Peptone (Roth) 

5g    Yeast Extract (Sigma-Aldrich)  

in 1l ddH2O 
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7.1.4 Characterisation of hMSCs and iMSCs  

7.1.4.1 2% Alizarin Red S staining solution 

2g Alizarin Red S 

100ml distilled water 

The solution was mixed well and the pH was adjusted to 4.2 using 10% ammonium hydroxide. 

7.1.4.2 Oil Red O staining 

0.5% Oil Red O solution: 

0.5g Oil Red O (Sigma-Aldrich) 

100ml 2-Propanol (Merck) 

The solution has to be freshly prepared before use. Furthermore, it has to be heated for several minutes 

at 95ºC and filtered with filter paper (Schleicher & Schüll). 

 

Oil Red O solution for immediate application 

6 parts of 0.5% Oil Red O in 2-Propanol 

4 parts of distilled water 

The solution was mixed and filtered using filter paper (Schleicher & Schüll) 

7.1.5 iPS generation using retroviruses 

7.1.5.1 HEK293T medium 

For 500ml medium: 

 

445ml Iscove's Modified Dulbecco's Medium (IMDM) (Life Technologies) 

50ml of FBS (10%, BIOCHROM) 

5ml of Penicillin-Streptomycin (1/100, Life Technologies) 

5ml of 200mM L-glutamine (1/100, Life Technologies) 

All components were mixed and filtered with a 500ml Vacuum Filter/Storage Bottle System, 0.22μm 

pore diameter, 19.6cm² Membrane (Corning, 430756) 



 

 

228 

 

7.1.5.2 2 x HBS solution  

281mM NaCl 

100mM HEPES 

1.5mM Na2HPO4 

pH 7.12 

filtered with 0.22μM pore size filter 

7.1.6 Episomal plasmid-based reprogramming 

7.1.6.1 Vector maps  

 

Figure 47 Vector maps of the episomal plasmids used as combination for non-viral 

reprogramming of hMSCs.  

Picture taken from Yu et al. (Yu et al. 2011) pCMV: the cytomegalovirus immediate-early 

promoter; IRES2: internal ribosome entry site 2, pEF: the eukaryotic elongation 1α promoter. 
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7.2 Gene sets used for hierarchical clustering analysis  

Table 17 Genes related to bone cell differentiation used for hMSC characterisation. 

Name Description 

ACVR1 Homo sapiens activin A receptor, type I (ACVR1)

AMELX Homo sapiens amelogenin (amelogenesis imperfecta 1, X-linked) (AMELX), transcript variant 1

BGLAP Homo sapiens bone gamma-carboxyglutamate (gla) protein (osteocalcin) (BGLAP)

BMP6 Homo sapiens bone morphogenetic protein 6 (BMP6)

CHRD Homo sapiens chordin (CHRD)

CITED1 Homo sapiens Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 1 (CITED1)

CREB3L1 Homo sapiens cAMP responsive element binding protein 3-like 1 (CREB3L1)

CYR61 Homo sapiens cysteine-rich, angiogenic inducer, 61 (CYR61)

DDX21 Homo sapiens DEAD (Asp-Glu-Ala-Asp) box polypeptide 21 (DDX21)

DLX5 Homo sapiens distal-less homeobox 5 (DLX5)

DNAJC13 Homo sapiens DnaJ (Hsp40) homolog, subfamily C, member 13 (DNAJC13)

GDF10 Homo sapiens growth differentiation factor 10 (GDF10)

HEMGN Homo sapiens hemogen (HEMGN), transcript variant 1

HSPE1 Homo sapiens heat shock 10kDa protein 1 (chaperonin 10) (HSPE1)

LIMD1 Homo sapiens LIM domains containing 1 (LIMD1)

LRRC17 Homo sapiens leucine rich repeat containing 17 (LRRC17), transcript variant 2

MRC2 Homo sapiens mannose receptor, C type 2 (MRC2)

MSX2 Homo sapiens msh homeobox 2 (MSX2)

MYBBP1A Homo sapiens MYB binding protein (P160) 1a (MYBBP1A)

MYOC Homo sapiens myocilin, trabecular meshwork inducible glucocorticoid response (MYOC)

NBR1 Homo sapiens neighbor of BRCA1 gene 1 (NBR1), transcript variant 2

NELL1 Homo sapiens NEL-like 1 (chicken) (NELL1)

NF1 Homo sapiens neurofibromin 1 (NF1), transcript variant 1

NPNT Homo sapiens nephronectin (NPNT)

OSTN Homo sapiens osteocrin (OSTN)

RRAS2 Homo sapiens related RAS viral (r-ras) oncogene homolog 2 (RRAS2)

RRBP1 Homo sapiens ribosome binding protein 1 homolog 180kDa (dog) (RRBP1), transcript variant 1

SMOC1 Homo sapiens SPARC related modular calcium binding 1 (SMOC1), transcript variant 1

SNAI1 Homo sapiens snail homolog 1 (Drosophila) (SNAI1)

SNAI2 Homo sapiens snail homolog 2 (Drosophila) (SNAI2)

SOX8 Homo sapiens SRY (sex determining region Y)-box 8 (SOX8)

SP7 Homo sapiens Sp7 transcription factor (SP7)

SYNCRIP Homo sapiens synaptotagmin binding, cytoplasmic RNA interacting protein (SYNCRIP)

TWIST1 Homo sapiens twist homolog 1 (Drosophila) (TWIST1)

TWIST2 twist family bHLH transcription factor 2

UCMA Homo sapiens upper zone of growth plate and cartilage matrix associated (UCMA)  
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Table 18 Genes annotated to the GO-term cell cycle regulation used to characterise primary 

hMSCs. 

Name Description 

BAP1 Homo sapiens BRCA1 associated protein-1 (ubiquitin carboxy-terminal hydrolase) (BAP1)

BEX2 Homo sapiens brain expressed X-linked 2 (BEX2)

BOP1 Homo sapiens block of proliferation 1 (BOP1)

CABLES1 Homo sapiens Cdk5 and Abl enzyme substrate 1 (CABLES1), transcript variant 1

CABLES2 Homo sapiens Cdk5 and Abl enzyme substrate 2 (CABLES2)

CCNB1 Homo sapiens cyclin B1 (CCNB1)

CCNB2 Homo sapiens cyclin B2 (CCNB2)

CCNDBP1 Homo sapiens cyclin D-type binding-protein 1 (CCNDBP1), transcript variant 2

CCNE1 Homo sapiens cyclin E1 (CCNE1), transcript variant 1

CCNE2 Homo sapiens cyclin E2 (CCNE2), transcript variant 2

CCNF Homo sapiens cyclin F (CCNF)

CCNG1 Homo sapiens cyclin G1 (CCNG1), transcript variant 2

CCNG2 Homo sapiens cyclin G2 (CCNG2)

CCNI Homo sapiens cyclin I (CCNI)

CDC25A Homo sapiens cell division cycle 25 homolog A (S. pombe) (CDC25A), transcript variant 1

CDK3 Homo sapiens cyclin-dependent kinase 3 (CDK3)

CDKL1 Homo sapiens cyclin-dependent kinase-like 1 (CDC2-related kinase) (CDKL1)

CDKL4 Homo sapiens cyclin-dependent kinase-like 4 (CDKL4)

CENPF Homo sapiens centromere protein F, 350/400ka (mitosin) (CENPF)

DOT1L Homo sapiens DOT1-like, histone H3 methyltransferase (S. cerevisiae) (DOT1L)

E2F5 Homo sapiens E2F transcription factor 5, p130-binding (E2F5), transcript variant 1

EP300 Homo sapiens E1A binding protein p300 (EP300)

ESX1 Homo sapiens ESX homeobox 1 (ESX1)

FIGNL1 Homo sapiens fidgetin-like 1 (FIGNL1), transcript variant 1

FOXM1 Homo sapiens forkhead box M1 (FOXM1), transcript variant 2

GADD45A Homo sapiens growth arrest and DNA-damage-inducible, alpha (GADD45A)

GADD45B Homo sapiens growth arrest and DNA-damage-inducible, beta (GADD45B)

GADD45G Homo sapiens growth arrest and DNA-damage-inducible, gamma (GADD45G)

GAS2L1 Homo sapiens growth arrest-specific 2 like 1 (GAS2L1), transcript variant 1

GNB2L1 Homo sapiens guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1 (GNB2L1)

GRK5 Homo sapiens G protein-coupled receptor kinase 5 (GRK5)

INHA Homo sapiens inhibin, alpha (INHA)

JUND Homo sapiens jun D proto-oncogene (JUND)

LIN37 Homo sapiens lin-37 homolog (C. elegans) (LIN37)

LIN52 Homo sapiens lin-52 homolog (C. elegans) (LIN52)

LIN54 Homo sapiens lin-54 homolog (C. elegans) (LIN54)

LIN9 Homo sapiens lin-9 homolog (C. elegans) (LIN9)

MADD Homo sapiens MAP-kinase activating death domain (MADD), transcript variant 5

NANOS3 Homo sapiens nitric oxide synthase 3 (endothelial cell) (NOS3)

OVOL2 Homo sapiens ovo-like 2 (Drosophila) (OVOL2)

PES1 Homo sapiens pescadillo homolog 1, containing BRCT domain (zebrafish) (PES1)

PHACTR4 Homo sapiens phosphatase and actin regulator 4 (PHACTR4), transcript variant 2

PLCB1 Homo sapiens phospholipase C, beta 1 (phosphoinositide-specific) (PLCB1), transcript variant 1

PLK1 Homo sapiens polo-like kinase 1 (Drosophila) (PLK1)

PRR11 Homo sapiens proline rich 11 (PRR11)

PTPRC Homo sapiens protein tyrosine phosphatase, receptor type, C (PTPRC), transcript variant 2

RBBP4 Homo sapiens retinoblastoma binding protein 4 (RBBP4)

RBL1 Homo sapiens retinoblastoma-like 1 (p107) (RBL1), transcript variant 1

RBL2 Homo sapiens retinoblastoma-like 2 (p130) (RBL2)

SIRT2 Homo sapiens sirtuin (silent mating type information regulation 2 homolog) 2 (S. cerevisiae) (SIRT2), transcript variant 1

SON Homo sapiens SON DNA binding protein (SON), transcript variant f

SPIN2A Homo sapiens spindlin family, member 2A (SPIN2A)

SPIN2B Homo sapiens spindlin family, member 2B (SPIN2B), transcript variant 2

TARDBP Homo sapiens TAR DNA binding protein (TARDBP)

TRIM36 Homo sapiens tripartite motif-containing 36 (TRIM36), transcript variant 2

TRNP1 Homo sapiens TMF1-regulated nuclear protein 1 (TRNP1)

UHRF2 Homo sapiens ubiquitin-like with PHD and ring finger domains 2 (UHRF2)

WEE1 Homo sapiens WEE1 homolog (S. pombe) (WEE1)

YY1AP1 Homo sapiens YY1 associated protein 1 (YY1AP1), transcript variant 2

ZNF703 PREDICTED: Homo sapiens zinc finger protein 703 (ZNF703)  
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Table 19 Genes annotated to senescence used to charactersise primary hMSCs and iMSCs.  

Name Description 

ABL1 Homo sapiens c-abl oncogene 1, receptor tyrosine kinase (ABL1), transcript variant b

AKT1 Homo sapiens v-akt murine thymoma viral oncogene homolog 1 (AKT1), transcript variant 3

ALDH1A3 Homo sapiens aldehyde dehydrogenase 1 family, member A3 (ALDH1A3)

ATM Homo sapiens ataxia telangiectasia mutated (ATM), transcript variant 1

BMI1 Homo sapiens BMI1 polycomb ring finger oncogene (BMI1)

CALR Homo sapiens calreticulin (CALR)

CCNA2 Homo sapiens cyclin A2 (CCNA2)

CCNB1 Homo sapiens cyclin B1 (CCNB1)

CCND1 Homo sapiens cyclin D1 (CCND1)

CCNE1 Homo sapiens cyclin E1 (CCNE1), transcript variant 1

CD44 Homo sapiens CD44 molecule (Indian blood group) (CD44), transcript variant 5

CDC25C Homo sapiens cell division cycle 25 homolog C (S. pombe) (CDC25C), transcript variant 1

CDK2 Homo sapiens cyclin-dependent kinase 2 (CDK2), transcript variant 1

CDK4 Homo sapiens cyclin-dependent kinase 4 (CDK4)

CDK6 Homo sapiens cyclin-dependent kinase 6 (CDK6)

CDKN1A Homo sapiens cyclin-dependent kinase inhibitor 1A (p21, Cip1) (CDKN1A), transcript variant 1

CDKN1B Homo sapiens cyclin-dependent kinase inhibitor 1B (p27, Kip1) (CDKN1B)

CDKN1C Homo sapiens cyclin-dependent kinase inhibitor 1C (p57, Kip2) (CDKN1C)

CDKN2A Homo sapiens cyclin-dependent kinase inhibitor 2A (melanoma, p16, inhibits CDK4) (CDKN2A), transcript variant 4

CDKN2B Homo sapiens cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) (CDKN2B), transcript variant 2

CDKN2C Homo sapiens cyclin-dependent kinase inhibitor 2C (p18, inhibits CDK4) (CDKN2C), transcript variant 1

CDKN2D Homo sapiens cyclin-dependent kinase inhibitor 2D (p19, inhibits CDK4) (CDKN2D), transcript variant 2

CHEK1 Homo sapiens CHK1 checkpoint homolog (S. pombe) (CHEK1)

CHEK2 Homo sapiens CHK2 checkpoint homolog (S. pombe) (CHEK2), transcript variant 1

CITED2 Homo sapiens Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2 (CITED2), transcript variant 1

COL1A1 Homo sapiens collagen, type I, alpha 1 (COL1A1)

COL3A1 Homo sapiens collagen, type III, alpha 1 (COL3A1)

CREG1 Homo sapiens cellular repressor of E1A-stimulated genes 1 (CREG1)

E2F1 Homo sapiens E2F transcription factor 1 (E2F1)

E2F3 Homo sapiens E2F transcription factor 3 (E2F3)

EGR1 Homo sapiens early growth response 1 (EGR1)

ETS1 Homo sapiens v-ets erythroblastosis virus E26 oncogene homolog 1 (avian) (ETS1)

ETS2 Homo sapiens v-ets erythroblastosis virus E26 oncogene homolog 2 (avian) (ETS2)

FN1 Homo sapiens fibronectin 1 (FN1), transcript variant 6

GADD45A Homo sapiens growth arrest and DNA-damage-inducible, alpha (GADD45A)

GLB1 Homo sapiens galactosidase, beta 1 (GLB1), transcript variant 179423

GSK3B Homo sapiens glycogen synthase kinase 3 beta (GSK3B)

HRAS Homo sapiens v-Ha-ras Harvey rat sarcoma viral oncogene homolog (HRAS), transcript variant 1

ID1 Homo sapiens inhibitor of DNA binding 1, dominant negative helix-loop-helix protein (ID1), transcript variant 2

IFNG Homo sapiens interferon, gamma (IFNG)

IGF1 Homo sapiens insulin-like growth factor 1 (somatomedin C) (IGF1)

IGF1R Homo sapiens insulin-like growth factor 1 receptor (IGF1R)

IGFBP3 Homo sapiens insulin-like growth factor binding protein 3 (IGFBP3), transcript variant 2

IGFBP5 Homo sapiens insulin-like growth factor binding protein 5 (IGFBP5)

IGFBP7 Homo sapiens insulin-like growth factor binding protein 7 (IGFBP7)

ING1 Homo sapiens inhibitor of growth family, member 1 (ING1), transcript variant 1

IRF3 Homo sapiens interferon regulatory factor 3 (IRF3)

IRF5 Homo sapiens interferon regulatory factor 5 (IRF5), transcript variant 1

IRF7 Homo sapiens interferon regulatory factor 7 (IRF7), transcript variant b

MAP2K1 Homo sapiens mitogen-activated protein kinase kinase 1 (MAP2K1)

MAP2K3 Homo sapiens mitogen-activated protein kinase kinase 3 (MAP2K3), transcript variant A

MAP2K6 Homo sapiens mitogen-activated protein kinase kinase 6 (MAP2K6)

MAPK14 Homo sapiens mitogen-activated protein kinase 14 (MAPK14), transcript variant 3

MDM2 Homo sapiens Mdm2 p53 binding protein homolog (mouse) (MDM2), transcript variant MDM2

MORC3 Homo sapiens MORC family CW-type zinc finger 3 (MORC3)

MYC Homo sapiens v-myc myelocytomatosis viral oncogene homolog (avian) (MYC)

NBN Homo sapiens nibrin (NBN), transcript variant 2

NFKB1 Homo sapiens nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (NFKB1)

NOX4 Homo sapiens NADPH oxidase 4 (NOX4)

PCNA Homo sapiens proliferating cell nuclear antigen (PCNA), transcript variant 2

PIK3CA Homo sapiens phosphoinositide-3-kinase, catalytic, alpha polypeptide (PIK3CA)

PLAU Homo sapiens plasminogen activator, urokinase (PLAU)

PRKCD Homo sapiens protein kinase C, delta (PRKCD), transcript variant 1

PTEN Homo sapiens phosphatase and tensin homolog (PTEN)

RB1 Homo sapiens retinoblastoma 1 (RB1)

RBL1 Homo sapiens retinoblastoma-like 1 (p107) (RBL1), transcript variant 1

RBL2 Homo sapiens retinoblastoma-like 2 (p130) (RBL2)

SERPINB2 Homo sapiens serpin peptidase inhibitor, clade B (ovalbumin), member 2 (SERPINB2)

SERPINE1 Homo sapiens serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1 (SERPINE1)

SIRT1 Homo sapiens sirtuin (silent mating type information regulation 2 homolog) 1 (S. cerevisiae) (SIRT1)

SOD1 Homo sapiens superoxide dismutase 1, soluble (SOD1)

SOD2 Homo sapiens superoxide dismutase 2, mitochondrial (SOD2), nuclear gene encoding mitochondrial protein, transcript variant 3

SPARC Homo sapiens secreted protein, acidic, cysteine-rich (osteonectin) (SPARC)

TBX2 Homo sapiens T-box 2 (TBX2)

TBX3 Homo sapiens T-box 3 (TBX3), transcript variant 1

TERF2 Homo sapiens telomeric repeat binding factor 2 (TERF2)

TERT Homo sapiens telomerase reverse transcriptase (TERT), transcript variant 1

TGFB1 Homo sapiens transforming growth factor, beta 1 (TGFB1)

TGFB1I1 Homo sapiens transforming growth factor beta 1 induced transcript 1 (TGFB1I1), transcript variant 2

THBS1 Homo sapiens thrombospondin 1 (THBS1)

TP53 Homo sapiens tumor protein p53 (TP53)

TP53BP1 Homo sapiens tumor protein p53 binding protein 1 (TP53BP1)

TWIST1 Homo sapiens twist homolog 1 (Drosophila) (TWIST1)

VIM Homo sapiens vimentin (VIM)  
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Table 20 Genes annotated to response to oxidative stress used to characterise primary hMSCs, 

iPSCs and iMSCs. 

Name Description 

ANGPTL7 Homo sapiens angiopoietin-like 7 (ANGPTL7)

DUOX1 Homo sapiens dual oxidase 1 (DUOX1), transcript variant 1

DUOX2 Homo sapiens dual oxidase 2 (DUOX2)

DUSP1 Homo sapiens dual specificity phosphatase 1 (DUSP1)

GPX1 Homo sapiens glutathione peroxidase 1 (GPX1), transcript variant 2

GPX2 Homo sapiens glutathione peroxidase 2 (gastrointestinal) (GPX2)

GPX3 Homo sapiens glutathione peroxidase 3 (plasma) (GPX3)

GPX4 Homo sapiens glutathione peroxidase 4 (phospholipid hydroperoxidase) (GPX4), transcript variant 2

GPX6 Homo sapiens glutathione peroxidase 6 (olfactory) (GPX6)

HMOX2 Homo sapiens heme oxygenase (decycling) 2 (HMOX2)

HNF1A Homo sapiens transcription factor 1, hepatic; LF-B1, hepatic nuclear factor (HNF1), albumin proximal factor (TCF1)

KRT1 Homo sapiens keratin 1 (KRT1)

LIAS Homo sapiens lipoic acid synthetase (LIAS), nuclear gene encoding mitochondrial protein, transcript variant 2

LPO Homo sapiens lactoperoxidase (LPO)

LRRK2 Homo sapiens leucine-rich repeat kinase 2 (LRRK2)

MPO Homo sapiens myeloperoxidase (MPO), nuclear gene encoding mitochondrial protein

MSRA Homo sapiens methionine sulfoxide reductase A (MSRA)

MSRB2 Homo sapiens methionine sulfoxide reductase B2 (MSRB2)

MSRB3 Homo sapiens methionine sulfoxide reductase B3 (MSRB3), transcript variant 1

OXR1 Homo sapiens oxidation resistance 1 (OXR1)

OXSR1 Homo sapiens oxidative-stress responsive 1 (OXSR1)

PARK7 Homo sapiens Parkinson disease (autosomal recessive, early onset) 7 (PARK7)

PDLIM1 Homo sapiens PDZ and LIM domain 1 (PDLIM1)

PTGS1

Homo sapiens prostaglandin-endoperoxide synthase 1 (prostaglandin G/H synthase and cyclooxygenase)

 (PTGS1), transcript variant 2

PXDNL Homo sapiens peroxidasin homolog (Drosophila)-like (PXDNL)

RCAN1 Homo sapiens regulator of calcineurin 1 (RCAN1), transcript variant 2

RGS14 Homo sapiens regulator of G-protein signaling 14 (RGS14)

SCARA3 Homo sapiens scavenger receptor class A, member 3 (SCARA3), transcript variant 2

SELK Homo sapiens selenoprotein K (SELK)

SEPP1 Homo sapiens selenoprotein P, plasma, 1 (SEPP1), transcript variant 1

SRXN1 Homo sapiens sulfiredoxin 1 homolog (S. cerevisiae) (SRXN1)

STK25 Homo sapiens serine/threonine kinase 25 (STE20 homolog, yeast) (STK25)

TPO Homo sapiens thyroid peroxidase (TPO), transcript variant 2

TRPM2 Homo sapiens transient receptor potential cation channel, subfamily M, member 2 (TRPM2), transcript variant S

VNN1 Homo sapiens vanin 1 (VNN1)  
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Table 21 Genes annotated to pluripotency used to charactersise primary hMSCs and iPSCs.  

Name Description 

ALPL Homo sapiens alkaline phosphatase, liver/bone/kidney (ALPL), transcript variant 1

CD9 Homo sapiens CD9 molecule (CD9)

CER1 Homo sapiens cerberus 1, cysteine knot superfamily, homolog (Xenopus laevis) (CER1)

DNMT3B Homo sapiens DNA (cytosine-5-)-methyltransferase 3 beta (DNMT3B), transcript variant 1

DPPA4 Homo sapiens developmental pluripotency associated 4 (DPPA4)

ESRRB Homo sapiens estrogen-related receptor beta (ESRRB)

FGF4 Homo sapiens fibroblast growth factor 4 (heparin secretory transforming protein 1, Kaposi sarcoma oncogene) (FGF4)

FOXD3 Homo sapiens forkhead box D3 (FOXD3)

GABRB3 Homo sapiens gamma-aminobutyric acid (GABA) A receptor, beta 3 (GABRB3), transcript variant 1

GAL Homo sapiens galanin prepropeptide (GAL)

GDF3 Homo sapiens growth differentiation factor 3 (GDF3)

GRB7 Homo sapiens growth factor receptor-bound protein 7 (GRB7), transcript variant 1

IFITM1 Homo sapiens interferon induced transmembrane protein 1 (9-27) (IFITM1)

KLF4 Homo sapiens Kruppel-like factor 4 (gut) (KLF4)

LEFTY1 Homo sapiens left-right determination factor 1 (LEFTY1)

LEFTY2 Homo sapiens left-right determination factor 2 (LEFTY2)

LIN28 Homo sapiens lin-28 homolog (C. elegans) (LIN28)

MYC Homo sapiens v-myc myelocytomatosis viral oncogene homolog (avian) (MYC)

MYCN Homo sapiens v-myc myelocytomatosis viral related oncogene, neuroblastoma derived (avian) (MYCN)

NANOG Homo sapiens Nanog homeobox (NANOG)

NODAL Homo sapiens nodal homolog (mouse) (NODAL)

NR5A2 Homo sapiens nuclear receptor subfamily 5, group A, member 2 (NR5A2), transcript variant 2

PODXL Homo sapiens podocalyxin-like (PODXL), transcript variant 1

POU5F1 Homo sapiens POU class 5 homeobox 1 (POU5F1), transcript variant 1

SOX2 Homo sapiens SRY (sex determining region Y)-box 2 (SOX2)

TDGF1 Homo sapiens teratocarcinoma-derived growth factor 1 (TDGF1)

TERT Homo sapiens telomerase reverse transcriptase (TERT), transcript variant 1

UTF1 Homo sapiens undifferentiated embryonic cell transcription factor 1 (UTF1)

ZFP42 Homo sapiens zinc finger protein 42 homolog (mouse) (ZFP42)  
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Table 22 Genes annotated to ageing used to characterise iPSCs and iMSCs. 

Name Description 

APOD Homo sapiens apolipoprotein D (APOD)

ATM Homo sapiens ataxia telangiectasia mutated (ATM), transcript variant 1

C2orf40 Homo sapiens chromosome 2 open reading frame 40 (C2orf40)

CASP7 Homo sapiens caspase 7, apoptosis-related cysteine peptidase (CASP7), transcript variant gamma

CIITA Homo sapiens class II, major histocompatibility complex, transactivator (CIITA)

CISD2 Homo sapiens CDGSH iron sulfur domain 2 (CISD2)

CITED2
Homo sapiens Cbp/p300-interacting transactivator, 

with Glu/Asp-rich carboxy-terminal domain, 2 (CITED2), transcript variant 1

ENG Homo sapiens endoglin (Osler-Rendu-Weber syndrome 1) (ENG)

FADS1 Homo sapiens fatty acid desaturase 1 (FADS1)

HELT Homo sapiens HES/HEY-like transcription factor (HELT)

ID2 Homo sapiens inhibitor of DNA binding 2, dominant negative helix-loop-helix protein (ID2)

IDE Homo sapiens insulin-degrading enzyme (IDE)

ING2 Homo sapiens inhibitor of growth family, member 2 (ING2)

KRT16 Homo sapiens keratin 16 (focal non-epidermolytic palmoplantar keratoderma) (KRT16)

KRT25 Homo sapiens keratin 25 (KRT25)

KRT33B Homo sapiens keratin 33B (KRT33B)

KRT83 Homo sapiens keratin 83 (KRT83)

KRTAP4-3 keratin associated protein 4-3

KRTAP4-5 Homo sapiens keratin associated protein 4-5 (KRTAP4-5)

KRTAP4-7 Homo sapiens keratin associated protein 4-7 (KRTAP4-7)

KRTAP4-8 keratin associated protein 4-8

LOXL2 Homo sapiens lysyl oxidase-like 2 (LOXL2)

LRRK2 Homo sapiens leucine-rich repeat kinase 2 (LRRK2)

MAGEA2 Homo sapiens melanoma antigen family A, 2 (MAGEA2), transcript variant 3

MARCH5 Homo sapiens membrane-associated ring finger (C3HC4) 5 (MARCH5)

MIF Homo sapiens macrophage migration inhibitory factor (glycosylation-inhibiting factor) (MIF)

MORC3 Homo sapiens MORC family CW-type zinc finger 3 (MORC3)

NEK4 Homo sapiens NIMA (never in mitosis gene a)-related kinase 4 (NEK4)

NOX4 Homo sapiens NADPH oxidase 4 (NOX4)

NPM1 Homo sapiens nucleophosmin (nucleolar phosphoprotein B23, numatrin) (NPM1), transcript variant 2

NUAK1 Homo sapiens NUAK family, SNF1-like kinase, 1 (NUAK1)

OPA1
Homo sapiens optic atrophy 1 (autosomal dominant) (OPA1), 

nuclear gene encoding mitochondrial protein, transcript variant 1

PDCD4
Homo sapiens programmed cell death 4 (neoplastic transformation inhibitor) (PDCD4), 

transcript variant 2

PLA2R1 Homo sapiens phospholipase A2 receptor 1, 180kDa (PLA2R1), transcript variant 2

PNPT1 Homo sapiens polyribonucleotide nucleotidyltransferase 1 (PNPT1)

ROMO1 Homo sapiens chromosome 20 open reading frame 52 (C20orf52)

RSL1D1 Homo sapiens ribosomal L1 domain containing 1 (RSL1D1)

SOD2
Homo sapiens superoxide dismutase 2, mitochondrial (SOD2), 

nuclear gene encoding mitochondrial protein, transcript variant 3

SPEF2 Homo sapiens sperm flagellar 2 (SPEF2), transcript variant 2

TBX2 Homo sapiens T-box 2 (TBX2)

TBX3 Homo sapiens T-box 3 (TBX3), transcript variant 1

TSPO Homo sapiens translocator protein (18kDa) (TSPO), transcript variant PBR

TWIST1 Homo sapiens twist homolog 1 (Drosophila) (TWIST1)

VASH1 Homo sapiens vasohibin 1 (VASH1)

ZKSCAN3 Homo sapiens zinc finger with KRAB and SCAN domains 3 (ZKSCAN3)

ZNF277 Homo sapiens zinc finger protein 277 (ZNF277)  
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Table 23 Gene of the UNIGENE annotation bone normal 3d differentially expressed between 

hMSC-derived and hFF-derived iPSCs. 

Name Descripton

ABCE1 Homo sapiens ATP-binding cassette, sub-family E (OABP), member 1 (ABCE1), transcript variant 2

AES Homo sapiens amino-terminal enhancer of split (AES), transcript variant 2

ARPC4 Homo sapiens actin related protein 2/3 complex, subunit 4, 20kDa (ARPC4), transcript variant 2

ATP6V0C PREDICTED: Homo sapiens ATPase, H+ transporting, lysosomal 16kDa, V0 subunit c (ATP6V0C)

BCAT1 Homo sapiens branched chain aminotransferase 1, cytosolic (BCAT1)

BCLAF1 Homo sapiens BCL2-associated transcription factor 1 (BCLAF1), transcript variant 1

C5ORF51 Homo sapiens chromosome 5 open reading frame 51 (C5orf51)

C7ORF28B Homo sapiens chromosome 7 open reading frame 28B (C7orf28B)

CAV1 Homo sapiens caveolin 1, caveolae protein, 22kDa (CAV1)

CBFB Homo sapiens core-binding factor, beta subunit (CBFB), transcript variant 2

CBX1 Homo sapiens chromobox homolog 1 (HP1 beta homolog Drosophila ) (CBX1)

CCT6A Homo sapiens chaperonin containing TCP1, subunit 6A (zeta 1) (CCT6A), transcript variant 1

CEP55 Homo sapiens centrosomal protein 55kDa (CEP55)

COL11A1 Homo sapiens collagen, type XI, alpha 1 (COL11A1), transcript variant A

COL12A1 Homo sapiens collagen, type XII, alpha 1 (COL12A1), transcript variant short

COL5A2 Homo sapiens collagen, type V, alpha 2 (COL5A2)

COL6A1 Homo sapiens collagen, type VI, alpha 1 (COL6A1)

COL6A2 Homo sapiens collagen, type VI, alpha 2 (COL6A2), transcript variant 2C2

COL9A2 Homo sapiens collagen, type IX, alpha 2 (COL9A2)

CPA4 Homo sapiens carboxypeptidase A4 (CPA4)

CYTH3 Homo sapiens cytohesin 3 (CYTH3)

DDX55 Homo sapiens DEAD (Asp-Glu-Ala-Asp) box polypeptide 55 (DDX55)

DIAPH1 Homo sapiens diaphanous homolog 1 (Drosophila) (DIAPH1)

DLGAP5 Homo sapiens discs, large (Drosophila) homolog-associated protein 5 (DLGAP5)

DLX1 Homo sapiens distal-less homeobox 1 (DLX1), transcript variant 1

EFR3A Homo sapiens EFR3 homolog A (S. cerevisiae) (EFR3A)

EIF5A Homo sapiens eukaryotic translation initiation factor 5A (EIF5A)

EPHX1 Homo sapiens epoxide hydrolase 1, microsomal (xenobiotic) (EPHX1)

EPM2AIP1 Homo sapiens EPM2A (laforin) interacting protein 1 (EPM2AIP1)

EXTL2 Homo sapiens exostoses (multiple)-like 2 (EXTL2), transcript variant 1

FAM129B Homo sapiens family with sequence similarity 129, member B (FAM129B), transcript variant 2

FOXD1 Homo sapiens forkhead box D1 (FOXD1)

FOXO4 Homo sapiens forkhead box O4 (FOXO4)

GGCT Homo sapiens gamma-glutamyl cyclotransferase (GGCT)

GLIPR1 Homo sapiens GLI pathogenesis-related 1 (GLIPR1)

GPR176 Homo sapiens G protein-coupled receptor 176 (GPR176)

GSTT1 Homo sapiens glutathione S-transferase theta 1 (GSTT1)

H2AFX Homo sapiens H2A histone family, member X (H2AFX)

INO80E Homo sapiens INO80 complex subunit E (INO80E)

IPO8 Homo sapiens importin 8 (IPO8)

ITGA11 Homo sapiens integrin, alpha 11 (ITGA11)

ITGAV Homo sapiens integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51) (ITGAV)

ITGB1BP1 Homo sapiens integrin beta 1 binding protein 1 (ITGB1BP1), transcript variant 2

JAK1 Homo sapiens Janus kinase 1 (JAK1)

LDOC1 Homo sapiens leucine zipper, down-regulated in cancer 1 (LDOC1)

LEFTY2 Homo sapiens left-right determination factor 2 (LEFTY2)

MKI67IP Homo sapiens MKI67 (FHA domain) interacting nucleolar phosphoprotein (MKI67IP)

MYL9 Homo sapiens myosin, light chain 9, regulatory (MYL9), transcript variant 1

NFIX Homo sapiens nuclear factor I/X (CCAAT-binding transcription factor) (NFIX)

NLN Homo sapiens neurolysin (metallopeptidase M3 family) (NLN)

NQO2 Homo sapiens NAD(P)H dehydrogenase, quinone 2 (NQO2)

NRP1 Homo sapiens neuropilin 1 (NRP1), transcript variant 1

PA2G4 Homo sapiens proliferation-associated 2G4, 38kDa (PA2G4)

PARL Homo sapiens presenilin associated, rhomboid-like (PARL), nuclear gene encoding mitochondrial protein, transcript variant 1

PDSS1 Homo sapiens prenyl (decaprenyl) diphosphate synthase, subunit 1 (PDSS1)

PNN Homo sapiens pinin, desmosome associated protein (PNN)

PODXL Homo sapiens podocalyxin-like (PODXL), transcript variant 1

PPAT Homo sapiens phosphoribosyl pyrophosphate amidotransferase (PPAT)

PRPF3 Homo sapiens PRP3 pre-mRNA processing factor 3 homolog (S. cerevisiae) (PRPF3)

PRRX1 Homo sapiens paired related homeobox 1 (PRRX1), transcript variant pmx-1a

PRSS23 Homo sapiens protease, serine, 23 (PRSS23)

RCAN1 Homo sapiens regulator of calcineurin 1 (RCAN1), transcript variant 2

RPA1 Homo sapiens replication protein A1, 70kDa (RPA1)

SET Homo sapiens SET translocation (myeloid leukemia-associated) (SET)

SHISA2 Homo sapiens shisa homolog 2 (Xenopus laevis) (SHISA2)

SLC25A46 Homo sapiens solute carrier family 25, member 46 (SLC25A46)

SMO Homo sapiens smoothened homolog (Drosophila) (SMO)

SPATS2L Homo sapiens spermatogenesis associated, serine-rich 2-like (SPATS2L), transcript variant 2

SPP1 Homo sapiens secreted phosphoprotein 1 (SPP1), transcript variant 2

ST3GAL5 Homo sapiens ST3 beta-galactoside alpha-2,3-sialyltransferase 5 (ST3GAL5), transcript variant 2

SYDE1 Homo sapiens synapse defective 1, Rho GTPase, homolog 1 (C. elegans) (SYDE1)

TCERG1 Homo sapiens transcription elongation regulator 1 (TCERG1), transcript variant 1

TERF1 Homo sapiens telomeric repeat binding factor (NIMA-interacting) 1 (TERF1), transcript variant 1

TGFB1I1 Homo sapiens transforming growth factor beta 1 induced transcript 1 (TGFB1I1), transcript variant 2

TGFBR2 Homo sapiens transforming growth factor, beta receptor II (70/80kDa) (TGFBR2), transcript variant 1

THBS2 Homo sapiens thrombospondin 2 (THBS2)

TM2D2 Homo sapiens TM2 domain containing 2 (TM2D2), transcript variant 1

TMED2 Homo sapiens transmembrane emp24 domain trafficking protein 2 (TMED2)

TMEM48 Homo sapiens transmembrane protein 48 (TMEM48)

TMPO Homo sapiens thymopoietin (TMPO), transcript variant 1

TRMT5 Homo sapiens TRM5 tRNA methyltransferase 5 homolog (S. cerevisiae) (TRMT5)

USMG5 Homo sapiens up-regulated during skeletal muscle growth 5 homolog (mouse) (USMG5)

VAMP2 Homo sapiens vesicle-associated membrane protein 2 (synaptobrevin 2) (VAMP2)

VIM Homo sapiens vimentin (VIM)

XRCC5
Homo sapiens X-ray repair complementing defective repair in Chinese hamster cells 5 

(double-strand-break rejoining; Ku autoantigen, 80kDa) (XRCC5)

ZNF195 Homo sapiens zinc finger protein 195 (ZNF195)

ZNF271 Homo sapiens zinc finger protein 271 (ZNF271)

ZNF286A Homo sapiens zinc finger protein 286A (ZNF286A)

ZNF33B Homo sapiens zinc finger protein 33B (ZNF33B)  
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Table 24 MSC-specific marker genes and other MSC-associated genes expressed in iMSCs. 

MSC-specific markers

Name Description

ALCAM Homo sapiens activated leukocyte cell adhesion molecule (ALCAM)

ANPEP
Homo sapiens alanyl (membrane) aminopeptidase (aminopeptidase N, aminopeptidase M, 

microsomal aminopeptidase, CD13, p150) (ANPEP)

BMP2 Homo sapiens bone morphogenetic protein 2 (BMP2)

CASP3 Homo sapiens caspase 3, apoptosis-related cysteine peptidase (CASP3), transcript variant beta

CD44 Homo sapiens CD44 molecule (Indian blood group) (CD44), transcript variant 5

ENG (CD105) Homo sapiens endoglin (Osler-Rendu-Weber syndrome 1) (ENG)

ERBB2 (HER2)
Homo sapiens v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma derived 

oncogene homolog (avian) (ERBB2), transcript variant 1

FUT4 Homo sapiens fucosyltransferase 4 (alpha (1,3) fucosyltransferase, myeloid-specific) (FUT4)

ITGAV Homo sapiens integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51) (ITGAV)

NT5E (CD73) Homo sapiens 5'-nucleotidase, ecto (CD73) (NT5E)

PDGFRB Homo sapiens platelet-derived growth factor receptor, beta polypeptide (PDGFRB)

THY1 (CD90) Homo sapiens Thy-1 cell surface antigen (THY1)

VCAM1 Homo sapiens vascular cell adhesion molecule 1 (VCAM1), transcript variant 1

Other genes associated with MSCs 

Name Description

ANXA5 Homo sapiens annexin A5 (ANXA5)

COL1A1 Homo sapiens collagen, type I, alpha 1 (COL1A1)

CTNNB1 Homo sapiens catenin (cadherin-associated protein), beta 1, 88kDa (CTNNB1), transcript variant 2

IL10 Homo sapiens interleukin 10 (IL10)

IL6 Homo sapiens interleukin 6 (interferon, beta 2) (IL6)

ITGB1
Homo sapiens integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CD29 includes MDF2, MSK12)

 (ITGB1), transcript variant 1A

KITLG Homo sapiens KIT ligand (KITLG), transcript variant b

MIF Homo sapiens macrophage migration inhibitory factor (glycosylation-inhibiting factor) (MIF)

MMP2 Homo sapiens matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV collagenase) (MMP2)

NES Homo sapiens nestin (NES)

NUDT6 Homo sapiens nudix (nucleoside diphosphate linked moiety X)-type motif 6 (NUDT6), transcript variant 1

PIGS Homo sapiens phosphatidylinositol glycan anchor biosynthesis, class S (PIGS)

SerpinE1 Homo sapiens serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1 (SERPINE1)

TGFB3 Homo sapiens transforming growth factor, beta 3 (TGFB3)

VEGFA Homo sapiens vascular endothelial growth factor A (VEGFA), transcript variant 2  
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Table 25 Genes related to MSC-differentiation expressed in iMSCs. 

Name Descripton

HDAC1 Homo sapiens histone deacetylase 1 (HDAC1)

PTK2 Homo sapiens PTK2 protein tyrosine kinase 2 (PTK2), transcript variant 1

RUNX2 Homo sapiens runt-related transcription factor 2 (RUNX2), transcript variant 1

SMURF1 Homo sapiens SMAD specific E3 ubiquitin protein ligase 1 (SMURF1), transcript variant 2

Name Descripton

PPARG Homo sapiens peroxisome proliferator-activated receptor gamma (PPARG), transcript variant 2

RHOA Homo sapiens ras homolog gene family, member A (RHOA)

RUNX2 Homo sapiens runt-related transcription factor 2 (RUNX2), transcript variant 1

Name Descripton

BMP4 Homo sapiens bone morphogenetic protein 4 (BMP4), transcript variant 1

HAT1 Homo sapiens histone acetyltransferase 1 (HAT1), transcript variant 1

KAT2B K(lysine) acetyltransferase 2B

SOX9
Homo sapiens SRY (sex determining region Y)-box 9 

(campomelic dysplasia, autosomal sex-reversal) (SOX9)

TGFB1 Homo sapiens transforming growth factor, beta 1 (TGFB1)

Name Descripton

ACTA2 Homo sapiens actin, alpha 2, smooth muscle, aorta (ACTA2)

JAG1 Homo sapiens jagged 1 (Alagille syndrome) (JAG1)

NOTCH1 Homo sapiens Notch homolog 1, translocation-associated (Drosophila) (NOTCH1)

Name Descripton

GDF15 (PLAB) Homo sapiens growth differentiation factor 15 (GDF15)

Osteogenesis

Adipogenesis

Chondrogenesis

Myogenesis

Tenogenesis

 

Table 26 Genes annotated to regulation of senescence used to characterise iMSCs. 

Name Descripton

ABL1 Homo sapiens c-abl oncogene 1, receptor tyrosine kinase (ABL1), transcript variant b

ARNTL Homo sapiens aryl hydrocarbon receptor nuclear translocator-like (ARNTL), transcript variant 2

BCL2L12 Homo sapiens BCL2-like 12 (proline rich) (BCL2L12), transcript variant 3

BCL6 Homo sapiens B-cell CLL/lymphoma 6 (zinc finger protein 51) (BCL6), transcript variant 1

BMPR1A Homo sapiens bone morphogenetic protein receptor, type IA (BMPR1A)

CDK6 Homo sapiens cyclin-dependent kinase 6 (CDK6)

CDKN2A Homo sapiens cyclin-dependent kinase inhibitor 2A (melanoma, p16, inhibits CDK4) (CDKN2A), transcript variant 4

HMGA1 Homo sapiens high mobility group AT-hook 1 (HMGA1), transcript variant 6

HMGA2 Homo sapiens high mobility group AT-hook 2 (HMGA2), transcript variant 2

ING2 Homo sapiens inhibitor of growth family, member 2 (ING2)

NEK4 Homo sapiens NIMA (never in mitosis gene a)-related kinase 4 (NEK4)

NEK6 Homo sapiens NIMA (never in mitosis gene a)-related kinase 6 (NEK6)

NUAK1 Homo sapiens NUAK family, SNF1-like kinase, 1 (NUAK1)

PNPT1 Homo sapiens polyribonucleotide nucleotidyltransferase 1 (PNPT1)

RSL1D1 Homo sapiens ribosomal L1 domain containing 1 (RSL1D1)

SIRT1 Homo sapiens sirtuin (silent mating type information regulation 2 homolog) 1 (S. cerevisiae) (SIRT1)

TERF2 Homo sapiens telomeric repeat binding factor 2 (TERF2)

TERT Homo sapiens telomerase reverse transcriptase (TERT), transcript variant 1

TP63 Homo sapiens tumor protein p63

TWIST1 Homo sapiens twist homolog 1 (Drosophila) (TWIST1)

VASH1 Homo sapiens vasohibin 1 (VASH1)

ZKSCAN3 Homo sapiens zinc finger with KRAB and SCAN domains 3 (ZKSCAN3)

ZNF277 Homo sapiens zinc finger protein 277 (ZNF277)  
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Table 27 Genes annotated to regulation of DNA damage repair used to characterise iMSCs. 

Name Descripton

APEX1 Homo sapiens APEX nuclease (multifunctional DNA repair enzyme) 1 (APEX1), transcript variant 3

APEX2 Homo sapiens APEX nuclease (apurinic/apyrimidinic endonuclease) 2 (APEX2), nuclear gene encoding mitochondrial protein

ATXN3 Homo sapiens ataxin 3 (ATXN3), transcript variant 2

BRCA1 Homo sapiens breast cancer 1, early onset (BRCA1), transcript variant BRCA1-delta14-17

BRCA2 Homo sapiens breast cancer 2, early onset (BRCA2)

BRIP1 Homo sapiens BRCA1 interacting protein C-terminal helicase 1 (BRIP1)

CCNH Homo sapiens cyclin H (CCNH)

CCNO Homo sapiens cyclin O (CCNO)

CDK7 Homo sapiens cyclin-dependent kinase 7 (MO15 homolog, Xenopus laevis, cdk-activating kinase) (CDK7)

DDB1 Homo sapiens damage-specific DNA binding protein 1, 127kDa (DDB1)

DDB2 Homo sapiens damage-specific DNA binding protein 2, 48kDa (DDB2)

DMC1 Homo sapiens DMC1 dosage suppressor of mck1 homolog, meiosis-specific homologous recombination (yeast) (DMC1)

ERCC1
Homo sapiens excision repair cross-complementing rodent repair deficiency, complementation group 1 

(includes overlapping antisense sequence) (ERCC1), transcript variant 2

ERCC2
Homo sapiens excision repair cross-complementing rodent repair deficiency, complementation group 2 

(xeroderma pigmentosum D) (ERCC2)

ERCC3
Homo sapiens excision repair cross-complementing rodent repair deficiency, complementation group 3 

(xeroderma pigmentosum group B complementing) (ERCC3)

ERCC4 Homo sapiens excision repair cross-complementing rodent repair deficiency, complementation group 4 (ERCC4)

ERCC5 Homo sapiens excision repair cross-complementing rodent repair deficiency, complementation group 5 (ERCC5)

ERCC6 Homo sapiens excision repair cross-complementing rodent repair deficiency, complementation group 6 (ERCC6)

ERCC8
Homo sapiens excision repair cross-complementing rodent repair deficiency, complementation group 8 (ERCC8), 

transcript variant 2

FEN1 Homo sapiens flap structure-specific endonuclease 1 (FEN1)

LIG1 Homo sapiens ligase I, DNA, ATP-dependent (LIG1)

LIG3 Homo sapiens ligase III, DNA, ATP-dependent (LIG3), nuclear gene encoding mitochondrial protein, transcript variant alpha

LIG4 Homo sapiens ligase IV, DNA, ATP-dependent (LIG4), transcript variant 1

MLH1 Homo sapiens mutL homolog 1, colon cancer, nonpolyposis type 2 (E. coli) (MLH1)

MLH3 Homo sapiens mutL homolog 3 (E. coli) (MLH3), transcript variant 1

MMS19 Homo sapiens MMS19-like (MET18 homolog, S. cerevisiae) (MMS19L)

MPG Homo sapiens N-methylpurine-DNA glycosylase (MPG), transcript variant 1

MRE11A Homo sapiens MRE11 meiotic recombination 11 homolog A (S. cerevisiae) (MRE11A), transcript variant 1

MSH2 Homo sapiens mutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli) (MSH2)

MSH3 Homo sapiens mutS homolog 3 (E. coli) (MSH3)

MSH4 Homo sapiens mutS homolog 4 (E. coli) (MSH4)

MSH5 Homo sapiens mutS homolog 5 (E. coli) (MSH5), transcript variant 3

MSH6 Homo sapiens mutS homolog 6 (E. coli) (MSH6)

MUTYH Homo sapiens mutY homolog (E. coli) (MUTYH), transcript variant gamma2

NEIL1 Homo sapiens nei endonuclease VIII-like 1 (E. coli) (NEIL1)

NEIL2 Homo sapiens nei like 2 (E. coli) (NEIL2)

NEIL3 Homo sapiens nei endonuclease VIII-like 3 (E. coli) (NEIL3)

NTHL1 Homo sapiens nth endonuclease III-like 1 (E. coli) (NTHL1)

OGG1 Homo sapiens 8-oxoguanine DNA glycosylase (OGG1), nuclear gene encoding mitochondrial protein, transcript variant 2a

PARP1 Homo sapiens poly (ADP-ribose) polymerase family, member 1 (PARP1)

PARP2 Homo sapiens poly (ADP-ribose) polymerase 2 (PARP2), transcript variant 2

PARP3 Homo sapiens poly (ADP-ribose) polymerase family, member 3 (PARP3), transcript variant 2

PMS1 Homo sapiens PMS1 postmeiotic segregation increased 1 (S. cerevisiae) (PMS1)

PMS2 Homo sapiens PMS2 postmeiotic segregation increased 2 (S. cerevisiae) (PMS2), transcript variant 1

PNKP Homo sapiens polynucleotide kinase 3'-phosphatase (PNKP)

POLB Homo sapiens polymerase (DNA directed), beta (POLB)

POLD3 Homo sapiens polymerase (DNA-directed), delta 3, accessory subunit (POLD3)

POLL Homo sapiens polymerase (DNA directed), lambda (POLL)

PRKDC Homo sapiens protein kinase, DNA-activated, catalytic polypeptide (PRKDC), transcript variant 2

RAD21 Homo sapiens RAD21 homolog (S. pombe) (RAD21)

RAD23A Homo sapiens RAD23 homolog A (S. cerevisiae) (RAD23A)

RAD23B Homo sapiens RAD23 homolog B (S. cerevisiae) (RAD23B)

RAD50 Homo sapiens RAD50 homolog (S. cerevisiae) (RAD50), transcript variant 2

RAD51 Homo sapiens RAD51 homolog (RecA homolog, E. coli) (S. cerevisiae) (RAD51), transcript variant 1

RAD51B Homo sapiens RAD51-like 1 (S. cerevisiae) (RAD51L1), transcript variant 2

RAD51C Homo sapiens RAD51 homolog C (S. cerevisiae) (RAD51C), transcript variant 1

RAD51D Homo sapiens RAD51-like 3 (S. cerevisiae) (RAD51L3), transcript variant 1

RAD52 Homo sapiens RAD52 homolog (S. cerevisiae) (RAD52)

RAD54L Homo sapiens RAD54-like (S. cerevisiae) (RAD54L)

RPA1 Homo sapiens replication protein A1, 70kDa (RPA1)

RPA3 Homo sapiens replication protein A3, 14kDa (RPA3)

SLK Homo sapiens STE20-like kinase (yeast) (SLK)

SMUG1 Homo sapiens single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1)

TDG thymine DNA glycosylase

TREX1 Homo sapiens three prime repair exonuclease 1 (TREX1), transcript variant 1

UNG Homo sapiens uracil-DNA glycosylase (UNG), nuclear gene encoding mitochondrial protein, transcript variant 1

XAB2 Homo sapiens XPA binding protein 2 (XAB2)

XPA Homo sapiens xeroderma pigmentosum, complementation group A (XPA)

XPC Homo sapiens xeroderma pigmentosum, complementation group C (XPC)

XRCC1 Homo sapiens X-ray repair complementing defective repair in Chinese hamster cells 1 (XRCC1)

XRCC2 Homo sapiens X-ray repair complementing defective repair in Chinese hamster cells 2 (XRCC2)

XRCC3 Homo sapiens X-ray repair complementing defective repair in Chinese hamster cells 3 (XRCC3), transcript variant 3

XRCC4 Homo sapiens X-ray repair complementing defective repair in Chinese hamster cells 4 (XRCC4), transcript variant 2

XRCC5
Homo sapiens X-ray repair complementing defective repair in Chinese hamster cells 5 

(double-strand-break rejoining; Ku autoantigen, 80kDa) (XRCC5)

XRCC6 Homo sapiens X-ray repair complementing defective repair in Chinese hamster cells 6 (XRCC6)  
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Table 28 Genes annotated to regulation of oxidative phosphorylation used to characterise 

iMSCs. 

Name Descripton

ATP5C1
Homo sapiens ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1 (ATP5C1), 

nuclear gene encoding mitochondrial protein, transcript variant 2

ATP5D
Homo sapiens ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit (ATP5D), 

nuclear gene encoding mitochondrial protein, transcript variant 1

COQ7 Homo sapiens coenzyme Q7 homolog, ubiquinone (yeast) (COQ7)

COX10
Homo sapiens COX10 homolog, cytochrome c oxidase assembly protein, heme A: farnesyltransferase (yeast) (COX10), 

nuclear gene encoding mitochondrial protein

COX15
Homo sapiens COX15 homolog, cytochrome c oxidase assembly protein (yeast) (COX15), 

nuclear gene encoding mitochondrial protein, transcript variant 1

COX4I1 Homo sapiens cytochrome c oxidase subunit IV isoform 1 (COX4I1)

COX5A Homo sapiens cytochrome c oxidase subunit Va (COX5A), nuclear gene encoding mitochondrial protein

CYCS Homo sapiens cytochrome c, somatic (CYCS), nuclear gene encoding mitochondrial protein

KCTD14 Homo sapiens potassium channel tetramerisation domain containing 14 (KCTD14)

LRRK2 Homo sapiens leucine-rich repeat kinase 2 (LRRK2)

MT-CO2 mitochondrially encoded cytochrome c oxidase II

MT-CYB mitochondrially encoded cytochrome b

MT-ND1 mitochondrially encoded NADH dehydrogenase 1

MT-ND2 mitochondrially encoded NADH dehydrogenase 2

MT-ND3 mitochondrially encoded NADH dehydrogenase 3

MT-ND4 mitochondrially encoded NADH dehydrogenase 4

MT-ND4L mitochondrially encoded NADH 4L dehydrogenase

MT-ND5 mitochondrially encoded NADH dehydrogenase 5

NDUFA1 Homo sapiens NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1, 7.5kDa (NDUFA1), nuclear gene encoding mitochondrial protein

NDUFA10 Homo sapiens NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 10, 42kDa (NDUFA10), nuclear gene encoding mitochondrial protein

NDUFA2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2

NDUFA3 Homo sapiens NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3, 9kDa (NDUFA3)

NDUFA4 Homo sapiens NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4, 9kDa (NDUFA4), nuclear gene encoding mitochondrial protein

NDUFA5 Homo sapiens NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5, 13kDa (NDUFA5), nuclear gene encoding mitochondrial protein

NDUFA6 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6

NDUFA7 Homo sapiens NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7, 14.5kDa (NDUFA7)

NDUFA8 Homo sapiens NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8, 19kDa (NDUFA8), nuclear gene encoding mitochondrial protein

NDUFA9 Homo sapiens NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9, 39kDa (NDUFA9)

NDUFAB1 Homo sapiens NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1, 8kDa (NDUFAB1)

NDUFB1 Homo sapiens NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 1, 7kDa (NDUFB1)

NDUFB10 Homo sapiens NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10, 22kDa (NDUFB10)

NDUFB2 Homo sapiens NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2, 8kDa (NDUFB2), nuclear gene encoding mitochondrial protein

NDUFB3 Homo sapiens NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 3, 12kDa (NDUFB3)

NDUFB4 Homo sapiens NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 4, 15kDa (NDUFB4), nuclear gene encoding mitochondrial protein

NDUFB5 Homo sapiens NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5, 16kDa (NDUFB5), nuclear gene encoding mitochondrial protein

NDUFB6
Homo sapiens NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6, 17kDa (NDUFB6), 

nuclear gene encoding mitochondrial protein, transcript variant 1

NDUFB7 Homo sapiens NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7, 18kDa (NDUFB7), nuclear gene encoding mitochondrial protein

NDUFB8 Homo sapiens NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 8, 19kDa (NDUFB8)

NDUFB9 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9

NDUFC1 Homo sapiens NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 1, 6kDa (NDUFC1)

NDUFC2 Homo sapiens NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2, 14.5kDa (NDUFC2)

NDUFC2-KCTD14NDUFC2-KCTD14 readthrough

NDUFS1
Homo sapiens NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75kDa (NADH-coenzyme Q reductase) (NDUFS1), 

nuclear gene encoding mitochondrial protein

NDUFS2 Homo sapiens NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa (NADH-coenzyme Q reductase) (NDUFS2)

NDUFS3 Homo sapiens NADH dehydrogenase (ubiquinone) Fe-S protein 3, 30kDa (NADH-coenzyme Q reductase) (NDUFS3)

NDUFS4 Homo sapiens NADH dehydrogenase (ubiquinone) Fe-S protein 4, 18kDa (NADH-coenzyme Q reductase) (NDUFS4)

NDUFS5 Homo sapiens NADH dehydrogenase (ubiquinone) Fe-S protein 5, 15kDa (NADH-coenzyme Q reductase) (NDUFS5)

NDUFS6 Homo sapiens NADH dehydrogenase (ubiquinone) Fe-S protein 6, 13kDa (NADH-coenzyme Q reductase) (NDUFS6)

NDUFS7 Homo sapiens NADH dehydrogenase (ubiquinone) Fe-S protein 7, 20kDa (NADH-coenzyme Q reductase) (NDUFS7)

NDUFS8 Homo sapiens NADH dehydrogenase (ubiquinone) Fe-S protein 8, 23kDa (NADH-coenzyme Q reductase) (NDUFS8)

NDUFV1 Homo sapiens NADH dehydrogenase (ubiquinone) flavoprotein 1, 51kDa (NDUFV1)

NDUFV2 Homo sapiens NADH dehydrogenase (ubiquinone) flavoprotein 2, 24kDa (NDUFV2)

NDUFV3
Homo sapiens NADH dehydrogenase (ubiquinone) flavoprotein 3, 10kDa (NDUFV3), 

nuclear gene encoding mitochondrial protein, transcript variant 2

SDHC
Homo sapiens succinate dehydrogenase complex, subunit C, integral membrane protein, 15kDa (SDHC), 

nuclear gene encoding mitochondrial protein, transcript variant 4

TAZ Homo sapiens tafazzin (cardiomyopathy, dilated 3A (X-linked); endocardial fibroelastosis 2; Barth syndrome) (TAZ), transcript variant 2

UQCC2 ubiquinol-cytochrome c reductase complex assembly factor 2

UQCR10 ubiquinol-cytochrome c reductase, complex III subunit X

UQCRB Homo sapiens ubiquinol-cytochrome c reductase binding protein (UQCRB)

UQCRC1 Homo sapiens ubiquinol-cytochrome c reductase core protein I (UQCRC1)

UQCRC2 Homo sapiens ubiquinol-cytochrome c reductase core protein II (UQCRC2)

UQCRH Homo sapiens ubiquinol-cytochrome c reductase hinge protein (UQCRH)

UQCRHL ubiquinol-cytochrome c reductase hinge protein like  
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Table 29 Genes annotated to glutathione metabolism used to characterise iMSCs. 

Name Descripton

CNDP2 Homo sapiens CNDP dipeptidase 2 (metallopeptidase M20 family) (CNDP2)

GCLC Homo sapiens glutamate-cysteine ligase, catalytic subunit (GCLC)

GCLM Homo sapiens glutamate-cysteine ligase, modifier subunit (GCLM)

GGCT Homo sapiens gamma-glutamyl cyclotransferase (GGCT)

GGT1 Homo sapiens gamma-glutamyltransferase 1 (GGT1), transcript variant 1

GGT2 gamma-glutamyltransferase 2

GSS Homo sapiens glutathione synthetase (GSS)

HAGH
Homo sapiens hydroxyacylglutathione hydrolase (HAGH), 

nuclear gene encoding mitochondrial protein, transcript variant 1

HAGHL Homo sapiens hydroxyacylglutathione hydrolase-like (HAGHL), transcript variant 2

MGST2 Homo sapiens microsomal glutathione S-transferase 2 (MGST2)

OPLAH Homo sapiens 5-oxoprolinase (ATP-hydrolysing) (OPLAH)  

 

Table 30 Genes annotated to regulation of glycolysis used to characterise iMSCs. 

Name Descripton

ALDOA Homo sapiens aldolase A, fructose-bisphosphate (ALDOA), transcript variant 2

ALDOB Homo sapiens aldolase B, fructose-bisphosphate (ALDOB)

ALDOC Homo sapiens aldolase C, fructose-bisphosphate (ALDOC)

ENO1 Homo sapiens enolase 1, (alpha) (ENO1)

ENO2 Homo sapiens enolase 2 (gamma, neuronal) (ENO2)

ENO3 Homo sapiens enolase 3 (beta, muscle) (ENO3), transcript variant 1

GAPDH Homo sapiens glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

GAPDHS Homo sapiens glyceraldehyde-3-phosphate dehydrogenase, spermatogenic (GAPDHS)

GCK Homo sapiens glucokinase (hexokinase 4) (GCK), transcript variant 3

GPI Homo sapiens glucose phosphate isomerase (GPI)

HK1 Homo sapiens hexokinase 1 (HK1), nuclear gene encoding mitochondrial protein, transcript variant 5

HK2 Homo sapiens hexokinase 2 (HK2)

HK3 Homo sapiens hexokinase 3 (white cell) (HK3), nuclear gene encoding mitochondrial protein

PFKFB1 Homo sapiens 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1 (PFKFB1)

PFKFB2 Homo sapiens 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (PFKFB2), transcript variant 1

PFKFB3 Homo sapiens 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3)

PFKFB4 Homo sapiens 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 (PFKFB4)

PFKL Homo sapiens phosphofructokinase, liver (PFKL), transcript variant 2

PFKM Homo sapiens phosphofructokinase, muscle (PFKM)

PFKP Homo sapiens phosphofructokinase, platelet (PFKP)

PGAM1 Homo sapiens phosphoglycerate mutase 1 (brain) (PGAM1)

PGAM2 Homo sapiens phosphoglycerate mutase 2 (muscle) (PGAM2)

PGK1 Homo sapiens phosphoglycerate kinase 1 (PGK1)

PKLR
Homo sapiens pyruvate kinase, liver and RBC (PKLR), 

nuclear gene encoding mitochondrial protein, transcript variant 2

PPP2R5D
Homo sapiens protein phosphatase 2, 

regulatory subunit B', delta isoform (PPP2R5D), transcript variant 2

TPI1 Homo sapiens triosephosphate isomerase 1 (TPI1)  
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Table 31 Genes annotated to insulin-signalling used to characterise iMSCs.  

Name Descripton

AKT2 Homo sapiens v-akt murine thymoma viral oncogene homolog 2 (AKT2)

APPL1
Homo sapiens adaptor protein, phosphotyrosine interaction, 

PH domain and leucine zipper containing 1 (APPL1)

DOK1 Homo sapiens docking protein 1, 62kDa (downstream of tyrosine kinase 1) (DOK1)

FGF16 Homo sapiens fibroblast growth factor 16 (FGF16)

FGF17 Homo sapiens fibroblast growth factor 17 (FGF17)

FGF18 Homo sapiens fibroblast growth factor 18 (FGF18)

FGF2 Homo sapiens fibroblast growth factor 2 (basic) (FGF2)

FGF20 Homo sapiens fibroblast growth factor 20 (FGF20)

FGF3
Homo sapiens fibroblast growth factor 3 (murine mammary tumor virus integration site (v-int-2) 

oncogene homolog) (FGF3)

FGF4
Homo sapiens fibroblast growth factor 4 (heparin secretory transforming protein 1, 

Kaposi sarcoma oncogene) (FGF4)

FGF6 Homo sapiens fibroblast growth factor 6 (FGF6)

FGF7 Homo sapiens fibroblast growth factor 7 (keratinocyte growth factor) (FGF7)

FGF9 Homo sapiens fibroblast growth factor 9 (glia-activating factor) (FGF9)

HRAS Homo sapiens v-Ha-ras Harvey rat sarcoma viral oncogene homolog (HRAS), transcript variant 1

IGF1R Homo sapiens insulin-like growth factor 1 receptor (IGF1R)

IL1B Homo sapiens interleukin 1, beta (IL1B)

IRS1 Homo sapiens insulin receptor substrate 1 (IRS1)

IRS2 Homo sapiens insulin receptor substrate 2 (IRS2)

IRS4 Homo sapiens insulin receptor substrate 4 (IRS4)

MAP2K1 Homo sapiens mitogen-activated protein kinase kinase 1 (MAP2K1)

MAPK1 Homo sapiens mitogen-activated protein kinase 1 (MAPK1), transcript variant 2

MTOR mechanistic target of rapamycin (serine/threonine kinase)

NAMPT Homo sapiens nicotinamide phosphoribosyltransferase (NAMPT)

OGT
Homo sapiens O-linked N-acetylglucosamine (GlcNAc) transferase 

(UDP-N-acetylglucosamine:polypeptide-N-acetylglucosaminyl transferase) (OGT), transcript variant 1

PIK3CB Homo sapiens phosphoinositide-3-kinase, catalytic, beta polypeptide (PIK3CB)

PRKAA1 Homo sapiens protein kinase, AMP-activated, alpha 1 catalytic subunit (PRKAA1), transcript variant 2

PRKAA2 Homo sapiens protein kinase, AMP-activated, alpha 2 catalytic subunit (PRKAA2)

PRKAB1 Homo sapiens protein kinase, AMP-activated, beta 1 non-catalytic subunit (PRKAB1)

PRKAB2 Homo sapiens protein kinase, AMP-activated, beta 2 non-catalytic subunit (PRKAB2)

PRKAG1 Homo sapiens protein kinase, AMP-activated, gamma 1 non-catalytic subunit (PRKAG1), transcript variant 2

PRKCB protein kinase C, beta

PRKCD Homo sapiens protein kinase C, delta (PRKCD), transcript variant 1

PRKCZ Homo sapiens protein kinase C, zeta (PRKCZ), transcript variant 1

RAF1 Homo sapiens v-raf-1 murine leukemia viral oncogene homolog 1 (RAF1)

RHEB Homo sapiens Ras homolog enriched in brain (RHEB)

RPS6KB1 Homo sapiens ribosomal protein S6 kinase, 70kDa, polypeptide 1 (RPS6KB1)

SH2B2 Homo sapiens SH2B adaptor protein 2 (SH2B2)

SOS1 Homo sapiens son of sevenless homolog 1 (Drosophila) (SOS1)  
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