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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.



ABBREVIATIONS

AB — Alcian Blue

ACAN - aggrecan

AdMSC — Adipose-derived mesenchymal stem cell

ALP — alkaline phosphatase

ANOVA — analysis of variance

ARS — Alizarin Red S

BmMSC — Bone marrow-derived mesenchymal stem cell
BMP — bone morphogenetic protein

C/EBP — CCAAT/enhancer-binding protein

CD — cluster of differentiation

CREB - cAMP response element-binding protein

DIx — distal-less homeobox

FABP4 — fatty acid-binding protein 4

FB — fibroblast

FDR — false discovery rate

GAPDH - glyceraldehyde 3-phosphate dehydrogenase
HDAC — histone deacetylase

hESC — human embryonic stem cell

IBMX — isobutyl-methyl-xanthine

iPS — induced pluripotent stem cell

MSC — mesenchymal stem cell

Msx — muscle-specific homeobox

ORO - Oil Red O

Osx — osterix

P300/CBP — p300/CREB-binding protein

PCA - principal component analysis

PFA — paraformaldehyde

PPARY — peroxisome proliferator-activated receptor gamma
gRT-PCR — quantitative real-time polymerase chain reaction
Runx2 — runt-related transcription factor 2, also known as Cbfa-1
SHARP1 — basic helix-loop-helix transcription factor, also known as DEC2
Sox9 — sex determining region Y-box 9

SREBP — sterol regulatory element-binding protein, also known as Add1
SVF — stromal-vascular fraction

ZFP423 — zinz finger transcription factor, ZNF423 in humans
TGFp — transforming growth factor beta



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 lincages
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
AdMSC:s 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, CD79a, CD19 and HLA-DR (Dominici et al.,
20006). 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-f1/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 AAMSCs 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 AAMSCs 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 HOXAS5 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, [3-
glycerol-phosphate, ascorbic acid 2-phosphate, vitamin D3, and combinations
of TGF-B and BMPs. Chondrogenic medium contains dexamethasone, ascorbic
acid 2-phosphate and TGF-B. 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 PPARy2, 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

14
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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%), AAMSCs
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 AAMSCs 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 (Ylostalo 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

17



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 heterogencous 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 B-catenin is a principal cause of colorectal cancer
(Giles et al., 2003). B-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 B-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 ir 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
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mesodermal stem cell lineages including adipocytes, chondrocytes and
myoblasts (Pinney and Emerson 1989).

ADIPOGENIC HORMONES
insulin
glucocorticoids

}

CHOP-10 C/EBPﬁ and
C/EBP3%

7N\

C/EBPa g PPARY = SREBP!
ADIPOCYTE-RELATED GENES

N

aP2
FAS

adiponectin

Figure 1. Transcriptional regulation of adipocyte differentiation. Adipogenic hormones
induce the expression of C/EBPB and C/EBP& which activate C/EBPa and PPARYy.
C/EBPa and PPARy 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 (PPARy) and
CCAAT/enhancer-binding protein (C/EBP) families of transcription factors are
considered the crucial determinants of adipocyte fate. The expression of C/EBPJ
and C/EBPS is rapidly and transiently increased upon induction of differentiation,
followed by the elevation of C/EBPa and PPARy, 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). PPARy 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
PPARy.

PPARy 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, PPARy 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 PPARY ligands. Interestingly, the endogenous
ligand responsible for regulating PPARY 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/EBPp expression (Zhang et
al., 2004b). Induction of C/EBPS is mediated by glucocorticoids (Dex) and
C/EBPp (Cao et al., 1991). Indomethacin contributes to the induction of C/EBPf
expression by blocking degradation of cAMP. Insulin mediates its early
adipogenic effect via induction of sterol regulatory element-binding protein lc
(SREBP1c/ADD-1) that plays a role in the production of lipophilic molecules
with potent PPARYy ligand activity (Kim et al., 1998). All these signals converge
in generating the positive feedback loop between PPARy and C/EBPa that
together initiate the aquisition of adipocyte phenotype.

Transcription from alternative promoters of ppary gene gives rise to four
distinct mRNAs and two major protein isoforms PPARyl and PPARy2
(PPARy1,3,4 encoding PPARyl and PPARy2 encoding PPARy2)(Zhu et al.,
1995). The relative roles of these isoforms in adipogenesis are not known.
PPARY2 is expressed only in adipocytes, whereas PPARY1 is expressed in many
tissues. [n vivo experiments with ppary2 knockout mice suggest that PPARyl
can compensate for many adipogenic functions of PPARY2, and that PPARYy?2 is
not absolutely required for adipocyte development in vivo (Zhang et al., 2004a).
C/EBPa plays an important role in adipogenesis primarly by inducing the
expression of PPARY, but also by activating several adipocyte genes directly.
C/EBPp cannot induce the expression of C/EBPa in the absence of PPARYy,
which is required to release histone deacetylase-1 (HDACI1) from the c/ebpa
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/EBPa and PPARy (Shao et al., 2013).

Genome-wide analysis has revealed thousands of C/EBPa-binding sites in
adipocytes and a remarkable degree of co-localization with PPARy 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/EBPP, when differentiation is
induced. This is a key regulatory stage of adipogenesis and is controlled by
many factors including RORa, SHARP1/DEC2 and TRB3 that block the activity
of C/EBPp. Phosphorylation of C/EBPB by GSK3p (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/EBPP to promote transcription of ppary (Salma et al., 2004).
C/EBPJ activity on c/ebpa. promoter is initially blocked by mSin3A/HDACI
complex, but upon accumulation of PPARy protein, it targets HDAC1 for
degradation leading to the activation of C/EBPa expression (Zuo et al., 2006).
Glucocorticoids induce acetylation of C/EBPJ that also results in its dissociation
from HDACI1 and expression of C/EBPa (Wiper-Bergeron et al., 2003),
independently from transcriptional up-regulation of PPARy. Later stages of
adipogenic differentiation are thus accompanied by accumulation of C/EBPa
that displaces C/EBPJ from the promoters of adipogenic genes including leptin,
adiponectin and ppary (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/Cbfal 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
(Collal) 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 Runxl and Runx3) is
found in the promoters of several osteoblast genes including Collal, 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 DIx 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 CBFf, 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). CBFp, 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 PKCS 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 B (TGFPB), Wnt and Hedgehog signaling. BMP2 promotes Runx2
expression in mesenchymal osteoprogenitors and Osx and DIx5 expression in
osteoblastic cells (Gori et al., 1999). TGFB 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/EBPa and PPARy (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 Col2al, 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 Col2al 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, TGFp stimulation is necessary for MSC-
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derived primary chondrogenesis (Pittenger et al., 1999). Several pathways
following the activation of TGFp receptors such as Smad2 and Smad3, and
mitogen-activated protein kinase (MAPK) have been identified as key
intracellular signals in response to TGFf treatments (Liu 2003; Hanafusa et al.,
1999). TGFpB-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 HDACI1. 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 PPARy, Runx2 and Sox9 are expressed in early
mesenchymal progenitors suggesting that the interactions between the
PPARY/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 PPARy and C/EBPa (Kang et al., 2007). BMP2 upregulates
expression of Runx2 while simultaneously downregulating transcription of
PPARYy through activation of the intermediary transcription factor TAZ (Hong et
al., 2005). Sox9 inhibits adipocyte differentiation by binding to and suppressing
C/EBPB and C/EBPd promoter activity. Further, TGFB 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/EBPP/0 as initiators of fat
cell differentiation (Wang and Sul 2009). PPARy 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/EBPp 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/EBPp 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/EBPJ inhibited its proadipogenic activity and
prevented adipocyte differentiation (Choy and Derynck 2003). In contrast, in
osteogenic cells, Smad3 expression increases, binds to C/EBPf and abrogates its
inhibitory function on Runx?2 transcription. In conjunction with Runx2, C/EBPJ
then further drives osteoblast differentiation (Dingwall et al., 2011). However,
before commitment, C/EBPP may function as a transcriptional repressor of
Runx2 and of osteoblast differentiation (Wiper-Bergeron et al., 2007). The
action of Smad3 on C/EBPf 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/EBPB 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 AAMSCs in
several essential aspects.

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

e dynamics and mechanism of adipogenic gene expression and
differentiation

e transcriptome dynamics along differentiation into adipocytes, osteoblasts
and chondrocytes

e 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 [llumina 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, Il 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 (AdAMSC) populations
express surface antigens CD73, CD90 and CDI105, 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 AAMSCs to conclude that
unlike AAMSCs, 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 AAMSCs 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 AAMSCs 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 TGFp-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 AAMSCs 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 AdAMSCs.

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 AAMSCs 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. AAMSCs 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 AAMSCs.

We performed a more detailed analysis of gene expression of AAMSCs 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 PPARY2, C/EBPa and FABP4 (see overview of the literature) in AAMSCs
and FBs over time revealed that the expression of these genes became elevated
in AAMSCs 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 PPARYy2
and FABP4 was only slightly stimulated in FBs before day 3 upon induction and
no expression of C/EBPa was detected. In fact, C/EBPa expression remained at
lower level in FBs compared with AAMSCs througout the 21-day differentiation
assay. It has been shown that adipogenesis can be induced by C/EBPJ and
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C/EBPS without stimulation of C/EBPa expression, probably depending on
cellular context (Farmer 2006). Despite that, both AAMSC- 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 AAMSCs than FBs.

2.2 The delay in adipogenesis of FBs occurs downstream of C/EBPJ
expression.

The expression of PPARy and C/EBPa in adipogenic cells is preceeded by the
expression and activation of C/EBPp that binds pparg promoter and activates its
transcription (Rosen and MacDougald 2006). In turn, PPARy stimulates the
expression of C/EBPa by releasing c/ebpa promoter from histone deacetylase
(HDAC1). The analysis of C/EBPP expression in FBs and AdMSCs using
western blotting showed that both cell populations exhibited transient increase in
C/EBPp 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/EBPp in these cells versus AAMSCs, and further, that the early molecular step
necessary for adipogenic differentiation is similarily activated in AAMSCs and
FBs. Importantly, C/EBPP activity is regulated by phosphorylation and several
negative regulator proteins including RORa, Sharpl/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/EBPf
activity had higher expression in FBs compared with AdMSCs following
adipogenic induction, and thereby would delay the stimulation of PPARYy2
expression by C/EBPf. However, the expression of these genes followed similar
pattern in AAMSCs 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/EBPJ activity by RORa, Sharpl/Dec2 or
TRB3 in these cells.

PPARy expression is also regulated by C/EBPp-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 PPARY expression in preadipocyte state of murine FBs (Gupta et al.,
2010). We analyzed the expression of ZNF423 in AdAMSCs and FBs upon
adipogenic induction using qRT-PCR. Our data revealed that ZNF423 was
expressed 2-3 days following adipogenic induction in AAMSCs, whereas in FBs
it became detectable after 7 days of induction. These results suggest that PPARy
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, AUMSCs and FBs could exhibit different mechanisms for
the early regulation of adipogenic differentiation, probably involving distinct
regulation of PPARy 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, PPARy 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 AAMSCs 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
(Ramskold 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 AAMSCs 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 AdAMSCs 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 AAMSCs and FBs derived from matching donors into distinct
populations. Moreover, AAMSCs and FBs stayed subtly distinct in the
differentiated state. When transcriptome profiles of AAMSCs 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, DNMI1). However, expression of genes
associated with BMP (GREM1), VEGF (MYOF) or Wnt (ZRANBI1) signaling,
or biosynthetic processes, regulation of extracellular matrix organization and
adhesion, was significantly higher in AAMSCs 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, AAMSCs
clustered together with chondrocyte population. In search for similarities
between AdMSCs and chondrocytes, gene expression of AAMSCs, 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 AAMSCs and chondrocytes, suggesting that AAMSCs could
share functional similarities with chondrocytes.

Next, we analyzed the extent of differences between AAMSCs and FBs in the
differentiated state. 45, 215 and 104 genes were found to be differentially
expressed between AdAMSC- and FB-derived adipocytes, osteoblasts and
chondrocytes, respectively, indicating that AAMSCs 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 AAMSCs 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 AAMSCs or FBs during differentiation could
represent source-specific 'memory' genes. Our data showed that expression of
COL1A1, COL1A2, EFEMPI1 (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 AAMSCs 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 AAMSCs 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 AAMSCs 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 AAMSCs 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 AAMSCs 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 AAMSCs (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. AAMSCs 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 AAMSC 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 AMSC 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 AAMSC 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 AAMSC and FB
populations derived from different donors.

Next, we analyzed the expression of genes that are indicative of adipogenesis
(PPARy, FABP4), osteogenesis (Runx2 and alkaline phosphatase, ALP) and
chondrogenesis (Sox9 and ACAN) in AAMSC 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 PPARy, Runx2 and Sox9
upon adipogenic, osteogenic and chondrogenic stimulation, respectively, turned
out to be highly variable in multipotent AAMSC and FB populations derived
from different donors. Moreover, some AdMSC-derived cells did not express
PPARy 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 PPARy transcription. In fact, it has been demonstrated that
glucocorticoids can stimulate adipogenesis by non-transcriptional mechanisms
directly resulting in enhanced expression of C/EBPa 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
PPARY or Runx2 activity in adipogenic or osteogenic cells, respectively.

Tissue source-specific differences in gene expression became most evident
upon chondrogenic induction of AdAMSCs and FBs - differentiating FB
populations expressed Sox9 and ACAN at higher levels compared with
differentiating AAMSC populations. These results suggest that different control
mechanisms of chondrogenesis are present in AAMSCs 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 B-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 f-
catenin in the nucleus of subconfluent COLO205 cells, whereas in confluent cells
nuclear B-catenin staining decreased, as evidenced by immunofluorescence
analysis (Figure 5 in Publication III). It is widely accepted that the involvement of
B-catenin in cell adhesion or transcription is strictly associated with the subcellular
localization of B-catenin. To analyze the effect of cell density on B-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 B-catenin accumulates in the nucleus.
Along with these experiments we detected co-localization and interaction of CD43
with B-catenin in COLO205 cells and proposed that the activity of B-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 PPARy, C/EBPa
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 PPARy and C/EBPa, while
very few are PPARy-specific (Lefterova et al., 2008). Moreover, reciprocal
activation between PPARy and C/EBPa 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 PPARy or C/EBPa alone. We have
previously shown that C/EBPa 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 AAMSCs 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 Col2al gene (Zhou et al.,
1998); Sox9 does not play a key role in Col2al 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.

FBs show delayed induction of adipogenesis compared with AdAMSCs,
that occurs downstream of C/EBPJ expression probably due to distinct
early regulation of PPARY expression in these cells.

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

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

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

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

AdMSCs and FBs exhibit different dynamics of chondrogenic
differentiation.

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

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 AdAMSCs 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 (Crandomness’ 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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Human Dermal Fibroblasts Exhibit Delayed Adipogenic
Differentiation Compared with Mesenchymal Stem Cells
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Human dermal fibroblasts (FBs) express mesenchymal stem cell (MSC)-specific cell surface markers and dif-
ferentiate into several cell types under appropriate conditions. Molecular mechanisms controlling the early
stages of differentiation of dermal FBs and MSCs isolated from different sources have not been well studied.
Here, we have analyzed the cell type-specific changes of adipose tissue-derived mesenchymal stem cells
(AdMSCs) and dermal FBs in the process of differentiation into adipocytes and osteoblasts. Analysis of gene
expression in the course of adipogenic differentiation of AAMSCs and FBs isolated from the same individuals
revealed a time lag in the induction of adipogenesis-related genes in FBs compared with AAMSCs, a phe-
nomenon not previously described. Further, preliminary evidence suggests that delayed adipogenesis of FBs is
related to the delayed induction of preadipocyte transcription factor ZNF423 in FBs. These findings clearly show
that AAMSCs and FBs have similar developmental potential but different molecular control mechanisms of

initial stages of adipogenic differentiation.

Introduction

AINTENANCE AND REGENERATION of tissues in the adult

body is dependent on stem and progenitor cells, which
possess potential of self-renewal and differentiation into one
or more cell types. Multipotent mesenchymal stem cells
(MSCs) have been isolated from different tissues including
bone marrow, adipose tissue, fetal and adult skin, peripheral
blood, and skeletal muscle [1-5]. Tissue stromal cells have
been reported to be responsible for regeneration of numer-
ous organs including liver, bone, cartilage, brain, and heart
[6-10].

Many functional characteristics and biomarkers of MSCs
and stromal cells indicate that they can be considered similar
or even identical [11-13]. For example, MSCs and stromal
cells both express CD90, CD105, CD73, and STRO-1 [14,15].
Lorenz et al. have demonstrated that both MSCs and der-
mal fibroblasts (FBs) can differentiate into fat and bone
cells presenting lineage-specific markers, either peroxisome
proliferator-activated receptor gamma (PPARy) and lipo-
protein lipase or osteopontin and osteocalcin, respectively.
Pluripotent cells from bone marrow, adipose tissue, hair
papilla, and skin dermis express cell surface markers that are
characteristic to MSCs (CD105, CD49d, and STRO-1) and
differentiate into adipocytes and osteoblasts [16].

Adipose tissue-derived mesenchymal stem cells (AdMSCs)
differentiate into a variety of cell types including osteoblasts,
chondrocytes, adipocytes, tenocytes, and skeletal myocytes

[2,17-19]. Gene and protein expression data show that iso-
lated AAMSCs and dermal FBs (stromal cells) have both
similarities and differences [14,20,21]. FBs derived from lam-
ina propria have the same cell surface markers, im-
munophenotypic characteristics, and differentiation potential
as BmMSCs and AdAMSCs [22]. Dermal FBs that express vi-
mentin, fibronectin, and collagen and AdMSCs have similar
expression patterns of CD29, CD44, CD71, CD73/SH3-SH4,
CD90/Thy-1, CD105/SH2, and CD166/ALCAM [12]. When
cultured under appropriate conditions, both cell types dif-
ferentiate along the adipogenic and osteogenic lineages. Also,
adult bronchial FB-like cells revealed a similar expression
pattern of antigens characteristic to BmMSCs, including
CD90/ Thy-1, CD73/SH3-SH4, CD105/SH2, and CD166/ ALCAM,
whereas STRO-1 antigen was weakly expressed in bronchial
FBs [11]. Both cell types differentiated along the adipogenic,
osteogenic, and chondrogenic mesenchymal pathways when
cultured under appropriate conditions.

Little is known about the molecular changes that occur at
the early stages of differentiation of stromal cells (FBs) and
AdMSCs into osteoblasts and adipocytes. Long-term differ-
entiation assays have demonstrated that the final differenti-
ation of FBs and AdMSCs is nearly identical, as both express a
set of lineage-specific markers. Differentiation along adipo-
genic and osteogenic pathways requires sequential induction
of specific genes. Adipogenesis depends on the transcription
factors CCAAT /enhancer binding protein alpha (C/EBPa)
and PPARY, the expression of which is facilitated by CCAAT/
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enhancer binding protein beta (C/EBPP) and CCAAT/
enhancer binding protein delta (C/EBPd). All these tran-
scription factors together promote adipogenic differentiation
by activating the full adipose-specific gene expression pro-
gram leading to adipocyte maturation [23,24]. Fatty acid
binding protein 4 (FABP4), a key mediator of intracellular
transport and metabolism of fatty acids in adipose tissue, is
one of the adipogenic genes directly regulated by PPARy.
Recently, it was shown that zinc finger transcription factor
ZFP423 robustly activates PPARy and stimulates adipocyte
differentiation [25].

Development of osteoblasts is regulated by a number of
transcription factors including runt-related transcription
factor 2 (RUNX2) (CBFA1), Osterix, ATF4, and B-catenin
[26-29]. RUNX2 has been identified as the key transcription
factor regulating cell commitment and differentiation into
osteoblasts [30]; however, various regulatory factors such as
TAZ, pRB, HOXA10, GRG5, and BAPX-1 control the activity
of RUNX2 [31-35]. The temporal and spatial expression and
activity of those regulatory factors cause RUNX2 target
genes to be often absent in cells that express RUNX2 [36].
The coordinated action of different transcription factors re-
sults in expression of osteogenic genes and acquisition of the
osteoblast phenotype.

Comparative studies of the multipotency of FBs and
MSCs have been mostly based on long-term differentiation
assays with the analysis of terminal differentiation. Also,
majority of gene expression profiling studies of FBs and
MSCs have been done using commercially available cells
that rarely originate from the same donor, which makes the
genetic background unknown and may introduce individ-
ual variation into the comparison of different cell types. The
objective of this study was to investigate cell type-specific
changes of AdMSCs and FBs during the course of differ-
entiation into adipocytes and osteoblasts in donor-matched
samples. Results of gene expression analysis revealed a
time-lag in the induction of adipogenesis-related gene ex-
pression in FBs, compared with AdMSCs, and delayed
differentiation. This delayed differentiation can be related
to late induction of zinc finger protein ZNF423 in FBs,
compared with AdMSCs.

Materials and Methods
Cell culture

Human subcutaneous adipose tissue and skin dermis from
the same donor were used to isolate MSCs and FBs, respec-
tively. AAMSCs were isolated according to Lin et al. and
Yamamoto et al. [37,38] with slight modifications. Briefly,
adipose tissue was digested with 0.1% collagenase (Gibco) in
serum-free DMEM/F12 (Gibco) at 37°C for 1.5h, followed by
neutralization of enzyme activity with 20% fetal bovine serum
(FBS) and 1% penicillin-streptomycin DMEM/F12 growth
medium. Following centrifugation, stromal cell pellet was
passed through a 100-um nylon mesh (BD Biosciences), re-
suspended in growth medium, plated at a density of 10,000
cells/ cmz, and incubated at 37°C with 5% CO,. After 48h,
medium was replaced to remove nonadherent cells. Further
cultivation was performed under standard cell culture con-
ditions. FBs were isolated from dermal skin as previously
described [39]. Briefly, primary culture was established by FB
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outgrowth from skin explants placed onto Primaria dish (BD
Falcon) containing 10% FBS and 1% penicillin-streptomycin
DMEM-high glucose (Gibco) growth medium.

Immunophenotyping

About 0.5x10° cells were collected by trypsinization
and incubated on ice for 1h with 2.5pug/mL antibodies in
phosphate-buffered saline containing 2% bovine serum al-
bumin. Primary antibodies against CD90 (Chemicon), CD73,
and CD105 (BD Biosciences) and V5-tag (Invitrogen) as a
nonreactive control were used. After incubation with pri-
mary antibodies, the cells were washed and incubated on ice
for 45 min with secondary antibody conjugated with Alexa-
488 (Molecular Probes), washed, and analyzed using FACS
Calibur™ flow cytometer (BD).

In vitro differentiation

Passage 2 or 3 cells were plated at a density of 25,000
cells/cm? at 24 h prior to induction of differentiation. Growth
medium containing 10% FBS and 1% penicillin—streptomycin
was supplemented with 100 nM dexamethasone, 50 uM
L-ascorbic acid 2-phosphate, and 10 mM glycerol 2-phosphate
for osteogenic induction and 1pM dexamethasone, 500 uM
3-isobutyl-1-methylxanthine (IBMX), 100 uM indomethacin,
and 10 pg/mL insulin for adipogenic induction. Treatment
media were changed twice a week. All chemicals were pur-
chased from Sigma.

Accumulation of lipid droplets in adipocytes was deter-
mined by Oil Red O (ORO) staining at 7, 14, and 21 days
postinduction. Briefly, 4% paraformalde-hyde (PFA)-fixed
cells were washed with 60% isopropanol, dried for 30 min at
room temperature, and incubated with 2mg/mL ORO so-
lution in isopropanol:water at a ratio of 3:2. Cells were wa-
shed 4 times with water and photographed. For quantitative
analysis, bound ORO was eluted with 100% isopropanol and
optical density was measured at 500 nm.

Osteoblasts were analyzed for the formation of calcified
matrix by Alizarin Red S (ARS) staining at 7, 14, and 21 days
postinduction. Briefly, 4% PFA-fixed cells were washed with
water, incubated for 30min at room temperature with
20mg/mL ARS solution, washed 4 times with water, and
photographed. For quantitative analysis, the color intensity
was determined using Scion Image Analysis software
(National Institutes of Health, Bethesda, MD).

Reverse transcription—polymerase chain
reaction analysis

Total RNA was isolated from control cells and from cells
induced toward adipogenesis and osteogenesis at 1,2, 3,7, 14,
and 21 days postinduction using a commercial RNA-aqueous
kit (Ambion). RNA samples were treated with DNase I using
DNA-free™ kit (Ambion) and applied to first-strand cDNA
synthesis at 50°C for 60 min with SuperScript™ III Reverse
Transcriptase kit (Invitrogen) using Oligo(dT)yy primers.
mRNA expression analysis was performed using semiquan-
titative reverse transcription (RT)-polymerase chain reaction
(PCR) with FirePol Master Mix (Solis Biodyne). 7900HT Fast
Real Time qPCR System (Applied Biosystems) and Platinum
SYBR Green qPCR SuperMix-UDG (Invitrogen) were used for



ADIPOGENIC DIFFERENTIATION OF FIBROBLASTS

TaBLE 1.

1329

PRIMER SETS USED IN THE PRESENT STUDY

Primer name Orientation

Sequence 5'-3' Transcript ID

PPARYy2 Sense TCCATGCTGTTATGGGTGAA NM_015869.4
Antisense TCAAAGGAGTGGGAGTGGTC

C/EBPa Sense AACCTTGTGCCTTGGAAATG NM_004364.2
Antisense CCCTATGTTTCCACCCCTTT

FABP4 Sense AACCTTAGATGGGGGTGTCC NM_001442.2
Antisense TGGTTGATTTTCCATCCCAT

RUNX2 Sense GGAGGGACTATGGCATCAAA NM_001015051.2
Antisense GCTCGGATCCCAAAAGAAGT NM_001024630.2

ALP Sense CACGTCTTCACATTTGGTGG NM_000478.3
Antisense GCAGTGAAGGGCTTCTTGTC

ZNF423 Sense TCAATTTACACCTGCGATCACTG NM_015069.2
Antisense GTTGTGGGTCGTCATCACCA

SHARP1 Sense GCATGAAACGAGACGACACCA NM_030762.2
Antisense TGCTCGGTTAAGGCGGTTAAA

GAPDH Sense CTCTCTGCTCCTCCTGTTCGAC NM_002046.3
Antisense TGAGCGATGTGGCTCGGCT

ALP, alkaline phosphatase; C/EBPx, CCAAT /enhancer binding protein alpha; FABP4, fatty acid binding protein 4; GAPDH, glyceral-
dehyde 3-phosphate dehydrogenase; RUNX2, runt-related transcription factor 2; SHARP1, basic helix-loop-helix transcription factor.

real-time (qRT-PCR) analysis. Primer sets used for amplifi-
cation are listed in Table 1. mRNA expression values relative
to GAPDH were calculated according to Applied Biosystems’
Comparative Ct Method [40].

Western blot analysis

Cells were lysed in RIPA buffer (50 mM Tris—-HCI [pH 7 4],
150 mM NaCl, 2mM EDTA, 1% NP-40, 0.1% sodium dodecyl
sulfate) with 1xProtease Inhibitor Coctail (Roche) for protein
extraction at indicated time points following initiation of dif-
ferentiation. Twenty-eight micrograms of protein lysate was
separated on 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene fluoride
(PVDF) membrane using a semidry blotting system (Amer-
sham Biosciences). The membrane was stained with Ponceau
dye (Amresco) for loading control prior to blocking with 4%
nonfat dry milk solution in 1xTBS-0.1% Tween 20 for 2h at
room temperature. Primary antibody incubations were per-
formed overnight at 4°C at dilutions 1:1,000 for mouse anti-
human PPARy (Chemicon), 1:1,000 for rabbit anti-human
C/EBPB (Santa Cruz), and 1:2,000 for mouse anti-human
adiponectin (Chemicon). Secondary horseradish peroxidase-
conjugated anti-mouse or anti-rabbit antibody (Abcam) in-
cubations at 1:10,000 dilutions were performed for 1 h at room
temperature, followed by washing and signal visualization
with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific).

Data analysis

Differentiation assay and mRNA expression analysis were
performed in triplicates using cells from 2 donors. Values for
ORO or ARS staining for each time point were obtained by
subtracting mean values of control cells from mean values of
treated cells for each donor. The resulting values were then
statistically compared (2 against 2) using Student’s f-test
(0=0.05), assuming equal 2-sample variance.

PPARy2, C/EBPa, and FABP4 mRNA expression values
were calculated relative to their expression at day 0 time point
in AdMSCs from one of the donors. Basic helix-loop-helix

transcription factor (SHARP1) and ZNF423 mRNA expression
values were calculated relative to their expression at day 0 time
point in AAMSCs. Each value for mRNA expression (from 2
donors in triplicate) was separately included in the statistical
comparison using Student’s t-test (o= 0.05), assuming equal
2-sample variance. Single-factor analysis of variance was used
to compare relative SHARP1 and ZNF423 mRNA expression
values between different time points during differentiation.

Results

AdMSCs and FBs share similar phenotype
and differentiation potential

Similarity of AAMSCs and tissue FBs (stromal cells) has
been reported in several publications. Flow cytometry anal-
ysis of early passage AdMSCs and dermal FBs isolated
from 2 individuals showed that both cell types express
surface molecules 5'-nucleotidase/CD73, Thyl/CD90, and
endoglin/CD105 that are characteristic to MSCs and lack the
expression of leukocyte marker CD45 (Fig. 1). In general, we
observed AdMSCs to be morphologically more heteroge-
neous and to exhibit lower growth rate in cell culture com-
pared with FBs.

To compare the adipogenic and osteogenic differentiation
potential of isolated AAMSCs and FBs, passage 2 or 3 cells
were plated at 24 h prior to addition of differentiation media
supplemented with dexamethasone, IBMX, indomethacin,
and insulin for induction of adipogenesis or with dexameth-
asone, L-ascorbic acid 2-phosphate, and glycerol 2-phosphate
for induction of osteogenesis. Cells were cultured for 21 days
and the formation of lipid droplets, characteristic to mature
adipocytes, and matrix mineralization, characteristic to bone
cells, was determined with ORO staining or calcium phos-
phate staining with ARS, respectively. Induced AdMSCs and
FBs developed into cells with positive staining for ORO and
ARS (Fig. 2A) by day 21, indicating that FBs and AdMSCs
have similar developmental potential. Quantification of line-
age-specific staining was performed on days 7, 14, and 21
postinduction by measuring the optical density of eluted ORO
at 500nm or by image analysis of ARS-stained cells using
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Scion Image software. ORO staining demonstrated relatively
high lipid level produced by AdMSCs on day 7, which re-
mained unchanged throughout the 21 days (Fig. 2B). In con-
trast, FBs showed weak staining for ORO on days 7 and 14,
but gradually reached the level similar to that of AAMSCs by
day 21, suggesting that FBs exhibit a delayed response to
adipogenic induction compared with AdMSCs, but it does not
affect their final differentiation. AAMSCs and FBs showed

Alexa 488

similar ARS staining intensity along osteogenic differentia-
tion, which increased in time and became slightly higher in
FBs by day 21 (Fig. 2C), indicating that both cell types have
similar response to osteogenic induction. The formation of
adipocytes and osteoblasts from AdMSCs and FBs was fur-
ther confirmed by demonstration of induction of PPARy2 and
C/EBPua (adipocytes) or RUNX2 and alkaline phosphatase
(ALP) (osteoblasts) using RT-PCR (Fig. 2D).
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FIG. 2. AdMSCs and FBs differentiate into adipocytes and osteoblasts with a delay in adipogenic differentiation of FBs.
ORO and ARS staining of unstimulated cultures (control) and adipogenic or osteogenic cultures, respectively, following 21
days of differentiation. (A) Upper panel, AAMSCs; lower panel, FBs. Quantification of (B) ORO staining at indicated time points
during adipogenic differentiation by measuring optical density of eluted dye at 500nm or of (C) ARS staining during
osteogenic differentiation by analyzing mean color intensity per culture well using Scion Image software. Error bars represent
mean + SD of 2 donors. Statistical significance (Student’s t-test): *P < 0.05, **P > 0.05. White columns, AAMSCs; black columns,
FBs. mRNA expression profile of the adipogenic markers peroxisome proliferator-activated receptor gamma (PPARy2) and
CCAAT /enhancer binding protein alpha (C/EBPx) and the osteogenic markers runt-related transcription factor 2 (RUNX2)
and alkaline phosphatase (ALP) in AAMSCs (upper panels) and FBs (lower panels) of unstimulated cultures (control) and 14-day
adipogenic or osteogenic cultures, respectively (D). ARS, Alizarin Red S; ORO, QOil Red O.
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Adipogenesis of dermal FBs is delayed
compared with AAMSCs

To explore the differences in adipogenic induction of
AdMSCs and FBs, the expression of well-characterized adi-
pogenic transcription factors was studied in both cell types
using western blot analysis. Cells were plated at a density of
10,000 cells/cm? at 3 days prior to adipogenic induction and
protein lysates were prepared from both cell types on days 0,
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1,3, 5, and 7 postinduction. Western blot analysis of C/EBPp,
PPARy, and its target gene adiponectin confirms the onset of
differentiation in both AdMSCs and FBs (Fig. 3A). Nearly
identical induction of C/EBPp protein was detected during
differentiation of both cell types. In contrast, induction of
PPARYy was different in FBs compared with AdMSCs. PPARy
expression was induced within 24h following the start of
differentiation in AAMSCs, whereas induction of PPARY in
FBs was delayed 3 days. The lag in PPARy protein expres-
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FIG. 3. AdMSCs and FBs express adipocyte markers, but the induction of marker expression is delayed in FBs compared

with AdMSCs. Western blot analysis of adipogenic proteins

at indicated time points in AAMSCs (upper rows) and FBs (lower

rows) stimulated with adipogenic medium. Ponceau-stained membrane serves as a loading control (A). Relative mRNA
expression levels of the adipogenic markers PPARY2 (B), C/EBPu (C), and FABP4 (D) at indicated time points upon adi-
pogenic induction determined by real-time (qQRT)-polymerase chain reaction. Values on Y-axis are presented in logarithmic
scale. Error bars represent mean 4 SD of 2 donors. Statistical significance (Student’s t-test): *P < 0.05, **P > 0.05. Unfilled circles,
AdMSCs; filled circles, FBs. FABP4, fatty acid binding protein 4.
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sion early in adipogenic induction strongly correlates with
the delayed formation of lipid vacuoles in FBs during adi-
pogenic differentiation (Fig. 2B).

To further elucidate the induction of lineage-specific genes
during adipogenesis in AdMSCs and FBs, expression of
PPARy2, C/EBPo, and FABP4 was analyzed using qRT-PCR
on days 0, 1, 2, 3, 7, 14, and 21 following induction of dif-
ferentiation. Rapid induction of mRNA expression of all 3
genes within 1 day upon induction of adipogenesis with
further elevation by day 3 (Fig. 3B-D) was observed in
AdMSCs. Interestingly, expression of PPARy2 and FABP4
was only slightly stimulated in FBs (Fig. 3B, D), and no ex-
pression of C/EBPx mRNA was detected (Fig. 3C). The ex-
pression of PPARy2, C/EBPo, and FABP4 was induced
between 3 and 7 days of adipogenic induction; however, the
mRNA level of C/EBPo in FBs never reached the level of that
in AAMSCs during the 21-day differentiation assay. Taken
together, the mRNA expression of adipocyte-related tran-
scription factors and their target genes in response to adi-
pogenic stimulation occurs much faster in AdMSCs
compared with FBs, with a lag period between 3 and 7 days
in FBs.

Delayed adipogenesis is not due to inhibition
of C/EBP} activity in FBs

As a master regulator of adipogenesis, C/EBP activity is
regulated by numerous transcription factors by protein/
protein interactions or DNA binding. It has been shown that
the transcription factors RORa, SHARP1, and pseudokinase
TRB3 suppress the activity of C/EBPp in several cell types
[41-43]. We studied the expression of ROR«, SHARP1, and
TRB3 using qRT-PCR in AAMSCs and dermal FBs following
adipogenic induction. SHARPI expression was transiently
downregulated following adipogenic induction and upre-
gulated again by day 7 in both AAMSCs and FBs (Fig. 4A).
This is consistent with previously published data [42]. ROR«
and TRB3 showed similar expression patterns (data not
shown). Together, our results demonstrate that the expres-
sion of the inhibitors of C/EBPP activity is equally sup-
pressed in AAMSCs and FB upon adipogenic induction,
suggesting that the delayed adipogenesis of FBs compared
with AdMSCs cannot be explained by the inhibition of
C/EBPB activity by RORa,, SHARP1, or TRB3 in FBs.

ZNF423, a regulator of PPARy expression,
shows delayed induction in FBs

It has been shown that PPARY expression can be regulated
independently from the C/EBPp activity. Recently, a zinc-
finger protein ZFP423 (ZNF423 in humans) was identified as
a critical regulator of PPARY expression in the preadipocyte
state of murine FBs [25]. We analyzed the expression of
ZNF423 using qRT-PCR in AAMSCs and FBs following adi-
pogenic induction. Expression of ZNF423 was induced on
day 2 postinduction and was further induced by day 3 (Fig.
4B) in treated AAMSCs. In contrast, no induction of ZNF423
expression was observed in FBs until day 7 of adipogenic
induction. The results indicate that ZNF423 could regulate
PPARy expression in AAMSCs and FBs, and therefore, its
late induction can be involved in the delayed adipogenic
differentiation of FBs. The specific differences in the molec-

1333
A SHARP1
1.6 ‘ - |
5 \ f ]
w
£ 121
;8
&
S 08
4
E OAdMSC
Q
£ 0.4 mFB
&
0.0 .
0 3 7
Days
B ZNF423
24 1 s
c [ I
k=
g 18 .
= | T T |
5]
S 124
=4
E OAdMSC
Q
2 6 mFB
&
0 4 Ceim 1 3 :
0 L 2 3 7
Days
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and FBs during adipogenic differentiation. Results of qRT-
polymerase chain reaction analysis show transient down-
regulation of SHARP1 mRNA levels in both AdMSCs and
FBs (A), whereas ZNF423 mRNA levels are induced on day 3
in AAMSCs and on day 7 in FBs (B). Error bars represent
mean 4 SD of 2 donors. Statistical significance (analysis of
variance): *P < 0.01, **P < 0.05. White columns, AAMSCs; black
columns, FBs.

ular mechanisms of early stages of induced adipogenesis of
AdMSCs and FBs remain to be elucidated.

Discussion

Adult MSCs possess stem cell-like properties such as self-
renewal and differentiation into a variety of cell types of
mesodermal origin. In vitro studies have led to the use of a
limited collection of surface molecules expressed by MSCs
and differentiation of cells toward mesenchymal lineages
such as adipocytes, osteoblasts, and chondrocytes to confirm
the MSC-like nature of isolated cells. Several adult tissues
have been found to contain MSCs, including subcutaneous
adipose tissue that holds a great promise for therapeutic
applications as an easily accessible source of MSCs.

FBs are present in many tissues including adipose tissue,
bone marrow, skin, synovium, and cord blood [44,45] and
they have many characteristics of MSCs. There are no MSC-
specific markers or profiles of markers available that clearly
distinguish MSCs from FBs (stromal cells). The minimal
criteria proposed by the Mesenchymal and Tissue Stem Cell
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Committee of the International Society for Cellular Therapy,
to distinguish MSCs from other cell types, has proven not to
be sufficient because all the characteristics described for
MSCs are equally possessed by FBs [46]. In this study, we
further demonstrate that dermal FBs and AdMSCs express
the same set of surface antigens, marking FBs and AdMSCs
as phenotypically indistinguishable cell types. Gene expres-
sion profiling has uncovered slight differences between
MSCs and FBs [21]; however, similar differences also exist
between different populations of MSCs [14]. Translation of
the variation in gene expression into functional characteris-
tics of these cells, for example, multipotent differentiation
capacity, has not been achieved until today, leaving
the question about the different identities of MSCs and FBs
unanswered.

Assessment of in vitro mesenchymal differentiation is
commonly performed by detection of lineage-specific marker
expression or cytochemical staining of terminally differenti-
ated cells grown under stimulating conditions for 2—4 weeks.
In accordance with previous reports, our work shows that by
the end of the long-term differentiation assay, both AdMSCs
and FBs have differentiated into adipocytes and osteoblasts,
indicating that these cells are developmentally equivalent.

The process of differentiation of multipotent cells into
functionally distinct mature cell types requires a sequential
expression of genes that determine the phenotype of the dif-
ferentiated cells. FBs and AdMSCs have similar dynamics of
osteogenic differentiation based on the analysis of calcium
phosphate deposits using staining with ARS. In contrast,
analysis of adipogenic differentiation of AdMSCs and FBs
using ORO staining showed significant differences in the
dynamics of differentiation between MSCs and FBs. AAMSCs
and FBs exhibit different degrees of adipocyte-specific stain-
ing early during adipogenic differentiation, whereas this dif-
ference was not detectable after 3 weeks of differentiation.

One of the earliest events in adipogenesis is the induction
of transcription factor C/EBPf, which together with C/EBPd
activates the expression of transcription factors PPARy and
C/EBPo which, in turn, orchestrate the expression of full
adipogenic differentiation program. Analysis of expression
of C/EBPP transcription factor showed no difference in
AdMSCs and FBs during adipogenic differentiation. On the
contrary to the induction of C/EBPp expression, induction of
PPARYy expression was significantly delayed in FBs com-
pared with AAMSCs, raising the question of different regu-
latory mechanisms controlling the early stages of adipogenic
differentiation of MSCs and FBs. Analysis of PPARy,
C/EBPu, and FABP4 expression clearly demonstrated de-
layed induction of these genes in FBs compared with MSCs
following induction of adipogenesis. Interestingly, in FBs,
the mRNA level of C/EBPu, the second most important
transcription factor in adipogenesis, never reached the level
of that in AAMSCs. Despite these differences, known mark-
ers for adipocytes such as FABP4 and adiponectin showed
similar expression levels in FB- and AdMSC-derived adipo-
cytes. This could be explained by previous observations that
C/EBPB and C/EBPJ induce adipogenesis with no stimula-
tion of C/EBPa expression in FBs [24]. Further, it is note-
worthy that the mRNA of C/EBPu is undetected until day 7
when PPARy mRNA level peaks in FBs. This finding is in
correlation with the fact that C/EBPp cannot induce the ex-
pression of C/EBPa without PPARy, which is required
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to release histone deacetylase 1 (HDAC1) from C/EBPo
promoter [47,48].

As C/EBPp protein was equally induced in AdMSCs and
FBs during adipogenic stimulation and the induction of
PPARy expression was delayed in FBs, we analyzed several
potential inhibitors of C/EBPp activity in FBs and AdMSCs
following adipogenic induction. The expression of PPARy
depends on the activity of C/EBPP, which binds PPARy
promoter to activate its transcription. We analyzed whether
C/EBPB activity could be suppressed in FBs by known neg-
ative regulators and therefore result in the delayed induction
of PPARY. Analysis of expression of well-known inhibitors of
C/EBPB activity, such as transcription factors SHARP1 and
RORua as well as a pseudokinase TRB3, did not reveal any
difference in the expression in AdMSCs and FBs follow-
ing adipogenic induction. Transient downregulation of the
expression of these regulators upon adipogenic induction was
occurring similarly in both cell types. We concluded that the
activity of C/EBPp protein induced upon adipogenic stimu-
lation in AdMSCs and FBs was not inhibited in FBs for an
extended period of time to cause the delayed induction of
PPARy and adipogenic differentiation in these cells. PPARy
expression and adipogenesis are also regulated by Wnt and
cell cycle-related regulatory proteins that function indepen-
dently of C/EBPp. For example, WNT10b shifts stromal cell
development from adipogenesis toward osteoblast differen-
tiation by suppressing the expression of PPARy and C/EBPa
[49,50]. pRB has been reported to associate with PPARY, to-
gether with HDAC3, leading to the inhibition of adipogenesis
[51]. The analysis of C/EBPB-independent factors as potential
regulators of delayed adipogenesis of FBs was beyond the
scope of the present work.

One of the few factors known to define the adipose-
lineage-committed FBs is a zinc finger transcription factor
ZFP423, which controls preadipocyte determination of mu-
rine FBs [25] by regulating PPARy expression. Our data
show that the expression of ZNF423 was detected 2-3 days
following adipogenic induction in AAMSCs, whereas in FBs
it became detectable after 7 days of induction. These results
indicate that ZNF423 could regulate PPARy expression in
AdMSCs and FBs upon adipogenic induction, and therefore,
its late induction can be involved in the delayed adipogenic
differentiation of FBs.

Presented data suggest that AAMSCs and FBs may possess
different mechanisms for the regulation of the initial stages of
adipocyte differentiation that involves distinct regulation of
PPARy expression.
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Abstract

Background: Tissue regeneration and recovery in the adult body depends on self-renewal and differentiation of stem and
progenitor cells. Mesenchymal stem cells (MSCs) that have the ability to differentiate into various cell types, have been
isolated from the stromal fraction of virtually all tissues. However, little is known about the true identity of MSCs. MSC
populations exhibit great tissue-, location- and patient-specific variation in gene expression and are heterogeneous in cell
composition.

Methodology/Principal Findings: Our aim was to analyze the dynamics of differentiation of two closely related stromal cell
types, adipose tissue-derived MSCs (AdMSCs) and dermal fibroblasts (FBs) along adipogenic, osteogenic and chondrogenic
lineages using multiplex RNA-seq technology. We found that undifferentiated donor-matched AdMSCs and FBs are distinct
populations that stay different upon differentiation into adipocytes, osteoblasts and chondrocytes. The changes in lineage-
specific gene expression occur early in differentiation and persist over time in both AdMSCs and FBs. Further, AdMSCs and
FBs exhibit similar dynamics of adipogenic and osteogenic differentiation but different dynamics of chondrogenic
differentiation.

Conclusions/Significance: Our findings suggest that stromal stem cells including AdMSCs and dermal FBs exploit different
molecular mechanisms of differentiation to reach a common cell fate. The early mechanisms of differentiation are lineage-
specific and are similar for adipogenic and osteogenic differentiation but are distinct for chondrogenic differentiation
between AAMSCs and FBs.
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Introduction

Tissue regeneration is dependent on progenitor cells that self-
renew and differentiate into different cell types with specialized
functions. Mesenchymal stem cells (MSCs) have been isolated
from many different adult organs and tissues including skin, lung,
liver and fat [1-4]. In vitro studies have demonstrated that MSCs
can be expanded in culture and differentiated into several cell
types under appropriate conditions. In addition to fat, bone and
cartilage cells, MSCs have been demonstrated to give rise to
muscle and nerve cells i vitro [4-7].

In contrast, differentiation of dermal fibroblasts (FBs) into
various mesodermal cell types under similar conditions has
produced contradictory results. In some experimental settings
FBs were shown to lack multilineage differentiation potential [8,9],
whereas other reports show that FBs and MSCs can be equally
differentiated into several types of mesodermal cells [10-13]. Also,
we have previously shown that dermal FBs and adipose tissue-
derived MSCs (AAMSCs) originating from the same donors both

@ PLoS ONE | www.plosone.org

differentiate into osteoblasts and adipocytes [14]. The immuno-
phenotypes of MSCs and FBs are similar based on numerous
surface markers currently used to identify MSCs. Both cell types
express cell surface antigens CD73, CD90 and CD105 [9,10,13].

The molecular characterization of MSCs is hampered by the
lack of biomarkers that would allow their selective isolation from
different tissue sources with heterogeneity of cell populations.
MSCs are currently isolated as plastic-adherent cells with
fibroblast-like morphology that can be differentiated into several
mesodermal cell types [15]. These parameters are not sufficient to
discriminate MSCs from FBs and do not aid in the understanding
of the identity of these cell types. Another problem is comparison
of different types of stromal cells including dermal FBs and
AdMSCs isolated from individuals with different genetic back-
grounds. This could lead to differences in gene expression patterns
and cellular functions that cannot directly be associated with
distinct cell identities.

Here we aimed to analyze the transcriptome profiles of several
differentiated cells starting from AdMSCs and dermal FBs

June 2012 | Volume 7 | Issue 6 | 38833



obtained from two matching donors and differentiated under
similar experimental conditions towards adipocytes, osteoblasts
and chondrocytes (Figure 1A). RNA-seq-derived gene expression
data was compared by a multi-group ANOVA, and differences
between groups other than those used in the ANOVA were then
visualized using principal component analysis (PCA). To our
knowledge, this is the first study to compare the dynamics of
differentiation of AAMSCs and FBs into three mesodermal cell
types on global scale.

Results

Transcriptome Profiles of Multipotent AAMSCs and FBs

Both AdMSCs and FBs exhibit adipo-, osteo- and
chond devel tal potential. Prior to the analysis
of the global gene expressmn profiles of differentiating AdMSCs
and FBs in more detail, we aimed to verify that both of these cell
populations exhibit multipotency. Cells derived from two donors
were plated at 72 h prior to addition of differentiation media and
cultivated for 14 days until analysis (sec Materials and Methods). /n
vitro - differentiation of AdMSCs and FBs was confirmed by
detection of formation of lipid droplets with Oil Red O staining
(ORO, adipocytes), matrix mineralization with Alizarin Red S
staining (ARS, osteoblasts) or formation of proteoglycan-rich
matrix with Alcian Blue staining (AB, chondrocytes). Induced
AdMSCs and FBs (from both donors) differentiated into cells with
positive staining for ORO, ARS and AB confirming the similar
developmental capacity of these cell types (Figure 1B). Quantifi-
cation of lineage-specific staining showed that the differentiation
potential of FBs and AdMSCs is indeed comparable (Figure 1B,
lower panel shows staining intensities of FBs relative to AAMSCis).
This analysis together with previous reports [10,13,14] confirms
that multipotency is not solely restricted to AAMSCs but is also
characteristic to fibroblasts. Immunophenotyping showed that
AdMSCs and FBs from both donors expressed cell surface
antigens CD73 and CD105 (data not shown).

Global transcriptome profiling reveals AAMSC- and FB-
specific gene expression patterns. For transcriptome analy-
sis, cells were treated as described in Materials and Methods
section and RNA was isolated every 24 h on days 0-7 upon
adipogenic, osteogenic and chondrogenic differentiation. Single
sequencing library was then generated from the resulting 96 RNA

A P1,P2 B Adipo - ORO
i L

AdMSC FB

Os Ch Os Ch

Osteo - ARS

Dynamics of Differentiation of Adult Stem Cells

samples (Table S1) using a method by Islam e al, 2011 [16] with
slight modifications (see Materials and Methods). Deep sequencing
yielded 45 million mapped reads and 60% of those mapped to
known transcripts in the human genome. 9000 most highly
expressed features with normalized hit values ranging from 6.25 to
23 437.5 transcripts per million (t.p.m), that cover 99% of the
transcripts and include both the most highly expressed genes as
well as rare transcripts, were used in gene expression analysis. Five
samples were removed from the analysis (Table S1) due to
unsatisfactory RNA quality (total read number was below 0.01%
of all samples). Each time point in the assay was represented by a
single replicate except for day 0 that was sequenced in triplicate
(three different RNAs). Each sample from the total of 91 was
annotated according to its tissue of origin (AdMSC or FB), patient
of origin, cell type and time point.

First, we analyzed how different samples are connected to each
other using principal component analysis (PCA) on complete gene
expression data without prior statistical filtering (Figure 2). The
circles in Figure 2 represent individual samples and are visualized
according to cell type (undifferentiated cells, adipocytes, osteo-
blasts and chondrocytes). PCA shows that samples belonging to
the same cell group cluster together, except for a few adipocyte-
samples and one osteoblast-sample that stay apart from the
clusters. Interestingly, undifferentiated cells make up two distinct
clusters. The analysis shows that the RNA-seq-derived transrip-
tome profiles are characteristic to different cell types.

The analysis above was performed with unfiltered data.
However, PCA can be used to visualize filtered data. We used
multi-group  ANOVA to compare gene expression between
defined groups and then used the ANOVA-filtered data in
subsequent PCAs to visualize differences between other groups
(not between those used in the ANOVA). The genes were selected
for ANOVA based on false discovery rate (FDR) to control the
effects for multiple testing. The step-wise filtering and vizualisation
of the data was performed with Qlucore Omics Explorer.

Next, we analyzed how different cell types (undifferentiated
cells, adipocytes, osteoblasts and chondrocytes) are related to each
other based on filtered differences in gene expression. A multi-
group ANOVA with a FDR of 0.1% recovered 792 differentially
expressed genes between different cell types. PCA was then used to
visualize the relationship of the individual samples (Figure 3). The

Chondro - AB

Figure 1. Cell differentiation. A) AdMSCs and FBs were isolated from two patients (P1, P2) and differentiated towards adipocytes, osteoblasts and
chondrocytes. RNA was isolated on days 0-7 during differentiation and the resulting 96 RNA samples were used to generate single sequencing library
for gene expression analysis. B) In vitro differentiation of AAMSCs (upper panel) and FBs (lower panel) was confirmed by ORO staining of adipocyte,
ARS staining of osteoblast and AB staining of chondrocyte cultures on day 14 upon induction of differentiation. The quantified stainings of FBs are
represented relative to AAMSCs (lower panel; AAMSC = 1). Abbreviations: P, patient; AdMSC, adipose-derived mesenchymal stem cell; FB, fibroblast;
Ad, adipocyte; Os, osteoblast; Ch, chondrocyte; d, day; ORO, Oil Red O; ARS, Alizarin Red S; AB, Alcian Blue.
doi:10.1371/journal.pone.0038833.g001
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Figure 2. Principal component analysis (PCA) of non-filtered
data. 9000 most highly expressed genes were visualized by PCA based
on cell type (undifferentiated, adipocytes, osteoblasts and chondro-
cytes) without prior statistical filtering. Different cell types cluster
together upon PCA. Abbreviations: Undif., undifferentiated; Ad,
adipocyte; Os, osteoblast; Ch, chondrocyte.
doi:10.1371/journal.pone.0038833.g002

edges in Figure 3 connect each sample with the four other most
closely related samples (in A and B). The same PCA plot was used
to visualize the samples based on different annotations such as cell
type, AAMSC or FB, time group (‘early’ including days 1-3 and
‘late’ including days 4-6) and patient of origin. Cell type-based
visualization (Figure 3A) shows that 792 genes clearly generate
clusters from samples belonging to the same cell group. This is
unsurprising, since the ANOVA selected for genes that distinguish
between cell types. However, the samples also show a clear
separation by time group, demonstrating that those genes that
distinguish cell types were also differentially regulated over time.
Importantly, undifferentiated cells make up two distinct clusters.
One of them (FB) locates separately with no connections to other
clusters, whereas the other (AAMSC) is closely connected to
chondrocytes (Figure 3B). Upon differentiation, clusters of
AdMSCs and FBs become close already on day 1 and stay close
in all time groups (Figure 3C). Interestingly, despite the loss of
initial differences between AAMSCs and FBs upon differentiation,
AdMSC- and FB- specific sub-clusters still remain apparent within
adipocytes, osteoblasts and chondrocytes. The samples originating
from two patients were intermingled, verifying the reproducible
and patient-independent formation of cell type-specific clusters
(Figure 3D). ANOVA between the two patients over the total
expression data (9000 genes) identified no genes that were
significantly (FDR of 1%) differently expressed between the
individuals. Hence, the differences between cell types overwhelm
any differences between these donors. Since different media was
used to cultivate undifferentiated AAMSCs and FBs at optimal
conditions (media was chosen so that AAMSCs and FBs exhibited
similar growth rate), it cannot be excluded that some of the
differences in gene expression between AdMSCs and FBs arise
from the different media compositions. Taken together, these data
show that AAMSCs and FBs represent initially distinct populations
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with regard to the expression of developmentally regulated genes,
and they also stay subtly distinct in the differentiated state. The in
vitro development of mature cell types usually takes 2-4 weeks. It is
thus possible that the differences between AdMSCs and FBs that
are evident after one week of differentiation may disappear after
longer differentiation.

Undifferentiated AdMSCs and FBs are Different

AdMSCs and FBs exhibit different gene expression
patterns in the undifferentiated state. The observation that
undifferentiated AdMSCs and FBs clustered separately based on
the expression of 792 lineage-specific genes raised the question
how different are AAMSCs and FBs before differentiation. Heat
map-view of differentially expressed genes (including 9000 genes)
was generated using all replicate samples (5 of AAMSCs and 6 of
FBs). The scale in Figure 4A shows the up (red) or down regulation
(blue) in standard deviations from the mean expression for each
gene. Altogether 62 genes were found to have significantly (FDR
of 1%) different expression between AAMSCs and FBs, 38 with
higher and 24 with lower expression in FBs than in AdMSCs.
ANOVA with five times higher false discovery rate (5%) resulted
in 116 more genes (Figure S1). The relatively small number of
differentially expressed genes between AAMSCs and FBs could be
explained by their common mesodermal origin that probably
determines the general transcription profile of the cells. Also, in
cell culture, AAMSCs grow as fibroblast-like cells and exhibit
morphology similar to FBs, so that the substantial overlap in gene
expression patterns between the cells can be expected.

Genes with Various Functions are Distinctly Expressed
between AdMSCs and FBs

We then asked whether 62 differentially expressed genes
represent functional differences between AAMSCs and FBs. These
genes were grouped according to their known function that
resulted in six predominant classes (Table 1). 20 genes out of 38
with higher expression in undifferentiated FBs than AdMSCs are
related to cell cycle regulation, more specifically to G2/M phase of
the cell cycle. Also, the majority of genes involved in the regulation
of cytoskeleton stability and in cellular signaling pathways (cell
motility - 70044, vesicular trafficking - CAVI, DNM1I) had higher
expression in FBs compared to AAMSCs. However, expression of
genes associated with either BMP (GREM1I), VEGF (MYOF) or
Wnt signaling (JRANBI) was significantly higher in AdMSCs
compared to FBs. Most of the genes that participate in the
biosynthetic processes or in the regulation of extracellular matrix
organization and adhesion had higher expression in AAMSCs than
FBs. Interestingly, we identified high expression of developmen-
tally important gene chromobox homolog 8 (CBX8) in AAMSCs
but not in FBs (Table 1). CBX8 is an essential component of the
Polycomb group (PcG) multiprotein PRC1 complex that is
required to maintain transcriptionally repressive state of many
genes, including Hox genes, throughout development [17].
Whether CBX8 has any functional role in determining the
differences between AAMSCs and FBs remains to be elucidated in
future studies. Together, our results suggest that despite the similar
general characteristics of AAMSCs and FBs, the gene expression
profiles are distinct due to differences in expression of genes
involved in the regulation of cell cycle and developmental
processes and also in the structural organization of the cell.

AdMSCs are more similar to chondrocytes than
FBs. The observation that AAMSCs are closely connected to
chondrocytes (Figure 3A and B, PCA of developmentally regulated
genes) reveals important aspects of differences between AdMSCs
and FBs. In search for similarities between AdMSCs and
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Figure 3. PCA of cell type-specific gene expression. 9000 most highly expressed genes were analyzed by multi-group ANOVA to find
differentially expressed genes between cell types: undifferentiated AdMSCs and FBs, and AdMSC- and FB-derived adipocytes, osteoblasts and
chondrocytes using false discovery rate (FDR) of 0.1%. PCA of the resulting 792 genes was used to visualize the relationship of the samples based on
annotations such as A) cell type, B) cell origin (AdMSC or FB), C) time groups of differentiation and D) patient. Each circle represents one sample, and
is connected by edges to four other most closely related samples in A and B. The same genes that separate different cell types, also separate
undifferentiated AdMSCs and FBs and are regulated over time with no differences between patients. However, AdMSCs and FBs retain characteristic
gene expression even in the differentiated state. Abbreviations: Undif., undifferentiated; Ad, adipocyte; Os, osteoblast; Ch, chondrocyte; AdMSC,
adipose-derived mesenchymal stem cell; FB, fibroblast; P, patient.

doi:10.1371/journal.pone.0038833.9g003
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Figure 4. Differences in gene expression of AdMSCs and FBs. A) ANOVA with FDR of 1% between undifferentiated AdMSCs (5 replicates) and
FBs (6 replicates) recovered 62 differentially expressed genes, 24 with higher and 38 with lower expression in AdAMSCs than FBs. The scale shows the
up (light red) or down regulation (light blue) in standard deviations from the mean expression for each gene. B) Comparison of differentially
expressed genes between AdMSCs and FBs in the undifferentiated state (light grey) and in AdMSC- and FB-derived adipocytes, osteoblasts and
chondrocytes using Venn diagram. Many genes remain (light blue) and many differentiation-related genes become (yellow, pink or blue) differentially
expressed in AMSC- and FB-derived differentiated cells. Abbreviations: AdMSC, adipose-derived mesenchymal stem cell; FB, fibroblast; Undif.,
undifferentiated; Adipo, adipocyte; Osteo, osteoblast; Chondro, chondrocyte; deriv., derived.

doi:10.1371/journal.pone.0038833.9g004
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Table 1. Distinctly expressed genes between undifferentiated AdMSCs and FBs (based on ANOVA with FDR of 1%).

Genes with higher expression in:

FBs

AdMSCs

Cell cycle

PLK1, PRC1, TK1, TOP2A, UBE2C
Cytoskeleton

Extracellular matrix
and adhesion

Biosynthesis ISCA2
CAV1, CXCL12, DNM1, FGF5, S100A4

ITGA2, MMP3

Signal transduction

Development

CKAP2L, STMN1, TPM3, TUBA1A, TUBA1B, TUBB2C, VIM

ANLN, BIRC5, CCNB1, CDC25B, CDCA8, CENPF, CKS18,
H2AFZ, HELLS, HMGB1, HMGB2, KIF2C, KPNA2, LMNA, NCAPG,

CALD1, TAGLN, TPM1, TPM2
COL1A1, COL1A2, COL1A3, EFEMP1, FN1, POSTN, TGFBI

EEF1A1, GGT5, GPAM, MTHFD2, NNMT, PI16, SLC7A5
GREM1, MYOF, ZRANB1
CBX8

doi:10.1371/journal.pone.0038833.t001

chondrocytes, 792 differentially expressed genes were analyzed to
identify genes that are highly expressed in AdMSCs and
chondrocytes but not in FBs. We compared the expression of
genes in undifferentiated cells and in day 1 AdMSC- and FB-
derived chondrocytes, since gene expression patterns become
similar at later time points of chondrogenic differentiation. As few
as 23 genes were found to have higher expression in AAMSCs and
AdMSC- and FB-derived chondrocytes compared with undiffer-
entiated FBs (Table 2). The genes were grouped into five
functional classes including cytoskeleton, extracellular matrix and
adhesion, processes of biosynthesis, signal transduction and
development. The majority of genes that were enriched in
AdMSCs and chondrocytes encode ribosomal proteins and
function in protein biosynthesis. Also, structural components of
the cytoskeleton and genes that regulate ECM-mediated cell
signaling and adhesion showed higher expression in AAMSCs and
chondrocytes compared to FBs. Two genes, DACTI (Wnt
signaling) and PDLIM7 (BMP6 signaling) involved in develop-
mental processes were common to AAMSCs and chondrocytes.
Both of these pathways play important role in cartilage develop-
ment [18,19]. Our data show that different cell types have
different expression of lineage-specific genes (Figure 3A) and
suggests that unlike FBs, undifferentiated AdMSCs may share
functional similarities with chondrocytes.

AdMSCs and FBs Exhibit Cellular ‘Memory’

AdMSCs and FBs become more similar upon induction of
differentiation. Gene expression patterns of AAMSCs and FBs
become more similar upon differentiation, but they still remain
distinguishable within differentiated cell clusters indicating that
cells ‘remember’ their origin (Figure 3A and B). We asked the
question how different are gene expression patterns of AAMSC-
and FB-derived cell lineages, and whether the differences vary

according to cell lineages. Undifferentiated cells together with
lineage-specific samples were included in the ANOVA to find
differentially expressed genes (FDR of 1%) between AAMSC- and
FB-derived adipocytes, osteoblasts and chondrocytes. 45 genes
were found to be differentially expressed between AAMSC- and
FB-derived adipocytes (Figure 4B). For AAMSC- and FB-derived
osteoblasts or chondrocytes the number of differentially expressed
genes was 215 and 104, respectively. This result first confirms that
differences between different cell types (792 genes) are greater than
differences between AAMSC- and FB-derived cells. Secondly, the
fact that more genes were differentially expressed between
AdMSC- and FB-derived osteoblasts and chondrocytes than
between AdMSC- and FB-derived adipocytes, indicates that
AdMSCs and FBs became more similar upon adipogenic
differentiation. It suggests that switch of stromal cell regulatory
mechanisms into adipocyte-specific regulation requires less time
than switch into osteoblast- and chondrocyte-specific regulation.
AdMSC- and FB-derived cells exhibit distinct gene
expression. To answer the question whether genes that are
iitially distinctly expressed in AdMSCs and FBs also remain
differentially expressed in differentiated cells, the comparison of
genes differentially expressed in undifferentiated and differentiated
AdMSCs and FBs was done and the extent of overlap was
determined for each AAMSC- and FB-derived differentiated cell
type. Results of the analysis were visualized using Venn diagram,
where the size of a circle is proportional to the number of genes it
represents (Figure 4B). A fraction of distinctly expressed genes
between undifferentiated AdMSCs and FBs (light grey) stay
distinct in the differentiated cells (light blue), but also many
differentiation-related genes become differently expressed in the
AdMSC- and FB-derived cells (yellow, pink or blue) as shown in
Figure 4B. Interestingly, the number of genes that become
different in adipocytes (33 genes) is smaller than in other
differentiated cells (179 genes in osteoblasts; 82 genes in

Table 2. The list of genes that are highly expressed in AMSCs and chondrocytes but not in FBs.

Cytoskeleton

FRMD6, TPM1, TTN

Extracellular matrix and adhesion
Biosynthesis
Signal transduction

Development

COL5A1, FN1, SPARC

BOP1, EEF1A1, ENPP7, FKBP7, RPL23, RPL39, RPLP1, RPLP2, RPS16, RPS25, SERPINE1
C50rf13, IQCG, IQSECT, TSNAX

DACT1, PDLIM7

doi:10.1371/journal.pone.0038833.t002
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chondrocytes). Also, equally small number of genes remains
distinctly expressed between AAMSCs and FBs upon adipogenic
induction (12 genes), which is less evident upon osteogenic (36
genes) and chondrogenic (22 genes) induction. This result confirms
that AAMSC- and FB-derived adipocytes are more alike than
other AAMSC- and FB-derived cells. Further, osteogenic differ-
entiation has the smallest effect on the regulation of genes that are
iitially differently expressed between undifferentiated AdMSCs
and FBs compared with adipogenic and chondrogenic differenti-
ation. Taken together, the differences between AAMSC- and FB-
derived differentiated cells originate from both the initially distinct
gene expression patterns and gene expression acquired in the
process of differentiation.

AdMSCs and FBs express cellular ‘memory’ genes. The
fact that several genes that are differently expressed in AdMSCs
and FBs remain differently expressed in AAMSC- and FB-derived
differentiated cells raises the possibility that the cells express so
called ’source’-specific cell ‘'memory’ genes that are not regulated
during the differentiation. Our data show that high expression of
COLIAI, COLIA2, EFEMPI (fibulin 3), FNI (fibronectin 1), GGT5
(gamma-glutamyltransferase 5) and TPM?2 (tropomyosin 2) is character-
istic for AAMSCs and AAMSC-derived cells. On the other hand,
expression of S10044 (fibroblast-specific protein 1) and TK1 (thymidine
kinase 1) is characteristic for FBs and FB-derived cell types. It
would be of interest to learn whether after longer period of
differentiation the differential expression of those 'memory’ genes
in AAMSC- and FB-derived mature adipocytes, ostecoblasts and
chondrocytes will remain present or disappear.

AdMSCs and FBs Exhibit Similar Dynamics of Adipogenic
and Osteogenic Differentiation but Distinct Dynamics of
Chondrogenic Differentiation
Lineage-specific gene regulation
differentiation and persists over time.

occurs early in
It is well known that
cell differentiation is a process of sequential induction of regulatory
genes that in turn initiate the expression of a pile of tissue-specific
target genes. Still, each developmental process requires the
activation of a specific transcriptional program. Our data show
that global changes in cell type-specific gene expression take place
quickly upon differentiation of AAMSCs and FBs (Figure 3C).
Next we performed more detailed analysis of dynamics of
differentiation of AAMSCs and FBs into adipocytes, osteoblasts
and chondrocytes.

To visualize transcriptome profiles of differentiating AdMSCs
and FBs along adipogenic, osteogenic and chondrogenic lineages
over time, the daily time points except day 0 as ‘undif.” and ‘day 7°,
were assembled into the following groups: ‘early’ including days 1—
3 and ‘late’ including days 4-6. Gene expression at different time
points was compared using ANOVA (FDR of 1%) and signifi-
cantly differentially expressed genes were used to visualize the
linkage of different samples in the PCA plot based on time group,
and AdMSC or FB annotations (Figure 5). In total, 213 lincage-
specific genes were found to be regulated over time during
adipogenesis, 126 during osteogenesis and 203 during chondro-
genesis. The genes are listed in Table S2. AAMSCs and IBs
differentiated into adipocytes, osteoblasts and chondrocytes cluster
together or are connected with each other through edges with little
effect of time. In contrast, the genes that were regulated over time
clearly placed undifferentiated cells into separate clusters that have
no edge-connections with differentiated samples, except for
undifferentiated AAMSCs that were related to ‘early’ chondro-
cytes. Hence, it reveals that major changes in lineage-specific gene
expression occur early in differentiation and persist over time.

@ PLoS ONE | www.plosone.org
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Figure 5. PCA of lineage-regulated gene expr ANOVA

with FDR of 1% between different time points recovered 213 genes in
adipogenesis, 126 genes in osteogenesis and 203 genes in chondro-
genesis that were regulated over time. These genes were used to
visualize the samples in a PCA plot. Major changes in gene expression
occur early in differentiation and persist over time. Abbreviations:
Undif., undifferentiated; Adipo, adipocyte; Osteo, osteoblast; Chondro,
chondrocyte; AAMSC, adipose-derived mesenchymal stem cell; FB,
fibroblast.

doi:10.1371/journal.pone.0038833.9005

Gene expression dynamics upon chondrogenic
differentiation is different between AdMSCs and
FBs. The analysis of above described gene expression data
shows that approximately 70% of adipogenesis-related and 43% of
osteogenesis-related genes are down regulated in the process of
differentiation of both AAMSCs and FBs (Table S3). These results
show that gene repression is the major mechanism of differenti-
ation of adipocytes, whereas osteogenic differentiation is accom-
panied by smaller changes in global gene expression with slightly
more genes up regulated (57%) than down regulated during
differentiation. Chondrogenesis-related show different
expression patterns in AAMSCs and FBs (Table S3). More genes
were down regulated in AdAMSCs (74%) upon chondrogenic
differentiation than in FBs (62%). Next we analyzed whether the
up and down regulation of gene expression occured similarly over
time. The scale in line plots (Figure 6) shows gene regulation in
standard deviations from the mean expression for each gene.
Down regulation in gene expression was quick but up regulation
occurred slowly over the week upon adipogenic and osteogenic
differentiation of AAMSCs and FBs (Figure 6A and B). Interest-
ingly, AAMSCs and FBs exhibited distinct gene expression
dynamics upon chondrogenesis. Smaller but bidirectional changes
in gene regulation occurred in AAMSCis throughout chondrogen-
esis, whereas in FBs a transient down-regulation in gene expression
was followed by constant up-regulation along chondrogenic
differentiation. This observation confirms that the transcriptome
profiles of AAMSCs and chondrocytes are more alike and less
changes in gene expression need to occur in AAMSCs than in FBs
to become chondrocytes.

genes

Discussion

Stem cells are promising tools to study mechanisms of
development and regeneration. Molecular characterization of
MSCs is held back by the lack of marker genes that would
distinguish them from other cell types in different tissues. MSCs
are similar to FBs in growth properties, morphology, surface
marker expression and developmental potential as well as origin.
The global gene expression analysis of AAMSCs and FBs, both in
the undifferentiated state and in the process of differentiation
along adipogenic, osteogenic and chondrogenic lineages using cells
from the same donors, allowed the identification of cell type-
specific gene expression dynamics of two closely related stromal
stem cells.
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Figure 6. Gene expression dynamics. The expression dynamics of lineage-regulated genes in A) AMSCs and B) FBs was visualized using line
plots. The scale on y-axis shows the up or down regulation in standard deviations from the mean expression for each gene. AdMSCs and FBs share
similar gene expression dynamics - quick down regulation (lower panels, blue) but slow up regulation (upper panels, red) in gene expression along
adipogenesis and osteogenesis. However, the dynamics of chondrogenesis differs between AdMSCs and FBs. Abbreviations: Adipo, adipocyte; Osteo,
osteoblast; Chondro, chondrocyte; ADMSC, adipose-derived mesenchymal stem cell; FB, fibroblast.

doi:10.1371/journal.pone.0038833.9g006

First, our study reveals that the transcriptome profiles of
undifferentiated AAMSCs and FBs are distinct and stay distinct
upon differentiation despite the similar general characteristics of
the cells. In previous studies the comparison of gene expression
profiles between AAMSCs and FBs has been carried out using cells
from different donors, body locations and developmental stage (eg
fetal or adult tissues), leading to possible variation in gene
expression that is not directly related to the differences between
these cell types [8,9,20]. Independently-derived hESC: lines were
identified to exhibit unique gene expression signature due to high
genetic variability [21,22]. Moreover, different MSC populations
have been shown to exhibit a unique genomic signature [23]. We
found, that the global gene expression patterns differ between
AdMSCs and FBs derived from matching donors. Differences
between AdMSCs and FBs did not disappear completely upon one
week of differentiation probably due to the slow proccess of
transition of the original cell to another cell type. In fact, we
noticed many new differentially expressed genes to be present in
AdMSC- and FB-derived differentiated cells compared with

@ PLoS ONE | www.plosone.org

undifferentiated cells. Little attention has been paid to the
comparison of gene expression profiles of differentiated cells that
are derived from different progenitors but under similar differen-
tiation conditions. Our data also indicate, that cells retain the
expression of some ‘memory’ genes that trace back to the tissue
origin of the cells. Similar phenomenon of cellular memory has
been described for induced pluripotent stem cells (iPS). The gene
expression analysis of iPS cells generated from different mature
tissue types has revealed that iPS cells recall their original tissue
type, although they all share similar morphology and expression of
pluripotency genes [24]. However, it has been proposed that
reprogramming of cells is a slow process and the memory of the
cells” origin will be erased over time [25]. It is possible then that
the differences in gene expression profiles of AAMSC- and FB-
derived adipocytes, osteoblasts and chondrocytes will disappear
after longer differentiation.

Secondly, the analysis of gene expression profiles over time
shows that the differences in lineage-specific gene expression occur
carly in differentiation of both AAMSCs and FBs. Interestingly,
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changes in the gene expression of AAMSCs and FBs upon
induction are related initially to rapid down-regulation of gene
expression, whereas up regulation occurs 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 [26]. The results of our analysis support the idea that
cells respond to induction of differentiation by rapidly resetting
their original transcriptional program and gradually expressing
lincage-associated genes. Although such general mechanism is
shared by AdMSCs and FBs along differentiation into adipocytes
and osteoblasts, the extent of gene repression is higher upon
adipogenic induction. Notably, our findings suggest that the switch
from stromal regulation to adipogenic regulation is faster than the
switch to osteoblast and chondrocytes regulation.

Thirdly, dynamics of chondrogenic differentiation is different in
AdMSCs and FBs. Unlike in FBs, in AAMSCis several genes that
become up regulated along chondrogenesis are initially down-
regulated and wvice versa, many of those genes that become down
regulated over the week, are initially up regulated upon
differentiation. The distinct pattern of gene regulation upon
chondrogenesis in AAMSCs could be related to the observation
that AAMSCs are more similar to chondrocytes in the undiffer-
entiated state than FBs. It is intruiging to speculate that AAMSCs
are pre-committed to chondrocyte development and initiation of
differentiation does not involve global transcriptional reprogram-
ming. Such pre-commitment of AAMSCs seems not to 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 [27].
Also, it has been proposed that uncommitted adult stem cells
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 characteristic phenotype [28,29]. It turns out then that
AdMSCs and FBs use globally similar early mechanisms of
differentiation into adipocytes and osteoblasts but exhibit distinct
mechanisms of chondrogenic differentiation.

Together, our study shows that stromal stem cells including
adipose-derived AdMSCs and dermal FBs exhibit distinct
dynamics of differentiation into mesodermal cell types under
similar experimental conditions. AAMSCs and FBs exploit similar
early mechanisms for differentiation into adipocytes and osteo-
blasts but show different molecular mechanisms for chondrogenic
differentiation. Further finding suggests that the switch from
stromal regulation to adipocyte regulation is faster than the switch
to osteoblast and chondrocyte regulation. The results of the global
study provide relevant insight to the molecular mechanisms of
differentiation of stromal stem cells that can be used in further
studies.

Materials and Methods

Ethics Statement

Experiments with human tissues were approved by National
Institute for Health Development and Ethics Committee in
Estonia (Approval No 2234 from Dec 09, 2010).

Cell Isolation and Cultivation

AdMSCs were isolated from human subcutaneous adipose
tissue according to Lin et al. and Yamamoto et al. [30,31] with
slight modifications. Briefly, adipose tissue was digested with 0.1%
collagenase (Gibco) in serum-free alphaMEM (a modification of
Minimum Essential Medium (MEM), contains sodium pyruvate,
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lipoic acid, vitamin By, biotin, and ascorbic acid, Gibco 32571) at
37°C for 1.5 h, followed by neutralization of enzyme activity with
20% fetal bovine serum (FBS) and 1% penicillin-streptomycin
alphaMEM growth medium. Following centrifugation, stromal
cell pellet was passed through a 100 pm nylon mesh (BD
Biosciences) and resuspended in 10% FBS growth medium, plated
at a density of 10 000 cells/cm? and incubated at 37°C with 5%
CO,. After 48 h medium was replaced to remove non-adherent
cells. Further cultivation was performed under standard cell
culture conditions. Fibroblasts were isolated from dermal skin of
the same donors as AAMSCs, using a method described before
[32]. Briefly, primary culture was established by fibroblast
outgrowth from skin explants placed onto Primaria dish (BD
Falcon) in 10% FBS and 1% penicillin-streptomycin DMEM-High
Glucose (a modification of Eagle’s Minimal Essential Medium,
contains sodium pyruvate, higher glucose levels, Gibco 10569)
growth medium.

In vitro Differentiation

Passage three or four cells were plated at density of 15 000 cells/
cm? 72 hours prior to induction of differentiation. 10% FBS and
1% penicillin-streptomycin  containing growth medium was
supplemented with:

® | uM dexamethasone, 500 uM IBMX (3-isobutyl-1methyl-
xanthine), 100 uM indomethacin and 10 pg/ml insulin for
adipogenic induction,

® 100 nM dexamethasone, 50 uM L-ascorbic acid 2-phosphate
and 10 mM glycerol 2-phosphate for osteogenic induction,

® 50 uM L-ascorbic acid 2-phosphate, 6,25 pg/ml insulin and
10 ng/ml TGFbeta-1 (Peprotech) for chondrogenic induction.

Treatment media was changed once (on day 3) during the 7-day
differentiation assay or twice a week during a long-term
differentiation assay. All chemicals, if not specified differently,
were purchased from Sigma. Accumulation of lipid droplets in
adipocytes was determined by Oil Red O (ORO) staining as
previously described [14]. For quantitative analysis, optical density
of eluted ORO was measured at 510 nm. Osteoblasts were
analyzed for the formation of calcified matrix by Alizarin Red S
(ARS) staining as described in [14]. For quantitative analysis,
ARS-stained cell monolayers were scraped off the dish in 10%
acetic acid and optical density of the supernatant was measured at
405 nm. Chondrocyte differentiation was determined by Alcian
Blue (AB) staining of proteoglycan-rich matrix. Briefly, 4% PFA-
fixed cells were washed with water, incubated for 30 min at RT
with 10 mg/ml AB solution in 5% acetic acid, washed 4 times with
water, and photographed. For quantitative analysis, AB-stained
cell monolayers were scraped off the dish in 6 M guanidine HCI
and optical density of the supernatant was measured at 600 nm.

RNA Isolation

Cells were lyzed at day 0, 1, 2, 3, 4, 5, 6 and 7 of adipogenic,
osteogenic and chondrogenic differentiation for total RNA
extraction using Trizol reagent (Invitrogen). Following a phenol/
chloroform extraction and isopropanol precipitation, RNA sam-
ples were treated with DNase I using DNA-free "™ kit (Ambion).
The resulting 96 RNA samples were applied to sample prepara-
tion for deep sequencing.

Multiplex RNA-seq and Data Analysis

Gene expression analysis was performed as previously
described for single-cells [16]. Multiplex mRNA-seq was
performed using the same approach, but starting with 10 ng
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of total RNA instead of single cells, and using only 10 cycles of
PCR for the cDNA amplification. Statistical analysis (ANOVA),
hierarchical clustering and PCA were performed using the
Qlucore Omics Explorer (Qlucore AB, Lund, Sweden). Selec-
tion of genes for ANOVA (Analysis of variation) was based on
the false-discovery rate (FDR =q) to control for multiple testing.
FDR was used as a measure of significance of the observed
effects. PCA was used on ANOVA-filtered data (except Figure 2)
to visualize differences between groups other than those used in
the ANOVA, or within the groups used in the ANOVA (See
Results section for specifications). Raw sequencing data is
publically NCBI (GEO accession number
GSE37521).

available at

Supporting Information

Figure S1 Differences in gene expression of AAMSCs
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 AAMSCs 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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[

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 AAMSCs 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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Abstract. The Wnt/f-catenin pathway regulates key cellular
processes such as differentiation, proliferation, apoptosis; and
its activation promotes development of several cancer types.
Expression of CD43 (leukosialin), the predominant leukocyte
transmembrane sialoglycoprotein, has been detected in many
tumors of non-hematopoietic origin. CD43 participates in
cell adhesion and regulates intracellular signal transduction
pathways involved in cell proliferation and survival. The cyto-
plasmic domain of CD43 has been reported to translocate to
the nucleus, interact with -catenin and affect its target gene
expression, but the impact of this action on cell fate is still
unknown. We demonstrate, here, by colony formation assay
and siRNA-mediated gene silencing that CD43 and f-catenin
co-operate in promoting cell growth. Moreover, in cells with
down-regulated -catenin expression the activation of p53 in
response to CD43 overexpression is significantly impaired. In
addition, the presence of both CD43 and [-catenin is required
for the TCF/LEF-mediated transcription. Presumably, the full-
length CDA43 participates in this transcriptional regulation. We
show that the mature CD43 localizes to the nucleus, where it
binds chromatin, co-localizes and co-immunoprecipitates with
B-catenin, and enhances the reporter gene expression regu-
lated by B-catenin. These observations provide clear evidence
linking CD43 to the Wnt/APC/B-catenin signaling pathway and
supporting our hypothesis according to which CD43 plays a role
in tumor development.

Introduction
CD43 (also known as leukosialin, sialophorin) is one of the

most prevalent leukocyte transmembrane sialoglycoproteins
expressed on cells of hematopoietic lineage including hema-
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topoietic stem cells (1) but excluding mature erythrocytes and
B-cell subsets (2,3). CD43 has a highly conserved cytoplasmic
domain and mucin-like extracellular domain which is exten-
sively O-glycosylated (4). The cytoplasmic domain of CD43
interacts with cytoskeletal proteins and regulates a variety of
intracellular signal transduction pathways involved in cell acti-
vation, proliferation, and survival (5). Notably, the cross-linking
of CDA43 induces apoptosis of human hematopoietic progenitor
cells but not stem cells (6). Whereas, in T-cells and monocytes
the cross-linking of CD43 stimulates proliferation via protein
kinase C (PKC) pathway (7). The high level of glycosylation
and negative charge of the extracellular part of CD43 explain
anti-adhesive properties of the CD43 molecule (8). CD43 also
transmits signals enabling other ligand-receptor interactions
to promote cell adhesion (9,10) and may function as a ligand
for ICAM-1 and E-selectin on endothelial cells (11,12). Early
expression of CD43 on hESC-derived hematopoietic progeni-
tors may also indicate a possible role of CD43 in hematopoietic
development, including acquisition of anti-adhesive properties
by emerging hematopoietic cells (13).

Most of the work investigating CD43-mediated signaling
has been done in the context of hematopoietic cells because
CDA43 expression has long been considered specific exclusively
for immune cells. However, a number of studies demonstrate
CD43 expression in different tumors of non-hematopoietic
origin, including lung, breast and colon, but not in normal tissues
(14-16). CD43 expression is also detected in several cancer cell
lines (17-19). Aberrant expression and glycosylation of CD43
have been proposed to contribute to cancer progression (15,20)
and are associated with immune deficiency (21,22). While in
blood cells CD43 is expressed on the cell membrane, in non-
hematopoietic cancer cells, in contrast, CD43 is located primarily
intracellularly and even nuclearly (23). The cytoplasmic domain
of CD43 contains a functional NLS (nuclear localization signal)
and interacts with the nuclear transporter protein Ran which
offers an explanation for the nuclear localization of CD43 (24).
The translocation of the cytoplasmic part of CD43 to the nucleus
is possible due to its y-secretase-dependent proteolytic removal
from the membrane. Human CD43 is processed by y-secretase
in several carcinoma cell lines (25). The resulting CD43
cytoplasmic tail has been shown to localize into a subnuclear
structure, known as PML leukaemia nuclear body, and is involved
in the regulation of apoptosis (26). Also, the cleavage in the
extracellular domain of CD43 is well described (27,28), and the
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soluble CD43 ectodomain fragment has been detected in human
plasma (29). Therefore, CD43 might be involved in the regulated
intramembrane proteolysis (RIP) signaling pathway similarly
to Notch-1 (30), ErbB-4 (31), CD44 (32). In RIP signaling the
intramembrane cleavage does not take place until the bulk of the
protein on the extracytosolic (luminal or extracellular) face has
been removed by a primary cleavage. This primary cleavage can
occur in the lumen of the ER, in a post-ER compartment, or at
the cell surface. The secondary intramembrane cleavage of type I
transmembrane proteins, among which belongs CD43, requires
presenilin-1 that cleaves off the cytoplasmic tail a few amino
acids into the membrane. The released cytoplasmic fragment has
in some cases been shown to translocate into the nucleus where
it affects gene activation (33).

In our previous studies on the function of CD43 in non-
hematopoietic cancer cells we have identified CD43 as a potential
oncogene. Its overexpression causes accumulation of the tumor
suppressor protein pS3 and induction of apoptosis which is an
ARF-dependent process (34). Recently, we have shown that
CD43 increases the colony formation ability of both human and
mouse cells due to increased growth rate but only in the absence
of either p53 or ARF in the cells. Moreover, we found that
cells overexpressing CD43 are more resistant to Fas-mediated
apoptosis, the mechanism possibly giving these cells the growth
advantage (35). In addition, CD43 has been suggested to have a
role in Wnt/B-catenin signaling as the cytoplasmic tail of CD43
interacts with f-catenin and promotes its target gene expression
24).

B-catenin, a potent proto-oncogene, is a multifunctional
protein which is involved in embryonic development and
renewal of adult tissue and which aberrant activation has been
shown to play a critical role in the development of different
cancers including colon (36,37). f-catenin belongs to the cell-
cell adhesion apparatus, and the signaling pool of 3-catenin
is a key component of the complex network of proteins acting
in the Wnt signaling pathway. Upon Wnt signaling [-catenin
translocates to the nucleus where it interacts with T-cell
factor (TCF) and lymphocyte-enhancing factor (LEF) family
transcription factors and with other transcriptional co-factors
to form complexes that regulate genes important for prolifera-
tion, differentiation, and apoptosis (36,38). The functioning of
B-catenin is controlled by a large number of binding partners
that affect the stability and the localization of B-catenin.
Thereby, B-catenin is able to participate both in cell adhesion
and in gene expression processes.

In this study our aim was to investigate the involvement
of CD43 in tumorigenesis focusing on the cross-talk between
CD43- and p-catenin-mediated signaling. Based on published
evidence by our group and others and our preliminary results,
we hypothesize that CD43 promotes cell growth in co-operation
with (-catenin and this in turn leads to the induction of ARF/
p53-dependent apoptosis which is the main mechanism against
malignant growth.

We used colon carcinoma cell line HCT116 with an
increased Wnt/f3-catenin activity, a non-small lung cancer cell
line H1299 where Wnt/B-catenin signaling is very low, and a
colon adenocarcinoma cell line COLO205 which expresses
endogenous CD43 at a high level (17). We used siRNA-mediated
gene silencing to knock down f-catenin or CD43 expression
and examine the role of either protein by different experimental
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methods. We also applied subcellular fractionation and sub-
sequent immunoprecipitation of CD43 and f-catenin in order
to provide more detailed information about the nature of CD43
and (-catenin interaction.

The data gathered so far support our hypothesis according
to which CD43- and f3-catenin-mediated pathways interact
to regulate cell growth towards survival and/or proliferation.
The interaction between CD43 and f-catenin links CD43
to Wnt/APC/B-catenin signaling pathway and provides
additional evidence on the involvement of CD43 in tumor
development.

Materials and methods

Cell culture and transfections. The H1299 (pS3-null human non-
small cell lung carcinoma), COLO205 (mutant p53 expressing
colon adenocarcinoma) and HCT116 (human ARF-null and
wild-type p53 expressing colon carcinoma) cell lines (originally
obtained from the American Type Culture Collection) were
cultured in 5% CO, at 37°C in Iscove's modified DMEM (PAA)
supplemented with 10% fetal bovine serum and penicillin/
streptomycin (both 100 U/ml) (PAA).

Plasmid transfections were performed using the electropora-
tion method as described earlier (39) or with ExGen 500 in vitro
Transfection Reagent according to the manufacturer's instruc-
tions (Fermentas). Human wild-type TP53 in pCG vector and
human SPN in pcDNA vector have been previously described
(34,39). Human CTNNBI in pCl-neo vector encoding mutated
B-catenin (S33Y) was obtained from Dr B. Vogelstein. The
PEGFP-F vector expressing farnesylated EGFP was purchased
from Clontech. The sequences of the human MDM?2 and
CDKNIA promoters were cloned into the promoterless lucif-
erase reporter plasmid pGL-3-basic (Promega). The TOPflash
reporter plasmid containing three optimal TCF-binding motifs
upstream of a minimal FOS promoter (40) and FOPflash
plasmid containing mutant TCF-binding sites, both driving
luciferase expression, were purchased from Upstate (Millipore).
Renilla luciferase control reporter vector pRL-TK containing
the herpes simplex virus-thymidine kinase (HSV-TK) promoter
was purchased from Promega.

siRNA transfections were performed using HiPerFect
Transfection Reagent according to the manufacturer's instru-
ctions (Qiagen). Cells were first transfected with siRNA and
24 h later with expression vectors. Cells were analyzed 48 h
after siRNA treatment. siRNA oligomers targeting CD43 and
[-catenin (Ambion) were as follows: 5-GCAAACUCUCUAGG
AUCCCtt-3'(sense)and 5-GGGAUCCUAGAGAGUUUGCtg-3'
(anti-sense) for SPN (targeting second exon); 5-GGUGGUGGU
UAAUAAGGCULt-3' (sense) and 5'-AGCCUUAUUAACCACC
ACCtg-3' (anti-sense) for CTNNBI (targeting fifth exon). A
non-specific siRNA was used as a negative control (Ambion).

Colony formation assay. The colony formation ability of cells
was estimated as described earlier (35).

Reporter assay. Luciferase reporter gene expression was
determined with the dual-luciferase reporter assay system
(Promega). The luciferase activity was normalized to Renilla
luciferase activity from co-transfected internal control plasmid
pRL-TK.
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Western blot analysis and antibodies. Western blot analysis was
performed as previously described (34). The primary antibodies
used were: mADb anti-CD43-4D2 (23), mAb anti-B-catenin (BD
Biosciences), pAb anti-phospho p53Serl5 (Cell Signaling), mAb
anti-f3-actin (AC-15, Abcam), pAb anti-GRP78/BiP (Abcam),
mADb anti-RNA polymerase II (4H8, Abcam) and pAb anti-
histone H3 (Abcam). The secondary antibodies used were:
biotinylated goat anti-mouse (DakoCytomation), biotinylated
goat anti-rabbit (DakoCytomation), horseradish peroxidase
(HRP) conjugated with streptavidin (DakoCytomation) and
HRP-conjugated goat anti-mouse (Pierce).

Fractionation and immunoprecipitation. Subcellular protein
fractionation kit (Pierce) was used for preparing fractions from
COLO205 cells. Protein concentration in fractions was esti-
mated by BCA (bicinchoninic acid) protein assay (Pierce). Equal
amounts of protein from each fraction were used for further
applications. Immunoprecipitations were performed using
sheep anti-mouse IgG coated Dynabeads M-280 (Dynal) [1 pg
mADb anti-CD43-4D2, mAb anti-CD43-1G10 (BD Biosciences)
or mAb to negative control for Mouse IgG1 (Abcam) per 10’
Dynabeads] or a co-immunoprecipitation kit (Pierce) (20 ug
mAb anti-CD43-4D2 or mAb to negative control for Mouse
IgG1 per 50 pl Agarose Resin slurry) following the manufac-
turer's instructions.

Immunofluorescence using confocal microscopy. Cells were
grown on cover slides at high or low density, fixed with 4%
paraformaldehyde for 30 min at room temperature and permea-
bilized with 0.2% Triton X-100 for 10 min on ice. Slides were
blocked with normal goat serum for 1 h at room temperature.
Target proteins were stained with anti-f-catenin pAb (Cell
Signaling) and anti-CD43-4D2 mAb (23) or anti-CD43-L-10
mAb (Caltag) followed by incubation with the secondary anti-
bodies Alexa Fluor 564-conjugated goat anti-mouse and Alexa
Fluor 488-conjugated goat anti-rabbit (Molecular Probes). Slides
were mounted with glycerol/1 M Tris pH 9.5 1:1 containing
DAPI. Images were captured with a confocal laser scanning
microscope (Olympus FluoView FV1000) using a 100x oil
immersion objective and analyzed by Olympus FV1000 soft-
ware FV10-ASW version 1.6a.

Results

CD43 and f3-catenin co-operate in promoting colony forma-
tion. Aberrant activation of 3-catenin-dependent signaling plays
an important role in colon cancer development. It has been
shown that inhibition of B-catenin expression reduces growth of
colon cancer cells (41). We have shown previously, that CD43
overexpression promotes cell growth and down-regulation of its
expression results in reduced cell growth (35).

We exploited siRNA-mediated gene silencing to explore
whether CD43 and f-catenin co-operate in promoting colony
formation ability of the cells. Using human cell lines, H1299
and HCT116, we knocked down f-catenin expression in the
cells overexpressing CD43 and contrariwise, inhibited CD43
expression in f3-catenin overexpressing cells, and estimated
the colony formation efficiency. Results are shown in Fig. 1. In
the cells treated with control siRNA there were more colonies
formed in B-catenin and CD43 overexpressing cells which
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Figure 1. CD43 and f-catenin jointly promote colony formation. H1299 (A) and
HCT116 (B) cells were transfected with indicated siRNAs followed by the trans-
fection of plasmids expressing CD43 or (3-catenin. Data from three independent
experiments are presented relative to the cells transfected with control siRNA.

is consistent with our previous results. Down-regulation of
[-catenin expression resulted in the reduction of colony forma-
tion both in B-catenin and CD43 overexpressing cells. Also, the
cells overexpressing CD43 or -catenin formed fewer colonies
when CD43 expression was inhibited.

These results suggest a role for CD43 in promoting cell
growth in co-operation with f3-catenin-mediated signaling
because the cell growth-promoting property of CD43 over-
expression was abolished by the down-regulation of 3-catenin
expression. Therefore, CD43 has a potential role in Wnt/
[-catenin signaling pathway, which is often de-regulated in
human cancers.

CDA43 requires [3-catenin to induce p53-dependent response.
We have previously shown that CD43 overexpression induces
the accumulation of transcriptionally active p53, and this occurs
due to the stimulatory effect of CD43 on cell growth (34,35). As
CD43 seems to co-operate with 3-catenin in promoting colony
formation, we tested whether it is also the case in p53 activation
using luciferase reporter gene assay with p53-dependent MDM?2
and CDKNIA promoters. The p53-null H1299 cells were treated
with B-catenin siRNA or CD43 siRNA (as a control) followed
by the co-transfection of expression plasmids and reporter
constructs.

In the cells with decreased 3-catenin expression the induc-
tion of the transcriptional activity of p53 in response to CD43
overexpression was inhibited (Fig. 2A and B). One can see that
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Figure 2. Activation of p53 in response to CD43 overexpression requires the
presence of (3-catenin. H1299 cells were transfected with indicated siRNAs
followed by the transfection of p53 expressing plasmid together with plasmids
expressing CD43 or B-catenin or empty vector control and with a reporter
plasmid, containing either MDM?2 (A) or CDKNIA (B) promoter. The results
of three independent experiments are presented relative to the cells transfected
with control siRNA, p53 expression plasmid, empty vector control and the
reporter plasmid. (C), p53 protein expression levels and phosphorylation at
serine 15 were analyzed by Western blot analysis in cells treated with different
siRNAs and followed by co-expression of CD43 and p53. f-actin serves as an
internal loading control.

even the basal activity of pS3 is lower in the cells treated with
siRNAs against 3-catenin or CD43. The same cells were exami-
ned by Western blot analysis to determine p53 protein levels
and phosphorylation at serine 15. The latter indicates stabi-
lization and activation of p53 probably due to the inhibition
of MDM2-mediated degradation of p53 (42). Phosphorylation
of serine 15 on p53 protein is induced in response to CD43
overexpression as well (34). Fig. 2C shows less phosphory-
lation at serine 15 when the expression of 3-catenin or CD43 is
down-regulated in the cells overexpressing CD43. Our results
show that CD43 requires {3-catenin to induce p53-dependent
response.
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Full-length CD43 enhances the reporter gene expres-
sion regulated by f3-catenin. B-catenin is a transcriptional
co-activator; it binds to the members of the TCF/LEF family
of DNA-binding proteins forming a transcriptionally active
complex (43). The activation of B-catenin/TCF/LEF-mediated
transcription is the main down-stream consequence of Wnt
signaling.

We studied the possible impact of CD43 on the trans-
criptional activity of 3-catenin by a reporter assay in H1299 and
HCT116 cells. We transfected cells with TOPflash luciferase
reporter vector which reflects activation of LEF/TCF-sensitive
transcription (40) together with EGFP expressing vector (nega-
tive control), B-catenin (positive control) or CD43 expressing
vectors and measured luciferase activity. The overexpression
of CD43 increased the transcription level of the reporter gene
by several times compared to the control cells but not as much
as the overexpression of f-catenin (Fig. 3A). The co-expres-
sion of both exogenous CD43 and f-catenin showed more
pronounced luciferase activity relative to exogenous 3-catenin
alone (Fig. 3A).

To verify the role of CD43 in f3-catenin-mediated trans-
criptional activation, we also assessed luciferase activity in case
where either 3-catenin or CD43 were down-regulated. The cells
were treated with siRNA oligos followed by the transfection
of expression vectors as described above. Indeed, the down-
regulation of CD43 expression resulted in lower luciferase
activity both in H1299 and HCT116 cells (Fig. 3B and C). All
reporter assays were repeated using FOPflash reporter vector,
which contains mutant TCF-binding sites, as a negative control.
Luciferase activities in the control assays were very low as
expected (data not shown). These results demonstrate that in our
experimental system the presence of both CD43 and f-catenin
is required for the TCF/LEF-mediated transcription.

Full-length CD43 localizes to the nucleus, binds chromatin
and interacts with f3-catenin. Different CD43 molecules have
been described in the cell: the mature full-length glycosylated
CDA43, the non-glycosylated CD43 precursor, the CD43-specific
cytoplasmic tail fragment (denoted as the CD43-CTF), and
the CD43 cytoplasmic tail (designated here as CD43ct). The
CD43-CTF which is suggested to be formed by the proteolytic
removal of the ectodomain includes a small part of the extra-
cellular domain, the intact transmembrane and intracellular
domains. The CD43ct is released as a result of the intra-
membrane y-secretase cleavage that follows the cleavage in the
extracellular domain (25).

Subcellular localization of a protein indicates its function to
some extent. Therefore we investigated which CD43 molecules
are present in different subcellular fractions. We used COLO205
cell line that expresses high levels of endogenous CD43. CD43
protein was visualized with the mAb anti-CD43-4D2 which
reacts with all CD43 molecules of interest because the epitope
is located near the C-terminal end of CD43 intracellular
domain (aa 337-343). Surprisingly, the full-length glycosylated
CD43 was detected in the soluble nuclear fraction and even at a
more significant level in the chromatin-bound nuclear fraction
(Fig. 4A). The precursor CD43 was found in the both nuclear
fractions as well. The membrane fraction contained the highest
amount of the precursor CD43 and the mature CD43. The
precursor CD43 was absent from the soluble cytoplasmic frac-
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Figure 4. Full-length CD43 binds chromatin and interacts with (3-catenin in the nucleus. (A), COLO205 cells were fractionated and examined by Western blot
analysis using anti-CD43-4D2 mAb that recognizes all CD43 molecules in the cell. GRP78/BiP, a molecular chaperone of ER, RNA polymerase II and histone H3
were used to show fraction purity. (B), COLO205 cells were treated with the proteasome inhibitor MG132 (20 M) for 12 h, fractionated and examined by Western
blot analysis using anti-CD43-4D2 mAb. CD43 cytoplasmic fragments produced by intracellular cleavage are presented. DMSO was used as a negative control for
MG132-treatment. (C), B-catenin co-immunoprecipitation with CD43 in subcellular fractions from COLO205 cells is shown by a precipitation with anti-CD43-1G10
mADb that recognizes the mature CD43 followed by a Western blot analysis probed with the mAb anti-p-catenin. The negative control for immunoprecipitation was
Mouse IgG1 and the total lysate shows (3-catenin migration.
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Figure 5. Confocal microscopy images of confluent and subconfluent cells showing partial co-localization between CD43 and p-catenin. (A), COLO205 cells at low
density (a-d) and high density (e-h). The mAb anti-CD43-4D2 that recognizes all CD43 molecules in the cell was used to stain for CD43 (red). (B), COLO205 cells
at low density (a-d) and high density (e-h). CD43 (red) was stained using the mAb anti-CD43-L-10 which recognizes only the full-length glycosylated CD43 protein.
Green coloration represents [3-catenin staining. 4',6-Diamidino-2-phenylindole (DAPI) was used to visualize nuclei (blue). The white arrows indicate CD43 focuses.

tion, which indicates that the precursor is compartmentalized
in the cell apparently being incorporated into the endoplasmic
reticulum (ER) and the Golgi apparatus for glycosylation. A
considerable amount of the precursor and the mature CD43
proteins was detected in the cytoskeletal protein fraction. This
is consistent with the previous findings showing that the cyto-
plasmic domain of CD43 associates with the cytoskeleton via
ERM family adapter proteins (44). The smaller CD43 fragment,
supposedly the CD43-CTF that has been shown to migrate at an
apparent mass of approximately 20 kDa (in COLO205 cell line
slightly higher) (25), was observed in the soluble cytoplasmic
fraction, in the membrane fraction and very poorly in the soluble
nuclear fraction.

When COLO205 cells were incubated with the proteasome
inhibitor MG132, the amount of the CD43-CTF increased as
previously described (25), and even smaller CD43 fragments
could be detected (Fig. 4B). We believe that the lower band corre-
sponds to the cytoplasmic tail of CD43, because the expected
difference in molecular weight between the CD43-CTF and

the CD43ct is approximately 2.5 kDa [calculated using Protein
Molecular Weight Calculator at http://www.sciencegateway.
org and potential cleavage sites described in (29) and (25)]. The
CD43ct has been previously detected by immunoblotting only as
a recombinant protein probably due to the rapid degradation of
the native form (25). Upon addition of the proteasome inhibitor
none of these CD43 molecules translocate to the chromatin-
bound nuclear fraction; the CD43 fragments appeared only in
the fractions where CD43-CTF was present. These results indi-
cate that the mature CD43 might have a role in regulating gene
expression in the nucleus. This is consistent with our previous
finding indicating that the cells overexpressing the full-length
CD43, and not the CD43ct, are more resistant to Fas-mediated
apoptosis (35).

In order to investigate whether the mature CD43 binds
to 3-catenin and in which part of a cell the interaction might
take place, we performed a co-immunoprecipitation from the
different subcellular fractions of COLO205 cells. CD43 was
immunoprecipitated using the mAb anti-CD43-1G10 which
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recognizes only the full-length glycosylated CD43 protein. The
immunoprecipitation was followed by a Western blot analysis
using the mAb anti-f-catenin. Mouse IgG1 was used as a nega-
tive control. 3-catenin was found to be co-immunoprecipitated
with CD43 from all fractions isolated (Fig. 4C). The interaction
between the mature CD43 and (-catenin in the chromatin-
bound nuclear fraction suggests that the full-length CD43 might
modulate pB-catenin/TCF/LEF-mediated transcription and
contribute to impaired Wnt signaling in colon cancer.

Cell density-dependent interaction between CD43 and
pB-catenin. CD43 and B-catenin are both involved in cell adhe-
sion. Moreover, cell density-dependent subcellular localization
of CD43 (24) and f-catenin (45) has been reported before. We
studied CD43 and B-catenin co-localization by confocal micros-
copy in confluent and subconfluent COLO205 cells. CD43 was
detected with the mAb anti-CD43-4D2 that reacts with all
CD43 molecules in the cell (Fig. SA) or with the glycosylation
specific mAb anti-CD43-L-10 that recognizes only the full-
length CD43 because its epitope is located in the extracellular
part of CD43 (aa 1-78) (Fig. 5B). Our results demonstrate that
CD43 and f-catenin partly co-localize and the co-localization
pattern depends on cell density (Fig. 5A, panels ¢ and g; Fig. 5B,
panels ¢ and g). A considerable portion of CD43 staining was
intracellular as previously described for CD43 in cancer cells
(23). In subconfluent populations CD43 was found throughout
the cells, significantly concentrating into the nucleus (Fig. 5A,
panels a and d; Fig. 5B, panels a and d). In confluent popula-
tions CD43 formed focuses (Fig. SA, panel e; Fig. 5B, panel e).
Previous reports also show granular localization of CD43 in
cancer cells (23). Similarly to CD43 p-catenin was detected
in the nucleus in subconfluent cells (Fig. 5A, panel b; Fig. 5B,
panel b), whereas in confluent cells nuclear 3-catenin staining
decreased (Fig. 5A, panels f and h; Fig. 5B, panels f and h).
CD43 and f3-catenin co-localization in subconfluent cells was
clearly seen in the nucleus as yellow areas (Fig. 5A, panels c
and d; Fig. 5B, panels ¢ and d). In confluent cells CD43 and
B-catenin co-localized more in the cytoplasm and membrane
(Fig. 5A, panel g; Fig. 5B, panel g). Remarkably, the mature
CDA43 protein accumulated in the nucleus and co-localized with
B-catenin in subconfluent cell populations. This is consistent
with our hypothesis that the full-length glycosylated CD43
co-operates with §-catenin in the promotion of a better survival
of cancer cells.

To address whether the intensity of interaction between
CD43 and p-catenin depends on cell density, we performed
a co-immunoprecipitation in confluent and subconfluent
COLO205 cells. CD43 was immunoprecipitated using the
mAb anti-CD43-4D2 followed by a Western blot analysis
using the mAb anti-f-catenin. Mouse IgGl was used as
a negative control (data not shown). In confluent cells the
level of B-catenin co-precipitated with CD43 was slightly
increased (Fig. 6A). To further investigate the impact of cell
density on the interaction between CD43 and f-catenin, we
repeated the co-immunoprecipitation in subcellular fractions
from confluent and subconfluent COLO205 cells. CD43 and
{-catenin were found to interact in all fractions regardless of
cell density (as previously shown with anti-CD43-1G10 mAb
in Fig. 4C). Interestingly, CD43 binding to [-catenin in the
soluble nuclear fraction and in the chromatin-bound fraction
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Figure 6. The influence of cell density on the interaction between CD43 and
B-catenin. (A), CD43 and f-catenin co-precipitation from the total lysate of
confluent and subconfluent COLO205 cells. (B), CD43 and 3-catenin co-preci-
pitation from the subcellular fractions of confluent and subconfluent COLO205
cells. CD43 was immunoprecipitated using the mAb anti-CD43-4D2 followed
by a Western blot analysis using the anti-f-catenin mAb. A negative control for
a precipitation from each subcellular fraction was done using Mouse IgG1 (data
not shown).

was equal in confluent and subconfluent cells (Fig. 6B). The
difference between confluent and subconfluent cells appeared
in the cytoplasmic fraction where CD43 binding to $-catenin
was increased in confluent cells as compared to subconfluent
cells (Fig. 6B). The discrepancy between co-localization and
co-immunoprecipitation patterns might be conditioned by the
fact that co-localization indicates only the potential to interact,
which is verified here by co-IP.

B-catenin-mediated transcription depends on cell density.
Colon cancer formation is commonly caused by the up-regu-
lation of B-catenin/TCF/LEF-mediated transcription leading to
the activation of genes that stimulate cell growth. Although we
did not see any cell density-dependent changes in the interac-
tion between CD43 and [3-catenin in the nucleus, we studied the
possible influence of cell density on 3-catenin-mediated trans-
cription. We transfected confluent and subconfluent COLO205,
H1299 and HCT116 cells overexpressing CD43 with TOPflash
luciferase reporter vector and measured luciferase activity. In
COLO205 cell line there was a 2-fold higher transcription level
of the reporter gene in subconfluent cells compared to confluent
cells. In H1299 and HCT116 cells the effect was not so promi-
nent (Fig. 7).

All reporter assays were repeated using FOPflash reporter
vector as a negative control. Luciferase activities in the control
assays were very low as expected (data not shown). These
results indicate that in subconfluent cells transcriptionally active
B-catenin accumulates in the nucleus. Thereby subconfluent
cells might gain growth advantage over confluent cells.
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Figure 7. Transcriptional activity of B-catenin depends on cell density. TOPflash
luciferase reporter vector was transfected into H1299, HCT116 or COLO205
confluent and subconfluent cells overexpressing CD43. The results of three
independent experiments are presented relative to the confluent cells.

Discussion

The concept of deregulated activation of -catenin as a prin-
cipal cause of colorectal cancer is well accepted. Expression of
the leukocyte marker CD43 in colon tumors but not in normal
tissues has been described by different research groups. The
contribution of CD43 to carcinogenesis is largely unknown,
although some insights have been reported by our group and
by others. Similarly to well-studied oncogenes (e.g., 3-catenin)
CD43 overexpression activates ARF/p53 tumorsuppressor
pathway resulting in apoptosis. When either ARF or p53 is
absent, CD43 overexpressing cells gain growth advantage due
to the better survival of these cells. In addition, cytoplasmic tail
of CD43 has been shown to interact with [3-catenin and induce
expression of its target genes (24). This suggests that CD43
is involved in colon tumor development via Wnt signaling
pathway.

In the present study we provide new evidence for the
interaction between CD43- and (3-catenin-dependent signaling
pathways. We address the possibility of the interaction between
these two pathways by colony formation assay using siRNA
against CD43 and (3-catenin. We show that in both CD43- and
B-catenin-overexpressing cells the depletion of either protein
causes a reduction in the number of colonies. Besides, inhibi-
tion of (-catenin abrogates the growth-promoting effect of
CD43 overexpression. The results confirm that both proteins are
required for cell growth and CD43 is indeed involved in Wnt
signaling.

Moreover, CD43 requires 3-catenin to induce p53-dependent
response. We have previously shown that the overexpression of
the full-length CD43, but not the CD43ct-EGFP, causes the accu-
mulation of p53 and apoptosis in the cells (34). f-catenin is able
to activate p53 as well (46). Here we demonstrate that silencing
B-catenin expression by siRNA inhibits the induction of the
transcriptional activity of p53 in response to CD43 overexpres-
sion. Also, if expression of $-catenin or CD43 is down-regulated
in the cells overexpressing CD43, the serine 15 on p53 protein
is less phosphorylated, revealing the destabilization and deacti-
vation of p53. This further confirms our hypothesis according
to which CD43, as a potential oncogene, participates in signal
transduction via Wnt-pathway.

The additional evidence supporting the role of CD43 in
B-catenin-mediated signaling comes from our next finding
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employing the reporter assay. We show that the overexpression
of CD43 enhances the reporter gene expression regulated by
f-catenin. On the other hand, in the case where CD43 expression
is silenced, the overexpression of [3-catenin does not enhance
the activation of its reporter gene expression, indicating impor-
tant cross-talk between the CD43- and f3-catenin-dependent
pathways.

Applying fractionation and co-immunoprecipitation we have
seen that the full-length glycosylated CD43 is able to localize
into the nucleus where it binds chromatin and interacts with
{-catenin. When cells were treated with the proteasome inhibitor
MG132, two cytoplasmic fragments of CD43 became detectable
in the soluble cytoplasmic fraction, in the membrane fraction and
in the soluble nuclear fraction. We presume that the smaller frag-
ment is the cytoplasmic tail of CD43, because it is an expected
position for the CD43ct relative to the CD43-CTF (25,29). Both
of the fragments are produced from the cytoplasmic part of
CD43 because the epitope of the anti-CD43-4D2 mAb used
for detection is located in the distal C-terminus of CD43. In our
experiments with MG132 proteasome inhibitor we have noticed
that the intracellular domain of CD43 is cleaved in multiple sites
(data not shown), which explains the appearance of the other
fragment, but the biological meaning of this phenomenon is still
unclear. The effect of the proteasome inhibitor implies that these
CD43 molecules have a short protein half-life and are quickly
degraded in the proteasome pathway. Besides, it has previously
been proposed that CD43ct is quickly metabolized (25). Upon
addition of the proteasome inhibitor none of these CD43 frag-
ments translocate to the chromatin-bound nuclear fraction, the
fragments appeared only in the fractions where CD43-CTF
accumulated. This is somewhat contradictory to the published
data indicating that CD43ct binds f-catenin to activate the
expression of 3-catenin target genes MYC and cyclin D1 (24).
However, the presence of the mature CD43 in the chromatin-
bound nuclear fraction and the failure of the CD43 cytoplasmic
fragments to accumulate in this fraction correlate with our results
showing that the overexpression of the full-length CD43, and not
the CD43ct, helps the cells with defective ARF-p53 signaling to
evade Fas-mediated apoptosis and promotes cell growth (35).
B-catenin is also known to inhibit Fas expression on the cell
surface (47). This supports the idea of the mature CD43 acting as
a pro-survival factor via Wnt-pathway.

We propose that the CD43ct and the mature CD43 may
have distinct functionality in the nucleus. The CD43ct, being
SUMOylated and recruited into PML nuclear bodies (26),
might participate in homeostasis and apoptosis primarily
by interacting with PML-associated proteins (e.g., DAXX,
p53, HIPK?2) and the mature CD43, being capable of binding
chromatin, regulates gene expression. However, the role of
CD43 in B-catenin-mediated transcriptional activation is not
fully understood. Still, we do not know whether CD43 acts
as nothing but a chaperone/stabilizer for (3-catenin and this
way contributes to its transcriptional activity, or CD43 belongs
to the protein complex that binds to the promoter regions of
[-catenin target genes. It is tempting to speculate that the
CD43ct stabilizes B-catenin and this way causes the activa-
tion of MYC and cyclin D1 expression while the mature CD43
binds DNA and interacts with TCF/LEF/B-catenin complex
at promoter regions of (3-catenin target genes. Besides, Seo
and Ziltener demonstrated that the CD43ct is recruited into
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PML by confocal microscopy. However, they detected the full-
length glycosylated CD43 by Western blot analysis using the
same antibody. In addition, they observe that the mature CD43
may be SUMOylated as well. Hence, it cannot be excluded that
only the mature CD43, or the both molecules localize in PML
nuclear bodies.

The mechanism for the translocation of the full-length
glycosylated CD43 into the nucleus can be based on the
presence of the NLS in the cytoplasmic domain of the
protein (24) or on the reversible attachment of O-linked
N-acetylglucosamine (O-GlcNAc) which is known to play an
important role in the modulation of the biological activity of
intracellular proteins. The involvement of O-GIcNAc in the
NLS-independent nuclear transport of cytosolic proteins was
first sustained by studies on bovine serum albumin showing
that the protein could be actively carried to the nucleus when
it was modified with sugars (48). One of the mechanisms
through which O-GlcNAc might act as a nuclear localisation
signal is by counteracting the function of phosphorylation
(48.,49). Phosphorylation has been shown to affect nuclear
translocation of cytosolic proteins (49,50). The localization
of CD43 might be regulated by the same mechanism because
CD43 is phosphorylated and extensively O-glycosylated
carrying core 2 O-glycan structures which contain GlcNAc
).

Moreover, the O-glycan structures of CD43 might account
for oncogenic properties of the protein. It has been reported
that abnormal expression level of certain O-glycan structures
as well as occurrence of truncated forms, precursors, or novel
structures of O-glycans may affect ligand-receptor interactions
(e.g., modulating the binding to alternative ligands) and thus
interfere with regulation of signal transduction (52). Indeed,
aberrant glycosylation of proteins, including CD43, may
contribute to cancer progression by modifying cell signaling,
adhesion, migration and survival (20,53,54). Tumor-specific
glycoforms of CD43 are expressed in different carcinomas, but
not in normal tissues from the same patients (55). Also, altered
expression of distinct glycoforms of CD43 has been associated
with neoplastic transformation (14,15,23). Aberrant signaling
of these CD43 glycoforms may promote tumorigenesis by
activating -catenin, NF-kB, NFAT and AP-1, which are pro-
survival transcription factors and promote a tumor phenotype
when deregulated (25,56). In addition, proteolytic processing
of certain proteins demonstrates a requirement for O-glycans
at specific sites in order to prevent proteolytic cleavage which
eliminates biological activity or prevents continued residence/
activity of the intact protein at its designated subcellular location
(51). Thus, abnormal glycosylation could modulate the proteo-
lytic processing of CD43 and therefore interfere with CD43
functionality.

Another factor which is able to modulate CD43 and
B-catenin localization and function is cell density. Cell density-
dependent subcellular localization of -catenin and CD43 has
been described before (24,45). Meanwhile, it is widely accepted
that the involvement of -catenin in cell adhesion or trans-
cription is strictly associated with the subcellular localization
of B-catenin. Here, we demonstrate that in subconfluent cells
CD43 and f-catenin co-localize in the nucleus where, based
on our hypothesis, CD43 could contribute to tumor formation
in co-operation with f-catenin. We had supposed that the
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amount of CD43 bound to 3-catenin increases in subconfluent
cells, but it was not confirmed by the co-immunoprecipitation
experiment. Moreover, the co-immunoprecipitation from
different subcellular fractions revealed equal intensity of
CD43 and B-catenin interaction in the nucleus of confluent
and subconfluent cells. Apparently, the interaction outside
the nucleus correlates with cell density (probably due to the
involvement of both CD43 and f-catenin in cell adhesion),
whereas the interaction in the nucleus presumably serves the
purpose of transcriptional activation of 3-catenin/TCF target
genes which might participate in the inhibition of apoptosis.
Hence, the interaction between CD43 and f3-catenin in the
chromatin-bound fraction and the co-operation in transac-
tivation offer a possible explanation for the mechanism of
the previously described phenomenon. Namely, CD43 over-
expression increased the growth rate of cells making them
more resistant to Fas-mediated apoptosis (35). In spite of the
co-immunoprecipitation results, we found, employing the
reporter assay, that the ability of $-catenin to activate reporter
gene transcription is increased in subconfluent cells compared
to confluent cells suggesting that the abnormal activation of
{-catenin in cancer cells is not conditioned exclusively by
CD43 or that CD43 might influence 3-catenin-mediated tran-
scription indirectly.

Furthermore, in colorectal carcinomas nuclear accumula-
tion of B-catenin occurs in cells found at the invasive front
and in disseminated cells at the metastatic site. The expres-
sion of cytoplasmic and membranous 3-catenin is seen in the
central areas of the metastases and primary tumors (57). We
believe that the conditions in a subconfluent cell population
mimic the conditions of the disseminated cells during metas-
tasis. Interestingly, the tumor cells at the invasive front and
the disseminated cells at the metastatic site have lost their
proliferative activity (57). This suggests that the contribution
of B-catenin to cancerogenesis is implemented by a better
survival of the cells with nuclear (3-catenin and not by an
enhanced proliferation of these cells. The ability of $-catenin
to interact with CD43 which conveys a survival advantage
and helps to evade apoptotic responses (26,35), also the
co-operation between f-catenin and CD43 in enhancing cell
growth is consistent with this hypothesis.

In conclusion, we have established a relation between CD43-
and (-catenin-mediated signaling pathways which supports the
idea that CD43 could have a role in tumor development.
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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 AAMSCs and FBs upon stimulation towards adipocyte,
osteoblast and chondrocyte pathways. The results of the described work allow to
affirm that AAMSCs 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 AAMSCs 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 AAMSCs 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 AAMSCs
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, AAMSCs and FBs are functionally equivalent and can differentiate
into diverse cell types upon appropriate extracellular stimuli.
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KOKKUVOTE

Mesenhiimaalsed tiivirakud (MSC-d) on tiiskasvanud kudedes olevad rakud, mis
omavad voimet paljuneda ja diferentseeruda vihemalt kolmeks spetsialiseerunud
rakutiilibiks nagu adipotsiilidid, osteoblastid ja kondrotsiiiidid in vitro. Need
omadused teevad MSC-dest kdrge potentsiaaliga rakuteraapiakandidaadid
regeneratiivses meditsiinis. Neid rakke on eraldatud peaaegu koikide 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
diferentseerumisvoime kohta leidub kirjanduses vastakaid andmeid. Osad t66d
nditavad, et MSC-d ja FB-d diferentseeruvad iihtemoodi rasva-, luu-, ja
kohrerakuks, kuid on tdid, mis vdidavad, et just diferentseerumisvoime eristab
MSC-sid FB-st. Vastuolulised andmed v&ivad tuleneda sellest, et uuritud rakud
parinevad erinevatest kudedest ja on kasvatatud erinevates tingimustes.

Kéesoleva doktoritod eesmérgiks oli uurida erinevate stroomarakkude
sealhulgas MSC ja FB-de mitmesuunalist diferentseerumist tihtlustatud
tingimustes, et selgitada vilja, kuidas raku jagunemise ja diferentseerumise
valikuid reguleeritakse. Me analiilisisime geeniekspressiooni diinaamikat,
iilegenoomseid ekspressioonimustreid ja geeniekspressiooni varieeruvust
rasvkoest eraldatud MSC-des (AdMSC) ja nahast eraldatud FB-des, mida
stimuleeriti diferentseeruma rasva-, luu- ja kdhrearengu suunas. Kirjeldatud t66
tulemused lubavad viita, et AAMSC-d ja FB-d on immuunofenotiiiibilt
eristamatud ja lihesuguse diferentseerumise voimega rakud. Erinevused nende
rakkude vahel tulenevad geeniekspressiooni diinaamikast — AdMSC-d
diferentseeruvad kiiremini rasvarakuks kui FB-d. Transkriptoomi-profiilid on
neil rakkudel erinevad, ent erinevused vidhenevad diferentseerumise kéigus.
Osaline  ekspressiooniprofiili  sdilumine AdMSC-del ja FB-del peale
diferentseerumise signaalide kédivitamist viitab raku ’mailule’. Globaalne
geeniekspressiooni diinaamika sarnaneb AdMSC-del ja FB-del rasva- ja
luuarenguradades, ent erineb kohrerajas. Arengusuuna-spetsiifiliste regulaatorite
ja sihtmérkgeenide ekspressiooni varieeruvus AAMSC ja FB populatsioonides
tuleneb geeniekspressiooni heterogeensusest liksikute diferentseeruvate rakkude
vahel. Uhe-raku analiiiis viitab sellele, et strooma rakud kasutavad samas
arengusuunas diferentseerumisel erinevaid molekulaarseid mehhanisme.

Nendest tulemustest jéreldub, et AAMSC ja FB-de heterogeensus ja
erinevused diferentseerumises tulenevad geeniekspressiooni diinaamikast, mis
pOhjustab varieeruva ekspressioonimustri tihe raku, rakupopulatsiooni, koe ja
indiviidi tasandil. Sellest sdltumata on AdMSC-d ja FB-d funktsionaalselt
samasugused rakud, mis suudavad kindla rakuvélise stiimuli mojul
diferentseeruda erinevateks rakutiiiipideks.
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