
 
1 

 

Aus dem Institut für Humangenetik 

Theoretische Medizin und Biowissenschaften 

der Medizinischen Fakultät 

der Universität des Saarlandes, Homburg/Saar 

 

 

 

Expressions- und Replikationsanalyse in differenzierenden menschlichen 

Stammzellen 

(Expression and replication analysis in differentiating human stem cells) 

 

 

Dissertation zur Erlangung des Grades eines Doktors der Naturwissenschaften 

der Medizinischen Fakultät 

der UNIVERSITÄT DES SAARLANDES 

2023 

 

 

 

 

 

 

 

 

vorgelegt von Marie Minet 

geb. am: 04.04.1992 in Angers (Frankreich) 

 



 
2 

 

Table of content 

Tables and figures list ..................................................................................................... 5 

Abbreviation list ............................................................................................................. 12 

1. Summary ............................................................................................................... 19 

Zusammenfassung ....................................................................................................... 21 

2. Introduction ............................................................................................................ 23 

2.1. History of gene amplification ........................................................................... 23 

2.2. Regulation of gene expression by microRNAs ................................................ 24 

2.3. Stem cells ....................................................................................................... 26 

2.3.1. Stem cell differentiation ............................................................................ 26 

2.3.2. Role of miRNAs in stem cells ................................................................... 29 

2.4. The DNA replication process .......................................................................... 32 

2.4.1. Origins of replication ................................................................................ 32 

2.4.2. The replication process ............................................................................ 35 

2.4.3. Regulation of replication & replication stress ............................................ 37 

2.5. Models for gene amplification ......................................................................... 39 

2.5.1. The BFB model ........................................................................................ 39 

2.5.2. The DRCR model .................................................................................... 39 

2.5.3. The FoSTeS model .................................................................................. 40 

2.5.4. The re-replication model .......................................................................... 40 

2.6. Motivation & goals........................................................................................... 42 

3. Materials and methods ........................................................................................... 43 

3.1. Materials ......................................................................................................... 43 

3.1.1. Chemicals and reagents .......................................................................... 43 

3.1.2. Buffer and solution recipes....................................................................... 44 

3.1.3. Thymidine analogs ................................................................................... 46 

3.1.4. Stem cells ................................................................................................ 47 

3.1.5. Laboratory equipment .............................................................................. 48 

3.1.6. Other materials ........................................................................................ 50 



 
3 

 

3.1.7. Software, and in silico tools ...................................................................... 52 

3.2. Methods .......................................................................................................... 53 

3.2.1. Human stem cell culture ........................................................................... 53 

3.2.2. RNA isolation ........................................................................................... 53 

3.2.3. Microarray high-throughput expression analysis ...................................... 54 

3.2.4. Differentiation assay ................................................................................. 54 

3.2.5. Treatment with thymidine analogs ............................................................ 55 

3.2.6. DNA fiber preparation for molecular combing ........................................... 56 

3.2.7. Molecular combing ................................................................................... 57 

3.2.8. YOYOTM-1 staining ................................................................................... 57 

3.2.9. Staining of thymidine analogs .................................................................. 58 

3.2.10. Confocal fluorescence microscopy ........................................................... 59 

3.2.11. Bioinformatic-based methods ................................................................... 59 

4. Results ................................................................................................................... 61 

4.1. miRNome and transcriptome profiling by microarrays ..................................... 61 

4.1.1. Detected RNAs ........................................................................................ 61 

4.1.2. Deregulated RNAs ................................................................................... 64 

4.1.3. Cluster analysis ........................................................................................ 67 

4.1.4. Comparison of enriched pathways ........................................................... 75 

4.1.5. Greatest increase or decrease in expression ........................................... 80 

4.1.6. Correlations between miRNome and transcriptome ................................. 86 

4.1.7. Hints of the adipogenesis-osteogenesis balance .................................... 106 

4.1.8. Investigation of miRNAs important for embryonic stem cells .................. 110 

4.1.9. The miR-29 family .................................................................................. 114 

4.2. Re-replication ................................................................................................ 127 

4.2.1. Preliminary work .................................................................................... 127 

4.2.2. Qualitative analysis in differentiating HSkMs .......................................... 130 

4.2.3. Quantitative analysis in differentiating HSkMs ........................................ 133 

4.2.4. Quantitative analysis in hMSCs undergoing chondrogenesis ................. 146 



 
4 

 

5. Discussion ........................................................................................................... 151 

5.1. Goals ............................................................................................................ 153 

5.2. Methods used ............................................................................................... 153 

5.3. Major findings ............................................................................................... 155 

5.4. Interpretation of the findings .......................................................................... 156 

5.4.1. Transcriptome and miRNome analysis during early differentiation of hMSC, 

hNSC, and HSkM ................................................................................................. 156 

5.4.2. Re-replication analysis during HSkM and hMSC early differentiation ..... 167 

5.5. Strengths and limitations of this work ............................................................ 170 

5.6. Future directions ........................................................................................... 172 

5.6.1. miRNome and transcriptome profiling .................................................... 172 

5.6.2. Re-replication timing .............................................................................. 173 

5.6.3. Applications, recommendations, implications ......................................... 174 

6. Bibliography ......................................................................................................... 176 

7. Appendices .......................................................................................................... 223 

8. Publication list ...................................................................................................... 247 

9. Acknowledgments ................................................................................................ 248 

10. Curriculum vitae ............................................................................................... 249 

 

  



 
5 

 

Tables and figures list 

Table 3.1: Overview of all chemicals and reagents used in the present work. 

Table 3.2: Overview of all buffers and solutions used in the present work, and of their 

respective recipes. 

Table 3.3: Overview of all thymidine analogs used in the present work. 

Table 3.4: Overview of all stem cells used in the present work. 

Table 3.5: Overview of all cell culture media and supplements used in the present work. 

Table 3.6: Overview of all laboratory equipment used in the present work. 

Table 3.7: Overview of other materials used in the present work. 

Table 3.8: Overview of all software and in silico tools used in the present work, and of their 

respective developers or websites. 

Table 4.1: Enriched pathways shared by both members of a miRNA-gene cluster pair with 

seemingly anti-correlated patterns of expression for at least a portion of the timeframe 

studied. 

Table 4.2: Cluster membership of the members of the hsa-miR-29 family. 

Table 4.3: Frequency of thymidine analog incorporation in proliferating or differentiating 

HSkM cells. 

Table 4.4: Numbers of the total, reviewed, validated regions of interest (ROIs) and 

percentage of discarded ROIs for each hMSC proliferation or chondrogenesis assay. 

Table 7.1: Cluster pairs considered for the overlap analysis. 

Table 7.2: miRNA and gene cluster pairs considered for the pathway enrichment analysis. 

Table 7.3: List of genes involved in adipogenesis or osteogenesis according to the 

literature. 

Table 7.4: List of miRNAs enriched in embryonic stem cells or involved in the regulation of 

their transcriptome according to the literature. 

 

  



 
6 

 

Figure 2.1: Replication timing domains. 

Figure 3.1: Schematic of thymidine analog treatment for cells differentiated for 4 h prior to 

pulse labeling. 

Figure 3.2: Schematic of the process of obtaining combed DNA fibers, from cell culture to 

molecular combing. 

Figure 4.1: Detection levels of miRNAs. 

Figure 4.2: Detection levels of mRNAs. 

Figure 4.3: Total numbers of deregulated miRNAs and transcripts. 

Figure 4.4: Time-resolved numbers of deregulated miRNAs and transcripts. 

Figure 4.5: Overlaps of deregulated miRNAs and transcripts. 

Figure 4.6: Determination of the number of clusters. 

Figure 4.7: Clusters of patterns of expression of deregulated miRNAs, in each 

differentiation assay. 

Figure 4.8: Clusters of patterns of expression of deregulated genes, in each differentiation 

assay. 

Figure 4.9: Boxplots showing the percentages of overlap between clusters selected for 

their pattern similarities or randomly selected clusters (control), in pairs, in pairs belonging 

to trios, or in three clusters. 

Figure 4.10: The 10 miRNAs that showed the strongest decrease in expression across all 

time points in the hMSC adipogenesis, chondrogenesis, osteogenesis, hNSC, or HSkM 

differentiation assay. 

Figure 4.11: The 10 miRNAs that showed the greatest increase across all time points in 

the hMSC adipogenesis, chondrogenesis, osteogenesis, hNSC, or HSkM differentiation 

assay. 

Figure 4.12: The 10 genes that showed the strongest decrease in expression across all 

time points in the hMSC adipogenesis, chondrogenesis, osteogenesis, hNSC, or HSkM 

differentiation assay. 

Figure 4.13: The 10 genes that showed the greatest increase across all time points in the 

hMSC adipogenesis, chondrogenesis, osteogenesis, hNSC, or HSkM differentiation 

assay. 



 
7 

 

Figure 4.14: Network of interactions between gene clusters and miRNA clusters of the 

hMSC adipogenesis assay, normalized by the size of the miRNA cluster. 

Figure 4.15: Network of interactions between gene clusters and miRNA clusters of the 

hMSC chondrogenesis assay, normalized by the size of the miRNA cluster. 

Figure 4.16: Network of interactions between gene clusters and miRNA clusters of the 

hMSC osteogenesis assay, normalized by the size of the miRNA cluster. 

Figure 4.17: Network of interactions between gene clusters and miRNA clusters of the 

hNSC differentiation assay, normalized by the size of the miRNA cluster. 

Figure 4.18: Network of interactions between gene clusters and miRNA clusters of the 

HSkM differentiation assay, normalized by the size of the miRNA cluster. 

Figure 4.19: Interaction networks between the ten miRNAs with the strongest increase or 

decrease in expression in the hMSC adipogenesis assay and their targets. 

Figure 4.20: Interaction network between genes in the top 100 increased or decreased 

expression in the hMSC adipogenesis assay and the miRNAs that target them. 

Figure 4.21: Interaction networks between the ten miRNAs with the strongest increase or 

decrease in expression in the hMSC chondrogenesis assay and their targets. 

Figure 4.22: Interaction network between genes in the top 100 increased or decreased 

expression in the hMSC chondrogenesis assay and the miRNAs that target them. 

Figure 4.23: Interaction networks between the ten miRNAs with the strongest increase or 

decrease in expression in the hMSC osteogenesis assay and their targets. 

Figure 4.24: Interaction network between genes in the top 100 increased or decreased 

expression in the hMSC osteogenesis assay and the miRNAs that target them. 

Figure 4.25: Interaction networks between the ten miRNAs with the strongest increase or 

decrease in expression in the hNSC differentiation assay and their targets. 

Figure 4.26: Interaction network between genes in the top 100 increased or decreased 

expression in the hNSC differentiation assay and the miRNAs that target them. 

Figure 4.27: Interaction networks between the ten miRNAs with the strongest increase or 

decrease in expression in the hNSC differentiation assay and their targets. 

Figure 4.28: Interaction network between genes in the top 100 increased or decreased 

expression in the hNSC differentiation assay and the miRNAs that target them. 



 
8 

 

Figure 4.29: Selected time-resolved gene expression relative to 0 h for genes known to 

promote adipogenesis, in the hMSC adipogenesis assay. 

Figure 4.30: Selected time-resolved gene expression relative to 0 h for genes known to 

inhibit adipogenesis, in the hMSC adipogenesis assay. 

Figure 4.31: Selected time-resolved gene expression relative to 0 h for genes known to 

promote osteogenesis, in the hMSC osteogenesis assay. 

Figure 4.32: Selected time-resolved gene expression relative to 0 h for genes known to 

inhibit osteogenesis, in the hMSC osteogenesis assay. 

Figure 4.33: Heatmaps of the normalized expression levels of miRNAs known to be 

important in embryonic stem cells in the hMSC adipogenesis, chondrogenesis, 

osteogenesis, hNSC, and HSkM differentiation assays. 

Figure 4.34: Cluster membership of targets of hsa-miR-29 family members. 

Figure 4.35: Enrichment of biological pathways in miRNA cluster 2 and gene clusters 

enriched in hsa-miR-29 family targets in the hMSC adipogenesis assay. 

Figure 4.36: Enrichment of biological pathways in miRNA cluster 2 and gene clusters 

enriched in hsa-miR-29 family targets in the hMSC chondrogenesis assay. 

Figure 4.37: Enrichment of biological pathways in miRNA cluster 6 and gene clusters 

enriched in hsa-miR-29 family targets in the hMSC osteogenesis assay. 

Figure 4.38: Enrichment of biological pathways in miRNA cluster 3 and gene clusters 

enriched in hsa-miR-29 family targets in the hNSC differentiation assay. 

Figure 4.39: Enrichment of biological pathways in the miRNA cluster that comprises hsa-

miR-29b-1-5p (cluster 2) and gene clusters enriched in hsa-miR-29b-1-5p targets in the 

HSkM differentiation assay. 

Figure 4.40: Enrichment of biological pathways in miRNA cluster 4 and gene clusters 

enriched in hsa-miR-29 family targets in the HSkM differentiation assay. 

Figure 4.41: Venn diagram of the distribution of mirDIP predicted targets of hsa-miR-29 

family members. 

Figure 4.42: Distribution of enriched pathways from the set of 94 mRNAs predicted to be 

targeted by all members of the hsa-miR-29 family. 

Figure 4.43: Selected time-resolved boxplots of the expression levels of members of the 

mmu-miR-29 family in various organs or tissues (Tabula Muris Senis). 



 
9 

 

Figure 4.44: Examples of tracts obtained with thymidine analogs and molecular combing 

in HSkM cells. 

Figure 4.45: Two representative examples of YOYO-1 staining on DNA fibers from the 

HSkM 4 h differentiation assay, prepared with molecular combing. 

Figure 4.46: Representative images of DNA fibers obtained by molecular combing, 

containing one type of thymidine analog but stained for both. 

Figure 4.47: Schematic of the EdU and CldU pulse treatments, started at eight different 

time points, ranging from 0 h to 7 h after differentiation induction in HSkM cells. 

Figure 4.48: Representative images from time points 0 h, 1 h, and 7 h of the HSkM 

differentiation assay. 

Figure 4.49: Representative images from time points 2 h, and 6 h of the HSkM 

differentiation assay. 

Figure 4.50: Representative images from the 4 h time point of the HSkM differentiation 

assay. 

Figure 4.51: Example of a scanned coverslip as displayed in the FiberStudio® online tool. 

Figure 4.52: Examples of FiberStudio® images of discarded regions of interest (ROIs). 

Figure 4.53: Representative images of normal replication events as seen in FiberStudio®. 

Figure 4.54: Schematic of the thymidine analog pulse treatments in HSkM cells, started 

at four different time points. 

Figure 4.55: Representative images of combed fibers from the HSkM 4 h differentiation 

assay as seen in FiberStudio®. 

Figure 4.56: Representative examples of combed fibers exhibiting overlaps of red and 

green tracts in the HSkM 1 h differentiation assay. 

Figure 4.57: Representative examples of combed fibers exhibiting overlaps of red and 

green tracts in the HSkM 4 h differentiation assay. 

Figure 4.58: Representative examples of combed fibers exhibiting overlaps of red and 

green tracts in the HSkM 6 h differentiation assay. 

Figure 4.59: Representative examples of combed fibers exhibiting overlaps of red and 

green tracts in the HSkM 4 h proliferation assay. 



 
10 

 

Figure 4.60: Quantitative distribution of thymidine analogs incorporation during HSkM 

proliferation and differentiation assays. 

Figure 4.61: Quantitative distribution of thymidine analogs incorporation during the hMSC 

proliferation and chondrogenesis assays. 

Figure 4.62: Representative examples of combed fibers in the hMSC 0 h proliferation, or 

0 h, 4 h, 6 h chondrogenesis assay. 

Figure 5.1: Summary of the methods and analyses used in this work. 

Figure 7.1: Networks of interactions between gene clusters and miRNA clusters of the 

hMSC adipogenesis assay. 

Figure 7.2: Networks of interactions between gene clusters and miRNA clusters of the 

hMSC chondrogenesis assay. 

Figure 7.3: Networks of interactions between gene clusters and miRNA clusters of the 

hMSC osteogenesis assay. 

Figure 7.4: Networks of interactions between gene clusters and miRNA clusters of the 

hNSC differentiation assay. 

Figure 7.5: Networks of interactions between gene clusters and miRNA clusters of the 

HSKM differentiation assay. 

Figure 7.6: Time-resolved gene expression relative to 0 h for genes known to promote 

adipogenesis, in the hMSC adipogenesis assay. 

Figure 7.7: Time-resolved gene expression relative to 0 h for genes known to inhibit 

adipogenesis, in the hMSC adipogenesis assay. 

Figure 7.8: Time-resolved gene expression relative to 0 h for genes known to promote 

osteogenesis, in the hMSC osteogenesis assay. 

Figure 7.9: Time-resolved gene expression relative to 0 h for genes known to inhibit 

osteogenesis, in the hMSC osteogenesis assay. 

Figure 7.10: Time-resolved boxplots of the expression levels of members of the mmu-miR-

29 family in the brain, bone, skeletal muscle, brown adipose tissue, gonadal adipose 

tissue, marrow adipose tissue, and subcutaneous adipose tissue (Tabula Muris Senis). 

Figure 7.11: Heatmaps of the scaled and normalized expression levels of miRNAs known 

to be important in embryonic stem cells in the hMSC adipogenesis, chondrogenesis, 

osteogenesis, hNSC, and HSkM differentiation assays. 



 
11 

 

Figure 7.12: Heatmaps of the normalized expression levels of miRNAs known to be 

important in embryonic stem cells and found to be deregulated in the hMSC adipogenesis, 

chondrogenesis, osteogenesis, hNSC, and HSkM differentiation assays. 

Figure 7.13: Heatmaps of the scaled and normalized expression levels of miRNAs known 

to be important in embryonic stem cells and found to be deregulated in the hMSC 

adipogenesis, chondrogenesis, osteogenesis, hNSC, and HSkM differentiation assays. 

  



 
12 

 

Abbreviation list 

Abbreviation Meaning 

°C degree Celsius 

µg microgram 

µl microliter 

µm micrometer 

µM micromolar 

ABCC3 ATP binding cassette subfamily C member 3 

ADAMTS9 ADAM metallopeptidase with thrombospondin type 1 motif 9 

ADIPOQ adiponectin, C1Q and collagen domain containing 

AKT1 serine/threonine kinase 1 

AKT2 serine/threonine kinase 2 

alpha-MHC myosin heavy chain 6 

AMPD2  adenylate deaminase 2 

APC anaphase-promoting complex 

ATM Ataxia telangiectasia mutated 

ATP adenosine triphosphate 

ATR Ataxia telangiectasia and Rad3-related protein 

BAT brown adipose tissue 

beta-MHC myosin heavy chain 7 

BFB breakage-fusion-bridge 

bFGF basic fibroblast growth factor 

bHLH basic helix–loop–helix 

BMP bone morphogenetic protein 

BMP2 bone morphogenetic protein 2 

BMP4 bone morphogenetic protein 4 

BMPR1A bone morphogenetic protein receptor type 1A 

BrdU bromodeoxyuridine 

C/EBPA CCAAT-enhancer-binding protein alpha 

Ca calcium 

CCN5 cellular communication network factor 5 

CD105 ENG, endoglin 

CD11b ITGAM, integrin alpha M 

CD13 ANPEP, alanyl aminopeptidase 

CD14 CD14 molecule 

CD19 CD19 molecule 

CD235a GYPA, glycophorin A 

CD29 ITGB1, integrin subunit beta 1 

CD31 PECAM1, platelet and endothelial cell adhesion molecule 1 

CD34 CD34 molecule 

CD36 CD36 molecule 

CD44 CD44 molecule 

CD45 PTPRC, protein tyrosine phosphatase receptor type C 

CD73 NT5E, 5'-nucleotidase ecto 

CD79a CD79a molecule 

CD90 THY1, Thy-1 cell surface antigen 



 
13 

 

CDC20 cell division cycle 20 

CDC45 cell division cycle 45 

CDC6 cell division cycle 6 

CDC7 cell division cycle 7 

CDH1 cadherin 1 

CDK cyclin-dependent kinase 

CDK1 cyclin-dependent kinase 1 

CDK2 cyclin-dependent t kinase 2 

CDK3 cyclin-dependent kinase 3 

CDK4 cyclin-dependent kinase 4 

CDK7 cyclin-dependent kinase 7 

cDNA complementary DNA 

CDT1 chromatin licensing and DNA replication factor 1 

CDT2 DTL, denticleless E3 ubiquitin protein ligase homolog 

CFD adipsin 

CHEK2 CHK2, checkpoint kinase 2 

CldU 5-chloro-2'-deoxyuridine 

cm2 square centimeter 

c-MYC MYC proto-oncogene, BHLH transcription factor 

CNGB1 cyclic nucleotide gated channel subunit beta 1 

CNV copy number variation 

CO2 carbon dioxide 

cRNA complementary RNA 

CST CTC1-STN1-TEN1 

CTC1 CST telomere replication complex component 1 

CTNNB1 beta-catenin, catenin beta 1 

CUL4 cullin  4 

CXCL12 C-X-C motif chemokine ligand 12 

DAPI 4′,6-diamidino-2-phenylindole 

DCX doublecortin  

DDB1 damage specific DNA binding protein 1 

ddH2O double-distilled water 

DFB4 DumbBell Former 

DGCR8 DiGeorge Syndrome Critical Region 8 

DKK1 Dickkopf-related protein 1 

DKK2 Dickkopf-related protein 2 

DKK3 Dickkopf-related protein 3 

DKK4 Dickkopf-related protein 4 

DM double minute 

DMEM Dulbecco's Modified Eagle Medium 

DNA desoxyribonucleic acid 

DNA2 DNA replication helicase/nuclease 2 

DONSON downstream neighbor of SON 

DPBS Dulbecco's phosphate-buffered saline 

DRCR double rolling-circle replication  

DSB double-strand break 

eccDNA extrachromosomal circular DNA 



 
14 

 

ECM extracellular matrix 

EDTA ethylenediaminetetraacetic acid 

EdU 5-ethynyl-2′-deoxyuridine 

EFNA2 ephrin A2 

EGF epidermal growth factor 

ERK MAPK1, mitogen-activated protein kinase 1 

ESC embryonal stem cell 

ESP EDTA-N-lauroylsarcosine sodium salt - proteinase K buffer 

et al. et alii; and colleagues 

FAM20A FAM20A Golgi associated secretory pathway pseudokinase 

FC fold change 

FCS fetal calf serum 

FEN1 Flap endonuclease 1  

FOSB FosB proto-oncogene, AP-1 transcription factor subunit 

FoSTeS replication fork stalling and template switching  

FOXA2 Forkhead box A2 

FOXO1A Forkhead box O1A 

FOXO3A Forkhead box O3A 

FRMD4A FERM domain containing 4A 

g gram 

G1 phase gap or growth 1 phase 

G2 phase gap or growth 2 phase 

GALC galatosylceramidase  

GAT gonadal adipose tissue 

GEO Gene Expression Omnibus 

GFAP glial fibrillar acidic protein  

GINS GINS protein complex, go-ichi-ni-san 

GLI1 GLI family zinc finger 1 

GLI2 GLI family zinc finger 2 

GLI3 GLI family zinc finger 3 

GMNN geminin 

GO Gene Ontology 

GSK3 glycogen synthase kinase 3 

h hour 

H3K79me2  dimethylation of lysine 79 on histone H3 protein subunit 

H4 histone 4 

HBO1 histone acetyltransferase binding to ORC1 

HH hedgehog 

HIVEP2 HIVEP zinc finger 2 

HLA human leukocyte antigen 

HLA-DR human leukocyte antigen - DR isotype 

hMSC human mesenchymal stem cell 

hNSC human neural stem cell 

HSC70 heat shock cognate 71 

HSkM human skeletal myoblast 

HSP90 heat shock protein 90 

HSR homogeneously staining region 

HUS1 HUS1 checkpoint clamp component 



 
15 

 

i.e. id est, that is 

IdU 2'-deoxy-5-iodouridine 

IER3 immediate early response 3 

IGF1 insulin like growth factor 1 

IGF1R insulin like growth factor 1 receptor 

IGFBP2 insulin like growth factor binding protein 2 

IGFBP4 insulin like growth factor binding protein 4 

IgG immunoglobulin 

iPSC induced pluripotent stem cell 

JUN Jun proto-oncogene, AP-1 transcription factor subunit 

kb kilobase 

KCl potassium chloride 

KEGG Kyoto encyclopedia of genes and genomes 

KH2PO4 monopotassium phosphate 

l liter 

LAD lamin-associated domain 

LEP leptin 

LIG1 DNA ligase 1 

LMP low melting point 

LPL lipoprotein lipase 

LSM4 LSM4 homolog, U6 small nuclear RNA and mRNA degradation associated 

M molar 

M phase mitotic phase 

MAP2 microtubule-associated protein 2 

MAPK1 mitogen-activated protein kinase 1 

MAT marrow adipose tissue 

Mb megabase 

MCM10 minichromosome maintenance 10 

MCM2-7 minichromosome maintenance protein complex 

MDM2 MDM2 proto-oncogene 

MES 2-ethanesulfonic acid buffer 

Mg magnesium 

miEAA miRNA enrichment analysis and annotation 

mirDIP microRNA Data Integration Portal 

miRNA microRNA 

ml milliliter 

mM millimolar 

mm millimeter 

MMP1 matrix metallopeptidase 1 

MMP13 matrix metallopeptidase 13 

MRE miRNA response element 

mRNA messenger RNA 

MSC mesenchymal stem cell 

MSigDB Molecular Signatures Database 

MYF5 myogenic factor 5 

MYF6 myogenic factor 6 

MYH7B myosin heavy chain 7B 



 
16 

 

MYOD1 myogenic differentiation 1 

MYOG myogenin 

n number 

NA not applicable 

Na2HPO4 disodium phosphate 

NaCl sodium chloride 

NADPH reduced nicotinamide adenine dinucleotide phosphate 

NAHR non-allelic homologous recombination 

NANOG Nanog homeobox 

ncRNA non-coding RNA 

NEF neurofilament 

ng nanogram 

nm nanometer 

nM nanomolar 

NOG noggin 

NOX1 NADPH oxidase 1 

NPTX1 neuronal pentraxin 1 

NSC neural stem cells 

OCT4 POU5F1, POU Class 5 Homeobox 1 

OLIG1 oligodendrocyte transcription factor 1 

OLIG2 oligodendrocyte transcription factor 2 

ORA over-representation analysis 

ORC origin recognition complex 

ORC1 origin recognition complex subunit 1 

ORC2 origin recognition complex subunit 2 

ORC3 origin recognition complex subunit 3 

ORC4 origin recognition complex subunit 4 

ORC5 origin recognition complex subunit 5 

ORC6 origin recognition complex subunit 6 

P penicillin 

p63 tumor protein p63 

PAX6 paired box 6 

PAX7 paired box 7 

PBS phosphate-buffered saline 

PCNA proliferating cell nuclear antigen 

PCSK9 proprotein convertase subtilisin/kexin type 9 

pH potential of hydrogen 

PODXL podocalyxin like 

PPARA peroxisome proliferator activated receptor alpha 

PPARD peroxisome proliferator activated receptor delta 

PPARG peroxisome proliferator activated receptor gamma 

PTCH1 patched 1 

PTK2B protein tyrosine kinase 2 beta 

p-value probability value 

RAD1 RAD1 checkpoint DNA exonuclease 

RAD17 RAD17 checkpoint clamp loader component 

RAD53 RAD53 checkpoint kinase 2 



 
17 

 

RAD9 RAD9 checkpoint clamp component 

RC replication complex 

RFC replication factor C 

RISC RNA-induced silencing complex 

RNA ribonucleic acid 

RNAi RNA interference 

ROI region of interest 

RRIGA re-replication-induced gene amplification 

rRNA ribosomal RNA 

RUNX2 RUNX family transcription factor 2 

RUVC recombination UV C 

RXRA retinoid X receptor alpha 

S streptomycin 

S phase replication phase 

s.d. standard deviation 

S100B S100 calcium-binding protein B  

SCAT subcutaneous adipose tissue 

SCF Skp, Cullin, F-box containing complex 

siRNA small interfering RNA 

SKP2 S-phase kinase-associated protein 1 

SLC39A3 ZIP3, zinc transporter 

SLD2 synthetically lethal with Dpb11-1 2 

SLD3 synthetically lethal with Dpb11-1 3 

SMAD mothers against DPP homolog 

SMAD1 SMAD family member 1 

SMAD5 SMAD family member 5 

SMAD6 SMAD family member 6 

SMAD9 SMAD family member 9 

SNV single-nucleotide variation 

SOX SRY-box transcription factor 

SOX13 SRY-box transcription factor 13 

SOX2 SRY-box transcription factor 2 

SOX5 SRY-box transcription factor 5 

SOX9 SRY-box transcription factor 9 

SPTB spectrin beta, erythrocytic 

SRC SRC proto-oncogene 

STN1 STN1 subunit of CST complex 

TAZ Tafazzin, phospholipid-lysophospholipid transacylase 

TE Tris EDTA solution 

TEN1 TEN1 subunit of CST complex 

TFPI2 tissue factor pathway inhibitor 2 

TGF-beta transforming growth factor beta 

TNS3 tensin 3 

TOPBP1 DNA topoisomerase 2-binding protein 1 

tRNA transfer RNA 

TUBB3 βIII-tubulin 

U unit 

UTR untranslated region 



 
18 

 

vs. versus 

WNT wingless-type MMTV integration site family 

WNT1 Wnt Family Member 1 

WNT10B Wnt Family Member 10B 

WNT3A Wnt Family Member 3A 

 

  



 
19 

 

1. Summary 

Gene amplifications, or additional copies of a specific gene or genomic region, are known 

to occur in cancer cells and to be linked to worse prognosis, probably by aiding them to 

resist chemotherapeutic agents. In the last few years, they have also been described in 

human stem cells. However, the mechanism(s) by which they arise have not been yet 

elucidated, although different models, including re-replication, have been proposed. Re-

replication refers to a replication error characterized by the licensing and subsequent firing 

of an origin of replication after its initial activation. Previous profiling studies usually used 

stem cells that were differentiating for at least one or a few days, leaving a significant gap 

in understanding the molecular events occurring during the crucial early hours of 

differentiation. This thesis investigates the possibility of re-replication happening during 

the early differentiation of human stem cells, as well as their microRNA (miRNA) and 

messenger RNA (mRNA) profiles since miRNAs, small non-coding RNAs, are known to 

play a role in stem cell differentiation. 

To address this research objective, time-resolved approaches were used to capture 

dynamic changes throughout the differentiation process, in five distinct differentiation 

assays: spontaneous differentiation of human neural stem cells and human skeletal 

myoblasts, as well as human mesenchymal stem cells undergoing adipogenesis, 

chondrogenesis, and osteogenesis. The first aspect of this thesis involved the analysis of 

miRNA and mRNA expression profiles using microarray technology, followed by 

bioinformatic analysis to elucidate their functional implications. In the second part, 

molecular combing in conjunction with thymidine analog incorporation was used to 

investigate the occurrence of re-replication events in human mesenchymal stem cells 

undergoing chondrogenesis and in human skeletal myoblasts. 

This work yielded three key results: Firstly, it revealed the involvement of the hsa-miR-29 

family during early stem cell differentiation. Secondly, it highlighted the correlations and 

pathway significance of miRNAs and genes in early stem cell differentiation. Lastly, it 

uncovered the occurrence of re-replication events in differentiating human skeletal 

myoblasts and human mesenchymal stem cells undergoing chondrogenesis. The hsa-

miR-29 family, consisting of four miRNAs, was consistently among the top 10 

downregulated miRNAs across all differentiation assays and predominantly clustered 

together. The targets of these miRNAs were enriched in specific clusters, many of which 

showed increased expression. In particular, pathways related to cell cycle and 

differentiation were enriched across all differentiation assays. Strong correlations were 

observed between specific miRNA clusters and gene clusters in each differentiation assay, 
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with the centroid lines of these clusters often displaying mirroring patterns. Members of 

the hsa-miR-29 family have already been described to influence certain differentiation 

processes, although their exact role and mechanism of regulation are still unclear. 

In spontaneously differentiating skeletal myoblasts, re-replication events were observed 

between the 2 h and 6 h time points while no such events were observed before or after, 

indicating a defined timeframe for re-replication. No re-replication events were observed 

in proliferating human skeletal myoblasts. Re-replication events were also observed in 

differentiating and proliferating human mesenchymal stem cells undergoing 

chondrogenesis at all three time points studied (0 h, 4 h, 6 h). 

Re-replication may be more common than previously thought in healthy human stem cells, 

particularly during differentiation, which may raise concerns about genome stability in 

induced pluripotent stem cells and other stem cells used for stem cell therapies. This 

highlights the need to elucidate the mechanisms of gene amplification formation. 

These findings elucidate novel miRNA-mediated regulation and occurrences of re-

replication during initial stem cell differentiation, raising important questions about their 

roles in cell fate determination and genome stability. Further unraveling the interplay 

between re-replication and stem cell differentiation will be essential for developing safe 

and effective stem cell therapies. 
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Zusammenfassung 

 

Es ist bekannt, dass Genamplifikationen, d.h. zusätzliche Kopien eines bestimmten Gens 

oder einer Genomregion, in Krebszellen vorkommen und mit einer schlechteren Prognose 

assoziiert sind, wahrscheinlich weil sie die Resistenz gegen Chemotherapeutika fördern. 

In den letzten Jahren wurden sie auch in menschlichen Stammzellen beschrieben. Der 

Mechanismus oder die Mechanismen, durch die sie entstehen, sind jedoch noch nicht 

geklärt, obwohl verschiedene Modelle vorgeschlagen wurden, einschließlich der Re-

Replikation. Unter Re-Replikation versteht man einen Replikationsfehler, der durch die 

Lizenzierung und nachfolgende Aktivierung eines Replikationsursprungs nach seiner 

initialen Aktivierung gekennzeichnet ist. Bisherige Studien zur Erstellung von Zellprofilen 

haben in der Regel Stammzellen verwendet, die schon einen Tag oder einige Tage lang 

differenziert wurden, so dass eine erhebliche Lücke im Verständnis der molekularen 

Ereignisse in den entscheidenden frühen Stunden der Differenzierung besteht. In dieser 

Arbeit wird untersucht, ob während der frühen Differenzierung menschlicher Stammzellen 

eine Re-Replikation stattfindet, und es werden die Profile von microRNAs (miRNAs) und 

der messengerRNAs (mRNAs) untersucht, da miRNAs, kleine nicht-kodierende RNAs, 

bekanntermaßen eine Rolle bei der Differenzierung von Stammzellen spielen. 

Um dieses Forschungsziel zu erreichen, wurden zeitaufgelöste Ansätze verwendet, um 

dynamische Veränderungen während des Differenzierungsprozesses in fünf 

Differenzierungsexperimenten zu erfassen: spontane Differenzierung von menschlichen 

neuralen Stammzellen und menschlichen Skelettmyoblasten sowie von menschlichen 

mesenchymalen Stammzellen, die Adipogenese, Chondrogenese und Osteogenese 

durchlaufen. Der erste Teil der Arbeit befasste sich mit der Analyse von miRNA- und 

mRNA-Expressionsprofilen mittels Microarray-Technologie, gefolgt von einer 

bioinformatischen Analyse, zur Klärung ihrer funktionellen Auswirkungen. Im zweiten Teil 

wurde die molekulare Kombination in Verbindung mit dem Einbau von Thymidin-Analoga 

verwendet, um das Auftreten von Re-Replikationsereignissen zu untersuchen. 

Diese Arbeit lieferte drei Schlüsselergebnisse: die Beteiligung der hsa-miR-29-Familie und 

die Korrelation zwischen miRNAs und Genen in der frühen Stammzelldifferenzierung 

sowie das Auftreten von Replikationsereignissen in differenzierenden menschlichen 

Skelettmyoblasten und menschlichen mesenchymalen Stammzellen, die eine 

Chondrogenese durchlaufen. Die hsa-miR-29-Familie, bestehend aus vier miRNAs, 

befand sich bei allen Differenzierungsexperimenten konsistent unter den 10 am stärksten 

herunterregulierten miRNAs und war überwiegend in Clustern organisiert. Die Targets 
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dieser miRNAs waren in spezifischen Clustern angereichert, von denen viele eine erhöhte 

Expression aufwiesen. Insbesondere die mit dem Zellzyklus und der Differenzierung in 

Verbindung stehenden Wege waren über allen Differenzierungsexperimenten 

angereichert. Es wurden starke Korrelationen zwischen spezifischen miRNA-Clustern und 

Genclustern in jedem Differenzierungsexperiment beobachtet, wobei die 

Schwerpunktlinien dieser Cluster oft spiegelbildliche Muster aufwiesen. Es wurde bereits 

beschrieben, dass Mitglieder der hsa-miR-29-Familie bestimmte 

Differenzierungsprozesse beeinflussen, obwohl ihre genaue Rolle und der 

Regulationsmechanismus noch unklar sind. 

In spontan differenzierenden Skelettmyoblasten wurden Re-Replikationsereignisse 

zwischen den Zeitpunkten 2 h und 6 h beobachtet, während davor und danach keine 

derartigen Ereignisse auftraten, was auf einen spezifischen Zeitrahmen für die Re-

Replikation hinweist. In proliferierenden menschlichen Skelettmyoblasten wurden keine 

Re-Replikationsereignisse beobachtet. Re-Replikationsereignisse wurden auch in 

differenzierenden und proliferierenden menschlichen mesenchymalen Stammzellen, die 

eine Chondrogenese durchlaufen, zu allen drei untersuchten Zeitpunkten (0 h, 4 h, 6 h) 

beobachtet. 

Re-Replikation könnte in gesunden menschlichen Stammzellen häufiger auftreten als 

bisher angenommen, insbesondere während der Differenzierung, was Bedenken 

hinsichtlich der Genomstabilität in induzierten pluripotenten Stammzellen und anderen 

Stammzellen, die für Stammzelltherapien verwendet werden, aufwerfen könnte. Dies 

unterstreicht die Notwendigkeit, die Mechanismen der Entstehung von Genamplifikationen 

zu erforschen. 

Diese Ergebnisse liefern Einblicke in die neuartige miRNA-vermittelte Regulation und das 

Auftreten von Replikation während der anfänglichen Stammzelldifferenzierung und werfen 

wichtige Fragen zu ihrer Rolle bei der Bestimmung des Zellschicksals und der 

Genomstabilität auf. Die weitere Entschlüsselung des Zusammenspiels zwischen 

Replikation und Stammzelldifferenzierung wird für die Entwicklung sicherer und wirksamer 

Stammzelltherapien von entscheidender Bedeutung sein. 
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2. Introduction 

2.1. History of gene amplification 

Amplifications are defined as an increase in copy number at a specific and limited genomic 

region, the amplicon. If this region contains genes, it is called a gene amplification. 

 

They were first observed in plants in the 1940s-1950s (maize, Zea mays [376,378]) and a 

few years later in insects (Rhynchosciara angelae/Americana [47], Drosophila 

melanogaster [458], [434,435], and Sciara coprophila [90]). There they appeared to play 

a role in larval development and in salivary glands, which was confirmed in the 1980s 

[419,420,502,503]. A similar developmental role of gene amplifications has been 

described in oocytes of annelids, mollusks, and amphibians (Necturus maculosus, Siredon 

mexicanum, Xenopus laevi, Urechis caupo (echiuroid worm), Spisula solidissima (surf 

clam) [52], Triturus cristatus [353], Ambystoma mexicanum [59], and Xenopus laevi [388]). 

By the 1970s, gene amplifications were known in two forms: genomic homogeneously 

staining regions (HSRs), and double minutes (DMs), which are double-stranded, 

extrachromosomal, paired circular DNA fragments [36,263,490]. Soon thereafter, the 

theory was proposed that these two forms are the two sides of the same coin and that 

DMs can integrate the genome by recombination to become HSRs, while HSRs can be 

derived from the genome to form extrachromosomal DMs [22,49,61]. Around the same 

time, George and Powers demonstrated that DMs and HSRs contain gene amplifications 

[174]. Episomes, genetic elements that combine aspects of plasmids and viral genomes, 

can be precursors for DMs [61]. 

 

Simultaneously, a hypothesis about the function of gene amplification in cultured 

mammalian cells emerged. Indeed, numerous studies reported amplification in rodent cells 

cultured in vitro and the fact that these cells became resistant to drugs 

[7,36,263,466,467,562]. Since the degree of drug resistance was correlated with the 

number of amplifications [7,466], it was soon theorized that gene amplifications were 

responsible for drug resistance in these cells [228,467]. Observations of tumor cells that 

became resistant to chemotherapeutic agents [4,22,49,141,142,399,470,471], or 

radiotherapy [143] confirmed the hypothesis that gene amplifications can be used by cells 

to overexpress genes essential to their survival. 
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One supporting factor for this hypothesis is the preferential occurrence of gene 

amplifications in non-random regions of the genome. Since the 1990s, numerous studies 

have reported the occurrence of gene amplifications at specific loci, both in cultured cells 

and in cancerous cells [8,141–144,146,150,371,399,444,462,463,470]. Several of these 

regions contain proto-oncogenes, like for example CDK4 and MDM2, both in the q13-q15 

regions of the human chromosome 12, which are frequently found amplified in tumors 

[142,145,444]. 

 

In the last decade, gene amplifications have been discovered in mouse and human stem 

cells, both in vitro [8,147,148,150] and in vivo [199,382]. 

In vitro analyses of myoblasts and neural stem cells showed that several of the amplified 

genes correspond to those that are also amplified in tumors [8,141,142,144,147,150]. 

Moreover, the amplification pattern within specific time windows during the differentiation 

of specific stem cell populations suggested that amplification occurs in an orderly 

organized sequence during the differentiation of these cells [151]. 

In vivo, trophoblasts and trophoblast giant cells, which are naturally occurring placental 

cells, have been shown to exhibit polyploidy and other copy number variations 

[89,198,550]. Gene amplification patterns have also been identified in mouse neural stem 

cells and embryos [148,149]. As in insects and amphibians, gene amplifications seemed 

to play a developmental role: amplification loci contained different placental gene families, 

although the mechanism through which these amplifications arose appeared different than 

the one in Drosophila [199]). 

 

 

2.2. Regulation of gene expression by microRNAs 

Gene expression is regulated by many factors other than gene copy number, such as 

epigenetic marks, transcription factors, and non-coding RNAs (ncRNAs). Most ncRNA 

classes are involved in gene expression processes: transfer RNAs (tRNAs), ribosomal 

RNAs (rRNAs), microRNAs (miRNAs), etc. [81,96,116,315,327,414]. Non-coding RNAs, 

unlike messenger RNAs (mRNAs), are not translated into proteins. 
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The microRNAs class regulates gene expression via the phenomenon of RNA interference 

(RNAi), by forming an RNA-induced silencing complex (RISC) with an Argonaute protein 

[28]. They target mRNAs via so-called miRNA response elements (MREs), which are 

usually located in the 3’-UTR (untranslated region) of the mRNA [319,469,505], but 

sometimes also in the 5’-UTR or even the open reading frame [405,469,637]. Nucleotides 

2 to 8 of the miRNA are referred to as the seed region, and they play a central role in the 

recognition and binding of MREs [28]. Both MREs and seed regions are evolutionarily 

highly conserved [1,28,318,319,469,505]. After recognition of the MRE by the RISC, the 

mRNA is degraded via decapping mechanisms [28], which is the usual outcome in 

metazoans [127,193], or its translation is repressed [255,555]. 

 

Perfect complementarity of the seed and corresponding MREs is not required for the 

miRNA to recognize and bind its target mRNA, although it does influence the strength of 

the gene expression repression [28,50,188]. This is one of the reasons why one miRNA 

can target numerous mRNAs and one mRNA can be targeted by more than one miRNA. 

This repression network is thought to encompass most, if not all, of the human 

transcriptome [156,319]. 

 

The biogenesis of miRNAs follows several possible pathways, focusing here on the 

canonical pathway in metazoans. miRNA genes can be found alone or in clusters [454], 

either in introns or exons of gene-coding proteins or in intergenic regions [155,457]. The 

main RNA polymerase responsible for miRNA gene transcription is RNA polymerase II, 

resulting in long-capped and polyadenylated RNA molecules that form at least one hairpin 

structure, called pri-miRNAs. The hairpin(s) are then cleaved by the microprocessor 

complex, which consists of the endonuclease Drosha and its cofactor DGCR8 (DiGeorge 

Syndrome Critical Region 8). The consequent 60- to 70-nucleotide-long hairpin, referred 

to as pre-miRNA, is exported to the cytoplasm by Exportin 5 and RanGTP [44,311,603]. 

There, it is cleaved by the endonuclease Dicer at the base of the loop, resulting in a miRNA 

duplex [33,189,226]. One of the two miRNAs is loaded onto an Argonaute protein (one of 

four in humans; [28,518]), aided by the chaperones HSC70 (heat shock cognate 71) and 

HSP90 (heat shock protein 90; [238]) to form the RISC, whereas the other strand is 

frequently degraded [267,381].  
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2.3. Stem cells 

Stem cells are unspecialized cells that occur in both developing and adult organisms and 

are capable of self-renewal. They were first described by Ernst Haeckel in the late 19th 

century [445] and, thanks to telomere regeneration, can theoretically divide indefinitely, 

something more specialized cells cannot do [534]. They are also capable of differentiating 

into multiple cell types, with totipotent stem cells being able to become each type of cell 

found in an organism [369]. However, most stem cells available to researchers are 

multipotent at best [451], such as embryonic stem cells (ESCs), which can give rise to any 

cell type of the three germ layers (endoderm, mesoderm, ectoderm), as well as germ cells. 

 

Stem cells are often characterized according to their origin (embryonic or adult, tissue of 

origin) or their differentiation capabilities (e.g., “neural progenitor cells” for example). ESCs 

are derived from cells isolated from blastocyst stage embryos, they were first isolated from 

murine embryos by Evans and Kaufman in 1981 [132], and in 1998 from human embryos 

by Thomson and colleagues [534]. Adult or somatic stem cells are less pluripotent than 

embryonic stem cells since they are generally bound to a specific tissue and, therefore, 

more specialized. Some types of adult stem cells also have a more limited division 

potential than ESCs [105]. Induced pluripotent stem cells (iPSCs) are adult stem cells that 

have been genetically reprogrammed into a more ESC-like state. The technique for their 

production was first published by Takahashi and Yamanaka (the Yamanaka factors; 

[522,523]), but since then many other reprogramming cocktails have been developed. 

These include, for example, the so-called Thomson factors [608] or lentiviral expression 

of miRNAs [12,392]. 

 

2.3.1. Stem cell differentiation 

Stem cell differentiation often begins with a fate commitment phase that is determined by 

a variety of factors, from extracellular chemical signals to the physical properties of the 

substrate, or internal signaling pathways [72]. 

 

2.3.1.1. Differentiation of mesenchymal stem cells 

Human mesenchymal stem cells (hMSCs) are adult stem cells, well known in the stem cell 

community for their ability to differentiate into numerous cell types, including but not limited 

to adipocytes, chondrocytes, and osteoblasts [51,403]. They are defined by specific 
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surface markers: CD73, CD90, CD105 (> 95 % positive cells), CD13, CD29, CD44 

(> 80 % positive cells), and CD11B, CD14, CD19, CD31, CD34, CD45, CD7A, 

CD235A/GYPA, HLA-DR (< 2 % positive cells), according to the International Society for 

Cellular Therapy [120]. 

Possible fates for mesenchymal stem cells include differentiation into adipocytes, 

chondrocytes, neurons, and osteocytes. 

 

Chondrogenesis in hMSCs is usually characterized by three phases: first cell attachment, 

then differentiation of chondroprogenitor cells into proliferating then pre-hypertrophic 

chondrocytes, and finally Wnt signaling inhibition and hypertrophy [230,398]. Specific sets 

of genes are associated with each phase, such as the Wnt, Notch, and IGF1 signaling 

pathways for the differentiation induction phase [398]. Collagen and other genes related 

to the extracellular matrix also show changes in their expression levels during 

chondrogenesis [232,370,494]. Transcription factors involved in chondrogenesis comprise 

members of the SOX family (including SOX9, the major chondrogenic factor, and SOX13), 

FOXO1A, FOXO3A, and FOXA2, the FOS/JUN complex, the TGFB signaling pathway, 

and retinoic acid receptors [2,219,227,266,398,493,546]. 

 

The differentiation of hMSCs into adipocytes consists of two phases: a determination or 

commitment phase, followed by terminal differentiation of the preadipocytes [402]. To 

become osteoblasts, hMSCs first undergo a commitment phase in which they become 

osteoprogenitor cells, then differentiate into pre-osteoblasts that mature into osteoblasts 

or osteocytes [406]. 

It has been shown that the commitment of hMSCs to adipogenesis inhibits osteogenesis 

and vice versa [32,72,243,453]. This so-called adipogenesis-osteogenesis balance can be 

observed in expression levels even before commitment, which occurs between 2 and 5 

days after induction of differentiation [465]. Although Robert and colleagues did not see 

differences in the expression of genes involved in osteogenesis in the first 24 hours after 

induction of differentiation, they did observe differences for genes associated with 

adipogenesis [452]. The two most important transcription factors for the adipogenesis-

osteogenesis balance are PPARG (peroxisome proliferator-activated receptor gamma) 

and RUNX2 (RUNX family transcription factor 2), which control adipogenesis and 

osteogenesis, respectively [245]. Most signaling pathways involved in either differentiation 

direction, such as Wnt, hedgehog (HH), BMPs, IGF1 (insulin-like growth factor 1), and 
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many other pathways, affect the expression or activity of PPARG and/or RUNX2 

[94,152,243,244,283,307,421,520]. Thus, the HH signaling pathway, which is involved in 

osteogenesis, decreases the expression of PPARG itself and also that of CD36 (cluster of 

differentiation 36) and C/EBPA (CCAAT-enhancer-binding protein alpha), both of which 

play a role in adipogenesis [152,245,558]. Rescue experiments in mice showed that 

PPARG knock-out inhibits adipogenesis and can not be rescued [380,616] and that lack 

of RUNX2 is fatal shortly after birth as there is no ossification [421], although this 

phenotype can be partially rescued [621]. Some miRNAs also play a role in the balance 

between adipogenesis and osteogenesis, such as hsa-miR-204 which targets, among 

others, RUNX2 [205]. While this adipogenesis-osteogenesis balance appears to be quite 

binary, some signaling pathways have been shown to play a role in both differentiation 

directions, like the BMPs and IGF1 pathways [123,245,259]. 

 

2.3.1.2. Differentiation of skeletal stem cells 

Myogenic progenitor cells are skeletal muscle precursors that first differentiate into 

myoblasts, then myotubes, and finally myofibers [279,521]. In an adult, healthy organism, 

they are quiescent and are activated only to repair damage to muscle fibers or to prolong 

their growth [78,191]. Myogenesis is governed by many myogenic regulatory factors of the 

basic helix–loop–helix (bHLH) family, such as MYOD1 (myogenic differentiation 1), MYF5 

(myogenic factor 5), MYOG (myogenin), and MYF6 (myogenic factor 6; [211]). 

 

2.3.1.3. Differentiation of neural stem cells 

Neural stem cells (NSCs) can give rise to neurons but also glial cells such as astrocytes 

or oligodendrocytes. In the adult organism, the immediate environment of neural stem cells 

limits their differentiation potential to one of a few cell types [545]. 

According to the literature, OLIG1 (oligodendrocyte transcription factor 1), a member of 

the bHLH family, inhibits all fates except the neuronal one [639], leading to the expression 

of neuronal markers such as βIII-tubulin (TUBB3), doublecortin (DCX), microtubule-

associated protein 2 (MAP2), and neurofilament proteins (NEFs; [53,299,496]). In the 

event a neuronal differentiation is not initiated, NSCs can differentiate into 

oligodendrocytes through expression of OLIG2 (oligodendrocyte transcription factor 2; 

[639]) and eventually express markers such as galatosylceramidase (GALC), OLIG1, 

OLIG2, and surface markers O1 and O4 [27,540]. If neither OLIG1 nor OLIG2 was 

expressed, NSCs differentiate by default into glial cells such as astrocytes [279,639], 
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which express surface marker CD44, S100 calcium-binding protein B (S100B), and glial 

fibrillar acidic protein (GFAP; [121,443,499]). In cell culture, this is the most common fate. 

 

2.3.2. Role of miRNAs in stem cells 

Stem cell differentiation requires swift and massive changes in gene expression to switch 

phenotypes. One of the most rapid means of altering gene expression is miRNAs due to 

their post-transcriptional regulatory role. These have been shown to play a very important 

role in stem cell differentiation as well as in maintaining stemness [604]. 

 

Many miRNAs are upregulated during the chondrogenesis of human cells 

[187,373,599,625]. Among them are three miRNAs targeting MMP13 (matrix 

metallopeptidase 13): hsa-miR-127-5p [424], hsa-miR-27b [324], and hsa-miR-320c [197]. 

The chicken homolog of hsa-miR-9 (gga-miR-9) also targets MMP13 and promotes 

chondrogenesis [331]. Additionally, hsa-miR-320c has been shown to target RUNX2 

[196,646], as does hsa-miR-455-3p [73,625]. The chondrogenic miRNA hsa-miR-335-5p 

is regulated by multiple feedback loops, including one involving downregulation of the 

expression of hsa-miR-29a and hsa-miR-29b [338], two chondrogenesis-inhibiting 

miRNAs [192,594]. 

Numerous miRNAs known to repress chondrogenesis target SOX9 or SOX5: miR-101 

[92], hsa-miR-1247 [368], hsa-miR-145 [367,595], hsa-miR-194 [589], hsa-miR-30a [615], 

miR-30b [559], hsa-miR-3677-3p [361], and hsa-miR-495 [310]. TGFB signaling is also 

frequently targeted by chondrogenesis-inhibiting miRNAs such as the miR-17/92 family 

[331], hsa-miR-337 [579,634], and by hsa-miR-193b-3p, which exerts a dual role during 

chondrogenic differentiation [213,385]. Like some other miRNAs, hsa-miR-193b-3p 

promotes the latter steps of chondrogenesis (hypertrophy) but suppresses early 

differentiation [213,331,385,512]. 

 

The two members of the miR-27 family, miR-27a and miR-27b, are known to be involved 

in the repression of adipogenesis by inhibiting the expression of PPARG, C/EBPA, and 

LPL (lipoprotein lipase; [217,248,261,277,335,585]. PPARG is also targeted by hsa-miR-

130 [303] and miR-301 [325]. Other miRNAs such as hsa-miR-138 [131,598], miR-155 

[341,563], miR-31 [515,530], and miR-335 [404,537] target adipogenic factors and thus 

have anti-adipogenic effects. 
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The miRNAs let-7a and -b have been shown to promote adipogenesis and are upregulated 

during adipogenic differentiation [257,515], as are other miRNAs such as hsa-miR-143 

[130,257,586], miR-15a and b [122,257], hsa-miR-26b [479,495], hsa-miR-30 [479,611], 

and others. hsa-miR-143 has been found to be essential for adipogenesis [130], and its 

expression level correlates with markers of adipocyte differentiation [525]. At least three 

adipogenic miRNAs are known to target members of the TGFB signaling pathway: miR-

20a [638], hsa-miR-21 [258,278,342], and miR-210 [439]. Some of the miRNAs known to 

promote adipogenesis have been shown to target osteogenic factors: hsa-miR-148a 

[479,586], hsa-miR-204-5p [205,221], and miR-30e [565]. 

 

Conversely, some miRNAs promoting osteogenesis target adipogenic factors such as 

SMAD1 (SMAD family member 1), DKK1 (Dickkopf-related protein 1), or DKK2: hsa-miR-

146a [112,587], miR-217 [93,474,622], hsa-miR-218 [168,200,620,622], hsa-miR-26a 

[80,90, 247,393], miR-335-5p [617,630], miR-433-3p [529], and miR-9 [343]. One of the 

best-known miRNAs associated with osteogenesis, miR-21, plays a dual role depending 

on the context: either promotion of osteogenesis or bone resorption 

[215,326,342,488,568]. 

As expected, a large proportion of miRNAs involved in the repression of osteogenesis 

target the major osteogenic factor, RUNX2: miR-133a-5p [619,622], miR-204 

[221,250,622], miR-205 [622], hsa-miR-23a [474,622], miR-30b [474,581], hsa-miR-30c 

[581,622], and many others [134,229,474,581,622]. 

 

For the differentiation of skeletal myoblasts or satellite cells, i.e., muscle cell progenitors, 

a group of miRNAs called myomiRs is critical. This group includes hsa-miR-1, hsa-miR-

133a, hsa-miR-133b, hsa-miR-206, hsa-miR-208a, miR-486, and miR-499, which are all 

muscle-specific or enriched miRNAs [211,394]. Other miRNAs involved in myogenesis 

involve miR-221, miR-222 [60], miR-322, miR-424, miR-503 [171], miR-196 [212], miR-

125b [172], miR-203 [351], and miR-431 [306]. Some of these miRNAs have a highly 

similar sequence, for example, miR-1 and miR-206 only have four non-identical 

nucleotides, all outside the seed region. Other pairs comprise mir-221/miR-222, miR-

208/miR-499, and miR-322/-424/-503 [171]. Having identical seed regions, the two 

miRNAs of a pair probably have common targets. 

The mir-1 and miR-206 pair share many similarities other than their sequences. Both are 

upregulated in mice, rats, dogs, and human patients after muscle injury, although their 



 
31 

 

expression levels are transiently reduced just after the injury [184,246,374,375,516,609]. 

This decrease has been linked to the anti-proliferation effect by PAX7 targeting of both 

miRNAs [57,71,110] and is also observed in the early muscle regeneration phase in mice, 

dogs, and human [71,172,184,609]. Satellite cells have been shown to actively proliferate 

during this phase [202]. Both miR-1 and miR-206 have been reported to be essential for 

the differentiation of satellite cells into skeletal myoblasts and muscle fibers [71,539], and 

miR-1 is required for the differentiation of ESCs into cardiomyocytes [526]. 

 

In addition to miR-1 and miR-206, PAX7 was also shown to be targeted by miR-486 

[71,110], triggering a positive feedback loop via upregulation of MYOD1 [110,487]. 

The myomiRs miR-133 has also been shown to play an important role in the differentiation 

of ESCs into cardiomyocytes [285,526] but appears to be involved in promoting 

proliferation in skeletal myoblasts [70,74,448,539]. Like miR-1 and miR-206, it has been 

reported to be upregulated during the muscle regeneration process [246,374,609]. 

According to miRBase release 22.1 [286], hsa-miR-206 and hsa-miR-133b are located in 

the same cluster on chromosome 6, and hsa-miR-1-2 and hsa-miR-133a-1 share a cluster 

on chromosome 18. 

The genes of the myomiRs miR-208a, miR-208b, and miR-499 are all located in introns of 

myosin genes (alpha-MHC, beta-MHC, and MYH7B, respectively; [547]). These miRNAs 

are involved in the terminal differentiation of myotubes into myofibers [160,234,547]. 

 

The best-known miRNAs influencing neurogenesis are miR-124 and miR-9, both of which 

promote the differentiation of neural stem cells into neurons (124 [77,359,552,605]; 9 

[103,317,481,626]). In rat PC12 cells, miR-124 plays a role in neuron guidance [76], and 

it is specifically expressed in the murine and human central nervous system [106,298], 

with increased expression during brain development [289,476,489] and during adult 

neuroblast differentiation [77]. Similarly, hsa-miR-9 is enriched in the brain, and its 

expression is increased during embryonic brain development [101,103,289,489]. 

Other miRNAs involved in neurogenesis include miR-132, which promotes dendritic 

growth [356,553,572], hsa-let-7-a, -b, -c, and -e, which promote neuronal differentiation 

[313,345,363, 483] and whose expression is increased during neuronal differentiation 

[476], hsa-miR-128 [54,289,489], and hsa-miR-137, which regulates proliferation, 

differentiation, and dendritic morphology of adult neural stem cells [484,492,513,519], and 

inhibits synaptogenesis [509]. 
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Differentiation of NSCs into glial cells such as oligodendrocytes is also regulated by 

miRNAs: miR-138, miR-219, and miR-338 among others [125,129,334,408,535]. 

 

 

2.4. The DNA replication process 

In order to divide, cells must first replicate their genome. For them, it is of utmost 

importance that the DNA replication process encompasses the entire genome, but also 

that it takes place only once per cell cycle. To ensure this, the replication process is highly 

regulated, sometimes even by seemingly redundant mechanisms. The DNA replication 

process consists of the licensing of replication origins, the activation of the loaded helicase 

that unwinds the double strand, allowing the formation of replisomes, and the migration of 

replication forks that eventually converge with others to terminate the replication by 

disassembling the replisomes [170]. 

This work focuses on the replication of eukaryotic genomic DNA, but not the replication of 

mitochondrial DNA (reviewed in [91,136,645]). 

 

Jacob and colleagues proposed the replicon model in 1963, in which each replicon is 

defined by an initiator acting in trans and a replicator sequence in cis [242]. This replicator 

sequence is now referred to as the origin of replication and is present in all organisms, 

albeit in different forms and expressions [48,271,440,554]. A replicon can be defined as 

the length of chromatin replicated from a single origin; thus, its size depends on the number 

of origins, the speed of the replication process, etc. 

 

2.4.1. Origins of replication 

While most bacteria have only one origin of replication in their genome, eukaryotic 

genomes have many more. Originally, it was assumed that they would need that many to 

complete replication in a reasonable time frame. However, eukaryotic genomes have been 

shown to possess at least 4 to 10 times more origins than expected for this reason only 

[34,58,108,169,231]. 
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Redundancy of origins is thought to be the eukaryotic response to the problem of 

replication stress, in contrast to prokaryotes for which replication fork restart is of 

paramount importance. Eukaryotic genomes, therefore, have constitutive origins that are 

fired in all replication cycles in all cells, flexible origins whose activation depends on the 

cell type, and dormant origins that are activated only in the event of replication fork stalling 

or other manifestations of replication stress in their vicinity [3,11,87,241,578]. Moiseeva 

and Bakkenist estimated in 2019 that only about 50,000 of about 500,000 licensed origins 

replicate in the human genome [393]. A 2016 study by Smith and colleagues profiled the 

origins of replication in eight human cell lines, including some cancer cell lines. They found 

that the origin pool distribution was highly comparable for non-cancer and cancer cell lines 

of similar lineages [491]. However, it should be noted that the pools of constitutive, flexible, 

and dormant origins are not identical in all cell types of an individual [104]. 

According to Löb and colleagues, this model implies that dormant replication origins must 

be prevented from firing by replication forks, a passive suppression that occurs at a 

distance of about 7 to 120 kb [344]. This mechanism has been termed “origin interference”. 

A well-known example is oriGNAI3, a replication origin located in the AMPD2 (adenylate 

deaminase 2) gene in Chinese hamster cells. As Anglana and colleagues demonstrated 

in 2013, the firing of oriGNAI3 correlates with the silencing of neighboring origins, and in 

the case of activation of other origins of replication in the same region, the efficiency of 

initiation of oriGNAI3 is reduced [11]. 

There also appears to be a mechanism controlling the speed of replication forks. It has 

been shown to correlate with the replicon length, i.e., with the distance between fired 

origins: the closer these were situated, the slower the fork moved [84]. 

 

Replication origins are not distributed evenly across metazoan genomes. While the 

resolution of older studies only permitted the identification of “initiation zones” [107], the 

method of molecular combing allowed researchers to investigate at a new resolution 

[56,207]. 

Molecular combing is a method for producing naked DNA fibers using the receding air-

water interphase of a DNA solution. Silanized glass coverslips are immersed into the 

solution and then slowly and steadily lifted, allowing the bound fibers to unwind and unravel 

without breaking. This method results in parallel fibers stretched uniformly at 

approximately the same factor (2 kb/µm), in the range of hundreds of kb to a few Mb 

[30,83,268]. 
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Some regions of the chromatin replicate constitutively early in the S phase, while others 

are constitutively replicated late in the S phase; these regions, composed of multiple 

replicons, are called replication-timing domains (see Figure 2.1) [3]. These domains are 

highly linked to the 3D organization of the chromatin and the nuclear architecture [459]: 

late-replicating domains and lamin-associated domains (LADs) colocalize at the nuclear 

periphery [431,592]. Moreover, late-replicating origins are associated with repressive 

chromatin marks, and early-replicating origins are associated with active euchromatin 

marks. Replication-timing domains were also shown to be conserved between cells in a 

population [117] and between homologous chromosomes [524]. 

 

Figure 2.1: Replication timing domains. Schematic of a portion of a eukaryotic genome, 

in which replication origins A, B, C, D, and E each define a replicon. Origins A, B, and C 

start replication early in the S phase, either concomitantly or in rapid succession, and 

form together an early replication-timing domain. Origins D and E are activated later and 

form a late replication-timing domain. Figure modified from [3]. 

 

Due to the differences in the chromosomal environment between early- and late-replicating 

origins and regions, it was suggested early on that replication timing was not defined 

genetically [40,348]. According to these observations, it was rather pre-determined at the 

chromosomal domains level, while remaining stochastic at the single-origin level [297]: 

each region is defined by a small number of replication origins, from which one will be 

activated per replication cycle (“flexible replication model”; [63]). This theory was further 

corroborated by two in silico models [178,344] that integrated chromatin structures, and, 

among others, the flexible replicon model, respectively, and that yielded results highly 

similar to the experimental data. Other complementary findings came from Das and 

colleagues, who showed that some components of the replisome can be loaded in multiple 

Replicon Replicon Replicon Replicon Replicon 

Origin Origin Origin Origin Origin 

Early 

Late 

Early replication-timing domain Late replication-timing domain 

A B C D E 
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exemplars at a single origin and that this overloading is associated with early replication 

timing [97]. Together with similar findings for other replication factors [360,528,538], these 

results led to a model of the mechanism of replication timing based on limiting quantities 

of replication factors. The prevailing hypothesis proposes that early and late-replicating 

regions are influenced by the availability of replication factors, such as DFB4, the fungal 

CDK substrates SLD2 and SLD3, and their binding partner DPB11/TOPBP1 ((DNA 

topoisomerase 2-binding protein 1), which limit the number of origins fired and replicated 

simultaneously [288,360,425,580]. Furthermore, the density of origins may also contribute 

to replication timing. Indeed, early-replicating regions tend to be richer in replication origins 

than late-replicating regions [63,391]. 

Since replication origins in prokaryotes and yeast are associated with a particular 

nucleotide sequence, researchers looked for a similar sequence in metazoans. Over the 

years, however, they could not find such a consensus sequence, whether by mapping 

approximately 52.000 binding sites of one of the components of the origin recognition 

complex (ORC) against the human genome [391] or by genome-wide analysis of nascent 

strands in Drosophila melanogaster and mouse (Mus musculus) cell lines [63] or in human 

cell lines [34]. 

 

2.4.2. The replication process 

At the end of the M (mitosis) phase and the beginning of G1, the genome slowly assumes 

its conformation in the nucleus, and the origins of replication are licensed [79]. This 

licensing occurs through the docking of the pre-RC (replication complex) to the origins. 

First, the ORC (origin recognition complex), which consists of the proteins ORC1, ORC2, 

ORC3, ORC4, ORC5, and ORC6, binds to the DNA via nucleoplasmin [41]. Analysis of 

the ORC structure showed that this hexameric protein complex forms a ring around the 

DNA strands [39]. The binding of the ORC complex then allows the loading of the 

hexameric DNA helicases MCM2-7, which is dependent on CDT1 (chromatin licensing and 

DNA replication factor 1) and CDC6 (cell division cycle 6) [41,446]. This whole complex is 

referred to as the pre-replication complex (pre-RC; [436]). HBO1 (histone 

acetyltransferase binding to ORC1), the coactivator of CDT1, is also required for licensing 

[390]. 
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The pre-RC stays at the origin throughout the remainder of the G1 (growth) phase, and 

MCMs helicases are activated during the S phase (DNA synthesis) by CDK2 and CDC7-

mediated phosphorylation events and by recruitment of CDC45 and GINS via MCM10 and 

the CDC7-DFB4-complex. CDT1 also plays a role in MCM2-7 activation by interacting with 

DBF4 (DumbBell Former), thereby contributing to CDC45 recruitment and directly 

stimulating helicase activity [436]. The entire replicative complex, including the MCMs 

helicases, is removed after replication of the replicon is complete to prevent the re-firing 

of the origin [41]. 

 

The DNA is unwound by the ATPases MCM2 and MCM7 [109,166], first at the origin of 

replication, then using the energy released by nucleotide hydrolysis to migrate on the DNA 

[508]. 

The DNA polymerase alpha-primase complex is recruited to freshly unwound DNA to 

synthesize an RNA primer of about 10 ribonucleotides and extend it with about 

20 deoxynucleotides [349]. Replication factor C (RFC) recognizes this RNA-DNA primer, 

thereby displacing DNA polymerase alpha and recruiting PCNA (proliferating cell nuclear 

antigen), which clamps onto the DNA and supports the processivity of DNA polymerase 

delta [17,355]. In addition to synthesizing the daughter strand of DNA, the replisome also 

detects and corrects errors, so that the overall accuracy of the replication process is about 

one mistake per 109 nucleotides [293]. 

Although the two replication forks originating from a single origin of replication generally 

move at the same velocity [84], the replication process is different for the two DNA strands. 

Because the DNA helix is anti-parallel and the DNA polymerases are only able to 

synthesize new DNA in the 5’ to 3’ direction, one strand called “lagging strand”, must be 

synthesized in small pieces called Okazaki fragments [461]. The ribonucleotides of the 

primer are replaced with deoxynucleotides by DNA polymerase delta and Flap 

endonuclease 1 (FEN1) or endonuclease DNA2, and the fragments are ligated by DNA 

ligase 1 (LIG1; [18,23,180,576,632]). 

To avoid telomere defects, the CST complex (CTC1-STN1-TEN1) associates with 

telomeres and recruits DNA polymerase alpha to the leading strand or C-strand 

[270,449,507]. 
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The replication termination process is usually broken down into four steps, although their 

order and requirement or not for a specific sequence are not yet clear: fork convergence, 

synthesis completion or gap filling, replisome disassembly, and decatenation [109]. 

 

2.4.3. Regulation of replication & replication stress 

Because DNA replication is such an important biological process, it is tightly regulated. 

One of the major sources of replication stress is fork arrest, in which replication fork 

progression stalls or is stopped altogether. Several events can cause fork arrest, including 

transcription of highly expressed genes, DNA damage, or tightly bound protein complexes 

[19,538,543,544]. Some DNA regions such as telomeres also act as “natural replication 

barriers” [507]. 

To mitigate the impact of fork arrest, dormant origins of replication located in the vicinity 

are often activated, possibly via STN1, one of the subunits of the CST complex 

[42,507,602]. 

Other proteins such as DONSON (downstream neighbor of SON) may play a role by 

protecting the stalled replication fork [133,316,447]. 

 

Replication stress also activates the S phase replication checkpoint, which stops 

replication origins from firing throughout the genome [239,574,602,635]. Several proteins 

such as the ATM (Ataxia telangiectasia mutated) and ATR (Ataxia telangiectasia and 

Rad3-related protein) kinases, some of the pre-RC proteins, DBF4, RAD1, RAD9, RAD17, 

and HUS1 act as sensors of DNA damage or replication stress [135,239,365]. All these 

pathways activate the effector kinase CHEK2 (checkpoint kinase 2), also known as CHK2 

or RAD53 [423,482]. It has been suggested that DNA replication progresses normally 

below a certain threshold of CHEK2 activation, possibly supported by the firing of dormant 

origins of replication, and is halted only when replication stress exceeds this threshold 

[460,482]. This intra-S phase dose-dependent process of checkpoint activation might be 

suppressed in embryonic nuclei, in which replication timing and initiation rules are different 

from those in adult nuclei [40,223,483]. 
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Cyclin-dependent kinases (CDKs) play more than one role during DNA replication and 

more generally in the S phase. CDK2 and CDK3 are necessary and sufficient for the 

transition from G1 to the S phase [79]. CDK2 is also required for the activation of the 

origins of replication [288,358]. In addition, CDK1 and possibly CDK2 are involved in 

inhibiting the re-activation of replication origins, limiting DNA replication to one copy per 

cell cycle [29,119,203,354]. This is achieved by blocking the binding of the ORC complex 

to DNA downstream of G1 [88,128,139,236,321,591], nuclear exclusion of MCM2-7, and 

downregulation of CDC6 activity [514]. 

Other regulatory pathways result in the degradation of CDC6, MCM2-7, or ORC subunits 

[126,195,322,384,464]. 

 

However, CDT1 appears to be the most commonly targeted factor to prevent origin re-

firing, i.e., re-replication. In mammalian cells, at least three mechanisms targeting CDT1 

are active: degradation of CDT1 via the CUL4-DDB1CDT2 pathway, via the SCFSKP2 

pathway, and sequestration by geminin (GMNN) [16,17,541]. The interplay between these 

pathways appears to be cell-type dependent [17,290,346,354,412,643]. 

Proteolysis of CDT1 via the CUL4-DDB1CDT2 pathway relies on the binding of chromatin-

bound PCNA (proliferating cell nuclear antigen) to CDT1 [16,17], which induces its 

ubiquitylation. This pathway is also activated in the event of DNA damage 

[208,216,251,413,441]. 

The SCFSKP2-dependent degradation of CDT1 is triggered by CDK2 [17] and can be 

inhibited by GMNN, at least during the M phase, to allow proper licensing [542]. 

Sequestration of CDT1 by GMNN prevents it to bind and recruit MCM2-7 but does not 

block the interaction of CDT1 with replication origins [85,138,177,302,352]. This process 

appears to be associated with H4 acetylation by HBO1 [390] and to be CDK-independent 

[25,320,511]. GMNN expression begins in late G1 and gradually increases during the S 

phase until it reaches its maximum in the early G2 phase [41,379,577]. In early anaphase, 

geminin is degraded along with other targets of APCCDC20 and APCCDH1 [379,442]. 

This destruction liberates CDT1, which can play its licensing role in G1. It has been 

suggested that the sequestration of CDT1 by GMNN protects it from degradation by the 

SCFSKP2 pathway but not from the CUL4-DDB1CDT2-dependent proteolysis [15]. 
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2.5. Models for gene amplification 

Although the roles of gene amplifications are now well understood, the mechanism(s) by 

which they arise still puzzles researchers. Nowadays, four models have been proposed as 

explanations: the breakage-fusion-bridge (BFB) model, the re-replication model, the 

(DRCR) model, and the replication fork stalling and template switching (FoSTeS) models 

[371], all of which rely on specific mechanisms of DNA replication. It is important to note 

that these models are not mutually exclusive, and gene amplifications may potentially arise 

through a combination of these mechanisms depending on the cellular context and 

conditions. 

 

2.5.1. The BFB model 

The breakage-fusion-bridge model was first proposed by McClintock in 1941 after 

observations of gene amplifications in maize [376,377]. A few decades later, drug selection 

experiments in mammalian cells provided the first experimental evidence for this model 

[86]. This mechanism could also be observed in human osteosarcoma cell lines [475]. 

To form a BFB cycle, a double-strand break (DSB) must occur on a chromosome, causing 

it to lose a telomere. After replication, two sister chromatids are formed, each with only 

one telomere. They fuse, leading to a dicentric chromosome that breaks during the 

following anaphase, creating two chromosomes without telomeres so that the cycle 

repeats during the next division. The resulting gene amplifications consist of inverted 

repeats. Certain loci, such as fragile sites, are susceptible to DSBs and thus to BFB-driven 

gene amplification [4,206,294]. 

 

2.5.2. The DRCR model 

Futcher and colleagues proposed the double rolling-circle replication model in 1986 [162], 

in which a replication fork is arrested, resulting in DSBs at the forks. The broken strands 

recombine with each other to form a circle. Break-induced replication then occurs, 

amplifying the genomic region within the circle into repeats. DRCR can also arise from a 

BFB cycle, in which case inverted repeats are created. 

Experimental evidence for this model was provided in 2005 and 2011 in Saccharomyces 

cerevisiae and Chinese hamster cells [570,571]. 
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2.5.3. The FoSTeS model 

The replication fork stalling and template switching model was suggested in 2006 by Slack 

and colleagues [486], and it has been supported by studies in human patients [304,613]. 

This model also starts with an arrested replication fork, but here the lagging strand anneals 

to the lagging strand of the sister chromatid, forming a microhomology junction. The 

consequent Holliday junction is resolved by the RUVC protein, resulting in recombined 

products, one of which contains the two copies of the region upstream of the 

microhomology junction. 

 

2.5.4. The re-replication model 

Re-replication is a possible error of replication where an origin of replication is licensed 

and fired again after it has been activated the first time [541]. Dormant origins may also be 

fired after their genomic region has already been replicated [98,531]. This results in some 

genomic regions being amplified and is thus distinct from endoreplication (also called 

endoreduplication), in which the entire genome is duplicated [17,372]. 

Re-replication was first proposed as a model (“onionskin model”) for gene amplification in 

the 1980s when studies of oogenesis in Drosophila melanogaster revealed that gene 

amplification was required for normal egg development [468,502,503,506,557]. More 

recent studies refer to RRIGA, or re-replication-induced gene amplification, and link this 

mechanism to mediation via NAHR (non-allelic homologous recombination; 

[140,185,372]). 

 

Prevention of re-replication is achieved by prevention of re-licensing, targeting CDT1 and 

CDC6 [41,541] or specific histone modifications such as H3K79me2 [3,158]. Experimental 

depletion of geminin or overexpression of CDT1 and/or CDC6 results in re-replication, 

although overexpression of CDC6 alone produces lower levels of re-replication 

[124,541,549]. Under these conditions, re-replication occurs very early, within 1 to 4 hours 

of entry in the S phase, and mainly at the early origins of replication, at least in mammalian 

cells [159,549]. One study reported that re-replication following geminin depletion in 

Drosophila melanogaster occurs preferentially in late-replicating regions [118]. 
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2.5.4.1. Consequences of re-replication 

Since re-replication usually occurs relatively soon after the initial firing of the origin of 

replication, multiple replication forks could follow each other and possibly collide and 

collapse. This is one of the proposed explanations for the amount of DNA double-strand 

breaks observed after re-replication induction [5,98,643,644]. The consequences of such 

DNA damage include stimulation of the NAHR mechanism, which was argued to mediate 

RRIGA [140,185]. Another outcome is the activation of the replication checkpoint by ATM 

and ATR [17,41,98,541], resulting in cell cycle arrest and eventual apoptosis. However, 

there appears to be a threshold of tolerable DNA damage below which the checkpoint is 

not activated [460,482], and some studies show that checkpoint activation leads to the 

repair of DNA and a reduction in re-replicated regions [296,549]. 

 

2.5.4.2. Links with cancer 

Deregulation of replication is as expected linked to diseases, including inherited disorders 

such as microcephaly-micromelia syndrome [133,316,447]. However, it is mainly studied 

in the context of cancers and tumorigenesis [43,164,623]. CDT1 overexpression is 

common in several human cancers [14,260,588], as is CDC6 overexpression 

[3,210,260,339,541]. These are associated with a worse prognosis [357]. As expected, 

several factors of the replication or regulation of replication machineries have been 

suggested as potential targets for anti-cancer therapies, such as CDT1 [42,400], and 

geminin [548]. 
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2.6. Motivation & goals 

Gene amplifications are present in both stem cells and cancer cells, and it has been shown 

that the number of amplifications of oncogenes is a good prognostic tool in certain cancers: 

breast, colon, ovarian cancer, neuroblastomas, small-cell lung cancer [471]. Data from the 

Pan-Cancer Analysis of Whole Genomes Consortium of the International Cancer Genome 

Consortium and The Cancer Genome Atlas, among others, confirmed the association 

between gene amplification and cancer [329]. 

Understanding the mechanisms by which they arise and whether the mechanisms are 

similar in stem cells may therefore provide new ideas to specifically target cancer cells 

and/or diminish their chemo- and radioresistance in the future, which would alleviate the 

burden of current cancer therapies. 

Moreover, more fundamental research on human stem cells is needed in the hope of using 

them in future therapeutic approaches. Better knowledge and understanding of the 

mechanisms involved during differentiation and reprogramming will lead to more safety for 

patients and new questions for researchers. 

In the current literature, healthy differentiating human stem cells are characterized after 

one or a few days, but the first hours after induction of differentiation are poorly understood 

[9,291,350,429,453,551,564]. This work focuses on two questions pertaining to the 

characterization of healthy human stem cells in the first hours of differentiation: 

1. Time-resolved transcriptional and miRNA profiles of differentiating hMSCs, 

hNSCs, and HSkMs were prepared using micro-arrays and analyzed with 

bioinformatic tools. This allowed to investigate a) clusters of RNA expression, b) 

pathways enriched after induction of differentiation, c) correlations between miRNA 

and mRNA levels of expression, and d) a miRNA family seemingly involved in 

differentiation in all cell types studied. These results will be presented in part 4.1. 

2. Gene amplifications have been detected in differentiating stem cells 

[8,147,148,150,151,199,382], yet the precise mechanism underlying their 

formation remains elusive. The second part of this thesis aims to delve into this 

matter and explore the possibility that re-replication could be one of the driving 

forces behind these amplifications. To this end, hMSCs undergoing 

chondrogenesis and HSkMs were examined to determine a) whether re-replication 

occurs in these cells, and b) if so, in which time frame. The methods required to 

study this phenomenon had to be established and will be discussed in part 4.2. of 

this work.  
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3. Materials and methods 

3.1. Materials 

3.1.1. Chemicals and reagents 

The following table lists all the chemicals and reagents used in this work and their 

respective sources. 

 

Table 3.1: Overview of all chemicals and reagents used in the present work. 

Chemical / Reagent Manufacturer Headquarters 

1X DPBS with Ca & Mg Gibco Waltham, MA, USA 

1X PBS Gibco Waltham, MA, USA 

Accutase® Sigma Aldrich St. Louis, MO, USA 

Agarase 
Thermo Fisher 
Scientific Inc. 

Waltham, MA, USA 

Antibody against BrdU (mouse) 
Becton Dickinson and 
Company (BD) 

Franklin Lakes, NJ, 
USA 

Antibody against CldU (rat) Abcam Cambridge, UK 

Antibody against mouse IgG (goat), 
Alexa 594 

Life Technologies Carlsbad, CA, USA 

Antibody against rat IgG (donkey), 
Alexa 488 

Invitrogen Waltham, MA, USA 

Antibody against rat IgG (goat), 
Alexa 350 

Invitrogen Waltham, MA, USA 

BSA (bovine serum albumin) Sigma Aldrich St. Louis, MO, USA 

Click-iT™ EdU Cell Proliferation Kit 
for Imaging, Alexa Fluor™ 594 dye 

Invitrogen Waltham, MA, USA 

ddH2O 
In-house facility (see 
3.1.5) 

- 

EDTA (ethylenediaminetetraacetic 
acid) 

Carl Roth GmbH & Co. 
KG 

Karlsruhe, Germany 

Ethanol absolute anhydrous 
Th. Geyer GmbH & Co. 
KG 

Renningen, Germany 

Normal goat serum 
Thermo Fisher 
Scientific Inc. 

Waltham, MA, USA 

KCl (potassium chloride) 
Carl Roth GmbH & Co. 
KG 

Karlsruhe, Germany 

KH2PO4 (monopotassium 
phosphate) 

Carl Roth GmbH & Co. 
KG 

Karlsruhe, Germany 

LMP agarose 
Carl Roth GmbH & Co. 
KG 

Karlsruhe, Germany 

miRNeasy® Mini Kit Qiagen Hilden, Germany 

Na2HPO4 (disodium phosphate) Sigma Aldrich St. Louis, MO, USA 

NaCl (sodium chloride) 
Carl Roth GmbH & Co. 
KG 

Karlsruhe, Germany 

N-lauroylsarcosine sodium salt ICN Biomedicals Inc. Costa Mesa, CA, USA 
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Nuclease free water 
Thermo Fisher 
Scientific Inc. 

Waltham, MA, USA 

Proteinase K, recombinant Roche Holding Basel, Switzerland 

Trichloromethane (chloroform) 
Carl Roth GmbH & Co. 
KG 

Karlsruhe, Germany 

Tris 
(tris(hydroxymethyl)aminomethane) 

Carl Roth GmbH & Co. 
KG 

Karlsruhe, Germany 

YOYO™-1 Iodide 
Thermo Fisher 
Scientific Inc. 

Waltham, MA, USA 

 

3.1.2. Buffer and solution recipes 

The following table lists all the buffers and solutions used in this work, along with their 

components and their quantities. 

 

Table 3.2: Overview of all buffers and solutions used in the present work, and of their 

respective recipes. 

Solution Quantity Components Quantity Concentration 

1X PBS 1 l 

Na2HPO4 1.78 g - 

KH2PO4 0.24 g - 

NaCl 8 g - 

KCl 0.2 g - 

100X CldU 10 ml 
CldU 0.06566 g - 

ddH2O 10 ml - 

100X IdU 10 ml 
IdU 

0.010623 
g 

- 

ddH2O 10 ml - 

Antifade + 
YOYOTM-1 

2 ml 
Antifade 2 ml - 

YOYOTM-1 0.2 µl 1 mM 

0.5 M MES 
pH 6.5 

100 ml 
MES 1.95 g - 

ddH2O 100 ml - 

ESP 9 ml 

EDTA 9 ml 0.5 M 

N-lauroylsarcosine sodium 
salt 

0.1 g - 

Proteinase K 100 µl 5 mg/ml 

TE 1 l 
Tris 10 ml 1 M 

EDTA 2 ml 0.5 M 

StemPro® 
MSC SFM 
CTSTM 

complete 
medium 

50 ml 

StemPro® MSC SFM 
CTSTM Basal Medium 

42 ml - 

Xeno-Free Supplement 7.5 ml - 

GlutaMAXTM-I 500 µl 100X 

Penicillin-Streptomycin 250 µl 
10 000 U/ml (P), 
10 000 µg/ml (S) 
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StemPro® 
Adipocyte 
Differentiatio
n Complete 
Medium 

50 ml 

StemPro® Adipocyte 
Differentiation Basal 
Medium 

45 ml - 

StemPro® Adipocyte 
Supplement 

5 ml - 

Penicillin-Streptomycin 250 µl 
10 000 U/ml (P), 
10 000 µg/ml (S) 

StemPro® 
Osteocyte 
Differentiatio
n Complete 
Medium 

50 ml 

StemPro® 
Osteocyte/Chondrocyte 
Differentiation Basal 
Medium 

45 ml - 

StemPro® Osteocyte 
Supplement 

5 ml - 

Penicillin-Streptomycin 250 µl 
10 000 U/ml (P), 
10 000 µg/ml (S) 

StemPro® 
complete 
NSC culture 
medium 

50 ml 

KnockOut™ DMEM™/F-
12 

48.5 ml - 

StemPro™ Neural 
Supplement 

1 ml - 

bFGF 50 µl 20 µg/ml 

EGF 50 µl 20 µg/ml 

GlutaMAXTM-I 500 µl 100X 

Ascorbic acid 50 µl 200 mM 

Heparin 50 µl 6 000 U/ml 

Penicillin-Streptomycin 250 µl 
10 000 U/ml (P), 
10 000 µg/ml (S) 

StemPro® 
NSC 
differentiation 
medium 

50 ml 

KnockOut™ DMEM™/F-
12 

48.5 ml - 

StemPro™ Neural 
Supplement 

1 ml - 

GlutaMAXTM-I 500 µl 100X 

Ascorbic acid 50 µl 200 mM 

Heparin 50 µl 6 000 U/ml 

Penicillin-Streptomycin 250 µl 
10 000 U/ml (P), 
10 000 µg/ml (S) 
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3.1.3. Thymidine analogs 

Thymidine analogs were used in the incorporation assays. They were added to the culture 

medium of differentiating cells (see 3.1.5). The following table lists all thymidine analogs 

used in the present work, along with their respective systematic name, structure, and 

source. 

 

Table 3.3: Overview of all thymidine analogs used in the present work. Structures were 

generated using BioRender.com. 

Analog 
Systematic 

name 
Structure Supplier Headquarters 

CldU 
5-chloro-2'-

deoxyuridine 

 

Sigma Aldrich St. Louis, MO, USA 

EdU 
5-ethynyl-2′-

deoxyuridine 

 

Invitrogen Waltham, MA, USA 

IdU 
2'-deoxy-5-

iodouridine 

 

Sigma Aldrich St. Louis, MO, USA 
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3.1.4. Stem cells 

The following tables list all the stem cells used in the present work, with their biological 

origin and supplier, as well as all culture media used in this thesis. 

 

Table 3.4: Overview of all stem cells used in the present work. 

Abbreviation Full name 
Biological 

origin 
Supplier Headquarters 

hMSC 

human 

mesenchymal 

stem cell 

Bone marrow 

Thermo Fisher 

Scientific 

(StemPro) 

(adipogenesis & 

osteogenesis); 

Promo Cell 

(chondrogenesis) 

Waltham, MA, 

USA; 

Heidelberg, 

Germany 

hNSC 
human neural 

stem cell 

Cryopreserved 

fetal cells 

Thermo Fisher 

Scientific 

(StemPro) 

Waltham, MA, 

USA 

HSkM-S 

human 

skeletal 

myoblasts 

Human donors 
Thermo Fisher 

Scientific 

Waltham, MA, 

USA 

 

Table 3.5: Overview of all cell culture media and supplements used in the present work. 

Cell culture medium or 
supplement 

Manufacturer Headquarters 

L-Ascorbic acid Sigma Aldrich St. Louis, MO, USA 

CELL StartTM CTSTM 
Thermo Fisher Scientific 
Inc. 

Waltham, MA, USA 

DMEM (Dulbecco's Modified 
Eagle Medium) 

Gibco Waltham, MA, USA 

Donor Horse Serum, EU origin, 
0.2 µm sterile filtered 

PAN-Biotech GmbH 
Aidenbach, 
Germany 

GeltrexTM 
Thermo Fisher Scientific 
Inc. 

Waltham, MA, USA 

GlutaMAXTM-I Gibco Waltham, MA, USA 

Heparin Sigma Aldrich St. Louis, MO, USA 

Mesenchymal Stem Cell 
Chondrogenic Differentiation 
Medium 

Promo Cell 
Heidelberg, 
Germany 
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MSC Growth Medium 2 Promo Cell 
Heidelberg, 
Germany 

Penicillin-Streptomycin Gibco Waltham, MA, USA 

StemPro® Adipocyte 
Differentiation Basal Medium 

Thermo Fisher Scientific 
Inc. 

Waltham, MA, USA 

StemPro® Adipocyte 
Supplement 

Thermo Fisher Scientific 
Inc. 

Waltham, MA, USA 

StemPro® MSC SFM CTSTM 
Basal Medium 

Thermo Fisher Scientific 
Inc. 

Waltham, MA, USA 

StemPro® MSC SFM XenoFree 
Supplement 

Thermo Fisher Scientific 
Inc. 

Waltham, MA, USA 

StemPro® NSC SFMTM 
Thermo Fisher Scientific 
Inc. 

Waltham, MA, USA 

StemPro® Osteocyte 
Supplement 

Thermo Fisher Scientific 
Inc. 

Waltham, MA, USA 

StemPro® 
Osteocyte/Chondrocyte 
Differentiation Basal Medium 

Thermo Fisher Scientific 
Inc. 

Waltham, MA, USA 

 

 

3.1.5. Laboratory equipment 

The following table lists all laboratory equipment used in this work. 

 

Table 3.6: Overview of all laboratory equipment used in the present work. 

Equipment type Equipment Manufacturer Headquarters 

Camera DSC-S70 camera Sony Tokyo, Japan 

Cell culture 
Galaxy 170S CO2 
incubator 

Eppendorf AG Hamburg, Germany 

Cell culture 
MSC Advantage 
1.2 cell culture 
hood 

Thermo Fisher 
Scientific Inc. 

Waltham, MA, USA 

Centrifuge 5417R centrifuge Eppendorf AG Hamburg, Germany 

Centrifuge 5810R centrifuge Eppendorf AG Hamburg, Germany 

Centrifuge Rotofix 32 
Andreas Hettich 
GmbH & Co. KG 

Tuttligen, Germany 

Heating equipment Bead bathTM LabArmor Plano, TX, USA 

Heating equipment Dry block incubator Boekel Scientific 
Feasterville, PA, 
USA 

Heating equipment Hot plate 
Medax GmbH & 
Co. KG 

Neumünster, 
Germany 

Heating equipment 
Memmert™ 
Natural Convection 
Standard Incubator 

Memmert GmbH + 
Co. KG 

Schwabach, 
Germany 
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Heating equipment 
peqSTAR 2x 
thermocycler 

PEQLAB 
Biotechnologie 
GmbH 

Erlangen, Germany 

Heating equipment W 6 water bath 
Rheotest Medingen 
GmbH 

Ottendorf-Okrilla, 
Germany 

Magnetic stirrer Magnetic stirrer Hanna Instruments 
Woonsocket, RI, 
USA 

Microarray Agilent G2545A 
Agilent 
Technologies 

Santa Clara, CA, 
USA 

Microarray 
SureScan 
Microarray 
Scanner 

Agilent 
Technologies 

Santa Clara, CA, 
USA 

Microscope 
Axiovert 25 bright 
field microscope 

Carl Zeiss 
Oberkochen, 
Germany 

Microscope 
LunaTM fl Dual 
Fluorescence Cell 
Counter 

logos biosystems 
Gyeonggi-do, 
South Korea 

Microscope 
Olympus AX70 
fluorescence 
microscope 

Olympus Tokyo, Japan 

Microscope 
Zeiss Mikroskop 
Axio Imager KMAT 

Carl Zeiss 
Oberkochen, 
Germany 

Molecular combing 
FiberComb® 
Molecular Combing 
System 

Genomic Vision Bagneux, France 

Shaker 
CMV-1 overhead 
rotator 

Fröbel Labortechnik 
GmbH 

Lindau, Germany 

Shaker 
IKA™KS125 
Basic® Laboratory 
Shaker 

IKA-Werke 
Staufen im 
Breisgau, Germany 

Shaker VF2 vortex mixer IKA-Werke 
Staufen im 
Breisgau, Germany 

Spectrophotometer NanoDrop™ 2000c 
Thermo Fisher 
Scientific Inc. 

Waltham, MA, USA 

Water & ice facility 
Flake ice maker F 
75 L Flake-Line 

WESSAMAT 
Eismaschinenfabrik 
GmbH 

Kaiserslautern, 
Germany 

Water & ice facility 

Ultrapure water 
system ELGA 
PURELAB Chorus, 
PURELAB flex 
Dispenser 

ELGA 
LabWater/Veolia 
Water 
Technologies 
Deutschland GmbH 

Celle, Germany 
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3.1.6. Other materials 

The following table lists other materials used in this work. 

 

Table 3.7: Overview of other materials used in the present work. 

Material Manufacturer Headquarters 

accu-jet® pro pipette controller 
Brand Scientific 

GmbH 
Wertheim, Germany 

Agilent Human SurePrint G3 Gene 

Expression (V3, G4851C) 
Agilent Technologies 

Santa Clara, CA, 

USA 

Bemis™ Parafilm™ M Laboratory 

Wrapping Film 
Bemis Neenah, WI, USA 

Cell culture flasks (25 cm²) 
Greiner Bio-One 

International GmbH 

Kremsmünster, 

Austria 

CellStar® sterile tubes (15 ml, 50 ml) 
Greiner Bio-One 

International GmbH 

Kremsmünster, 

Austria 

CombiCoverslipsTM Vinylsilane Coated 

Coverslips 22x22 mm, engraved 
Genomic Vision Bagneux, France 

Coverslips 24x60 mm 
Carl Roth GmbH & 

Co. KG 
Karlsruhe, Germany 

Disposable DNA reservoirs Genomic Vision Bagneux, France 

Disposable plug molds (90 µl) 
Bio-Rad 

Laboratories Inc. 
Hercules, CA, USA 

Disposable wipes KIMTECH® 
Kimberly Clark 

Professional 
Roswell, GA, USA 

Drying block Schleicher & Schuell Dassel, Germany 

Eppendorf Research plus pipettes (0.1-

2.5 μl, 0.5-10 μl, 2-20 μl, 20-200 μl, 

100-1 000 μl) 

Eppendorf AG Hamburg, Germany 

Eppendorf Safe-lock microcentrifuge 

tubes (1.5 ml, 2.0 ml) 
Eppendorf AG Hamburg, Germany 

Human SurePrint G3 Unrestricted 

miRNA 8x60K Array-Chips (Release 

21.0, G4872A) 

Agilent Technologies 
Santa Clara, CA, 

USA 

Hybridization Gasket Slide Kit - 8 

microarrays per slide format 
Agilent Technologies 

Santa Clara, CA, 

USA 

Immersol® Carl Zeiss 
Oberkochen, 

Germany 

Multiwell cell culture plate (6-well, 24-

well) 

Greiner Bio-One 

International GmbH 

Kremsmünster, 

Austria 

Pipette tips eTIPS Motion (50 µl, 300 µl, 

1 000 µl) 
Eppendorf AG Hamburg, Germany 

Pipette tips Multiguard Barrier Tips 

(10 µl, 20 µl, 200 µl, 1 000 µl) 

Sorenson 

Bioscience, Inc. 

Salt Lake City, UT, 

USA 

ProLong™ Gold Antifade Mountant 
Thermo Fisher 

Scientific Inc. 
Waltham, MA, USA 
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RNase-free microcentrifuge tubes 
(1.5 ml, from the miRNeasy Mini Kit) 

Qiagen Hilden, Germany 

Rotiprotect® Nitril Evo gloves 
Carl Roth GmbH & 

Co. KG 
Karlsruhe, Germany 

Rotiprotect® Nitril light gloves 
Carl Roth GmbH & 

Co. KG 
Karlsruhe, Germany 

Serological pipettes (sterile, 5 ml, 10 

ml, 25 ml) 

Greiner Bio-One 

International GmbH 

Kremsmünster, 

Austria 

Super Stay Gel Nail Color Maybelline 
New York City, NY, 

USA 

VWR® Microscope Slides, Ground 

Edges Frosted 
VWR International Radnor, PA, USA 
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3.1.7. Software, and in silico tools 

The following table lists all of the software and in silico tools used for the present work, 

their developers, and the websites where they can be found (as of May 2023). 

 

Table 3.8: Overview of all software and in silico tools used in the present work, and of their 

respective developers or websites. 

Software or tool Developer or website 

Agilent Feature Extraction Software Agilent Technologies 

BioRender biorender.com 

CalculatorSoup Random Number 
Generator 

calculatorsoup.com/calculators/statistics/random
-number-generator.php 

cellSens Dimension 1.8.1 Olympus 

FiberStudio Genomic Vision 

GeneTrail 2.0 / 3.2 genetrail.bioinf.uni-sb.de 

Inkscape inkscape.org 

Microsoft Office Excel Microsoft Corporation 

Microsoft Office PowerPoint Microsoft Corporation 

Microsoft Office Word Microsoft Corporation 

miEAA 2.0 ccb-compute2.cs.uni-saarland.de/mieaa2 

miRBase releases 21 and 22 mirbase.org 

R (programming language) r-project.org 

Venny 2.1.0 bioinfogp.cnb.csic.es/tools/venny 

Wilcoxon Signed-Rank Test 
Calculator 

socscistatistics.com/tests/signedranks/default2.a
spx 

Zeiss ZEN Zeiss 

Zotero zotero.org 

 

All figures were created using Inkscape, BioRender, the R programming language, 

Microsoft Office Excel, or PowerPoint. The program Microsoft Office Excel was used to 

sort and manage lists and to perform simple arithmetic operations. 

Data from the Tabula Muris Senis dataset were obtained through the Gene Expression 

Omnibus (GEO) under the accession number GSE132042. 
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3.2. Methods 

3.2.1. Human stem cell culture 

All cells were incubated at 37 °C and 5 % CO2. 

Human mesenchymal stem cells (hMSCs) were cultured in StemPro® MSC SFM CTSTM 

complete medium (for adipogenesis and osteogenesis assays) or in MSC Growth 

Medium 2 (for chondrogenesis assays) supplemented with 0.5 % antibiotics (penicillin-

streptomycin) until passage 3, at which time they were seeded at a density of 

1 x 104 cells/cm² for the adipogenesis and chondrogenesis assays, and at 5 x 103 cells/cm² 

for the osteogenesis assay. The adipogenesis and osteogenesis flasks were coated with 

CELL StartTM CTSTM for 1 hour before cell addition. 

Human skeletal myoblasts (HSkM) spontaneously begin differentiation within 48 hours of 

thawing, according to the manufacturer. They were differentiated in Dulbecco's modified 

Eagle medium (DMEM) supplemented with 2 % horse serum and 0.5 % antibiotics 

(penicillin-streptomycin). For proliferation control, HSkMs were cultured in DMEM 

supplemented with 10 % fetal calf serum (FCS). 

Human neural stem cells (hNSCs) were obtained from Thermo Fisher Scientific (GibcoTM 

StemPro®) at passage 4 and cultured in suspension in StemPro® complete NSC culture 

medium supplemented with 0.5 % antibiotics (penicillin-streptomycin). This differentiation 

process does not induce a unique cell fate. 

 

3.2.2. RNA isolation 

Total RNA was isolated using the miRNeasy Mini Kit (Qiagen) at 0 h, 3 h, 6 h, 9 h, 12 h, 

24 h, and 48 h after differentiation induction. 

The miRNeasy Mini Kit method is based on the QIAzol Lysis Reagent, which 

simultaneously lyses the tissues or cells, inhibits RNases, and avoids DNA or protein 

contamination. After a lysis step with the QIAzol Lysis Reagent, chloroform is added to the 

sample, which is then centrifuged to separate the different phases. The upper, aqueous 

phase, containing the RNA molecules, is extracted, and mixed with ethanol. After a binding 

step on a silica-based membrane, a DNase digestion step, and a washing step, all RNA 

molecules longer than 18 nucleotides are eluted from the column and can be used in 

various experimental methods, including microarray-based high-throughput expression 

profiling, as described in the next section. 
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3.2.3. Microarray high-throughput expression analysis 

Expression profiles of mRNAs and miRNAs were obtained using high-throughput 

microarray-based expression analysis methods from Agilent Technologies: One-Color 

Microarray-Based Gene Expression Analysis and miRNA Microarray System respectively. 

Briefly, for the One-Color Microarray-Based Gene Expression Analysis, 100 ng of total 

RNA is converted into cDNA by reverse transcriptase. The cDNA is then transcribed into 

cRNA, labeled, amplified, and purified. 600 ng of cRNA is loaded onto hybridization 

chambers and hybridized overnight (17 h). The next day, the microarray chips are washed 

and scanned with the SureScan Microarray Scanner to obtain raw data. 

For the miRNA Microarray System, 100 ng of total RNA is labeled directly with Cyanine 3-

pCp. Then 100 ng are loaded onto hybridization chambers and hybridized overnight (20 h). 

The next day, the microarray chips are washed and scanned with the SureScan Microarray 

Scanner to obtain raw data. 

The expression values of the microarray high-throughput mRNA and miRNA expression 

profiles were extracted from the raw data using Agilent Feature Extraction Software and 

further processed using the R programming language. 

 

3.2.4. Differentiation assay 

Differentiation of hMSCs was induced 2 days after passage 3 by changing the culture 

medium to a differentiation medium: StemPro® Adipocyte Differentiation Complete 

Medium, Mesenchymal Stem Cell Chondrogenic Differentiation Medium, and StemPro® 

Osteocyte Differentiation Complete Medium for the adipogenesis, chondrogenesis, and 

osteogenesis assays, respectively. Differentiation assays of the HSkM cells were started 

immediately after thawing. Differentiation of hNSCs was induced by switching to a 

differentiation medium, consisting of StemPro® complete NSC culture medium without 

bFGF and EGF. The flasks were previously coated with GeltrexTM to allow the cells to 

adhere. 

Cells for the microarray high-throughput expression profiling experiments were harvested 

at predetermined time points (0 h, 3 h, 6 h, 9 h, 12 h, 24 h, 48 h) using Accutase® and 

further processed for RNA isolation. Cells for the incorporation assays were further treated 

during the differentiation process, as described in the next section. 
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3.2.5. Treatment with thymidine analogs 

Cell differentiation was induced by switching to one of the differentiation culture media, as 

described in the previous section. Cells were allowed to differentiate undisturbed for 

predetermined periods (0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h). Then, for the first pulse, the 

first thymidine analog (EdU for in-house experiments, CldU for the Genomic Vision 

experiments) was added to the differentiation culture medium at a final concentration of 

200 µM and 250 μM, respectively. Cells were further incubated for 1.5 hours, then washed 

briefly with pre-warmed 1X PBS (at 37 °C), and given fresh differentiation culture medium 

for 15 minutes. For the second pulse, the second thymidine analog (CldU for in-house 

experiments, IdU for the Genomic Vision experiments) was administered for 45 minutes 

at a final concentration of 250 µM and 30 µM, respectively. Finally, the cells were 

harvested using Accutase® and further processed for DNA fiber preparation, as explained 

in the next section. 

Figure 3.1 shows a schematic of the procedure in the case of 4 h of differentiation time 

before pulse labeling. 

 

 

Figure 3.1: Schematic of thymidine analog treatment for cells differentiated for 4 h prior 

to pulse labeling. 



 
56 

 

3.2.6. DNA fiber preparation for molecular combing 

Figure 3.2: Schematic of the process of obtaining combed DNA fibers, from cell culture 

to molecular combing. 

 

Figure 3.2 shows the process of preparing combed DNA fibers from cell culture. Harvested 

cells were resuspended in 45 µl of 1X cold PBS. An equal volume of melted low melting 

point (LMP) agarose was added to the cell suspension. After brief homogenization, this 

solution was transferred to a 90 µl mold and allowed to solidify on ice. The agarose plug 

was then extracted and immersed in 250 µl of ESP buffer pre-warmed at 50 °C containing 

Proteinase K. After overnight digestion, the plug was washed three times in 1X TE buffer 

on an overhead rotator. At this point, the plug could be further processed or stored at 4 °C 

in 1X TE for up to one year. Further processing of the plugs consisted of melting a plug in 

0.1 M MES buffer pH 6.5 for 20 minutes, subsequently transferring the tube containing the 

melted agarose and DNA fibers to a bead bath – to prevent any movement – and adding 

agarase to the mixture. After overnight digestion, the DNA-containing solution was 
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carefully transferred to a combing reservoir obtained from the FiberPrep® Kit. This solution 

could then be stored at 4 °C for a few days, or used directly for molecular combing, as 

explained in the next section. 

For the plugs sent to the company Genomic Vision for combing and staining, the procedure 

described was followed up to the washing steps after the overnight Proteinase K digestion. 

 

3.2.7. Molecular combing 

After cooling (if used immediately) or warming (if stored) to room temperature, the final 

DNA suspension in the FiberComb reservoirs was gently placed in the FiberComb 

Molecular Combing Device, along with one to two silanized coverslips (Genomic Vision, 

Bagneux, France). The coverslips were then mechanically inserted into the DNA 

suspension according to the default parameters provided by the manufacturer and pulled 

out at a slow, constant rate. The resulting combed DNA fibers adhere to the silanized 

surface at a constant rate of 2 kb/μm. To fix the DNA fibers to the coverslips, these were 

incubated at 65 °C for two hours. With this method, both sides of the silanized coverslips 

were coated with DNA fibers. After fixation, the coverslips can either be stained directly or 

stored at -20 °C. 

 

3.2.8. YOYOTM-1 staining 

YOYOTM-1 iodide is a dimeric cyanine dye that intercalates into nucleic acid with a 

preference for double-stranded DNA. YOYOTM-1 emits light at 509 nm, which corresponds 

to green light. Because YOYOTM-1 is brighter than other intercalating nucleic acid dyes 

such as DAPI, it is more suitable for studying combed DNA fibers. For this thesis, two 

staining protocols were performed. 

To quickly assess the quality of combed fibers, a test coverslip was incubated at 100 °C 

for 3 minutes and then mounted on a microscope slide with one drop of ProLongTM Gold 

Antifade mounting medium containing YOYOTM-1 (2 µl for 2 ml mounting medium). 

For more homogenous DNA staining, 1 µl of YOYOTM-1 was added to 415.6 µl of 1X PBS 

for a final concentration of 24 nM. After staining the thymidine analogs (see next section), 

the coverslip was placed on 200 µl of the YOYOTM-1 solution and incubated for 20 minutes 

at room temperature in the dark. It was then washed three times for 5 minutes each with 

1X PBS, again at room temperature in the dark. It was then immersed in solutions 

containing 70 %, 90 %, and 100 % absolute ethanol for 1 minute each, and allowed to dry. 
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Finally, the stained coverslip was mounted on a microscope slide with one drop of 

ProLongTM Gold Antifade mounting medium. 

 

3.2.9. Staining of thymidine analogs 

Because the DNA fibers fixed to the coverslip contained thymidine analogs, they were 

light-sensitive. Therefore, all staining and washing steps were performed in the dark. 

 

3.2.9.1. Staining of EdU 

The Click-iTTM EdU Cell Proliferation Kit for Imaging (Alexa FluorTM 594) from InvitrogenTM 

was used to stain the EdU analog.  

The coverslip was first immersed in 1X PBS for a few minutes to rehydrate. It was then 

covered with 3 % BSA in 1X PBS. 250 µl of Click-iTTM solution was prepared according to 

the manufacturer’s instructions using Click-iTTM reaction buffer and reaction buffer additive 

diluted to 1X with ddH2O, and the mixture was placed on top of the coverslip. After 

30 minutes of incubation at room temperature in a humid chamber, as much of the solution 

as possible was removed, and the coverslip was washed with 3 % BSA in 1X PBS and 

further processed with CldU staining, as explained in the next section. Alternatively, for the 

preliminary EdU incorporation assay, the coverslip was washed three times for 5 minutes 

each in 1X PBS, dried in an ethanol series, and mounted with a drop of ProLongTM Gold 

Antifade mounting medium. 

 

3.2.9.2. Staining of CldU 

CldU was stained by indirect immunofluorescence using a rat IgG2a-isotype monoclonal 

antibody (Abcam 6326) and an Alexa FluorTM 350-conjugated goat anti-rat IgG (H+L) 

secondary antibody (InvitrogenTM A-21093). 

For immunofluorescence staining, the coverslip was first incubated with 50 µl of blocking 

solution consisting of 10 % goat serum in 1X PBS. After incubation for 30 minutes at 37 °C 

in a humid chamber, the coverslip was transferred to 25 µl of primary antibody solution 

containing 2 µl of the primary antibody diluted in the blocking solution (1:50) and incubated 

for 1 hour at 37 °C in a humid chamber. It was then washed three times for 5 minutes in 

1X PBS, and placed on the secondary antibody solution consisting of 3.5 µl of a secondary 

antibody and 21.5 µl of blocking solution (1:75). After incubation for 30 minutes at room 
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temperature in a humid chamber, the coverslip was again washed three times for 

5 minutes in 1X PBS and stained with YOYOTM-1 as explained in section 8. 

 

3.2.10. Confocal fluorescence microscopy 

Confocal fluorescence microscopy images were obtained either in-house or through the 

Genomic Vision company. 

Coverslips for in-house experiments were individually documented and analyzed using the 

Olympus AX70 fluorescence microscope and the cellSens Dimension 1.8.1 program 

(Olympus) or the Zeiss Mikroskop Axio Imager KMAT and the Zeiss ZEN program (Zeiss). 

Agarose plugs containing DNA were sent to Genomic Vision to be combed, scanned, and 

processed using their proprietary reagents and scanning facility (EasyComb Plus Service 

DNA Replication). Once images were acquired, they could be viewed and analyzed 

remotely using their proprietary FiberStudio® tool (Genomic Vision). 

 

3.2.11. Bioinformatic-based methods 

3.2.11.1. Processing of microarray raw data 

Microarray expression values were determined by processing the raw data obtained with 

Agilent Feature Extraction software as described in Leidinger et al. 2014 [314]. Briefly, all 

average background-corrected signals were summed for each miRNA. For mRNA 

microarrays, the median of the background-corrected signals of probes belonging to the 

same transcript was extracted. Using quantile normalization (as implemented in the R 

package preprocessCore, version 1.46.0), the resulting values were normalized 

separately for each cell differentiation assay and shifted with a pseudo-count so that the 

lowest value was equal to 1. A log2 transformation was then applied. For miRNAs, the 

identifiers were converted from miRBase version 21 to 22 using miEAA 2.0 [272]. 

The resulting expression matrices were then filtered such that a miRNA or mRNA was 

retained only if it was detected in at least one time point and the highest expression value 

was at least 1.5 times greater than the largest undetected measurement value. 
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3.2.11.2. Clustering 

Expression trajectories of mRNAs and miRNAs with a fold-change of at least 1.5 between 

the highest and the lowest measurement value during differentiation profiling were 

clustered using fuzzy c-means clustering, as implemented in the R package Mfuzz, version 

2.54.0 [292]. The approach proposed by Schwämmle and Jensen [473] was used to 

estimate the fuziffier parameter, and the number of clusters was manually determined 

based on the elbow of the minimum cluster centroid distance plot (see Figure 4.5). 

For each miRNA cluster, over-representation enrichment analysis was performed using 

miEAA 2.0, and for each mRNA with Gene Trail 3.2. 

 

3.2.11.3. Generation of random cluster pairs and trios 

Control pairs of clusters were randomly generated as follows: five numbers were randomly 

chosen from 1 to 10 (unsorted, using the CalculatorSoup random number generator). The 

first number indicated the type of microarray considered: 1 to 5 for miRNAs, and 6 to 10 

for genes. The next two numbers indicated the differentiation assay: 1 or 2 for hMSC 

adipogenesis, 3 or 4 for hMSC chondrogenesis, 5 or 6 for hMSC osteogenesis, 7 or 8 for 

hNSC, and 9 or 10 for HSkM differentiation assay. The last two numbers indicated the 

cluster number. The same method was used to generate control trios of clusters with seven 

random numbers. If the same differentiation assay was drawn twice, new numbers were 

drawn, as well as if the cluster number was higher than the actual number of clusters. 

 

3.2.11.4. Statistics 

Wilcoxon signed-rank tests were used to calculate whether the overlap of randomly drawn 

cluster pairs and manually selected cluster pairs were significantly different (see 4.1.3). 
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4. Results 

4.1. miRNome and transcriptome profiling by microarrays 

 

To better comprehend the mechanisms involved in stem cell differentiation, the miRNA 

and gene expression of differentiating stem cells were profiled from 3 to 48 hours after 

induction of differentiation. 

For this purpose, three cell types (hMSCs, hNSCs, and HSkMs) were cultured in five 

differentiation assays. HSkMs and hNSCs were differentiated in a non-directed manner, 

whereas differentiation of hMSCs into adipocytes, chondrocytes, or osteoblasts was 

specifically induced. Total RNA was isolated from cells 3 h, 6 h, 9 h, 12 h, 24 h, and 48 h 

after induction of differentiation, and from undifferentiated cells from the same batches 

(0 h). Microarrays were used to quantify the expression levels of 50,038 transcripts 

and 2,549 miRNAs from the same total RNA samples. After averaging the signals, the 

value matrices were normalized, log2 transformed, and filtered (see 3.2.11.1). 

 

4.1.1. Detected RNAs 

Overall, the number of miRNAs detected in each differentiation assay was consistent 

across time points (see Figure 4.1 a). On average, 318 miRNAs were detected in the three 

hMSC differentiation assays (264-350), 524 (433-578) for the hNSC differentiation assay, 

and 616 (520-781) for HSkM cells. Figure 4.1 b shows that the majority (245) of miRNAs 

detected at 0 h were shared by all differentiation assays, 125 were shared by the hNSC 

and the HSkM differentiation assays, while 70 were identified only in hNSC and 62 only in 

the HSkM differentiation assay. This was expected as more miRNAs were detected in the 

hNSC and HSkM differentiation assays than in the hMSC differentiation assays. 
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Figure 4.1: Detection levels of miRNAs. a: Numbers of miRNA detected for each time 

point in each differentiation assay. b: Upset plot (bottom right) showing how many of the 

miRNAs identified at 0 h (bottom left) were shared between differentiation assays. At the 

top of the upset plot are the numbers of shared miRNAs for each combination. 
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The numbers of genes detected were also homogeneous over time, averaging 32,038 

(28,658-35,480) (see Figure 4.2 a). Almost 25,000 genes were shared by all five 

differentiation assays (see Figure 4.2 b). The second and third categories with the most 

genes in common were the three hMSC differentiation assays with and without the HSkM 

assay (2,037 and 1,505 respectively), which was expected because of the similarity of 

their lineage. 

 

 

Figure 4.2: Detection levels of mRNAs. a: Numbers of genes detected for each time 

point in each differentiation assay. b: Upset plot (bottom right) showing how many of the 

genes identified at 0 h (bottom left) were shared between differentiation assays. At the 

top of the upset plot are the numbers of shared mRNAs for each combination. 



 
64 

 

4.1.2. Deregulated RNAs 

RNAs were considered deregulated over the differentiation time course if the fold change 

between their minimum and maximum expression levels was at least 1.5. A total of 215 

and 29,966 deregulated miRNAs and genes were observed respectively in the hMSC 

adipogenesis assay, 136 and 27,605 in the hMSC chondrogenesis assay, 267 and 29,433 

in the hMSC osteogenesis assay, 354 and 18,866 in the hNSC differentiation assay, and 

611 and 25,551 in the HSkM differentiation assay (see Figure 4.3). 

 

 

 

 

 

 

 

 

Figure 4.3: Total numbers of 

deregulated miRNAs (a) and 

transcripts (b) in each 

differentiation assay. miRNAs 

and transcripts were classified 

as deregulated if the fold 

change between their minimum 

and maximum expression 

values was at least 1.5. 

 
 

When considering miRNAs that were deregulated compared to the onset of induction, 

particularly strong changes were noted at specific time points. In the HSkM and the hMSC 

osteogenesis assays, the 12 h and 48 h time points had the highest numbers of 

deregulated miRNAs (see Figure 4.4 a). These maxima for the hMSC adipogenesis assay 

were observed at time points 6 and 12 h, for the hMSC chondrogenesis assay at time 

point 48 h, and at time points 3 h and 48 h for the hNSC differentiation assay. The time 

points with the greatest changes in miRNA expression were comparable to those found 

for the genes, except in the case of the hMSC adipogenesis differentiation assay, for which 

the highest gene numbers were observed at 9 h and 24 h (see Figure 4.4 b). In general, 
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the numbers of up- and down-regulated miRNAs per time point were similar, but there 

were some exceptions, such as in the hMSC adipogenesis assay at 6 h or at several time 

points in the hMSC osteogenesis assay, where greater upregulation was found. 

 

Figure 4.4: Time-resolved numbers of deregulated miRNAs and transcripts. a: Numbers 

of miRNAs for which the fold change between their maximum expression value and their 

value at 0 h was ≥ 1.5 in each differentiation assay, for each time point. b: Numbers of 

transcripts for which the fold change between their maximum expression value and their 

value at 0 h was ≥ 1.5 in each differentiation assay, for each time point. 

 

The upset plots in Figure 4.5 show the numbers of shared deregulated RNAs for each 

combination of differentiation assay(s). The intersection of miRNAs found in all 

differentiation assays ranks third with 62 miRNAs, behind the “deregulated miRNAs found 

only in the HSkM differentiation assay” and the “deregulated miRNAs shared by the HSkM 
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and the hNSC differentiation assays” categories (215 and 177 miRNAs, respectively). This 

was not unexpected given the sheer number of deregulated miRNAs found in the hNSC 

and HSkM differentiation assays. There were no deregulated miRNAs unique to the hMSC 

differentiation assays, but 26 miRNAs were deregulated in all three hMSC differentiation 

assays and the HSkM differentiation assay. Since the numbers of deregulated genes are 

more similar than those of miRNAs, it was expected that the largest overlap would be 

found in the category “genes deregulated in all differentiation assays”, with 9,158 genes. 

2,873 deregulated genes are shared by the three hMSC differentiation assays only and 

6,404 by the three hMSC differentiation assays and the HSkM differentiation assay. 

 

Figure 4.5: Overlaps of deregulated miRNAs and transcripts. miRNAs were classified as 

deregulated if the fold change between their minimum and maximum expression values 

was at least 1.5. Upset plot (bottom right) showing how many deregulated miRNAs (a) or 

transcripts (b) were shared between differentiation assays. At the top of the upset plot 

are the numbers of shared miRNAs or transcripts for each combination, and at the left 

are the numbers of deregulated miRNAs or transcripts in each assay. 
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4.1.3. Cluster analysis 

To better apprehend the expression patterns across time points, the deregulated RNAs 

were clustered using fuzzy c-means clustering. The number of clusters was determined 

manually based on the minimum cluster centroid distance plot (see Figure 4.6 a) and on 

the overlap plots (b-d). First, the number of clusters was determined via the elbow method 

based on the minimum cluster centroid distance plot, resulting in 6 identified clusters in 

the example of Figure 4.6. Then the overlap plots for 6 to 8 were examined and compared 

to identify the maximum number of clusters with enough dissimilarities. In the example 

shown in Figure 4.6, the distance between clusters 6 and 8 in Figure 4.6 d (8 clusters) is 

very small, which was confirmed by a visual assessment of the similarities between the 

two clusters (see Figure 4.6 e-f). The next nearest cluster is cluster 5, shown in Figure 4.6 

g. In contrast to the difference between clusters 6 and 8, its pattern is different enough 

from both to be included as a separate cluster. Therefore, the number of clusters was set 

to 7. 

 

This method identified 5 clusters for the miRNAs in the hMSC adipogenesis, 

chondrogenesis, and hNSC differentiation assays, 6 in the hMSC osteogenesis assay 

(miRNA), 7 for the miRNAs in the HSkM differentiation assay and for the mRNAs in the 

hMSC osteogenesis assay, 8 in the hMSC chondrogenesis assay (mRNAs), 9 in the hNSC 

and HSkM differentiation assays (mRNAs), and 10 for the mRNAs in the hMSC 

adipogenesis assay. 
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Figure 4.6: Determination of the number of clusters. Exemplary data from the hMSC 

osteogenesis assay (mRNA). a: Average minimum centroid distance (x-axis) for k 

clusters (y-axis). b-d: Overlap plots for 6 (b), 7 (c), or 8 (d) clusters. e-g: Expression 

patterns of genes with a membership of at least 0.5 across time points for clusters 6 (e), 

8 (f), and 5 (g) in the case of 8 clusters. 
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Figure 4.7 shows all miRNAs clustered according to their pattern of expression across the 

time points. As expected, peaks of expression were observed in particular at time points 

that exhibited the highest numbers of deregulated miRNAs compared to induction start 

(see Figure 4.4 a). Interestingly, certain expression patterns seemed to reflect each other, 

such as miRNA clusters 1 vs. 4 and 2 vs. 3 of the hNSC differentiation assay (see 

Figure 4.7 d), or miRNA clusters 2 vs. 6 and 3 vs. 7 of the HSkM differentiation assay (see 

Figure 4.7 e). 

Some clusters were especially well defined with nearly all miRNAs following the same 

pattern, shown by a high membership score, like the miRNA clusters 3 in the hMSC 

adipogenesis assay, 3 in the hMSC osteogenesis assay, and 2 and 3 in the HSkM 

differentiation assay (see Figure 4.7 a, c, e). These tended to be associated with few strong 

peaks of expression of the deregulated miRNAs, which also corresponded to the time 

points at which the greatest number of deregulated miRNAs compared to induction start 

were observed (see Figure 4.4 a). 

Overall, the expression patterns of the deregulated miRNAs followed clear trends, except 

in the HSkM differentiation assay, where the expression levels increased and decreased 

at almost each time point. 
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Figure 4.7: Clusters of patterns of expression of deregulated miRNAs, in each 

differentiation assay (a-e). Each miRNA is represented by a line, which is colored 

according to the cluster membership score of the miRNA. The black line symbolizes the 

centroid of the cluster for each time point. 
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The characteristics of the expression pattern clusters for the deregulated genes were 

similar to those for the miRNAs, although more complex patterns were also observed due 

to their greater number (see Figure 4.8). Here again, some clusters presented gene sets 

with a strong membership, such as clusters 3 in the hMSC adipogenesis assay and 7 in 

the hNSC differentiation assay (see Figure 4.8 a, d). Expression patterns that reflect each 

other were observed as well, such as in clusters 5 and 6 of the hMSC osteogenesis assay 

(see Figure 4.8 c). Certain time points were also associated with strong peaks of 

expression (such as 48 h in the hNSC differentiation assay; see Figure 4.8 d), and with 

the highest numbers of deregulated genes compared to induction start (see Figure 4.4 b). 

 

 

Figure 4.8: Clusters of patterns of expression of deregulated genes, in each 

differentiation assay (a-e). Each transcript is represented by a line, which is colored 

according to the cluster membership score of the transcript. The black line symbolizes 

the centroid of the cluster for each time point. 
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Some of the clusters have very similar expression patterns, such as cluster 1 of the hMSC 

osteogenesis assay and cluster 3 of the HSkM differentiation assay (miRNAs), or 

clusters 1 and 9 of the hMSC adipogenesis and hNSC differentiation assays respectively 

(genes). The member lists of these clusters were compared to identify possible overlaps. 

As a control, the same number of cluster pairs were randomly selected as described in 

3.2.11.3, and the size of their overlaps was recorded. All lists and overlaps can be found 

in Appendix Table 7.1. 

 

Some cluster pairs or trios with similar expression patterns had no overlap, as is the case 

for the miRNA clusters 3 and 3 of the hMSC adipogenesis and hNSC differentiation 

assays, and for the cluster 1 of the hMSC chondrogenesis assay (miRNAs) when 

compared to the clusters 5 or 4 of the hMSC adipogenesis and osteogenesis assays, 

respectively. In contrast, miRNA clusters 5 and 4 of the hMSC adipogenesis and 

osteogenesis assays shared 17 miRNAs (out of a total of 42 and 43 miRNAs, respectively). 

The miRNA clusters 2 and 4 of the hMSC chondrogenesis and hNSC differentiation assays 

shared only one miRNA, hsa-miR-1207-5p. In the trio comprising clusters 4, 2, and 1 of 

the hMSC chondrogenesis, hNSC, and HSkM differentiation assays respectively 

(miRNAs), hsa-miR-6875-5p was the only miRNA common to all three clusters, whereas 

six miRNAs belonged to both the clusters of the hMSC chondrogenesis and hNSC 

differentiation assays, four miRNAs to those of the hMSC chondrogenesis and HSkM 

differentiation assays, and eight to those of the hNSC and HSkM differentiation assays. 

The miRNA clusters 5 and 5 of the hMSC osteogenesis and HSkM differentiation assays 

had six miRNAs in common, and clusters 1 and 3 of the same assays shared 24 miRNAs 

(out of a total of 48 and 107 miRNAs, respectively). 

The overlap of clusters 3 and 1 of the hMSC osteogenesis and hNSC differentiation 

assays, respectively, included 394 genes, out of a total of 4 547 (hMSC osteogenesis), 

and 2 085 genes (hNSC). The overlap between gene clusters 1 and 9 of the hMSC 

adipogenesis and hNSC differentiation assays consisted of 115 genes (out of a total of 

2,534 and 1,285, respectively). Five genes were shared by the trio including clusters 5, 4, 

and 2 of the hMSC osteogenesis, hNSC, and HSkM differentiation assays, respectively 

(out of a total of 4,601, 1,283, and 2,893 genes, respectively), 183 by the clusters of the 

hMSC osteogenesis and hNSC differentiation assays, 296 by those of the hMSC 

osteogenesis and HSkM differentiation assays, and 63 by those of the hNSC and HSkM 

differentiation assays. Clusters 6 and 4 of the hMSC osteogenesis and HSkM 

differentiation assays had 637 genes in common out of a total of 4,489 and 2,621, 
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respectively, and 464 genes belonged to both clusters 6 and 4 of the hMSC adipogenesis 

and osteogenesis assays, respectively (out of a total of 3,139 and 3,986 genes, 

respectively). Clusters 1 and 2 of the hMSC chondrogenesis and hNSC differentiation 

assays shared 258 genes out of 3,766 and 2,507, respectively. In the trio comprising 

clusters 8, 2, and 3 of the hMSC chondrogenesis, osteogenesis, and hNSC differentiation 

assays, respectively, the overlap of the three clusters consisted of 30 genes, while 428 

genes were common to the clusters of the hMSC differentiation assays, 286 to the clusters 

of the hMSC chondrogenesis and hNSC differentiation assays, and 266 to the clusters of 

the hMSC osteogenesis and hNSC differentiation assays, out of a total of 3,540 (hMSC 

chondrogenesis), 4 029 (hMSC osteogenesis), and 2,667 genes (hNSC). Finally, a total 

of 264 genes were shared by clusters 3 and 7 of the hMSC chondrogenesis and hNSC 

differentiation assays (out of a total of 2,976 and 2,810 genes, respectively). 

 

The online tool Venny 2.1 was used to document the percentages of overlaps for each 

cluster pair or trio, which were then compared between randomly and manually selected 

ones. Figure 4.9 shows box plots of the overlaps in pairs (a), in pairs belonging to trios (b), 

and for three clusters (c). Although some overlaps were documented in control pairs of 

clusters, there were significantly bigger in cluster pairs that were manually selected for 

their pattern similarities (Wilcoxon signed-rank test, p-value of 0.02202, s.d. of 9.81). 

Cluster pairs in trios did not show significant differences (p-value of 0.18352). No 

significance could be calculated for overlaps of three clusters due to insufficient sample 

size, nonetheless, the same trend as with the cluster pairs could be observed. 

 

Overall, there seems to be a correlation between pattern similarities of clusters and higher 

numbers of miRNAs or genes shared in these clusters. 
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Figure 4.9: Boxplots showing the percentages of overlap between clusters selected for 

their pattern similarities or randomly selected clusters (control), in pairs (a), in pairs 

belonging to trios (b), or in three clusters (c). The percentage difference is significant in a 

according to a Wilcoxon signed-rank test (p-value of 0.02202, s.d. 9.81), but not 

significant in b. The sample size in c is too small to perform a test. 
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4.1.4. Comparison of enriched pathways 

For each cluster, biological pathways were analyzed and searched for enrichment (over-

representation analysis) using the online tools miEAA (for miRNA clusters) and Gene 

Trail 3.2 (for gene clusters). This search for enriched pathways was designed to answer 

two questions: 

- Are enriched pathways similar in miRNA-gene cluster pairs that appear to have 

anti-correlated patterns? 

- Are expression patterns similar for clusters enriched in similar pathways? 

 

To answer the first question, miRNA-gene cluster pairs whose expression patterns 

appeared anti-correlated for at least a portion of the timeframe studied were identified, and 

their respective enriched pathways were compared. For this purpose, the ten pathways 

with the lowest p-value were manually searched for broader categories. Table 4.1 lists 

which broad pathways categories were found to be enriched in both the miRNA cluster 

and the gene cluster of a pair. Cluster pairs that were investigated but for which no pathway 

similarity could be detected can be found in Appendix Table 7.2. 
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Table 4.1: Enriched pathways shared by both members of a miRNA-gene cluster pair with 

seemingly anti-correlated patterns of expression for at least a portion of the timeframe 

studied. Each cluster pair is represented by an overlap of the cluster centroids of the gene 

(in red) and the miRNA cluster (in blue). For each pair, the number of clusters is indicated 

by colored numbers. 
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Two cluster pairs from the hMSC chondrogenesis assay showed strong enrichment for 

pathways associated with immune system signaling (miRNA cluster 1 with gene cluster 8, 

miRNA cluster 2 with gene cluster 8). Two other cluster pairs, miRNA cluster 6 with gene 

cluster 2 of the hMSC osteogenesis assay and miRNA cluster 3 with gene cluster 6 of the 

hNSC differentiation assay, also presented enrichment for similar pathways. 

The cluster pair from the hMSC osteogenesis assay was also associated with pathways 

related to collagen and the extracellular matrix. Additionally, the cluster pair formed by 

miRNA cluster 3 with gene cluster 6 of the hNSC differentiation assay also showed 

enrichment in pathways related to the membrane and transmembrane channels. 

In the hMSC osteogenesis assay, the pair that includes miRNA cluster 1 and gene 

cluster  5 presents enrichment for chromatin-related pathways. 

Another cluster pair of the hNSC differentiation assay, miRNA cluster 2 with gene 

cluster  2, is strongly associated with translation processes. 

In the HSkM differentiation assay, the pair that includes miRNA cluster 2 and gene 

cluster 9 could be associated with both the cytoskeleton and muscles. The latter category 

is also strongly correlated with the pair that includes miRNA cluster 4 and gene cluster 9, 

as well as the cell differentiation category. Finally, the cluster pair formed by miRNA 

cluster 4 and gene cluster 1 was strongly linked with development, in particular muscle 

development. 
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To answer the question of the similarity of expression patterns for clusters enriched in 

similar biological pathways, such clusters had to be identified. The following general 

categories were considered: “cell cycle” (which includes pathways related to cell division, 

cell cycle phases, etc.), “cell differentiation & development”, “collagen & extracellular 

matrix”, “senescence”, “signaling pathways of the immune system”, “transcription”. 

 

Clusters enriched in “signaling pathways of the immune system” were miRNA clusters 2 

of the hMSC adipogenesis, 1 and 2 of the hMSC chondrogenesis, 6 of the hMSC 

osteogenesis, 3 of the hNSC, and 3 and 4 of the HSkM differentiation assays, as well as 

gene clusters 3 of the hMSC adipogenesis, 3 and 8 of the hMSC chondrogenesis, 2, 3 

and 6 of the hMSC osteogenesis, 6 and 8 of the hNSC, and 4, 6 and 7 of the HSkM 

differentiation assays. Most of these miRNA clusters had expression levels that decreased 

with time, especially the clusters of the hMSC chondrogenesis and osteogenesis assays. 

Strikingly, gene clusters 8 and 2 of the hMSC chondrogenesis and osteogenesis assays, 

respectively, showed a pattern that reflected the downward trend of the miRNA clusters. 

 

The categories “cell cycle”, “cell differentiation & development”, and “senescence” were 

grouped. These included miRNA clusters 1 and 3 of the hMSC adipogenesis, 1 and 6 of 

the hMSC osteogenesis, 3 of the hNSC, and 3 and 4 of the HSkM differentiation assays, 

as well as the gene clusters 10 of the hMSC adipogenesis, 1 of the hMSC chondrogenesis, 

2 of the hMSC osteogenesis, 3, 6 and 8 of the hNSC, and 1, 3, 8 and 9 of the HSkM 

differentiation assays. Three gene clusters, namely clusters 2, 3, and 9 of the hMSC 

osteogenesis, hNSC, and HSkM differentiation assays, respectively, showed an 

expression pattern with a clear upward trend at the 24 h and 48 h time points, whereas 

many miRNA clusters, especially miRNA cluster 6 of the hMSC osteogenesis assay, 

presented a clear downward trend at these time points. The miRNA cluster 1 was enriched 

in pathways for both the categories “cell cycle” and “senescence”, and its pattern of 

expression with a downward trend from 0 h to 12 h, followed by a clear increase at 24 h 

and 48 h was reflected in gene cluster 10 of the hMSC adipogenesis assay. 

 

The only miRNA clusters enriched in pathways from the category “transcription” were 

miRNA clusters 3 and 4 of the HSkM differentiation assay. Their mRNA counterparts were 

clusters 4 of the hMSC chondrogenesis, 3 and 6 of the hMSC osteogenesis, 6 of the hNSC, 

and 6 of the HSkM differentiation assay. Whereas miRNA cluster 3 of the HSkM 
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differentiation assay and gene cluster 6 of the hMSC osteogenesis assay showed similar 

expression patterns (a plateau until 9 h and a clear peak downward at the 12 h time point), 

miRNA cluster 4 and gene cluster 6 of the HSkM differentiation assay had more reflected 

patterns of expression, with a large peak at 6 h, downward for the miRNA cluster and 

upward for the gene cluster. 

 

As expected, the category “collagen & extracellular matrix” was highly enriched in the 

hMSC chondrogenesis (1, 7, and 8) and hMSC osteogenesis (2 and 7) gene clusters. 

While clusters 1 of the hMSC chondrogenesis and 7 of the hMSC osteogenesis assays 

presented a decreasing trend from 0 h to 48 h, a steady increase of expression was 

observed in the other three clusters. This trend was reflected in miRNA cluster 6 of the 

hMSC osteogenesis assay, which was also enriched in pathways of the same category. 

 

 

Overall, there seemed to be a positive trend between the similarity of enriched biological 

pathways and the similarity of cluster expression patterns in the same RNA class, or with 

mirrored expression patterns in the case of miRNA and gene clusters. Additionally, 

pathways with biological relevance to the future cell type of the differentiating stem cells 

could be found in some assays, especially in the hMSC osteogenesis and the HSkM 

differentiation assays. 
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4.1.5. Greatest increase or decrease in expression 

Figures 4.10 through 4.13 are clustered heatmaps showing the miRNAs and transcripts 

for which expression decreased or increased the most between two of the time points (ten 

for each direction in each differentiation assay). 

 

Interestingly, a few miRNAs or miRNA families were highly deregulated in more than one 

differentiation assay, like the hsa-miR-29 family with a total of nine hits (including four for 

hsa-miR-29b-3p and three for hsa-miR-29b-1-5p) in all five differentiation assays 

(decreased), or hsa-miR-221-5p, found in the top 10 decreased miRNAs of the hMSC 

adipogenesis and chondrogenesis assays (see Figure 4.10 a-c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 (next page): The ten miRNAs that showed the strongest decrease in 

expression across all time points in the hMSC adipogenesis (a), chondrogenesis (b), 

osteogenesis (c), hNSC (d), or HSkM differentiation assay (e). 
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As for the top 10 increased miRNAs, the most abundant miRNA was hsa-miR-6785-5p, 

found in the hMSC adipogenesis, the hNSC, and the HSkM differentiation assays (see 

Figure 4.11 d-f). The ten most increased miRNAs in the hMSC osteogenesis assay all 

belonged to the same cluster (cluster 3 of Figure 4.7 c), and none of them was found in 

the top 10 of the other differentiation assays (see Figure 4.11). 
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Figure 4.11: The ten miRNAs that showed the greatest increase across all time points in 

the hMSC adipogenesis (a), chondrogenesis (b), osteogenesis (c), hNSC (d), or HSkM 

differentiation assay (e). 

Similarly, a few mRNAs showed greatly increased or decreased signals in multiple 

differentiation assays, such as MMP1, which was decreased in the hMSC chondrogenesis 

and osteogenesis assays (see Figure 4.12 b-c), or FOSB, which was decreased in the 
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hNSC and HSkM differentiation assay and increased in the hMSC adipogenesis assay 

(see Figure  4.12 d-e and Figure 4.13 a). 

 

Figure 4.12: The ten genes that showed the strongest decrease across all time points in 

the hMSC adipogenesis (a), chondrogenesis (b), osteogenesis (c), hNSC (d), or HSkM 

differentiation assay (e). 
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Figure 4.13: The ten genes that showed the greatest increase in expression across all 

time points in the hMSC adipogenesis (a), chondrogenesis (b), osteogenesis (c), hNSC 

(d), or HSkM differentiation assay (e). 
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To examine the distribution of pathways associated with the ten miRNAs and ten genes 

that showed the greatest increase or decrease in expression in the five differentiation 

assays, an over-representation analysis (ORA) was performed using the online tools 

miEAA (for the miRNAs) and Gene Trail 3.2 (for the genes). The resulting pathways were 

manually summarized into the following categories: “bacteria”, “behavior”, “biosynthesis 

and metabolism”, “cancer”, “cell death”, “chromatin”, “cytoskeleton”, “development”, 

“differentiation”, “DNA repair”, “drug”, “extracellular matrix”, “hormones and 

neurotransmitters”, “immunity”, “membrane”, “(metal) ion”, “mitosis and cell cycle”, “pore 

and protein channel”, “post-translational modifications”, “replication”, “reproduction”, “RNA 

interference”, “signaling”, “stemness”, “transcription and transcription factor”, “translation”, 

and “virus”. When assigning a pathway to one or more categories, the more specific 

categories were preferred, and a pathway was assigned to the broader categories such 

as “biosynthesis and metabolism” only if no other category could be chosen. 

 

In the hNSC differentiation assay, no overrepresentation of signaling pathways was 

detected for either genes or miRNAs. The same was true for the miRNAs of the hMSC 

adipogenesis and of the hMSC osteogenesis assays, and for the genes of the hMSC 

chondrogenesis assay. 

Over-representation analysis of the hMSC adipogenesis assay revealed a high proportion 

of immunity-related and “(metal) ion”- associated pathways linked with the ten genes that 

experienced the greatest increase of expression. 

In the hMSC chondrogenesis assay, the ten most decreased miRNAs were mainly 

associated with pathways of the “cytoskeleton”, “development”, “differentiation”, and 

“stemness” categories. 

Both the ten most increased and decreased genes of the hMSC osteogenesis assay were 

linked with a large proportion of immunity and signaling pathways. 

In the HSkM differentiation assay, miRNAs were linked with pathways from the 

“membrane”, “(metal) ion”, and “pore and protein channel” categories. The ten genes with 

the greatest increase in expression were associated with a high number of pathways from 

the “behavior”, “cytoskeleton”, and “translation” categories. It should be noted that the 

“behavior” category in this case mainly included pathways related to muscle contraction, 

which is biologically linked to molecules of the cytoskeleton and calcium homeostasis. 
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4.1.6. Correlations between miRNome and transcriptome 

To start and evaluate possible expression correlations between miRNome and 

transcriptome, the interaction strength between miRNA and gene clusters of the same 

differentiation assay was calculated. For this purpose, interactions validated in the online 

miRNA-gene interaction database miRTarBase or predicted by at least three sources in 

the online miRNA-gene interaction prediction tool mirDIP (microRNA Data Integration 

Portal) that had a Spearman or Pearson correlation of at least -0.8 were compiled. 

Figures 4.14 through 4.18 display these interaction networks in the five differentiation 

assays, where the interaction strength is symbolized by the thickness and color of the bond 

between a miRNA cluster and a gene cluster. These networks were normalized by the size 

of the miRNA cluster, and non-normalized versions as well as interaction networks 

normalized by the percentage of regulated genes or of regulating miRNAs can be found in 

Appendix Figures 7.1 through 7.5. 
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Figure 4.14 (previous page): Network of interactions between gene clusters (left) and 

miRNA clusters (middle) of the hMSC adipogenesis assay, normalized by the size of the 

miRNA cluster. The cluster centroids of the gene and miRNA clusters whose interactions 

are referred to by the arrows are shown on the right. 

 

 

Figure 4.14 shows the network of interactions between gene and miRNA clusters of the 

hMSC adipogenesis assay, normalized by the size of the miRNA cluster. Five cluster pairs 

had a higher interaction count compared to the others, especially miRNA cluster 2 and 

gene cluster 10. The overlapped cluster centroids of these five cluster pairs are displayed 

on the right of Figure 4.14. In all cases, the miRNA centroid line mirrored the line of the 

gene cluster centroid quite well, which was to be expected. It is worth noting that the 

percentages of both regulating miRNAs and regulated genes of miRNA cluster 2 and gene 

cluster 10 were also the highest of this differentiation assay, but gene clusters 2 and 9 also 

exhibited higher percentages of regulated genes than expected by their interaction 

frequency, which might be explained by their smaller size (see Figure 7.1). 

 

 

Figure 4.15: Network of interactions between gene clusters (left) and miRNA clusters 

(middle) of the hMSC chondrogenesis assay, normalized by the size of the miRNA 

cluster. The cluster centroids of the gene and miRNA clusters whose interactions are 

referred to by the arrows are shown on the right and bottom. 
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According to the interaction network of the hMSC chondrogenesis assay in Figure 4.15, 

six pairs of clusters had a high number of interactions. The microRNA cluster 1 strongly 

interacted with gene cluster 8, which was one of the two clusters heavily targeted by 

miRNA cluster 2, with gene cluster 7. The pair with the largest number of interactions, 

miRNA cluster 2 and gene cluster 8 was also the pair for which the cluster centroids best 

reflected each other, although other pairs with fewer interactions per miRNA also showed 

good concordance, like miRNA cluster 4 and gene cluster 3, and miRNA cluster 5 with 

gene cluster 4. It is worth noting that all or almost all miRNAs of each cluster were involved 

in interactions with at least one gene cluster (see Figure 7.2). 

 

Figure 4.16: Network of interactions between gene clusters (left) and miRNA clusters 

(middle) of the hMSC osteogenesis assay, normalized by the size of the miRNA cluster. 

The cluster centroid of the gene and miRNA cluster whose interaction is referred to by 

the arrow is shown on the right. 

 

In the network of cluster interactions of the hMSC osteogenesis assay (displayed in 

Figure 4.16), two cluster pairs were noticeable by their interaction frequency: miRNA 

cluster 4 with gene cluster 3 and with gene cluster 6. As already observed in other 

differentiation assays, the better concordance of the centroid lines could be found in the 

cluster pair with the highest interaction count per miRNA. When looking at the percentage 
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of regulating miRNAs and regulated genes, the pair formed by miRNA cluster 6 and gene 

cluster 2 stood out as involving all miRNAs from the not particularly small miRNA cluster 

but only about 10 % of the genes from the gene cluster (see Figure 7.3). 

 

 

Figure 4.17: Network of interactions between gene clusters (left) and miRNA clusters 

(middle) of the hNSC differentiation assay, normalized by the size of the miRNA cluster. 

The cluster centroids of the gene and miRNA clusters whose interactions are referred to 

by the arrows are shown on the right. 

 

Figure 4.17 shows the network of interactions of the hNSC differentiation assay, in which 

two miRNA clusters (1 and 2) and two gene clusters (2 and 7) had the highest interaction 

counts. The cluster centroids of these four pairs quite closely reflected each other, 
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particularly those of the miRNA cluster 1 and gene cluster 2, which together had the 

highest interaction proportion. Another cluster pair exhibited a high interaction count, 

miRNA cluster 4 with gene cluster 3. The miRNAs from the miRNA cluster were involved 

at a high percentage in regulation interactions (see Figure 7.4), although this cluster did 

not stand out in Figure 4.17.  

 

 

Figure 4.18: Network of interactions (middle) between gene clusters and miRNA clusters 

of the HSkM differentiation assay, normalized by the size of the miRNA cluster. The 

cluster centroids of the gene and miRNA clusters whose interactions are referred to by 

the arrows are shown on the right and left. 

 
 

In the HSkM differentiation assay, whose interaction network is displayed in Figure 4.18, 

eight pairs of miRNA and gene clusters strongly interacted with each other. In this assay 

again, the centroids that best reflected each other were among the cluster pairs with the 

highest number of interactions per miRNA: miRNA cluster 5 with gene cluster 4 and miRNA 

cluster 4 with gene cluster 9, as well as miRNA cluster 3 with gene cluster 2. This last 

cluster pair was the only pair of this differentiation assay where all but one miRNA were 

regulating at least one gene (see Figure 7.5) 
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The interaction sets used for the above analysis were again restricted, this time to the 

interactions that contained the 10 miRNAs with the strongest increase or decrease in 

expression in the differentiation assays, or the 100 genes with the strongest increase or 

decrease, to identify specific miRNAs or genes driving these interactions. The resulting 

networks are shown in Figures 4.19 through 4.28. In this analysis, RNAs were considered 

not to belong to a cluster (“Cluster NA”) if their membership score was less than 0.5. 

Unless otherwise stated, the miRNA-gene interaction percentages below do not include 

genes that could not be assigned a cluster. 

 

The subset of interactions comprising the ten miRNAs with the strongest increase in 

expression in the hMSC adipogenesis assay is displayed in Figure 4.19 a-b and consists 

of two networks. In Figure 4.19 a, miRNAs are identified by their labels and the colored 

dots depict the cluster membership of their target genes, while in b the cluster membership 

of miRNAs is shown. Two miRNAs that were not part of any identified cluster, hsa-miR-

210-3p and hsa-miR-873-5p, formed the first network and the targets of hsa-miR-210-3p 

belonged to gene clusters 8 (56.1 %) and 6 (42.9 %). The second network included seven 

members of miRNA cluster 4 (hsa-miR-1973, hsa-miR-3135b, hsa-miR-4428, hsa-miR-

494-3p, hsa-miR-663a, hsa-miR-6785-5p, and hsa-miR-8063), and one member of 

miRNA cluster 5 (hsa-miR-6821-5p). Most of their targets that could be assigned to a 

cluster were members of gene cluster 2 (91.0 %), which is a moderately frequent 

interaction according to Figure 4.14. 

Two networks could also be observed in the subset of interactions with the ten most 

decreasing miRNAs in the hMSC adipogenesis assay (Figure 4.19 c-d). The upper right 

network included two miRNAs (hsa-miR-6068 and hsa-miR-6724-5p), both members of 

miRNA cluster 5. Their targets belonged mostly to gene clusters 9 (64.7 %) and 2 

(29.4 %), for which the interaction count is also moderately high in Figure 4.14. The other 

network in this subset comprised hsa-miR-503-5p and seven members of miRNA cluster 2 

(hsa-miR-221-5p, hsa-miR-29b-1-5p, hsa-miR-29b-3p, hsa-miR-337-5p, hsa-miR-374b-

5p, hsa-miR-432-5p, and hsa-miR-487b-3p). Most targets of this network were members 

of gene cluster 10 (92.8 %), which represent the highest cluster interaction count in 

Figure 4.14, and some targets of hsa-miR-432-5p belonged to gene cluster 3 (12.9 %). 
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Figure 4.19: Interaction networks between the ten miRNAs with the strongest increase 

(a-b) or decrease in expression (c-d) in the hMSC adipogenesis assay and their targets. 

Each interaction was validated in the online miRNA-gene interaction database 

miRTarBase or predicted by at least three sources in the online miRNA-gene interaction 

prediction tool mirDIP (microRNA Data Integration Portal) and had a Spearman or 

Pearson correlation of at least -0.8. „Cluster NA” indicates that the membership score 

was less than 0.5. 
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The interaction networks focusing on the 100 most increasing genes in the hMSC 

adipogenesis assay were less well defined, since for most of these genes no miRNA-gene 

interactions were found (see Figure 4.20 a-b). The genes from cluster 9 (CXCL12 and 

IER3) were targeted by the only member of miRNA cluster 5 (hsa-miR-3195). The other 

miRNAs mostly belonged to cluster 2 (77.3 %) and mainly targeted members of gene 

cluster 10 (90.9 %). 

The interaction networks derived from the 100 most decreasing genes in the hMSC 

adipogenesis assay consisted of multiple networks with single genes targeted by one to 

five miRNAs (see Figure 4.20 c-d). Several miRNAs belonged to cluster 1 (27.8 %), and 

several others to miRNA cluster 4 (27.8 %). The latter group mostly targeted members of 

gene cluster 2 (60.0 % of all interactions), for which the interaction count in Figure 4.14 is 

moderately high. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 (next page): Interaction networks between genes in the top 100 increased 

(a-b) or decreased expression (c-d) in the hMSC adipogenesis assay and the miRNAs 

that target them. Each interaction was validated in the online miRNA-gene interaction 

database miRTarBase or predicted by at least three sources in the online miRNA-gene 

interaction prediction tool mirDIP and demonstrated a Spearman or Pearson correlation 

of at least -0.8. “Cluster NA” indicates that the membership score was less than 0.5. 
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The subset of interactions of the ten most increasing miRNAs in the hMSC chondrogenesis 

assay was composed of nine members of miRNA cluster 4 and formed a highly connected 

network (see Figure 4.21 a-b; hsa-miR-2861, hsa-miR-4505, hsa-miR-4507, hsa-miR-

4530, hsa-miR-4672, hsa-miR-494-3p, hsa-miR-638, hsa-miR-6803-5p, and hsa-miR-

6869-5p). They mostly targeted members of gene cluster 3 (62.9 %), which is a common 

interaction according to Figure 4.15. For the remaining miRNA, hsa-miR-7641, no known 

target was found. 

The network of the ten miRNAs with the strongest decrease in expression in the hMSC 

chondrogenesis assay is shown in Figure 4.21 c-d. All ten miRNAs were quite well 

connected, and eight were members of miRNA cluster 2 (hsa-miR-155-5p, hsa-miR-221-

5p, hsa-miR-29a-3p, hsa-miR-29b-3p, hsa-miR-29c-3p, hsa-miR-31-3p, hsa-miR-34a-5p, 
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and hsa-miR-34b-5p). Their targets mainly belonged to gene clusters 8 (60.4 %) and 7 

(35.0 %), except for the targets of hsa-miR-7-5p, the only member of miRNA cluster 1, 

who mostly belonged to gene clusters 8 (74.4 %) and 5 (25.6 %). These interaction counts 

are among the highest in Figure 4.15. 

 

Figure 4.21: Interaction networks between the ten miRNAs with the strongest increase 

(a-b) or decrease in expression (c-d) in the hMSC chondrogenesis assay and their 

targets. Each interaction was validated in the online miRNA-gene interaction database 

miRTarBase or predicted by at least three sources in the online miRNA-gene interaction 

prediction tool mirDIP and had a Spearman or Pearson correlation of at least -0.8. 

„Cluster NA” indicates that the membership score was less than 0.5. 
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The network focusing on the 100 most increasing genes in the hMSC chondrogenesis 

assay, displayed in Figure 4.22 a-b, also supported a strong association between miRNA 

cluster 2 (81.8 % of all miRNAs) and gene cluster 8 (66.7 % of all genes). 

In contrast, the interactions of the 100 most decreasing genes in the hMSC 

chondrogenesis assay (see Figure 4.22 c-d) mostly differed from the global interaction 

landscape observed in Figure 4.15. Most miRNAs in this subset belonged to miRNA 

cluster 4, and they mainly targeted members of gene cluster 1 (66.7 %). PODXL, the only 

member of gene cluster 4 in this subset, was targeted by the only two members of miRNA 

cluster 5 (hsa-miR-148a-3p and hsa-miR-199a-5p). 
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Figure 4.22 (previous page): Interaction network between genes in the top 100 increased 

(a-b) or decreased expression (c-d) in the hMSC chondrogenesis assay and the 

miRNAs that target them. Each interaction was validated in the online miRNA-gene 

interaction database miRTarBase or predicted by at least three sources in the online 

miRNA-gene interaction prediction tool mirDIP and demonstrated a Spearman or 

Pearson correlation of at least -0.8. “Cluster NA” indicates that the membership score 

was less than 0.5. 

 

 

The interaction network derived from the ten most increasing miRNAs in the hMSC 

osteogenesis assay, shown in Figure 4.23 a-b, formed a fairly well-connected network. All 

ten miRNAs (hsa-miR-1912-3p, hsa-miR-3658, hsa-miR-3919, hsa-miR-4267, hsa-miR-

4691-3p, hsa-miR-4762-3p, hsa-miR-515-5p, hsa-miR-640, hsa-miR-665, hsa-miR-

6715b-3p) belonged to miRNA cluster 3, and the majority of their targets were members 

of gene clusters 4 (34.7 %) and 5 (27.7 %). These interaction counts are not particularly 

high in Figure 4.16. 

The well-interconnected network formed by the ten most decreasing miRNAs in the hMSC 

osteogenesis assay was composed of nine miRNAs (see Figure 4.23 c-d). The three 

miRNAs situated in the upper left (hsa-miR-132-3p, hsa-miR-29b-3p, and hsa-miR-31-5p) 

were members of miRNA cluster 6, and their targets mostly belonged to gene cluster 2 

(84.1 %). Three miRNAs (hsa-miR-3960, hsa-miR-4505, and hsa-miR-4530) were 

members of miRNA cluster 5, and mainly targeted members of gene cluster 3 (43.2 %) 

and 2 (33.5 %). Members of gene clusters 3, 6, and 2 were also targeted by hsa-miR-

6821-5p, which was the only member of miRNA cluster 4 in this subset. For the remaining 

miRNA, hsa-miR-4459, no interactions were found. Most of these interactions are not 

particularly frequent according to Figure 4.16. 

 

 

 

 

Figure 4.23 (next page): Interaction networks between the ten miRNAs with the strongest 

increase (a-b) or decrease in expression (c-d) in the hMSC osteogenesis assay and 

their targets. Each interaction was validated in the online miRNA-gene interaction 

database miRTarBase or predicted by at least three sources in the online miRNA-gene 

interaction prediction tool mirDIP and had a Spearman or Pearson correlation of at 

least -0.8. „Cluster NA” indicates that the membership value was less than 0.5. 
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Focusing on the network formed by the 100 most increasing genes in the hMSC 

osteogenesis assay revealed a moderately interconnected topology (see Figure  4.24 a-

b). Nevertheless, some trends were apparent: ten genes, including nine members of gene 

cluster 2 were targeted by eleven miRNAs belonging to miRNA cluster 6. Additionally, a 

network composed of three members of gene cluster 2 (ABCC3, ADAMTS9, and PTK2B), 

FAM20A, and TNS3, and of members of miRNA clusters 4 and 5 was visible on the bottom 

left of the subset, this interaction being not particularly common according to Figure 4.16. 

The interaction network spanned by the 100 most decreasing genes in the hMSC 

osteogenesis assay (see Figure 4.24 c-d),  was characterized by a principal network 

(bottom left) consisting of members of miRNA cluster 4, and their targets, most of which 

belonged to gene cluster 3 (75.0 %). This represents the most frequent interaction in 
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Figure 4.16. Another miRNA cluster was well represented in this subset: NPTX1 was 

targeted by six miRNAs, of which five belonged to miRNA cluster 3, and TFPI2 was 

targeted by three members of the same miRNA clusters. 

 

 

 

Figure 4.24: Interaction network between genes in the top 100 increased (a-b) or 

decreased expression (c-d) in the hMSC osteogenesis assay and the miRNAs that 

target them. Each interaction was validated in the online miRNA-gene interaction 

database miRTarBase or predicted by at least three sources in the online miRNA-gene 

interaction prediction tool mirDIP and demonstrated a Spearman or Pearson correlation 

of at least -0.8. “Cluster NA” indicates that the membership score was less than 0.5. 
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The network formed by the ten most increasing miRNAs in the hNSC differentiation assay 

is shown in Figure 4.25 a-b. It included a high proportion of members from miRNA 

clusters 5 (mainly bottom left, 62.5 %; hsa-miR-4446-3p, hsa-miR-4697-5p, hsa-miR-494-

3p, hsa-miR-6132, and hsa-miR-6785-5p) and 2 (upper right, 37.5 %; hsa-miR-1260b, 

hsa-miR-3195, and hsa-miR-5684). The genes targeted by miRNAs in the upper right 

corner mainly belonged to gene clusters 7 (70.7 %) and 2 (27.2 %), which were frequent 

interactions according to Figure 4.17. The targets of the members of miRNA cluster 5 

mostly belonged to gene clusters 7 (55.0 %) and 3 (22.5 %), which are not particularly 

frequent interactions in Figure 4.17. 

The interaction network of the ten most decreasing miRNAs in the hNSC differentiation 

assay was split into two parts. The main network comprised nine members of miRNA 

cluster 3 (hsa-miR-101-3p, hsa-miR-135b-5p, hsa-miR-153-3p, hsa-miR-19a-3p, hsa-

miR-219a-5p, hsa-miR-29b-3p, hsa-miR-340-5p, hsa-miR-374a-5p, and hsa-miR-551b-

3p) and was highly interconnected (Figure 4.25 c-d). A high proportion (57.1 %) of their 

multiple targets belonged to gene cluster 5, and 18.1 % to gene cluster 1, for which the 

interaction counts were moderately high according to Figure 4.17. The second part was 

formed by the member of miRNA cluster 5 (hsa-miR-619-5p), situated in the upper right 

corner, and mainly targeted members of gene cluster 3. 

 

 

 

 

 

 

 

 

 

Figure 4.25 (next page): Interaction networks between the ten miRNAs with the strongest 

increase (a-b) or decrease in expression (c-d) in the hNSC differentiation assay and 

their targets. Each interaction was validated in the online miRNA-gene interaction 

database miRTarBase or predicted by at least three sources in the online miRNA-gene 

interaction prediction tool mirDIP and had a Spearman or Pearson correlation of at 

least -0.8. „Cluster NA” indicates that the membership value was less than 0.5. 
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The interaction network focusing on the top 100 most increasing in the hNSC 

differentiation assay, shown in Figure 4.26 a-b, was mainly composed of members of gene 

cluster 3 (72.9 %), and associated with 19 members of miRNA cluster 3, and with five 

members of miRNA cluster 4. The only members of miRNA cluster 5 (hsa-miR-1275, hsa-

miR-2861, hsa-miR-4728-5p, hsa-miR-638, and hsa-miR-6800-5p), and 2 (hsa-miR-4428, 

and hsa-miR-6780b-5p) all targeted SPTB, who belonged to gene cluster 9. These 

interactions are moderately frequent according to Figure 4.17. 

The subset of interaction resulting from the 100 most decreasing genes in the hNSC 

differentiation assay was mostly disconnected and regulated by a few miRNAs. The largest 
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network was spanned by FRMD4A, a member of gene cluster 7, and the nine miRNAs 

targeting it, all of which belonged to miRNA cluster 2 (see Figure 4.26 c-d; hsa-miR-1260b, 

hsa-miR-1305, hsa-miR-149-5p, hsa-miR-320e, hsa-miR-342-3p, hsa-miR-4284, hsa-

miR-432-5p, hsa-miR-4716-3p, and hsa-miR-6780b-5p). Two other members of this 

miRNA cluster were present in this subset (hsa-miR-4443, and hsa-miR-6740-5p), along 

with six members of miRNA cluster 1 (hsa-miR-1281, hsa-miR-4701-5p, hsa-miR-563, 

hsa-miR-6731-3p, hsa-miR-6784-3p, and hsa-miR-98-3p), one member of miRNA 

cluster 5 (hsa-miR-6800-5p), and two other miRNAs (hsa-miR-5739, and hsa-miR-6826-

5p). These miRNA proportions are frequent according to Figure 4.17. 
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Figure 4.26 (previous page): Interaction network between genes in the top 100 increased 

(a-b) or decreased expression (c-d) in the hNSC differentiation assay and the miRNAs 

that target them. Each interaction was validated in the online miRNA-gene interaction 

database miRTarBase or predicted by at least three sources in the online miRNA-gene 

interaction prediction tool mirDIP and demonstrated a Spearman or Pearson correlation 

of at least -0.8. “Cluster NA” indicates that the membership score was less than 0.5. 

 

 

The interactions of the ten most increasing miRNAs in the HSkM differentiation assay, 

shown in Figure 4.27 a-b, included a contiguous network of eight miRNAs (hsa-miR-4697-

5p, hsa-miR-5703, hsa-miR-5787, hsa-miR-630, hsa-miR-642a-3p, hsa-miR-6749-5p, 

hsa-miR-6785-5p, and hsa-miR-7110-5p), five of which belonged to miRNA cluster 1. A 

high proportion (95.8 %) of the targets in this network belonged to gene cluster 8, which is 

the second highest interaction count according to Figure 4.18. The only member of miRNA 

cluster 5 in this subset, hsa-miR-4697-5p, targeted the only four members of gene 

cluster 4 (CNGB1, EFNA2, LSM4, and SLC39A3/ZIP3), the interaction counts of these 

clusters being among the highest in Figure 4.18. One miRNA, hsa-miR-1-3p was situated 

in the upper left corner, disconnected from the rest and its numerous targets were mostly 

members of gene clusters 5 (57.6 %) and 3 (40.0 %). For the remaining miRNA, hsa-miR-

4459, no known interactions were found. 

The network spanned by the ten most decreasing miRNAs in the HSkM differentiation 

assay formed a sparsely connected network (Figure 4.27 c-d). Four of these belonged to 

miRNA clusters 4 and 5 (hsa-miR-199b-5p, hsa-miR-224-5p, hsa-miR-494-3p, and hsa-

miR-7-5p) and targeted members of gene clusters 9 and 1. These interactions are frequent 

according to Figure 4.18. Two (hsa-miR-10a-5p, and hsa-miR-450a-5p) and one (hsa-

miR-29b-1-5p) miRNAs belonged to miRNA clusters 3 and 2 respectively, and mainly 

targeted members of gene cluster 2 (66.7 %) and 7 (57.9 %) respectively. These 

interactions are less common according to Figure 4.18. 

 

 

Figure 4.27 (next page): Interaction networks between the ten miRNAs with the strongest 

increase (a-b) or decrease in expression (c-d) in the HSkM differentiation assay and 

their targets. Each interaction was validated in the online miRNA-gene interaction 

database miRTarBase or predicted by at least three sources in the online miRNA-gene 

interaction prediction tool mirDIP and had a Spearman or Pearson correlation of at 

least -0.8. „Cluster NA” indicates that the membership value was less than 0.5. 
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In the interaction network derived from the 100 most increasing genes in the HSkM 

differentiation assay, all but one gene (97.6 %) were members of gene cluster 9 (see 

Figure 4.28 a-b). They were mostly targeted by members of miRNA clusters 4 and 5, or in 

the case of PCSK9, by the only four members of miRNA cluster 2 present in this subset 

(hsa-miR-100-5p, hsa-miR-129-1-3p, hsa-miR-129-2-3p, and hsa-miR-99a-5p), which is 

common according to Figure 4.18. The only member of gene cluster 5 in this subset 

(CCN5) was targeted by the only miRNA of this subset belonging to miRNA cluster 3 (hsa-

miR-455-3p).  

The network focusing on the 100 most decreasing genes in the HSkM differentiation assay 

is shown in Figure 4.28 c-d. A high proportion (37.2 %) of miRNAs belonging to miRNA 

cluster 3 was found in this subset, and their targets were mainly members of gene cluster 5 
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(93.8 % of all interactions). The interaction count of these clusters is moderately high in 

Figure 4.18. 

Figure 4.28: Interaction network between genes in the top 100 increased (a-b) or 

decreased expression (c-d) in the HSkM differentiation assay and the miRNAs that 

target them. Each interaction was validated in the online miRNA-gene interaction 

database miRTarBase or predicted by at least three sources in the online miRNA-gene 

interaction prediction tool mirDIP and demonstrated a Spearman or Pearson correlation 

of at least -0.8. “Cluster NA” indicates the membership score was less than 0.5. 

 

In summary, a large proportion of interactions involving one miRNA or gene from the 10 

or 100, respectively, that experienced the strongest increase or decrease in expression 

were frequent according to the networks of interactions between miRNA and gene 

clusters. Of note, mostly connected networks were observed when investigating the most 

increasing or decreasing miRNAs, while networks focusing on the most increasing or 

decreasing genes were more often split into multiple components.  
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4.1.7. Hints of the adipogenesis-osteogenesis balance 

According to Scheideler et al. 2008, it is possible to detect the adipogenesis-osteogenesis 

balance in gene expression data of hMSCs undergoing adipogenesis and osteogenesis 

even before commitment, which happens between 2 and 5 days after the onset of the 

differentiation process [465]. 

To investigate whether hints of the adipogenesis-osteogenesis balance could be found in 

the gene expression data of this work, lists of genes involved in adipogenesis and/or 

osteogenesis processes were assembled from the existing literature (full lists available in 

Appendix Table 7.3). Then the expression data of genes promoting or inhibiting 

adipogenesis were collected from the hMSC adipogenesis assay and the expression data 

of genes promoting or inhibiting osteogenesis were collected from the hMSC osteogenesis 

assay. Figures 4.29 through 4.33 show selected gene expression data relative to 0 h for 

all available time points, in the hMSC adipogenesis assay (see Figures 4.29 and 4.30) and 

the hMSC osteogenesis assay (see Figures 4.31 and 4.32). Figures with all gene 

expression data can be found in Appendix Figures 7.6 through 7.9. 

 

For genes known to promote adipogenesis (see Figure 4.29), three genes, Schnurri-2 

(HIVEP2), PPARG, and SRC, showed a decrease of expression at the 6 h and/or 9 h time 

points compared to 0 h. The expression of BMP4 and DKK2 also decreased at earlier time 

points but rose well above 2 times more compared with 0 h at the 24 h time point. Their 

counterparts BMP2 and DKK1 both showed an increase in expression between 0 h and 

3 h and between 9 h and 12 h. 

 

 

 

 

 

 

 

Figure 4.29 (next page): Selected time-resolved gene expression relative to 0 h for 

genes known to promote adipogenesis, in the hMSC adipogenesis assay. The color 

scale indicates the maximum fold change in gene expression between two time points. 
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The category of genes known to inhibit adipogenesis was characterized by four genes 

whose expression strongly decreased: CTNNB1, GLI3, RUNX2, SMAD6, and only one 

gene showing a strong increase in expression, GLI1 (see Figure 4.30). 

 

 

Figure 4.30: Selected time-resolved gene expression relative to 0 h for genes known to 

inhibit adipogenesis, in the hMSC adipogenesis assay. The color scale indicates the 

maximum fold change in gene expression between two time points. 
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Some of the genes known to promote osteogenesis demonstrated sharp decreases in 

expression, like BMP2, BMP4, GLI1, and JUN (see Figure 4.31). Although unexpected, 

these results were not particularly surprising considering that commitment to the 

osteogenic process is slower than commitment to adipogenesis [452]. Some genes, such 

as IGFBP2 and IGFBP4, showed greatly increased expression after the 9 h time point. 

 

 

 

Figure 4.31: Selected time-resolved gene expression relative to 0 h for genes known to 

promote osteogenesis, in the hMSC osteogenesis assay. The color scale indicates the 

maximum fold change in gene expression between two time points. 
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In the category of genes known to inhibit osteogenesis (see Figure 4.32), two genes 

showed a counterintuitive expression pattern: adipsin (CFD) and leptin (LEP). Other 

genes, such as ADIPOQ, DKK1, or NOG, had a more expected pattern of expression 

characterized by higher expression levels at earlier time points that decreased over time. 

 

Figure 4.32: Selected time-resolved gene expression relative to 0 h for genes known to 

inhibit osteogenesis, in the hMSC osteogenesis assay. The color scale indicates the 

maximum fold change in gene expression between two time points. 

 

 

Although anticipated alterations in gene expression levels were observed, an equal 

number of unexpected changes were also noted. Additionally, the majority of genes 

exhibited no significant modifications, suggesting a potential random nature of these 

observations in the studied time frame. 
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4.1.8. Investigation of miRNAs important for embryonic stem cells 

ESC-specific miRNA signatures have been described in both mouse and human cell lines 

[26,214,397,504]. Human embryonic stem cells (hESCs) show enrichment in a few miRNA 

groups: miRNAs from the miR-17 family, miRNAs from the chromosome 19 miRNA cluster, 

miRNAs from the miR-302 cluster, and miRNAs from the miR-371/373 cluster [89,122]. 

Most of these clusters are transcribed as polycistronic transcripts, meaning that two or 

more miRNAs are found on one transcript, suggesting common regulators and expression 

patterns. Moreover, the seed sequences of several of these ESC-enriched miRNAs are 

similar or identical, suggesting that they may target the same mRNA pool [504]. Some 

studies also found the miR-130 and miR-200 families to be enriched in hESCs [504]. 

Several miRNAs involved in regulating the ESC transcriptome and in the differentiation of 

ESC have been also described [31,536]. 

The goal of this analysis was to explore the expression patterns of specific miRNAs that 

are known to play crucial roles in the stemness and maintenance of the ESC profile, as 

well as those involved in ESC differentiation and regulation of the ESC transcriptome. The 

expectation was that miRNAs associated with stemness would exhibit reduced expression 

levels following differentiation induction, while miRNAs involved in differentiation 

processes and ESC transcriptome regulation would display increased expression. The 

expression levels of 168 mature miRNAs, originating from 91 miRNA genes, were 

investigated. A detailed list of these miRNAs can be found in Appendix Table 7.4. 

 

Figure 4.33 displays heatmaps depicting the normalized expression levels of all identified 

miRNAs from the 168 across the five differentiation assays. The cluster memberships of 

the miRNAs are indicated on the right side of each heatmap. In the cluster column, a grey 

square signifies that the miRNA did not exhibit a fold change over 1.5 between two time 

points, indicating it was not considered deregulated and was not attributed to a cluster. 

Additional heatmaps with only the deregulated miRNAs and/or scaled and normalized can 

be found in Appendix Figures 7.10 through 7.12. 

It should be noted that not all of the 168 miRNAs were detected, with varying numbers 

found in each differentiation assay: 19 in the hMSC adipogenesis, 18 in the hMSC 

chondrogenesis, 26 in the hMSC osteogenesis, 32 in the hNSC, and 31 in the HSkM 

differentiation assay. Overall, 41 of the 168 unique miRNAs were observed. 
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Figure 4.33: Heatmaps of the normalized expression levels of miRNAs known to be 

important in embryonic stem cells (ESCs) in the hMSC adipogenesis (a), 

chondrogenesis (b), osteogenesis (c), hNSC (d), and HSkM (e) differentiation assays. 

The cluster memberships of the miRNAs are shown at the right of each heatmap. A grey 

square in the cluster column indicates that the miRNA did not present a fold change 

over 1.5 between two time points. 
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Among the six groups of ESC-enriched miRNAs, four were observed in the analysis, 

specifically the miR-17 family, the chromosome 19 miRNA cluster, the miR-371/373 

cluster, and the miR-130 family. 

Five members of the miR-17 family were detected in all differentiation assays: hsa-miR-

106b-5p, hsa-miR-17-5p, hsa-miR-20a-5p, hsa-miR-20b-5p, and hsa-miR-93-5p. Three 

other members were detected in the hNSC and HSkM differentiation assays (hsa-miR-17-

3p, hsa-miR-18a-5p, and hsa-miR-18b-5p), while hsa-miR-106b-3p and hsa-miR-93-3p 

were only detected in the hNSC differentiation assay. All presented a downward trend, 

except four out of the five miRNAs detected in the hMSC adipogenesis assay (hsa-miR-

106b-5p, hsa-miR-17-5p, hsa-miR-20a-5p, and hsa-miR-20b-5p), whose expression 

tended to increase, and three miRNAs that were more or less constantly expressed in the 

hNSC differentiation assay (hsa-miR-106b-3p, hsa-miR-93-5p, and hsa-miR-93-3p). 

Members of the chromosome 19 miRNA cluster were detected five times in the hMSC 

osteogenesis assay (hsa-miR-1283, hsa-miR-515-5p, hsa-miR-516a-3p, hsa-miR-518c-

3p, and hsa-miR-520e-3p) and once in the HSkM differentiation assay (hsa-miR-516a-5p), 

all with an upward trend in expression. 

Two members of the miR-371/373 cluster were detected six times total in the hMSC 

adipogenesis, osteogenesis, hNSC, and HSkM differentiation assays: hsa-miR-371a-5p 

and hsa-miR-371b-5p. Their expression tended to increase in the earlier time points and 

then decrease, staying overall quite low. 

The miR-130 family was detected in all five differentiation assays. The expression of hsa-

miR-130b-3p decreased when it was deregulated, while hsa-miR-130a-3p showed an 

upward trend in expression in the hMSC adipogenesis and osteogenesis assays, and a 

downward trend in the HSkM differentiation assay. Additionally, hsa-miR-130b-5p was 

detected but not considered deregulated in the hNSC differentiation assay, with an 

increasing expression level. Furthermore, the expression of hsa-miR-301a-3p decreased 

in the hNSC and HSkM differentiation assays, as did the expression of hsa-miR-301b-3p 

in the HSkM differentiation assay. 
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Other miRNAs known to play a role in ESCs were detected as well. For example, hsa-

miR-195-5p was detected in all five differentiation assays and considered deregulated 

everywhere except in the hMSC osteogenesis assay. Its expression was low in the other 

hMSC differentiation assays and tended to decrease overall, after peaks at the 6 h and 

24 h time points in most assays. 

Detected in the hNSC and HSkM differentiation assays, hsa-miR-296-5p presented an 

overall increasing trend. 

In the hMSC adipogenesis and osteogenesis assays, the expression of hsa-miR-145-5p 

tended to increase, while it remained consistently high in the hMSC chondrogenesis 

assay, and it decreased in the HSkM differentiation assay. On the other hand, hsa-miR-

145-3p was detected and deregulated only in the hMSC osteogenesis assay, where its 

expression increased at the last two time points. 

Expression levels of the let-7 family were varied. All the members of this family that were 

detected in the HSkM differentiation assay decreased in expression, as did hsa-let-7i-5p 

in all assays and hsa-let-7g-5p and hsa-miR-98-5p in all assays except one (hMSC 

adipogenesis and osteogenesis respectively). However, expression levels in the hMSC 

differentiation assays increased for the most part. In the hNSC differentiation assay, five 

members of the let-7 family presented a downward trend, while six showed an upward 

trend in expression. 

 

Some of the miRNAs known to be enriched in ESCs or to regulate their transcriptome 

could be detected in the differentiating stem cells characterized in this work. Interestingly, 

some miRNAs exhibited consistent trends across assays, while others displayed more 

diverse expression patterns, suggesting complex regulation during differentiation. 
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4.1.9. The miR-29 family 

A notable miRNA family in the 10 miRNAs that showed the strongest decrease across all 

time points was the hsa-miR-29 family. This family includes four members: hsa-miR-29a-

3p, hsa-miR-29b-1-5p, hsa-miR-29b-3p, and hsa-miR-29c-3p. All of these miRNAs were 

found at least once in the top 10 decreased miRNAs, with hsa-miR-29b-1-5p found in the 

top 10 of the three hMSC and hNSC differentiation assays, and hsa-miR-29a-3p in the 

top 10 of the hMSC adipogenesis, chondrogenesis, and HSkM differentiation assays. 

 

First, we investigated the cluster membership of each hsa-miR-29 family member and 

detected a striking result. In the three hMSC differentiation assays, all members belonged 

to the same cluster (clusters 2, 2, and 6 in the adipogenesis, chondrogenesis, and 

osteogenesis assay, respectively; see Table 4.2). In the hNSC and the HSkM 

differentiation assays, hsa-miR-29b-1-5p was the only one of the four miRNAs that 

belonged to another cluster, but with a much lower membership score than its family 

members counterparts. As expected, since they were among the 10 miRNAs that exhibited 

the strongest decrease, all patterns of expression showed a downward trend, except for 

the cluster to which hsa-miR-29b-1-5p belonged in the hNSC differentiation assay 

(cluster 5; Table 4.2). 

 

 

Table 4.2: Cluster membership of the members of the hsa-miR-29 family. For each 

differentiation assay, the clusters to which the members of the hsa-miR-29 family belong 

are indicated with their respective membership scores and the corresponding cluster 

patterns. 
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Figure 4.34: Cluster membership of targets of hsa-miR-29 family members. For each 

differentiation assay, the clusters to which the targets of hsa-miR-29 family members (a) 

or the targets of hsa-miR-29b-1-5p (b) belong are shown. 

 

Next, potential targets of the hsa-miR-29 family were searched using the online tool 

mirDIP, which yielded 1 098 targets with high or very high confidence for hsa-miR-29a-3p, 
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922 for hsa-miR-29b-1-5p, 797 for hsa-miR-29b-3p, and 786 for hsa-miR-29c-3p. 

Figure 4.34 shows the cluster membership of all these targets in each differentiation assay 

(a), and the cluster membership of all hsa-miR-29b-1-5p targets (b). These cluster 

membership profiles were similar for both sets of targets. In both cases, some clusters 

were overrepresented, like cluster 3 in the hMSC adipogenesis assay, clusters 3 and 6 in 

the hMSC osteogenesis assay, or cluster 2 in the hNSC differentiation assay. 

 

In the hMSC adipogenesis assay, all members of the hsa-miR-29 family belonged to 

cluster 2, which was characterized by a downward trend from 0 h to 9 h followed by a 

plateau of expression (see Figure 4.7 a). The gene clusters that included most of the hsa-

miR-29 family targets and most of the hsa-miR-29b-1-5p targets were clusters 3, 10, 9, 

and 5 in descending order (see Figure 4.34). All four gene clusters showed a strong 

change of expression between 9 h and 12 h, increasing in all except gene cluster 5. In 

addition, as shown in Figure 4.13, miRNA cluster 2 was strongly associated with gene 

cluster 10. 

In the hMSC chondrogenesis assay, cluster 2, to which the members of the hsa-miR-29 

family belonged, showed a plateau of expression from 0 h to 9 h, followed by a sharp 

decrease of expression at the 24 h and 48 h time points (see Figure 4.7 b). The gene 

clusters with the highest proportion of both the hsa-miR-29 family and hsa-miR-29b-1-5p 

targets were clusters 1, 5, 6, and 7 in descending order (see Figure 4.34). Gene clusters 1 

and 6 showed expression patterns similar to miRNA cluster 2, which was unexpected, 

while gene clusters 7 and 5 displayed an upward trend, which was more expected. In 

Figure 4.15, miRNA cluster 2 interacted strongly with clusters 7 and 8. 

In the hMSC osteogenesis assay, all members of the hsa-miR-29 family belonged to 

miRNA cluster 6, which displayed a slight and steady decrease of expression from 0 h to 

12 h, and a sharp decrease between 24 h and 48 h (see Figure 4.7 c). Most of the hsa-

miR-29 family and hsa-miR-29b-1-5p targets belonged to gene clusters 3 and 6 (see 

Figure 4.34). These two clusters showed greatly decreased expression at 12 h, followed 

by an increase at the 24 h and 48 h time points. The patterns of these clusters were 

reflected in gene clusters 4 and 5, which included the smallest proportion of the hsa-miR-

29 family and hsa-miR-29b-1-5p targets. 

In the hNSC differentiation assay, three members of the hsa-miR-29 family belonged to 

miRNA cluster 3, which was characterized by two sharp peaks of decreased expression, 

at 3 h and 48 h (see Figure 4.7 d). The gene clusters with the highest proportion of hsa-
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miR-29 family targets were clusters 2, 8, 6, and 1 in descending order (see Figure 4.34). 

Clusters 6 and 1 both showed peaks of increased expression at 3 h and 48 h (highest at 

3 h in cluster 6 and 48 h in cluster 1), but the pattern of expression of gene cluster 8 did 

not correlate with that of miRNA cluster 3, and gene cluster 2 also presented a strongly 

decreased expression at 48 h. The miRNA cluster 5, which included hsa-miR-29b-1-5p, 

albeit with a very low membership score of 0.29, had a pattern of expression that reflected 

that of miRNA cluster 3 and gene cluster 6 (see Figures 4.7 d and 4.8 d). 

In the HSkM differentiation assay too, hsa-miR-29b-1-5p did not belong to the same 

miRNA cluster as its family members, but to the miRNA cluster 2 (with a membership score 

of 0.51). This cluster showed an alternating increase and decrease of expression, with two 

strong peaks of decreased expression at 12 h and 48 h (see Figure 4.7 e). Gene 

clusters 2, 5, and 9 included the highest proportion of hsa-miR-29b-1-5p targets (see 

Figure 4.34). The expression patterns of these gene clusters were quite different, but they 

each anti-correlated well with the pattern of miRNA cluster 2 during a portion of the 

timeframe studied: 6 h to 24 h for gene cluster 2, 12 h to 24 h for gene cluster 5, and 0 h 

to 9 h and 24 h to 48 h for gene cluster 9 (see Figures 4.7 e and 4.8 e). This last cluster 

was expected to interact strongly with both miRNA clusters 2 and 4, as shown in 

Figure 4.18. The three remaining members of the hsa-miR-29 family (hsa-miR-29a-3p, 

hsa-miR-29b-3p, and hsa-miR-29c-3p) belonged to miRNA cluster 4 (with membership 

scores from 0.67 to 0.90), whose expression pattern was similar to that of miRNA cluster 2, 

albeit with stronger peaks of expression at earlier time points. The gene clusters containing 

the highest numbers of hsa-miR-29 family targets were gene clusters 9 and 4 (see 

Figure 4.34). The expression pattern of gene cluster 9 again anti-correlated quite well with 

that of miRNA cluster 4, as did that of gene cluster 4 with its sharp decrease of expression 

from 6 h to 12 h (see Figure 4.8 e). 

 

The data obtained from searching for enrichment in particular biological pathways (4.1.4) 

were extracted for each of the previously mentioned clusters and compared in each 

differentiation assay. Figures 4.35 through 4.40 are grid plots showing the distribution of 

these pathways among the databases and broad categories considered in the hMSC 

adipogenesis (see Figure 4.35), hMSC chondrogenesis (see Figure 4.36), hMSC 

osteogenesis (see Figure 4.37), hNSC (see Figure 4.38) and HSkM differentiation assays 

(see Figures 4.39 and 4.40). The size of each circle corresponds to the number of 

pathways at each intersection of the grid, while the colors indicate the enriched cluster, as 

shown in the legend on the right. 
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In the hMSC adipogenesis assay, miRNA cluster 2 was enriched in pathways from the 

broad categories of “cell cycle & differentiation”, “extracellular matrix”, and “immunity” (see 

Figure 4.35). The four associated gene clusters, 3, 5, 9, and 10 also showed enrichment 

for the broad categories “cell cycle & differentiation” and “immunity”, but also for 

“membrane” and “nucleic acid binding”. 

Figure 4.54: Enrichment of biological pathways in the miRNA cluster that comprised the 

members of the hsa-miR-29 family (cluster 2) and gene clusters enriched in hsa-miR-29 

family targets in the hMSC adipogenesis assay. Databases are listed on the y-axis, and 

broad biological pathway categories are listed on the x-axis. The size of each circle 

indicates the number of pathways at each intersection of the grid, and the colors 

represent the cluster that is enriched, as shown by the legend on the right. 

 

In miRNA cluster 2 of the hMSC chondrogenesis assay, the over-represented pathways 

belonged to the broad categories “cell cycle & differentiation”, “DNA damage response”, 

and “immunity”. Two of the four gene clusters with the highest numbers of hsa-miR-29 

family targets, clusters 5 and 6, displayed enrichment only in kinase and oxidoreductase 

activity, respectively, and were therefore not shown in Figure 4.36. The other two gene 

clusters (1 and 7) were enriched in pathways from the broad categories “cell cycle & 

differentiation” (cluster 1), “DNA damage response” (cluster 1), and “extracellular matrix” 

(cluster 7). 
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Figure 4.36: Enrichment of biological pathways in the miRNA cluster that comprised the 

members of the hsa-miR-29 family (cluster 2) and gene clusters enriched in hsa-miR-29 

family targets in the hMSC chondrogenesis assay. Databases are listed on the y-axis, 

and broad biological pathway categories are listed on the x-axis. The size of each circle 

indicates the number of pathways at each intersection of the grid, and the colors 

represent the cluster that is enriched, as indicated by the legend on the right. 

 

In the hMSC osteogenesis assay, miRNA cluster 6 was enriched for pathways from the 

broad categories “cell cycle & differentiation”, “immunity”, and “transcription”. The latter 

two categories were also overrepresented in the associated gene clusters 3 and 6, as well 

as the “translation” category (see Figure 4.37). 
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Figure 4.37: Enrichment of biological pathways in the miRNA cluster that comprised the 

members of the hsa-miR-29 family (cluster 6) and gene clusters enriched in hsa-miR-29 

family targets in the hMSC osteogenesis assay. Databases are listed on the y-axis, and 

broad biological pathway categories are listed on the x-axis. The size of each circle 

indicates the number of pathways at each intersection of the grid, and the colors 

represent the cluster that is enriched, as indicated by the legend on the right. 

 

In the hNSC differentiation assay, the miRNA cluster to which hsa-miR-29b-1-5p 

belonged, cluster 5, did not show any particular enrichment, in contrast to miRNA cluster 3, 

which included the other hsa-miR-29 family members. This cluster was enriched in 

pathways from the broad categories “cell cycle & differentiation”, “immunity”, and 

“membrane” (see Figure 4.38). These three broad categories were also overrepresented 

in gene clusters 1, 6, and 8, as is the category “transcription”, which was also the only 
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category enriched in gene cluster 2. Strikingly, gene cluster 6 also showed enrichment in 

the category “adipogenesis” (with four overrepresented pathways), which was unexpected 

in this particular assay. 

 

Figure 4.38: Enrichment of biological pathways in the miRNA cluster that comprised 

most members of the hsa-miR-29 family (cluster 3) and gene clusters enriched in hsa-

miR-29 family targets in the hNSC differentiation assay. Databases are listed on the y-

axis, and broad biological pathway categories are listed on the x-axis. The size of each 

circle indicates the number of pathways at each intersection of the grid, and the colors 

represent the cluster that is enriched, as indicated by the legend on the right. 
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In the HSkM differentiation assay, hsa-miR-29b-1-5p belonged to miRNA cluster 2, in 

which pathways from the broad category “translation” were overrepresented (see 

Figure 4.39). Three gene clusters, 2, 5, and 9, were enriched in hsa-miR-29b-1-5p targets. 

Gene cluster 2 was not particularly enriched in pathways, whereas gene cluster 5 was 

enriched in pathways from the broad categories “extracellular matrix” and “membrane”. 

Gene cluster 9 was highly enriched in pathways from the “myogenesis” category. 

 

 

Figure 4.39: Enrichment of biological pathways in the miRNA cluster that comprised hsa-

miR-29b-1-5p (cluster 2) and gene clusters enriched in hsa-miR-29b-1-5p targets in the 

HSkM differentiation assay. Databases are listed on the y-axis, and broad biological 

pathway categories are listed on the x-axis. The size of each circle indicates the number 

of pathways at each intersection of the grid, and the colors represent the cluster that is 

enriched, as indicated by the legend on the right. 
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The other three members of the hsa-miR-29 family belonged to miRNA cluster 4, in which 

pathways from the categories “cell cycle & differentiation”, “immunity”, “myogenesis”, and 

“transcription” were overrepresented (see Figure 4.40). The associated gene clusters 4 

and 9 were enriched in pathways from the same broad categories: “immunity” and 

“transcription” for gene cluster 4, and “cell cycle & differentiation” and “myogenesis” for 

gene cluster 9. 

 

Figure 4.40: Enrichment of biological pathways in the miRNA cluster that comprised 

most members of the hsa-miR-29 family (cluster 4) and gene clusters enriched in hsa-

miR-29 family targets in the HSkM differentiation assay. Databases are listed on the y-

axis, and broad biological pathway categories are listed on the x-axis. The size of each 

circle indicates the number of pathways at each intersection of the grid, and the colors 

represent the cluster that is enriched, as indicated by the legend on the right. 
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The Venn diagram in Figure 4.41 shows which target from the high or very high confidence 

mirDIP sets was shared by members of the hsa-miR-29 family. While hsa-miR-29b-3p and 

hsa-miR-29c-3p did not have specific targets, 238 and 791 mRNAs were targeted only by 

hsa-miR-29a-3p and hsa-miR-29b-1-5p, respectively. The highest degree of overlap was 

observed among the shared targets of hsa-miR-29a-3p, hsa-miR-29b-3p, and hsa-miR-

29c-3p, accounting for 657 mRNAs. However, it is worth noting that 94 mRNAs are still 

targeted by all members of the hsa-miR-29 family. 

 

Figure 4.41: Venn diagram of the distribution of mirDIP predicted targets of hsa-miR-29 

family members. Created with Venny 2.1. 
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Enriched pathways in this set of 94 genes were searched for by overrepresentation 

analysis using the Gene Trail 3.2 online tool. Figure 4.42 shows the summarized 

distribution of these enriched pathways. In the five databases (Reactome, KEGG, Gene 

Ontology Biological Processes, Gene Ontology Molecular Function, WikiPathways), a total 

of 47 pathways were involved directly in transcription processes, and 35 could be linked 

to either organ development, stem cell differentiation, cell proliferation or aging. 

 

 

Figure 4.42: Distribution of enriched pathways from the set of 94 mRNAs predicted to be 

targeted by all members of the hsa-miR-29 family. Over-representation analysis was 

performed with Gene Trail 3.2. 

 
 

The miR-29 family has also been shown to be involved in aging [274,561]. These two 

studies investigated data from the Tabula Muris Senis or “Mouse Ageing Cell Atlas“, a 

comprehensive resource that focuses on bulk and single-cell RNA sequencing data from 

various tissues and organs of mice over the aging process [6]. Both studies noted that 

members of the mmu-miR-29 family had an increase in expression with age in various 

tissues. When plotting the miR-29 data of the Tabula Muris Senis for the seven organs or 

tissues corresponding to the differentiation processes studied in this thesis, the same trend 

was observed. Figure 4.43 shows a selection of these time-resolved expression data, and 

the others can be found in Appendix Figure 7.13. 
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Figure 4.43: Selected time-resolved boxplots of the expression levels of members of the 

mmu-miR-29 family in various organs or tissues. a and b are from the brown adipose 

tissue (BAT), c from the gonadal adipose tissue (GAT), d and e from the marrow adipose 

tissue (MAT), f from the subcutaneous tissue (SCAT), g from the bone, and h and i from 

the skeletal limb muscle. The data were obtained from the Tabula Muris Senis dataset. 

The line was fitted with a loess formula (s.e. 95%). 

 

Kern and colleagues also noted that their interpretation of the data supported the theory 

that the miR-29 family would participate in the inhibition of adipogenesis, a finding 

consistent with the results of the present work [274]. 

 

Overall, the hsa-miR-29 family appears to play a common, possibly redundant, role during 

the early differentiation of the studied stem cells. 
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4.2. Re-replication 

Some results of this dissertation work have already been published within the framework 

of a publication (“A Temporary Pause in the Replication Licensing Restriction Leads to Re-

replication during Early Human Cell Differentiation”) in the scientific journal Cells [389]. 

 
4.2.1. Preliminary work 

To investigate the possibility of re-replication as a mechanism for generating gene 

amplifications in differentiating stem cells, it was decided to use the molecular combing 

method in conjunction with thymidine analogs. The method called “molecular combing” 

was first published in 1994 [30,573]. It allows the combing of DNA fibers via a receding 

meniscus, resulting in a series of parallel and uniformly stretched single DNA molecules. 

Combined with sequential pulses of thymidine analogs, this method makes it possible to 

study replication dynamics. The thymidine analogs are incorporated into the newly 

replicated DNA, allowing it to be distinguished from the template DNA. If thymidine analogs 

are administered to cells only during successive time periods, some temporal 

discrimination is possible. In particular, in normal replication events as in Figure 4.44 a, 

the thymidine analog tracts are distinct from one another, stained red for EdU and stained 

green for CldU. In the case of re-replication events as in Figure 4.44 b, the thymidine 

analogs would be incorporated into the newly formed DNA at the locus of the replication 

origin at each activation, so that both thymidine analogs would be incorporated in case the 

origin is fired during both pulse treatments. The tracts would then overlap, producing 

yellow on merge images. 

 

Figure 4.44: Examples of tracts obtained with thymidine analogs and molecular combing 

in HSkM cells. A normal replication event is displayed on a (HSkM 1 h differentiation 

assay), and a re-replication event is shown in b (HSkM 2 h differentiation assay). CldU-

containing DNA is stained green, EdU-containing DNA in red, with the merged image at 

the top, followed by the EdU and the CldU staining. The scale bars correspond to 20 (a) 

and 10 µm (b). 
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Spontaneously differentiating HSkMs and hMSCs undergoing chondrogenesis were used 

to study re-replication with proliferating HSkM and hMSC cells serving as negative 

controls. Cells were allowed to differentiate for a predetermined period (0 to 7 hours), then 

were pulse-labeled. After harvesting and processing, DNA fibers were combed. 

To ensure that the quality of the combed fibers was sufficient for subsequent experiments, 

one test coverslip was stained with YOYO-1, a green intercalating dye that binds mainly 

to double-stranded DNA. Example results of this staining are shown in Figure 4.45. 

 

Figure 4.45: Two representative examples of YOYO-1 staining on DNA fibers from the 

HSkM 4 h differentiation assay, prepared with molecular combing. In a, the DNA fibers 

are longer and more numerous than in b. Scale bars correspond to 20 µm. 

 

 

Several problems were encountered in establishing the staining protocol. As described in 

the literature, the two thymidine analogs initially used for these experiments were IdU (2'-

deoxy-5-iodouridine) and CldU (5-chloro-2'-deoxyuridine). Both were stained by 

immunofluorescence, but the IdU antibody used was not specific enough and also bound 

to CldU.  A stringency buffer wash between the antibodies directed against CldU and IdU 

was tested, without success. 

To overcome this problem, it was decided to use a combination of EdU (5-ethynyl-2′-

deoxyuridine) together with CldU. EdU is stained with a Click-iT® reaction that adds an 

Alexa Fluor® azide to the analog, making it fluorescent, but also allowing further 

immunofluorescence staining, which was still the method of choice for CldU. 

 



 
129 

 

Figure 4.46 shows that there is no cross-reaction between the two stainings, as the DNA 

fibers containing only CldU were not colored red by the EdU Click-iT staining (a), and vice 

versa for the EdU-containing fibers (b). 

 

Figure 4.46: Representative images of DNA fibers obtained by molecular combing, 

containing one type of thymidine analog (CldU, in a, or EdU, in b) but stained for both. 

Each fiber is shown three times, with the merged image at the top, followed by EdU and 

CldU staining. Scale bars correspond to 10 µm. 

 

DNA counterstaining with the standard intercalating dye DAPI (4′,6-diamidino-2-

phenylindole, maximum emission at 461 nm) is not recommended with combed DNA 

fibers, due to the dimness of the dye. DNA staining by immunofluorescence was tested 

but the antibodies chosen did not allow sufficient brightness for this work. 

Instead, the three filters of the confocal fluorescence microscope were used 

unconventionally: the blue filter, usually associated with DNA counterstaining, was used 

for immunofluorescent detection of CldU (secondary antibody coupled with Alexa350®, 

which has a maximum emission at 442 nm), and DNA was stained with the intercalating 

dye YOYOTM-1, which fluoresces green (maximum emission at 508 nm). However, in the 

following pictures, the DNA counterstain is artificially rendered blue for standardization 

purposes and the CldU stain is green. 
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4.2.2. Qualitative analysis in differentiating HSkMs 

Previous work [151] has shown that stem cells exhibit gene amplifications during the first 

24 h after induction of differentiation. Therefore, it was hypothesized that the mechanism 

by which these gene amplifications occur is re-replication. To examine possible re-

replication events during early stem cell differentiation in a time-resolved manner, it was 

decided to treat HSkM cells with thymidine analog pulses in 1-hour increments 0 h to 7 h 

after thawing (two biological replicates; see Figure 4.47). Because most HSkM cells begin 

differentiation right after thawing, these time points ensured that the first replication event 

of the differentiating stem cells would be captured. 

 

 

Figure 4.47: Schematic of the EdU and CldU pulse treatments, started at eight different 

time points, ranging from 0 h to 7 h after differentiation induction in HSkM cells. 

 

 

In cells pulse-treated 0 h, 1 h, and 7 h after thawing (see Figure 4.48), long stretches of 

EdU-stained (red) DNA and smaller CldU-stained (green) stretches could be observed, 

sometimes at intervals that undoubtedly indicate normal replication events, as in 

Figure 4.48 b. No overlapping red and green stretches were observed, so no re-replication 

event could be described for these time points. 
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Figure 4.48: Representative images from time points 0 h (a), 1 h (b), and 7 h (c) of the 

HSkM differentiation assay. Cells were pulse-treated with EdU and CldU and stained for 

both thymidine analogs. Images are shown as a merge of both channels. Scale bars 

correspond to 10 µm. 

 
 

 

Figure 4.49: Representative images from time points 2 h (a), and 6 h (b) of the HSkM 

differentiation assay. Cells were pulse-treated with EdU and CldU and stained for both 

thymidine analogs. Each fiber is shown three times, with the merged image at the top, 

followed by EdU and CldU staining. Scale bars correspond to 10 µm. 
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At all time points from 2 h to 6 h (included), both normal replication and re-replication 

events were detected. Figure 4.49 shows three representative examples of re-replication 

events from the 2 h and 6 h HSkM differentiation assays, with the merged image at the 

top, and then the EdU and the CldU channels, respectively. 

 

Although this was a qualitative analysis, it appeared that the number of observed re-

replication events peaked at the 4 h time point (representative examples are shown in 

Figure 4.50). 

 

Figure 4.50: Representative images from the 4 h time point of the HSkM differentiation 

assay. Cells were pulse-treated with EdU and CldU and stained for both thymidine 

analogs. Each fiber is shown three times, with the merged image at the top, followed by 

EdU and CldU staining. Scale bars correspond to 10 µm. 
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4.2.3. Quantitative analysis in differentiating HSkMs 

To investigate this possibility quantitatively, higher numbers of replication and re-

replication events were required. For this reason, and because Zhao and colleagues have 

described a possible deleterious effect of EdU on human cells [628], some conditions were 

replicated with the thymidine analogs IdU and CldU and sent to the company Genomic 

Vision. This allowed the comparison of results between the two conditions and evaluation 

of the potential toxicity of EdU in our differentiation experiments. The numbers of re-

replication events could also be recorded and analyzed, as well as the frequency and 

length of tracts containing incorporated thymidine analogs. 

 

The service purchased from Genomic Vision is called EasyComb. The usual procedure 

for obtaining DNA fibers using the molecular combing method was followed until washing 

the agarose plugs after the overnight proteinase digestion. The plugs were sent to the 

company, which is based in France. After the remaining steps of the molecular combing 

method were performed and the coverslips were stained by immunofluorescence, they 

were scanned, and the images were merged into a composite image and provided to the 

customer. Figure 4.51 shows an example of a scanned coverslip, with DNA in blue, CldU 

in red, and IdU in green. The full image is displayed in Figure 4.51 a. The red rectangle 

outlines the edge of the image presented in Figure 4.51 b, and similarly the blue rectangle 

and Figure 4.51 c. 
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Figure 4.51: Example of a scanned coverslip as displayed in the FiberStudio® online tool 

(screenshots). DNA is shown in blue, CldU in red, and IdU in green. All images are from 

the hMSC 6 h chondrogenesis assay. a: The entire slide is shown, each square 

represents one scanned portion of the slide. The red rectangle outlines the edge of b. 

The blue rectangle in b outlines the edge of the image shown in c. Scale bars 

correspond to 2 mm (a), 200 µm (b), and 100 µm (c). 
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With the EasyComb service, the customer also receives time-limited access to Genomic 

Vision’s proprietary online tool, FiberStudio®. This tool is used to analyze the fibers on the 

scanned coverslips. The fibers are automatically recognized by the tool and assigned ROIs 

(regions of interest) if they appear to be associated with tracts positive for thymidine analog 

incorporation. However, manual verification of the fibers and ROIs is necessary. For the 

work presented in this dissertation, the following criteria were used to discard ROIs during 

the manual inspection: they are on two or more DNA fibers, or there is a possibility that 

this is the case, or it is on a fiber that forms a U-shaped loop because both ends adhered 

to the silanized surface while combing. Figure 4.52 shows representative examples of 

such cases. 

 

 

Figure 4.52: Examples of FiberStudio® images of discarded regions of interest (ROIs). 

DNA is shown in blue, CldU in red, and IdU in green. All images (screenshots) are from 

the hMSC proliferation 0 h assay. a-b: Example of two fibers overlapping to the left of the 

red arrow and not overlapping to the right. c: Example of a fiber whose ends both 

adhered to the silanized surface while combing. d: Examples of fiber aggregates. Scale 

bars correspond to 20 µm. 
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According to Genomic Vision representatives and the existing literature, FiberStudio® is 

commonly used to analyze qualitatively and quantitatively replication events and is 

calibrated to automatically detect initiation and termination events such as those shown in 

Figure 4.53. It is however possible to use this tool to document re-replication events, for 

example by repurposing the color code B during the manual review of the ROIs. 

 

In Figure 4.53 a, three distinct thymidine analogs tracts can be seen on one of the fibers, 

which are shown in blue. IdU was administered to HSkM cells during the first pulse 

treatment and is shown in green. The replication origin in the center of the fiber was fired 

during this first pulse, and IdU was incorporated by both replication forks to the left and 

right of the origin. CldU, which was given to the cells during the second pulse, and is shown 

in red, was incorporated next, again by both replication forks. For the fibers shown in 

Figure 4.53 b, the scenario is similar: activation of the origin of replication during the first 

pulse and continued incorporation of thymidine analogs until after the beginning of the 

second pulse treatment. In the case of the lower fiber, the small green dot to the left of the 

center could be another replication origin that was also fired during the first pulse and 

subsequently silenced by the replication fork of its neighbor. In the fiber shown in 

Figure 4.53 c, replication was terminated shortly after the beginning of the second pulse 

treatment, as inferred from the long green IdU stretches flanking a short red CldU tract.  
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Figure 4.53: Representative images of normal replication events as seen in FiberStudio®. 

DNA is shown in blue, CldU in red, and IdU in green. Each fiber is shown twice, with the 

merged image at the top, followed by the IdU and CldU channels together. Below each 

image pair is a schematic representation of the fiber(s) with the numbers indicating the 

order in which the thymidine analogs were incorporated. Scale bars correspond to 

50 µm. a. Example of replication initiation in the HSkM 6 h differentiation assay. b. Two 

examples of replication initiation in the HSkM 6 h differentiation assay. The green dot on 

the left arm of the lower fiber might be an origin of replication that was activated and 

subsequently silenced. c. Example of a termination of replication event in the hMSC 6 h 

chondrogenesis assay. 
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Three conditions were repeated with IdU and CldU and sent to Genomic Vision: HSkM 

cells pulse-treated 1 h, 4 h, and 6 h after differentiation induction (see Figure 4.54 a). 

Additionally, as a control, HSkM cells were proliferated and pulse-treated after 4 h with 

EdU and CldU, and further processed in-house to obtain combed fibers (see 

Figure 4.54 b). 

 

Figure 4.54: Schematic of the thymidine analog pulse treatments in HSkM cells, started 

at four different time points: 1 h, 4 h, and 6 h after differentiation start (a), and 4 h after 

proliferation start (b). CldU (in red) and IdU (in green) were used in the differentiation 

assays (a), and EdU (in red) and CldU (in green) were used in the proliferation assay (b). 

 

 

Figure 4.55 shows a representative image of fibers of the HSkM 4 h differentiation assay 

as seen in FiberStudio®, with either the three channels visible (see Figure 4.55 a) or 

without DNA counterstaining (see Figure 4.55 b). Some fiber aggregates can be observed, 

but enough fibers do not overlap with others to allow analyses. 
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Figure 4.55: Representative images of combed fibers from the HSkM 4 h differentiation 

assay as seen in FiberStudio®. DNA is shown in blue, CldU in red, and IdU in green. The 

same image is shown twice, with (a) and without (b) DNA counterstaining. Scale bars 

correspond to 100 µm = 200 kb. 

 

As shown in the representative examples of all four conditions in Figure 4.56, re-replication 

events were observed in all three differentiation assays (see Figures 4.56, 4.57, and 4.58), 

but not in the HSkM proliferation assay (see Figure 4.59). Each fiber is displayed twice, 

first as merge images of the three channels (with DNA shown in blue, and thymidine 

analogs in red and green: IdU (green) and CldU (red) in a-c, EdU (red) and CldU (green) 

in d), then without DNA counterstaining. Although re-replication events were already 

observed in the HSkM 1 h differentiation assay (see Figure 4.56), the yellow overlaps 

appeared to be shorter than those in the HSkM 4 h (see Figure 4.57) and 6 h differentiation 

assay (see Figure 4.58). In many fibers, numerous (up to four) distinct yellow traces were 

found. 
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Figure 4.56: Representative examples of combed fibers exhibiting overlaps of red and 

green tracts in the HSkM 1 h differentiation assay. DNA is shown in blue, CldU in red, 

and IdU in green. Each image is shown twice, with and without DNA counterstaining. 

Scale bars correspond to 50 µm = 100 kb. 

 



 
141 

 

 

 

Figure 4.57: Representative examples of combed fibers exhibiting overlaps of red and 

green tracts in the HSkM 4 h differentiation assay. DNA is shown in blue, CldU in red, 

and IdU in green. Each image is shown twice, with and without DNA counterstaining. 

Scale bars correspond to 50 µm = 100 kb. 
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Figure 4.58: Representative examples of combed fibers exhibiting overlaps of red and 

green tracts in the HSkM 6 h differentiation assay. DNA is shown in blue, CldU in red, 

and IdU in green. Each image is shown twice, with and without DNA counterstaining. 

Scale bars correspond to 50 µm = 100 kb. 
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Figure 4.59: Representative examples of combed fibers exhibiting overlaps of red and 

green tracts in the HSkM 4 h proliferation assay. DNA is shown in blue, CldU in red, and 

IdU in green. Each image is shown twice, with and without DNA counterstaining. Scale 

bars correspond to 50 µm = 100 kb. 

 

Table 4.3 summarizes the numbers of fibers for each condition in the quantitative analysis 

(520 for the HSkM proliferation assay, 221, 196, and 182 for the HSkM 1 h, 4 h, and 6 h 

differentiation assays, respectively), as well as the number of yellow, red, and green 

positive fibers. 

 

Table 4.3: Frequency of thymidine analog incorporation in proliferating or differentiating 

HSkM cells. 

 
Fibers 

n 

Yellow 

n (%) 

Red 

n (%) 

Green 

n (%) 

Red and 

Green 

n (%) 

4 h proliferation 520 0 (0.0 %) 9 (1.7 %) 15 (2.9 %) 17 (3.3 %) 

1 h differentiation 221 5 (2.3 %) 3 (1.4 %) 3 (1.4 %) 3 (1.4 %) 

4 h differentiation 196 14 (7.0 %) 11 (5.6 %) 51 (26.0 %) 17 (8.7 %) 

6 h differentiation 182 11 (6.0 %) 6 (3.3 %) 94 (52.0 %) 19 (10.0 %) 
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This confirms the absence and lower number of yellow-positive fibers, i.e., containing a re-

replication event, in the HSkM proliferation (0 % of fibers) and 1 h differentiation assays 

(2.3 % of fibers), respectively, compared to the HSkM 4 h and 6 h differentiation assays 

(7 % and 6 % of fibers, respectively). In general, fewer fibers were positive for thymidine 

analog incorporation in cells pulse-treated 1 h after the start of the experiment than at later 

time points. 

When comparing the HSkM 4 h proliferation and differentiation assays, far fewer thymidine 

analogs were incorporated in proliferating cells than in differentiating cells (1.7 % versus 

5.6 % of red positive fibers, 2.9 % versus 26 % of green positive fibers, and 3.3 % versus 

8.7 % of red and green positive fibers). 

The number of yellow, red, and red-green positive fibers is similar in the HSkM 4 h and 6 h 

differentiation assays, but there were two times more green-positive fibers (52 % versus 

26 %) in the cells pulse-treated 6 h after differentiation induction than in the cells pulse-

treated two hours earlier. Since green positive DNA portions were replicated during the 

first pulse treatment, this may indicate that more replication was initiated between 6 h and 

7 h 30 than between 4 h and 5 h 30 after the differentiation was started. Assuming similar 

replication speed in all three differentiation assays, this greater ratio of re-replication to 

replication events at the 4 h time point may suggest that re-replication occurs very early in 

this replication process of these cells. 

 

Because the fibers generated by molecular combing are stretched by a uniform factor 

(2 kb/µm), this method allows measurement and comparison of the lengths of thymidine 

analog-positive tracts. All red, green, and yellow traces documented in Table 4.3 were 

measured and are displayed as violin and box plots in Figure 4.60. The lengths of red or 

green-positive tracts were similar in all HSkM assays, whether they were proliferation or 

differentiation assays. Yellow overlaps were observed in all three differentiation assays 

(HSkM 1 h, 4 h, and 6 h differentiation assays), although they tended to be longer in the 

HSkM 4 h and 6 h differentiation assays compared with cells pulse-treated 1 h after 

differentiation induction (median 32, 38, and 14 kb, respectively). Shorter yellow stretches 

indicate shorter time periods during which the DNA portion was replicated during each 

incorporation pulse. 
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Figure 4.60: Quantitative distribution of thymidine analogs incorporation during HSkM 

proliferation and differentiation assays. HSkM cells were proliferated for 4 h or 

differentiated for 1 h, 4 h, or 6 h, and subsequently pulse-treated with thymidine analogs. 

CldU stretches are shown in orange, EdU stretches are shown in red, IdU stretches are 

shown in green, and stretches in which IdU and CldU overlap are shown in yellow. The 

boxes within the violin plots indicate the mean and the 2nd and 3rd quartiles. The lengths 

of the stretches where thymidine analogs are incorporated are shown on the y-axis. The 

black horizontal dotted line corresponds to 10 kb. 
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4.2.4. Quantitative analysis in hMSCs undergoing chondrogenesis 

Since re-replication appears to occur at different time points in different cell types, the 

experiment was repeated with hMSCs undergoing chondrogenesis. Proliferating hMSCs 

were used as negative controls. Four conditions were prepared and sent to Genomic 

Vision: hMSC 0 h, 4 h, and 6 h chondrogenesis, and hMSC 0 h proliferation. 

 

Table 4.4 provides an overview of the number of ROIs obtained, reviewed, validated, and 

discarded for each assay. In general, a very high number of ROIs were discarded, 

according to the criteria shown in Figure 4.51 (83.28 to 60.47 %). At least 600 ROIs were 

validated and measured in each assay. 

 

Table 4.4: Numbers of the total, reviewed, validated regions of interest (ROIs) and 

percentage of discarded ROIs for each hMSC proliferation or chondrogenesis assay. 

Assay Total ROIs Reviewed 
ROIs 

Validated 
ROIs 

% discarded 
ROIs 

hMSC proliferation 0 h 14 955 3 589 600 83.28 

hMSC chondrogenesis 0 h 11 903 2 500 600 76.00 

hMSC chondrogenesis 4 h 9 664 3 866 836 78.37 

hMSC chondrogenesis 6 h 3 530 1 518 600 60.47 
 

 

Table 4.5 summarizes the number of fibers for each condition in the quantitative analysis, 

as well as the number of yellow, red, and green positive segments. More than one segment 

could be found on one fiber, with up to 13 segments interspersed with DNA without 

incorporated thymidine analogues in two cases. 

 

The quantitative analysis revealed differences in thymidine analog incorporation between 

the hMSC proliferation and chondrogenesis timepoints. The percentages of DNA 

segments positive for CldU (red) or IdU (green) incorporation were greater at earlier 

timepoints, decreasing progressively from 0 h to 6 h in differentiating hMSCs. Proliferating 

cells were similar to differentiating ones at the same time points. 

Interestingly, despite higher overall incorporation rates at the 0 h time point, the number 

of re-replication events detected was similar between proliferating hMSCs and those 

undergoing chondrogenesis. Approximately 1.5-2.5 % of analyzed fibers showed evidence 
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of re-replication across the 0 h, 4 h, and 6 h timepoints in both conditions. The lack of a 

substantial difference in re-replication incidence between proliferating and differentiating 

states suggests that re-replication may be an intrinsic phenomenon in these cells, rather 

than specifically triggered by differentiation signals. 

 

Table 4.5: Frequency of thymidine analog incorporation in proliferating or differentiating 

(chondrogenesis) hMSC cells. 

 Fibers n Yellow n (%) Red n (%) Green n (%) 

0 h proliferation 600 10 (1.7 %) 209 (34.9 %) 864 (144.0 %) 

0 h differentiation 600 9 (1.5 %) 338 (56.3 %) 877 (146.2 %) 

4 h differentiation 836 3 (0.4 %) 300 (35.9 %) 1061 (126.9 %) 

6 h differentiation 600 15 (2.5 %) 171 (28.5 %) 662 (110.3 %) 

 

 

Figure 4.61 shows violin and box plots of the lengths of all traces positive for thymidine 

analog incorporation in all validated ROIs. Similar to the HSkM proliferation and 

differentiation assays, the lengths of DNA segments into which CldU or IdU was 

incorporated were comparable in all hMSC chondrogenesis assays (medians of 15.7 to 

24.2 kb for the CldU positive tracts, medians of 35.5 to 49.5 kb for the IdU positive tracts). 

More discrepancy was found in the yellow tracts: only three of the fibers reviewed in the 

hMSC 4 h chondrogenesis assay contained potential re-replication events, all three very 

small (2.9, 3.3, and 3.3 kb). Ten of the fibers reviewed in the hMSC 0 h proliferation assay 

also presented overlaps, including two that were longer than 9 kb (see Figure 4.62 a and 

b). The tracts positive for both thymidine analogs were similar in length in the hMSC 0 h 

chondrogenesis assay (median of 5.5 kb versus 5.0 kb in the proliferating cells), with two 

tracts longer than 9 kb (see Figure 4.62 e and f). However, in the hMSC 6 h 

chondrogenesis assay, 15 yellow stretches were observed with a median length of 

16.9 kb; eleven stretches were longer than 9 kb (two of which are shown in Figure 4.62 m 

and n). 
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Figure 4.61: Quantitative distribution of thymidine analogs incorporation during the hMSC 

proliferation and chondrogenesis assays. hMSC cells were proliferated for 0 h or 

differentiated for 0 h, 4 h, or 6 h, and subsequently pulse-treated with thymidine analogs. 

CldU stretches are shown in red, IdU stretches are shown in green and stretches in 

which IdU and CldU overlap are shown in yellow. The boxes inside the violin plots 

indicate the mean and the 2nd and 3rd quartiles. The lengths of the stretches where 

thymidine analogs are incorporated are shown on the y-axis. The black horizontal dotted 

line corresponds to 10 kb. 

 

Figure 4.62 shows four representative examples of fibers having incorporated thymidine 

analogs in each hMSC assay: hMSC 0 h proliferation (a-d), hMSC 0 h (e-h), 4 h (i-l), or 

6 h (m-p) chondrogenesis assay. Each fiber is displayed twice, first as merge images of 

the three channels (with DNA shown in blue, IdU in green, and CldU in red), then without 

DNA counterstaining. In addition to normal initiation (g, h, j, and o) and termination events 

(i, l, and p), seven examples of possible re-replication events are shown (a-c, e, f, m, 

and n). 

 

 

 



 
149 

 

 

Figure 4.62: Representative examples of combed fibers in the hMSC 0 h proliferation (a-

d), or 0 h (e-h), 4 h (i-l), 6 h (m-p) chondrogenesis assay. DNA is shown in blue, CldU in 

red, and IdU in green. Each image is shown twice, with and without DNA 

counterstaining. Fibers displayed in a, b, c, e, f, m, and n exhibit overlaps of red and 

green tracts; fibers shown in g, h, j, and o are examples of normal replication initiation 

events; fibers shown in i, l, and p are examples of normal replication termination events. 

Scale bars correspond to 20 µm = 40 kb. 
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Figure 4.62 continued 
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5. Discussion 

This work aimed to characterize the miRNome, transcriptome, and re-replication events 

during the initial hours of stem cell differentiation and focused on the first hours after the 

induction of differentiation in healthy human stem cells, which are understudied in the 

current literature. Instead, these cells are typically characterized after one or a few days 

of differentiation. Understanding the internal processes of early differentiating stem cells 

might be of help to the scientific community, especially in the domains of cancer research 

and stem cell therapies. Studying the first 48 hours could provide unique insights into the 

immediate molecular changes triggered by differentiation induction, as opposed to 

reflecting downstream effects. 

 

Gene amplifications, which are present in both stem cells and cancer cells, were shown to 

be a good prognostic tool for certain types of cancer, including breast, colon, ovarian, 

neuroblastoma, and small-cell lung cancer [471]. Studies by the Pan-Cancer Analysis of 

Whole Genomes Consortium and The Cancer Genome Atlas have confirmed the link 

between gene amplification and cancer [329]. Understanding the mechanisms behind 

gene amplifications in stem cells could potentially lead to new approaches or targets for 

overcoming chemotherapy and radiotherapy resistance in cancers like ovarian and lung 

cancer. Additionally, more research on human stem cells is necessary to improve patient 

safety and potentially use these cells in future therapeutic approaches. 

 

Stem cell therapies include regenerative medicine approaches, and only a few such 

treatments are currently approved [80,433]. The research for new stem cell therapies is a 

very active field, with researchers trying to develop therapies against numerous cancer 

types, neurodegenerative diseases like Alzheimer’s disease, blood disorders, and many 

others [24,154,190]. 

 

The stem cells used in therapeutic approaches are either derived from the patient 

(autologous) or another person (allogeneic). Currently, stem cell therapies mainly use 

blood stem cells, sometimes derived from umbilical cords and skin stem cells, but many 

researchers also have high hopes for mesenchymal stem cells (MSCs) in this context 

[79,171,236]. 
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Apart from ethical issues, most therapeutic applications of stem cells face obstacles 

related to the nature of these cells, including tumorigenicity and phenotypic instability of 

differentiated stem cells, which are both linked to their genomic stability. 

 

When introduced into an organism, some stem cells such as embryonal stem cells (ESCs) 

and induced pluripotent stem cells (iPSCs) can form tumors called teratomas. This 

problematic ability of ESCs and iPSCs appears to be linked to their pluripotency [401,415]. 

Some procedures to ensure that injected stem cells are fully differentiated are being 

considered [235,497]. Another option for iPSCs could be to adjust their reprogramming 

cocktail, for example with miRNAs like hsa-miR-302 [336,337,556]. Because iPSCs must 

undergo a high number of cell divisions before being used, they may exhibit genomic 

abnormalities such as single-nucleotide variations (SNVs) or copy number variations 

(CNVs). Yamamoto and colleagues demonstrated that there was no correlation between 

the presence of SNVs and the growth of abnormal tissue in immunodeficient mice that 

received injections of iPSCs filtered or not for SNVs, but they found a positive correlation 

with copy numbers higher than three [593]. 

Currently, MSCs are solid candidates for stem cell therapy. Although they were initially 

thought to be potential promoters of tumor growth and metastasis, recent studies have 

shown that this is not the case. Instead, they tend to play a tumorigenesis-inhibiting role 

under certain conditions [161,533]. The main concern with MSCs is the stability of their 

phenotype: whether they maintain their naïve, differentiating, or differentiated 

characteristics and functional properties over time. Some patients who sought treatment 

at “stem cell clinics”, where claims were made that are not supported by current science, 

had unexpected and unfortunate results with these cells [295]. Another obstacle with 

MSCs is their short and transient transplantation period, the timeframe during which they 

can be transplanted into the recipient’s organism [269]. 

Another hurdle for the development of stem cell therapies is the potential response of the 

recipient’s immune system to the graft, in short, the immunogenicity of the stem cell graft. 

In the case of hematopoietic stem cells, HLA (human leukocyte antigen) matching of donor 

and patient is always of the utmost importance, although stem cells derived from cord 

blood appear to be less immunogenic [308,416]. Graft-versus-host disease, which has 

been known for decades in other medical procedures, is also a risk in stem cell therapies. 

MSCs might help in this area as they have the potential to reduce inflammation in the body 

and thus the severity of the immune system response [194,309,631,633,636]. 
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5.1. Goals 

This thesis focused on two questions related to the characterization of healthy human stem 

cells during the initial hours of differentiation: 

1. The transcriptional and miRNA profiles of differentiating hMSCs, hNSCs, and 

HSkMs were analyzed using microarrays and bioinformatic tools. This allowed for 

the investigation of a) clusters of RNA expression; b) pathways enriched after 

induction of differentiation; c) correlations between miRNA and mRNA levels of 

expression; and d) a miRNA family potentially involved in differentiation in all cell 

types studied. These results are presented in Part 4.1. 

2. Gene amplifications, which are present in differentiating stem cells [10,150–

153,193,362], have not yet been fully understood in terms of their mechanism of 

occurrence. Part 4.2 of this work aimed to investigate whether this mechanism may 

involve re-replication, by examining hMSCs undergoing chondrogenesis and 

differentiating HSkMs to determine: a) whether re-replication occurs in these cells; 

and b) if so, in what time frame. 

 

5.2. Methods used 

To answer the first question, the miRNA and gene expression of differentiating stem cells 

were studied up to 48 hours after induction of differentiation. Three cell types (hMSCs, 

hNSCs, and HSkMs) were cultured in five different differentiation assays. HSkMs and 

hNSCs were allowed to differentiate in a non-directed manner, while hMSCs were 

differentiated into adipocytes, chondrocytes, or osteoblasts. Total RNA was collected from 

the cells at 3 h, 6 h, 9 h, 12 h, 24 h, and 48 h after induction of differentiation, as well as 

from undifferentiated cells from the same batches (0 h). Microarrays were used to quantify 

the expression levels of 50,038 transcripts and 2,549 miRNAs from the same total RNA 

samples. 

To find an answer to the second question, the molecular combing method was used in 

conjunction with sequential pulses of thymidine analogs to study DNA replication in HSkM 

cells treated with thymidine analogs in 1-hour increments from 0 h to 7 h after thawing. 

DNA counterstaining with the intercalating dye YOYOTM-1 allowed for visualization of the 

replicating DNA. In addition, DNA replication events were studied in hMSCs, at 0h, 4h, 

and 6h after chondrogenesis induction, and during proliferation. 

 

Figure 5.1 recapitulates the different methods and analyses performed for this thesis. 
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Figure 5.1: Summary of the methods and analyses used in this work. Three stem cell 

types were differentiated in five distinct differentiation assays, and time-resolved 

analyses were performed after I. miRNA and mRNA microarrays (presented in 4.1) or II. 

thymidine incorporation and molecular combing of DNA fibers (presented in 4.2). 
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5.3. Major findings 

This work produced three major findings. First, it showed positive trends between the 

similarity of pattern expression in clusters and the overlap of miRNAs or genes, as well as 

between the similarity of expression pattern and enriched biological pathways. Second, it 

demonstrated the participation of the hsa-miR-29 family in the early differentiation of stem 

cells. Second, it revealed significant correlations and pathway associations between 

miRNAs and genes during this differentiation process. Finally, it uncovered the occurrence 

of re-replication events in differentiating human skeletal myoblasts and human 

mesenchymal stem cells undergoing chondrogenesis. 

 

Positive trends that shed light on the relationship between the similarity of expression 

patterns in clusters and the overlap of miRNAs or genes were observed. This observation 

implies that miRNAs and genes within these clusters may play essential roles in driving 

specific cellular processes and functional outcomes during differentiation. Additionally, 

reciprocated positive trends between enrichment in certain biological pathways and 

similarity of pattern of expression were also observed in several analyses. Notably, 

pathways with functional biological relevance to the future cell type of the differentiating 

cells were found. For example, differentiating HSkMs were associated with pathways from 

broad categories like “muscle” and “muscle contraction”, and differentiating hNSCs were 

found to be enriched in pathways from the “membrane & channels” category. Clusters 

enriched in pathways related to cell cycle and differentiation were consistently associated 

with the early stages of differentiation assays. 

 

The miR-29 family, a group of four miRNAs, was found to be among the top 10 decreased 

miRNAs in all differentiation assays and almost always in the same cluster. The targets of 

these miRNAs were overrepresented in certain clusters, most of which showed increased 

expression. Pathways related to cell cycle and differentiation were enriched in all 

differentiation assays in clusters including the members of the hsa-miR-29 family or 

including a majority of their targets, as well as in the 94 shared targets among those known 

for the members of this family. 

 

Re-replication was observed between 2 h and 6 h in spontaneously differentiating HSkM 

cells, but not at 0 h, 1 h, or 7 h, indicating that re-replication occurs only within a defined 

time frame. No re-replication events were observed in proliferating HSkM cells. 
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5.4. Interpretation of the findings 

5.4.1. Transcriptome and miRNome analysis during early 

differentiation of hMSC, hNSC, and HSkM  

Analysis of the microarray experiments revealed that the number of miRNAs detected in 

each differentiation assay was consistent across time points, ranging from 300 in the 

hMSC differentiation assays to 600 in the HSkM differentiation assay. The majority of 

miRNAs detected at 0 h were found to be shared by all differentiation assays. Similarly, 

the number of genes detected was also found to be relatively uniform over time, with an 

average of 32,038 genes. Nearly 25,000 genes were found to be shared by all five 

differentiation assays. 

 

RNAs were considered deregulated if their expression levels exhibited a fold change of at 

least 1.5 between their minimum and maximum values. Strikingly strong changes in the 

number of deregulated RNAs were observed at specific time points, often in both miRNAs 

and transcripts. These time points did not correspond to particularly high numbers of 

detected RNAs. In the hMSC osteogenesis and the HSkM differentiation assays, the 12 h 

and 48 h time points showed the highest numbers of deregulated miRNAs. In the hMSC 

adipogenesis assay, the 6 and 12 h time points had the highest numbers of deregulated 

miRNAs, while in the hMSC chondrogenesis assay, the highest numbers were observed 

at 48 h, and in the hNSC differentiation assay at 3 and 48 h. These time points of highest 

deregulation were different between differentiation assays, as expected based on previous 

literature [453,465]. In general, there were comparable numbers of up and down-regulated 

miRNAs at each time point, with some exceptions. Similar time points for deregulated 

genes were observed, except for the hMSC adipogenesis assay, where the highest 

numbers were recorded at 9 and 24 h, and for the hMSC osteogenesis assay, where the 

gene numbers were the second lowest at 48 h. This may be because the measurements 

were taken at intervals of 3 to 24 hours, which would be enough time for miRNA-mediated 

repression of translation or miRNA-mediated mRNA degradation, which can occur within 

minutes to hours [37]. 

The scale of the numbers of deregulated miRNAs and genes was overall different between 

the assays, as expected from the numbers of detected RNAs. However, the number of 

deregulated genes did not always reflect the number of deregulated miRNAs. For 

example, the HSkM differentiation assay showed the highest number of deregulated 

miRNAs and only an average number of deregulated transcripts. The three hMSC 



 
157 

 

differentiation assays and particularly the hMSC chondrogenesis assay had low numbers 

of deregulated miRNAs but large numbers of deregulated genes. This suggests that 

different cell types and differentiation processes may rely on distinct regulatory 

mechanisms, where the relationship between miRNAs and their target genes can vary 

significantly and underscores the complexity of gene regulation during cell differentiation. 

 

A significant number of shared RNAs were also observed. The biggest shared miRNA 

category was those deregulated in the HSkM and hNSC differentiation assays, which was 

expected, due to the much higher numbers of detected miRNAs in these differentiation 

assays. The biggest shared gene category was the genes deregulated in all differentiation 

assays, which was also expected. High numbers of shared genes were observed between 

all hMSCs differentiation assays (with or without HSkM differentiation assay), which was 

also expected, due to their common origin. 

Overall, high proportions of detected RNAs were categorized as deregulated when 

considering all time points (62 to 93 % of transcripts, and 42 to 99 % of miRNAs). This was 

anticipated as differentiating stem cells exhibit significantly distinct expression profiles in 

comparison to their proliferating counterparts. 

To note, Marcon and colleagues conducted polysomal profiling on human adipose tissue-

derived stem cells undergoing adipogenesis and osteogenesis and observed a significant 

reduction in translational efficiency 24 hours after induction of differentiation. These results 

do not necessarily oppose the findings of this work; however, they are considered 

significant and, therefore, warrant mentioning [363,364]. 

 

To further analyze the microarray data, groups of miRNAs (or genes) following similar 

expression trajectories were determined via fuzzy c-means clustering, which was further 

refined through manual analysis of the minimum cluster centroid distance plot and overlap 

plots.  

Overlap analysis revealed that manual selection of pairs or trios of clusters with similar 

expression patterns resulted in significantly more overlap in the numbers of shared 

miRNAs or genes, compared to randomly drawn pairs or trios of clusters. Thus, clusters 

with very similar expression patterns in different differentiation assays tended to share 

more RNAs than random control pairs or trios from different differentiation assays, 

indicating a possible overlap in the underlying regulatory mechanisms of differentiation in 

the stem cell types studied. 
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Analysis of the patterns showed that well-defined clusters with a high mean membership 

score, indicating well-defined expression patterns, tended to be associated with a small 

number of strong expression peaks, which also correspond to the time points where the 

highest number of deregulated miRNAs were observed compared to the start of induction. 

This observation supports the notion that miRNAs play a crucial role in repressing mRNA 

expression during early differentiation processes. Several genes have been linked to 

stemness and the process of stem cell differentiation in various cell types. Notable 

examples include Oct4/POU5F1, Sox2, c-Myc, and Nanog, which are some of the key 

factors used for the reprogramming of induced pluripotent stem cells 

[115,209,275,522,523,608,624]. Other important regulators of stem cell differentiation 

include Wnt, Notch, ERK/MAPK1, GSK3, and BMP signaling pathways, but also p63, 

Pax6, and Runx2 [114,209,417,453,596,624]. 

Alternatively, these genes might be associated with other changes happening 

concomitantly in these cells, like cell division and therefore replication, or reacting to 

temperature or medium changes, but probably not directly with confluency changes, since 

re-plating of the cells was conducted 24 h before induction of differentiation. 

The patterns of expression of some miRNA-mRNA cluster pairs seemed anti-correlated, 

which was studied further by comparing enrichment in biological pathways. The results 

showed a tendency (significant in one case) towards similarity in both enriched pathways 

and expression patterns for clusters enriched in similar pathways.  

Clusters exhibiting mirrored expression patterns might also suggest that genes included 

in these clusters are associated with differentiation (upregulated) or associated with 

stemness processes (downregulated). Overall, the timeframe for expression changes in 

genes related to differentiation or stemness upon induction of differentiation is complex 

and context-dependent. In some cases, changes in gene expression can be observed 

within a few hours of the initiation of differentiation or reprogramming, while in other cases, 

it may take several days or even weeks for significant changes to occur [240,398,452,465]. 

 

The comparison of enriched pathways in the microarray data aimed to answer two primary 

questions: 1) Are enriched pathways similar in miRNA-mRNA cluster pairs that appear to 

have anti-correlated patterns? 2) Are expression patterns similar for clusters enriched in 

similar pathways? 

While there were no pathway similarities in the hMSC adipogenesis assay, there were two 

miRNA-mRNA cluster pairs in the hMSC chondrogenesis assay that were enriched in 
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immune system-associated signaling pathways, one pair of the hMSC osteogenesis assay 

enriched in both immune system-associated signaling and collagen or ECM pathways. 

There was also one pair of the hNSC differentiation assay enriched in translation-

associated pathways and another pair of the same assay enriched in both immune system-

associated and membrane pathways, and three pairs of the HSkM differentiation assay 

enriched in both cytoskeleton and muscle-associated pathways, muscle and cell 

differentiation-associated pathways, and muscle development pathways respectively. 

 

To answer the second question, pathway similarities were considered across a few broad 

categories. A miRNA cluster and two gene clusters of the hMSC osteogenesis assay, as 

well as three gene clusters of the hMSC chondrogenesis assay were enriched in pathways 

from the category “collagen and extracellular matrix”, and their expression patterns 

presented some similarities. Pathways from the category “immune system signaling” were 

enriched in at least one miRNA and one gene cluster in all differentiation assays, with 

overall trends very similar in the miRNA clusters. Two miRNA clusters and one gene 

cluster of the HSkM differentiation assay were found to be enriched in pathways from the 

“transcription” category, as well as gene clusters of the hMSC chondrogenesis, 

osteogenesis, and hNSC differentiation assays. The expression pattern of the HSkM gene 

cluster mirrored the pattern of one of the miRNA clusters from the same assay. Pathways 

from the categories “cell cycle”, “differentiation and development”, and “senescence” were 

enriched in miRNAs clusters from the hMSC adipogenesis, osteogenesis, hNSC, and 

HSkM differentiation assays, and in gene clusters from all differentiation assays. Three 

gene clusters showed increased expression levels at 24 and 48 hours, while many miRNA 

clusters were found to have low expression levels at these time points. The expression 

pattern of a gene cluster of the hMSC adipogenesis assay mirrored the pattern of one of 

the miRNA clusters from the same assay. 

Overall, this suggests that there is a tendency towards similarity in both enriched pathways 

and expression patterns for miRNA and gene clusters. Additionally, pathways with 

biological relevance to future cell types were found to already be enriched in the hMSC 

chondrogenesis, osteogenesis, hNSC, and HSkM differentiation assays, as well as 

pathways associated with cell cycle, differentiation, and development in all differentiation 

assays. These findings suggest early activation of the different fates in the differentiating 

cells. This can also be found in studies profiling differentially expressed genes of 

differentiating hMSCs [137] and HSkMs [100,569], although at later time points. 

Upregulation of muscle contraction transcripts in differentiating HSkMs and thereby a 
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potential early activation of the muscle differentiation program would not be unexpected 

since these cells are already more specialized stem cells than hMSCs for example. 

 

Interestingly, immune system-associated pathways were also enriched in multiple 

differentiation assays, which correlates well with the current literature [69,100,612]. 

However, this might be due to a bias in reported pathways in the literature, due to some 

miRNAs, genes, and pathways being more extensively studied than others. 

 

When considering the ten miRNAs and transcripts that showed the greatest increase or 

decrease in expression between two time points, a few RNAs were found in more than 

one differentiation assay. Members of the miR-29 family were downregulated in all 5 

assays (nine times in total), while hsa-miR-221-5p was downregulated in the hMSC 

adipogenesis and chondrogenesis assays, and hsa-miR-6785-5p was upregulated in the 

hMSC adipogenesis, hNSC, and HSkM differentiation assay. MMP1 was downregulated 

in the hMSC chondrogenesis and osteogenesis assays, while FOSB was downregulated 

in two differentiation assays (hNSC and HSkM) but upregulated in the hMSC adipogenesis 

assay. This might indicate that these transcripts and miRNAs play a role in differentiation 

processes, not specifically in only one process. Examples of miRNAs involved in more 

than one differentiation process are numerous in the literature: hsa-miR-155-5p 

(adipogenesis: Liu, Yang and Wu, 2011; chondrogenesis: Lee et al., 2015; odontogenesis: 

Zhu et al., 2022; osteogenesis: Liu et al., 2018), hsa-miR-221-5p (adipogenesis: Xie, Lim 

and Lodish, 2009; chondrogenesis: Lolli et al., 2014; myogenesis: Cardinali et al., 2009; 

neurogenesis: Cheng et al., 2014; osteogenesis: Yeh et al., 2016), hsa-miR-29a-3p 

(chondrogenesis: Guérit et al., 2014; myogenesis: Galimov et al., 2016; neurogenesis: Li 

et al., 2014; osteogenesis: Tan, Peng and Guo, 2018), hsa-miR-4459 (stemness: Lu et al., 

2015), hsa-miR-7-5p (adipogenesis/osteogenesis balance: Chen et al., 2020), etc. At the 

moment of writing this thesis, hsa-miR-494-3p has only been associated with myogenesis 

[237], hsa-miR-6785-5p with osteogenesis [113], and hsa-miR-7641 with endothelial 

differentiation [606]. However, these greatly increased or decreased RNAs could be 

involved in other processes happening simultaneously in the differentiating stem cells, as 

discussed previously. 

Some specific RNAs or pathways also suffer from reporting bias in the literature, some 

being largely more studied than others, and negative results being mostly unreported 

[276,418]. 
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The miRNA cluster 3 of the hMSC osteogenesis assay contained all ten most strongly 

upregulated miRNAs, which did not overlap with any highly upregulated miRNAs of the 

other differentiation assays. This cluster is characterized by a strong upregulation between 

24h and 48h after induction of differentiation and might be comprised of miRNAs 

specifically involved in osteogenesis. Seven of the ten miRNAs have not yet been 

described in the literature as associated with any differentiation process, and the other 

three, hsa-mir-3658, hsa-miR-640, and hsa-miR-665, have only been correlated with 

osteogenesis as of the time of writing [333,498]. 

Analysis of enriched pathways based on the ten most strongly deregulated transcripts and 

miRNAs of each differentiation assay showed that hMSCs undergoing adipogenesis 

strongly upregulated transcripts linked to immune system signaling pathways and to metal 

ions. HMSCs in the chondrogenesis assay strongly downregulated miRNAs associated 

with the cytoskeleton, organism development, differentiation, and stemness; while hMSCs 

undergoing osteogenesis both up- and downregulated transcripts related to signaling 

pathways, including from the immune system. Differentiating HSkM strongly upregulated 

transcripts linked to muscle contraction, cytoskeleton, and translation, and both up- and 

downregulated miRNAs associated with membrane, metal ion, and pore and protein 

channel. 

 

Interestingly, the results of both enrichment pathway analyses overlapped in part: signaling 

pathways of the immune system and pathways with physiological relevance in the future 

cell type. While there is a bias in reported pathways in the literature and therefore in these 

enrichment analyses, these results might hint at significant pathways for the early 

differentiation of the cell types studied.  

 

Several miRNA clusters showed strong connections to specific mRNA clusters in each 

differentiation assay, and their centroid lines often exhibited mirrored patterns, which is 

expected due to the regulatory role of miRNAs in repressing mRNA expression or 

promoting their degradation [28,193]. 

In previous studies profiling miRNome or transcriptome during stem cell differentiation, 

clusters with recognizable expression patterns were already observed, for example by 

Ghila and colleagues [176] or by Ng and colleagues [407]. However, the most interesting 

study to compare these results to might be by Li and Wang [330]. In their scientific paper, 

they profiled the transcriptome of hMSCs undergoing osteogenesis 2, 8, 12, and 25 days 
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after differentiation induction and compared it to undifferentiated hMSCs. Although they 

used a much higher number of clusters, some were similar to the clusters obtained during 

the present thesis. Interestingly, well-defined clusters with a high mean membership score 

and associated with a strong expression peak were also observed, mostly between the 

undifferentiated and day 2 cells, which corresponds to the time frame used in the present 

work. 

The comparison of the centroid lines of strongly interacting cluster pairs showed that these 

often exhibited mirrored expression patterns and that peaks in these patterns were mainly 

observed at the same time points. While the dissociation rate of miRNA and mRNA is 

usually in the range of a few hours, it highly depends on the RNA themselves, their 

respective concentrations, and the binding strength (which itself depends on the RNA 

sequences, and therefore the k-mer used)  [256]. Bisaria and colleagues described the 

miRNA-induced cleavage rate of mRNA as very quick, in the range of 1 to 10 minutes-1 

[37], which would agree with our findings of quasi-simultaneous changes in miRNA and 

mRNA expression. 

 

Further analysis of interactions involving the top-ranked miRNAs and genes revealed the 

presence of both previously identified and novel cluster pairs, suggesting a potentially 

influential role from a few miRNAs or genes in these previously unidentified cluster pairs 

in driving the observed effects. Specifically, notable associations were observed in the 

hMSC adipogenesis assay between the miRNA clusters 4 and 5 with gene cluster 2, 

miRNA cluster 5 with gene cluster 9, and miRNA clusters 1 and 4 with gene cluster 2. In 

the hMSC chondrogenesis assay, miRNA cluster 4 was associated with gene cluster 1, 

and in the hMSC osteogenesis assay, miRNA cluster 6 was connected with gene cluster 

2, and miRNA cluster 5 with gene cluster 3, while no significant associations were found 

in the hNSC and HSkM differentiation datasets. 

Almost 60% of the miRNAs in the interaction networks across all five differentiation assays 

have been reported as involved in at least one differentiation process, although not always 

the one in the context in which they were identified in this work. As expected, most of the 

miRNAs previously described in the literature were members of strongly interconnected 

cluster pairs, except for the miRNA cluster 4 and gene cluster 3 of the hMSC osteogenesis 

assay, in which most miRNAs have not yet been described as contributing to 

differentiation. Another cluster pair, miRNA cluster 3 and gene cluster 3 of the hNSC 

differentiation assay, also stood out during this comparison, as manual searches indicated 

reports of many of the miRNAs of this cluster regulating differentiation, but the pair was 
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not strongly interacting according to the interaction strength diagram. Some note-worthy 

miRNAs in the interaction networks include miR-221-3p, which has been shown to play a 

role in the five differentiation processes studied here, the miR-29 family, collectively 

involved in all five differentiation processes investigated in this work according to literature, 

and miR-222-3p, which has been shown to regulate adipogenesis, osteogenesis, 

neurogenesis, and myogenesis, but was found in the HSkM differentiation assay as well 

as in the hMSC chondrogenesis and adipogenesis assay. 

 

The microarray data of the hMSC adipogenesis and osteogenesis assays were examined 

for hints of the adipogenesis-osteogenesis balance. While some expected changes in 

gene expression levels were visible, a similar number of unexpected changes were also 

observed. Furthermore, the majority of genes did not display any significant alterations, 

which could indicate a random occurrence. 

Perhaps the experimental timeframe of this study was too early compared to the study by 

Scheideler and colleagues, which may explain why their results could not be replicated 

(Scheideler et al., 2008). Other researchers observed changes in expression levels related 

to the adipogenesis-osteogenesis balance at later time points (Beresford et al., 1992; 

James et al., 2010; Robert et al., 2020; Yi et al., 2022). 

Additionally, the balance between adipogenesis and osteogenesis is not a clear-cut 

matter, and some signaling pathways, such as the BMPs and IGF-1 pathways, are 

involved in both differentiation directions. For instance, BMP-2 can induce adipogenesis 

at low levels while promoting osteogenesis at higher levels (Kang et al., 2009; James, 

2013). Moreover, some partial PPAR-γ agonists support adipogenesis without inhibiting 

osteogenesis, while others inhibit osteogenesis without promoting adipogenesis (Lecka-

Czernik et al., 2002). 

An alternative explanation is that the regulation of the adipogenesis-osteogenesis balance 

and possibly other essential biological processes during stem cell differentiation could be 

happening at another level. Studies by Van de Peppel and colleagues and Marcon and 

colleagues using polysomal profiling in human adipose tissue-derived stem cells 

undergoing osteogenesis and adipogenesis respectively revealed significant changes in 

the polysomal fraction but no change in total RNA expression levels. Furthermore, they 

showed that protein synthesis as a whole was reduced (Marcon et al., 2017; van de Peppel 

et al., 2017). This suggests that the regulation of essential biological processes during 

stem cell differentiation may occur primarily at the translational level. 
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It may be worthwhile to investigate the post-transcriptional regulation level by miRNAs as 

well, due to their general role in differentiating stem cells. 

 

 

The microarray data were analyzed to identify miRNAs previously described in the 

literature as enriched in ESCs or involved in their differentiation and transcriptome 

regulation. Out of the 168 miRNAs examined, a total of 41 were detected, with some being 

present in more than one or even in all differentiation assays. 

Among the six groups of ESC-enriched miRNAs, four were represented in the stem cells 

studied here, which is consistent with the specialization and therefore reduced potency of 

these stem cells compared to ESCs. The absence of the miR-200 family and miR-302 

cluster in the microarray may indicate their specificity to ESCs. It was anticipated that these 

miRNAs would be downregulated upon differentiation induction, which was true for the 

miR-17 family (except in the hMSC adipogenesis assay) and miR-371/373 cluster. These 

findings raise intriguing questions about the potential roles of the miR-17 family and miR-

371/373 cluster in stem cells in general. Further investigation is warranted to unravel their 

precise contributions to stem cell biology and differentiation. 

However, the results regarding the chromosome 19 miRNA cluster and miR-130 family 

were not as expected. Contrary to the anticipated downregulation, the chromosome 19 

miRNA cluster exhibited an upregulation, while the miR-130 family displayed varying 

expression patterns. The primate-specific chromosome 19 miRNA cluster is considered to 

be exclusively expressed in ESCs and the reproductive system and is known to be 

transcribed from a common long noncoding transcript [153,396]. The detection of these 

miRNAs in the context of this study raises intriguing questions, especially the limited 

detection of only one or five members, rather than the entire cluster. Notably, the miR-130 

family has been reported to stimulate the reprogramming of induced pluripotent stem cells 

(iPSCs) [432], indicating its relevance to pluripotency. 

Additionally, it is known that ESC-enriched miRNAs are also enriched in certain cancers 

[21,163,175,253,254,362,409,477,566,614], as cancer cells often re-express stem cell-

related factors as part of their aberrant behavior [287]. This highlights the complex and 

dynamic relationship between stem cells and cancer, which warrants further investigation 

to unveil the underlying mechanisms driving these connections. 
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Additional miRNAs critical for the self-renewal and proliferation of human ESCs include 

hsa-miR-195 and hsa-miR-372 [437]. Although hsa-miR-372 is part of the miR-371/373 

cluster, it was not detected in the microarray data, which could suggest a more specialized 

role or possibly a limitation of the microarray method in capturing its expression. hsa-miR-

195 showed low expression levels but exhibited first an upregulation followed by 

downregulation. This dynamic expression pattern may be attributed to its role in replication 

and proliferation processes, implying that it is essential during specific stages of ESC 

differentiation. 

The low expression of certain miRNAs, such as members of the let-7 family and hsa-miR-

145, might also contribute to the maintenance of the ESC phenotype [369]. Interestingly, 

hsa-miR-145 was upregulated, as expected, supporting its potential role in maintaining the 

ESC characteristics at a low expression level and in regulating the ESC transcriptome at 

a higher level [504,590]. On the other hand, the let-7 family showed diverse expression 

patterns, making it challenging to discern a common theme, except for a potential 

upregulation in hMSC differentiation assays. The varied expression of let-7 miRNAs might 

indicate their involvement in regulating specific processes during differentiation and 

warrant further investigation to understand their precise roles in stem cell fate 

determination. 

Numerous miRNAs have been reported to be involved in regulating the ESC transcriptome 

and influencing ESC differentiation [31,536]. Notable examples include mmu-miR-200c, 

mmu- and hsa-miR-203, mmu-miR-183 [575], mmu-let-7 [383], hsa-miR-134, mmu- and 

hsa-miR-296, and mmu-miR-470 (which lacks a direct human homolog) [532]. 

Interestingly, among the miRNAs mentioned, only hsa-miR-296-5p was identified in this 

study. It was detected in the hNSC and HSkM differentiation assays, exhibiting an 

upregulated expression pattern, which aligns with the expectations based on its previously 

reported roles in stem cell regulation. 

These findings highlight the need for further exploration to fully understand the intricate 

regulatory roles of these miRNAs in the context of ESC differentiation. 

 

 

The miR-29 family, consisting of hsa-miR-29a-3p, hsa-miR-29b-1-5p, hsa-miR-29b-3p, 

and hsa-miR-29c-3p, was found in this study to be among the most sharply decreased 

miRNAs in all differentiation assays. Additionally, the expression patterns of this miRNA 

family were consistent across all differentiation assays, except for hsa-miR-29b-1-5p in 

the hNSC and HSkM differentiation assays. Their targets, which overlap broadly, were 
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over-represented in certain clusters, mostly exhibiting increased expression levels. The 

set of 94 mRNAs predicted to be targeted by all members of the hsa-miR-29 family, 

showed enrichment in pathways from the broad category of "cell cycle and differentiation" 

in all five differentiation assays. The same pathway enrichment was found in all 

differentiation assays in the cluster comprising the members of the hsa-miR-29 family or a 

high proportion of their targets. 

This might mean that these miRNAs act as inhibitors of differentiation, and therefore 

downregulation of this miRNA family at the beginning of differentiation is necessary. 

Alternatively, this miRNA family might be associated with other changes happening 

concomitantly. The scientific literature is also divided on this subject. On one hand, some 

studies suggested that rodent and human miRNAs from this family inhibit adipogenesis, 

chondrogenesis, and neurogenesis [192,204,281,594]. On the other hand, other 

researchers proposed that members of this family promoted chondrogenesis, myogenesis, 

neurogenesis, and osteogenesis in human and mouse models [99,187,282,332]. To note, 

the time frames considered vary between studies, making the direct comparison more 

challenging. Further investigation is warranted to elucidate the role of this miRNA family 

during differentiation. 

The role of the miR-29 family during aging is less ambiguous: they exhibit an increase in 

expression levels with age, as exemplified by the Tabula Muris Senis dataset [273,561]. 

The miR-29 data from the tissues and organs of the Tabula Muris Senis that most closely 

match the stem cell types used in this work all present the same trend. These miRNAs 

have also been described as involved in multiple processes pertaining to aging and 

senescence, as well as in cancer [10,218]. 

In conclusion, the findings in this work regarding the miR-29 family's role in early stem cell 

differentiation suggest that these miRNAs may function as inhibitors of differentiation, 

necessitating their downregulation at the onset of differentiation. Further research is 

needed to fully understand the precise role of the miR-29 family during differentiation, 

considering the variation in time frames among different studies. Understanding the role 

of the miR-29 family in differentiation and aging could have significant implications for 

regenerative medicine and therapeutic interventions in age-related diseases and 

conditions. 
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5.4.2. Re-replication analysis during HSkM and hMSC early 

differentiation 

A combination of incorporation of thymidine analogs and the molecular combing method 

was used to explore the potential role of re-replication in the generation of gene 

amplifications during stem cell differentiation. 

 

Qualitative analysis of HSkM differentiation revealed no evidence of re-replication events 

at the time points 0 h, 1 h, and 7 h, only normal replication events were observed. 

However, re-replication events were detected between time points 2 h and 6 h, with the 

highest incidence at 4 hours. 

 

In the quantitative analysis of HSkM cells, no re-replication events were observed in 

proliferating cells. However, re-replication events were detected at time points 1 h (2.3 % 

of recorded events), 4 h (7 % of recorded events), and 6 h (6 % of recorded events) during 

differentiation. Interestingly, there were more cells positive for thymidine analog 

incorporation at the 4 h differentiation time point compared to the 4 h proliferation time 

point. The length of thymidine analog incorporation stretches indicative of re-replication 

events was shorter at the 1 h timepoint compared to the 4 h and 6 h timepoints in 

differentiating HSkM cells. 

 

These observations suggest that re-replication in these cells only occurs during a specific 

period following the induction of differentiation. Assuming replication takes at least 10 

hours in HSkM (approximate mean value for quickly dividing human cells, [35,186]) and 

since replication events were observed as early as in the 1 h time point, re-replication 

appears to happen early during the replication process, possibly during the first half or 

even quarter of the S phase. Furthermore, more replication occurred in HSkM cells 

undergoing differentiation at the 4 h time point than in proliferating cells, indicating that 

differentiation induces replication. Additionally, differentiation also induces re-replication 

within a specific time frame (between the 1 h and 6 h time points, with the highest 

incidence at the 4 h time point). This specific time window suggests it is induced by early 

differentiation signals but tightly regulated. 

A key technical limitation of the molecular combing approach is the potential for overlap of 

fibers on the silanized coverslips, which can complicate analysis. Although extensive 
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efforts were made to manually validate each quantified fiber and discard ambiguous ROIs 

with possible overlap, there remains a chance of overlap bias influencing the frequency of 

re-replication event detection. Overlapping fibers could allow analog pulses in different 

fibers to appear as re-replication events within a single fiber. This could lead to an 

overestimation of re-replication frequency. However, the differentiation time points 

exhibited substantially more re-replication events compared to proliferating controls. Given 

proliferating and differentiating cells were prepared identically, overlap biases should 

theoretically impact both. The significant differences observed between conditions suggest 

true biological differences exist in re-replication incidence. Nonetheless, the potential 

impacts of fiber overlap must be considered. Applying more stringent criteria for fiber 

validation may further minimize artifacts, although reducing analyzed events. Overall, 

while fiber overlap bias remains a technical limitation, the relative differences between 

conditions likely reflect meaningful biological phenomena worthy of further investigation 

into re-replication during early stem cell differentiation. 

Research has demonstrated that GEMININ (GMNN) is necessary to prevent re-replication 

in proliferating cells, including embryonic stem cells [222,427], and to regulate chromatin 

remodeling to maintain undifferentiated states of stem cells [600]. Additionally, the 

depletion of GMNN has been shown to induce terminal differentiation into nonproliferating 

giant cells in trophoblast stem cells [102]. This might suggest that GMNN expression 

decreases after differentiation induction, which was observed in the accompanying 

experiments of this work [389]. 

 

 

Quantitative analysis of hMSCs (human mesenchymal stem cells) undergoing 

chondrogenesis showed replication-typical thymidine analog incorporation in all assays, 

including proliferating cells at timepoint 0 h. Re-replication events were visible in all 

assays, including proliferating cells at timepoint 0 h. Of note, the segments indicative of 

re-replication events were relatively short at the 4 h timepoint during hMSC 

chondrogenesis (median length of 3.3 kb), while they were longest at the 6 h timepoint 

with a median length of 16.9 kb. 

In these cells, induction of differentiation does not seem to increase the replication rate 

compared to proliferating cells. Re-replication events appear to be ubiquitous, occurring in 

proliferating as well as in cells undergoing chondrogenesis, and in all three time points 

tested. This might indicate that the re-replication time frame may be broader, or even that 
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re-replication might happen naturally in these cells. This could hint at a potential cell-type 

specific regulation. 

In the existing literature, re-replication has been consistently linked to adverse effects, 

such as DNA damage and apoptosis [5,17]. However, a potential tolerance for a small 

amount of re-replication events has already been proposed in the literature [460] and is 

discussed in 5.7.2. Alternatively, similar to the HSkM quantitative analysis, there is still a 

possibility of bias due to overlapping fibers, despite the manual validation of each fiber and 

the high numbers of discarded fibers. In contrast to HSkMs, the culture conditions for 

hMSCs did not permit any discernible degree of synchronization of the cell cycle, 

potentially accounting for the wider time frame of re-replication events. 

 

Induction of differentiation seems to induce replication in HSkMs, as seen when comparing 

the 4 h time point in differentiating and proliferating cells. In hMSCs undergoing 

chondrogenesis, the effect is less clear between differentiating and proliferating cells. The 

effect of differentiation on replication induction has been described in multiple studies 

using various stem cell types. 

As an example, Ikeda and colleagues reported seeing upregulation of cell proliferation at 

initial time points during chondrogenesis [233]. Satellite cells, another type of muscle stem 

cells, seem to proliferate immediately after muscle injury, accompanied by a transient drop 

in the expression of miR-1 and miR-206, which are known to suppress cell proliferation 

[110,202,246,609]. According to Marquez and colleagues and Patel and Lane, 

preadipocytes undergo clonal expansion until confluence [366,426]. On the other hand, 

Hung and colleagues found genes related to growth arrest to be upregulated three days 

after adipogenic induction [225]. Adipocytes were also described as having stopped 

proliferation at later time points [452]. Marcon and colleagues also reported that 

adipogenesis was associated with the downregulation of cell cycle-related genes and with 

lower proliferative activity 24 h after induction of differentiation [363,364], although their 

24-hour-long treatment with EdU might have been too long for the cells. Finally, there is 

conflicting evidence regarding the effect of osteogenesis on the cell cycle. Some studies 

suggest that it stops cell cycle progression [64,249], while others report that it leads to 

increased cell proliferation [452]. In the adult brain, neural stem cells are one of the few 

cell types still dividing, and their proliferation is the first stage in the neurogenesis process 

[45,181]. 

Overall, in the stem cell types studied in this work, differentiation induction appears to 

trigger cell proliferation and therefore replication, at least in the timeframe studied here.  
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5.5. Strengths and limitations of this work 

This work has generated novel time-resolved data on miRNA and gene expression 

changes in the initial 48 hours of stem cell differentiation. The high-resolution view of early 

molecular events provides unique insights not captured in most prior studies, which 

typically characterize later differentiation stages. The use of primary cells and 

differentiation of healthy human stem cells is a significant strength, providing findings that 

more closely reflect normal biology compared to cancer or model cell lines. This will aid 

the understanding of human development and disease. 

The analysis of multiple human stem cell types (hMSCs, hNSCs, HSkMs) differentiating 

into distinct lineages allows for interesting comparisons of the dynamics and mechanisms 

underlying fate transitions across cell types. Few studies have examined miRNA and 

transcriptome changes so broadly. The unbiased analysis of all expressed miRNAs and 

genes, without pre-selecting candidates, allowed novel patterns, clusters, and families to 

emerge, revealing new candidate regulators like the miR-29 family that warrant future 

investigation. 

The multi-level approach integrating miRNome, transcriptome, and replication timing 

analyses provides a systems perspective. The ability to correlate miRNA and mRNA 

expression changes is a key advantage, yielding insights into miRNA-mediated regulation. 

This thesis capitalizes on the molecular combing technique, which offers enhanced 

sensitivity and resolution to directly visualize replication and re-replication events at the 

single DNA molecule level. To the best of our knowledge, this method has not been 

previously used to study re-replication. 

Overall, the complementary multi-omics analyses of healthy differentiating human stem 

cells in this work provide novel, timely, and valuable contributions to the understanding of 

molecular processes regulating cell fate. 

 

 

  



 
171 

 

Despite the challenges brought about by the COVID-19 pandemic; this research has 

successfully been completed with a limited but valuable number of replicates. Although 

conditions did not permit the replication of microarray experiments, this opens up exciting 

avenues for further investigations into the reproducibility of our findings. Due to 

circumstances, we focused our efforts and resources on the most promising aspects of 

our work. Additional replicates would allow statistical analysis to confirm reproducibility. 

Nevertheless, clear patterns were observed in the datasets obtained. While the planned 

study of re-replication during the differentiation of hNSCs and hMSCs into adipocytes and 

osteocytes was not feasible this time, it is part of future objectives, offering promising 

potential for further exploration and understanding in these areas. 

Moreover, the inherent limitations of transcriptome analysis, which do not facilitate the 

direct assessment of protein levels, necessitate careful interpretation of findings. 

Augmenting this approach with protein quantification techniques, such as Western 

Blotting, would offer a more comprehensive validation of mRNA results. 

 

Some biological assumptions were made in this work, including the fact that replication 

forks containing re-replication events are symmetrical, although it was shown by Osheim 

and colleagues that this is not always the case, at least in D. melanogaster [420]. This may 

have implications for the measurements of replicated and re-replicated DNA segments. 

However, given the current uncertainty about its frequency, it was deemed less critical for 

the scope of this exploration study. 

Another assumption that should be put in perspective is that the mechanism(s) for the 

formation of gene amplification is similar between human cells, namely stem and cancer 

cells. While we do not currently have information about this particular question, it was 

suggested that the mechanisms for gene amplification were different between Drosophila 

and mammals [199]. 

 

In recent works, the term eccDNAs, or “extrachromosomal circular DNA”, has emerged 

[395]. According to these works, double minutes constitute one class of eccDNAs [284]. 

The formation process of eccDNAs remains somewhat enigmatic; while some studies 

indicate a replication-dependent mechanism, others report the occurrence of eccDNAs in 

the absence of replication [82,428,517]. They have been linked to gene amplifications and 

copper resistance in S. cerevisiae and therefore may benefit from investigations of these 

mechanisms [224].  
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5.6. Future directions 

5.6.1. miRNome and transcriptome profiling 

Replicating the miRNome and transcriptome profiling of healthy differentiating human stem 

cells using single-cell sequencing methods like the co-sequencing of miRNAs and mRNAs 

described by Wang and colleagues might be a good approach to further characterize 

miRNA-gene correlations [567]. However, it might be necessary to synchronize the cells 

to hopefully obtain a higher number of differentiating stem cells, and this might influence 

their metabolism in non-physiological ways. This method might also be less sensitive to 

less strongly expressed miRNAs and genes than conventional single-cell sequencing 

methods, which themselves have low sensitivity. 

 

To further validate and extend the transcriptomic findings of this work, quantification of 

protein levels is an important future direction. While mRNA expression provides insights 

into gene regulation, protein levels more directly indicate functional impacts. Techniques 

such as Western blotting could be utilized to quantify changes in protein abundance of key 

miRNA targets and genes associated with differentiation or stemness at multiple time 

points. Comparing miRNA and mRNA trajectories with protein dynamics would allow 

stronger validation of regulatory relationships. If discordant trends are observed, it may 

indicate regulation at the translational level. Proteomics could also help corroborate if 

transcriptional changes related to the adipogenesis-osteogenesis balance manifest at the 

protein level. Overall, augmenting the transcriptomics approach of this study with targeted 

protein quantification will be key to gaining a multi-dimensional understanding of the 

signaling networks and post-transcriptional regulation governing early stem cell 

differentiation. 

 

Another interesting approach to consider is polysomal profiling, which involves isolating 

and profiling the mRNA fraction bound to polysomes - clusters of ribosomes that are 

actively translating an mRNA strand [157]. This method has been successfully 

implemented in human adipose tissue-derived stem cells undergoing adipogenesis and 

osteogenesis, although not in a time-resolved manner [363,364,452,501]. 

 

To validate the functional impact of the hsa-miR-29 family in differentiating stem cells, a 

comprehensive approach involving both RNA and protein quantification of miR-29 targets 

at multiple time points would be essential. This would provide valuable insights into the 
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direct regulatory effects exerted by the miR-29 family on its target genes during the 

differentiation process. Additionally, employing gene knockdown or overexpression 

experiments specifically targeting the miR-29 family could further corroborate their roles in 

modulating stem cell fate and differentiation. 

 

 

5.6.2. Re-replication timing 

Studies of re-replication in almost physiological conditions report this phenomenon 

happening at early replicating regions [159,549], which is consistent with the fact that re-

replication must occur in previously replicated regions and, therefore, is more likely to 

occur in regions that undergo replication earlier in the cell cycle. It could be insightful to 

identify which regions are re-replicated in the model used in this thesis and compare these 

with known early replicating regions. The observation that gene amplifications frequently 

occur in similar regions also raises questions regarding their association with early origins 

or regions that have undergone re-replication and might be tested with the same data. A 

method that might be used for this purpose, Rerep-Seq, was described by Menzel and 

colleagues in 2020 and is currently being implemented by a member of the Institute for 

Human Genetics. This technique uses thymidine analogues to isolate re-replicated 

sequences [387]. It could identify genomic sites of re-replication and determine if they 

correlate to common amplification regions. 

 

In this thesis, naturally occurring re-replication during the S phase of the cell cycle was 

studied. However, the timing of re-replication is not yet clear, and there is conflicting 

evidence in the literature. Re-replication caused by re-licensing of origins during the G2 

and M phases has been described in three studies [29,280,410]. However, these results 

do not describe physiological situations. Nguyen and colleagues deregulated expressions 

of ORC, MCM2-7, or CDC6, although to moderate levels. For example, they transiently 

induced the expression of a modified, more stable CDC6 for 1 or 2 hours, which allowed 

them to reach levels less than twofold higher than the highest levels of endogenous CDC6 

they measured [410]. Nevertheless, this induction was high enough to observe high levels 

of re-replication. Klotz-Noack and colleagues ablated Geminin altogether and observed 

that no specific genomic regions were re-replicated, which correlated with the fact that 

cells in the G2 phase have no replication timing information left [280]. In these two scientific 

articles, cells in which re-replication was induced remained blocked in the G2/M phase. 

Bellanger and colleagues knocked down cyclins B1 and B2 by RNA interference and 
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reported that the knockdown of only one cyclin did not show significant alteration of the 

cell cycle. But when both cyclins were depleted, multiple cell cycle and replication errors 

occurred, including endoreplication (that they called re-replication) [29]. 

Studies reporting re-replication under physiological conditions are much sparser, thus it is 

much harder to estimate the timing of naturally occurring re-replication. One hypothesis to 

explain the discrepancy between the phases during which re-replication is observed might 

be that the effects of deregulated or depleted proteins are too strong to mimic physiological 

situations. Under these circumstances, there seems to be a certain level of DNA damage 

due to colliding forks that can be tolerated before the ATM/ATR checkpoint is activated 

[460,482]. Considering the limited availability of studies reporting re-replication under 

physiological conditions, further research is essential to gain a more comprehensive 

understanding of the timing and occurrences of naturally induced re-replication events. 

Investigating the effects of deregulated or depleted proteins in more physiologically 

relevant settings may provide valuable insights into the factors influencing re-replication 

dynamics. Moreover, exploring the mechanisms of DNA damage tolerance and its 

implications for ATM/ATR checkpoint activation could shed light on the thresholds of 

tolerable DNA damage during replication. Continued investigation in these areas will 

contribute to a deeper comprehension of re-replication processes in the context of natural 

cell differentiation and replication, potentially uncovering new avenues for therapeutic 

interventions or disease prevention. 

 

 

5.6.3. Applications, recommendations, implications 

Based on the results of the present work, re-replication appears to occur in the first hours 

of replication following differentiation induction. This finding holds significant implications 

for future investigations focused on understanding the early stages of the differentiation 

process. To delve deeper into the safety and efficacy of stem cell therapies, it becomes 

imperative to explore the potential impact of re-replication on stem cell fate and 

functionality. 

In particular, unraveling the interplay between re-replication and the reprogramming of 

induced pluripotent stem cells (iPSCs) is a compelling avenue for future research. The 

implications of re-replication during the iPSC reprogramming process hold crucial 

significance, given the promising potential of these cells in regenerative medicine and 

therapeutic applications. Delving into the dynamics of re-replication during iPSC 
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reprogramming might shed light on how gene amplifications influence the cellular identity 

and functional characteristics of iPSC-derived cells. 

The implications of gene amplifications, which can result from re-replication events, are 

multifaceted and might carry implications for cellular behavior and fate determination. As 

we strive to harness the full potential of stem cells and gene-editing technologies for 

therapeutic purposes, comprehending the occurrence and regulation of re-replication 

becomes increasingly essential. This knowledge will not only enhance our understanding 

of stem cell biology but also pave the way for more precise and effective therapeutic 

interventions. 
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7. Appendices 

Table 7.1: Cluster pairs considered for the overlap analysis. 

Pair/Trio 
number 

RNA 
type 

First cluster Second cluster Third cluster 

Assay Cluster  Assay Cluster  Assay Cluster  

Similar 1 miRNA 
hMSC 
adipogenesis 

3 hNSC 3   

Similar 2 miRNA hNSC 4 
hMSC 
chondrogenesis 

2   

Similar 3 miRNA 
hMSC 
osteogenesis 

5 HSkM 5   

Similar 4 miRNA 
hMSC 
osteogenesis 

1 HSkM 3   

Similar 5 mRNA 
hMSC 
osteogenesis 

6 HSkM 4   

Similar 6 mRNA 
hMSC 
adipogenesis 

6 
hMSC 
osteogenesis 

4   

Similar 7 mRNA hNSC 2 
hMSC 
chondrogenesis 

1   

Similar 8 mRNA hNSC 9 
hMSC 
adipogenesis 

1   

Similar 9 mRNA hNSC 7 
hMSC 
chondrogenesis 

3   

Similar 10 mRNA HSkM 8 
hMSC 
osteogenesis 

7   

Similar 11 miRNA 
hMSC 
osteogenesis 

4 
hMSC 
adipogenesis 

5 
hMSC 
chondrogenesis 

1 

Similar 12 miRNA hNSC 2 
hMSC 
chondrogenesis 

4 HSkM 1 

Similar 13 mRNA hNSC 1 
hMSC 
adipogenesis 

4 
hMSC 
osteogenesis 

3 

Similar 14 mRNA hNSC 4 HSkM 2 
hMSC 
osteogenesis 

5 

Similar 15 mRNA hNSC 3 
hMSC 
osteogenesis 

2 
hMSC 
chondrogenesis 

8 

Control 1 miRNA hNSC 5 
hMSC 
osteogenesis 

3   

Control 2 miRNA 
hMSC 
chondrogenesis 

5 
hMSC 
adipogenesis 

4   

Control 3 mRNA 
hMSC 
chondrogenesis 

7 hNSC 6   

Control 4 mRNA 
hMSC 
adipogenesis 

4 HSkM 5   

Control 5 mRNA hNSC 6 
hMSC 
adipogenesis 

5   

Control 6 mRNA 
hMSC 
adipogenesis 

5 
hMSC 
chondrogenesis 

5   

Control 7 mRNA 
hMSC 
adipogenesis 

3 
hMSC 
osteogenesis 

2   

Control 8 mRNA 
hMSC 
adipogenesis 

7 
hMSC 
chondrogenesis 

8   

Control 9 mRNA 
hMSC 
adipogenesis 

2 HSkM 2   

Control 10 mRNA 
hMSC 
adipogenesis 

4 
hMSC 
osteogenesis 

7   

Control 11 mRNA 
hMSC 
adipogenesis 

8 
hMSC 
osteogenesis 

7 hNSC 2 

Control 12 mRNA 
hMSC 
adipogenesis 

5 
hMSC 
chondrogenesis 

3 
hMSC 
osteogenesis 

7 



 
224 

 

Control 13 miRNA hNSC 1 
hMSC 
adipogenesis 

5 HSkM 5 

Control 14 mRNA HSkM 2 
hMSC 
chondrogenesis 

7 hNSC 4 

Control 15 miRNA 
hMSC 
chondrogenesis 

3 
hMSC 
osteogenesis 

4 hNSC 5 

 

Table 7.2: miRNA and gene cluster pairs considered for the pathway enrichment 

analysis. 

Differentiation assay miRNA cluster gene cluster 

hMSC adipogenesis 2 10 

hMSC adipogenesis 3 5 

hMSC adipogenesis 4 2 

hMSC chondrogenesis 1 8 

hMSC chondrogenesis 2 7 

hMSC chondrogenesis 2 8 

hMSC chondrogenesis 4 3 

hMSC chondrogenesis 5 4 

hMSC osteogenesis 1 1 

hMSC osteogenesis 1 5 

hMSC osteogenesis 4 3 

hMSC osteogenesis 6 2 

hNSC 1 2 

hNSC 1 7 

hNSC 2 2 

hNSC 2 7 

hNSC 3 6 

hNSC 4 3 

HSkM 1 8 

HSkM 2 9 

HSkM 3 2 

HSkM 3 5 

HSkM 4 1 

HSkM 4 9 

HSkM 5 4 

HSkM 5 9 

HSkM 6 8 
 



 
225 

 

 

Figure 7.1: Networks of interactions between gene clusters (left) and miRNA clusters 

(right) of the hMSC adipogenesis assay. a: Non-normalized interaction network. b: 

Interaction network normalized by the percentage of genes regulated in each cluster. c: 

Interaction network normalized by the percentage of miRNAs participating in the 

regulation in each cluster. 
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Figure 7.2: Networks of interactions between gene clusters (left) and miRNA clusters 

(right) of the hMSC chondrogenesis assay. a: Non-normalized interaction network. b: 

Interaction network normalized by the percentage of genes regulated in each cluster. c: 

Interaction network normalized by the percentage of miRNAs participating in the 

regulation in each cluster. 
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Figure 7.3: Networks of interactions between gene clusters (left) and miRNA clusters 

(right) of the hMSC osteogenesis assay. a: Non-normalized interaction network. b: 

Interaction network normalized by the percentage of genes regulated in each cluster. c: 

Interaction network normalized by the percentage of miRNAs participating in the 

regulation in each cluster. 
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Figure 7.4: Networks of interactions between gene clusters (left) and miRNA clusters 

(right) of the hNSC differentiation assay. a: Non-normalized interaction network. b: 

Interaction network normalized by the percentage of genes regulated in each cluster. c: 

Interaction network normalized by the percentage of miRNAs participating in the 

regulation in each cluster. 
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Figure 7.5: Networks of interactions between gene clusters (left) and miRNA clusters 

(right) of the HSkM differentiation assay. a: Non-normalized interaction network. b: 

Interaction network normalized by the percentage of genes regulated in each cluster. c: 

Interaction network normalized by the percentage of miRNAs participating in the 

regulation in each cluster.  
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Table 7.3: List of genes involved in adipogenesis or osteogenesis according to the 

literature. 

 

Process Direction Gene Reference 

Adipogenesis Inhibiting CTNNB1 [262] 

Adipogenesis Inhibiting GLI1 [480] 

Adipogenesis Inhibiting GLI2 [480] 

Adipogenesis Inhibiting GLI3 [480] 

Adipogenesis Inhibiting PTCH1 [480] 

Adipogenesis Inhibiting RUNX2 [618] 

Adipogenesis Inhibiting SMAD6 [201] 

Adipogenesis Inhibiting TAZ [55] 

Adipogenesis Inhibiting WNT1 [479] 

Adipogenesis Inhibiting WNT10B [455] 

Adipogenesis Inhibiting WNT3A [264] 

Adipogenesis Promoting AKT1 [641] 

Adipogenesis Promoting AKT2 [430] 

Adipogenesis Promoting BMP2 [500] 

Adipogenesis Promoting BMP4 [46] 

Adipogenesis Promoting BMPR1A [220] 

Adipogenesis Promoting CEBPA [95] 

Adipogenesis Promoting DKK1 [183] 

Adipogenesis Promoting DKK2 [300] 

Adipogenesis Promoting DKK3 [300] 

Adipogenesis Promoting DKK4 [300] 

Adipogenesis Promoting HIVEP2 [252] 

Adipogenesis Promoting IGF1 [560] 

Adipogenesis Promoting IGF1R [560] 

Adipogenesis Promoting MAPK1 [201] 

Adipogenesis Promoting NOX1 [597] 

Adipogenesis Promoting PPARA [65] 

Adipogenesis Promoting PPARD [65] 

Adipogenesis Promoting PPARG [312] 

Adipogenesis Promoting RXRA [179] 

Adipogenesis Promoting SMAD1 [220] 

Adipogenesis Promoting SMAD5 [220] 

Adipogenesis Promoting SMAD9 [220] 

Adipogenesis Promoting SRC [597] 

Osteogenesis Inhibiting ADIPOQ [485] 
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Process Direction Gene Reference 

Osteogenesis Inhibiting CD36 [485] 

Osteogenesis Inhibiting CEBPA [584] 

Osteogenesis Inhibiting CFD [485] 

Osteogenesis Inhibiting DKK1 [167] 

Osteogenesis Inhibiting GREM1 [438] 

Osteogenesis Inhibiting LEP [485] 

Osteogenesis Inhibiting NOG [66] 

Osteogenesis Inhibiting PPARG [301] 

Osteogenesis Promoting ADAR [422] 

Osteogenesis Promoting AKT1 [430] 

Osteogenesis Promoting APC [422] 

Osteogenesis Promoting AXIN1 [422] 

Osteogenesis Promoting BMP2 [647] 

Osteogenesis Promoting BMP4 [75] 

Osteogenesis Promoting BMP6 [75] 

Osteogenesis Promoting BMP7 [75] 

Osteogenesis Promoting BMPR1B [75] 

Osteogenesis Promoting BRAF [265] 

Osteogenesis Promoting CBFB [20] 

Osteogenesis Promoting CTNNB1 [62] 

Osteogenesis Promoting DISP1 [629] 

Osteogenesis Promoting FZD1 [582] 

Osteogenesis Promoting GDF2 [75] 

Osteogenesis Promoting GLI1 [629] 

Osteogenesis Promoting GLI2 [629] 

Osteogenesis Promoting GLI3 [629] 

Osteogenesis Promoting GRB2 [265] 

Osteogenesis Promoting GSK3A [422] 

Osteogenesis Promoting GSK3B [422] 

Osteogenesis Promoting HNF1A [422] 

Osteogenesis Promoting IGF1 [583] 

Osteogenesis Promoting IGF1R [583] 

Osteogenesis Promoting IGFBP1 [265] 

Osteogenesis Promoting IGFBP2 [265] 

Osteogenesis Promoting IGFBP3 [265] 

Osteogenesis Promoting IGFBP4 [265] 

Osteogenesis Promoting IGFBP5 [265] 

Osteogenesis Promoting IGFBP6 [265] 
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Process Direction Gene Reference 

Osteogenesis Promoting IHH [38] 

Osteogenesis Promoting IRS1 [265] 

Osteogenesis Promoting ITGA3 [13] 

Osteogenesis Promoting ITGB1 [478] 

Osteogenesis Promoting JUN [67] 

Osteogenesis Promoting LRP5 [422] 

Osteogenesis Promoting LRP6 [422] 

Osteogenesis Promoting MAPK1 [265] 

Osteogenesis Promoting MAPK8 [265] 

Osteogenesis Promoting MTOR [583] 

Osteogenesis Promoting NELL1 [621] 

Osteogenesis Promoting NRAS [265] 

Osteogenesis Promoting PDK1 [182] 

Osteogenesis Promoting PIK3CA [182] 

Osteogenesis Promoting PTCH1 [629] 

Osteogenesis Promoting PTCH2 [629] 

Osteogenesis Promoting ROR2 [313] 

Osteogenesis Promoting RUNX2 [607] 

Osteogenesis Promoting SHC1 [265] 

Osteogenesis Promoting SHH [450] 

Osteogenesis Promoting SMO [629] 

Osteogenesis Promoting SOCS1 [265] 

Osteogenesis Promoting SP7 [640] 

Osteogenesis Promoting TAZ [55] 

Osteogenesis Promoting WNT1 [62] 
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Figure 7.6 (previous page): Time-resolved gene expression relative to 0 h for genes 

known to promote adipogenesis, in the hMSC adipogenesis assay. The color scale 

indicates the maximum fold change in gene expression between two time points. 

 

 

 

 

 

 

 

Figure 7.7: Time-resolved gene expression relative to 0 h for genes known to inhibit 

adipogenesis, in the hMSC adipogenesis assay. The color scale indicates the maximum 

fold change in gene expression between two time points. 
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Figure 7.8: Time-resolved gene expression relative to 0 h for genes known to promote 

osteogenesis, in the hMSC osteogenesis assay. The color scale indicates the maximum 

fold change in gene expression between two time points. 
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Figure 7.8 continued 
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Figure 7.8 continued 
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Figure 7.9: Time-resolved gene expression relative to 0 h for genes known to inhibit 

osteogenesis, in the hMSC osteogenesis assay. The color scale indicates the maximum 

fold change in gene expression between two time points. 
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Table 7.4: List of miRNAs enriched in embryonic stem cells or involved in the regulation 

of their transcriptome according to the literature. 

 

miRNA gene Mature miRNA Cluster/family Reference 

hsa-mir-1283-1 hsa-miR-1283 chromosome 19 miRNA cluster [504] 

hsa-mir-1283-2 hsa-miR-1283 chromosome 19 miRNA cluster [504] 

hsa-mir-1323 hsa-miR-1323 chromosome 19 miRNA cluster [504] 

hsa-mir-498 hsa-miR-498-5p chromosome 19 miRNA cluster [504] 

hsa-mir-498 hsa-miR-498-3p chromosome 19 miRNA cluster [504] 

hsa-mir-512-1 hsa-miR-512-5p chromosome 19 miRNA cluster [504] 

hsa-mir-512-1 hsa-miR-512-3p chromosome 19 miRNA cluster [504] 

hsa-mir-512-2 hsa-miR-512-5p chromosome 19 miRNA cluster [504] 

hsa-mir-512-2 hsa-miR-512-3p chromosome 19 miRNA cluster [504] 

hsa-mir-515-1 hsa-miR-515-5p chromosome 19 miRNA cluster [504] 

hsa-mir-515-1 hsa-miR-515-3p chromosome 19 miRNA cluster [504] 

hsa-mir-515-2 hsa-miR-515-5p chromosome 19 miRNA cluster [504] 

hsa-mir-515-2 hsa-miR-515-3p chromosome 19 miRNA cluster [504] 

hsa-mir-516a-1 hsa-miR-516a-5p chromosome 19 miRNA cluster [504] 

hsa-mir-516a-1 hsa-miR-516a-3p chromosome 19 miRNA cluster [504] 

hsa-mir-516a-2 hsa-miR-516a-5p chromosome 19 miRNA cluster [504] 

hsa-mir-516a-2 hsa-miR-516a-3p chromosome 19 miRNA cluster [504] 

hsa-mir-516b-1 hsa-miR-516b-5p chromosome 19 miRNA cluster [504] 

hsa-mir-516b-1 hsa-miR-516b-3p chromosome 19 miRNA cluster [504] 

hsa-mir-516b-2 hsa-miR-516b-5p chromosome 19 miRNA cluster [504] 

hsa-mir-516b-2 hsa-miR-516b-3p chromosome 19 miRNA cluster [504] 

hsa-mir-517a hsa-miR-517a-3p chromosome 19 miRNA cluster [504] 

hsa-mir-517a hsa-miR-517-5p chromosome 19 miRNA cluster [504] 

hsa-mir-517b hsa-miR-517b-3p chromosome 19 miRNA cluster [504] 

hsa-mir-517b hsa-miR-517-5p chromosome 19 miRNA cluster [504] 

hsa-mir-517c hsa-miR-517c-3p chromosome 19 miRNA cluster [504] 

hsa-mir-517c hsa-miR-517-5p chromosome 19 miRNA cluster [504] 

hsa-mir-518a-1 hsa-miR-518a-5p chromosome 19 miRNA cluster [504] 

hsa-mir-518a-1 hsa-miR-518a-3p chromosome 19 miRNA cluster [504] 

hsa-mir-518a-2 hsa-miR-518a-5p chromosome 19 miRNA cluster [504] 

hsa-mir-518a-2 hsa-miR-518a-3p chromosome 19 miRNA cluster [504] 

hsa-mir-518b hsa-miR-518b chromosome 19 miRNA cluster [504] 

hsa-mir-518c hsa-miR-518c-5p chromosome 19 miRNA cluster [504] 

hsa-mir-518c hsa-miR-518c-3p chromosome 19 miRNA cluster [504] 

hsa-mir-518d hsa-miR-518d-5p chromosome 19 miRNA cluster [504] 

hsa-mir-518d hsa-miR-518d-3p chromosome 19 miRNA cluster [504] 

hsa-mir-518e hsa-miR-518e-5p chromosome 19 miRNA cluster [504] 

hsa-mir-518e hsa-miR-518e-3p chromosome 19 miRNA cluster [504] 

hsa-mir-518f hsa-miR-518f-5p chromosome 19 miRNA cluster [504] 

hsa-mir-518f hsa-miR-518f-3p chromosome 19 miRNA cluster [504] 
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hsa-mir-519a-1 hsa-miR-519a-5p chromosome 19 miRNA cluster [504] 

hsa-mir-519a-1 hsa-miR-519a-3p chromosome 19 miRNA cluster [504] 

hsa-mir-519a-2 hsa-miR-519a-3p chromosome 19 miRNA cluster [504] 

hsa-mir-519a-2 hsa-miR-519a-2-5p chromosome 19 miRNA cluster [504] 

hsa-mir-519b hsa-miR-519b-5p chromosome 19 miRNA cluster [504] 

hsa-mir-519b hsa-miR-519b-3p chromosome 19 miRNA cluster [504] 

hsa-mir-519c hsa-miR-519c-5p chromosome 19 miRNA cluster [504] 

hsa-mir-519c hsa-miR-519c-3p chromosome 19 miRNA cluster [504] 

hsa-mir-519d hsa-miR-519d-5p chromosome 19 miRNA cluster [504] 

hsa-mir-519d hsa-miR-519d-3p chromosome 19 miRNA cluster [504] 

hsa-mir-519e hsa-miR-519e-5p chromosome 19 miRNA cluster [504] 

hsa-mir-519e hsa-miR-519e-3p chromosome 19 miRNA cluster [504] 

hsa-mir-520a hsa-miR-520a-5p chromosome 19 miRNA cluster [504] 

hsa-mir-520a hsa-miR-520a-3p chromosome 19 miRNA cluster [504] 

hsa-mir-520b hsa-miR-520b-5p chromosome 19 miRNA cluster [504] 

hsa-mir-520b hsa-miR-520b-3p chromosome 19 miRNA cluster [504] 

hsa-mir-520c hsa-miR-520c-5p chromosome 19 miRNA cluster [504] 

hsa-mir-520c hsa-miR-520c-3p chromosome 19 miRNA cluster [504] 

hsa-mir-520d hsa-miR-520d-5p chromosome 19 miRNA cluster [504] 

hsa-mir-520d hsa-miR-520d-3p chromosome 19 miRNA cluster [504] 

hsa-mir-520e hsa-miR-520e-5p chromosome 19 miRNA cluster [504] 

hsa-mir-520e hsa-miR-520e-3p chromosome 19 miRNA cluster [504] 

hsa-mir-520f hsa-miR-520f-5p chromosome 19 miRNA cluster [504] 

hsa-mir-520f hsa-miR-520f-3p chromosome 19 miRNA cluster [504] 

hsa-mir-520g hsa-miR-520g-5p chromosome 19 miRNA cluster [504] 

hsa-mir-520g hsa-miR-520g-3p chromosome 19 miRNA cluster [504] 

hsa-mir-520g hsa-miR-520h chromosome 19 miRNA cluster [504] 

hsa-mir-521-1 hsa-miR-521 chromosome 19 miRNA cluster [504] 

hsa-mir-521-2 hsa-miR-521 chromosome 19 miRNA cluster [504] 

hsa-mir-522 hsa-miR-522-5p chromosome 19 miRNA cluster [504] 

hsa-mir-522 hsa-miR-522-3p chromosome 19 miRNA cluster [504] 

hsa-mir-523 hsa-miR-523-5p chromosome 19 miRNA cluster [504] 

hsa-mir-523 hsa-miR-523-3p chromosome 19 miRNA cluster [504] 

hsa-mir-524 hsa-miR-524-5p chromosome 19 miRNA cluster [504] 

hsa-mir-524 hsa-miR-524-3p chromosome 19 miRNA cluster [504] 

hsa-mir-525 hsa-miR-525-5p chromosome 19 miRNA cluster [504] 

hsa-mir-525 hsa-miR-525-3p chromosome 19 miRNA cluster [504] 

hsa-mir-526a-1 hsa-miR-526a-5p chromosome 19 miRNA cluster [504] 

hsa-mir-526a-1 hsa-miR-526a-3p chromosome 19 miRNA cluster [504] 

hsa-mir-526a-2 hsa-miR-526a-5p chromosome 19 miRNA cluster [504] 

hsa-mir-526b hsa-miR-526b-5p chromosome 19 miRNA cluster [504] 

hsa-mir-526b hsa-miR-526b-3p chromosome 19 miRNA cluster [504] 

hsa-mir-527 hsa-miR-527 chromosome 19 miRNA cluster [504] 

hsa-let-7a-1 hsa-let-7a-5p let-7 family [386] 

hsa-let-7a-1 hsa-let-7a-3p let-7 family [386] 
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hsa-let-7a-2 hsa-let-7a-5p let-7 family [386] 

hsa-let-7a-2 hsa-let-7a-2-3p let-7 family [386] 

hsa-let-7a-3 hsa-let-7a-5p let-7 family [386] 

hsa-let-7a-3 hsa-let-7a-3p let-7 family [386] 

hsa-let-7b hsa-let-7b-5p let-7 family [386] 

hsa-let-7b hsa-let-7b-3p let-7 family [386] 

hsa-let-7c hsa-let-7c-5p let-7 family [386] 

hsa-let-7c hsa-let-7c-3p let-7 family [386] 

hsa-let-7d hsa-let-7d-5p let-7 family [386] 

hsa-let-7d hsa-let-7d-3p let-7 family [386] 

hsa-let-7e hsa-let-7e-5p let-7 family [386] 

hsa-let-7e hsa-let-7e-3p let-7 family [386] 

hsa-let-7f-1 hsa-let-7f-5p let-7 family [386] 

hsa-let-7f-1 hsa-let-7f-1-3p let-7 family [386] 

hsa-let-7f-2 hsa-let-7f-5p let-7 family [386] 

hsa-let-7f-2 hsa-let-7f-2-3p let-7 family [386] 

hsa-let-7g hsa-let-7g-5p let-7 family [386] 

hsa-let-7g hsa-let-7g-3p let-7 family [386] 

hsa-let-7i hsa-let-7i-5p let-7 family [386] 

hsa-let-7i hsa-let-7i-3p let-7 family [386] 

hsa-mir-98 hsa-miR-98-5p let-7 family [386] 

hsa-mir-98 hsa-miR-98-3p let-7 family [386] 

hsa-mir-130a hsa-miR-130a-5p miR-130 family [504] 

hsa-mir-130a hsa-miR-130a-3p miR-130 family [504] 

hsa-mir-130b hsa-miR-130b-5p miR-130 family [504] 

hsa-mir-130b hsa-miR-130b-3p miR-130 family [504] 

hsa-mir-106a hsa-miR-106a-5p miR-17 family [386] 

hsa-mir-106a hsa-miR-106a-3p miR-17 family [386] 

hsa-mir-106b hsa-miR-106b-5p miR-17 family [386] 

hsa-mir-106b hsa-miR-106b-3p miR-17 family [386] 

hsa-mir-17 hsa-miR-17-5p miR-17 family [386] 

hsa-mir-17 hsa-miR-17-3p miR-17 family [386] 

hsa-mir-18a hsa-miR-18a-5p miR-17 family [386] 

hsa-mir-18a hsa-miR-18a-3p miR-17 family [386] 

hsa-mir-18b hsa-miR-18b-5p miR-17 family [386] 

hsa-mir-18b hsa-miR-18b-3p miR-17 family [386] 

hsa-mir-20a hsa-miR-20a-5p miR-17 family [386] 

hsa-mir-20a hsa-miR-20a-3p miR-17 family [386] 

hsa-mir-20b hsa-miR-20b-5p miR-17 family [386] 
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hsa-mir-20b hsa-miR-20b-3p miR-17 family [386] 

hsa-mir-93 hsa-miR-93-5p miR-17 family [386] 

hsa-mir-93 hsa-miR-93-3p miR-17 family [386] 

hsa-mir-141 hsa-miR-141-5p miR-200 family [504] 

hsa-mir-141 hsa-miR-141-3p miR-200 family [504] 

hsa-mir-200a hsa-miR-200a-5p miR-200 family [504] 

hsa-mir-200a hsa-miR-200a-3p miR-200 family [504] 

hsa-mir-200b hsa-miR-200b-5p miR-200 family [504] 

hsa-mir-200b hsa-miR-200b-3p miR-200 family [504] 

hsa-mir-200c hsa-miR-200c-5p miR-200 family [504] 

hsa-mir-200c hsa-miR-200c-3p miR-200 family [504] 

hsa-mir-429 hsa-miR-429 miR-200 family [504] 

hsa-mir-302a hsa-miR-302a-5p miR-302 cluster [386] 

hsa-mir-302a hsa-miR-302a-3p miR-302 cluster [386] 

hsa-mir-302b hsa-miR-302b-5p miR-302 cluster [386] 

hsa-mir-302b hsa-miR-302b-3p miR-302 cluster [386] 

hsa-mir-302c hsa-miR-302c-5p miR-302 cluster [386] 

hsa-mir-302c hsa-miR-302c-3p miR-302 cluster [386] 

hsa-mir-302d hsa-miR-302d-5p miR-302 cluster [386] 

hsa-mir-302d hsa-miR-302d-3p miR-302 cluster [386] 

hsa-mir-367 hsa-miR-367-5p miR-302 cluster [386] 

hsa-mir-367 hsa-miR-367-3p miR-302 cluster [386] 

hsa-mir-371a hsa-miR-371a-5p miR-371/373 cluster [504] 

hsa-mir-371a hsa-miR-371a-3p miR-371/373 cluster [504] 

hsa-mir-371b hsa-miR-371b-5p miR-371/373 cluster [504] 

hsa-mir-371b hsa-miR-371b-3p miR-371/373 cluster [504] 

hsa-mir-372 hsa-miR-372-5p miR-371/373 cluster [437,504] 

hsa-mir-372 hsa-miR-372-3p miR-371/373 cluster [437,504] 

hsa-mir-373 hsa-miR-373-5p miR-371/373 cluster [504] 

hsa-mir-373 hsa-miR-373-3p miR-371/373 cluster [504] 

hsa-mir-134 hsa-miR-134-5p - [532] 

hsa-mir-134 hsa-miR-134-3p - [532] 

hsa-mir-145 hsa-miR-145-5p - [504,590] 

hsa-mir-145 hsa-miR-145-3p - [504,590] 

hsa-mir-183 hsa-miR-183-5p - [383] 

hsa-mir-183 hsa-miR-183-3p - [383] 

hsa-mir-195 hsa-miR-195-5p - [437] 

hsa-mir-195 hsa-miR-195-3p - [437] 

hsa-mir-203a hsa-miR-203a-5p - [383] 

hsa-mir-203a hsa-miR-203a-3p - [383] 

hsa-mir-203b hsa-miR-203b-5p - [383] 

hsa-mir-203b hsa-miR-203b-3p - [383] 

hsa-mir-296 hsa-miR-296-5p - [532] 

hsa-mir-296 hsa-miR-296-3p - [532] 
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Figure 7.10: Heatmaps of the scaled and normalized expression levels of miRNAs 

known to be important in embryonic stem cells (ESCs) in the hMSC adipogenesis (a), 

chondrogenesis (b), osteogenesis (c), hNSC (d), and HSkM (e) differentiation assays. 

The cluster memberships of the miRNAs are shown at the right of each heatmap. A grey 

square in the cluster column indicates that the miRNA did not present a fold change 

over 1.5 between two time points. 
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Figure 7.11: Heatmaps of the normalized expression levels of miRNAs known to be 

important in embryonic stem cells (ESCs) and found to be deregulated in the hMSC 

adipogenesis (a), chondrogenesis (b), osteogenesis (c), hNSC (d), and HSkM (e) 

differentiation assays. The cluster memberships of the miRNAs are shown at the right of 

each heatmap. 



 
245 

 

Figure 7.12: Heatmaps of the scaled and normalized expression levels of miRNAs 

known to be important in embryonic stem cells (ESCs) and found to be deregulated in 

the hMSC adipogenesis (a), chondrogenesis (b), osteogenesis (c), hNSC (d), and HSkM 

(e) differentiation assays. The cluster memberships of the miRNAs are shown at the right 

of each heatmap. 
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Figure 7.13: Time-resolved boxplots of the expression levels of members of the mmu-

miR-29 family in the brown adipose tissue (BAT; a), gonadal adipose tissue (GAT; b), 

marrow adipose tissue (MAT; c), subcutaneous adipose tissue (SCAT; d), bone (e), 

brain (f), and skeletal muscle (g). The expression data were obtained from the Tabula 

Muris Senis dataset. The line was fitted with a loess formula (s.e. 95%). 
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