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Abstract

Stem cells can be isolated from various tissues, including bone marrow, dental
pulp, as well as adipose tissues. Due to the non-invasive isolation procedure, the
adipose-derived mesenchymal stem cells (ADSCs) are introduced as an alternative stem
cell source for regenerative medicine. In addition, it has been shown that Notch signaling
participates in the control of ADSCs’ behavior. However, those studies were performed
in the heterogeneous population of ADSCs. In the present study, human adipose tissue
derived single-cell clones were isolated using a cloning ring technique and characterized
for their stem cell characteristics. In addition, the participation of Notch signaling on the
differentiation toward osteogenic and adipogenic lineage of these adipose derived single-
cell-clones was investigated. Eighty-five single cell clones were able to isolate from
adipose tissues culture. However, only 14 clones were able to proliferate for further
characterization. The results showed that all fourteen clones expressed embryonic and
mesenchymal stem cell marker genes. All 14 clones were able to differentiate to both
osteogenic and adipogenic lineages. Low adipogenic clones had higher Notch 2, 3, and 4,
Jaggedl, as well as Deltal mRNA expression compared to high adipogenic clones. On
the contrary, the Notch signaling component mRNA expression was not different
between low and high osteogenic clones. Notch receptor mRNA expression decreased
with the adipogenic differentiation of both low and high adipogenic clones. Inhibition of
Notch signaling using Y-secretase inhibitor enhanced of adipogenic differentiation.
Correspondingly, the initiation of Notch signaling using JAGGED1 bound surface resulted
in a decrease of intracellular lipid accumulation. These results indicate that Notch
signaling inhibited the adipogenic differentiation of single-cell-clone adipose derived

mesenchymal stem cells.
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Chapter 1

Introduction

Adipose tissues compose of several types of cells for example; mature adipocytes,
preadipocytes, stromal fibroblast cells, macrophage and lymphocytes (Brown et al,,
2010; Wilson et al.,, 2010). In addition, it has been shown that adipose tissues contains
subpopulation of cells known as the stromal vascular fraction, which is mainly
composed of mesenchymal stem cells (Brown et al., 2010; Wilson et al., 2010).

Adipose derived mesenchymal stem cells (ADSCs) have special characteristics that
suggest their potential for use in regenerative medicine, such as the ability to be
proliferative after transplantation, multipotential differentiation capacity, and the ability
to release angiogenic growth factor(Miranville et al., 2004; Moon et al., 2006; Planat-
Benard et al., 2004).Moreover, ADSCs can be stimulated to become specific cell types
(Cheng et al,, 2012; Choi et al,, 2010; Choi et al,, 2012; Kim et al,, 2012; Lu et al,, 2011;
Marino et al.,, 2012; Park et al.,, 2011; Scholz et al., 2011; Taha and Hedayati, 2010).Thus,
ADSCs are a candidate stem cell source for various regenerative therapeutic applications.

Notch signaling plays an important role in development and differentiation, and
mediates its functions through direct cell-cell contact. The expression of Notch signaling
components in adipose derived mesenchymal stem cells has been reported (Andersen
et al., 2008; Bray, 2006). Notch signaling alteration effected the ability of adipose derived
mesenchymal stem cells to differentiate into various cell types including the adipogenic,

osteogenic and neurogenic lineages (Cornell and Eisen, 2005; Huang et al., 2010; Jing et



al,, 2010; Joseph et al.,, 2004; Kingham et al.,, 2009; Taylor et al., 2007; Wrage et al,,
2008). However, these experiments were conducted using heterogeneous populations
of cells isolated from adipose tissue.

Despite the evidences confirming crucial function of Notch signaling in adipose stem
cells, the biological analysis of its function in single cell-derived adipose stem cell clone,
which has homogeneous cell population, is indeed lacking. The investigation of
differentiation ability of single-cell-clones derived from human adipose tissue and the
potential role of Notch signaling on the differentiation capacity of these adipose derived
single-cell-clones will further knowledge on basic stem cell biology toward clinical
application.

The present study aims to (1) establish single-cell-derived adipose mesenchymal
stem cell clones and investigate their stem cell characteristics as well as osteogenic and
adipogenic differentiation capacity, (2) investigate the expression pattern of Notch
signaling component in undifferentiated state and upon osteogenic as well as adipogenic
differentiation of single-cell-clone-derived adipose mesenchymal stem cells, and (3)
examine the potential role of Notch signaling in the control of osteogenic and

adipogenic differentiation of adipose derived mesenchymal stem cells.



Chapter 2

Literature Review

Adiposed-derieved mesenchymal stem cells (ADSCs)

A stem cell is the cell that has ability to self renew and to differentiate with
multilineage potential. The ideal stem cell for regenerative medicine application should
be abundant, easy to harvest, able to control and reproduce the multiple lineage
differentiation, safe and effective for transplantation(Gimble, 2003). Stem cells can be
isolated from wide variety of tissues i.e. bone marrow stem cells, pulp dental stem cells,
adipose stem cells and etc.

Adipose tissue consists of mature adipocytes, preadipocytes, connective tissue
matrix, which is established by collagen, elastin, stromal cell neurovascular structure,
resident monocytes, macrophages, lymphocytes(Brown et al., 2010; Wilson et al., 2010).
In addition, adipose tissue also contains a group of cell called stromal vascular fraction
(Wilson et al., 2010). Cells in this fraction are composed of mesenchymal stem cells and
other cell types such as circulating blood cells, fibroblasts, pericytes, endothelial cells,
preadipocyte or adipocyte progenitors cell (Brown et al,, 2010). The niche of adipose-
derived mesenchymal stem cells (ADSCs) has not yet been known. Some researcher
hypothesize that these cells are found at surrounding the blood vessels, therefore, it
can show that ADSCs are subpopulation of fibroblast in adipose tissue(Bianco et al,,

2008; Crisan et al., 2008; da Silva Meirelles et al., 2008; Dellavalle et al., 2007).



ADSCs have the special characteristic that make them have potential benefits for
grafting, such as the ability to perpetually proliferative after transplantation, the
multipotential differentiation capacity and the ability to release angiogenic growth factor
(Miranville et al., 2004; Moon et al., 2006; Planat-Benard et al., 2004). Moreover, ADSCs
can be stimulated to become other specific cells, such as adipocyte, cardiomyocyte,
chondrocyte, endothelial, myocyte, neuronal-like and osteoblast(Brown et al., 2010; Zuk
et al., 2002).

When cultured ADSCs with adipogenic medium, the cells express the genes including
lipoprotein lipase, PPARgamma2, leptin, Glutd. Moreover, the accumulation of
intracellular lipid droplets can be also used for adipogenic character (Sen et al., 2001,
Wickham et al., 2003; Zuk et al., 2001; Zuk et al., 2002). Upon osteogenic induction of
ADSCs, the expression of genes and proteins are observed to associate with an
osteoblasts phenotype, including type | collagen, osteopontin, osteonectin, osteocalcin,
bone sialoprotein, RunX-1, BMP-2, BMP-4, BMP receptor | and Il, PTH-receptor and also
alkaline phosphatase(Halvorsen et al., 2001; Zuk et al.,, 2002). Finally, the differentiation
of ADSCs along the neuronal lineages has the exhibition of neural markers including
nestin, neuron-specific enolase (NSE) and neuron specific protein (NeuN). The expression
of trkA and voltage gated potassium channels have also detected (Ashjian et al., 2003;
Safford et al., 2002; Zuk et al., 2002).

In our laboratory, we were able to isolate the heterogeneous population of
human adipose derived stem cells(Prasitsumrit, 2011). The isolated cells exhibited

mesenchymal-like morphology and the expression of STRO-1 protein was also noted



(Fig. 1A and B). These cells were expressed both embryonic (OCT4 and NANOG), neural
crest cell (NESTIN) and mesenchymal stem cell (CD44, CD73 and CD105) markers (Fig.
10). In addition, this heterogeneous population was able to differentiate into adipogenic
lineage as determined by intracellular lipid accumulation (Fig. 2). Upon exposed cells
with osteogenic medium, the upregulation of alkaline phosphatase enzymatic activity
was observed (Fig. 3A). In addition, the mineral deposition was noted upon cultured
heterogeneous adipose derived mesenchymal stem cells in osteogenic induction
medium (Fig. 3B). The increase of both alkaline phosphatase enzymatic activity and
mineralization was occurred in time dependent manner. Finally, these cells were able to
form neurospheres in neurogenic condition (Fig. 4), corresponding with the mMmRNA
upregulation of neurogenic markers (Fig. 4E). Together, the data in our laboratory confirm
previously published evidences of heterogeneous adipose derived mesenchymal stem
cell’s characteristics and lead us to further investigate and establish single cell derived
clone for exploring basic adipose stem cell biology and potential therapeutic
application.

In vivo study, ADSCs in combination of biodegradable genipin crosslinked gelatin
annexed with tricalcium phosphate were utilized for peripheral nerve regeneration in rat.
The results showed that morphology and pattern of regenerated nerve fibers were
similar to those of the autologous grafts, suggesting the potential clinical application in
neuro-regenerative treatment (Liu et al., 2012). Further, the potential utilization of ADSCs
in clinical treatment has been investigated in various applications for both soft and hard

tissue regeneration for example, grafting for mastectomy defects (Perez-Cano et al,,



2012), facial tissue defects (Sterodimas et al., 2011), skin defects (Kim et al., 2011), and
cranial bone defects(Thesleff et al.,, 2011). Together, these data suggest that ADSCs are a
candidate stem cell source for various regenerative therapeutic applications.

Notch signaling

Notch signaling plays an important role in cell development, cell cycle, and cell
differentiation. Notch signaling contains of Notch receptor and ligand. Notch receptor is a
transmembrane protein containing 3 subunits; 1) large extracellular portion, 2)
transmembrane portion and 3) small intracellular portion (Blaumueller et al., 1997; Brou
et al,, 2000)(Logeat et al,, 1998). The extracellular portion is composed of epidermal
growth factor (EGF)-like repeated unit and plays a role in interacting with the domain of
notch ligand (Rebay et al., 1991).

Four types of Notch receptor are indentified in mammalian, namely, Notch-1,
Notch-2, Notch-3 and Notch-4 (Zhang et al.,, 2008). For the ligand, it is also a
transmembrane protein. Notch ligand is classified into 2 groups, Delta and Jagged. The
ligands found in mammalian are Deltal, Delta3, Deltad, Jaggedl and Jagged2 (Chiba,
2006). Notch signaling critically mediates cellular function through direct cell-cell-
contact. When notch receptor interacts with its ligand, the signaling cascade is initiated
and further regulates cell fate decisions to differentiate, proliferation or apoptosis (Engin
and Lee, 2010; He et al., 2009; Lovschall et al., 2005).

In the process of Notch protein synthesis, Notch proteins are transported to the
golgi network and the first cleavage is occurred by a furin-like enzyme to form a two

non-covalently attached subunits and then transferred to cell surface (Engin and Lee,



2010). Upon notch receptor interacts with its ligand, the second cleavage occurs,
resulting in a split of the extracellular domain away from transmembrane portion. This
second cleavage is performed using metalloproteinase called tumor necrosis factor-
alpha converting enzyme (TACE). Subsequently, notch receptor is cleaved by the
gamma-secretase complex and further release Notch intracellular domain (NICD) from
the transmembrane domain(Edbauer et al.,, 2003; Lovschall et al., 2005). NICD then
activates various target genes to determine and control cellular behavior. The common
target genes are Hes and Hey family.

Hes family is the basic helix-loop-helix transcription factors, which is the target
gene of canonical Notch signaling (except Hes2 and 3) (Zanotti and Canalis, 2010). Hes1,
3, and 5 regulate the maintaining of precursor cells in undifferentiated state (Zanotti and
Canalis, 2010). Another target gene for Notch signaling is Hey family. Hey proteins share
significant resemblance. Heyl and 2 combination knockout mice exhibited similar
phenotype as those occurred in Notchl knockout mice (Zanotti and Canalis, 2010). Yet,
CSL can also bind to other promoters, which implies other potential target genes in
Notch signaling (Zanotti and Canalis, 2010).

Notch signaling in heterogeneous adipose-derived mesenchymal stem cells (ADSCs)

It has been found that subpopulation of stromal vascular fraction of adipose
tissues expresses Notchl, Deltal, Deltad, Jaggedl, Nump and Hesl (Andersen et al,
2008; Bray, 2006). Using DAPT (gamma-secretaseinhibitior) to block notch signaling, Notch
signaling have had no effect on in neurothophic and myelination ability (Kingham et al,,

2009) and neuro-gial proliferation and expression of neuro-gila marker (Wrage et al,



2008)of ADSCS. However, Notch signaling has altered ADSCs cells growth, morphology or
marker expression in osteogenesis, adipogenesis, neurogenesis, Schwann cell
development. Jing et al. have found that notch signaling induce the proliferation and
reduced the osteogenesis in ADSCs(Jing et al., 2010). In adipogenesis, it has been found
that DAPT have inhibited Notch2-Hesl signaling pathway and have promoted
transcription of PPAR-gamma (marker of adipocyte differentiation) and depressed the
transcription of DLK-1/Pref-1 (marker of undifferentiated pre-adipocytes). These results
suggest that blocking notch signaling induced adipogenesis of ADSCs by mean of PPAR-
gamma promotion and DLK-1/Pref-1 depression through inhibition of Notch2-Hesl
(Huang et al., 2010). Moreover, Notch1 signaling suppresses neurogenesis and promotes
development of Schwann cell (Corell and Eisen, 2005; Joseph et al., 2004; Taylor et al,,
2007).

In our previous study, the heterogeneous population of adipose-
derivedmesenchymal stem cell had the alteration in the Notch target gene mMmRNA
expression after differentiation toward osteogenic, adipogenic and neurogenic lineages
(Fig. 5).In this regard, the downregulation of HESI was noted upon cells differentiated
into adipocyte and neuron while the HEST mRNA levels was not changed in osteoblast
differentiation process. In the regard of another Notch target gene, HEYI, the mRNA
levels was increased upon differentiation in all three lineages. These results suggest the
preferential role of Notch signaling in particular differentiation process of adipose-

derived mesencymal stem cells.



Significance of the investigation in homogeneous population.

Using standard isolation method, heterogeneous population of stem cell was
usually obtained. However, upon exposing heterogenous population of stem cells in
differentiation medium, only subpopulation of cells was undergone differentiation into
desired lineage. For example, it has been indicated that mesenchymal stem cells
differentiating into cardiomyocytes was less than thirty percents (Wei et al,, 2011). In
addition, selected subpopulation of mesenchymal stem cells, which had high
cardiomyogenic differentiation capacity, had low adipogenic, osteogenic and
chondrogenic differentiation potency (Wei et al., 2011). In adipose tissue derived
mesenchymal stem cells, it has been demonstrated that selected cell subpopulation
isolated from adipose tissues had different differentiation potency(Paredes et al., 2011;
Rada et al,, 2011). Thus, to investigate the role of specific signaling on stem cell’s
behaviors, the homogeneous population is indeed required. In this proposal, the
isolation of single cell clone will be employed to obtain homogeneous population of

adipose stem cells.



10

Chapter 3

Research Methodology

Cell isolation and characterization

The protocol for the isolation of human adipose derived stem cells (hADSCs) was
approved by the Ethical Committee, Faculty of Dentistry, Chulalongkorn University.
Adipose tissue was initially acquired fromresecting hip subcutaneous tissues during iliac
bone harvesting procedure for craniofacial reconstructive surgery. The adipose tissue was
washed with sterile PBS, cut into small pieces and digested with collagenase (Sigma,
USA)and maintained in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO, USA),
containing 10% fetal bovine serum (FBS; Gibco, USA), 2mM L-glutamine, 100 units/mL
penicillin, 100 Hlg/mL streptomycin, and 5llg/mL amphotericin B (GIBCO, USA) at 37 °C in
a humidified atmosphere of 95% air and 5% CO,. After the cells reached confluence,
they were sub-cultured at a 1:3 ratio. Individual clones were isolated using a standard
cloning ring technique.
Doubling time

Doubling time was determined as described by Singhatanadgitet al.
(Singhatanadgit et al., 2009). Briefly, hADSCs (1.25 X 10" cells) were seeded into six-well
plates, cultured in growth mediumfor 96 h, trypsinized, and counted using a
hemocytometer(Bright-LineTMHemacytometer; Sigma). The populationdoubling time was

calculated according to the following equation:



11

Time in culture (h) x In (2)

Doubling time =

(n (the number of harvested cells/thenumber of seeded

Colony forming unit assay

To test the colony forming unit-fibroblast (CFU-F) capability of the isolated cells,
single-cell suspensions (500cells) were seeded into 35-mm-diameter culture dishes and
maintained in growth medium for 14 days. Cells were then fixed in 10% buffered
formalin for 10 min, washed twice with PBS and stained with methylene blue. Aggregates
of approximately > 50 cells were counted under a microscope and scored ascolonies.
Differentiation assay

For adipogenic differentiation, 2.5 x10* cells were plated on48-well-plates and
maintained in adipogenic medium [growth medium containing insulin (0.1 mg/ml),
dexamethasone (1M), 3-isobutyl-1-methylxanthine (1 mM), and indomethacin (0.2 mM)]
for 14 days. The cells in control condition were maintained in normal growth
medium.Medium was changed every 72 h. The cells were then fixed in 10% buffered
formalin, rinsed twice with PBS, and stained with 0.2 % Oil Red O (OR) in propanol for 5
min. The cells were examined under a microscope to identify the presence of lipid
droplets. Subsequently, the samples were extracted with 100% propanol, and the
absorbance was measured at 490 nm. In other similarly cultured samples, RNA was
isolated and evaluated for adipogenic marker gene expression using RT-PCR methods as
described below.

To examine osteoblast differentiation, the cells were seeded at a density of 2.5
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x10°cells/well on 48-well-plates and maintained in an osteogenic medium (growth
medium supplemented with ascorbic acid (50 Hg/mL), dexamethasone (100nM), and
sodium phosphate (2mM) or beta-glyceraphosphate (10mM)). The cells were cultured for
14 days with the medium changed every 48 h. The cells in control condition were
maintained in normal growth medium.Mineralization was evaluated using Alizarin Red S
(AR) staining. Calcium deposition was quantified by destaining with 10% cetylpyridinium
chloride monohydrate (Sigma, USA) in 10 mM sodium phosphate at room temperature
for 15 min and determinedspectrophotometically at 570 nm. Osteoblast marker gene
expression was investigated using the RT-PCR methods described below.

To determine the role of Notch signaling on cell differentiation, hADSCs were
treated with aY-secretase inhibitor (DAPT; Sigma) at 25 UM to inhibit the cleavage of the
Notch intracellular domain, thus, inhibiting the Notch signaling cascade. In some
experiments, hADSCs were plated on an indirect affinity immobilization of Notchligand,
Jagged-1 (R&D Systems, USA) according to the protocol previously reported(Beckstead et
al., 2009).

Transfection and retroviral transduction (Osathanon et al.,, 2013a)

The retroviral plasmid for expression of dominant negative mastermind-like
transcriptional factor (DN-MAML; MSCV-Mam(12-74)-EGFP), a kind gift from Dr. Warren
Pear (University of Pennsylvania, PA, USA) and Associate Professor Dr. TanapatPalaga
(Chulalongkorn University, Thailand) or the control vector (MSCV-IRES-GFP, Addgene
plasmid 20672) was co-transfected with packaging construct pCL-Ampho (Imagenex) into

HEK293 cells using the FuGene® HD transfection reagent (Roche, USA) according to the
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manufacturer's instructions. Culture supernatants containing retroviruses were harvested
twice at 48 and 72 hours after transfection and were used to transduceADSCs.
Immobilization of Jagged-1 (Osathanon et al., 2013a)

Surface-bound Notch licand, Jagged-1, was fabricated by an indirect affinity
immobilization method previously reported by our group(Osathanon et al.,, 2013a;
Osathanon et al.,, 2013b). Briefly, recombinant protein G (50 Wg/mL: Zymed, USA) was
incubated with the tissue culture plate surface for 16 hours and subsequently,
incubated with BSA (10 mg/mL; Sigma, USA) for 2 hours. The surface was further
incubated with recombinant human Jagged-1 (10 WM: R&D Systems, USA) for 2 hours.
The surface was washed three times with sterile PBS between each step. An equal
amount of human IgG-Fc fragment (Jackson Immunoresearch Laboratory, USA) was
employed as a control. Prior to seeding the cells, the surfaces were washed once with
culture media.

Reverse-transcription Polymerase Chain Reaction (RT-PCR)

Total cellular RNA was extracted with Trizol reagent (Roche Diagnostics, USA)
according to the manufacturer’s instructions. RNA samples (1 [lg) were converted to
cDNA by avian myeloblastosis virus (AMV) reverse transcriptase (Promega, USA)for 1.5
hours at 42 “Cand, subsequently, the reaction was stopped by incubating in 99°C for 2
minutes. A semi-quantitative polymerase-chain reaction (PCR) was performed using Tag
polymerase (Tag DNA Polymerase, Invitrogen, Braziwith PCR volume of 25 HIL. The
reaction mixtures contained 25 pM of primers and 1 L of cDNA. The PCR working

conditions were set at a denaturation for 1 minute at 94°C, primer annealing for 1
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minuteat 60°C, and chain elongation for 1.45 minutes at 72°C on a DNA thermocycler
(MJ Mini personal thermocycler, Biorad, USA).The oligonucleotide sequences of the
primers are shown in Table 1(Chuenjitkuntaworn et al, 2010; Conley et al., 2000;
Osathanon et al., 2011; Patel et al,, 2005; Phi et al., 2010; Schilling et al., 2007; Valbuena
et al,, 2006; Wongkhantee et al., 2008; Xu et al., 2004). Theamplified DNA was then
electrophoresed on a 1.8% agarose gel and visualized with ethidiumbromide (EtBr; Bio-
Rad, USA) fluorostaining.The band density was evaluated using Image) software. The
number of gene expression was normalized to GAPDH. The normalized expression value
of the control had set asl in each gene.The relative expression value was further
compared to the control.
Statistical analyses

Theexperiments were performed in triplicate. Data are expressed as
meanzstandard deviation. Statistical analyses were performed using independent t-tests
for two group comparisons and a one-way analysis of variance (ANOVA), followed
byDunett test for multiple group comparisons. Differences at p<0.05 were considered to

be statistically significant.
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Chapter 4

Results

Morphology, doubling time and stem cell marker expression.

Homogeneous single cell derived clones wereisolated and cultured using a
cloning ring technique. Eighty-five hADSCs clones were isolated.Of these, fourteen clones
were able to proliferate through passage 4 for use in the characterization study.Cellular
morphology was different among these clones (Fig. 6A). In general, the cells had a
spindle, fibroblast-like morphology. However, clone 1 and 9 exhibited a stellate and
epithelial-like morphology, respectively.Individual clones showed variationsin doubling
time and colony forming unit ability, ranging from approximately 50 h-250 h and from
approximately 20-180 colonies, respectively (Fig. 6B and C). The average doubling time
and number of colony forming units were97.81+53.85 h and 61.97+48.00 colonies,
respectively. The mRNA expression of embryonic and mesenchymal stem cell markers
(Octd, Nanog, Rex 1, CD73, and CD105) was found in all clones (Fig. 7).While the CD73
and CD105 mRNA expression levels were relatively similar among these clones,different
MRNA expression levels ofthe embryonic stem cell markers Octd, Nanog, and Rex1 were
noted.Among all the clones, clones 7 and 8 had the highest mRNA expression of the

embryonic stem cell markers we assayed.
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Effect of passage number on colony forming unit, doubling time and stem cell
marker expression.

Four clones (C2, C3,C8 and C55) were selected to continue passage until passage
10. The colony forming unit, doubling time and stem cell marker expression were
examined to compare between passage 4 and 10. The results illustrated that there is no
significant different of doubling time and colony forming unit between passage 4 and 10.
(Table 2). In addition, the levels of mRNA expression were comparable in both passage,
except C3 which the decrease of OCT4 and CD105 mRNA levels was noted in passage 10
compared to passage 10 (Fig. 8).

Osteogenic and adipogenic differentiation.

AWl fourteen hADSCsclones were able to differentiate to osteogenicand
adipogenic lineages (Figs. 9, 10). All clones exhibited an increase in mineral deposition
when cultured in osteogenic medium for 14 days (Fig. 9A and B). We classified clones
with quantified AR staining of less than 1 as low osteogenic clones (clones 1,2,4, and 7)
and those with staining values of 2 and above as high osteogenic clones ( clones 4, 5, 6,
8, 9, 36, 37, 55, 63, and 70). Using clones 1 and 5 as representativelow and high
osteogenic clones, respectively, an increase in the mRNA expression of the osteogenic
marker genes ALP and OPN was noted in both clones after culturing in osteogenic
conditions (Fig. 9C). Concerning adipogenic differentiation, all clones were able to
differentiate to the adipogenic lineage. An increase in intracellular lipid accumulation
was observed in cells exposed to adipogenic induction medium for 14 day (Fig. 10A and

B). We classified clones with quantified OR staining of less than 0.2 as low adipogenic
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clones (clones 1-9) and those with staining values of 0.3 and above as high adipogenic
(clones 36, 37, 55, 63, and 70). Although the differentiation capacitydiffered among these
clones,a markedincrease in themRNA expression of the adipogenic marker genes LPL and
PPARY2 was noted in both representative high (clones 55 and 63) and low (clones 4 and
5) adipogenic clones.Notably, clones 36, 37, 55, 63, and 70 were both high osteogenic
and adipogenic clones, clones 1,2,3,and 7 were low osteogenic and adipogenic clones,
and clones 4,5,6, 8, and 9 were high osteogenic but low adipogenic clones. Together,
these data imply that each clone had different basal properties with some intrinsic
factorscontrolling their differentiation capacity.

Intrinsic mMRNA expression of Notch signaling components.

As it has been reported that Notch signaling is involved in the differentiation of
stem cells, the intrinsic mMRNA expression of Notch pathway participants was evaluated.
Figure 11 shows the mRNA expression levels in both high and low osteogenic and
adipogenic clones. Interestingly, high adipogenic clonesexhibited lower mRNA expression
of Notch receptors and ligands (Notch 2, 3, 4, Jaggedl and Deltal) compared to low
adipogenic clones. In contrast, there was no apparent difference in the mRNA expression
of Notch receptors and ligands between low and high osteogenic clones.We next
evaluated the expression of these Notch signaling molecules upon adipogenic
differentiation. We found decreased expression ofNotch receptor mRNA in both high,

clone 55, and low, clone 4,adipogenic clones (Fig. 12).
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Intrinsic mMRNA expression of Integrin, extracellular matrix protein and osteoblast
regulation factors.

In Fig. 13, higher mRNA expression of integrin alphab, SPARC, TWIST1, TWIST2,
and TGF-betal was noted in low osteogenic clones compared to those of high
osteogenic clones. While low adipogenic clones seems to have less of these genes
compared to high adipogenic clones.

Notch signaling inhibits adipogenic differentiation.

To further evaluate the involvement of Notch signaling in the adipogenic
differentiation of human adipose derived mesenchymal stem cells, clones 4 and 55
were again used as representatives of low and high adipogenic clones, respectively. A Y-
secretase inhibitor (DAPT) was employed to inhibit the cleavage of the intracellular
domain of the Notch receptor, resulting in the inhibition of Notch signaling. Treatment
with DAPTenhanced the adipogenic differentiation of both low and high adipogenic
clones (Fig. 14). Correspondingly, theseclones seeded on Jaggedl bound surfaces
exhibited lower intracellular lipid accumulation, indicating that their adipogenic

differentiation was attenuated by Notch signaling (Fig. 15).
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Chapter 5

Discussion

In the present study, we found Notch signaling inhibited the adipogenic
differentiation of single-cell-derived mesenchymal stem cell clones isolated from human
adipose tissue. We found thathighadipogenic clones exhibited lower intrinsic mRNA
expression of Notch receptors and ligands compared to lowadipogenic clones. Inhibiting
Notch signaling resulted in an enhancement of adipogenic differentiation, while the
exposure of cells to a Notch ligand resulted in an attenuation of the adipogenic
differentiation in both high and low adipogenic clones.

The multipotential differentiation capacity of stem cells is a main valuable
characteristic for regenerative medicine. Using standard isolation method, heterogeneous
population of stem cell was usually obtained.However, upon exposing heterogenous
population of stem cells in differentiation medium, only subpopulation of cells was
undergone differentiation into desired lineage. For example, it has been indicated that
mesenchymal stem cells differentiating into cardiomyocytes was less than thirty
percents (Wei et al.,, 2011). In addition, selected subpopulation of mesenchymal stem
cells, which had high cardiomyogenic differentiation capacity, had low adipogenic,
osteogenic and chondrogenic differentiation potency (Wei et al., 2011). In adipose tissue
derived mesenchymal stem cells, it has been demonstrated that selected cell
subpopulation isolated from adipose tissues had different differentiation potency

(Paredes et al,, 2011; Rada et al,, 2011). In this respect, clones that had low basal
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expression of osteogenicgenes exhibited high differentiation capacity towardadipogenic
lineages (Paredes et al,, 2011), implying that basal gene expression may pre-determines
cell fate decision. In the present study, we observed a relationship between the intrinsic
expression of Notch signaling components and the adipogenic differentiation potential of
human adipose derived mesenchymalsingle-stem-cell clones. Clones with a low intrinsic
MRNA expression of Notch ligands and receptors had a higher adipogenic differentiation
potential. Together, these data emphasize the influence of intrinsic factor of stem cells
on their differentiation potency. Thus, selecting stem cell subpopulation based on their
specificintrinsic gene expression may facilitate differentiation procedure in regenerative
therapeutic approach.

From a heterogeneous adipose tissue population, a subpopulation of the
stromalvascular fraction has been identified expressing Notch1, Deltal, Deltad, Jaggedl,
Numb and Hes1(Andersen et al., 2008; Bray, 2006). Notch signaling influenced the growth
as well as the osteogenic and adipogenic differentiation of a heterogeneous population
of adipose stem cells(Huang et al,, 2010; Jing et al,, 2010).In this regard, it has been
shown that Notch signaling induced cell proliferation and reduced osteogenic
differentiation in murine adipose stem cells (Jing et al., 2010). Moreover, it has been
reported thathuman mesenchymal stem cell clones, which highly expressed Notch
ligand, had a high mineralization potential (Fujita et al., 2008). In contrast, we foundno
obvious difference in the baseline mRNA expression of Notch receptors and ligands
between low and high osteogenic clones. This discrepancy may be due to the tissue

source of the mesenchymal stem cells obtained.
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Regarding, adipogenic differentiation, inhibition of the Notch signaling pathway in
murine adipose derived mesenchymal stem cells promotedtranscription of PPAR-
gamma, a marker of adipogenic differentiation, and suppressed transcription of DLK-
1/Pref-1, a marker of undifferentiated pre-adipocytes(Huang et al., 2010). In support of
our study, these results indicate that the pharmacological blocking of Notch signaling
induced adipogenesis in a heterogeneous population of adipose stem cells.In addition,
the supplement of 7Y-secretase inhibitior, a Notch signaling inhibitor, enhances
adipogenesis in human mesenchymal stem cells, while no effect on osteogeneis was
noted (Vujovic et al., 2007). Overexpression of Notch intracellular domain or Notch
lisand, Jagged-1, potently inhibited intracellular lipid accumulation and decreased PPAR-
gamma, fatty acid bonding protein-4 and adiponectin expression (Ugarte et al., 2009). In
the present study, adipogenic differentiation in both low and high adipogenic clones was
enhanced after treating the cells with a Y-secretase inhibitor, but was attenuated when
the cells were exposed to an exogeneous Notch ligand, demonstratingthat Notch
signaling controls the adipogenic differentiation of adipose derived single-cell clones.

Currently, we used Y-secretase inhibitor for the inhibition experiments. Several
limitation of this approach was noted i.e. non-specific inhibition effects, and some
toxicity at high dose. To further avoid these limitations as well as to specific inhibition of
Notch signaling in genetic levels, dominant negative mastermind liked protein (DN-
MAML) was employed in the study using the retroviral transduction. DN-MAML retroviral
transduction inhibits mastermind activity, thus resulting in the inhibition of Notch target

gene expression. In the present study, we also performed the stable inhibition of Notch
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signaling in the heterogeneous population using DN-MAML retroviral transfection to
inhibit intracellular Notch signaling. However, the examination of Notch target gene
expression upon transfection illustrated that forced expression of DN-MAML cannot
effectively inhibit Notch signaling in these cells (Fig 16). This may due to the difficulty of
retroviral transfection in human primary cells. The genetic manipulation to further
investigate the influence of Notch signaling in adipose-derived mesenchymal stem cell is
indeed necessitated. The future study will have to address this point.

The differential expression of Notch receptor impacts cell behaviors. In this
regard, cell fate determination in olfactory epithelium was regulated by the alteration of
Notch receptor as shown in olfactory epithelium (Carson et al., 2006). Moreover, it has
been shown that Notch1, Notch2 and Notch3 involved in inflammatory kidney diseases
but the role of these receptors was not redundancy(Djudjaj et al., 2012).Notch 1
selective inhibition resulted in the reduction of cancer cell proliferation and angiogenesis
while inhibition of Notch1 and Notch2 resulted in severe toxicity (Wu et al., 2010). In the
present study, we demonstrated that Notchl expression was relatively higher than
Notch2, Notch3, and Notch4. This differential intrinsic expression pattern of Notch
receptors in both low and high adipogenic clone may influence cell behaviors. In this
respect, it has been reported that Notchl played important role in adipogenic
differentiation. The decrease of Notchl expression was noted upon adipogenic induction
of pre-adipocyte cell line (3T3-L1) and the inhibition of Notchl expression using Notch1
antisense attenuated adipogenesis (Nueda et al., 2007). Correspond to the present study,

we showed that Notchl expression was relatively similar between high and low
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adipogenic clone and decreased upon adipogenic differentiation, confirming the
functional role of Notchl in adipogenesis. Thus, these observations may imply that
Notch1 expression is required for initiation adipogenic differentiation and, subsequently,
the downregulation of Notch1 is necessitated during maturation of adipogenesis. Further
investigation is indeed essential to provide and confirm the role of Notch1 in adipogenic
differentiation.

In the present study, we focused only the canonical pathway of Notch signaling.
However, non-canonical pathway also plays roles in cell behaviors. The results from this
study can limited explain partial roles of Notch signaling in single-cell-derived adipose
mesenchymal stem cells. The studies on non-canonical pathway should be further

examined.
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Chapter 6

Conclusion

In summary, Notch signaling regulated adipogenesis in adipose tissue-derived
mesenchymal stem cells. In addition, the intrinsic expression of Notch receptor is related
to adipogenic differentiation potency, but not osteogenic differentiation. Notch signaling
activation resulted in the attenuation of adipogenesis while the inhibition of Notch
signaling resulted in the enhancement of adipogenic differentiation. This knowledge
could be applied to identify subpopulations of adipose derived stem cells that are
susceptible to adipogenic differentiation, using expression of Notch signaling
components as markers. These cells may be of use in adipose tissue engineering to fulfil

soft-tissue augmentation demands.



25

References

Andersen DC, Schroder HD, Jensen CH (2008). Non-cultured adipose-derived CD45- side
population cells are enriched for progenitors that give rise to myofibres in vivo.
Exp Cell Res 314(16):2951-64.

Ashjian PH, Elbarbary AS, Edmonds B, DeUgarte D, Zhu M, Zuk PA, et al. (2003). In vitro
differentiation of human processed lipoaspirate cells into early neural
progenitors. Plast Reconstr Surg 111(6):1922-31.

Beckstead BL, Tung JC, Liang KJ, Tavakkol Z, Usui ML, Olerud JE, et al. (2009). Methods
to promote Notch signaling at the biomaterial interface and evaluation in a rafted
organ culture model. J Biomed Mater Res A 91(2):436-46.

Bianco P, Robey PG, Simmons PJ (2008). Mesenchymal stem cells: revisiting history,
concepts, and assays. Cell Stem Cell 2(4):313-9.

Blaumueller CM, Qi H, Zagouras P, Artavanis-Tsakonas S (1997). Intracellular cleavage of
Notch leads to a heterodimeric receptor on the plasma membrane. Cell
90(2):281-91.

Bray SJ (2006). Notch signalling: a simple pathway becomes complex. Nat Rev Mol Cell
Biol 7(9):678-89.

Brou C, Logeat F, Gupta N, Bessia C, LeBail O, Doedens JR, et al. (2000). A novel
proteolytic cleavage involved in Notch signaling: the role of the disintegrin-

metalloprotease TACE. Mol Cell 5(2):207-16.



26

Brown SA, Levi B, Lequeux C, Wong VW, Mojallal A, Longaker MT (2010). Basic science
review on adipose tissue for clinicians. Plast Reconstr Surg 126(6):1936-46.

Carson C, Murdoch B, Roskams AJ (2006). Notch 2 and Notch 1/3 segregate to neuronal
and glial lineages of the developing olfactory epithelium. Dev Dyn 235(6):1678-
88.

Cheng NC, Wang S, Young TH (2012). The influence of spheroid formation of human
adipose-derived stem cells on chitosan films on stemness and differentiation
capabilities. Biomaterials 33(6):1748-58.

Chiba S (2006). Notch signaling in stem cell systems. Stem Cells 24(11):2437-47.

Choi YS, Dusting GJ, Stubbs S, Arunothayaraj S, Han XL, Collas P, et al. (2010).
Differentiation of human adipose-derived stem cells into beating cardiomyocytes.
J Cell Mol Med 14(4):878-89.

Choi YS, Vincent LG, Lee AR, Dobke MK, Engler AJ (2012). Mechanical derivation of
functional myotubes from adipose-derived stem cells. Biomaterials 33(8):2482-
91.

Chuenjitkuntaworn B, Inrung W, Damrongsri D, Mekaapiruk K, Supaphol P, Pavasant P
(2010).  Polycaprolactone/hydroxyapatite composite scaffolds: preparation,
characterization, and in vitro and in vivo biological responses of human primary
bone cells. J Biomed Mater Res A 94(1):241-51.

Conley BA, Smith JD, Guerrero-Esteo M, Bernabeu C, Vary CP (2000). Endoglin, a TGF-beta
receptor-associated protein, is expressed by smooth muscle cells in human

atherosclerotic plaques. Atherosclerosis 153(2):323-35.



27

Cornell RA, Eisen JS (2005). Notch in the pathway: the roles of Notch signaling in neural
crest development. Semin Cell Dev Biol 16(6):663-72.

Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, Park TS, et al. (2008). A perivascular
origin for mesenchymal stem cells in multiple human organs. Cell Stem Cell
3(3):301-13.

da Silva Meirelles L, Caplan Al, Nardi NB (2008). In search of the in vivo identity of
mesenchymal stem cells. Stem Cells 26(9):2287-99.

Dellavalle A, Sampaolesi M, Tonlorenzi R, Tagliafico E, Sacchetti B, Perani L, et al. (2007).
Pericytes of human skeletal muscle are myogenic precursors distinct from
satellite cells. Nat Cell Biol 9(3):255-67.

Djudjaj S, Chatziantoniou C, Raffetseder U, Guerrot D, Dussaule JC, Boor P, et al. (2012).
Notch-3 receptor activation drives inflammation and fibrosis following
tubulointerstitial kidney injury. J Pathol 228(3):286-99.

Edbauer D, Winkler E, Regula JT, Pesold B, Steiner H, Haass C (2003). Reconstitution of
gamma-secretase activity. Nat Cell Biol 5(5):486-8.

Engin F, Lee B (2010). NOTCHing the bone: insights into multi-functionality. Bone
46(2):274-80.

Fujita S, Toguchida J, Morita Y, Iwata H (2008). Clonal analysis of hematopoiesis-
supporting activity of human mesenchymal stem cells in association with Jagged1
expression and osteogenic potential. Cell Transplant 17(10-11):1169-79.

Gimble JM (2003). Adipose tissue-derived therapeutics. Expert Opin Biol Ther 3(5):705-13.



28

Halvorsen YD, Franklin D, Bond AL, Hitt DC, Auchter C, Boskey AL, et al. (2001).
Extracellular matrix mineralization and osteoblast gene expression by human
adipose tissue-derived stromal cells. Tissue Eng 7(6):729-41.

He F, Yang Z, Tan Y, Yu N, Wang X, Yao N, et al. (2009). Effects of Notch ligand Deltal on
the proliferation and differentiation of human dental pulp stem cells in vitro.
Arch Oral Biol 54(3):216-22.

Huang Y, Yang X, Wu Y, Jing W, Cai X, Tang W, et al. (2010). gamma-secretase inhibitor
induces adipogenesis of adipose-derived stem cells by regulation of Notch and
PPAR-gamma. Cell Prolif 43(2):147-56.

Jing W, Xiong Z, Cai X, Huang Y, Li X, Yang X, et al. (2010). Effects of gamma-secretase
inhibition on the proliferation and vitamin D(3) induced osteogenesis in adipose
derived stem cells. Biochem Biophys Res Commun 392(3):442-7.

Joseph NM, Mukouyama YS, Mosher JT, Jaegle M, Crone SA, Dormand EL, et al. (2004).
Neural crest stem cells undergo multilineage differentiation in developing
peripheral nerves to generate endoneurial fibroblasts in addition to Schwann
cells. Development 131(22):5599-612.

Kim EK, Lim S, Park JM, Seo JK, Kim JH, Kim KT, et al. (2012). Human mesenchymal stem
cell differentiation to the osteogenic or adipogenic lineage is regulated by AMP-
activated protein kinase. J Cell Physiol 227(4):1680-7.

Kim M, Kim I, Lee SK, Bang SI, Lim SY (2011). Clinical trial of autologous differentiated
adipocytes from stem cells derived from human adipose tissue. Dermatol Surg

37(6):750-9.



29

Kingham PJ, Mantovani C, Terenghi G (2009). Notch independent signalling mediates
Schwann cell-like differentiation of adipose derived stem cells. Neurosci Lett
467(2):164-8.

Liu BS, Yang YC, Shen CC (2012). Regenerative effect of adipose tissue-derived stem cells
transplantation using nerve conduit therapy on sciatic nerve injury in rats. J
Tissue Eng Regen Med.

Logeat F, Bessia C, Brou C, LeBail O, Jarriault S, Seidah NG, et al. (1998). The Notchl
receptor is cleaved constitutively by a furin-like convertase. Proc Natl Acad Sci U
S A 95(14):8108-12.

Lovschall H, Tummers M, Thesleff |, Fuchtbauer EM, Poulsen K (2005). Activation of the
Notch signaling pathway in response to pulp capping of rat molars. Eur J Oral Sci
113(4):312-7.

Lu Z, Roohani-Esfahani SI, Wang G, Zreigat H (2011). Bone biomimetic microenvironment
induces osteogenic differentiation of adipose tissue-derived mesenchymal stem
cells. Nanomedicine.

Marino G, Rosso F, Ferdinando P, Grimaldi A, De Biasio G, Cafiero G, et al. (2012). Growth
and endothelial differentiation of adipose stem cells on polycaprolactone. J
Biomed Mater Res A 100(3):543-8.

Miranville A, Heeschen C, Sengenes C, Curat CA, Busse R, Bouloumie A (2004).
Improvement of postnatal neovascularization by human adipose tissue-derived

stem cells. Circulation 110(3):349-55.



30

Moon MH, Kim SY, Kim YJ, Kim SJ, Lee JB, Bae YC, et al. (2006). Human adipose tissue-
derived mesenchymal stem cells improve postnatal neovascularization in a
mouse model of hindlimb ischemia. Cell Physiol Biochem 17(5-6):279-90.

Nueda ML, Baladron V, Sanchez-Solana B, Ballesteros MA, Laborda J (2007). The EGF-like
protein dlkl inhibits notch signaling and potentiates adipogenesis of
mesenchymal cells. J Mol Biol 367(5):1281-93.

Osathanon T, Nowwarote N, Pavasant P (2011). Basic fibroblast growth factor inhibits
mineralization but induces neuronal differentiation by human dental pulp stem
cells through a FGFR and PLCgamma signaling pathway. J Cell Biochem
112(7):1807-16.

Osathanon T, Manokawinchoke J, Nowwarote N, Aguilar P, Palaga T, Pavasant P (2013a).
Notch signaling is involved in neurogenic commitment of human periodontal
ligament-derived mesenchymal stem cells. Stem Cells Dev 22(8):1220-31.

Osathanon T, Ritprajak P, Nowwarote N, Manokawinchoke J, Giachelli C, Pavasant P
(2013b). Surface-bound orientated Jagged-1 enhances osteogenic differentiation
of human periodontal ligament-derived mesenchymal stem cells. J Biomed
Mater Res A 101(2):358-67.

Paredes B, Santana A, Arribas MI, Vicente-Salar N, de Aza PN, Roche E, et al. (2011).
Phenotypic differences during the osteogenic differentiation of single cell-derived

clones isolated from human lipoaspirates. J Tissue Eng Regen Med 5(8):589-99.



31

Park JS, Shim MS, Shim SH, Yang HN, Jeon SY, Woo DG, et al. (2011). Chondrogenic
potential of stem cells derived from amniotic fluid, adipose tissue, or bone
marrow encapsulated in fibrin gels containing TGF-beta3. Biomaterials
32(32):8139-49.

Patel NS, Li JL, Generali D, Poulsom R, Cranston DW, Harris AL (2005). Up-regulation of
delta-like 4 ligand in human tumor vasculature and the role of basal expression
in endothelial cell function. Cancer Res 65(19):8690-7.

Perez-Cano R, Vranckx JJ, Lasso JM, Calabrese C, Merck B, Milstein AM, et al. (2012).
Prospective trial of adipose-derived regenerative cell (ADRC)-enriched fat grafting
for partial mastectomy defects: the RESTORE-2 trial. Eur J Surg Oncol 38(5):382-9.

Phi JH, Kim JH, Eun KM, Wang KC, Park KH, Choi SA, et al. (2010). Upregulation of SOX2,
NOTCH1, and ID1 in supratentorial primitive neuroectodermal tumors: a distinct
differentiation pattern from that of medulloblastomas. J Neurosurg Pediatr
5(6):608-14.

Planat-Benard V, Silvestre JS, Cousin B, Andre M, Nibbelink M, Tamarat R, et al. (2004).
Plasticity of human adipose lineage cells toward endothelial cells: physiological
and therapeutic perspectives. Circulation 109(5):656-63.

Prasitsumrit B, Peechavibul, P., Sukniyom, P. (2011). Notch signaling in adipose-derived
mesenchymal stem cells. Bangkok, Chulalongkorn University.

Rada T, Reis RL, Gomes ME (2011). Distinct stem cells subpopulations isolated from
human adipose tissue exhibit different chondrogenic and osteogenic

differentiation potential. Stem Cell Rev 7(1):64-76.



32

Rebay I, Fleming RJ, Fehon RG, Cherbas L, Cherbas P, Artavanis-Tsakonas S (1991).
Specific EGF repeats of Notch mediate interactions with Delta and Serrate:
implications for Notch as a multifunctional receptor. Cell 67(4):687-99.

Safford KM, Hicok KC, Safford SD, Halvorsen YD, Wilkison WO, Gimble JM, et al. (2002).
Neurogenic differentiation of murine and human adipose-derived stromal cells.
Biochem Biophys Res Commun 294(2):371-9.

Schilling T, Noth U, Klein-Hitpass L, Jakob F, Schutze N (2007). Plasticity in adipogenesis
and osteogenesis of human mesenchymal stem cells. Mol Cell Endocrinol 271(1-
2):1-17.

Scholz T, Sumarto A, Krichevsky A, Evans GR (2011). Neuronal differentiation of human
adipose tissue-derived stem cells for peripheral nerve regeneration in vivo. Arch
Surg 146(6):666-74.

Sen A, Lea-Currie YR, Sujkowska D, Franklin DM, Wilkison WO, Halvorsen YD, et al. (2001).
Adipogenic potential of human adipose derived stromal cells from multiple
donors is heterogeneous. J Cell Biochem 81(2):312-9.

Singhatanadgit W, Donos N, Olsen | (2009). Isolation and characterization of stem cell
clones from adult human ligament. Tissue Eng Part A 15(9):2625-36.

Sterodimas A, de Faria J, Nicaretta B, Boriani F (2011). Autologous fat transplantation
versus adipose-derived stem cell-enriched lipografts: a study. Aesthet Surg J

31(6):682-93.



33

Taha MF, Hedayati V (2010). Isolation, identification and multipotential differentiation of
mouse adipose tissue-derived stem cells. Tissue Cell 42(4):211-6.

Taylor MK, Yeager K, Morrison SJ (2007). Physiological Notch signaling promotes
gliogenesis in the developing peripheral and central nervous systems.
Development 134(13):2435-47.

Thesleff T, Lehtimaki K, Niskakangas T, Mannerstrom B, Miettinen S, Suuronen R, et al.
(2011). Cranioplasty with adipose-derived stem cells and biomaterial: a novel
method for cranial reconstruction. Neurosurgery 68(6):1535-40.

Ugarte F, Ryser M, Thieme S, Fierro FA, Navratiel K, Bornhauser M, et al. (2009). Notch
signaling enhances osteogenic differentiation while inhibiting adipogenesis in
primary human bone marrow stromal cells. Exp Hematol 37(7):867-875 el.

Valbuena D, Galan A, Sanchez E, Poo ME, Gomez E, Sanchez-Luengo S, et al. (2006).
Derivation and characterization of three new Spanish human embryonic stem
cell lines (VAL -3 -4 -5) on human feeder and in serum-free conditions. Reprod
Biomed Online 13(6):875-86.

Vujovic S, Henderson SR, Flanagan AM, Clements MO (2007). Inhibition of gamma-
secretases alters both proliferation and differentiation of mesenchymal stem
cells. Cell Proljf 40(2):185-95.

Wei F, Wang T, Liu J, Du Y, Ma A (2011). The subpopulation of mesenchymal stem cells
that differentiate toward cardiomyocytes is cardiac progenitor cells. Exp Cell Res

317(18):2661-70.



34

Wickham MQ, Erickson GR, Gimble JM, Vail TP, Guilak F (2003). Multipotent stromal cells
derived from the infrapatellar fat pad of the knee. Clin Orthop Relat Res
412):196-212.

Wilson A, Butler PE, Seifalian AM (2010). Adipose-derived stem cells for clinical
applications: a review. Cell Prolif 44(1):86-98.

Wongkhantee S, Yongchaitrakul T, Pavasant P (2008). Mechanical stress induces
osteopontin via ATP/P2Y1 in periodontal cells. J Dent Res 87(6):564-8.

Wrage PC, Tran T, To K, Keefer EW, Ruhn KA, Hong J, et al. (2008). The neuro-glial
properties of adipose-derived adult stromal (ADAS) cells are not regulated by
Notch 1 and are not derived from neural crest lineage. PLoS One 3(1):e1453.

Wu Y, Cain-Hom C, Choy L, Hagenbeek TJ, de Leon GP, Chen Y, et al. (2010). Therapeutic
antibody targeting of individual Notch receptors. Nature 464(7291):1052-7.

Xu WP, Shiba H, Mizuno N, Uchida Y, Mouri Y, Kawaguchi H, et al. (2004). Effect of bone
morphogenetic proteins-4, -5 and -6 on DNA synthesis and expression of bone-
related proteins in cultured human periodontal ligament cells. Cell Biol Int
28(10):675-82.

Zanotti S, Canalis E (2010). Notch and the skeleton. Mol Cell Biol 30(4):886-96.

Zhang C, Chang J, Sonoyama W, Shi S, Wang CY (2008). Inhibition of human dental pulp
stem cell differentiation by Notch signaling. J Dent Res 87(3):250-5.

Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, et al. (2001). Multilineage cells
from human adipose tissue: implications for cell-based therapies. Tissue Eng

7(2):211-28.



35

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al. (2002). Human

adipose tissue is a source of multipotent stem cells. Mol Biol Cell 13(12):4279-95.



Table 1 Primer sequences

36

Gene Primer sequences(forward) Primer sequences(reward)

ocT4 57 AGACCCAGCAGCCTCAAAATC 3’ 57 GCAACCTGGAGAATTTGTTCCT 3’
NANOG 5" GGAAGAGTAGAGGCTGGGGT 3’ 5 TCTCTCCTCTTCCTTCTCCA 3’
REX1 57 AGAATTCGCTTGAGTATTCTGA 3’ 5" GGCTTTCAGGTTATTTGACTGA 3’
CD73 57 ACACTTGGCCAGTAAAATAGGG 3’ 57 ATTGCAAAGTGGTTCAAAGTCA 3’
CcD105 57 CATCACCTTTGGTGCCTTCC 3’ 57 CTATGCCATGCTGCTGGTGGA 3’
NESTIN 57 CTGCGGGCTACTGAAAAG TT 3’ 57 AGGCTGAGGGACATCTTGAG 3’
SOX9 57 GAACGCACATCAAGACGGAG 3’ 5" TCTCGTTGATTTCGGTGCTC 3’
SOX2 57 ACCAGCTCGCAGACCTAC AT 3’ 5" ATGTGTGAGAGGGGCAGTGT 3’
NMD 57 CACTGATAACTCGCCGTCCT 3’ 5" CTCTTCAGCTTGGCTGCTCT 3’
LPL 5" GAGATTTCTCTGTATGGCACC 3’ 57 CTGCAAATGAGACACTTTCTC 3’
PPARYZ 5" GCTGTTATGGGTGAAACTCTG 3’ 57 ATAAGGTGGAGATGCAGGCTC 3’
ALP 57 CGAGATACAAGCACTCCCACTTC 3’ | 5 CTGTTCAGCTCGTACTGCATGTC 3’
OPN 57 AGTACCCTGATGCTACAGACG 3’ 57 CAACCAGCATATCTTCATGGCTC 3’
NOTCH1 5-GCCGCCTTTGTGCTTCTGTTC-3 5-CCGGTGGTCTGTCTGGTCGTC-3
NOTCHZ 57 CCAGAATGGAGGTTCCTGTA 3’ 57 GTACCCAGGCCATCAACACA 3’
NOTCH3 5" TCTTGCTGCTGGTCATTCTC 3’ 57 TGCCTCATCCTCTTCAGTTG 3’
NOTCH4 57 AGCCGATAAAGATGCCCA 3’ 57 ACCACAGTCAAGTTGAGG 3’
JAGGED-1 57 AGTCACTGGCACGGTTGTAG 3’ 5" TCGCTGTATCTGTCCACCTG 3’
DLL1 57 AGACGGAGACCATGAACAAC 3’ 57 TCCTCGGATATGACGTACAC 3’
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Gene Primer sequences(forward) Primer sequences(reward)

HEY1 5" GGAGAGGCGCCGCTGTAGTTA 3’ 5" CAAGGGCGTGCGCGTCAAAGT A 3’
HES1 57 AGGCGGACATTCTGGAAATG 3’ 57 CGGTACTTCCCCAGCACACTT 3’
Integrin [))1 57 AGGAACAGCAGAGAAGCTCA 3’ 57 AGCCGTGTAACATTCCTCCA 3’
SPARC 57 GAAAATCCCTGCCAGAACCA 3’ 57 AACTGCCAGTGTACAGGGAA 3’
TWISTI 57 TCTTACGAGGAGCTGCAGACGCA 3’ | 5 ATCTTGGAGTCCAGCTCGTCGCT 3’
TWISTZ 57 GCTGCGCAAGATCATCCC 37 57 GTAGCTGCA GCTGGTCATC 3’

FN 57 GGATCACTTACGGAGAAACAG 3’ 5" GGATTGCATGCATTGTGTCCT 3’
TGF—[))Z 57 GCTAATGGTGGAAACCCACA 3’ 57 AGTGAACCCGTTGATGTCCA 3’
GAPDH 5" TGAAGGTCGGAGTCAACGGAT 3’ 57 TCACACCCATGACGAACATGG 3’




Table 2 Effect of Passage number on doubling time and colony forming unit

Clone Colony forming unit
No Doubling time (hours)
(Colony count)
P4 P10 P4 P10
C2 178.87+£58.72 120.53+£59.71 19.66+7.76 18.33+5.50
c3 114.01+13.91 285.15+£177.22 34.66+8.38 37.00+£7.21
8 85.14+28.18 75.69+15.40 a47.66+17.15 43.66+5.03
C55 70.61+4.70 71.21+13.18 44.66+6.65 26.66+2.51
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Figure 1 Characteristic of cells isolated from human adipose tissues. (A) Cell morphology
observed using phase contrast microscope. (B) STRO-1 positive cell population in
isolated cells. (C) The mRNA expression of embryonic and mesenchymal stem cell

markers.(Prasitsumrit, 2011)
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Figure 2 Adipogenic differentiation. Isolated cells were cultured in adipogenic induction
medium for 14 days. (A) Cells in the control growth medium. (B) Cells in adipogenic

induction medium illustrating intracellular lipid accumulation.(Prasitsumrit, 2011)
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Figure 3 Osteogenic differentiation. Isolated cells were cultured in ostegenic induction
medium. (A) The alkaline phosphatase enzymatic activity. (B) The mineral deposition

determining by alizarin red S staining.(Prasitsumrit, 2011)
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Figure 4 Neurogenic differentiation. Isolated cells were cultured in neurogenic induction
medium. The formation of neurospheres was noted at dayl (B), day2 (C), and day7 (D).
Floating single cells were observed in dayO (A). The mRNA expression of neurogenic

markers was exmanied (E).(Prasitsumrit, 2011)
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Figure 5 The mMRNA expression of Notch target genes upon adipose- derived
mesenchymal stem differentiating toward osteogenic, adipogenic and neurogenic

lineages.(Prasitsumrit, 2011)
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Figure 6 Adipose tissue derived clone characteristics. Morphology of the fourteen single-
cell clones derived from human adipose tissue (A). Population doubling time. (B) Colony

forming units Q).
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Figure 7 ThemRNA expression of the embryonic stem cell markers (Oct4, Nanog and
Rex-1) and the mesenchymal stem cell markers (CD73 and CD105) by human adipose

derived mesenchymal single clones.
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Figure 8 The mRNA expression of embryonic and mesenchymal stem cells expression at

passage 4 (P4) and passage 10 (P10)
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Figure 9 Osteogenic differentiation of human adipose derived mesenchymal single
clones. Mineralization evaluated by Alizarin Red S staining after culturing in osteogenic
medium (OM) for 14 days (A and B). The osteogenic mRNA marker gene expression of
representative low (Clonel) and high (Clone5) osteogenic clones after osteogenic

induction (C).
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Figure 10 Adipogenic differentiation of human adipose derived mesenchymal single
clones. Intracellular lipid accumulation evaluated by Oil Red O staining after culturing in
adipogenic medium (AM) for 14 days (A and B). The adipogenic mMRNA marker gene
expression of representative low (Clone 4 and 5) and high (Clone 55 and 63) adipogenic

clones after induction (C).
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Figure 11 Baseline mRNA expression of Notch receptors (Notchl, 2, 3, and 4) and Notch
lisands (Jaggedl and Deltal) in representative low/high adipogenic and osteogenic
clones (A). Graphs represent relative density (B). Asterisk (*) indicates a significant
difference (p<0.05) compared to a representaive high adipogenic clone (Clone 63). Plus
sign (+) indicates a significant difference (p<0.05) compared to a representative high

osteogenic clone (clone 6).
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Figure 12 The Notch receptor mRNA expression of high and low adipogenic clones after

adipogenic induction for 14 days.
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Figure 13 Baseline mRNA expression of membrane receptor (Integrin), extracellular

matrix (SPARC and FN) and osteogenic regulation molecule (TWIST and TGF-betal) in

representative low/high adipogenic and osteogenic clones.
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Figure 14 Effect of Notch signaling on adipogenic differentiation of low and high
adipogenic clones. Adipogenic differentiation of representative low (clone 4) and high
(clone 55)adipogenic clones in the presence of Y-secretase inhibitor for 7 days. The bars
showed statistical significance (p<0.05). Ctrl; cells cultured in normal growth medium,
NT; cells cultured in adipogenic medium without Y-secretase inhibitor, DAPT; cells

cultured in adipogenic medium with Y-secretase inhibitor (25 [AM).
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Figure 15 Effect of Notch signaling on adipogenic differentiation of low and high
adipogenic clones.Adipogenic differentiation of representative low (clone 4) and high
(clone 55) adipogenic clones in the presence of Notch ligands, Jagged-1, for 7 days. The
bars showed statistical significance (p<0.05). Ctrl; cells cultured in normal growth
medium, NT; cells cultured in adipogenic medium on the control human Fc modified
surface; Jagged-1; cells cultured in adipogenic medium on the Jagged-1 modified surface

(10nM).
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Figure 16 The mRNA expression of Notch target genes in heterogeneous adipose-derived

mesenchymal stem cells upon transfection with DN-MAML.
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