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INTRODUCTION 
 
Some millions of cells in the human body die every second of our lives. 
Replacement of cells in adult tissues relies on stem cells’ ability to self-renew 
and differentiate into tissue-specific cells. The processes of cell proliferation and 
differentiation are fundamental both in developmental biology and in 
regenerative medicine, and due to increased understanding of cellular 
differentiation over the last seven years (following the discovery of 
reprogramming factors by Yamanaka and colleagues in 2006), scientific interest 
towards these fields of biology has continued to rise. It has become evident that 
terminally differentiated cells in the adult body can be reversed to more 
primitive cells with broader developmental capacity similar to cells of 
embryonic stage, by a process called reprogramming. Such cellular plasticity 
opens up enourmous potential possibilities in cell therapy and points to our 
limited knowledge about molecular mechanisms that control cell fate. We still do 
not know why/how old skin cells are replaced by new skin cells instead of bone 
cells, for example. 

Mesenchymal stem cells (MSCs) or stromal stem cells constitute fibroblast-
like cells derived from adult tissues that can be in vitro expanded and 
differentiated into minimally three mesodermal lineages including fat, bone and 
cartilage. MSCs were first identified as non-hemaetopoietic multipotent bone 
marrow cells already in the early 1970s, but later, cells with multi-lineage 
differentiation potential have been isolated from virtually all mature tissues, 
making MSCs important players in the field of regenerative medicine. However, 
MSCs cannot be distinguished from other cell types by means of surface antigen 
expression, because multipotent cells derived from different tissues or donors 
have been shown to exhibit different surface characteristics, or the same surface 
proteins are expressed by cells that lack differentiation potential. 

This thesis summarizes the studies on in vitro differentiation of two stromal 
cell populations including adipose tissue-derived MSCs (AdMSCs) and skin-
derived fibroblasts (FBs). We analyzed gene expression upon differentiation of 
AdMSCs and FBs into adipocytes, osteoblasts and chondrocytes over time, on 
global scale and in cell populations derived from different donors in order to get 
insight into the molecular mechanisms that control cell fate decisions of stromal 
cells. 
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ABBREVIATIONS 
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REVIEW OF THE LITERATURE 

1. Mesenchymal stem cells 

1.1 Identification and definition of MSCs 
 
Stemness - self-renewal and multilineage differentiation capacity of cells - was 
for a long time associated only with embryonic blastocyst-derived cells, which 
through multiple proliferation and differentiation cascades give rise to all of the 
different cell types found in adult organisms. In 1968, Friedenstein and his 
colleagues identified spindle-shaped, clonogenic cells of non-hematopoietic 
origin from adult bone marrow, which were defined as colony-forming unit 
fibroblasts (CFU-Fs)(Friedenstein et al., 1968), and later were shown to be 
common predecessors of mesenchymal tissues. As a result of their supposed 
capacity for self-renewal and differentiation, bone marrow-derived multipotent 
stromal precursor cells were first considered as stem cells by Caplan who named 
them mesenchymal stem cells (MSCs) (Caplan, 1991). The first detailed 
description of the trilineage differentiation potential of MSCs was published 14 
years ago (Pittenger et al., 1999). Nowadays, MSCs, which can alternatively be 
defined as multipotent stromal cells or multipotent adult progenitor cells, are 
generally considered a heterogeneous population of post-natally derived cells that 
proliferate as plastic-adherent cells, have fibroblast-like morphology, form 
colonies in vitro, and can differentiate into bone, cartilage and fat cells (Horwitz 
et al., 2005).  

Cells that meet this criteria have been isolated from virtually any organ or 
tissue including bone marrow, fat, skin, lung and liver (Pittenger et al., 1999; Zuk 
et al., 2001; Toma et al., 2001; Sabatini et al., 2005; da Silva Meirelles et al., 
2006). MSC populations lack unique biomarkers and they are typically 
characterized by the capacity of differentiation into three mesodermal lineages 
including adipocytes, osteoblasts and chondrocytes in vitro. There is evidence, 
however, that MSC preparations are heterogeneous cell cultures comprising a 
subset of stem cells (or different subsets of stem cells) and more differentiated 
(progenitor) cells.  

The possible existence of MSCs as heterogeneous populations in vivo adds 
complexity to their study in vitro. It has been suggested that the in vivo localization 
of MSCs correlates with that of pericytes, cells that lie on the abluminal side of 
blood vessels, immediately opposed to endothelial cells (ECs)(da Silva Meirelles 
et al., 2008). This idea according to which MSCs are derived from blood vessel 
walls is consistent with the outcome that they have been isolated from nearly any 
organ or tissue innervated by blood vessels. However, although several studies have 
provided evidence that, for example, adipose-derived MSCs (AdMSCs) in situ 
reside in perivascular niche (Lin et al., 2008, 2010), the exact localization of 
AdMSCs in native adipose tissue is still under debate.  
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1.2 Molecular phenotype and characterization of MSCs 
 

Due to the high heterogeneity of primary MSC populations (with regard to 
proliferation and differentiation potential), surface antigen expression profile of 
these cells has been extensively studied and described (Boquest et al., 2005; 
Mitchell et al., 2006; reviewed in Kolf et al., 2007) in hope to improve and 
standardize the in vitro propagation of MSCs. In 2006, the International Society 
for Cellular Therapy proposed the minimal set of surface antigens whose 
expression would distinguish MSCs from other cell types: they must express 
CD105, CD73 and CD90, and lack the expression of hematopoietic markers c-
kit, CD14, CD11b, CD34, CD45, CD79α, CD19 and HLA-DR (Dominici et al., 
2006). Interestingly, isolation of cells from stromal-vascular fraction (SVF) of 
different tissues based on plastic-adherence always results in populations that 
contain cells with positive staining of Integrin-β1/CD29, H-CAM/CD44, 5'-
nucleotidase/CD73, Thy-1/CD90 and Endoglin/CD105 (Table 1). Further, all 
fibroblast populations analyzed express these antigens similarly with MSCs. 
Some studies have addressed the question whether surface marker-based cell 
sorting would enable purification of homogenous cell populations with higher 
differentiation capacity towards any specific lineage. Isolation of AdMSCs with 
immuno-magnetic beads coated with antibodies against either CD29, CD44, 
CD49d, CD73, CD90, CD105 or Stro-1 resulted in cell populations that all 
differentiated into osteoblasts and chondrocytes within 3 weeks similarly with 
the unsorted SVF cells (Rada et al., 2011). Also, both CD105-negative and 
CD105-positive AdMSCs exhibited adipogenic, osteogenic and chondrogenic 
potential (Jiang et al., 2010). Hence, these surface molecules are not sufficient to 
discriminate MSCs from other cell types in heterogenous tissues. 

Analysis of gene expression profiles of different MSC populations revealed 
that expression of FN1 (fibronectin 1), other extracellular matrix components, 
and transcription factors NFIB (nuclear factor I/B), ID1 (inhibitor of DNA 
binding 1), and homeobox genes HOXA5 and HOXB6 were enriched but not 
unique for these cells (Wagner et al., 2005). Transcriptome analysis of MSCs 
isolated from 12 different tissues in parallel with retinal pericytes and fibroblasts 
showed extensive overlap in gene expression patterns of these cells (Covas et al., 
2008). For example, VIM (vimentin), LGALS1 (galectin 1), ANXA2 (annexin), 
MMP2 (matrix metallopeptidase 2), TAGLN (transgelin), TAGLN2, SPARC 
(osteonectin) among others were highly expressed in all cells analyzed. The 
authors concluded that MSCs, pericytes and fibroblasts are related cells present 
at the vascular wall where they function as a source of cells for repair and 
maintenance of the various tissues. Proteome analysis of bone marrow-derived 
MSCs showed that cytoskeletal proteins, and those involved in protein folding 
and metabolism were most prevalent functional groups present in these cells 
(Wagner et al., 2006). No single marker was found to be adequate to specify 
MSCs.  
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1.3 Differentiation potential of MSCs 
 

MSCs derived from different tissues including bone marrow (BmMSC) and 
adipose tissue (AdMSC) all differentiate into a variety of cell types: hepatocytes, 
myocytes, adipocytes, osteoblasts, chondrocytes and epithelial cells (Zuk et al., 
2001, 2002; Gimble and Guilak 2003; Lee and Kemp 2006; Saga et al., 2005; 
Kitagawa et al., 2006; Lysy et al., 2007) under appropriate conditions in vitro. 
The differentiation of MSCs is usually assessed using histochemical staining of 
tissue-specific extracellular matrix produced by differentiated monolayer 
cultures in vitro, and/or analysis of cell type-specific gene expression either at 
mRNA or protein level upon long-term treatment of cells with inductive 
components in culture media (reviewed in Vater et al., 2011). In general, culture 
supplements required for osteogenic differentiation include dexamethasone, β-
glycerol-phosphate,  ascorbic acid 2-phosphate, vitamin D3, and combinations 
of TGF-β and BMPs. Chondrogenic medium contains dexamethasone, ascorbic 
acid 2-phosphate and TGF-β. Adipogenic differentiation is efficiently induced 
with supplements including dexamethasone, isobutylmethylxanthine (IBMX), 
insulin and indomethacin.  

There is good evidence of the ability of MSCs to differentiate into mature 
adipocytes when exposed to medium containing steroids, a cAMP inducer and 
fatty acids (Zuk et al., 2001; Gimble and Guilak 2003). Confirmation of 
differentiation into adipocytes is usually performed by staining cytoplasmic lipid 
droplets with Oil Red O, and detection of expression of adipocyte-specific genes 
including PPARγ2, LPL, aP2, adiponectin (Table 2). Analysis of osteogenic 
differentiation of MSCs includes positive staining of calcified nodules with 
Alizarin Red S or von Kossa techniques. Also, increased expression and activity 
of alkaline phosphatase is observed in MSC-derived osteoblasts. Osteoblast-
specific gene expression profile commonly includes Runx2, osteocalcin (OCN), 
osteopontin (OPN) and bone sialoprotein (BSP) genes. The method mostly used 
to demonstrate chondrogenic differentiation of MSCs is staining for increased 
expression of proteoglycans using Alcian blue, Toluidine blue or Safranin O. 
Chondrogenic differentiation is typically confirmed with expression of Sox9, 
collagen type 2 and aggrecan. Differentiation of MSCs is also accompanied by 
morphological changes from fibroblast-like shape into cuboidal, round and 
spherical shapes in response to osteogenic, chondrogenic and adipogenic 
stimulation, respectively.  

These described methods are good for making general conclusions that 
analyzed MSC populations contain cells with differentiation potential towards 
defined lineages. However, staining of heterogenous cultures and detection of  
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confined set of marker genes represents limitations in analyzing the differentiation 
and molecular events that occur in individual cells. One important biological issue 
arising from the heterogeneity of MSC pools is whether individual MSCs can 
give rise to multiple differentiated phenotypes or whether each phenotype derives 
from a subset of committed progenitor cells that exist within a heterogeneous 
population. Clonal analysis of differentiation potential of MSCs revealed that aside 
from cells with monolineage (10-37%) and bilineage potential (10-47%), AdMSCs 
also contained cells with trilineage potential (7-49%) (Guilak et al., 2006). Similar 
results were obtained in a study with dermal fibroblasts: monopotent (2.1-8.5%), 
bipotent (6.4-12.8%) and tripotent (6.4%) cells were present in cell populations 
derived from skin (Chen et al., 2007). It turns out then, that both AdMSCs and 
fibroblasts can be regarded as truly multipotent cell types. 

Such seemingly unlimited differentiation potential of MSCs represents them 
as exciting candidates for potential use in cellular therapies and tissue 
engineering strategies, which is why the focus of stem cell studies has been 
placed from technically and ethically-challenged embryonic stem cells on adult 
stem cell-based research. 

1.4 In vivo differentiation and clinical application of MSCs 
 
Tissue stromal cells have been reported to be responsible for regeneration of 
numerous organs. Besides the obvious applications of MSCs to repair or 
regenerate cartilage, bone, muscle or adipose tissue, the possibility of peripheral 
nerve regeneration, hepatic regeneration, insulin-producing islet cell 
regeneration, functional repair of myocardial infarction, and recovery of renal 
function has been shown in in vivo models (Petersen et al. 1999; Kopen et al. 
1999; Wakitani et al. 2002; Cowan et al. 2004; Laflamme and Murry 2005; Baer 
and Geiger 2012). 

Transplantation studies of MSCs have been carried out to analyze the 
ability of injected cells to repopulate adult tissues. The circulating cells have a 
different genotype from the solid tissue, allowing tracking their fate upon 
transplantation. The most common example involves transgender 
transplantation, for example, where Y chromosome identifies a cell as 
extracardiac origin in female hearts, whereas immunostaining with specific cell 
markers identifies the cell type. The preponderance of evidence suggests that 
circulating progenitors make only a very limited contribution to cardiomyocyte 
repopulation. Several lines of evidence indicate that direct injection of 
noninduced MSCs into the heart improves ventricular function postinfarction in 
rats and pigs. In one study, human MSCs were injected into mouse, where they 
located into heart, expressed cardiac genes and resembled morphologically 
cardiomyocytes (Toma et al., 2002). However, in another study, transplanted 
MSCs expressed muscle markers but retained fibroblast morphology and lacked 
electromechanical function (Shake et al., 2002). 

The current data indicate that although bone marrow-derived MSCs were first 
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proposed for therapeutic purposes in regenerative medicine on the basis of their 
stem cell-like qualities, their therapeutic effect can result from other characteristics 
such as their anti-proliferative and anti-inflammatory properties. MSC secrete a 
variety of cytokines and growth factors that have both paracrine and autocrine 
activities. Indirect or trophic effects of MSC might explain some of the positive 
therapeutic effects observed with MSC without any evidence for differentiation of 
MSC. Such trophic effects have been proposed in treatment of stroke, myocardial 
infarct and meniscus repair (Caplan and Dennis 2006). Despite evidence that 
MSCs can transdifferentiate into multiple cell types in vitro and in vivo, the real 
contribution of MSCs to tissue repair through significant engraftment and 
differentiation into biologically and functionally relevant tissue-specific cell types, 
is still unclear (Uccelli et al., 2000). For example, MSC based myocardial therapy 
has proceeded at a rapid pace and there is sound evidence for successful cardiac 
regeneration or repair upon MSC treatment. However, this effect might be 
attributed to: 1. differentiation of the administered cells into all of the cellular 
constituents of the heart; 2. release of factors capable of paracrine signaling; 3. 
fusion of the administered cells with the existing constituents of the heart; or 4. 
stimulation of endogenous repair by injected cells (Wagner and Ho 2007). Current 
scientific evidence supports the use of MSC for tissue reconstruction through 
exclusive differentiation mechanisms only for bone repair (Quarto et al., 2001). 
Hence, the full clinical potential of MSCs awaits much deeper investigation of 
their fundamental biology. 

1.5 Heterogeneity of MSC populations 
 

Taken the fact that MSCs lack unique phenotype, isolation of cells with 
multilineage potential from SVF of different tissues based on surface markers is 
not possible. The only criterion for isolation is the cells' ability to adhere to 
tissue culture plastic and to survive and proliferate in standard culture conditions 
over several passages. MSCs are thus cultured and studied as heterogeneous 
pools of cells. Not suprisingly, the lack of standardization between research 
groups in defining what they mean by MSCs limits the interpretation of results 
and clinical progression of MSC research.  

MSCs exhibit variability in their phenotypes, including proliferation capacity 
and expression of cell surface antigens (see Table 1), and in ability to secrete 
cytokines or differentiate into mesodermal lineages. Both, inter-population 
(differences between MSC populations derived from different donors) and 
intra-population heterogeneities (differences within the MSC population from 
an individual isolate) have been shown to account for the variation of MSC 
cultures (Phinney et al., 2000; Russell et al., 2010). Further, experiments have 
suggested that even when derived from a single cell, the progeny of MSCs can 
possess different properties (Ylöstalo et al., 2008). This heterogeneity could be 
the result of, first, alterations induced by extensive culturing, or secondly, the in 
vivo heterogeneity that represents the natural repertoire of MSCs. Although, it is 
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quite clear that in vitro culture conditions modify MSC populations, the 
observation that long-term cultured MSC cell strains retain their function over 
extensive passaging suggests that some or even most of the heterogeneity of 
MSCs originates in vivo (Pevsner-Fischer et al., 2011). 

It has been argued that the in vitro observed tri-lineage differentiation of 
MSCs is not valid, and in vivo differentiation of MSCs upon heterotropic 
transplantation should be used for their characterization (Bianco et al., 2010). 
However, analysis of bone formation in vivo demonstrated that all multi-colony 
strains formed bone, whereas only 58.8% of single colony-derived MSCs 
generated bone (Kuznetsov et al., 1997), indicating that the heterogeneity is also 
observed in vivo. The point of view that stem cell is a fixed entity that follows 
irreversible differentiation scenario is becoming replaced by a new concept: 
stemness is a transient and reversible cell state rather than a fixed property 
that develops following interaction with the environment. Transitions between 
various differentiated states termed ’cellular plasticity’, are believed to be a 
fundamental property of MSCs (Zipori 2006). 
 
1.6 Heterogeneity of established cell lines 
 
Heterogeneity is a common feature of all populations of cells since gene 
expression occurs and is regulated through complex mechanisms in individual 
cells. Stable cell lines are usually considered to be less heterogeneous compared 
with primary cell cultures. However, there is growing evidence that cell-to-cell 
variation is a common characteristic of established cell lines that could arise 
from locally distinct microenvironment generated by culture conditions, and 
from extensive passaging of the cells. Moreover, transformed cell lines 
commonly originate from tumor tissues that contain cells with heterogenous 
patterns of genomic aberrations that lead to distinct cellular behaviors in culture 
conditions (Ku et al., 2010).  

Deregulated activation of β-catenin is a principal cause of colorectal cancer 
(Giles et al., 2003). β-catenin belongs to the cell-cell adhesion apparatus, 
whereas it translocates to the nucleus upon Wnt signaling, where it binds T-cell 
factor (TCF) and lymphocyte-enhancing factor (LEF) family transcription 
factors and regulates expression of genes important for proliferation and 
differentiation (Tetsu and McCormick 1999). Cell density has been shown to be 
one of the factors that affects subcellular localization and function of β-catenin 
(Dietrich et al., 2002). Hence, slight variations in local environment can lead to 
remarkable changes in gene expression and biological functions of cells in 
populations grown otherwise under homogenous conditions. 
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1.7 Identity of stromal cells: do MSCs equal fibroblasts? 
 
The identification of self-renewing and multipotent cells has helped to explain 
how different types of mature cells stem from a single immature progenitor cell. 
However, it has also generated the understanding that stem cells are a type of 
cells with defined entity, and whose journey form immature state to specialized 
cell is unidirectional. This dogma has been challenged and now it is known that 
mature cell types can turn back to more primitive stage in development and give 
rise to a variety of different cell types (Takahashi and Yamanaka 2006). 

 The transition of cells between different states may relate to the phenomenon 
that multipotent cells can be isolated from most adult tissues. However, the 
identity of cells with multilineage differentiation potential isolated from SVF of 
different tissues has remained unclear. Tissue stromal cells or fibroblasts (FBs) 
exist in virtually every organ in the human body. They are defined as adherent 
cells, which are not endothelium, epithelium or hematopoietic origin, and which 
have the capacity to synthesize and remodel the extracellular matrix. Further, 
phenotypic and functional properties of FBs completely overlap with those of 
MSCs (see Table 1 and Table 2), including immunoregulation in vitro (Haniffa 
et al., 2007). Due to the lack of markers that would functionally discriminate 
different stromal cell types, it is important to recognize the common ground 
between the fields of fibroblast and MSC biology (Haniffa et al., 2009). 
Nomenclature-based differences between these cells could hamper the studies on 
stromal cell biology and mask true mechanisms of regulation of stromal cell 
behavior in response to diverse environmental stimuli. 

 
2. In vitro differentiation of MSCs 

2.1 Adipogenic differentiation 
 
Several cell types contain esterified lipids but adipocytes are unique in the 
quantity of lipid that they can store, and the repertoire of secreted proteins. 
Among others, they produce hormones adiponectin and leptin that are important 
in the regulation of whole-body energy homeostasis (Lau et al., 2005). White 
adipose tissue, which is the predominant type of fat in adult humans, stores 
energy, whereas brown adipose tissue generates heat in newborns and rodents 
(Farmer 2008). Most studies on the mechanisms of adipogenic differentiation 
have been done using cell lines of mouse origin (3T3-L1 and 3T3-F442A), that 
are thought to recapitulate the main steps of the in vivo differentiation of pre-
adipocytes into mature adipocytes (Green and Kehinde 1975). However, less is 
known about earlier steps of differentiation of pluri- or multipotent progenitor 
cells towards adipocyte lineage, because mesencyhmal precursor cells are 
heterogeneous populations and their differentiation potential changes over time 
in culture. The most commonly used multipotent stem cell line is C3H10T1/2 
(Reznikoff et al., 1973) that can be converted by 5´-azacytidine into three 



20 

mesodermal stem cell lineages including adipocytes, chondrocytes and 
myoblasts (Pinney and Emerson 1989).  
 
 

 
 

Figure 1. Transcriptional regulation of adipocyte differentiation. Adipogenic hormones 
induce the expression of C/EBPβ and C/EBPδ which activate C/EBPα and PPARγ. 
C/EBPα and PPARγ maintain the expression of each other in a positive-feedback loop, 
and promote the expression of adipocyte genes including lipoprotein lipase (LPL) and 
fatty acid synthase (FAS). Negative regulator CHOP-10 regulates early steps of the 
process (Frith and Genever 2008). 
 

Transcriptional regulation of adipocyte differentiation has been reviewed by 
many authors (Morrison and Farmer 1992; Rosen 2005; Farmer 2006; Rosen and 
MacDougald 2006; Lefterova and Lazar 2009), and a cascade of expression and 
activity of transcription factors controlling adipogenesis is well described. Most of 
transcriptional regulators of adipogenesis (and other differentiation programs) 
operate in a feed-forward fashion, whereby they induce both other pro-adipogenic 
factors and then cooperate with those factors to promote downstream gene 
expression. Peroxisome proliferator-activated receptor gamma (PPARγ) and 
CCAAT/enhancer-binding protein (C/EBP) families of transcription factors are 
considered the crucial determinants of adipocyte fate. The expression of C/EBPβ 
and C/EBPδ is rapidly and transiently increased upon induction of differentiation, 
followed by the elevation of C/EBPα and PPARγ, which in turn maintain the 
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expression of each other, and together bind the promoters/enhancers of adipocyte 
genes including adipocyte fatty acid binding protein aP2 (FABP4), adoponectin 
and fatty acid synthetase (FAS) (Figure 1). PPARγ is the only known factor that is 
both necessary and sufficient to induce adipogenesis (Rosen et al., 1999), and to 
date no factor has been identified that can rescue adipogenesis in the absence of 
PPARγ.  

PPARγ belongs to the nuclear receptor superfamily of ligand-activated 
transcription factors. It binds DNA as a heterodimer with retinoid X receptor 
(RXR). In the unliganded state, PPARγ associates with nuclear hormone 
receptor-corepressor (NCoR) or with silencing mediator of retinoid and thyroid 
hormone receptor (SMRT) to repress target gene expression (Farmer 2008). 
Commitment of MSCs to the adipogenic lineage involves acquisition of 
processes regulating production of PPARγ ligands. Interestingly, the endogenous 
ligand responsible for regulating PPARγ activity during adipogenesis has not 
been identified. In vitro, a mixture of dexamethasone (Dex), 
isobutylmethylxanthine (IBMX), indomethacin and insulin is used to promote 
adipogenesis. IBMX induces cAMP signaling that leads to activation of cAMP 
regulatory element-binding protein (CREB) and C/EBPβ expression (Zhang et 
al., 2004b). Induction of C/EBPδ is mediated by glucocorticoids (Dex) and 
C/EBPβ (Cao et al., 1991). Indomethacin contributes to the induction of C/EBPβ 
expression by blocking degradation of cAMP. Insulin mediates its early 
adipogenic effect via induction of sterol regulatory element-binding protein 1c 
(SREBP1c/ADD-1) that plays a role in the production of lipophilic molecules 
with potent PPARγ ligand activity (Kim et al., 1998). All these signals converge 
in generating the positive feedback loop between PPARγ and C/EBPα that 
together initiate the aquisition of adipocyte phenotype. 

Transcription from alternative promoters of pparγ gene gives rise to four 
distinct mRNAs and two major protein isoforms  PPARγ1 and PPARγ2 
(PPARγ1,3,4 encoding PPARγ1 and PPARγ2 encoding PPARγ2)(Zhu et al., 
1995). The relative roles of these isoforms in adipogenesis are not known. 
PPARγ2 is expressed only in adipocytes, whereas PPARγ1 is expressed in many 
tissues. In vivo experiments with pparγ2 knockout mice suggest that PPARγ1 
can compensate for many adipogenic functions of PPARγ2, and that PPARγ2 is 
not absolutely required for adipocyte development in vivo (Zhang et al., 2004a). 
C/EBPα plays an important role in adipogenesis primarly by inducing the 
expression of PPARγ, but also by activating several adipocyte genes directly. 
C/EBPβ cannot induce the expression of C/EBPα in the absence of PPARγ, 
which is required to release histone deacetylase-1 (HDAC1) from the c/ebpα 
promoter (Zuo et al., 2006). Recently, however, it has been shown that 
adipogenic differentiation of NIH/3T3 cells can occur without reciprocal 
activation between C/EBPα and PPARγ (Shao et al., 2013).  

Genome-wide analysis has revealed thousands of C/EBPα-binding sites in 
adipocytes and a remarkable degree of co-localization with PPARγ on DNA 
(Lefterova et al., 2008). C/EBPs belong to a large family of leucine zipper 
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transcription factors that can form homodimers and heterodimers with each other 
and bind to the same C/EBP consensus sequence. There is a time lag between the 
expression and transcriptional activity of C/EBPβ, when differentiation is 
induced. This is a key regulatory stage of adipogenesis and is controlled by 
many factors including RORα, SHARP1/DEC2 and TRB3 that block the activity 
of C/EBPβ. Phosphorylation of C/EBPβ by GSK3β (Park et al., 2004) releases it 
from interactions with inhibitory C/EBP homologous protein (CHOP-10) (Tang 
and Lane 2000) and enables recruitment of the chromatin remodeling complex 
SWI/SNF by C/EBPβ to promote transcription of pparγ (Salma et al., 2004). 
C/EBPβ activity on c/ebpα promoter is initially blocked by mSin3A/HDAC1 
complex, but upon accumulation of PPARγ protein, it targets HDAC1 for 
degradation leading to the activation of C/EBPα expression (Zuo et al., 2006). 
Glucocorticoids induce acetylation of C/EBPβ that also results in its dissociation 
from HDAC1 and expression of C/EBPα (Wiper-Bergeron et al., 2003), 
independently from transcriptional up-regulation of PPARγ. Later stages of 
adipogenic differentiation are thus accompanied by accumulation of C/EBPα 
that displaces C/EBPβ from the promoters of adipogenic genes including leptin, 
adiponectin and pparγ (Salma et al., 2006). 

2.2 Osteogenic differentiation 
 
Bone is an essential mineralized tissue with critical mechanical and metabolic 
functions. Osteoblasts play a central role in the production of a characteristic 
extracellular matrix (ECM) and mineralization of the bone matrix. The process 
of differentiation of osteoblasts from mesenchymal precursor cells is tightly 
regulated and involves the sequential expression and activities of multiple 
classes of factors.  

Runt-domain transcription factor Runx2/Cbfa1 is the principal 
transcriptional regulator of osteoblast differentiation. Many factors function 
together with Runx2 to direct osteochondroprogenitor cells toward osteoblast or 
chondrocyte (cartilage cells) lineages. For osteoblasts, this is accomplished by 
the expression of Osterix (Osx) in preosteoblasts (Nakashima et al., 2002), 
followed by expression of another factor, ATF4 that controls the transcriptional 
activity of mature osteoblasts (Yang and Karsenty 2004). It is believed that Osx 
may play a crucial role in segregating the osteoblast and chondrocyte lineages 
from bipotential osteochondroprogenitor cells during bone formation. Osx 
fulfills this function by inhibiting Sox9 expression (see below) and by fully 
establishing the osteoblast phenotype (Nakashima and De Crombrugghe 2003).  

Alkaline phosphatase (ALP), bone sialoprotein (BSP) and  collagen type I 
(Col1a1) are early markers of osteoblast differentiation, while parathyroid 
hormone/PTH-related peptide receptor (PPR) and osteocalcin (OCN) appear 
late, concomitantly with mineralization. Osteopontin (OPN) peaks twice, during 
proliferation and then again in later stages of differentiation (Soltanoff et al., 
2009). Despite its crucial function in early differentiation, Runx2 is not essential 
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for the maintenance of the expression of major bone matrix proteins in mature 
osteoblasts (Maruyama et al., 2007). In fact, Runx2 inhibits terminal 
differentiation and maintains osteoblastic cells in immature stage (Liu et al., 
2001). Runx2 regulatory element (also recognized by Runx1 and Runx3) is 
found in the promoters of several osteoblast genes including Col1a1, OPN, OCN 
and BSP. Although necessary for gene transcription and osteoblast development, 
Runx2 is not sufficient for optimal gene expression or bone formation. Not 
surprisingly, many of its target genes are absent in cells that express Runx2 (eg 
MSCs), suggesting that transcriptional activity of Runx2 is under complex 
regulation, and is influenced by the temporal and spatial expression of other 
factors. 

Osteogenic differentiation is studied using MC3T3-E1 preosteoblast cells. 
Upon treatment with ascorbic acid (that allows cells to secrete collagenous 
ECM), BSP promoter becomes occupied by both Runx2 and Dlx homeodomain 
protein, without detectable changes in overall protein levels of either factor 
(Roca et al., 2005), confirming that Runx2 transcriptional activity is regulated by 
its ability to interact with cofactors. A number of Runx2 binding partners have 
been identified including CBFβ, ATF4, Smad proteins, Sox9, Twist, HDACs, 
that all modulate the activity of Runx2 and osteogenic gene expression along 
differentiation into osteoblasts (reviewed in Soltanoff et al., 2009). It has been 
shown that Runx2-induced osteoblast gene expression only occurs when 
expression of Twist bHLH transcription factors disappears in osteoblast 
precursors (Bialek et al., 2004). CBFβ, the non-DNA-binding partner of all three 
Runx proteins, is the most important coregulatory protein, essential for 
enhancement of Runx2 DNA binding (Tahirov et al., 2001). Postranslational 
modification represents the second major mechanism for controlling Runx2 
activity. Ascorbic acid stimulates ECM/integrin-mediated activation of 
ERK/MAP kinase pathway in osteoblastic cells, that results in phosphorylation 
and increased transcriptional activity of Runx2 (Xiao et al., 2000). This 
regulation has been suggested to occur also in vivo (Ge et al., 2007). Also, 
another kinase PKCδ phosphorylates Runx2 (on a distinct site from 
ERK/MAPK) upon FGF2 treatment, that is required for OCN expression (Kim 
et al., 2003).  

Osteogenesis is regulated by many of the major developmental signaling 
pathways including bone morphogenetic protein (BMP)/transforming growth 
factor β (TGFβ), Wnt and Hedgehog signaling. BMP2 promotes Runx2 
expression in mesenchymal osteoprogenitors and Osx and Dlx5 expression in 
osteoblastic cells (Gori et al., 1999). TGFβ has been found to inhibit Runx2 
activity in vitro (Kang et al., 2005), whereas it promotes bone formation in vivo 
(Ahdjoudj et al., 2002). Another factor, Indian hedgehog (Ihh) regulates 
osteoblast differentiation of mesenchymal cells through up-regulation of the 
expression and function of Runx2 (Shimoyama et al., 2007). Wnts have 
important modulatory function in osteogenesis. There is strong in vivo evidence 
that high levels of endogenous Wnts promote osteogenesis, whereas low levels 
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inhibit osteogenesis (Gaspar and Fodde 2004). Additionally, Wnt signaling 
stimulates osteoblast differentiation of mesenchymal precursors by suppressing 
C/EBPα and PPARγ (Kang et al., 2007). 

Also, transcription of Runx2 is enchanced by fibroblast growth factors 
(FGFs), retinoic acid and hormone Dex (Kim et al., 2003; Prince et al., 2001). 
Short term treatment with Dex promotes osteoblast differentiation of 
mesenchymal cells, whereas long term treatment inhibits bone formation through 
inhibition of Wnt signaling and induction of osteoblast apoptosis (Smith and 
Frenkel 2005; Almeida et al., 2005). The cAMP pathway decreases the 
concentration of Runx2 protein in osteoblasts, an effect that is mediated by 
proteolytic degradation through ubiquitination of Runx2 and a ubiquitin-
proteasome-dependent mechanism (Tintut et al., 1999).  
 
2.3 Chondrogenic differentiation 
 
Cartilage is avascular and non-innervated, and the primary function of its only 
residing cells, the chondrocytes, is to build, maintain and remodel the abundant 
ECM of the tissue. The cartilage collagen network (Col II, Col IX, Col XI) 
entraps a highly hydrated gel of proteoglycans and glycoproteins including 
aggrecan (ACN) and cartilage oligomeric protein (COMP). Chondrocytes fulfill 
their function in cartilage by undergoing a complex differentiation process. 

The steps of sequential differentiation and maturation from 
chondroprogenitors to hypertrophic chondrocytes are regulated by transcription 
factors and growth factors including Sry-type high-mobility group box (Sox) 
genes, the bHLH transcription factor Scleraxis (Scx), the Runx genes and the 
TGFB superfamily (Furumatsu and Asahara 2010). Sox9 has master roles in the 
onset of cartilage development, and no other transcription factor has been 
identified that might control early chondrogenic cell fate and differentiation 
upstream or in the same steps as Sox9 in all developing cartilage elements. Sox9 
is turned on in chondrogenic and osteogenic mesenchymal cells prior to 
condensation, remains highly expressed in prechondrocytes and chondroblasts 
and is turned off when cells undergo prehypertrophy (Wright et al., 1995). Sox9 
binding sites have been identified in the promoters or enhancers of several 
cartilage-specific genes including Col2a1, ACN and COMP. Two additional 
Sox family members, L-Sox5 and Sox6, which are not present in early 
mesenchymal condensations, but are co-expressed with Sox9 during 
chondrocyte differentiation (Lefebvre et al., 1998), can form homo- or 
heterodimers, and unlike Sox9, they contain no transcriptional activation 
domain. In vitro experiments have suggested that Sox9 and L-Sox5/Sox6 
cooperate with each other to directly activate Col2a1 and ACN. However, the 
association between Sox9 and L-Sox5/Sox6 has not been detected. Several other 
transcription factors and coactivators such as Scx and p300, cooperatively 
modulate the Sox9-dependent transcription by interacting with Sox9. 

In chondrocyte differentiation, TGFβ stimulation is necessary for MSC-
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derived primary chondrogenesis (Pittenger et al., 1999). Several pathways 
following the activation of TGFβ receptors such as Smad2 and Smad3, and 
mitogen-activated protein kinase (MAPK) have been identified as key 
intracellular signals in response to TGFβ treatments (Liu 2003; Hanafusa et al., 
1999). TGFβ-regulated Smad3 promotes chondrogenesis through the activation 
of Sox9 via p300 recruitment. It has been proposed that Sox9 may activate the 
transcription of its target genes in a multistep fashion, first inducing coactivator-
dependent histone acetylation around Sox9-binding sites, then relaxing the 
chromatin structure and recruiting the Sox9-interacting activators and 
transcription apparatus for specific gene expression during chondrogenesis 
(Furumatsu et al., 2009).  

In addition to its role in osteogenesis, Runx2 also regulates chondrocyte 
development. It serves as a positive regulatory factor in chondrocyte maturation 
to the hypertrophic phenotype. The expression of Runx2 in terminal 
chondrocytes and mature osteoblasts suggests that these two cell types may be 
governed by a common or very similar set of transcription factors, also including 
c-Maf (MacLean et al., 2003). However, bypassing supression of Runx2 at the 
onset of chondrogenesis inhibits chondrocytic differentiation, indicating its 
importance as a modulator of the commitment of mesenchymal progenitor cells 
to the chondrogenic lineage. Transcriptional repressor Bapx1/Nkx3.2 is a direct 
target of Sox9 for repression of Runx2 expression in chondrocytes. 
Bapx1/Nkx3.2 mediates transcriptional repression of target genes through 
interactions with BMP-responsive Smad proteins and HDAC1. It has been 
suggested that the molecular pathway modulated by Bapx1/Nkx3.2 links two 
major regulators in chondrogenesis, Sox9 and Runx2, to coordinate skeletal 
formation (Yamashita et al., 2009). 

2.4 Cross regulation of mesenchymal cell fate 
 
The three transcription factors PPARγ, Runx2 and Sox9 are expressed in early 
mesenchymal progenitors suggesting that the interactions between the 
PPARγ/Runx2/Sox9 transcriptional trio determine dynamic cell fate decisions 
in these mesenchymal lineages. In fact, these three transcription factors are 
known to interact with each other either directly or via downstream proteins. 
Factors of one lineage repress factors of the other lineages, thereby maintaining 
the undifferentiated state. Under appropriate conditions the balance is tipped 
leading to a cascade that promotes one cell fate while repressing the other 
possible fates.  

Adipocyte differentiation is inhibited by Wnt signaling that blocks the 
expression of PPAR and C/EBP (Kang et al., 2007). BMP2 upregulates 
expression of Runx2 while simultaneously downregulating transcription of 
PPAR through activation of the intermediary transcription factor TAZ (Hong et 
al., 2005). Sox9 inhibits adipocyte differentiation by binding to and suppressing 
C/EBPβ and C/EBPδ promoter activity. Further, TGFβ stimulates 
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chondrogenesis through Smad3 upregulation of Sox9, while simultaneously 
inhibiting adipogenesis by repressing C/EBP transactivation function also via 
Smad3 (Choy and Derynck 2003). Sox9 needs to be down-regulated for 
adipogenesis to occur, resulting in expression of C/EBPβ/δ as initiators of fat 
cell differentiation (Wang and Sul 2009). PPAR downregulates Runx2 
expression and also binds to the Runx2 protein to inhibit transactivation of 
osteogenic promoters (Rosen and MacDougald 2006). Sox9 binds Runx2 protein 
and suppresses osteogenesis (Zhou et al., 2006). Conversely, Osx has been 
suggested as a negative regulator of Sox9 expression (Nakashima et al., 2002).  

Although each specific mesenchymal cell lineage has their own unique 
transcription factor signature, they also have several transcription factors in 
common. Specificity is achieved by context and adjustment of the functional 
collaboration between different transcription factor networks. For example, 
C/EBPβ was first identified in adipocytes as a transcriptional activator, but is 
evidently a regulator of growth and differentiation in chondrocytes and 
osteoblasts (Tominaga et al., 2008), and might function as both, repressor or 
activator in context dependent fashions. The change in C/EBPβ activity from 
repressor to activator has been suggested to involve Smad proteins and to 
depend on upstream signaling events (Nerlov 2008). In 3T3-L1 preadipocytes, 
association of Smad3 with C/EBPβ inhibited its proadipogenic activity and 
prevented adipocyte differentiation (Choy and Derynck 2003). In contrast, in 
osteogenic cells, Smad3 expression increases, binds to C/EBPβ and abrogates its 
inhibitory function on Runx2 transcription. In conjunction with Runx2, C/EBPβ 
then further drives osteoblast differentiation (Dingwall et al., 2011). However, 
before commitment, C/EBPβ may function as a transcriptional repressor of 
Runx2 and of osteoblast differentiation (Wiper-Bergeron et al., 2007). The 
action of Smad3 on C/EBPβ activity in adipogenesis versus osteogenesis might 
be part of the 'competition' of the adipogenic and osteogenic pathways, whereas 
in the absence of Smad signaling C/EBPβ would act as an inhibitor of 
mesenchymal differentiation, helping to maintain the MSC state. 

To conclude, although much is known about the opposing action of several 
factors during lineage-specific differentiation, it is not clear how the numerous 
signaling networks first converge to specify lineage choice in mesenchymal stem 
cells.  
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AIMS OF THE STUDY 
 
The potential use of MSCs for cell therapy purposes in regenerative medicine 
has stimulated growing interest in research on the fundamental biology of these 
cells. The studies were initially inspired by the observation that these cells 
exhibit multilineage differentiation potential, and prior to differentiation, can be 
expanded in culture conditions to a sufficient number for therapeutic procedures. 
However, the inconsistency of results between different laboratories has evoked 
concerns in several aspects of MSC biology including the true identity of MSCs, 
in vivo origin of MSCs, heterogeneity of MSC populations and molecular 
control mechanisms of MSC differentiation.  

The aim of this thesis was to study the functional characteristics of MSCs 
derived from fat, a tissue that has been demonstrated to contain multipotent cells 
named adipose-derived stem cells (AdMSCs), in parallel with skin-derived cells 
that are classically considered fibroblasts (FBs) but that resemble AdMSCs in 
several essential aspects.  

In order to dissect the functional identity of stromal cells in relation to 
potential of differentiation into diverse lineages, AdMSCs and FBs were 
analyzed for: 
 

 dynamics and mechanism of adipogenic gene expression and 
differentiation  

 transcriptome dynamics along differentiation into adipocytes, osteoblasts 
and chondrocytes  

 heterogeneity of expression of lineage regulators across different cell 
populations and in single cells  
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MATERIALS AND METHODS 
 
I used the following methods during the study: 
 

 Isolation and cultivation of primary human stromal cells from adipose 
and skin tissue 

 In vitro adipogenic, osteogenic and chondrogenic differentiation of cells 
 Flow cytometry 
 Western blotting 
 Immunofluorescence analysis 
 RNA isolation, cDNA synthesis and RT-PCR 
 Quantitative real-time RT-PCR 
 Sample preparation for multiplex-RNA sequencing on Illumina platform 
 RNA-seq data analysis using Qlucore Omics Explorer 
 Manipulating gene lists in web-based databases 
 DNA transfection of cells 
 Gene silencing using siRNA technique 
 Luciferase reporter assay 
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RESULTS AND DISCUSSION 

1. Human adipose tissue and dermis contain MSC-like cells with 
similar phenotype and differentiation potential (Publications I, II and 
Manuscript). 
 
Self-renewal and differentiation of stem and progenitor cells determines 
maintenance and regeneration of adult tissues. Numerous tissues in the adult 
body have been found to contain MSC-like cells, including subcutaneous 
adipose tissue that holds a great promise for therapeutic applications as an easily 
accessible source of MSCs. Adipose tissue-derived MSC (AdMSC) populations 
express surface antigens CD73, CD90 and CD105, and differentiate into 
adipocytes, osteoblasts and chondrocytes under appropriate culture conditions in 
vitro. Tissue stromal cells (fibroblasts) share many characteristics of MSCs, 
including similar morphology and immunophenotype. However, the 
differentiation potential of fibroblasts (FBs) has not been uniformly 
demonstrated, most likely due to the different cell sources and experimental 
conditions used. Several studies have analyzed FB cell lines with unknown 
genetic backgrounds and compared them with primary AdMSCs to conclude that 
unlike AdMSCs, FBs do not give rise to multiple differentiated cell types. 
Considering all the similarities between these cell populations, we reasoned to 
study the differentiation potential of primary FBs and AdMSCs originating from 
the same donors. Surface antigen expression profiling using flow cytometry 
analysis revealed that AdMSCs and dermal FBs both expressed 
5'nucleotidase/CD73, Thy-1/CD90, endoglin/CD105 and lacked the 
expression of leukocyte marker CD45, marking them as phenotypically 
indistinguishable cell types. To analyze the differentiation of isolated cells into 
adipocytes, osteoblasts and chondrocytes, FBs and AdMSCs were cultivated for 
2-3 weeks in media supplemented with dexamethasone, IBMX, indomethacin 
and insulin for induction of adipogenesis; with dexamethasone, L-ascorbic acid 
2-phosphate and glycerol 2-phosphate for induction of osteogenesis; or with  L-
ascorbic acid 2-phosphate, insulin and TGFβ-1 for induction of chondrogenesis. 
Tissue-specific staining of differentiated cell cultures derived from either 
AdMSCs or FBs under standard conditions confirmed that both starting cell 
populations developed into cells with positive staining for Oil Red O (ORO, 
stains lipid droplets characteristic to adipocytes), Alizarin Red S (ARS, stains 
calcified matrix of osteoblasts) and Alcian Blue (AB, stains proteoglycan-rich 
matrix of chondrocytes) indicating that FBs and AdMSCs are developmentally 
equivalent. 
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2. Adipogenic differentiation of fibroblasts (Publication I). 
 
Cell differentiation is a step-wise process accompanied by the sequential 
expression of transcription factors and their target genes that carry out tissue-
specific functions. The in vitro differentiation potential of MSCs and FBs is 
usually assessed upon long-term treatment of cells with inducive culture media, 
ranging from 2 to 4 weeks. However, this type of analysis neglects the 
possibility that the cells under study maturate at different rate. Consequently, 
scientific studies assessing the differentiation potential of FBs have reported 
contradictory results. 

2.1 Dermal FBs exhibit delayed differentiation into adipocytes 
compared with AdMSCs.  
 
It has been shown that the molecular changes directing cells from multipotent 
state to a specific differentiation pathway occur early, followed by continuous 
increase in expression of cell type-specific genes and aquirement of phenotype 
characteristic to mature cells. Hence, potential differences in gene expression in 
the early stages of differentiation of different starting cell populations could 
disappear at later stages of differentiation. We performed standard tissue-specific 
staining of adipo- and osteo-induced cultures of AdMSCs and FBs on days 7, 14 
and 21 along differentiation in order to determine the dynamics of 
differentiation of these two stromal cell populations. We observed that despite 
the similar final differentiation of AdMSCs and FBs into adipocytes and 
osteoblasts, and similar dynamic response of these cells to osteogenic induction 
(based on ARS staining), there were differences in ORO staining intensities at 
earlier time-points of adipogenic differentiation. AdMSCs exhibited more 
intensive staining of ORO on day 7 and 14 upon adipogenic induction compared 
with FBs, whereas this difference was not detectable after 21 days of 
differentiation. This finding suggests that FBs exhibit delayed differentiation 
into adipocytes compared with AdMSCs.  

We performed a more detailed analysis of gene expression of AdMSCs and 
FBs using qRT-PCR along multiple stages of adipogenic differentiation starting 
from day 1. The analysis of mRNA expression of well-known adipocyte-specific 
genes PPARγ2, C/EBPα and FABP4 (see overview of the literature) in AdMSCs 
and FBs over time revealed that the expression of these genes became elevated 
in AdMSCs on day 1 of adipogenic differentiation, and showed further induction 
on the following days in these cells, whereas in FBs their expression was 
induced between 3 to 7 days upon adipogenic induction. Expression of PPARγ2 
and FABP4 was only slightly stimulated in FBs before day 3 upon induction and 
no expression of C/EBPα was detected. In fact, C/EBPα expression remained at 
lower level in FBs compared with AdMSCs througout the 21-day differentiation 
assay. It has been shown that adipogenesis can be induced by C/EBPβ and 
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C/EBPδ without stimulation of C/EBPα expression, probably depending on 
cellular context (Farmer 2006). Despite that, both AdMSC- and FB-derived 
adipocytes expressed similar levels of FABP4 (mRNA) and adiponectin 
(protein). Together, expression of adipocyte-related genes in response to 
adipogenic stimulation occurred much faster in AdMSCs than FBs. 

2.2 The delay in adipogenesis of FBs occurs downstream of C/EBPβ 
expression.  
 
The expression of PPARγ and C/EBPα in adipogenic cells is preceeded by the 
expression and activation of C/EBPβ that binds pparg promoter and activates its 
transcription (Rosen and MacDougald 2006). In turn, PPARγ stimulates the 
expression of C/EBPα by releasing c/ebpα promoter from histone deacetylase 
(HDAC1). The analysis of C/EBPβ expression in FBs and AdMSCs using 
western blotting showed that both cell populations exhibited transient increase in 
C/EBPβ protein expression on day 1 upon adipogenic induction that returned to 
its initial level at later time points, an expression pattern characteristic to cells 
undergoing adipogenic differentiation. This indicates that the observed time lag 
in the induction of adipogenic genes in FBs was not due to delayed expression of 
C/EBPβ in these cells versus AdMSCs, and further, that the early molecular step 
necessary for adipogenic differentiation is similarily activated in AdMSCs and 
FBs. Importantly, C/EBPβ activity is regulated by phosphorylation and several 
negative regulator proteins including RORα, Sharp1/Dec2 and TRB3 (Ohoka et 
al., 2009; Gulbagci et al., 2009; Bezy et al., 2007). We hypothized that 
adipogenesis could be delayed in FBs when these known inhibitors of C/EBPβ 
activity had higher expression in FBs compared with AdMSCs following 
adipogenic induction, and thereby would delay the stimulation of PPARγ2 
expression by C/EBPβ. However, the expression of these genes followed similar 
pattern in AdMSCs and FBs during adipogenic differentiation, being first 
transiently down regulated upon induction and then up regulated again by day 7. 
These results enabled us to conclude that delayed adipogenesis of FBs is not 
caused by distinct regulation of C/EBPβ activity by RORα, Sharp1/Dec2 or 
TRB3 in these cells.  

PPARγ expression is also regulated by C/EBPβ-independent mechanisms. 
As described in the overview of the literature, Wnt signaling modulates stromal 
cell development by directing cells towards osteoblast lineage at the expense of 
adipogenesis (Kang et al., 2007). A zinc finger transcription factor ZFP423 
(ZNF423 in humans) is one of the few factors known to define adipogenic FBs. 
It regulates PPARγ expression in preadipocyte state of murine FBs (Gupta et al., 
2010). We analyzed the expression of ZNF423 in AdMSCs and FBs upon 
adipogenic induction using qRT-PCR. Our data revealed that ZNF423 was 
expressed 2-3 days following adipogenic induction in AdMSCs, whereas in FBs 
it became detectable after 7 days of induction. These results suggest that PPARγ 
could be regulated by ZNF423, whose late induction can be involved in the 
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delayed adipogenic differentiation of FBs. Overall, our data suggest that these 
two stromal cell types, AdMSCs and FBs could exhibit different mechanisms for 
the early regulation of adipogenic differentiation, probably involving distinct 
regulation of PPARγ expression. 

3. Global analysis of differentiation dynamics (Publication II). 
 
Transcription factors that have been shown to have crucial functions in cell fate 
determination are often called ’master regulators’ of certain developmental 
pathways. Among them are, for example, PPARγ for fat, Runx2 for bone, and 
Sox9 for cartilage development. Although indispensable for expression of many 
cell type-specific genes, the molecular interactions necessary for cell 
differentiation are evidently more complex and involve numerous other 
undescribed factors. Moreover, the known collection of factors can generate 
cellular outcomes in a dynamically distinct manner, as we saw for the process of 
adipogenesis in AdMSCs and FBs.  

The improvement of high-throughput DNA sequencing methods over recent 
years has generated the unprecedented possibility to quantitatively detect nearly 
every mRNA molecule found in the cells. Moreover, the sensitivity of 
sequencing has come down to single-cell level, and it has been estimated that 
only very rare transcripts in individual cells are missed by these methods 
(Ramsköld et al., 2012). Combined with multiplexing sample preparation 
methods, tens to hundreds of different RNA samples can simultaneously be 
deep-sequenced and analyzed for complete transcriptome (Islam et al., 2011). 
We decided to use multiplex RNA-seq technology to study the dynamics of 
differentiation of AdMSCs and FBs into adipocytes, osteoblasts and 
chondrocytes on global scale. 

3.1 Transcriptome profiles of undifferentiated AdMSCs and FBs are 
distinct and stay distinct upon differentiation.  
 
We sequenced mRNAs from 96 independent bulk samples assembled into a 
single sequencing library using a modified method by Islam et al., 2011. For 
transcriptome analysis, we used multi-group ANOVA (Analysis of variance) on 
genes that showed significant differences between defined groups based on false 
discovery rate (FDR), followed by principal component analysis (PCA) to 
visualize differences between groups other than those used in the ANOVA. 
Thereby we could detect the relationships of samples (that is, differences or 
similarities in gene expression) with respect to tissue of origin (AdMSC or FB), 
patient of origin (n=2), cell type (undifferentiated, adipocytes, osteoblasts, 
chondrocytes) and time point (days 0-7), based on filtered differences in gene 
expression in the same PCA plot. First, we observed that those genes that were 
specifically expressed in different cell types (deliberately selected by ANOVA), 
were also regulated over time (visualized in PCA). Individual hESC lines and 
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also MSC populations have been shown to exhibit unique gene expression 
signature due to high genetic variability (Abeyta et al., 2004; Skottman et al., 
2005; Tsai et al., 2007). In this study, however, no genes were found to be 
significantly differently expressed between patients, indicating that the 
differences between cell types overwhelmed any differences between these 
individuals.  

Previously, comparison of gene expression profiles between AdMSCs and 
FBs has been carried out using cells from different donors, leading to possible 
variation in gene expression that is not directly related to the differences 
between these cells (Bae et al., 2009; Wagner et al., 2005; Kuklick et al., 2002). 
Importantly, here, expression of developmentally regulated genes separated 
undifferentiated AdMSCs and FBs derived from matching donors into distinct 
populations. Moreover, AdMSCs and FBs stayed subtly distinct in the 
differentiated state. When transcriptome profiles of AdMSCs and FBs in the 
undifferentiated state were compared using ANOVA, relatively few genes (62 
genes) were found to be differently expressed between these cell populations. 
FBs expressed higher levels of genes that were related to cell cycle regulation, 
cytoskeleton stabilization and cell signaling including cell motility (S100A4) 
and vesicular trafficking (CAV1, DNM1). However, expression of genes 
associated with BMP (GREM1), VEGF (MYOF) or Wnt (ZRANB1) signaling, 
or biosynthetic processes, regulation of extracellular matrix organization and 
adhesion, was significantly higher in AdMSCs than FBs. These findings suggest 
that despite the similar general characteristics of  AdMSCs and FBs, their gene 
expression profiles are initially different.  

We observed from the cell type-specific PCA that unlike FBs, AdMSCs 
clustered together with chondrocyte population. In search for similarities 
between AdMSCs and chondrocytes, gene expression of AdMSCs, FBs and 
chondrocytes were simultaneously compared. Only 23 genes were found to be 
highly expressed in AdMSCs and AdMSC- and FB-derived chondrocytes 
compared with undifferentiated FBs. These included ribosomal proteins 
functioning in protein biosynthesis, structural components of cytoskeleton and 
genes that regulate ECM-mediated cell signaling and adhesion. Two genes that 
play important role in cartilage development (DACT1/Wnt, PDLIM7/BMP6) 
were enriched in AdMSCs and chondrocytes, suggesting that AdMSCs could 
share functional similarities with chondrocytes. 

Next, we analyzed the extent of differences between AdMSCs and FBs in the 
differentiated state. 45, 215 and 104 genes were found to be differentially 
expressed between AdMSC- and FB-derived adipocytes, osteoblasts and 
chondrocytes, respectively, indicating that AdMSCs and FBs become more 
similar upon adipogenic differentiation. Further investigation into the origin of 
differences in gene expression in the differentiated cells revealed that some 
genes were differentially expressed already in the undifferentiated state, whereas 
others became distinctly expressed in the process of differentiation. Again, less 
genes remained distinctly expressed between AdMSCs and FBs upon adipogenic 
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induction (12 genes) compared with osteogenic (36 genes) or chondrogenic 
induction (22 genes). This suggests that switch of stromal cell regulatory 
mechanisms into adipocyte-specific regulation is faster than switch into 
osteoblast- and chondrocyte-specific regulation.  

Genes that were not regulated in AdMSCs or FBs during differentiation could 
represent source-specific 'memory' genes. Our data showed that expression of 
COL1A1, COL1A2, EFEMP1 (fibulin 3), FB1 (fibronectin 1), GGT5 (gamma-
glutamyltransferase 5) and TMP2 (tropomyosin 2) were characteristic to 
AdMSCs and AdMSC-derived cells, whereas expression of S100A4 (fibroblast-
specific protein 1) and TK1 (thymidine kinase 1) were characteristic to FBs and 
FB-derived cells. Future studies should confirm whether those 'memory' genes 
are specifically expressed in mature differentiated cell types derived from 
distinct tissue sources.  

3.2 Changes in lineage-specific gene expession occur early in 
differentiation of AdMSCs and FBs. 
 
Cell differentiation is a process of sequential induction of regulatory genes that 
initiate the expression of tissue-specific target genes. We had sequenced 
transcriptomes of AdMSCs and FBs on days 0-7 along differentiation into 
adipocytes, osteoblasts and chondrocytes and next, performed ANOVA between 
expression data of different time points to analyze gene regulation over time. In 
total, 213, 126 and 203 genes were found to be regulated during adipogenesis, 
osteogenesis and chondrogenesis, respectively, of AdMSCs and FBs. 
Visualization of the samples in PCA revealed that undifferentiated cells were 
different from all differentiated samples, except for AdMSCs that clustered 
together with early-stage chondrocytes (days 1-3). Hence, global changes in 
gene expression take place quickly upon differentiation and persist over time in 
both AdMSCs and FBs.  

It turned out, that approximately 70% of adipocyte-related and 43% of 
osteoblast-related genes were down-regulated in the process of differentiation. 
Further, down regulation was rapid, whereas up regulation occurred slowly over 
the week. It has been suggested that gene repression is a predominant early 
mechanism before final cell commitment and that lineage-specific molecular 
processes are transcriptionally up regulated only after commitment (Scheideler 
et al., 2008). Our data support the idea that cells rapidly reset their original 
transcriptional program upon differentiation, and gradually express lineage-
associated genes. Such general mechanism of gene repression is more 
characteristic to adipogenic than osteoblastic differentiation, again suggesting 
that switch into adipocyte regulation is faster than into osteoblast regulation. 
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3.3 AdMSCs and FBs exhibit different dynamics of chondrogenic 
differentiation. 
 
Despite the similar global dynamics of adipogenesis and osteogenesis of 
AdMSCs and FBs, chondrogenesis-related genes showed different expression 
patterns in these cells. First, more genes were down regulated in AdMSCs (74%) 
than in FBs (62%) upon chondrogenic induction. Further, unlike in FBs, in 
AdMSCs smaller but bidirectional changes in gene regulation occurred 
throughout chondrogenesis. In contrast, FBs exhibited transient down regulation 
in gene expression followed by constant up regulation along chondrogenic 
differentiation. These trends confirm the observation that AdMSCs and 
chondrocytes are more alike and less changes in gene expression are needed in 
AdMSCs than in FBs to become chondrocytes. Importantly, even when AdMSCs 
were pre-committed to chondrocyte development, it would not affect their ability 
to differentiate into other cell types similarly with FBs. It has been shown that 
lineage-committed MSCs can transdifferentiate into other cell types in response 
to inducive extracellular cues (Song and Tuan 2004). Also, uncommitted adult 
stem cells were proposed to maintain their multipotency by expressing basal 
levels of genes characteristic to different lineages and that certain groups of 
genes are selectively suppressed upon stimulation prior to commitment to a 
given phenotype (Woodbury et al., 2002; Song et al., 2006). Together, our study 
showed that different stromal cells exhibit distinct dynamics of differentiation 
into mesodermal cell types under similar experimental conditions. AdMSCs and 
FBs exploit globally similar early mechanisms for differentiation into adipocytes 
and osteoblasts but show different molecular mechanisms for chondrogenic 
differentiation. 

4. Variability of gene expression (Manuscript and Publication III). 
 
The heterogeneity of MSC populations in terms of surface characteristics and 
differentiation potential imposes a challenge for development of standardized 
isolation and cultivation methods of these cells. This in turn, hampers the study 
of molecular mechanisms governing differentiation of MSCs towards diverse 
lineages and their efficient use in therapeutic applications. MSCs are isolated as 
primary cell populations from individuals with different genetic backgrounds 
and diseases. Also, different tissue sources of MSCs can give rise to variation in 
gene expression between MSC populations. To analyze the potential effect of 
variation of gene expression on differentiation, stromal cells were isolated from 
two different tissues (fat/AdMSCs and skin/FBs as described in previous 
sections) of seven donors under standard conditions, and assayed for 
differentiation into adipocytes, osteoblasts and chondrocytes. 
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4.1 AdMSC and FB populations derived from different donors exhibit 
multi-lineage differentiation potential.  
 
First, we determined the potential of differentiation of isolated cell populations 
towards three mesenchymal lineages using cytochemical staining of cell cultures 
on day 14 upon induction. All seven AdMSC and FB populations differentiated 
into cells with positive staining for ORO (adipocytes), ARS (osteoblasts) and AB 
(chondrocytes) upon two-week treatment. Quantification of staining intensities 
revealed variation between different cell populations. However, we detected no 
preferential differentiation of AdMSC or FB populations into any one cell lineage, 
or donor-specific differentiation potential of isolated cells into all three lineages. 
Hence, the presence of cells at different developmental stages in these stromal cell 
populations must have given rise to the observed variation in staining intensities. 
Analysis of surface marker expression confirmed ubiquitous expression of CD73 
and heterogeneous expression of CD105 on AdMSCs and FBs, whereas 
proliferation rates of these cell populations varied only moderately. Hence, 
AdMSC and FB populations exhibited similar growth and tri-lineage 
differentiation potential under the same in vitro culture conditions. 

4.2 Expression of lineage-specific genes varies in AdMSC and FB 
populations derived from different donors.  

 
Next, we analyzed the expression of genes that are indicative of adipogenesis 
(PPARγ, FABP4), osteogenesis (Runx2 and alkaline phosphatase, ALP) and 
chondrogenesis (Sox9 and ACAN) in AdMSC and FB populations derived from 
the same seven donors on day 7 upon differentiation using qRT-PCR analysis. 
The expression of well-known lineage-specific genes PPARγ, Runx2 and Sox9 
upon adipogenic, osteogenic and chondrogenic stimulation, respectively, turned 
out to be highly variable in multipotent AdMSC and FB populations derived 
from different donors. Moreover, some AdMSC-derived cells did not express 
PPARγ or Runx2 at detectable levels upon differentiation, although they 
expressed late marker genes FABP4 or ALP, and developed into cells with 
positive staining of ORO or ARS, respectively. This suggests, that adipogenesis 
can be initiated in some AdMSCs by mechanisms that do not require elevated 
induction of PPARγ transcription. In fact, it has been demonstrated that 
glucocorticoids can stimulate adipogenesis by non-transcriptional mechanisms 
directly resulting in enhanced expression of C/EBPα and adipocyte-genes 
(Wiper-Bergeron et al., 2003). Also, it is well-known that osteoblastic cells 
selectively express either Runx2 or other osteoblast-genes, probably due to the 
regulation of Runx2 activity post-transcriptionally through binding with co-
activator proteins (Schroeder et al., 2005; Franceschi et al., 2009). Interestingly, 
donor-specific differences in FABP4 and ALP expression were overwhelmed by 
differences between AdMSCs and FBs: AdMSC-derived differentiated cells 
expressed markedly higher levels of late marker genes compared with FB-
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derived differentiated cells, indicating tissue source-specific regulation of 
PPARγ or Runx2 activity in adipogenic or osteogenic cells, respectively. 

Tissue source-specific differences in gene expression became most evident 
upon chondrogenic induction of AdMSCs and FBs – differentiating FB 
populations expressed Sox9 and ACAN at higher levels compared with 
differentiating AdMSC populations. These results suggest that different control 
mechanisms of chondrogenesis are present in AdMSCs and FBs that lead to 
distinct dynamics of expression of marker genes upon induction of 
differentiation. Importantly, all cell populations analyzed exhibited similar 
differentiation potential, despite the donor- and tissue source-derived variations 
of gene expression. 

4.3 Variability of gene regulation in established cell lines. 
 
Variations of gene expression can occur between cells grown in a common 
environment. Therefore, analysis of gene expression across populations of cells 
always averages out the potential differences of gene expression between single 
cells, and may introduce bias to the interpretation of the results on mechanisms that 
regulate essential cellular functions including proliferation and differentiation. To 
investigate the effect of cell density on Wnt signaling pathway, known to be 
important in several cellular processes, localization and activity of β-catenin in 
confluent and subconfluent cells were analyzed (Publication III), using 
established human cell lines: COLO205 (colon adenocarcinoma), HCT116 (colon 
carcinoma) and H1299 (non-small lung cancer). We detected expression of β-
catenin in the nucleus of subconfluent COLO205 cells, whereas in confluent cells 
nuclear β-catenin staining decreased, as evidenced by immunofluorescence 
analysis (Figure 5 in Publication III). It is widely accepted that the involvement of 
β-catenin in cell adhesion or transcription is strictly associated with the subcellular 
localization of β-catenin. To analyze the effect of cell density on β-catenin-
mediated transcription, we employed the TOPflash luciferase reporter system and 
measured luciferase activity in transfected cells (Figure 7 in Publication III). There 
was a 2-fold higher transcription level of the reporter gene in subconfluent 
COLO205 cells compared with confluent cells. Similarly, subconfluent H1299 and 
HCT116 cells exhibited higher transcription from the reporter gene compared with 
confluent cells, though the effect was less prominent. These results indicate that in 
subconfluent cells transcriptionally active β-catenin accumulates in the nucleus. 
Along with these experiments we detected co-localization and interaction of CD43 
with β-catenin in COLO205 cells and proposed that the activity of β-catenin is 
modulated by CD43 by both direct and indirect mechanisms. Hence, analysis of 
gene expression in individual cells demonstrated that cell density can affect local 
microenvironment in a way that changes cellular distribution, potential interactions 
and activity of proteins in these cells. 
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4.4 Variable expression of lineage regulators in individual cells. 
 

Although it is widely acknowledged that stromal cell populations are 
heterogeneous mixtures of cells at different developmental stages, there is little 
data available on differentiation and gene expression of individual stromal cells. 
In order to detect the expression of specific lineage regulators PPARγ, C/EBPα 
and their target gene FABP4, or Sox9 and its target gene collagen type II (Col II) 
in individual differentiating cells, we performed immunofluorescence analysis 
on FBs that were differentiated towards adipocyte or chondrocyte lineages, 
respectively, on day 14 upon induction. We evidenced cell-to-cell variation of 
expression of adipogenic genes and unsimultaneous expression of adipocyte 
regulators in the same cells. It has been shown that most genes induced in 
adipogenic mouse 3T3-L1 cells are bound by both PPARγ and C/EBPα, while 
very few are PPARγ-specific (Lefterova et al., 2008). Moreover, reciprocal 
activation between PPARγ and C/EBPα is not necessary for adipocyte 
differentiation of NIH/3T3 cells (Shao et al., 2013). Our findings extend these 
studies towards the idea that adipocyte gene expression of individual primary 
stromal cells can be regulated by either PPARγ or C/EBPα alone. We have 
previously shown that C/EBPα mRNA expression remained at lower level in 
FB-derived than in AdMSC-derived adipogenic cells, despite similar final 
differentiation of both cell populations into adipocytes (Publication I). Similarly, 
transcriptome profiles of adipogenic AdMSCs and FBs retained source-specific 
patterns upon differentiation (Publication II). Together, our results suggest that 
individual stromal cells use alternative mechanisms to become adipocytes. 

Single-cell analysis of Sox9 and Col II expression in FB-derived 
chondrocytes revealed that despite ubiquitous and abundant expression of Col II, 
Sox9 was not expressed in every cell. These results suggest that stromal cells 
possess Sox9-dependent and -independent mechanisms to regulate and maintain 
Col II expression upon chondrogenic stimulation. There are several lines of 
evidence from literature to support this conclusion: Sox9 exhibits cell type- or 
stage-specific regulatory role during differentiation (Kou and Ikegawa 2004); 
different proteins bind Sox9 enhancer elements within Col2a1 gene (Zhou et al., 
1998); Sox9 does not play a key role in Col2a1 activation in human adult 
articular chondrocytes (Aigner et al., 2003). 

Together, our findings let us conclude that the presence of distinct cell 
subsets in stromal cell populations gives rise to heterogenous response upon 
induction of differentiation and variable gene expression dynamics. Importantly, 
cell-to-cell variation of expression of known lineage genes indicates distinct 
mechanisms of differentiation to reach a common cell fate. Detailed analysis of 
differentiation of multipotent stromal cells towards diverse lineages could 
contribute to the understanding of the fundamentals of stromal cell biology and 
help to improve cell therapy approaches in regenerative medicine. 
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CONCLUSIONS 
 
The results of the studies summarized in this thesis reveal that: 

1. AdMSCs and FBs exhibit similar immunophenotype and potential to 
differentiate into adipocytes, osteoblasts and chondrocytes under similar 
culture conditions. 

2. FBs show delayed induction of adipogenesis compared with AdMSCs, 
that occurs downstream of C/EBPβ expression probably due to distinct 
early regulation of PPARγ expression in these cells. 

3. AdMSC and FB populations exhibit distinct global gene expression 
patterns in the undifferentiated state.  

4. Transcriptome profiles of AdMSC- and FB-derived differentiated cells 
stay distinct  - ‘cellular memory’. 

5. Lineage-specific gene regulation occurs early upon differentiation on 
global scale and persists over time in both AdMSCs and FBs. 

6. Switch of stromal cell regulatory mechanisms into adipocyte-specific 
regulation occurs faster than switch into osteoblast- and chondrocyte-
specific regulation. 

7. AdMSCs and FBs exhibit different dynamics of chondrogenic 
differentiation. 

8. Different stromal cell populations with similar differentiation potential 
exhibit donor- and tissue source-specific expression of lineage 
regulators. 

9. Variable expression of lineage regulators in single cells indicates distinct 
dynamics/mechanisms of differentiation to reach a common cell fate.  
 

It concludes that different stromal cells including AdMSCs and FBs are 
functionally equivalent. The differences in gene expression between these cell 
populations arise from dynamic transitions between different cell states of 
individual cells at any given time, that generates heterogeneity within single 
cells (’randomness’ of gene expression), between cells of the same population 
(population-level heterogeneity), between cell populations of distinct tissue 
origin (tissue-source specificity), and between cells of different donors 
(individual variation; Figure 2). These studies confirm previous statements that 
cellular plasticity is a common and inherent property of stromal cells including 
AdMSCs and FBs which can develop into diverse cell types under the influence 
of appropriate extracellular stimuli. 
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Figure 2. Cellular plasticity and origins of heterogeneity in gene expression of stromal 
cells. The three axes represent additional dimensions of gene expression along which 
each cell is ‘positioned’ at any given time. Abbreviations: Adipo – adipocytes, Osteo – 
osteoblasts, Chond – chondrocytes, Myo - myocytes (the layout of the scheme is partly 
borrowed from Zhu and Paul 2010).
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reveals different dynamics of differentiation of human  
dermis- and adipose-derived stromal stem cells. 
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�������	�'�
������
����
���
����'�	��#	��	��
�B���	���	������	���	

�����fFggGhMNOPWXPR̀d[bdeYZONOZeWX[YOSFU���]iFM[jcaOkOSYlOS̀dYFU�
�������	��
��������
�����'�	��#	��	�����	
�m�������	�����	�	
����	�����	��	����	�����	��	����������	�	����������	����	�	�����	���	

��������
	A�	����A�	�	
��
����'�����'�	��#	������	��������	
��
�	����
�
�������������	
�����	������	
	������
���	���nopqrstuovwsxyz{|{}q{~{�t���ut~{�s��no{����u{�tuo�s}����u{��{�����u}{t}{�u|�}�{s}{u�}��ut~{�s��rz�uo����u{��{�����u}{t}{�u��03/?3�.537���7 ?303 63?98/��<0 <7796. 3/68= �0*���3630��/��<0/0*536.�.�.<�36��;3@ m��
�	��(���������	������	�	���������
�����	

��
	��	�����������������	���������	�	
�����������������	��		���	

���������	����

�	'
�	���������	��	�	
�������	����	#	����	��������	

�	����	
��	����#��������
�	���������
������������������B������
������������������	
���	�����	'
�	������	�		���	

�����(	����	����(����������	�	����������
����
�����
 �����	$����	���	�	�����	����	�	����	������
�
���������
������	�	����������
����
�����
������������	
��
�	����
�
�������������	
�&�#�
�����	����
�������	������	
������	�	��������
����
�����
�����������	�����
�	��	��������������	������	��	
�#	����	���	��������	�����
	��	�������
�������A��������A��	�	�

	���	�������	��������������
��	����A������������
!�$�������	A������������
��%��	�		���	

���������	�	�����	�����
��
������	��
���
�B�
 �����!�����
������'����������	�	�������	���	

	��	�	
�	�	�
	���#�
�����	��	���(��	������	�	��
����	
����	��
������
	������	���������
������������������
 �����	���m�������"!$���	��	'
�	������	�	
�	�	��������	�	�����	��#	����	������������	�	
�
�!"%�������
�	��	�	
�
���"�$�������������'�	�	
�
�&�	�	�	
��	��
�	���&���	�"�
����
�����
����	�	�����	�������������	
��
�	����
�
�������������	
���
�	����	��	�����	����	��	�����	������	��������	��	
���������		��	�������	�m�������
����	�	�	
�����	�	�	�����	��#	����	��	��������	�������	�	�����	��	��
����
	�����	���
�	�
������#	��	��	'����	�����
��������	�	�����	�
����	
�	��	�����������	�	�����	�
����
�����	�	�	���	����	����A�������'���	
� 	��	����	#	��
������¡�������	
�����	��	'
�	������	�		���	

��������	����������	�	������������	�
�
��#	����	�

¢303 34563..�<0 *=0/;�7. 95<0 7£<0*6<?30�7*���3630��/��<0 �. *���3630� ¤3�¥330 )*+,-. /0*12.@ &�	�����
�
�����#	�	
����	��	�		���	

�������
���
��������������	�������������	�	
�
'�	���	�����$����
�	��	�	
�
'�	���	��	�	
��	�����	�����	�����	����	

������	�	��������������
����
�����
 &���	�$��&�	
	�	
���

��������	�	�	��	

����
��	��¡���	�����
�������	�	���'���������������	
���	�	�
�
�	��	�������	�	���������
�����'����	���
����	������	
���������	�		���	

�������
����������	�	�	
���	�����	� �������������	�����	�����������	�	�����������������	�	
�
'�	���	� �	�	

��� ����	�	��	���	

�������	��
��
����
�����
 &���	�$�����	�	�	
�	�	�����	�����	���
����
 ����������������	�������	�	����������������
 %"����	���	������	���	��	���	����������	�����������	�		���	

��������	�
���������#	����	�&�	
���	�����	����
 �����	%�
���
�	�	�	����������
��������	#������
���� ��	�	��	���	

������	����	�	������	�����������	�		���	

�����
����(������	��������������	�
������#	���	�		(����������	�������
�	��	�������	�	����������
����
�����
 �����	%
������m��	�	
�'������
����
�����
	������	���
������	�		���	

����������
������������	�	
�
������	���������	������������	
���	�	�	��������������	���
����
������������������	�'	
�
���	�	�
����
�����
�	������'�	�����������	�		���	

�����
������	������
������'�	���������������������	�������	�	���������&��
��
	�#������������
������	����
�������	������	
��
����
�������������	
��	���	���(	����	

�����	
���	�		���	

����		����������
����
��������
���	���	����������	
�¦§̈©ª̈ §̈«¬��	� �	��
��	�����
�������
��
�����	�����
�
���	#	����	������	�	�	����������	������������	�������������
�
�	�����(����	���(�����(	��	�	
�����������
������
���	��������	��	�����	
������	�	����

�	
����
��	
����������
������������	���	
������������
�����	���(	�	���	

�������	#	����	�������	������
�	���
�������&�	�������	�		���	

��������
�
��
����
�����
���������	������	�	�����	�
���	�������	����	

������	�	�������������������	�����
�	��	��������������	������	��	
�
����	��
���� ��	
��	�����
������	���	��	��������������	�����	'
�	������	�		���	

����������
��������
	���	���	�
������
�	��	��
�

­§®ª̄°±²³́ µ«¶·§¬°̧®°¹̄°®ª·̧º°»®°¬°°¼½̄°̈ §̈«¬²n¾�¿nÀ{}zv�Á��ÂÃ|�}À��uo{�����u}}{~���{u}s����Ä���oÅÂÆ��u�s{uto{����u�s{sÇÂÅÈ��u�s{u�s}����u�s{stuoÅÉÆ��u�s{u�z�uo��Ê��u�s{s}zt}À��������t}�o�Ä��}{~�ËÌz�s���u�sÀ����s�o}�Ä{s�t�{Í�}z�st~���s{utÎrn���}ËptÏ���ztu��s{u��u��y���ss{�u������t���{uo{�����u}{t}{�utuo���s{s}�Ä��}{~�Ën||��Ä{t}{�usÐÑuo{�ËÇ�uo{�����u}{t}�oÒno{��Çto{����}�Ò�s}��Ç�s}��|�ts}Òrz�uo��Ç�z�uo����}�ÒnopqrÇto{��s�Êo��{Ä�o~�s�u�z�~t�s}�~ ����ÒvwÇ�{|��|�ts}Ëo�{ÐÂÉËÂÆÓÂÔÏ���ut�Ë��u�ËÉÉÆÕÕÆÆË�ÉÉÖ

��ut~{�s���{�����u}{t}{�u��no��}q}�~r���s

Î×�q�¾xØÀÀÀË���s�u�Ë��� È Ù�u�ÅÉÂÅØ¿���~�ÓØÚss��ÈØ�ÆÕÕÆÆ



������������	
����
����
������
����������������������	���������
��	�	����
�	���
��	�������
�	��

	�����������	���������
����	��������������
������
���
�
����������������������������������	����������
�������������������������������������	����
�	����
������
����	�����������������	��������	��������	
���
�����
�		����������
���
�� �����
���
	����������!���
	��������������
��
����������������������
������	������
���
��	�����	���������������������������
���"#�$�%&'���	����	����
(	�����	�)������������	�������	������������*��������������������
����	����������������
��
�����
"%+�%%'����������	����������������
������
��������������������
���*�������������
����"%,'�-�����	���
��������
����������������
������	�������������	����
�	���	�����	���� �
������	������.������������������	����
�	���	�	���	��
���
����������
����������/��	���������
��������
��
	�����������������������
������������������
�������
�����������
������
�����������	�
�
���	���������
��
��������	�������������������	���(
�	��(	�����		���������
��	���������
��	����
��	���������
��	������0�����
���������
������
�	���������
�������������������������������	���������
��	�������
�
��	�����	����	������������������������	�������
�	�������(��
�������	�������1��	
�

�����	��
�����
���������
���������������������2�����
3�������
���
���
�/���������������������������������
�������������������
������
�
�����	�������	�����	���	�������������������� �4�!�5����������������
�
�
������4�����������
��	����	���������
�����������
����
�����
��	��
��4���������
�������������
��������
���
����������

����
�������
����������

�	�����������������������
�����"%6'�7����������
������������	��
��������
��������������
�����������
�	��������
����������3��������������
��	��������"%8'�������������������
����	�������������������������������������	���(
�	��(	�����	
	����
�����������
���
�	����	���
�������	��
���
�
����������	���������
����������	�
����
�
�
������������������������������������������
����	����������������
��(����������������������������
��
��	���������
�����������	����
�	����������������
�
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Figure S1. Differences in gene expression of AdMSCs and 
FBs. ANOVA (with FDR of 5%) between undifferentiated 
AdMSCs and FBs resulted in 178 differentially expressed genes, 
59 with higher and 119 with lower expression in AdMSCs than in 
FBs. The scale shows the up (light red) or down regulation (light 
blue) in standard deviations from the mean expression for each 
gene. 
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Table S3. Up and down regulation of genes during differentiation.  

Gene regulation Adipo Osteo Chondro 

 AdMSC FB AdMSC FB AdMSC FB 

Up 30% 28% 57% 56% 26% 38% 

Down 70% 72% 43% 44% 74% 62% 

Total 213 126 203 
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+11	F5G/315/G?	3/:	3/-5�
B����B�	9�0	>��?	2.	3/-5�
B�������	9�0	>
31-3G?	821126+:	04	5/=<03-52/	65-A	-A+	,+=2/:3.4	3/-5�02:5+,	�1+N3	�1<2.	E���=2/O<G3-+:	G23-	3/-5�92<,+	3/:	�1+N3	�1<2.	�JJ�=2/O<G3-+:	G23-	3/-5�.3005-	>V21+=<13.	H.20+,?@	F15:+,	6+.+	92</-+:	65-A	G14=+.21K�	V	�.5,	7L	�@E	���	=2/-35/5/G	B�H�@	�93G+,	6+.+	=37-<.+:	65-A	3	=2/82=31	13,+.	,=3//5/G	95=.2,=27+	>�1497<,	�1<2�5+6	������?	<,5/G	3	���N	251	599+.,52/	20O+=-5;+	3/:	3/314�+:	04	�1497<,	������	,28-�63.+	������F*	;+.,52/	�@�3@�����������	%!(	��nr�lhoh	ni�itlkr�l	oh	tkifi�ohp	nisihu	qikfr��'$!)	�0+..3/-	3=-5;3-52/	28	C�=3-+/5/�:+7+/:+/-	,5G/315/G	7134,	3/	5972.-3/-	.21+	5/	=212/	=3/=+.	:+;+1279+/-@	�-	A3,	0++/	,A26/	-A3-	5/A505-52/	28	C�=3-+/5/	+N7.+,,52/	.+:<=+,	G.26-A	28	=212/	=3/=+.	=+11,	>��?@	*+	A3;+	,A26/	7.+;52<,14�	-A3-	
B��	2;+.+N7.+,,52/	7.292-+,	=+11	G.26-A	3/:	:26/�.+G<13-52/	28	5-,	+N7.+,,52/	.+,<1-,	5/	.+:<=+:	=+11	G.26-A	>�E?@	*+	+N7125-+:	,5����9+:53-+:	G+/+	,51+/=5/G	-2	+N712.+	6A+-A+.	
B��	3/:	C�=3-+/5/	=2�27+.3-+	5/	7.292-5/G	=212/4	82.93-52/	30515-4	28	-A+	=+11,@	�,5/G	A<93/	=+11	15/+,�	L����	3/:	L
�����	6+	M/2=M+:	:26/	C�=3-+/5/	+N7.+,,52/	5/	-A+	=+11,	2;+.+N7.+,,5/G	
B��	3/:	=2/-.3.565,+�	5/A505-+:	
B��	+N7.+,,52/	5/	C�=3-+/5/	2;+.+N7.+,,5/G	=+11,�	3/:	+,-593-+:	Z}]	bczca~	�c\�|Z̀ca	]��b̀]ab~d	�]_[zZ_	|\]	_}cxa	̀a	�̀wd	�d	�a	-A+	=+11,	-.+3-+:	65-A	=2/-.21	,5���	-A+.+	6+.+	92.+	=212/5+,	82.9+:	5/	C�=3-+/5/	3/:	
B��	2;+.+N7.+,,5/G	=+11,	6A5=A	

5,	=2/,5,-+/-	65-A	2<.	7.+;52<,	.+,<1-,@	B26/�.+G<13-52/	28	C�=3-+/5/	+N7.+,,52/	.+,<1-+:	5/	-A+	.+:<=-52/	28	=212/4	82.93�-52/	02-A	5/	C�=3-+/5/	3/:	
B��	2;+.+N7.+,,5/G	=+11,@	�1,2�	-A+	=+11,	2;+.+N7.+,,5/G	
B��	2.	C�=3-+/5/	82.9+:	8+6+.	=212/5+,	6A+/	
B��	+N7.+,,52/	63,	5/A505-+:@	�A+,+	.+,<1-,	,<GG+,-	3	.21+	82.	
B��	5/	7.292-5/G	=+11	G.26-A	5/	=2�27+.3-52/	65-A	C�=3-+/5/�9+:53-+:	,5G/315/G	0+=3<,+	-A+	=+11	G.26-A�7.292-5/G	7.27+.-4	28	
B��	2;+.�+N7.+,,52/	63,	30215,A+:	04	-A+	:26/�.+G<13-52/	28	C�=3-+/5/	+N7.+,,52/@	�A+.+82.+�	
B��	A3,	3	72-+/-531	.21+	5/	*/-K	C�=3-+/5/	,5G/315/G	73-A634�	6A5=A	5,	28-+/	:+�.+G<13-+:	5/	A<93/	=3/=+.,@����	 ��S' ��	��Q%��!'!	�$	'!(SQ�	T���(�T�!(�!�	 ��T$!��)	*+	A3;+	7.+;52<,14	,A26/	-A3-	
B��	2;+.+N7.+,,52/	5/:<=+,	-A+	3==<9<13-52/	28	-.3/,=.57-52/3114	3=-5;+	7E��	3/:	-A5,	2==<.,	:<+	-2	-A+	,-59<13-2.4	+88+=-	28	
B��	2/	=+11	G.26-A	>����E?@	�,	
B��	,++9,	-2	=2�27+.3-+	65-A	C�=3-+/5/	5/	7.292-5/G	=212/4	82.93-52/�	6+	-+,-+:	6A+-A+.	5-	5,	31,2	-A+	=3,+	5/	7E�	3=-5;3-52/	<,5/G	1<=58+.3,+	.+72.-+.	G+/+	3,,34	65-A	7E��:+7+/:+/-	��� 	3/:	��¡¢£¤	7.292-+.,@	�A+	7E��/<11	L����	=+11,	6+.+	-.+3-+:	65-A	C�=3-+/5/	,5���	2.	
B��	,5���	>3,	3	=2/-.21?	821126+:	04	-A+	=2�-.3/,8+=-52/	28	+N7.+,,52/	713,95:,	3/:	.+72.-+.	=2/,-.<=-,@	�/	-A+	=+11,	65-A	:+=.+3,+:	C�=3-+/5/	+N7.+,,52/	-A+	5/:<=�-52/	28	-A+	-.3/,=.57-52/31	3=-5;5-4	28	7E�	5/	.+,72/,+	-2	
B��	2;+.+N7.+,,52/	63,	5/A505-+:	>�5G@	��	3/:	D?@	�/+	=3/	,++	-A3-	

�5G<.+	�@	
B��	3/:	C�=3-+/5/	O25/-14	7.292-+	=212/4	82.93-52/@	L����	>�?	3/:	L
����	>D?	=+11,	6+.+	-.3/,8+=-+:	65-A	5/:5=3-+:	,5���,	821126+:	04	-A+	-.3/,�8+=-52/	28	713,95:,	+N7.+,,5/G	
B��	2.	C�=3-+/5/@	B3-3	8.29	-A.++	5/:+7+/:+/-	+N7+.59+/-,	3.+	7.+,+/-+:	.+13-5;+	-2	-A+	=+11,	-.3/,8+=-+:	65-A	=2/-.21	,5���@
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-��	+!,	4��+'�!"!	���.���"."'+'"�!	)��0	'(�	'�'+%	%&$+'�	�)	QRVWXYVZ	[V\	]X̂QRVWXYVZ	_̀ à bcd	QYee]f	z�{}	_ghi	[V\	4��+'�!"!	���.���"�SUZ[ZURV	tqRl	ZpY	]X̂QYeeXe[q	tq[QZURV]	Rt	QRVWXYVZ	[V\	]X̂QRVWXYVZ	_̀ à bcd	��%%$/	
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ABSTRACT 
 
Mesenchymal stem cells (MSCs) are cells residing in adult tissues that can 
proliferate and differentiate into minimally three specialized mesodermal cell 
types including adipocytes, osteoblasts and chondrocytes in vitro. These 
qualities make MSCs highly potential candidates for cell therapy in regenerative 
medicine. MSCs have been isolated from the stromal fraction of virtually all 
tissues. However, the molecular characteristics of these cells have remained 
poorly known. MSCs express surface antigens CD105, CD90 and CD73 and 
exhibit multipotency. However, the same properties are shared by fibroblasts 
(FBs). Studies on the differentiation potential of FBs have reported controversial 
results. Some FBs have been shown to exhibit differentiation potential into fat, 
bone and cartilage cells under similar conditions with MSCs, whereas others 
have not. Conflicting data may arise from different cell sources and experimental 
conditions used. 

The aim of this thesis was to study the functional properties of different 
stromal cells including adipose-derived MSCs (AdMSCs) and dermal FBs in 
terms of multilineage differentiation potential under standard conditions, in 
attempt to gain insight to the regulation of cell fate choices. We analyzed the 
dynamics of gene expression, global transcriptome patterns and variations of 
gene expression between AdMSCs and FBs upon stimulation towards adipocyte, 
osteoblast and chondrocyte pathways. The results of the described work allow to 
affirm that AdMSCs and FBs are phenotypically indistinguishable cells and 
exhibit similar potential of differentiation. Differences between these cells arise 
from distinct gene expression dynamics – AdMSCs exhibit faster adipogenic 
differentiation compared with FBs. Transcriptome profiles of AdMSCs and FBs 
are distinct and retain some differences upon differentiation – a phenomenon 
referred to as cell ’memory’. Global gene expression dynamics is similar along 
adipogenesis and osteogenesis between AdMSCs and FBs, but different for 
chondrogenic lineage. Heterogeneous expression of lineage-specific genes in 
AdMSC and FB populations arises from variations of gene expression between 
single differentiating cells. Single-cell analysis indicates distinct molecular 
mechanisms of differentiation of stromal cells towards common cell fate. 

It concludes that the heterogeneity and distinct differentiation of AdMSCs 
and FBs arise from the dynamics of gene expression, that causes variation in 
expression patterns at single cell, cell population, tissue-source and donor level. 
Despite that, AdMSCs and FBs are functionally equivalent and can differentiate 
into diverse cell types upon appropriate extracellular stimuli. 
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KOKKUVÕTE 
 
Mesenhümaalsed tüvirakud (MSC-d) on täiskasvanud kudedes olevad rakud, mis 
omavad võimet paljuneda ja diferentseeruda vähemalt kolmeks spetsialiseerunud 
rakutüübiks nagu adipotsüüdid, osteoblastid ja kondrotsüüdid in vitro. Need 
omadused teevad MSC-dest kõrge potentsiaaliga rakuteraapiakandidaadid 
regeneratiivses meditsiinis. Neid rakke on eraldatud peaaegu kõikide kudede 
stroomast ent nende molekulaarne kirjeldus on senini puudulik. Nad 
ekspresseerivad pinnamolekule CD105, CD90, CD73 ja on multipotentsed, ent 
samasugused omadused on ka koefibroblastidel. Fibroblastid (FB-d) on 
klassikalised sidekoerakud, mis tagavad kudede toestuse. FB-de 
diferentseerumisvõime kohta leidub kirjanduses vastakaid andmeid. Osad tööd 
näitavad, et MSC-d ja FB-d diferentseeruvad ühtemoodi rasva-, luu-, ja 
kõhrerakuks, kuid on töid, mis väidavad, et just diferentseerumisvõime eristab 
MSC-sid FB-st. Vastuolulised andmed võivad tuleneda sellest, et uuritud rakud 
pärinevad erinevatest kudedest ja on kasvatatud erinevates tingimustes.  

Käesoleva doktoritöö eesmärgiks oli uurida erinevate stroomarakkude 
sealhulgas MSC ja FB-de mitmesuunalist diferentseerumist ühtlustatud 
tingimustes, et selgitada välja, kuidas raku jagunemise ja diferentseerumise 
valikuid reguleeritakse. Me analüüsisime geeniekspressiooni dünaamikat, 
ülegenoomseid ekspressioonimustreid ja geeniekspressiooni varieeruvust 
rasvkoest eraldatud MSC-des (AdMSC) ja nahast eraldatud FB-des, mida 
stimuleeriti diferentseeruma rasva-, luu- ja kõhrearengu suunas. Kirjeldatud töö 
tulemused lubavad väita, et AdMSC-d ja FB-d on immuunofenotüübilt 
eristamatud ja ühesuguse diferentseerumise võimega rakud. Erinevused nende 
rakkude vahel tulenevad geeniekspressiooni dünaamikast – AdMSC-d 
diferentseeruvad kiiremini rasvarakuks kui FB-d. Transkriptoomi-profiilid on 
neil rakkudel erinevad, ent erinevused vähenevad diferentseerumise käigus. 
Osaline ekspressiooniprofiili säilumine AdMSC-del ja FB-del peale 
diferentseerumise signaalide käivitamist viitab raku ’mälule’. Globaalne 
geeniekspressiooni dünaamika sarnaneb AdMSC-del ja FB-del rasva- ja 
luuarenguradades, ent erineb kõhrerajas. Arengusuuna-spetsiifiliste regulaatorite 
ja sihtmärkgeenide ekspressiooni varieeruvus AdMSC ja FB populatsioonides 
tuleneb geeniekspressiooni heterogeensusest üksikute diferentseeruvate rakkude 
vahel. Ühe-raku analüüs viitab sellele, et strooma rakud kasutavad samas 
arengusuunas diferentseerumisel erinevaid molekulaarseid mehhanisme. 

Nendest tulemustest järeldub, et AdMSC ja FB-de heterogeensus ja 
erinevused diferentseerumises tulenevad geeniekspressiooni dünaamikast, mis 
põhjustab varieeruva ekspressioonimustri ühe raku, rakupopulatsiooni, koe ja 
indiviidi tasandil. Sellest sõltumata on AdMSC-d ja FB-d funktsionaalselt 
samasugused rakud, mis suudavad kindla rakuvälise stiimuli mõjul 
diferentseeruda erinevateks rakutüüpideks. 
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