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ABSTRACT

The Molecular Mechanisms of c-MYC and REX1
for Proliferation and Differentiation in Adult

Stem Cells

Dilli Ram Bhandari, B.V.Sc. &A.H., MS
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College of Veterinary Medicine

Graduate School of Seoul National University

Supervisor: Kyung-Sun, Kang, D.V.M., Ph.D.

c-MYC and REXI, the transcription factors, are considered as pluripotent
markers genes in embryonic stem cells. They have multiple functions in cell
proliferation, differentiation and cellular transformations in stem cells
including mesenchymal stem cells (MSCs). Molecular mechanistic studies
through histone modification for c-MYC and p38 MAPK signal pathways for



REX1 are performed in MSCs. Lentiviral vector based gene knock-down
studies were performed for c-MYC and REX1 as well as lenti-viral vector
system based c-MYC over expression also done. Cell proliferation and
differentiation status was dramatically decreased in ¢-MYC knocked-down
cells; however it was improved in c-MYC over-expression cells. Cell
proliferation status in REX1 inhibited cells was found to be similar as of c-
MYC, but more adipogenic positive cells were found in REX1 inhibited cells.
On the other hand, osteogenic differentiation was dramatically decreased in
REX1 inhibited cells. The results of RT-PCR and Western blot showed the
regulatory role of c-MYC over HDAC2 and polycomb group (PcG) genes.
Similar studies of REX1 showed the inverse relation between the expressions
of REX1 and MKK3, upstream activator of p38 MAPK. Finally, they were
confirmed as cell fate determinants for proliferation and differentiation in
human MSCs. Chromatin immuno-precipitation assay confirmed that c-MYC
bound in HDAC2 and REX1 bound in MKK3 directly. From this study, it is
concluded that c-MYC has influential role for cell proliferation and
differentiation via chromosomal modification, and REX1 plays similar role

through p38 MAPK signal pathways in human adult stem cells.
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LITERATURE REVIEW

Cell proliferation and differentiation determine the

expression level of c-MYC and REX1 in Adult stem cells

Introduction

Stem cells, characterized by the ability to both self-renew and
differentiate into various functional cell types, have been derived from the
embryo and various sources of postnatal animals (Jaenisch and Young, 2008).
MSCs have been isolated from bone marrow, adipose tissue, peripheral blood,
fetal liver, lung, amniotic fluid, chorionic villi of the placenta and umbilical
cord blood (Campagnoli et al., 2001; Erices et al., 2000; Gronthos et al., 2001;
Igura et al., 2004; Tsai et al., 2004; Zvaifler et al., 2000). MSCs are promising
tools for regenerative medicine. These cells can be differentiated into
fibroblasts, adipocytes, osteoblasts, chondrocytes (Prockop, 1997),
tendinocytes, ligamentocytes (Pittenger et al., 2002), cardiomyocytes (Makino
et al., 1999), neuronal cell (Phinney and Isakova, 2005; Tropel et al., 2006);

and other cells (Bhatia and Hare, 2005).



c-MYC and REX1 are two core transcription factors having critical
role to maintain self renewal in embryonic stem cells (Cartwright et al., 2005;
Rabhl et al., ; Ben-Shushan et al., 1998). The c-MYC is a well known nuclear
proto-oncogene having multiple functions in cell proliferation, differentiation,
cellular transformation, apoptosis, as well as in cellular reprogramming
(Singh and Dalton, 2009; Meyer and Penn, 2008). It is found in 20% of
human cancers (Dang et al., 2006) and is also a critical factor for
reprogramming of cells (Sridharan et al., 2009). REX1 is a well known
embryonic stem (ES) cell marker (Ben-Shushan et al., 1998). It was identified
for the first time in 1989, the expression level of REX1 decreased dramtically
during differentiation of mouse F9 teratocarcinoma cells by retinoic acid
(Hosler et al., 1989). It’s expression is widely found in many stem cells both
embryonic and adult stem cells (Mongan et al., 2006) as well as in placenta

and spermatogenesis (Rogers et al., 1991).
Purpose of the study

From the literatures, it is found that the role of c-MYC and REX1 are
studied in embryonic stem cells and cancers. Recently the study on the role of
these transcription factors for cell proliferation and differentiation in adult
stem cells was performed. For this, c-MYC and REX1, inhibition study was
done by making small hairpin RNA (shRNA) for c-MYC and REX1 as well

as c-MYC over-expression study was also performed.



Role in cell Proliferation

c-MYC is a global transcription regulator (Meyer and Penn, 2008). It
can bind with 10-15% of human genome and regulate genes expression in
different fields including cell cycle. c-MYC was reported to be well expressed
in all proliferative cells. In mammalian cells, cell cycle enhances by the
activation of cyclin dependent kinases and the regulatory cyclins (Zornig and
Evan, 1996) and their expression level are the indicators of proliferation
(Dang et al., 2006). Hyper-phosphorelated form of retinoblastoma (PpRb)
protein can enhance cell cycle progression from G1 phase to S phase of cell
cycle (Zornig and Evan, 1996; Steiner et al, 1995). Cell cycle
progression/proliferation also depends on the expression level of cyclin
dependent kinase inhibitors (p21, p27, and P57) proteins (Meyer and Penn,
2008; Obaya et al., 1999; Zornig and Evan, 1996). These inhibitors can bind
the CDK/cyclins complex in vitro and inhibit the expression of CDKs, at the
same time the expression of CDK inhibitors (p21, p27and p57) upregulated
(Obaya et al., 1999; de Alboran et al., 2001; Xiong et al., 1993). Our present
study indicated that the cell were arrested in GO/G1 phase as a result CDK4
and PpRb protein expression was found to be down regulated in c-MYC
inhibited cells, however CDK inhibitors p21 and p27 were found to be up
regulated. On the other hand in ¢-MYC over-expression cells the expression

pattern was found to be vice versa than of c-MYC inhibited cells.



Cell proliferation status of hUCB-MSC was normal before knocked-
down of REX1 in hUCB-MSC, which was dramatically arrested at GO/G1
phase of cells after REX1 knocked-down. For the continuation of cell cycle,
activation of CDK and cyclins were required for G1/S transition ((Nigg, 1995;
Murray, 2004). Cyclin E, in association with CDK2, is required for the G1/S
transition. In our study, CDK2, CCND1 and CCNB1 down regulated in REX1
inhibited cells. Similar result was reported in REX1 double knock-out mES
cells (Scotland et al., 2009). MKK3 is the upstream target of p38 activator,
which was up-regulated after REX1 knocked-down in hUCB-MSC as a result
over-expressoin of Pp38 was found in hUCB-MSC. Active form of p38
MAPK inhibits the cell cycle progression in G1/S phase (Molnar et al., 1997;
Ono and Han, 2000) was already reported. Our studies showed the inverse
relation of REX1 and MKK3 expression might play the influencing role on

cell proliferation in human adult stem cells.

Role in cell differentiation

Differentiation ability is a fundamental characteristic of stem cells,
which depends on the microenvironment of the stem cells. Genetic
manipulation is also one of the influential factor for differentiation. c-MYC
has inhibited the cell differentiation in varieties of cells (Selvakumaran et al.,
1996; Canelles et al., 1997; van de Wetering et al., 2002; Cartwright et al.,
2005). However, c-MYC has induced differentiation ability in epidermal stem

cell (Frye et al., 2007) through histone modification. In hES cells in feeder



free culture condition, activation with ¢-MYC enhances the differentiation
(Sumi et al., 2007) and v-MYC transfected hBM-MSC could differentiate into
neural cells (Nagai et al., 2007). In some cancer cells c-MYC down regulation
induce the differentiation (Meyer and Penn, 2008; Dang et al., 2006) and
normal c-MYC expression enhances the cell proliferation. Our study showed
in hUCB-MSC osteogenic and adipogenic differentiation ability was
deteriorated in c-MYC knocked-down cells and improved in ¢-MYC over-
expression cells. Based on the different studies, differentiation role of c-MYC

is found variable case by case even in stem cells.

REX1 expression is regulated by the expression of other pluripotent
markers genes Oct4, Sox2 and Nanog (Niwa et al., 2000; Shi et al., 2006).
ESCs study from REX1 knock-out mice showed defect in the induction of a
subset of marker genes of the visceral endoderm suggested that REX1 plays
an important role in ESC differentiation (Masui et al., 2008). REXI1
expression is found in undifferentiated mesenchymal stem cells (Lamoury et
al., 2006). Osteogenic and adipogenic differentiation efficiency is increased
in the presence of OCT4, REX1 and Gata-4, in human mesenchymal stem
cells (Roche et al., 2007). Differentiation study was performed after REX1
inhibition in hUCB-MSC for osteogenesis and adipogenesis. hUCB-MSCs
were differentiated into osteogenic cells but in REX1 inhibited cells it was
deteriorated than control cells. However, REX1 inhibition showed slight
improvement in the adipogenesis, it might be because of activated form of

p38 MAPK (Engelman et al., 1998). It was already reported that neural cell
6



differentiation could be seen in REX1 inhibited/p38 activated hUCB-MSC
cells (Morooka and Nishida, 1998). Activation of p38 MAPK is important for
the differentiation of mouse ESCs (Chakraborty et al., 2009) and hMSCs
(Platt et al., 2009). REXI1 knockout mES cells differentiate in to parietal
endoderm in the presence of retinoic acid (Thompson and Gudas, 2002) rather
than primitive endoderm and visceral endoderm. Janus kinase (JAK) is highly
inhibited by REX1 in mES cells which is the transducer and activator of
STAT3 path way, can modulate the differentiation of F9 cells (Xu et al,

2008).

Conclusion:

In summary, the normal expression of c-MYC and REX1 is found in all
proliferative stem cells. Lentivirus based knocked-down study revealed the
dramatic reduction of their proliferative and differentiation status of ¢c-MYC
gene manipulated cells. However, over-expression of c-MYC could improve
the cell proliferation in hUCB-MSC. REXI1 inhibited cells also arrested same
as c-MYC inhibited cells. Osteogenic and adipogenic differentiation ability of
REX1 inhibited cells was found different than c-MYC gene manipulated cells.
The differentiation potentialities of c-MYC and REX1 depend on the target

lineages and source of stem cells.



CHAPTER I

The regulatory role of c-MYC on HDAC?2 and

PcG expression in human multipotent stem cells



1.1 INTRODUCTION

Stem cells, characterized by the ability to both self-renew and
differentiate into various functional cell types, have been derived from the
embryo and various sources of postnatal animals (Jaenisch and Young, 2008).
MSCs are promising tools for regenerative medicine. MSCs have been
isolated from bone marrow, adipose tissue, peripheral blood, fetal liver, lung,
amniotic fluid, chorionic villi of the placenta and umbilical cord blood
(Campagnoli et al., 2001; Erices et al., 2000; Gronthos et al., 2001; Igura et al.,
2004; Tsai et al., 2004; Zvaifler et al., 2000). These cells can be differentiated
into fibroblasts, adipocytes, osteoblasts, chondrocytes(Prockop, 1997),
tendinocytes, ligamentocytes (Pittenger et al., 2002), cardiomyocytes (Makino
et al., 1999), neuronal cell (Phinney and Isakova, 2005; Tropel et al., 2006)

and other cells (Bhatia and Hare, 2005).

Myec is a transcription factor of the basic helix-loop-helix-leucine zipper
(bHLH-LZ) family that can activate or repress gene expression. The c-MYC
proto-oncogene has emerged as a critical regulator of cell growth and is one
of the genes most frequently altered in cancer (Grandori et al., 2000). Myc has
generally been associated with the promotion of cellular growth and
proliferation, desensitization to growth-inhibitory stimuli, blockade of cell
differentiation, cellular immortalization and oncogenic transformation
(Adhikary and Eilers, 2005).The biochemical mechanism of Myc-mediated

trans-activation has revealed a wide range of effects on chromatin and basal



transcription (Cowling and Cole, 2006). MYC proteins are also required for
the widespread maintenance of active chromatin (Knoepfler et al., 2006). The
activation of ¢-MYC in ESCs induces apoptosis and differentiation into
extraembryonic endoderm and trophectoderm lineages while concomitantly
reducing expression of OCT4 and NANOG (Sumi et al., 2007). Myc can
positively regulate proliferation in normal cells and cause genomic instability
in tumors by controlling DNA replication (Dominguez-Sola et al., 2007). The
permanent and stable human MSC line generated by transfecting the v-myc
gene can be differentiated into neural cell types, including neural stem cells,
neurons, astrocytes and oligodendrocytes (Nagai et al., 2007). Over-
expression of ¢c-MYC strongly drives proliferation and growth but also
sensitizes cells to apoptosis and senescence (Grandori et al., 2000).MYC
suppresses expression of cell cycle/growth arrest genes gasl, pl5, p21, p27
and others, directly, by at least two mechanisms (Gartel and Shchors, 2003).
Decreased c-Myc binding to Spl transcriptional complexes in the p21

promoter results in reduced p21 repression (Wang et al., 2008).

Mammalian HDACs comprise a multiprotein family of zinc
metallohydrolases that share a conserved catalytic center. There are four
classes of HDACs in mammals: class I consist of proteins homologous to
yeast Rpd3 (e.g., HDACI, 2, 3 and 8) and class II (HDAC 4-7, 9 and 10)
consists of proteins homologous to yeast Hdal. Class III consists of the
homologs of Sir2 in the yeast S. cerevisiae and Class IV consists of HDAC11

(Gao et al., 2002). HDAC:s exist in multiprotein complexes with transcription
10



factors, DNA binding proteins and other chromatin modifying enzymes.
Deacetylation of histones reseals the chromosomal package, leading to a
repression of transcription (Wolffe, 1997). Class I HDACs 1, 2 and 3 interact
with components of the p53 and RB tumor-suppressor pathways (Brehm et al.,
1998; Wade, 2001), suggesting their direct involvement in growth control.
The over-expression of class I HDACs is well correlated with cancer tissues
including stomach, esophagus, colon, prostate, breast, ovary, lung, pancreas
and thyroid (Nakagawa et al., 2007). Increased HDAC2 expression is
associated with colon cancer depending on the Wnt pathway and c-Myc (Zhu
et al., 2004). The activity of HDAC 1, 2 and 3 inhibits differentiation of ESCs
to oligodendrocyte, astrocytes and neurons, respectively (Humphrey et al.,

2008).The treatment of HDAC inhibitor suppresses c-MYC expression.

The Polycomb group (PcG) genes were initially identified as regulators
of homeotic genes, master developmental regulators that participate in
defining the blueprint for Drosophila's body plan. The identification of similar
PcG genes and numerous paralogs in vertebrates raised the intriguing
possibility that they may perform similar functions. In vertebrates, PcG
proteins assemble into two discrete chromatin-associated complexes, which
have been recently characterized (Kuzmichev et al., 2002; Valk-Lingbeek et
al., 2004; Levine et al., 2002). In human, the first complex, referred to as
Polycomb Repressive Complex 1 (PRC1), includes at least one paralog of the
PCGFs, RING1, RING2, PHCs and CBXs components, whereas the second

complex, named PRC2, which includes EED, EZHs and SUZ12. YY1, YY2
11



and SCML1 are PcG members which are not included in PRC1 and PRC2
groups. PcG genes are also implicated in regulation of stem cell self-renewal
and in cancer development (Rajasekhar and Begemann, 2007). Myc-induced
chromatin modifications play a major role in Myc-induced exit from the
epidermal stem cell niche (Frye et al., 2007). c-MYC is structurally related to
two other genes, 1- and n-MYC, the expression of which has not been
investigated in MSCs. The function of c-MYC has been extensively
investigated in cancer cells but not in human adult stem cells, even though

they have relatively high expression compared with normal cells and ESCs.

In this study, we hypothesized that c-MYC could regulate cell
proliferation positively and differentiation negatively, not only by direct
regulation of cell cycle regulating genes, but also by regulating chromosomal
modification genes in human adult stem cells. To test this hypothesis, the
transcriptional and translational changes of chromosomal modifying genes,
controlled by c-MYC expression, were investigated using gene knock-down
and over-expression techniques mediated by a lenti-viral vector system in

hUCB-MSCs, hAD-MSCs and hBM-MSCs.

12



1.2 MATERIALS AND METHODS

1.2.1 hMSC isolation and culture and FACS analysis

hUCB-MSCs, hBM-MSCs and hAD-MSCs were isolated and
cultured as previously described (Seo et al., 2009; Park et al., 2008; Gnecchi
and Melo, 2009). In brief, two clones of hAD-MSCs were isolated from
freshly excised mammary fat tissue acquired from the Ba-Ram plastic surgery
hospital. Tissues were obtained from 20 to 30 year-old women during
reduction mammoplasty. The hAD-MSCs were maintained in K-SFM
medium, supplemented with 5% FBS, 2 mM N-acetyl-L-cysteine (Sigma-
Aldrich, St. Louis, MO, USA) and L-ascorbic acid (0.2 mM, Sigma-Aldrich).
hBM-MSCs were isolated from three healthy donors and were cultured in low
glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10 % fetal bovine serum (FBS) without any additional growth factors. hUCB-
MSCs were obtained from umbilical cord blood immediately after full term
delivery with written consent from 20 to 30 year-old mothers and the approval
of the Boramae Hospital Institutional Review Board (IRB). The hUCB-MSCs
were maintained in DMEM (Invitrogen, Carlsbad, USA) containing 10% FBS.
The passages (p) of hMSCs used for the experiments were p5 in hUCB-MSC:s,
p5S in hAD-MSCs and p3 in hBM-MSCs. The isolation and research use of
hAD-MSCs and hBM-MSCs were also approved by the Boramae Hospital
IRB with written consent. All procedures were approved by the institutional
review board of Seoul National University (UCB-MSC, #0603/001-002; AD-

13



MSC, #0600/001-001; BM-MSC, #0910/001-003). To analyze cell surface
marker expression in hUCB-MSCs, Fluorescence-Activated Cell Sorting
(FACS) Aria was used (Becton & Dickinson, Franklin Lakes, NJ). Antibodies
were conjugated to CD29-phycoerythrin (PE), CD31-PE, CD33-PE, CD34-
fluorescein isothiocyanate (FITC), CD44-PE, CD45-FITC, CD73-PE, CD90-

PE, CD105-FITC, CD133-PE and HLA-DR-FITC (Abcam, Cambridge, UK).

1.2.2 Gene construction and production of lentivirus vectors

The lentivirus was generated using the ViraPowerTM Lentiviral
Packaging Mix (Invitrogen, Carlsbad, CA, USA). Lipofectamine 2000
(Invitrogen) was used for transfection of small hairpin RNA of ¢-MYC
(ShM1, TRCN0000039641; ShM3, TRCN0000039640) and vector control
(SHCO002) (Sigma, Saint Louis, MO, USA) to 293FT cells (Invitrogen). Cell
culture medium was changed the day after transfection and the supernatant
was harvested at 48 and 72 hours after transfection. The viral supernatant was
filtered using 0.4pm pore filters (Invitrogen). Cells were transfected with
lentivirus at a multiplicity of infection (MOI) of 10. Polybrene (Sigma) was
added to the cell culture media at a final concentration of 6ug/ml. The cell
culture medium was changed with fresh culture medium the day after
transfection. For selection, puromycin was added to the cell culture medium at
a final concentration of 10pg/ml for 3 days. The full coding region of c-MYC
was cloned into the pLenti6/V5-D-TOPO vector (Invitrogen) and the

lentivirus was made using the same protocol as in the inhibition study for c-

14



MYC over-expression. For selection, blasticidin was added to the cell culture

media at a final concentration of Sug/ml for 5 days.

1.2.3 Small interfering RNA (siRNA) transfection

Chemically synthesized siRNA of HDAC2 (cat. # L-003495-00) and
vehicle control non-targeting RNA (cat. # D-001210-05) were purchased from
Dharmacon RNA Technologies (Lafayette, CO, USA). Transfections were
performed according to the manufacturer’s instruction. In brief, cells were
maintained in a culture dish at a confluence of 40-50%. Transfection
complexes were prepared in serum and antibiotic-free medium and 20nM
siHDAC?2 was used for transfection. After transfection, cells were incubated
in 5% CO2 incubator at 37°C for 48-96 hours for the RNA and protein

expression studies.

1.2.4 Cell proliferation and cell cycle analyses

Three days after virus transduction, cells were seeded in 24-well
plates and incubated for 2 days. After incubation, 20ul of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) stock solution
(5mg/ml, Sigma, St Louis, Missouri, USA) was added to each well and the
plates were further incubated for 4 hours at 37°C. The supernatant was
removed and 200ul of dimethyl sulfoxide was added to each well to solubilize
the water-insoluble purple formazan crystals. The optical density was

measured at a wavelength of 540nm in an enzyme-linked immunosorbent
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assay plate reader (EL800, Bio-Tek Instruments Inc., Winooski, VT, USA).
All measurements were performed in triplicate. For the cumulative population
doubling level (CPDL) assay, 1x10° virus-infected cells were cultured in a T-
75 flask and the cell numbers were counted after 4-5 days. Similarly for
successive passages, the same numbers of cells as before were sub-cultured

and counted after 4-5 days.

Cell cycle was detected using flow-cytometry. For this cells were
washed twice with PBS and harvested by trypsinization 3 days after
transfection. The cells were then washed again with PBS and fixed with 70%
ethanol at -20°C for 1 day. The fixed cells were washed with ice cold PBS
and stained with 50pg/ml of propidium iodide (Sigma) in the presence of
100pg/ml RNase A (Sigma) for 30 minutes. The cell cycle was analyzed

using the FACS Calibur (Becton & Dickinson, NJ, USA).

1.2.5 RT-PCR

Total RNA was extracted with an easy-spin™ Total RNA Extraction
Kit (iNtRON biotechnology, Sungnam, Korea) according to the
manufacturer’s instructions. cDNA synthesis was carried out using the
SuperScript® III First-Strand Synthesis System for RT-PCR (Invitrogen) with
lug total RNA and oligo dT. Primers for each gene are shown in the Table 1.
Gene expression was also analyzed using real-time PCR with SYBR Green
Master Mix reagents (Applied Biosystems, Foster City, CA, USA). The
mRNA expression level of c-MYC and other genes were normalized with the
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expression level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Real-time RT-PCR was performed with a LightCycler 489 Real-Time PCR
System (Roche, Indianapolis, IN, USA). In this study, three independent

hUCB-MSC:s clones isolated from three independent individuals were used.
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Table 1 PCR primers used in c-MYC study

HUMAN FORWARD (5°....3%) REVERSE (5°....3%)
MRNA
BMI1 TGCTGATGCTGCCAATGG TTACTTTCCGATCCAATCTG
¢-MYC CAGCTGCTTAGACGCTGGATTT ACCGAGTCGTAGTCGAGGTCAT
EED CCAGACGGACACTCTGGTGG CACCCAAAAGATCATAATCA
EED4 AACCATTGTTTGGAGTTCAG GGATTTCTCCTTGTGAATGA
EZH1 CAATGAAGAATGGAAGAAGC ATATTGCACAAAACCGTCTC
EZH2 ATTGGGACCAAAACATGTAG TGTATCTTTCTGCAGTGTGC
GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG
HDAC1 ATCGGTTAGGTTGCTTCA TCATTCGTGTTCTGGTTAGTC
HDAC2 GACAGTGGAGATGAAGATGGA TTCTGATTTGGTTCCTTTGG
HDAC2 GAAAACTAGGCTACCAGGCAC TCGTAGCCTTGGCGGTCT
promoter
HDAC3 CTGGCTTCTGCTATGTCAAC ACATATTCAACGCATTCCCCA
HDAC4 TACATGTCCCTCCACCGCTAC AGCCATGTTGACGTTGAAACC
HDACS GTAGCCATCACCCAAAACT GTCCTCCACCAACCTCTTCA
HDAC6 CAACTGAGACCGTGGAGAG CCTGTGCGAGACTGTAGC
HDACS ACGGGCCAGTATGGTGCAT GCCCTCTTGGCTGACCTTCT
I-MYC CCCAAAGTAGTGATCCTAAGCAA TGTCCAGACTGTCCCACCATA
MELI18 GTACTTCATCGACGCACCACTATC CTCGTCCTCGTACAGAACCTCCA
n-MYC CCGATGCTTCTAACCCAG CATCCAGAGGTCTTGTTCC
OCT4 TGTCTCCGTCACCACTCT TTCCCAATTCCTTCCTTA
P21 TTAGCAGCGGAACAAGGAGT AGCCGAGAGAAAACAGTCCA
P27 AGATGTCAAACGTCCGAGTG GCGTGTCCTCAGAGTTAGCC
PHC1 CTATTGCAGGTAAACCGAAC GTTGATTCCTTACTGCCAAG
PHC2 GAAACTCTGCCTCCAGCATC GATAGGGCTCCTCCATCTCC
PHC3 CACTTCCTCCTCTCGAATGC CTGCTTAAATGCTGCTGCTG
RING1 CGGGAACAAGGAGTGTCCTA TCCTCCCGGCTAGGATAGAT
RING2 TCATCACAG CCCTTAGAAGT TGAGTGCTTGCTGATTATTG
SCML1 CCTTTTGCATGGAAGAATAC GAAGAAGAACCATACGTTGC
SOX2 CCTCCGGGACATGATCAG TTCTCCCCCCTCCAGTTC
SUZ12 TGGGAGACTATTCTTGATGG GGAGCCGTAGATTTATCATT
YY1 CAAGAAGTGGGAGCAGAAGC CTGCCAGTTGTTTGGGATCT
YY2 AGACACAAGAGGAAGTGGTG GGTTGATGTTGATGTTGATG
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1.2.6 Immunofluorescence staining and western blot

Cells were fixed with 4% para-formaldehyde for 10 minutes at room
temperature and incubated with blocking solutions (10% normal goat serum,
Rockland Immunochemicals, Gilbertsville, PA, USA) overnight at 4°C. Cells
were then incubated overnight at 4°C with a ¢c-MYC (#sc-764, Santa Cruz
Biotechnology, Delaware, CA, USA) and p27 (#sc-528, Santa Cruz) primary
antibody at a 1:200 dilution in 5% blocking solution and then reacted with the
Alexa Fluor anti-rabbit IgG secondary antibody (Invitrogen) for 1 hour. For
nuclear counter-staining, Hoechst 33258 (1g/ml, Sigma) was diluted to 1:500
in PBS and incubated with the cells for 15 minutes at room temperature.
Images were taken with a confocal microscope (Eclipse TE200, Nikon, Tokyo,
Japan). For western blotting, cells were lysed with PRO-PREP (#17081,
iNtRON biotechnology). Cell lysates were incubated on ice for 20 minutes
followed by centrifugation (13,000 rpm, 15 minutes, 4°C) and supernatant
collection. The protein concentrations of samples were determined using the
Protein Assay Reagent (Bio-Rad laboratories, Hercules, CA, USA) according
to the manufacturer’s instructions. The protein (10-15 pg) was
electrophoresed on a 10-12% SDS-polyacrylamide electrophoresis gel. The
proteins were detected with primary antibodies for c-MYC (AF3696, R&D
systems Inc., Minneapolis, MN, USA), HDAC1 (2E10, Millipore, Billerica,

MA, USA), HDAC2 (3F3, Millipore), HDAC3 (3G6, Millipore), HDAC4 (sc-
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48390, Santa Cruz), p21 (sc-32, Santa Cruz), p27(sc-528, Santa Cruz), p57
(06-556, upstate, Lake Placid, NY, USA), CDK4 (DCS156, Cell Signaling Inc,
Danvers, MA, USA) and hyperphosphorylated Retinoblastoma (G3-245, BD
Biosciences, San Jose, CA, USA). The antibodies were detected with the
respective secondary antibody linked to horseradish peroxidase (Zymed
Laboratories Inc., South San Francisco, CA, USA). Secondary horseradish
peroxidase-conjugated antibodies were detected by the enhanced

chemiluminescence reagent (ImageQuant 400, GE Healthcare, Piscataway, NJ,

USA).

1.2.7 Chromatin Immunoprecipitation assay

The ChIP assay was carried out according to the manufacturer’s
protocol (cat. #17-295, upstate). Chromatin was cross-linked for 10 minutes,
and then sonicated to shear DNA to a length of 200-1000 base pairs. The
sonicated sample was diluted 10-fold with dilution buffer (1% of diluted
solution was kept as input for quantification of the result). For a negative
control, the sample was processed with normal IgG antibody (Santa Cruz).
The rest of the sample was precipitated with the c-MYC mouse monoclonal
antibody (1:200, Santa Cruz) for 48 hours at 4°C with gentle rotation. The
chromatin-antibody complex was isolated by incubation with 60ul of salmon
sperm DNA/Protein A agarose slurry for 1 hour at 4°C. The protein A
agarose/antibody/histone complex pellet was isolated by gentle centrifugation

(700-1000 rpm) and washed with a low-salt immune complex buffer, a high-
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salt immune complex buffer, a LiCl immune complex buffer and TE buffer
serially on a rotating platform at 4°C for each wash. Chromatin-antibody
complexes were eluted from the protein A/antibody/histone/DNA complex
bead by the addition of 1% SDS, 0.1M NaHCO3. Cross-linking was reversed
by addition of a 0.05 volume of 5M NaCl and incubation of the eluted
samples overnight at 65°C. The DNA was extracted with phenol-chloroform,
precipitated with ethanol and dissolved in autoclaved distilled water. PCR
analysis of the immunoprecipitated DNA was performed by using a PCR
premix (Bioneer, Taejon, Korea). PCR of the genomic DNA (input, 1:20
dilution) was carried out along with the immunoprecipitated DNA. PCR
products were visualized in a 2% agarose gel. PCR primer sequences are

listed in Table 1.

1.2.8 Induction of differentiation and statistical analysis

To induce osteogenic differentiation, cells were seeded and
maintained at 70-80% confluency, and incubated with DMEM low glucose
medium (Gibco-Invitrogen), 10% FBS (Gibco-Invitrogen), 0.1 upM
Dexamethasone (Sigma), 10mM beta-glycerophosphate (Sigma) and 50 uM
ascorbate (Sigma) for 2-3 weeks (Okamoto et al.,, 2002). Osteogenic
differentiation was determined by staining with Alizarin Red S (Sigma). For
adipogenic differentiation, cells were seeded and maintained at 80-90%
confluency, and incubated with DMEM low glucose medium (Gibco BRL),

10% FBS (Gibco BRL), 1uM [ [0 Dexamethasone (Sigma), 10 pg/ml insulin
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(Sigma), 0.5mM 3-isobutyl-1-methylxanthine (Sigma) and 0.2mM
indomethacin (Sigma) (Okamoto et al., 2002). Adipogenic differentiation was

determined by staining with Oil Red O (Sigma).

Statistical analysis was performed with student t-test using Microsoft

Excel and p-value was calculated.
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1.3 RESULTS

1.3.1 The expression of ¢-MYC was found in hMSCs and cell
proliferation was dramatically decreased after c-MYC

knockdown

In this study, c-MYC expression was found in all hMSCs. The c-
MYC in the hUCB-MSCs was specifically localized in the nucleus (Fig.1A).
The RNA and protein expressions of c-MYC were relatively constant through
passages (p) of hUCB-MSCs from p3 to p9 (Fig.1B). However, the
expressions of 1- and n-MYC were not constant in hUCB-MSCs throughout
the passages (Fig.1B). FACS analysis was performed for the confirmation of
hUCB-MSCs (Fig. 1C). Positive markers for hMSCs (CD29, CD44, CD73,
CD90 and CD105) were well detected in hUCB-MSCs. To validate the
function of ¢-MYC in hMSCs, a ¢c-MYC knock-down experiment was
performed using lentivirus vectors in hUCB-MSCs. ¢c-MYC inhibition was
confirmed with western blot and RT-PCR analysis (Fig.2A). The RNA
expressions of cyclin-dependent kinase inhibitors 1A and 1B (p21 and p27) in
c-MYC knocked-down hUCB-MSCs were increased and similar with the
vehicle control infected hUCB-MSCs respectively (Fig. 2A). Real-time RT-
PCR revealed that the expression of c-MYC was decreased by 60% in ShM1
and 80% in ShM3 lentivirus-infected hUCB-MSCs compared to vehicle
control-infected hUCB-MSCs (Fig.2B). The expressions of n-Myc and I-

MYC in hUCB-MSCs were not changed in ¢-MYC knocked-down hUCB-
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MSC:s (Fig. 2A). The expressions of SOX2 and OCT4 were decreased after c-
MYC inhibition of hUCB-MSCs. Cell proliferation was significantly
decreased in ¢-MYC knocked-down hUCB-MSCs compared to vehicle
control-infected hUCB-MSCs, which was measured using CPDL (Fig.2C).
The proliferation of c-MYC knocked-down cells decreased continuously from
P1 to P3, it was assumed that the proliferation would reduce continuously in

following passages too.
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c-MYC Hoechst Merged

RT-PCR

Western blot

Figure 1 c-MYC expression in hUCB-MSCs.

(A) Immunostaining of c-MYC in p5S hUCB-MSCs. Nuclear localization of c-MYC is
prominent. (B) MYC expression in hUCB-MSCs from p3 to p9. The expression of c-
MYC is constant in hUCB-MSCs from p3 to p9. (C) FACS analysis of hUCB-MSCs.
CD31 (EC/EPC marker); CD29, CD44, CD73, CD90, CD105 (MSC positive marker);
CD34, CD45 (MSC Negative marker); CD31, CD34, CD133 (hematopoietic stem cell
marker); HLA-DR (MHC class II, leukocyte marker). Scale bar represents 50 pm.
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Figure 2 The knock-down of ¢-MYC results in growth retardation

(A) RNA and protein expression after c-MYC-inhibiting lentivirus infection. Two
constructs of c-MY C-inhibiting lentivirus, ShM1 and ShM3, show effective inhibition
in hUCB-MSCs. (B) Real-time RT-PCR after c-MYC inhibition in hUCB-MSCs. The
expression of c-MYC was decreased by approximately 60% (ShM1) and 80% (ShM3)
of the vector control-infected hUCB-MSCs. (C) Cell proliferation was measured with
CPDL. ¢-MYC knocked-down hUCB-MSCs show severe growth retardation. (D)
FACS analysis after c-MYC knock-down in hUCB-MSCs. GO/G1 cells are increased
in c-MYC knocked-down hUCB-MSCs compared to those of the vehicle control-
infected hUCB-MSCs. VC, vehicle control infected hUCB-MSCs. **, p<0.01
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1.3.2 The cell cycle was arrested in c-MYC knocked-down hUCB-

MSCs

The cell cycle was measured in vehicle control-infected and c-MYC
knocked-down hUCB-MSCs by FACS analysis (Fig. 2D). The number of
cells in the GO/G1 phase was increased in c-MYC knocked-down hUCB-
MSCs. Conversely, G2/M phase and S phase cells were decreased in c-MYC
knocked-down hUCB-MSCs compared to the vehicle control-infected hUCB-
MSCs. The expression of cyclin-dependent kinase-4 (CDK4), which is
involved in the control of cell proliferation during the G1 phase (Lazarov et
al., 2002), was decreased in c-MYC knocked-down hUCB-MSCs compared to
that of wvehicle control-infected hUCB-MSCs (Fig.3A). The protein
expressions of p21 and p27, which are G1/S transition inhibitors (Sherr and
Roberts, 1995), were increased in ¢-MYC knocked-down hUCB-MSCs
compared to the levels in the vehicle control-infected hUCB-MSCs (Fig. 3A).
The expression of hyperphosphorylated RB (PpRb), which is a GI/S
transition accelerator (Ogawa et al., 2003) was significantly decreased in c-
MYC knocked-down hUCB-MSCs compared to that of vehicle control-
infected hUCB-MSCs (Fig. 3A). After c-MYC inhibition of hUCB-MSCs, the
expression of class I and class I HDACs were compared at the RNA and
protein levels. Among the HDAC family genes, the expressions of HDAC?2,
HDAC4 and HDACS in ¢-MYC knocked-down hUCB-MSCs were decreased

compared to those of vehicle control-infected hUCB-MSCs at RNA
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expression levels (Figs 3B-C). The protein expression levels of HDAC2 and
HDAC4 were also decreased after c-MYC knockdown in hUCB-MSCs
(Figs.3D and 6D). The localization of p27 is also an important factor for cell
growth control (Slingerland and Pagano, 2000) and the levels of p27 are high
in quiescent cells (Cheng et al., 1999). Therefore, immuno-cytochemical
observation was performed after c-MYC knockdown. In vehicle-control
infected hUCB-MSC:s, the localization of p27 was almost confined in nucleus.
However, the signal of p27 in ShM3 (¢c-MYC knocked-down hUCB-MSCs)
was strong and broad, which was distributed not only in the nucleus but also

in cytoplasm (Fig. 3E).
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Figure 3 Gene expression changes after c-MYC inhibition in hUCB-

MSCs.

(A) The expressions of CDK4 and PpRb are decreased after c-MYC inhibition.
The expressions of p21 and p27 are increased after c-MYC inhibition. (B) The
expressions of HDAC family genes. (C) The expressions of HDAC2, HDAC4
and HDACS are significantly decreased in real-time RT-PCR after c-MYC
inhibition. (D) Western blot of HDAC2 after ¢c-MYC inhibition. (E)
Immunostaining of p27 after c-MYC knockdown. VC, vehicle control
infected hUCB-MSCs; ShM3, ¢-MYC knocked-down hUCB-MSCs. Scale bar

represents 50 pm.
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1.3.3 The over-expression of c-MYC in hUCB-MSCs resulted in

growth acceleration and up-regulation of HDAC2

To validate the function of c-MYC in hUCB-MSCs, over-expression
study was performed using a lentivirus vector system. The expression of c-
MYC was increased 3.5-fold in ¢c-MYC over-expression lentivirus-infected
hUCB-MSCs over the vehicle control-infected hUCB-MSCs in real-time RT-
PCR analysis (Fig.4A). These results were confirmed by RT-PCR and western
blot analysis (Fig.4B). The expressions of SOX2 and OCT4 were increased
after ¢c-MYC over-expression of hUCB-MSCs. ¢-MYC over-expressing
hUCB-MSCs grew faster than vehicle control infected hUCB-MSCs, which
was measured with MTT assay (Fig.4C). PpRB expression increased after c-
MYC over-expression. The expressions of p21 and p27 were decreased in c-
MYC over-expressing hUCB-MSCs compared with those of vehicle control-
infected hUCB-MSCs (Fig.5A). Among class I and 11 HDACs, only HDAC?2
and HDAC4 expression was significantly increased after c-MYC over-
expression in hUCB-MSCs at RNA expression levels (Figs.5B-C). The
increased expression of HDAC?2 after c-MYC over-expression was confirmed
at protein level (Fig. 5D). The expressions of other HDAC genes, except
HDAC2 and HDAC4, were not significantly changed after c-MYC over-
expression in hUCB-MSCs (Figs.5B-D). However, the protein expression

pattern of HDAC4 differed from RNA expression pattern. The protein
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expression of HDAC4 in ¢c-MYC over-expressing hUCB-MSCs was not

increased compared with vehicle control infected hUCB-MSCs (Fig.6D).

31



3
vs}
@]

vC OvM — Cell proliferation
-
T 0.004 5 CMYC  —
z CMYC — o] I
& e GAPDH il “S— 5, ave
o 0.003 g 080 4 o
& 0.0025 3
@ = 080
o -
8 0.002 E
a() 0.0015 8_ 040 4
2 0001 I
T 00005 020
[}
* #a VC OvM 000 -
e 2dhrs 72hrs
Lentivirus

Culture duration (hours)

Figure 4 Over-expression of c-MYC in hUCB-MSCs

(A) c-MYC over-expressing lentivirus-infected hUCB-MSCs (OvM) showed a 3.5-
folds increase in expression in real-time RT PCR. (B) RT-PCR and western blot
analysis of c-MYC after c-MYC over-expressing lentivirus-treated hUCB-MSCs. (C)
Cell proliferation is enhanced in c-MYC over-expressing hUCB-MSCs. VC, vehicle
control infected hUCB-MSCs; OvM, c-MYC over-expressing hUCB-MSCs. **,
p<0.01.

32



PpRb
p27
p21
GAPDH
C = -
5
910
§ . D vC OvM
o
%6 Ve HDACY [
° =OvM 0o m——
2, . HDAC2
=
% 2 HDAGCS  “e—— —
14
0 GAPDH "W W—

HDAC2 HDAC3 HDAC8 HDAC4 HDAC5
Class | Class Il

Figure 5 HDACs and cell cycle regulator expression after c-MYC over-

expression in hUCB-MSCs.

(A) The expressions of cell cycle regulators. The expressions of p21 and p27 are
down-regulated. The expression of PpRb is up-regulated in c-MYC over-expressing
hUCB-MSCs. (B) The expressions of class I and I HDACs. HDAC2 and HDAC4 are
up-regulated in c-MYC over-expressing hUCB-MSCs. (C) The expressions of class |
and II HDAC:s in real time RT-PCR. (D) Western blot of HDAC 1, 2 and 3. VC,
vehicle control lentivirus infected hUCB-MSCs; OvM, c-MYC over-expressing
hUCB-MSCs. **, p<0.01.
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1.3.4 The c-MYC binding site is present in the HDAC2 promoter
region and HDAC?2 regulation by c-MYC is related to cell

growth of hUCB-MSCs

The expression pattern of HDAC2 was matched with that of the c-
MYC expression pattern, implying a direct correlation between the
expressions of the two genes. After c-MYC knockdown, the expression of
HDAC2 was decreased (Figs.3C and 6D). However, the expression of
HDAC2 was increased after c-MYC over-expression of hUCB-MSCs
(Figs.5B-D and 6B-D). Therefore, we investigated c-MYC binding site to the
HDAC?2 promoter region. Only one putative c-MYC binding site was found in
the HDAC2 promoter region, and c-MYC binding at this site was confirmed
in hUCB-MSCs by performing a ChIP assay (Fig.6A). To evaluate the
function of HDAC2 in ¢-MYC over-expressing hUCB-MSCs, HDAC2 was
specifically inhibited with HDAC2 siRNA treatment in c-MYC over-
expressing hUCB-MSCs (Figs.6B-D). The expressions of other HDACs were
not significantly changed after HDAC2 siRNA treatment except for HDAC2
(Fig.6C). The down-regulated tumor suppression genes, p27 and p57, in c-
MYC over-expressing hUCB-MSCs recovered after the HDAC2 siRNA
treatment. However, over-expressed PpRb in c-MYC over-expressing hUCB-
MSCs was down-regulated after HDAC2 siRNA treatment (Fig.6B). The
expression of ¢-MYC in HDAC2 siRNA treated c-MYC over-expressing
hUCB-MSCs was also restored to the normal expression level (Fig.6B). The
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accelerated cell proliferation of hUCB-MSCs after c-MYC over-expression

was down-regulated after HDAC?2 siRNA treatment (data not shown).
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Figure 6 ChIP assay and mRNA & Protein expression after HDAC2

siRNA treatment in c-MYC over-expressing hUCB-MSCs.

(A) ChIP assay in hUCB-MSCs. The c-MYC binding site is present in the HDAC2
promoter region. (B) Western blot of HDAC2, p27, p57 and PpRb after HDAC2
siRNA treatment. The expression of HDAC2 is decreased after HDAC2 siRNA
treatment. The expression of p27 and p57 is up-regulated but the expression of PpRb
is down-regulated after HDAC2 siRNA treatment in ¢c-MYC over-expressing hUCB-
MSCs compared with those of control-treated c-MYC over-expressing hUCB-MSCs.
(C) The expressions of HDACs after HDAC2 siRNA treatment in ¢c-MYC over-
expressing hUCB-MSCs. (D) Western blot of HDAC2 and HDAC4 in ¢-MYC
knocked-down and over-expressed hUCB-MSCs before and after HDAC2 siRNA
treatment. HDAC4 expression was decreased in both c-MYC knocked-down and
over-expressed hUCB-MSCs without regarding to HDAC2 siRNA treatment. siHD2,
HDAC2 siRNA treatment; VC, vehicle control lentivirus infected hUCB-MSCs;
ShM3, ¢-MYC knocked-down hUCB-MSCs; OvM, ¢c-MYC over-expressing hUCB-
MSCs.
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1.3.5 Differentiation ability was changed after c-MYC expression

changes in hUCB-MSCs

The expression of c-MYC in hMSCs can affect stem cell
differentiation, directly or indirectly. To evaluate the effect of c-MYC
expression in hUCB-MSCs, a differentiation study was performed in c-MYC
knocked-down and over-expressed hUCB-MSCs (Fig.7). In c-MYC knocked-
down hUCB-MSCs, adipogenesis and osteogenesis were decreased after
proper induction, which were confirmed with Oil-Red O and Alizarin Red S
staining, respectively. However, adipogenesis and osteogenesis were similar
or increased in c-MYC over-expressing hUCB-MSCs, compared with those of
vehicle control-infected hUCB-MSCs after proper induction. The specific
gene expressions of adipogenic and osteogenic differentiation after induction
were confirmed by RT-PCR. The expressions of PPARy and C/EBPS, the
markers of adipogenesis (Muruganandan et al., 2009), were decreased in c-
MYC knocked-down hUCB-MSCs and increased in c-MYC over-expressing
hUCB-MSCs, compared to vehicle control infected hUCB-MSCs. The
expression of RUNX2, a marker of osteogenesis (Takada et al., 2007), was
increased in c-MYC over-expressing hUCB-MSCs and the expression of
RUNXI, the incomplete differentiation osteogenic marker (Yamashiro et al.,
2004), increased in c-MYC knocked-down hUCB-MSCs after osteogenic

induction.
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Figure 7 Differentiation study after c-MYC expression changes

Adipogenic cells are stained with Oil Red O and Osteogenic cells are stained with
Alizarin Red S. After c-MYC knockdown, differentiation ability of hUCB-MSCs was
decreased in both adipogenic and osteogenic differentiation study. The over-
expression of c-MYC showed similar or enhanced induction of differentiation in both
adipogenic and osteogenic. VC, vehicle control; shM3, ¢-MYC knockdown with
ShM3 infection; OvM, c¢-MYC over-expression; Adipo, adipogenic differentiation;

Osteo, osteogenic differentiation; Scale bars represents S0um.
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1.3.6 The influential role of c-MYC in PcG genes expression and

the regulation of HDAC2 in hAD- and hBM-MSCs

The expressions of most PcG genes decreased after c-MYC
knockdown but increased after c-MYC over-expression in hUCB-MSCs (Figs
8A-C). The increased PcG gene expressions in c-MYC over-expressing
hUCB-MSCs were reduced after HDAC2 siRNA treatment, which was a
similar pattern in most PcG complexes examined in the RT-PCR results (Figs
8A-C). A real-time RT-PCR was performed for detailed comparison in subtle
changed genes. The expression of EDR2 was down-regulated after c-MYC
inhibition and up-regulated after c-MYC over-expression but showed an up-
regulation after HDAC2 siRNA treatment in c-MYC over-expressing hUCB-
MSC:s (Fig.8D). The expressions of EDR1, RING1 and EZH2 were not down-

regulated after HDAC?2 inhibition in ¢c-MYC over-expressing hUCB-MSCs.

The expression of ¢c-MYC in hAD-MSCs and hBM-MSCs was
analyzed by western blot (Figs 8E-F). After c-MYC knocked-down, HDAC2
expression was significantly decreased in hAD-MSCs and hBM-MSCs
respectively. The expressions of HDAC2 were increased after c-MYC over-
expression in hAD-MSCs and hBM-MSCs. This expression pattern was
similar to that observed in hUCB-MSCs. Therefore, it can be concluded that
HDAC2 expression is positively regulated by ¢c-MYC in three kinds of

hMSCs which includes hUCB-MSCs, hAD-MSCs and hBM-MSCs.
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Figure 8 PcG gene expression after c-MYC expression changes and c-

MYC/ HDAC?2 expression in hAD-MSC and hBM-MSCs

(A-C) The expression changes of PcG complex genes after c-MYC expression
changes with or without HDAC2 siRNA treatment. Most PcG genes expressions are
increased after c-MYC over-expression and reduced after HDAC2 siRNA treatment.
(D) Relative gene expression of PcG genes with real-time RT-PCR. PcG gene
expressions are positively correlated with c-MYC and HDAC2 expression except of
EDRI, EDR2 and RINGI1 expressions. (E, F) Western blot (E) The expression pattern
of HDAC2 match that of c-MYC expression pattern in hAD-MSCs. (F) The
expression of HDAC2 is down-regulated after c-MYC inhibition and up-regulated
after c-MYC over-expression in hBM-MSCs. VC, vehicle control infected hMSCs;
ShM3, ¢-MYC knocked-down hMSCs; OvM; c-MYC over-expressing hMSCs.

N

0



1.4 DISCUSSION

c-MYC is a nuclear onco-protein and has emerged as a critical
regulator of cell growth and tumor generation (Adhikary and Eilers, 2005).
Here in our study, we demonstrated that c-MYC is associated with cellular
growth, proliferation and differentiation in adult stem cells. Previous reports
indicate that HDAC2 expression is prominent in different cancers (Zhu et al.,
2004; Humphrey et al., 2008), in accordance to this; in our c-MYC knocked-
down study, when HDAC2 is down regulated, tumor suppression gene’s
expression increased there by reducing the cell proliferation. In contrary,
when c-MYC over-expressed, the expression of HDAC?2 is also up regulated
as a result tumor suppresser genes’ expression down-regulated there by
promoting cell proliferation. Similarly, HDAC2 siRNA treatment in ¢-MYC
over-expressing hUCB-MSCs, suppressed tumor suppressor genes reactivated
and cell growth was reduced. The above finding indicates that c-MYC can
regulate HDAC2 expression. In addition to this, the presence of ¢c-MYC
binding motif (CACGTG) in the promoter region of HDAC2 is confirmed by
ChIP assay. This indicates the regulatory role of c-MYC on HDAC2 in
hUCB-MSC. In other adult stem cells, hAD-MSCs and hBM-MSCs, HDAC2
expression was decreased after c-MYC inhibition and increased after c-MYC
over-expression, which was a similar expression pattern to that of hUCB-

MSCs.
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c-MYC is a well known growth regulator, found particularly in tumors,
that regulates numerous genes. The conserved core of high-affinity MYC
target genes represents around 11% of all cellular promoters (Adhikary and
Eilers, 2005). The response of any target gene following MYC activation
depends on a variety of other factors and changes dramatically as a function
of cell type and environment (Fernandez et al., 2003). Although the
expression of ¢-MYC in adult stem cells has been reported previously
(Studzinski, 1989; Seo et al., 2009), the expressions of n-MYC and I-MYC
have not yet been illustrated. This study represents the first result confirming
the expression patterns of these genes, which were not consistent throughout
passages of hUCB-MSCs in culture. Only ¢-MYC expression was consistent
from p3 until p9 of hUCB-MSCs culture. Chromosomal modification is one
of most important regulatory mechanisms for maintaining the stemness of
adult stem cells (Rajasekhar and Begemann, 2007). Therefore, this study
investigated the role of c-MYC in human adult stem cells, particularly with

respect to the regulation of chromosomal modification genes.

Among class I and II HDACs, only HDAC2 expression was
significantly decreased after c-MYC inhibition and increased after c-MYC
over-expression in hUCB-MSCs at the both of protein and RNA expression
levels. c-MYC binding in the HDAC2 promoter region was evident from a
ChIP assay in hUCB-MSCs. Therefore, we investigated cell growth changes
as a function of HDAC2 expression that was regulated by ¢c-MYC. The

expression of cell growth regulators was changed after HDAC2 siRNA
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treatment in c-MYC over-expressing hUCB-MSCs and cell growth was
normalized. A correlation between c-MYC and HDAC2 expression was also
found in hAD-MSCs and hBM-MSCs. Therefore, HDAC2 regulation by c-
MYC in hMSCs is suggested as a common regulatory mechanism for cell
growth control in adult stem cells. The expression of c-MYC itself was
decreased after HDAC2 inhibition in c-MYC over-expressing hUCB-MSCs,
which also implied that c-MYC expression could be regulated by HDAC2

expression conversely (Fig. 6C).

PcG genes are also important to epigenetic regulation of stem cells
((Rajasekhar and Begemann, 2007; Niessen et al., 2009), which is affected by
c-MYC expression (Guney and Sedivy, 2006). Our data showed the
expression PRC2 related genes were down-regulated in c-MYC and HDAC?2
inhibited cells. ¢c-MYC over-expression in hUCB-MSCs induces the
expression of PcG complex genes, and most PcG genes were down-regulated
after HDAC?2 inhibition. However, the expression level of EDR1, EDR2,
RING1 and EZH2 were not down-regulated after HDAC2 inhibition. This
might indicate that these genes were not under the control of HDAC2 or c-
MYC. Protein expression of PcG could not be checked because of the
unavailability of a suitable antibody. Further study is necessary to explore
individual PcG protein expression. Previous study reported that HDAC
inhibitor treatment can reduce the expression of PcG gene expression (Kondo,
2009). In this report, it was also found that HDAC2 specific siRNA treatment

reduced PcG expression in adult stem cells. Therefore, it is postulated that c-
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MYC positively regulates most PcG expression in adult stem cells via

HDAC2.

In conclusion, this study validated that c-MYC positively regulates
HDAC2 expression at the transcriptional and translational level; this
regulatory mechanism is found to be common in all three kinds of hMSCs. c-
MYC binding site in the promoter region of HDAC2 was confirmed. c-
MYC'’s regulatory role might also be able to regulate the expression of PcG
gene expression via HDAC2 regulation. As a result, cell proliferation and
differentiation of adult stem cells is affected. In addition, our data also

indicates that c-MYC and HDAC?2 have a mutual regulatory role.
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CHAPTER 11

REX1 Expression and p38 MAPK Activation
Status Can Determine
Proliferation/Differentiation Fates in Human

Mesenchymal Stem Cells

45



2.1 INTRODUCTION

Embryonic stem cells (ESCs) are pluripotent stem cells that can self-
renew and generate all the cell types of the body; however, they are not able
to generate the extra embryonic trophoblast lineage (Rossant, 2008). The
transcriptional regulatory network of ESCs that maintains pluripotency is
well-established. Takahashi and Yamanaka reported critical transcription
factors that are necessary for the induction of pluripotency (Takahashi and
Yamanaka, 2006). The core transcription factors, including the Yamanaka
factors, have been relatively well-defined in ESCs (Boyer et al., 2005; Wang
et al., 2006). OCT4 (Boiani et al., 2002) and REX1 (Ben-Shushan et al., 1998)
are transcription factors that are characteristic markers of pluripotent stem
cells. Paradoxically, over- or under-expression of Oct4 leads to the down-
regulation of Rexl expression. Down-regulation of Oct4 and Rex1 triggers
trophectoderm differentiation, while their up-regulation triggers primitive
endoderm and mesoderm differentiation (Niwa et al., 2000). Rex1 (Z{p42)
was first identified as a gene that is transcriptionally repressed by retinoic acid
and encodes a zinc finger transcription factor that is expressed at high levels
in F9 teratocarcinoma stem cells, embryonic stem cells, and other stem cells
(Hosler et al., 1989; Mongan et al., 2006; Ramalho-Santos et al., 2002). REX1
is a member of the YY1 sub-family of transcription factors that can function
as repressors, activators or transcription initiators depending on the sequence

context of the YY1-binding sites with respect to other regulatory elements
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(Mongan et al., 2006; Shi et al., 1997). Currently, REX1 is widely used as a
stem cell marker, and Rexl inhibits signaling via the Janus kinase
(JAK)/STAT3 pathway during the differentiation of F9 teratocarcinoma stem
cells (Xu et al., 2008). ESCs from Rex1 knock-out mice show defects in the
induction of a subset of marker genes in the visceral endoderm, which

suggests that Rex1 plays a role in ESC differentiation (Masui et al., 2008).

The family of Mitogen-Activated Protein Kinases (MAPKSs) controls an
enormous number of processes such as gene expression, metabolism, cell
proliferation, division, differentiation, apoptosis and embryogenesis (Pearson
et al.,, 2001; Johnson and Lapadat, 2002). Five different MAPK pathways
have been described: the extracellular signal-regulated kinases (ERKs), the
stress-activated protein kinases (SAPKs), the c-Jun N-terminal kinases (JNK),
the ERK5/big MAP kinase 1 (BMK 1) and the p38 MAPK. The p38 MAPK
pathway was initially described as being activated by different types of
cellular stresses and cytokines. Numerous studies have reported the
involvement of p38 MAPK pathways in the regulation of a wide spectrum of
cellular processes including cell cycle arrest, apoptosis, senescence, regulation
of RNA splicing, tumorigenesis and the growth/differentiation of specific cell
types (Han and Molkentin, 2000; Zarubin and Han, 2005). In mammals, there
are four p38 MAPKSs: p38a, p38p, p38y (SAPK3, ERK6) and p385 (SAPK4).
MAP kinase p38a. is ubiquitously expressed whereas p38p, p38y and p3851J
have restricted expression patterns (Schieven, 2005). Two major MAPK

kinases (MKKs), MKK3 and MKK®6, are known to activate p38 MAPKs.
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MKKG®6 activates all four p38 MAPKs and MKK3 activates p38a, p38y and

p38d (Nebreda and Porras, 2000; Zarubin and Han, 2005).

Mesenchymal stem cells (MSCs) are promising tools in the field of
regenerative medicine. MSCs have been isolated from bone marrow, adipose
tissue, peripheral blood, fetal liver, lung, amniotic fluid, chorionic villi of the
placenta and umbilical cord blood (Campagnoli et al., 2001; Erices et al.,
2000; Gronthos et al., 2001; Igura et al., 2004; Tsai et al., 2004; Zvaifler et al.,
2000). However, their ability to proliferate and differentiate differs depending
on their parental tissue type and subsequent culture conditions. Roch et al.
(Roche et al., 2007)described that OCT4, REX1 and GATA4 expression in
human MSCs increases the differentiation efficiency of these cells.
Furthermore, first-trimester human fetal MSCs express OCT4, NANOG and
REX1 (Guillot et al., 2007); therefore, hMSCs originating from young tissue
have a strong potential to obtain powerful multipotency and become large cell
populations. In addition to the isolation method, the culturing method is
another challenge in stem cell biology. Inhibition of p38 MAPK facilitates ex
vivo expansion of skin epithelial progenitor cells (Peng et al., 2009), and
several types of p38 MAPK inhibitors have been reported in the literature. In
this report, we determined that the phosphorylation status of p38 MAPK and
the expression of REX1 in hMSCs was an important regulatory machine that

maintains ASCs via the direct regulation of MKK3.
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2.2 MATERIALS AND METHODS

2.2.1 Isolation of hMSCs, Cell Culture and Ethics Statement

Human umbilical cord blood-derived MSCs (hUCB-MSCs) (Seo et
al., 2009), human bone marrow derived MSCs (hBM-MSCs) (Pal et al., 2009)
and human adipose tissue-derived MSCs (hAD-MSCs) (Park et al., 2008)
were isolated and cultured as previously described. In brief, two clones of
hAD-MSCs were isolated from freshly excised mammary fat tissue acquired
from the Ba-Ram plastic surgery hospital. Tissues were obtained from 20 to
30 year-old women during reduction mammoplasty. The hAD-MSCs were
maintained in K-SFM medium supplemented with 2 mM N-acetyl-L-cysteine
(Sigma-Aldrich, St. Louis, MO, USA) and L-ascorbic acid (0.2 mM, Sigma-
Aldrich). hBM-MSCs were isolated from three healthy donors and were
cultured in low glucose Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10 % fetal bovine serum (FBS) without any additional
growth factors. hUCB-MSCs were obtained from umbilical cord blood
immediately after full term delivery with written consent from 20 to 30 year-
old mothers and the approval of the Boramae Hospital Institutional Review
Board (IRB). Three hUCB-MSC clones were used in this experiment. The
hUCB-MSCs were maintained in DMEM (Invitrogen, Carlsbad, USA)

containing 10% FBS. The passages (p) of hMSCs used for the experiments
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were p5 in hUCB-MSCs, p5 in hAD-MSCs and p3 in hBM-MSCs. The
isolation and research use of hAD-MSCs and hBM-MSCs were also approved
by the Boramae Hospital IRB with written consent. All procedures were
approved by the institutional review board of Seoul National University
(UCB-MSC, #0603/001-002; AD-MSC, #0600/001-001; BM-MSC,

#0910/001-003).

2.2.2 Cell proliferation and cell cycle analyses

To measure cell growth, CCK-8 (Dojindo Molecular Technologies
Inc., San Diego, CA, USA) was used according to the manufacturer’s protocol,
and cells were measured at a wavelength of 540nm in an enzyme-linked
immunosorbent assay plate reader (EL800, Bio-Tek Instruments Inc.,

Winooski, VT, USA).

The stages of the cell cycle were detected by FACS analysis. Briefly,
the cells were washed twice with PBS and harvested by trypsinization after 3
days. The cells were then washed again with PBS and fixed with 70% ethanol
at -20°C for 1 day. The fixed cells were washed with ice cold PBS and stained
with 50ug/ml of propidium iodide (Sigma, St Louis, Missouri, USA) in the
presence of 100pg/ml RNase A (Sigma) for 30 minutes. The cell cycle stages

were analyzed using the FACS Calibur (Becton & Dickinson, NJ, USA).
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2.2.3 The construction and production of lentiviral vectors

Lentiviruses were generated using ViraPowerTM Lentiviral
packaging Mix (Invitrogen, Carlsbad, CA, USA). Lipofectamine 2000
(Invitrogen) was used for the transfection of 293FT cells (Invitrogen) with
SHDNAC-TRCNO0000107810 (REX1 knockdown-2, R2), SHDNAC-
TRCNO0000107812 (REX1 knockdown-4, R4) and SHC002 (VC, random
sequence inserted) (Sigma, Saint Louis, MO, USA). Cell culture media was
changed the day after transfection and the supernatant was harvested at 48 and
72 hours post transfection. The viral supernatant was filtered using 0.4pm
pore filters (Invitrogen). Cells were transfected with REX1 shRNA-producing
lentivirus at MOI (multiplicity of infection) of 5-10. Polybrene (Sigma) was
added to the cell culture media at a final concentration of 6ug/ml. The cell
culture medium was replaced with fresh culture medium the day after
transfection. For selection, puromycin was added to the cell culture media at a

final concentration of 10pg/ml for 3 days.

2.2.4 RT-PCR and ChIP assay

Total RNA was extracted with an easy-spin™ Total RNA Extraction
Kit (iNtRON Biotechnology, Sungnam, Korea) according to the
manufacturer’s instructions. Synthesis of cDNA was carried out using the
SuperScript® III First-Strand Synthesis System for RT-PCR (Invitrogen) with
1 pg total RNA and oligo dt and primers. The primers for each gene are

shown in Table 2. Gene expression was also analyzed using real-time PCR
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with SYBR Green Master Mix reagents (Applied Biosystems, Foster City, CA,
USA). The expression level of REX1 was detected, and the real-time PCR
values for gene expression were normalized to Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression. Real time RT-PCR was performed with
a LightCycler 480 Real-Time PCR System (Roche, Indianapolis, IN, USA).
The chromatin immunoprecipitation (ChIP) assay was carried out according
to the manufacturer’s protocol (cat#17-295, Upstate Biotechnology, Billerica,

MA, USA). PCR primers for the ChIP assay are listed in Table 2.
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Table 2 RT- PCR primers sequences used REX1 Study.

Human Forward (5°....3°) Reverse (5°....3%)
mRNA

AXIN1 TGATAACAATGGCATCGTGTC C GTCCTGGTCACACTTCCATTC C

B-CATENIN TCTGATAAAGGCTACTGTTGGATT TCACGCAAAGGTGCATGATT
GA
BMI1 TGCTGATGCTGCCAATGG TTACTTTCCGATCCAATCTG
c-MYC CAGCTGCTTAGACGCTGGATTT ACCGAGTCGTAGTCGAGGTCAT
DKK1 AACCAGCTATCCAAATGCAG TCACAGGGGAGTTCCATAAA
FZD2 CACGCCGCGCATGTC ACGATGAGCGTCATGAGGTATTT
GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG

JAGI1 GCTGGCAAGGCCTGTACTG ACTGCCAGGGCTCATTACAGA

LRPS GACCCAGCCCTTTGTTTTGAC TGTGGACGTTGATGGTATTGGT

MKK3 GTCCAAGCCACCCGCAC CCTCAAAGTTTCTGTCTCCAATGG

MKK3 chip GCCTGGTACATTCTGCCTTC CAGTCTGCCCATCTGCATAA

(Promoter)

MKK3 chip CACAAGTGGTTCCATGTTGC GGGATCCCCAGACTATCCAC
(1* intron)

MKK3 chip TGGAAACGAAAGGACCAATC GACGGCGGTGGAGACTAAT
(1* exon)

MKK6 GAACTGGGACGAGGTGCGTA TTTACTGTGGCTCGGATCCG
NOTCH1 CGGGTCCACCAGTTTGAATG GTTGTATTGGTTCGGCACCAT
NOTCH4 CGGCCTCGGACTCAGTCA CAACTCCATCCTCATCAACTTCTG

p38a GTGCCCGAGCGTTACCAGAAC CTGTAAGCTTCTGACATTTC

p38p CACCCAGCCCTGAGGTTCT AATCTCCAGGCTGCCAGG

P38y ACATGAAGGGCCTCCCCG TCTCCTTGGAGACCCTGG

P386 CCCAAGACCTACGTGTCCC ACTGGATCTTCTCCTCACTG

REX1 GCGTACGCAAATTAAAGTCCAGA CAGCATCCTAAACAGCTCGCAGAA

T

SUZ12 TGGGAGACTATTCTTGATGG GGAGCCGTAGATTTATCATT

ZNF281 ACGTAACAGCGCAGACAGAA GTGTTGAAGCCCAAGTGGTT
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2.2.5 Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 20 minutes at room
temperature, and incubated with blocking solution (10% normal goat serum,
Rockland Immunochemicals, Gilbertsville, PA, USA) overnight at 4°C. The
cells were then incubated overnight at 4°C with REX1 primary antibody
diluted in blocking solution (ab50828, Abcam, Cambridge, MA, USA),
following which the cells were treated with the Alexa Fluor anti-rabbit IgG
secondary antibody (Invitrogen) for 1 hour. For nuclear counter-staining,
Hoechst 33238 (1pg/ml, Sigma) was diluted to 1:500 in PBS and incubated
with the cells for 15 minutes. Images were captured with a confocal

microscope (Eclipse TE200, Nikon, Tokyo, Japan).

2.2.6 Western blotting

Cells were lysed with PRO-PREP (#17081, iNtRON Biotechnology).
The cell lysates were then incubated on ice for 20 minutes followed by
centrifugation (13,000 rpm, 15 minutes, 4°C) and supernatant collection. The
protein concentrations of samples were determined using the Protein Assay
Reagent (Bio-Rad laboratories, Hercules, CA, USA) according to the
manufacturer’s instructions. The protein samples (10-15pug) were
electrophoresed using a 10-12% SDS-polyacrylamide electrophoresis gel. The
proteins were detected with primary antibodies that recognize REXI1

(ab50828, Abcam), CDK2 (#2546, Cell signaling Inc, Danvers, MA, USA),
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CDK4 (#2906, Cell signaling Inc), Cyclin B1 (#4138, Cell signaling Inc),
Cyclin D1 (#2926, Cell signaling Inc), p21 (sc-32, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), BAX (sc-493, Santa Cruz Biotechnology), pERK1/2
(V803A, Promega, Madison, WI, USA), ERK1/2 (V114A, Promega),
pGSK3p (#9336, Cell signaling Inc), GSK3p (#.9315, Cell signaling Inc),
pSTAT3 (#9131, Cell signaling Inc), STAT3 (#9139, Cell signaling Inc),
STATS (sc-835, Santa Cruz Biotechnology), MEK1/2 (#9122, Cell signaling
Inc), pMEK1/2 (#9121, Cell signaling Inc), NFxB (#3034, Cell signaling Inc),
HES1 (AB5702, Chemicon), Pp38 (#4631, Cell signaling Inc), p38 (#9212,
Cell signaling Inc), MKK3 (#9232, Cell signaling Inc) and GAPDH
(MAB374, Chemicon). Antibody recognition was detected with the respective
secondary antibody linked to horseradish peroxidase (Zymed Laboratories
Inc., South San Francisco, CA, USA). Secondary horseradish peroxidase—
conjugated antibodies were detected by enhanced chemiluminescence
(ImageQuant 400, GE Healthcare, Piscataway, NJ, USA). The relative
quantities of each protein band, normalized to control cells, were quantified
using Quantity One software (version 4.6.5, Bio-Rad Inc, Hercules, CA,

USA).

2.2.7 ANNEXIN V staining for apoptosis

The apoptosis assay was performed with a two-color analysis of
FITC-labeled ANNEXIN V binding and propidium iodide (PI) uptake using

the ANNEXIN V-FITC Apoptosis Detection kit following the manufacturer's
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instructions (Calbiochem, San Diego, CA, USA). Positioning of quadrants on
ANNEXIN V/PI dot plots was performed, and live cells (ANNEXIN V—/PI-),
early/primary apoptotic cells (ANNEXIN V+/PI-), late/secondary apoptotic
cells (ANNEXIN V+/PI+), and necrotic cells (ANNEXIN V-/PI+) were

distinguished.

2.2.8 Statistical analysis

The data are presented as mean value + standard deviation obtained
from three independent experiments in which hMSCs clones originated from
three individuals. The student’s t-test (Microsoft Excel) was used for

statistical analysis. Data are considered statistically significant when p<0.01.
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2.3 RESULTS

2.3.1 The expression of REX1 is negatively correlated with the

phosphorylation of p38 MAPK in hMSCs

REX1 is expressed in ESCs and MSCs. Among three well-
characterized hMSCs, REX1 is strongly expressed in hUCB-MSCs and hAD-
MSCs; however, REX1 is weakly expressed in hBM-MSCs when grown
under previously reported culture conditions (Seo et al., 2009; Pal et al., 2009;
Park et al., 2008). In hUCB-MSCs, REX1 expression was nearly five-fold
greater than in hBM-MSCs (Fig. 9A). However, in three types of hMSCs, the
levels of phosphorylated p38 MAPK (Pp38) was in inverse proportion to the
expression of REX1 (Fig.9B). The level of Pp38 in hBM-MSCs was four-fold
stronger than the level in hUCB-MSCs. The expression level of p38, itself,
was similar between the three types of hMSCs (Fig.9B). The cell proliferation
rates of these three types of hMSCs were quite different. In repeated
experiments, hUCB-MSCs and hAD-MSCs grew faster than hBM-MSCs
(Fig.9C). Therefore, the proliferation rates of hMSCs positively correlate with
the REX1 expression level but inversely correlate with the level of Pp38
expression. REX1 was expressed in the majority of hUCB-MSCs, and the
localization of REX1 was primarily confined to the nucleus of hUCB-MSCs

as shown by immunocytochemistry (Fig.9D).
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Figure 9 The expressions of REX1, p38 MAPK and the cell proliferation

of h(MSC

(A) The expression of REX1 in hUCB-MSCs, hAD-MSCs and hBM-MSCs. hUCB-
MSCs and hAD-MSCs have strong REX1 expression, but hBM-MSCs have very

weak REX1 expression. (B) The expression of p38 and phosphorylated p38 (Pp38) in
hUCB-MSCs, hAD-MSCs and hBM-MSCs. Expression levels of p38 was similar in
three types of hMSCs. hBM-MSCs have the strongest expression level of Pp38

among the three types of hMSCs.
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2.3.2 Knockdown of REXI1 resulted in growth retardation of

hUCB-MSCs

hUCB-MSCs grew faster than hBM-MSCs but at a similar pace as
hAD-MSC:s in in-vitro culture. The discrepancy in the proliferation speed may
be potentially due to the difference in REX1 expression in the different cell
types. Therefore, a REX1 knockdown experiment was performed in hUCB-
MSCs, which had the highest expression of REX1 among the three types of
hMSCs. Four different shRNA producing lentiviruses that target different
REXI1-regions were used for the experiment. Two lentiviruses construct,
REX1-2 (R2) and REX1-4 (R4), showed specific inhibition of REX1 after
puromycin selection (Fig.10A). After REX1 knockdown, cell growth severely
decreased in hUCB-MSCs (Fig.10B and 10C). For detailed analysis of cell
cycle progression, FACS analysis was performed with the hUCB-MSCs (Fig.
10D). The composition of the GO/G1 phase significantly increased and the
composition of the S phase significantly decreased in REX1 knocked-down
hUCB-MSCs compared to vehicle control-infected hUCB-MSCs. Western
blot analysis of cell cycle regulators was performed using vehicle control-
infected and REX1 knocked-down hUCB-MSCs. After REX1 knockdown,
the expression levels of CDK2, Cyclin B1, CDK4 and Cyclin D1 decreased
compared to the levels of vehicle control-infected hUCB-MSCs. However, the
expression of p27 did not change when REX1 was knocked-down in hUCB-

MSCs compared to vehicle control-infected hUCB-MSCs (Fig.10E).
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Figure 10 REX1 knockdown resulted in growth retardation of hUCB-

MSCs.

(A) The expression of REX1 decreased after REXI-knockdown lenti-virus
infection.(B) Cell proliferation of REX1 knocked-down hUCB-MSCs significantly
decreased.(C) The morphology of cells on three days after culture. REX1 knocked-
down cells are not growing well. (D) Cell cycle arrest was found in REX1 knocked-
down hUCB-MSCs by using FACS analysis. (E) The expression levels of cyclins,
CDK and cell cycle inhibitors. The expressions of CDK2, CCNBI1, CDK4 and
CCND1 decreased, but p27 did not change after REX1 knockdown. Error bars

represent standard deviation from three independent experiments. **, p<0.01.
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2.3.3 Phosphorylation of p38 MAPK significantly increased

following the knockdown of REX1 in hUCB-MSCs

Among the detected MAPKs in hUCB-MSCs, p38 MAPK signaling
significantly changed when REX1 was knocked-down. The expression level
of p38 MAPK did not increase after REX1 knockdown; however, the level of
Pp38 increased by more than fifty-fold after REX1 was knocked-down in
hUCB-MSCs, which was verified in multiple experiments (Fig.11A).
SB203580 and SB202190 are potent inhibitors of the p38a and p38p isoforms,
respectively, and all p38 MAPK isoforms are inhibited by BIRB796 (Kuma et
al., 2005). The hUCB-MSCs express all four types of p38 isoforms (Fig.11B);
therefore, REX1 knocked-down hUCB-MSCs were treated with BIRB796.
After p38 MAPK inhibitor treatment, the level of Pp38 in REX1 knocked-
down hUCB-MSCs was not different compared to vehicle control-infected
hUCB-MSCs (Fig.11C and 11E). After BIRB796 treatment, the cell
proliferation defect of REX1 knocked-down hUCB-MSCs recovered, and the
proliferation rate was similar to the rate in vehicle control-infected hUCB-
MSCs (Fig.11D). Similarly, in hUCB-MSCs, 1 uM or 10 uM BIRB796
treatment repressed the phosphorylation of p38 MAPK (Fig.11E). In REX1
knocked-down hUCB-MSC:s, the suppressed expression levels of CDK2 and
CCNDI1 recovered after BIRB796 treatment (Fig.11F). The expression of p53
and hyper-phosphorylated RB (PpRB) did not change in REXI1 knocked-

down cells (Fig.11F). In hUCB-MSCs, the expression levels of ERK1/2 and
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Mitogen-Activated Protein Kinase Kinase 1/2 (MAP2K1/2 or MEK1/2) did
not change after the knockdown of REX1. The phosphorylation of MEK
(pMEK1/2) and NFkB expression were not significantly different after the
knockdown of REX1 in hUCB-MSCs compared to vehicle control-infected
hUCB-MSCs (Fig.11G). REXI1 inhibits signaling via the STAT pathway in
F9 cells (Xu et al.,, 2008); however, the expression of STATS did not
significantly change after REX1 knockdown in hUCB-MSCs. The expression
levels of STAT3 and phosphorylated STAT3 increased after REXI1
knockdown without regard to p38 MAPK inhibitor treatment (Fig.11H). After
REX1 knockdown in hUCB-MSCs, the expression levels of the p38s did not
significantly change (Fig.11I). In addition, BIRB 796 treatment did not

influence REX1 expression in hUCB-MSCs (Fig.11J).
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Figure 11 The levels of p38 MAPK, Cyclins and cell cycle inhibitors

GAPNH

changed after REX1 knockdown and p38 MAPK inhibitor treatment

(A) Significant phosphorylation of p38 MAPK (Pp38) was seen after REXI
knockdown in hUCB-MSCs.(B) hUCB-MSCs, hAD-MSCs and hBM-MSCs express
all four types of p38 isoforms.(C) After p38 MAPK inhibitor treatment (1uM
BIRB796), the phosphorylation of p38 MAPK was similar in REX1 knocked-down
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hUCB-MSCs compared to vehicle control-infected hUCB-MSCs.(D) Cell
proliferation was measured with CCK-8 for four days. The cell proliferation of REX1
knocked-down hUCB-MSCs was similar with vehicle control-infected hUCB-MSCs
after BIRB796 (1uM) treatment. Without BIRB796, the proliferation of REX1
knocked-down hUCB-MSCs significantly decreased compared with vehicle control-
infected hUCB-MSCs. **, p<0.01.(E) The p38 MAPK of REX1 knocked-down
hUCB-MSCs was not activated after I|uM or 10uM BIRB796 treatment compared to
those of vehicle control-infected hUCB-MSCs.(F) Changes in the expression of CDK
and cell cycle inhibitors. The decreased expression of CDK2 and CCND1 recovered
after p38 MAPK inhibitor treatment. (G) The expression levels of ERK1/2, MEK,
phospho-MEK (pMEK1/2) and NFxB did not significantly change after REX1
knockdown in hUCB-MSCs. (H) The expression changes of STAT3 and STATS. The
expression levels of STAT3 and phospho-STAT3 were significantly increased after
REX1 knockdown without regard to p38 MAPK inhibitor treatment. STATS
expression did not change after the knockdown of REX1.(I) p38a and p38p were up-
regulated but p38y was down-regulated after REX1 knockdown in hUCB-MSCs.(J)
REX1 expression of hUCB-MSCs did not change after BIRB796 (p38 MAPK
inhibitor) treatment.Error bars represent the standard deviation from three

independent experiments
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2.3.4 MKK3 expression significantly increased after REXI1

knockdown

In mammals, MKK3 and MKK6 are well known activators of p38
MAPK via the phosphorylation of p38 MAPK (Inoue et al., 2005). The
expression of MKK6 did not significantly change after the knockdown of
REX1, but the expression of MKK3 dramatically increased in REXI1
knocked-down hUCB-MSCs (Fig.12A). The MKK3 RNA level increased
approximately seven-fold as confirmed by real-time RT-PCR. The level of
MKK3 protein expression also increased 3.4-fold (Fig.12B). In hMSCs, the
expression of MKK3 was in inverse proportion to REX1 expression (Figs.9A
and 12C). The expression level of MKK3 in hUCB-MSCs was 20-fold less
than the level in hBM-MSCs. Therefore, the direct regulation of MKK3 by
REX1 was investigated. The human genomic DNA sequences of MKK3 were
analyzed for the presence of the REX1 binding motif. The DNA binding motif
of REX1 contains the core sequences of GCAGCCAT or GCCATTA (Kim et
al., 2007). In human genomic DNA, only three positions in MKK3 contain
consensus sequences for REX1 binding. These consensus sequences are
located 1 Kb upstream of the first exon (Promoter region), inside of the first
exon (Exon 1) and inside of the first intron (Intron 1) (Fig. 12D). A ChIP
assay was performed to confirm the direct binding of REX1 to MKK3, and

REX1 specifically binds only to the first exon of MKK3 (Fig.12D). Other
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regions of MKK3 did not contain REX1 binding motifs or a positive signal

from the ChIP assay.
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Figure 12 The expressions of ERK, MEK, STAT3/5 and p38s after REX1

knock-down

MKK3 expression significantly increased, but MKK6 did not significantly change
after REX1 knockdown as shown by RT-PCR. (B) MKK3 increased after REX1
knockdown at the protein expression level. (C) The expression level of MKK3 in
hUCB-MSCs was 20- fold less than the level in hBM-MSCs under normal culture
conditions as shown by real-time RT-PCR. (D) The ChIP assay for REX1. Three
regions have REX1 consensus sequences in the MKK3 genomic DNA. REX1 binds to
the first exon region (MKK3Exon1) of MKK3. Abbreviations: MKK3Promt, MKK3
promoter region; MKK3Exon1, MKK3 exon 1 region; MKK3Intronl, MKK3 intron 1
region. Error bars represent the standard deviation from three independent

experiments.



2.3.5 Alterations in the differentiation ability, and NOTCH and
WNT signaling, of hUCB-MSCs following REXI1

knockdown

The differentiation ability of hUCB-MSCs was investigated after the
knockdown of REX1. The adipogenic potentiality in REX1 knocked-down
hUCB-MSCs slightly increased or was similar to vehicle control-infected
hUCB-MSCs after adipogenic differentiation as shown by Oil Red O staining.
However, the osteogenic differentiation potential of REX1 knocked-down
hUCB-MSCs visibly deteriorated after osteogenic induction as shown by

Alizarin Red S staining (Fig.13A).

Notch signaling is important for the differentiation of MSCs (Grogan et
al., 2008; Otto and Rao, 2004). JAGGED1 (JAG1) is a ligand of the NOTCH
receptor and plays key roles in cell differentiation and morphogenesis
(Guarnaccia et al., 2004). The expression of JAG1 was up-regulated in REX1
knocked-down hUCB-MSCs compared to vehicle control-infected hUCB-
MSCs. NOTCH proteins are single-pass trans-membrane receptors that
regulate cell fate decisions during development. The expression levels of
NOTCHI1 and NOTCH4 also increased in REX1 knocked-down hUCB-MSCs
compared to vehicle control-infected hUCB-MSCs (Fig.13B). As a
consequence, the expression of HES1, a NOTCH target molecule, was up-
regulated in REX1 knocked-down hUCB-MSCs compared to vehicle control-

infected hUCB-MSCs (Fig.13B).
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Figure 13 Differentiation study, NOTCH and WNT expression changes in

REX1 knocked-down hUCB-MSCs

(A) Adipogenic and osteogenic differentiation of vehicle control and REX1 inhibited
hUCB-MSCs. The number of adipogenic differentiated cells was found slightly more
in REX1 knocked-down hUCB-MSCs. Osteogenesis was decreased in REXI
knocked-down hUCB-MSCs. (B) The expression changes of NOTCH signaling genes
after REX1 knockdown. The expression levels of JAGl, NOTCHI and NOTCH4
increased after REX1 knockdown. HES1 expression increased 1.2-fold after REX1
knockdown. (C) The expression levels of GSK3-B, pGSK3-f at serine-9 and f-
CATENIN decreased in REX1 knocked-down hUCB-MSCs. (D) The expression
levels of FZD2, LRP5 and DKK1 decreased after REX1 knockdown in hUCB-MSCs.
(E) The expression levels of core transcription factors and PcG genes. The expression
level of ZNF281, SUZ12 and BMII decreased after REX1 knockdown in hUCB-
MSCs. The expression of c¢-MYC did not change after REX1 knockdown.
Abbreviations: Adipo, adipogenic induction; Osteo, osteogenic induction. Error bars
represent the standard deviation from three independent experiments. Scale bars

represent 100 mm.
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Canonical WNT/B-CATENIN signaling also plays an important role
in regulating the differentiation of MSCs (Takada et al., 2009; Kawai et al.,
2007).The expression levels of B-CATENIN, GSK3-f and phospho-GSK3-3
at serine-9 decreased after REX1 inhibition in hUCB-MSCs (Fig.13C). The
expression of a WNT signaling related gene, AXINI1, was not significantly
different in REX1 knocked-down and vehicle control-infected hUCB-MSCs;
however, the expression levels of FZD2, LRP5 and DKK1 decreased in REX1
knocked-down hUCB-MSCs compared to vehicle control-infected hUCB-
MSCs (Fig.13D). The expression of ZNF281, a core transcription factor in
stem cells that functions during hMSC osteogenesis (unpublished data),
decreased in REX1 knocked-down hUCB-MSCs compared to the vehicle
control-infected hUCB-MSCs (Fig.13E). The expression of c-MYC, another
core transcription factor of stem cells, did not change significantly after REX1
knockdown in hUCB-MSC:s. In order to evaluate the changes in expression of
other polycomb group genes, the expression levels of two polycomb group
genes that are important to maintenance and specification of stem cells
(Rajasekhar and Begemann, 2007), SUZ12 and BMI1, were measured. The
expression levels of SUZ12 and BMI1 decreased after REX1 knockdown in

hUCB-MSCs (Fig.13E).
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2.3.6 REXI1 inhibition did not affect apoptosis of hUCB-MSCs
and Pp38 level was not significantly altered after REX1

knockdown in hBM-MSCs

Apoptosis is influenced by p38 MAPK, which is also important to cell
growth. ANNEXIN V is used as a probe in the ANNEXIN V assay to detect
cells that express phosphatidyl serine on the cell surface, a feature found in
apoptosis as well as other forms of cell death (Koopman et al., 1994; Vermes
et al.,, 1995). ANNEXIN V staining was performed on three hUCB-MSCs
clones derived from three different individuals (Fig.14A). The number of
apoptotic cells (Q2 and Q4 fraction) or necrotic cells (Q1 fraction) of REX1
knocked-down hUCB-MSCs did not significantly differ from the vehicle
control-infected hUCB-MSCs (Fig.14B). The expression of BAX, a marker
protein of apoptosis, also did not increase in REX1 knocked-down hUCB-

MSCs compared to vehicle control-infected hUCB-MSCs (Fig. 14C).

In hAD-MSCs, the level of Pp38 significantly increased after the
knockdown of REX1 similar to hUCB-MSCs. However, in hBM-MSCs, the
level of Pp38 increased slightly after REX1 knockdown (Fig. 14D). Basically,
in hBM-MSCs, REX1 expression was very low (Fig.9A). Also, under normal
culture conditions, the intrinsic Pp38 and MKK3 expression levels were much
higher in hBM-MSCs than in hUCB-MSCs or in hAD-MSCs (Figs.9B, 12C
and 14D). Therefore, the effect of the REX1 knockdown did not significantly

influence Pp38 level in hBM-MSCs compared to other types of hMSCs.
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Figure 14 Apoptosis after REX1 knockdown in hUCB-MSCs and REX1

inhibition in hMSCs and the summary of the role of REX1 in stem cells

(A, B) Apoptotic cell death was not significantly different in REX1 knocked-down
and vehicle control-infected hUCB-MSCs. (C) The expression of BAX did not
change after REX1 knockdown in hUCB-MSCs. (D) Significant activation of p38
MAPK was observed after REX1 knockdown in hUCB-MSCs and hAD-MSCs but
only slightly increased in hBM-MSCs. hBM-MSCs, which have low expression of
REX1, have highly activated p38 MAPK (Pp38) in vehicle control-infected cells. (E)
REX1 suppresses MKK3 expression, which activates p38 MAPK. REXI also
suppresses STAT3 expression and NOTCH signals. Error bars represent the standard

deviation from three independent experiments.
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2.4 DISCUSSION

The p38 MAPK is important for cell growth, apoptosis and
differentiation in mammalian cells. Under specific culture conditions, in
hUCB-MSCs, which strongly express REX1, p38 MAPK is suppressed.
However, hBM-MSCs, which have weak REX1 expression, have activated
p38 MAPK and a high expression level of MKK3 under normal culture
conditions. REX1 expression was inversely correlated with p38 MAPK
activation and positively correlated with the proliferation rates of the three

types of hMSCs examined.

REXI1, a pluripotent marker gene, was expressed in some types of
hMSCs and cancer cells as well as ESCs. In hUCB-MSCs, the knockdown of
REX1 resulted in severe growth retardation. The functions of p38a have been
previously reported and p38a is a major component of p38 MAPK in the
majority of cells. p38a can negatively regulate cell cycle progression at both
the G1/S and G2/M transitions by several mechanisms such as, the down-
regulation of Cyclins and the up-regulation of CDK inhibitors (Ambrosino
and Nebreda, 2001). In REX1 knocked-down hUCB-MSCs, the cell cycle was
arrested primarily in the GO/G1 stage, compared to vehicle control-infected
hUCB-MSCs. Passage through the cell cycle requires the successive
activation of different cyclin-dependent protein kinases (CDKs) and Cyclins
(Nigg, 1995; Murray, 2004) . Cyclin E, in association with CDK2, is required

for the G1/S transition (Knoblich et al., 1994; Ohtsubo and Roberts, 1993).
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Both Cyclin A and the B-type Cyclins associate with CDC2 to promote entry
into mitosis (King et al., 1994). The expression levels of CDK2, CCND1 and
Cyclin Bl decreased in REX1 knocked-down hUCB-MSCs compared with
the levels in vehicle control-infected hUCB-MSCs. The expression levels of
CDK2 and CCNDI recovered after p38 MAPK inhibitor treatment in REX1
knocked-down hUCB-MSCs. However, the expression levels of CDK
inhibitors, p53 and PpRB, did not change after p38 MAPK inhibitor treatment
or REX1 knock-down in hUCB-MSCs. Although p38 MAPK was highly
activated in REX1 knocked-down hUCB-MSCs, the cells grew slowly. Notch
signaling, which increased in REX1 knocked-down hUCB-MSCs, also
regulates stem cell number and has an opposite role of p38 MAPK
(Androutsellis-Theotokis et al., 2006). Therefore, in REX1 knocked-down
hUCB-MSCs, the growth inhibition signal by activated p38 MAPK was
partially compensated by the cell proliferation signals from NOTCH

activation.

Activation of p38 MAPK also contributes to chemically-induced cell
death (Gills et al., 2007). The possibility of increasing apoptosis in REX1
knocked-down hUCB-MSCs was excluded because the results of the
ANNEXIN V assay showed no significant difference between REXI1
knocked-down and vehicle control-infected hUCB-MSCs. In addition, the
expression of STAT3 increased in REX1 knocked-down hUCB-MSCs, which
was also previously reported (Xu et al., 2008). After p38 MAPK inhibitor

treatment and REX1 knockdown, the STAT3 activation patterns did not
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change, suggesting that STAT3 suppression by REX1 is independent of p38

MAPK signaling.

Activation of p38 MAPK is important for the differentiation of mouse
ESCs (Chakraborty et al., 2009) and hMSCs (Platt et al., 2009). The known
up-stream regulators of p38 MAPK are MKK3 and MKK®6, which are
activated in response to many types of cell stresses (Cuenda and Rousseau,
2007; Mittelstadt et al., 2005). However, in stem cells, the transcriptional
regulation of MKK3 and MKK6 was not previously reported. REXI
expression is specific to pluripotent stem cells, several types of hMSCs and
cancer cells. REX1 is highly expressed in hUCB-MSCs, but MKK3
expression is approximately 20-fold lower in hUCB-MSCs, compared to
hBM-MSCs, where REX1 expression is low under normal culture conditions.
REX1 suppresses the expression of MKK3 in hMSCs, which was mediated by

REX1 binding directly to the first exon of MKK3 (Fig.14E).

The Notch signaling pathway is implicated in the differentiation
(Hiraoka et al., 2006; Li et al., 2006) and the immune-modulation of MSCs
(Li et al., 2008). Notch signaling inhibits chondrogenesis of hMSCs (Grogan
et al.,, 2008). Also, the expression of the NOTCH ligand and its receptors
(JAG1, NOTCHI1 and NOTCH 4) increased after the knockdown of REX1 in
hUCB-MSCs. Therefore, osteogenic differentiation deformity was partially
caused by NOTCH activation after REX1 knockdown in hUCB-MSCs. Notch

signaling also has a role in adipogenesis, and in 3T3-L1 cells, the reduction of
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Hes-1 inhibits adipogenic differentiation (Ross et al., 2004). The activation of
p38 MAPK activates C/EBPp, a transcription factor that has a critical role in
adipogenesis (Ono and Han, 2000). Therefore, after REX1 knockdown in
hUCB-MSCs, increased adipogenesis was potentially caused by both NOTCH
and p38 MAPK activation. The expression level of HESI, a target molecule
of NOTCH signaling, increased in REX1 knocked-down hUCB-MSCs;
therefore, REX1 may suppress the NOTCH signaling pathways and maintains

the undifferentiated state of hUCB-MSCs (Fig.14E).

In MSCs, Wnt/B-catenin (i.e., canonical) signaling is also important to
maintain stemness and multipotency (Etheridge et al., 2004; Boland et al.,
2004; Bennett et al., 2005) . B-CATENIN decreased after REX1 knockdown
in hUCB-MSCs. The function of GSK3-, which inactivates B-CATENIN, is
inhibited by the phosphorylation of serine-9 (Stambolic and Woodgett, 1994).
In REX1 knocked-down hUCB-MSCs, the expression level of GSK3-B
decreased, and the level of phosphorylated GSK3-f at serine-9 also decreased.
p38 MAPK down-regulates WNT/B-CATENIN signaling via GSK3-B]
(Bikkavilli et al., 2008), which was confirmed by our results. Notchl over-
expression inhibits osteoblastogenesis by suppressing Wnt/B-Catenin
signaling (Deregowski et al., 2006), which correlated with osteogenic
deformity in REX1 knocked-down hUCB-MSCs. The increased NOTCH
signal also caused the suppression of WNT in REX1 knocked-down hUCB-
MSCs. Several core transcription factors that have critical roles in ESCs were

expressed in hUCB-MSCs. The effect of REX1 knockdown on these
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transcription factors was different in each gene expression. The expression of
ZNF281 decreased in REX1 knocked-down hUCB-MSCs compared to
vehicle control-infected hUCB-MSCs, but the expression of ¢-MYC did not
change when REX1 was knocked-down in hUCB-MSCs. REX1 is considered
to be a member of the YY1 gene family which is a polycomb group gene. The
expression levels of the polycomb group genes, SUZ12 and BMII, were
reduced in REX1 knocked-down hUCB-MSCs. Therefore, REX1 also has a
role in modulating the chromatin structure of hUCB-MSCs, which needs to be

further explored.

In conclusion, REX1 represses the expression of MKK3, which can
activate p38 MAPK in hMSCs. The high expression level of REX1 in stem
cells protects cell differentiation by suppressing p38 MAPK activation via
MKK3 suppression and by suppressing NOTCH and STATS3 signaling. ASCs
that highly express REX1 have more prominent cell-proliferation ability and
multipotency than low REXI-expressing ASCs due to the p38 MAPK
suppression in stem cells. Therefore, REX1 is a proper marker not only in
ESCs but also in highly efficient multipotent human ASCs. Overall, the
suppression of p38 MAPK is useful in the collection and culturing of
multipotent human ASCs that do not have sufficient expression levels of

REX1. This will be beneficial to the field of regenerative medicine.
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CHAPTER III

The simplest Method for in vitro B-cell

Production from human adult stem cells
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3.1 INTRODUCTION

Stem cell therapy represents a promising tool for the treatment of
incurable diseases in the near future because of the unique characteristics of
these cells related to the differentiation, regeneration, development,
remodeling and replenishment of aged and diseased tissues. Stem cells
derived from tissues other than embryos are referred to as adult stem cells.
Tissues such as bone-marrow, blood, brain and placenta are sources of adult
stem cells. The umbilical cord, umbilical cord blood and placenta become
medical waste products following the birth of a baby, and these tissues
represent rich sources of stem cells (Magatti et al., 2008; Murphy et al., 2011).
Stem cells from these sources have the unique characteristics of being
associated with a low risk of graft-versus-host diseases (GVHD), a lack of
related ethical issues and easy availability (Zhao and Mazzone, 2011). In
comparison, handling embryonic stem cells is more complex and is associated
with ethical concerns. Because of the unique characteristics of stem cells from
afterbirth byproduct origins, they have obtained a prominent position in the
biomedical research field as limitless source of stem cells. Several clinical
trials have already been performed in different diseases, including diabetes
(Wei et al., 2003), spinal cord injuries (Kang et al., 2005), cardiac diseases
(Copeland et al., 2009), lung injuries (Moodley et al.) and neural diseases

(Seo et al., 2011), in animal models and in human trials.
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Pancreatic B-cells are responsible for maintaining glucose homeostasis
in the human body. Autoimmune destruction of B-cells causes diabetes
mellitus (DM). It has been reported that 4-5% of world population suffers
from DM (Shi et al., 2005). Therefore, there is an urgent need to develop
reliable diabetes therapies. Testing blood glucose and injecting insulin
represent life-saving therapies that have been practiced for a number of years.
Other approaches, such as tissue- and cell-based therapies, have been
employed to restore the functional B-cells. Among these methods, pancreatic
islet transplantation is considered as a better means of treatment than insulin
injection (Serup et al., 2001), but it is also associated with limitations of
severe immunosuppression, a lack of sufficient numbers of islet donors and
high economic costs. Current studies are focused on cell-based therapies, for
which stem cells are the best option because of their therapeutic potential. In
this regard, the development of limitless sources of stem cells represents a
possible permanent way out for therapy of DM. Research in this field has
been aimed at differentiating mouse embryonic stem cells (mES) (Shi et al.,
2005; Lumelsky et al., 2001), human embryonic stem cells (hES) (Jiang et al.,
2007b; Jiang et al., 2007a; D'Amour et al., 2006), umbilical cord blood (UCB)
(Gao et al., 2008), umbilical cord-derived mesenchymal stem cells (UC-MSC)
(Wang et al., 2011) and AE-SC (Wei et al., 2003) into insulin-producing cells.
The time required for differentiation into insulin-producing cells (IPCs) is
variable in every study according to the methods of differentiation and cell

sources used. Shortening the time required for differentiation is important to
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improve the efficiency of the differentiation process because it can save costs
and diminish the possibilities of contamination. Because of their unique
characteristics and the fact that they are abundantly available, UCB-MSC,
Wharton’s jelly-derived mesenchymal stem cells (WJ-MSC) and AE-SC were

considered in the current study.

In the present study, we investigated whether the duration of
differentiation of the most readily available and potentially unlimited source
of stem cells in serum free culture conditions could be shortened for the
purpose of making their production more economic, efficient and time and

labor saving.
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3.2 MATERIALS AND METHODS

3.2.1 Cellisolation and culture

Human amniotic tissue was obtained from Guro Korea Medical
Hospital (Seoul, Korea) under informed consent, and isolation and culture
were performed with the approval of the Seoul National University
Institutional Review Board (IRB No. 0611/001-002). The amniotic tissue was
washed several times with PBS to remove blood and incubated with 0.05%
trypsin-EDTA (Invitrogen, Carlsbad, USA) for 1 hour. The amniotic epithelial
cells were collected and suspended in standard culture media consisting of K-
SFM (Keratinocyte-SFM) supplemented with 0.031 pg/ul human recombinant
EGF, 12.4 mg/ml bovine pituitary extract (all from Invitrogen) and 10 % fetal

bovine serum (FBS, Hyclone, Logan, UT, USA).

Human umbilical cord blood-derived MSC (hUCB-MSCs) collection,
isolation and characterization was performed as described previously (Seo et
al., 2009; Bhandari et al., 2011a; Bhandari et al., 2011b). For WJ-MSC
isolation and culture, we followed the methods explained previously (Wang et
al., 2004). In brief, after removing blood vessels from umbilical cord,
mesenchymal tissues were scraped off with scalpel from the Wharton’s jelly
and centrifuged at 2,000 rpm for 5 min. at room temperature. The pellet was
washed with serum free DMEM and resuspended in 10 ml of DMEM at 2,000
rpm for 5 min. at room temperature. Then, this pellet was resuspended in 15

ml of DMEM containing 0.2gm/ml of collagenase and incubated for 16 hours
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at 37°C. Cells were washed , resuspended in 10 ml of DMEM containing 2.5 %
trypsin, incubated 30 min. at 37°C with agitation, washed and cultured in
DMEM-HG containing 10 % FBS in 5 % CO2 incubator. Cells were
passaged before 90 % confluency. After thawing, all UCB-MSC, WJ-MSC
and AE-SC were cultured in growth medium. Our growth medium contained
Endothelial Cell Basal Medium-2 (EBM-2) (#CC-4176, Lonza, Walkersville,
MD, USA) and the growth factor EGM-2 SingleQuots catalog# CC-4176
(Lonza) supplemented with 10% FBS (# 16000-044, Invitrogen). Cells were
detached with 1X 0.25% Trypsin EDTA (#25200-072, Invitrogen) incubated
for five minutes in an incubator and collected with phosphate buffered saline
(PBS), then spun down at the rate of 2,000 rpm for 5 minutes. The supernatant
was removed, and cells were resuspended with the above mentioned medium
and counted using a hemocytometer chamber. Subculturing was performed in
the same medium with 1 x 10° cells per 100-mm diameter NUNC cell culture

dish and cell were cultured until 60-70 % confluency.

3.2.2 In vitro differentiation of cells

All three cell lines, UCB-MSC, WJ-MSC and AE-SC, were grown to
60-70% confluency in growth medium with 10% FBS. Then the medium was
changed into differentiation medium. For differentiation, EBM-2 (Lonza)
supplemented with EGM2 (Lonza) was used as basal differentiation medium.
Our differentiation protocol is divided into two stages. Stage-1: The 70%

confluency cells were washed two times with PBS and cultured for 24 hours

83



in basal differentiation medium supplemented with 1 mM sodium butyrate
(Sigma-Aldrich, St. Louis, MO, USA) and 50 ng/ml Activin A (R&D system).
The next day, sodium butyrate was withdrawn. The medium was changed
with fresh basal differentiation medium supplemented with 0.1-0.2% bovine
serum albumin (Sigma Aldrich) and 50ng/ml Activin A for two more days.
Stage-2: Basal differentiation medium was supplemented with 50ng/ml
KGF/FGF7 and 1% BSA to prepare stage-2 medium. Before changing into
stage-2 medium, cells were washed twice with PBS. Control cells were grown
in basal differentiation medium supplemented with 10% FBS. Images of the
cells were collected at the end of each stage using an Olympus CKX41

microscope (Olympus, Tokyo, Japan).

3.2.3 RT-PCR

Total RNA was extracted with an easy-spin™ Total RNA Extraction
Kit (iNtRON biotechnology, Sungnam, Korea) according to the
manufacturer’s instructions. cDNA synthesis was performed using the
SuperScript® III First-Strand Synthesis System for RT-PCR (Invitrogen) with
2g of total RNA and oligo dT. The primers used for each gene and the
annealing temperatures and number of cycles are shown in Table 3. A Hot-
Start Taq (#203603, Qiagen) kit was used for RT-PCR amplification. RT-PCR
products were loaded into 1.5 to 2.5% agarose gels, stained with ethidium
bromide and photographed under ultraviolet light in a Gene Flash (Syngene

Bio Imaging, Cambridge, UK) machine.
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Table 3 Primer sequences, RT-PCR conditions and product size

Human mRNA Forward 5°—3° Reverse 5>—3°
B-ACTIN CGGCATCGTCACCAACTGGGA CGTAGATGGGCACAGTGTGGG
CX36 AACGCCGCTACTCTACAGTC TTGGCCGGGACACATAACAT
GCG AGGCAGACCCACTCAGTGA  AACAATGGCGACCTCTTCTG

INSULIN TTCTTCTACACACCCAAGAC CTAGTTGCAGTAGTTCTCCA
NESTIN AACAGCGACGGAGGTCTCTA TTCTCTTGTCCCGCAGACTT
NGN3 CGAATGCACAACCTCAACTC AGTCAGCGCCCAGATGTAGT
NKX6.1 ACACGAGACCCACTTTTTCCG TGCTGGACTTGTGCTTCTTCAAC
PDX1 CTCCTACAGCACTCCACCTT CCGAGTAAGAATGGCTTTAT
PPY CTGCTGCTCCTGTCCACCTG CTCCGAGAAGGCCAGCGTGT
SOX17 AGATTGAAAAAACACCCAGG TTGTTCAGAGATTTGTTTCC
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3.2.4 Immunofluorescence staining and quantification

For immunofluorescence staining, 3x10* to 5x10* cells/well were
cultured on a 4-well chamber slide and differentiated according to the
differentiation protocol. At the end of differentiation, cells were washed twice
with PBS and fixed with 4% paraformaldehyde for 10 minutes at room
temperature. After washing with PBS twice, cells were incubated with
blocking solutions (10% normal goat serum in PBS) overnight at 4°C. Cells
were washed two more times with PBS and then incubated with anti-mouse
insulin antibodies (#ab8302, Abcam, Cambridge, MA, USA) at a 1:100
dilution and anti-rabbit C-Peptide (#4020-01, Linco) at a dilution of 1:200 in
5% blocking solution at room temperature for 2 hours 30 minutes.
Subsequently, cells were treated with AlexaFluor anti-mouse and anti-rabbit
IgG secondary antibodies (Invitrogen) at a dilution of 1:1,000 for 1 hour at
room temperature. For nuclear counter-staining, Hoechst 33258 (1g/ml,
Sigma) was diluted to 1:500 in PBS, and the cells were incubated with this
solution for 15 minutes at room temperature. Images were collected with a

confocal microscope (Eclipse TE200, Nikon, Tokyo, Japan).

For the quantification of differentiated (insulin and C-peptide) cells,
confocal imaging of three different fields were performed for each cell lines.
Total cells (Hoechst positive), insulin positive and C-peptide positive cells

were counted using Imagel] version 1.4 (National Institute of Health-NIH)
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software and percentage calculated. Clearly stained and almost full stained

cells were counted to avoid counting error.

3.2.5 Measurement of extracellular and intracellular protein

(insulin and C-peptide) using ELISA

At the end of each stage, the culture medium was collected and stored
at -20°C until being assayed. For measurement of secreted insulin and C-
Peptide, Ultrasensitive ELISA (#10-1132-01, #10-1141-01, Merocodia,
Uppsala, Sweden) kits were used according to the manufacturer’s instructions.
A TMB substrate was used to read the absorbance at 450 nm. Unit used in this
kit for insulin is mU/L and for C-peptide is pmol/L. According to the kit,
conversion factor for insulin 1pg/l = 29 mU/L; ImU/L = 6.0 pmol/L and for

C-peptide 1pg/L corresponds to 331 pmol/L.

For intracellular insulin and C-peptide quantification, cells were
harvested and lysed with PRO-PREP (#17081, iNtRON biotechnology). Cell
lysates were incubated on ice for 20 minutes followed by centrifugation
(13,000 rpm, 15 minutes, 4°C) and supernatant collection. The protein
concentrations of samples were determined using the Protein Assay Reagent
(Bio-Rad laboratories, Hercules, CA, USA) according to the manufacturer’s
instructions. Fifty microgram (ug) sample protein was used in each well of
above mentioned ELISA kit for intracellular insulin and C-peptide

quantification.
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3.2.6 Glucose stimulation Test

At the end of each stage, cells were washed twice with PBS and
cultured in 15 mM glucose containing DMEM and FBS for 2 hours. The
medium was then collected and stored at -20°C until being assayed. The
secreted C-peptide and insulin in the 15 mM glucose medium was measured
according to the protocol of the Mercodia Ultrasensitive ELISA kit

(Merocodia).

3.2.7 Statistical analysis

The results were presented as the mean + standard deviation (SD). The
statistical significance of the differences was tested with the Student’s t-test in
Microsoft Office Excel (2007). In all comparisons, values of P<0.05 (*) and

P<0.01 (**) were considered statistically significant.
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3.3 RESULTS

3.3.1 In vitro differentiation of adult stem cells into insulin-

producing cells

After analyzing different protocols (Table 4) used for differentiating
insulin-producing cells from various sources of stem cells, we designed the
methods used here to obtain insulin-producing cells in as short duration as
possible using adult stem cells. Thus, UCB-MSC, WJ-MSC and AE-SC were
used in the present study. These cells were cultured in growth medium up to
60-70 % confluency, and the medium was then changed to stage-1 and stage-2
media, as per our differentiation protocol. Cell proliferation was continuous
up to the Ist day of stage-1, and almost completely stopped thereafter. The
maturation of UCB-MSC and WJ-MSC could be observed (Fig. 15). AE-SC
became large and flattened in this stage. In stage-2, approximately 20-30 % of
cells detached from the surface in each cell line. It was assumed that the
differentiation medium became unfavorable for these cells. AE-SC became
thicker epithelial cells, and some of the cells showed phenotypes of other

lineages.
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Figure 15 Phenotypes of cells during differentiation

Umbilical cord blood derived mesenchymal stem cells (UCB-MSC),
Wharton’s Jelly derived mesenchymal stem cells (WJ-MSC) and amniotic
epithelial derived stem cells (AE-SC) cultured in basal medium (control),
differentiating media (stage-1 and stage-2). Cell proliferation was continuous
in all three different cell lines in stage-1. AE-SCs increased in size and
became more flattened in stage-1. In stage-2 cell proliferation stopped,
maturation of cell took place and some cells detached from the surface in all
three different cell lines. AE-SCs became more thick epithelial and some of

the cells showed phenotypes other lineages. Scale bar represents 50 pm.
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Table 4 Comparison of duration for differentiation of stem cells’ into

insulin producing cells (IPCs)

Duration Cells Stagel Stage2 Stage3  Stage4  Stage5 References
(days)

6 hUCB EBM2--- EBM2--- N/A
MSC, 3 days 3days
WIJ-
MSC
and
AE-SC
24-27 mES DMEM--- DMEM-- DMEM-- DMEM--- DMEM - (Lumelsky et
6 days al., 2001)
2-3 days 4 days 6-7 days 6 days
7-12 mES DMEM--- DMEM--- DMEM/ (Shi et al.,
2005)
1-2 days 3-5days F12----
3-5 days
11-15+ hES RPMI--- RPMI--- DMEM-- DMEM-- CMRL-- (D'Amour et
al., 2006)
2-4 days 2-4 days 2-4 days 2-3 days 3+ days
36 hES RPMI --- RPMI--- RPMI---  RPMI--- (Jiang et al.,
2007a)
7 days 15 days 7 days 7 days
20 hES CDM--- CDM --- CDM--- DMEM/ DMEM/ (Jiang et al.,
2007b)
2 days 4 days 4 days F12--- F12---
3days 7 days
15 hUCB- DMEM- DMEM-H-- DMED-L DMEM- (Gao et al.,
H-- - -— L----. 2008)
MSC
1 day 2 days 6 days 6 days
17 hUC- CMRL DMEM/F12 DMEM/ (Wang et al.,
2011)
MSC 1066 7 days F12
7 days 3 days

N/A, Non-applicable
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3.3.2 Pancreatic endocrine differentiation was confirmed by RT-

PCR analysis

RT-PCR analysis was performed using marker genes for definitive
endoderm (SOX17), pancreatic endoderm/pancreatic endocrine precursors
(PDX1, NGN3, and NKX6.1) and pancreatic endocrine cells (INS, GCG,
and PPY) (D'Amour et al, 2006). A suitable basal medium was also
determined based on the gene expression pattern observed in the cells grown
in three different media (EBM2, DMEM-LG and DMEM-HG). We used all
three media supplemented with 1% BSA for the culture of control UCB-MSC
until the end of the differentiation period. Gene expression was analyzed by
RT-PCR (Fig. 16A). We did not detect the expression of insulin in any stage,
although expression of SOX17 and PDX1 was observed. SOX17 and PDX1
were highly expressed in stage-1 and stage-2 in EBM2 medium, although they
were only expressed in stage-1 in DMEM-LG and stage-2 in DMEM-HG
medium, respectively (Fig. 16A). These data suggested that EBM2 is more
suitable for our purposes than the other two types of media. All three different
cell lines were positive for NESTIN from the beginning to the end of the
differentiation process, except in stage-2 for AE-SCs (Fig. 16B). SOX17 was
also expressed continuously up to stage-2 in UCB-MSC and AE-SC, but it
was only clearly observable in stage-1 in WJ-MSC. PDX1 and NKX6.1
expression was maintained in all of the cells during the differentiation period.

However, strong expression of NGN3 was observed in stage 2 in all cells,
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except for WJ-MSC, in which weak expression was seen from the beginning
of the experiment. The pancreatic endocrine marker genes INS, GCG and
PPY were clearly detected in stage-2 in all cell lines. However, GCG was
weakly expressed in the beginning of the experiment in WJ-MSC, but it was
expressed at a considerable level in stage-1. Additionally, the B cell specific
gap junction-related gene CX-36 was expressed well in all of our cells in

stage-2.
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Figure 16 Gene expression pattern of three different types of cells

during differentiation into insulin producing cells

(A) Gene expression pattern of UCB-MSC cells cultured in three different basal

media during the total duration of differentiation. In all three basal media insulin was

not expressed in full duration of differentiation. SOX17 and PDX1 expression was

detected in early stage of differentiation in EBM-2 medium, which is better than other

media. (B) Gene expression pattern of UCB-MSC, WJ-MSC and AE-SC cells

cultured in basal medium (Con), stage-1 (Stgl) and stage-2 (Stg2) differentiation

media.
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3.3.3 Insulin and C-peptide protein expression were confirmed by

Immunofluorescence analysis in differentiated cells

Double immunofluorescence staining (insulin and C-peptide) were
performed for UCB-MSC, WJ-MSC and AE-SC in control, stage-1 and stage-
2 conditions, respectively. Only stage-2 cells expressed insulin (red) and C-
peptide (green) in all three different cell lines (Fig.17). Cytoplasmic
localization of insulin and C-peptide was clear in UCB-MSC and AE-SC
(Fig.17A and 17C), but it was not clearly seen in WJ-MSC (Fig.17B) because
of the nucleus was located deeply inside of the WJ-MSC. Co-localization of
insulin and C-peptide was confirmed (light yellow cells) in merged figures.
Nuclei (blue) were counterstained with HOECHST. Quantification of insulin
and C-peptide positive cells was performed (Fig.17D) using Image] software.
22.6%, 17.8% and 34.54 % insulin positive cells were found in UCB-MSC,
WIJ-MSC and AE-SC respectively. Similarly 25.5%, 18.0% and 37.1% C-

peptide positive cells were found in above mentioned cell lines respectively.
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Figure 17 Immunofluorescence analysis of insulin (red) and C-peptide

(green) expressing cells at stage-2 of differentiation

(A) Cytoplasmic localization of Insulin (red) upper left and C-peptide (green) upper
right was detected in UCB-MSC. Counter staining of nucleus (blue) was done with
Hoechst (lower left). Co-localization of insulin and C-peptide (light yellow) positive
cells are shown in merged picture (lower right corner). Similar results were found in
WI-MSC (B) and AE-SC (C) respectively. (D) Percentage based quantification of
differentiated insulin positive cells (blue bar) and C-peptide positive cells (red bar) of
UCB-MSC, WJ-MSC and AE-SC respectively. Scale bar represents 50 um.
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3.3.4 Significant amounts of extracellular and intracellular

Insulin and C-peptide were found in the differentiated cells

To determine the levels of secreted C-peptide and insulin in the
culture media, media collected at each stage were subjected to ELISA tests. A
significant difference was observed in the amount of C-peptide (14.98+0.63
pM/L) in differentiated UCB-MSC in comparison with undifferentiated cells
(7.29£0.79 pM/L) (Fig. 18A). A clear difference also found in WJ-MSC
(14.65£0.79 pM vs. 9.74+1.73 pM), although it was not statistically
significant. The amount of C-peptide released from differentiated AE-SC was
16.46 + 0.014 pM/L, which was significantly different than the

undifferentiated cells (6.21% 1.2 pM/L).

Also the amount of insulin secreted (0.233£0.01 mU/L) from
differentiated UCB-MSC was significantly different than secreted from
(0.04+0.02 mU/L) control UCB-MSC. (Fig.18B). In WJ-MSC, the level of
insulin (0.43+0.04 mU/L) in the medium of differentiated cells was found to
be significantly different that of control cells (0.16+£0.03 mU/L). AE-SC
released 0.04+.01 mU/L insulin from differentiated cells, and undifferentiated
cells also released very small amounts (0.005+ 0.01 mU/L). The amount of
secreted insulin in the medium seemed to be less in AE-SC, possibly due to

degradation during storage.

In addition to secreted C-peptide and insulin, the intracellular C-

peptide and insulin were also determined for further confirmatory test. Highly
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significant amount of C-peptide was found (1.90+0.19ug/mg) in differentiated
UCB-MSC and significant amount (3.84+0.8ug/mg, 1.73+£0.24ug/mg) was
found in differentiated WJ-MSC and AE-SC respectively (Fig.18C). However,
C-peptide was not detected in control cells. Similarly significant amount of
insulin was determined in differentiated cells compared to control cells;
122+12ng/mg vs 26.31+11.93ng/mg in UCB-MSC, 127.6+19.9ng/mg vs
6.62+15.92ng/mg in WJ-MSC and 133.24+11.94ng/mg vs 0.98+7.95 ng/mg

in AE-SC cells (Fig.18D).
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Figure 18 Quantification of secreted and intracellular C-peptide and

insulin by ELISA

(A) Quantification of C-peptide released in cultured media (control, stage-1 and
stage-2) during differentiation from UCB-MSC, WJ-MSC and AE-SC. Statistically
significant amount of C-peptide was released in stage-2 cultured medium from UCB-
MSC and AE-SC than in control medium. Numerically higher amount of C-peptide
was found in WJ-MSC too. (B) Quantification of released insulin in cultured media
during differentiation from the cells. Statistically significant amount of insulin was
found in UCB-MSC and WJ-MSC in stage-2 medium than control medium. However,
numerically higher amount of insulin was released in stage-2 cultured medium from
AE-SC than control cells. (C) Quantification of intracellular C-peptide from each cell
line, in which highly significant amount of C-peptide was found in UCB-MSC and
significant amount was in WJ-MSC and AE-SC respectively in stage-2 versus control
cells. (D) Quantification of intracellular insulin in each cell lines, statistically
significant amount of insulin was detected in all there (UCB-MSC, WJ-MSC, AE-SC)

stage-2 cells compared to control cells. *, p < 0.05; **, p<0.01.
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3.3.5 Differentiated cells showed a positive response to glucose

stimulation tests

Differentiated (UCB-MSC) cells were cultured in serum-free medium
with different glucose concentrations (5.5, 15, 25 mM) for 2 hours. Cells that
were cultured in PBS for 2 hours were considered as 0 mM glucose. The
amount of secreted C-peptide in the culture medium was measured with a
Merocodia ultra-sensitive ELISA kit. Cells in 5.5 mM glucose secreted
15.90+0.19 pM/L C-peptide, and those in 15 mM glucose secreted 32.7+1.87
pM/L C-peptide. However, cells cultured in 0 mM glucose secreted 7.97+0.19
pM/L, and cells in 25 mM glucose secreted 7.17+0.9 pM/L C-peptide,
respectively (Fig. 19A). The highest concentration of C-peptide (32.7 + 1.87
pM/L) was obtained in 15 mM glucose-containing medium. Therefore, the 15
mM glucose concentration was considered to be the best concentration for

subsequent experiments.

The amount of C-peptide secreted in response to 15 mM glucose is
shown in Fig. 19B for all cell lines. Differentiated UCB-MSC were observed
to secrete a significantly higher amount (17.55+0.47 pM/L) of C-peptide than
undifferentiated cells (10.86£2.3 pM/L). A similar result was obtained in WJ-
MSC, such that differentiated cells secreted 16.99+0.94 pM/L, and
undifferentiated cells secreted 9.74+1.73 pM/L C-peptide. In the case of AE-
SC, differentiated cells secreted a greater amount of C-peptide (21.23+ 0.24

pM/L) than did undifferentiated cells (14.06+3.14 pM/L).
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The results for the glucose (15 mM) challenge test and the amount of
secreted insulin are shown in Fig. 19C. For UCB-MSC, the differentiated cells
secreted 0.25+0.04 mU/L, and the control cells secreted 0.07+0.01 mU/L
insulin. Similarly, differentiated WJ-MSC secreted 0.37+0.04 mU/L, and the
control cells secreted 0.25+0.02 mU/L insulin. In the case of AE-SC, only
differentiated cells responded to the glucose stimulation, secreting 0.26 + 0.04
mU/L insulin. Thus, in this study, we observed that differentiated cells were
able to secrete a statistically significantly greater amount of insulin than the
undifferentiated cells. Three independent experiments were performed for the

glucose stimulation tests for each cell line.
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Figure 19 Quantification of released C-peptide and Insulin in cultured

medium after glucose (15mM) stimulation test by ELISA

(A) Optimum concentration of glucose determination for glucose stimulation test. C-
peptide was measured after two hours of incubation in differentiated UCB-MSC in
four different concentrations (0, 5.5, 15 and 25 mM) of glucose containing medium.
Statistically significant amount of C-peptide was detected in 15mM glucose
containing medium. (B) Quantification of released C-peptide in 15 mM glucose
containing DMEM from UCB-MSC, WJ-MSC and AE-SC. Statistically significant
amount of C-peptide was released from UCB-MSC and WIJ-MSC. (C) All three
different cell lines (UCB-MSC, WJ-MSC and AE-SC) had released significant

amount of insulin in stage-2 culture medium. *, p < 0.05; **, p<0.01.
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3.4 DISCUSSION

An in vitro study of pancreatic -cell production using the fastest and
easiest method developed for this purpose to date was performed using adult
stem cells, including UCB-MSC, WJ-MSC and AE-SC. Adult stem cells are
readily available and are not associated with any ethical concerns. NESTIN-
positive cells play a pivotal role in B-cell production (Treutelaar et al., 2003).
Therefore, NESTIN-positive cells were used in this study. Based on a
comparative analysis of different protocols (Table 4) and types of cells that
have been used for differentiation into insulin producing cells, a new protocol
was designed. In almost all studies, Activin-A has been considered to be the
principle factor required for endoderm differentiation (Shi et al., 2005; Jiang
et al., 2007a; Jiang et al., 2007b; D'Amour et al., 2006) leading to pancreatic
progenitors cell differentiation. A combination of Activin A and sodium
butyrate treatment can enhance endoderm differentiation into pancreatic
endoderm in a short period in serum-free medium (Goicoa et al., 2006;
Sulzbacher et al., 2009). In this study, we treated cells with a combination of
Activin A (50 ng/ml) and sodium butyrate (1 mM) for 24 hours in serum-free
medium, followed by treatment with Activin A alone for an additional 2 days
in 0.1% bovine serum albumin in stage-1. This combination enhanced the
expression of SOX17 and PDX1. Based on the previous report, growth factors
play a critical role in terminal differentiation into pancreatic [-cells

(Sulzbacher et al., 2009; Soria, 2001); including fibroblast growth factor
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(FGF), epidermal growth factor (EGF), vascular endothelial growth factor
(VEGF) and insulin-like growth factor-1 (IGF-1).These growth factors were
included in the basal medium in this study. Insulin was not observed to be
secreted from the cells in the basal medium. However, following the addition
of keratinocyte growth factor (KGF)/fibroblast growth factor 7 (FGF7),
insulin was detected in the stage-2 of the present study (Fig. 16). This finding
is in accordance with the findings of previous studies (Movassat et al., 2003;
Ye et al., 2005; Sulzbacher et al., 2009; Uzan et al., 2009) that noted the role
of KGF/FGF 7 in B-cell differentiation. In addition to insulin, glucagon and
pancreatic polypeptide were found to be well expressed in stage-2.
Additionally, NGN3 was expressed in stage-2 in the entire cell types used in
our study. Expression of the above-mentioned genes leads to functional beta

cell production (Murtaugh, 2007; Mfopou et al., 2011).

Most reports mentioned in Table 4 have noted that islet-like clusters are
a common phenomenon during pancreatic cell differentiation. However, the
absence of islet-like clusters during the differentiation of umbilical cord-
derived mesenchymal stem cells has also been reported (Wang et al., 2011).
These clusters were not observed during the differentiation of cells in the
present study. This could be due to differences in culture condition and the
character of the cells used. During the differentiation process, a -cell specific
gene, CX36 was well expressed. The expression of CX36 has been reported to
be correlated with insulin expression (Serre-Beinier et al., 2009; Le Gurun et

al., 2003; Tai et al., 2003). In addition to our gene expression results, C-
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peptide and insulin were clearly detected in immunofluorescence experiments
(Fig.17A-C). Immunofluorescence quantification result had showed that more
AE-SC cells (nearly 35%) were insulin and C-peptide positive than UCB-
MSC (nearly 25%) and WJ-MSC (nearly18%) respectively (Fig.17D) which
is improvement in terms of number of differentiated pancreatic  cell than
previous studies (Lumelsky et al., 2001; D'Amour et al., 2006; Jiang et al.,

2007b).

Extracellular C-peptide and insulin were detected in the culture media
of differentiated cells, indicating that the cells are functional (Fig.18A-B). On
the other hand intracellular C-peptide (> 1.7 pg/mg) and insulin (> 127ng/mg)
content of this study (Fig.18C-D) showed the encouraging result compared to
the published report mentioned in Table 4 (Shi et al., 2005; Jiang et al.,
2007b). However, the intracellular insulin and C-peptide values were almost
similar to the report by Lumelsky et al. (Lumelsky et al., 2001). In this study,
it is revealed that number of differentiated cells (Fig.17D) and intracellular
insulin/C-peptide concentration (Fig.18C-D) among the three different cell
lines are quite different. It might be due to size and cytoplasmic volume of

cells.

For further confirmation of this, glucose stimulation tests were
performed in complete serum-free medium for 2 hours. The amounts of C-
peptide and insulin secreted by differentiated cells were significantly higher

than in control cells (Fig.19B and 19C). The average levels of C-peptide and
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insulin secreted after glucose stimulation were calculated to be approximately
17 pM/L and 0.25 mU/L, respectively. The normal human blood serum range
of C-peptide to be approximately 600 pM/L (Beischer et al., 1976; Gjessing et
al., 1989; Wahren et al., 2000) and that of insulin to be 10 mU/L (Bristow and
Das, 1988). The amounts of C-peptide and insulin found to be secreted in the
present study were calculated to represent 1/34 parts and 1/40 parts of the
normal ranges of these substances, respectively. Based on the number of cells
investigated here (1X10° per 100 mm culture dish), this secreted amount is
reasonable. Although the amount of secreted insulin and C-peptide was quite
low, the differentiated cells had shown the physiological response with
concentration of glucose, which encourage for further improvement for better

results.

In summary, our protocol resulted in the production of pancreatic -
cells by the most-rapid means employed to date. This protocol can be
considered to be efficient, economical and time saving. It also reduces the
possibility of contamination and harmful effects on the cells. Additional
studies are needed to demonstrate the applications of this finding for

therapeutic purposes.
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GENERAL CONCLUSION

Adult stem cells are undifferentiated cell found in differentiated
tissues; having selfrenewal capacity and can differentiate into different
cells/tissunes based on the physiological or environmental conditions. There
are different sources of hASCs, scientists have already confirmed the sources
of adult stem cells from different tissues like barin, bone-marrow, peripheral
blood, blood-vessels, teeth, heart, gut, skeletal muscles, ovarian epithelium,
testis as well as umbilical cord/ umbilical cord blood. The current study
basically focused on the adult stem cells isolated from human medical
wastes e.g. umbilical cord, umbilical cord blood and placenta. These ASCs
having unique characteristics of low risk of graft-versus-host-disease (GVHD),

lack of related ethical issues as well as obtained from limitless sources.

c-MYC and REXI1 are two core transctiption factors having critical
role in embryonic stem cells. Here the mechanistic role for cell proliferation
and differentiation were studied. On the other hand the possibility for clinical

application of hASCs for diabetes mellitus was also performed.

c-MYC knock-down and over-expression studies have confirmed the
regulatory role on HDAC2, as well as it is also found that ¢-MYC can
regulate politively on PcG expression via HDAC2. Cell proliferation was

deteriorated in c-MYC knocked-down cells and imporoved in over-expressed
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cells. Similar result was found in osteogenic and adipogenic differentiation

study with c-MYC knocked-down and over-expressing ASCs respectively.

Another transcription factor REX1 knock-down study confirmed that,
the expression level of MKK3, which is an activator of p38MAPK in hMSCs.
REX1 highly expressing cells have prominent proliferative ability and
multipotency than low level of REX1 expressing cells, because of p38

MAPK suppression in hASCs.

The potential ability for clinical application of of hASC was
confirmed by in-vitro differentiation into insulin producing cells with in a
week both in tranciptional as well as translational level. Glucose stimulation
test confirmed their functional ability of the hASCs. Thus, it can be concluded
that hASCs have potentiality for clinical application. Further study is needed

for confirmation.
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