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Abstract

Specific differentiation of bone marrow-derived mesenchymal stem

cells by regulation of protein kinase system

Woochul Chang

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Yangsoo Jang)

Protein kinases, the members of a large family oftgins involved in
modulating many known signaling pathways, are Vikel play important roles
in regulating stem cell differentiation programséase important bio-processes
such as cell fate are likely to be determined byekborate orchestration of
multiple signaling pathways. In addition, cell pe@ble small molecules to
modulate activation of protein kinase have seveiiits that include the ability

for temporal, tunable and modular control of speciprotein function.



Therefore, research efforts focused on search femial reagent and
mechanism that regulates systematic differentiabiolSCs. It was found that
some of protein kinase cause recognizable chamgedferentiation rates of
MSCs based on screening inhibitors of major prat@iase subfamilies to alter
the orchestration of multiple signaling pathway4. fiést, chondrogenesis of
MSCsin vitro was significantly improved in cells treated with89; a PKA

inhibitor. After treatment of H-89, the data ofialt blue staining assay for the
quantitation of chondrogenesis was increased. Aggre one of the

extracellular matrix genes in chondrocytes, wasiged in MSCs treated with
various concentrations of H-89 (0.1+M). During chondrogenesis of MSC,
activation of ERKs was increased in MSCs treateith W-89 but cotreatment
with H-89 and U0126 did not lead to a change in ERKtivation.

Semiquantitative RT-PCR showed a significantly deghlevel of cell adhesion
molecule during chondrogenesis. MSCs gave risartdiamyocytes expressing
of cardiac-specific markers (cardiac troponin T,osip light chain, myosin

heavy chain, NK2 transcription factor-related, lecy and Myocyte-specific
enhancer factor 2) by addition of phorbol myristatetate (PMA), a PKC
activator. Differentiated cardiomyocytes expres$auctional adrenergic and

muscarinic receptors and norepinephrine inducedgtmrylation of ERK via



oz-adrenoceptors. The mRNA level of Geelated factor (sarcoplasmic
reticulum Ca2+-ATPase, L-type Ca2+ channel) inedédhtiated MSCs was
similar to that in cardiomyocytes. Differentiatiorio endothelial-like cells was
induced by cultivation of cells in the presence GEK-3 inhibitor. The
differentiated cells showed a strong increase ofpression of
endothelial-specific markers (CD31, CD34, eNOS, ddgherin, VCAM-1, and
VEGF-R2) and functional behavior of endotheliall€esluch as a formation of
capillary-like structure. Treatment of proliferagiMSCs with GSK-8 inhibitor
leads to depletion of S-phase cells and over altedesed proliferation. The
differentiation of MSCs into endothelial-like celty the treatment of GSKB3
inhibitor was associated with GSK¥/B-catenin signaling. The current study
suggests that the regulation of protein kinase emagrge as a remarkable tool
for systematic differentiation of MSCs. This systemuld greatly contribute to
a novel understanding of MSC biology and the dewelent of novel

regenerative medicine.

Key words: Mesenchymal stem cell, Differentiatid®rotein kinase, Signaling

pathway
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Department of Medical Science

The Graduate School, Yonsei University
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[.INTRODUCTION

A stem cell is an extraordinary type of cell thashhe ability to self-renew for
long periods of time and to differentiate into Spéred cells under appropriate
physiological or experimental conditions Traditionally, stem cells are
classified as either embryonic or adult (tissuecg@® stem cells. Embryonic
stem cells (ESCs) are derived from the inner celbsnof the blastocyst stage
embryo. They possess an unlimited capacity for-regiéwal and have the

potential to develop into any cell type found ie three primary germ layers of



the embryo (endoderm, mesoderm and ectoderm), Hsasvgerm cells and
extraembryonic cellé” In contrast, adult stem cells are found in diffeiaed

tissues, have limited self-renewal capability, ageénerally can only
differentiate into specialized (mature) cell typafsthe tissue in which they

reside.

It may be that adult stem cells in adult tissuesraservoirs of reparative cells,
ready to mobilize and differentiate in responsemmund signals or disease
conditions. Little information is currently availeb about the biology of
endogenous stem cell populations in adults and ginecise role in tissue repair
or regeneration. This may be due in part to th& laic useful cell-specific
markers. What is clear, however, is the ease witichvthese cells can be
isolated and expanded in culture through many géioeis while retaining the
capacity to differentiate. Recent progress in fudation and characterization of
these cells has led to the development and tesfitigerapeutic strategies in a

variety of clinical applications.

Mesenchymal stem cells (MSCs), which reside withistromal compartment
of bone marrow were first identified in the pioriegrstudies of Friedenstein

and Petrakova, who isolated bone-forming progenitdis from rat marrow.



They play a role in providing the stromal supparstem for haematopoietic
stem cells in the marrow. In addition, they hawe ¢hpacity to differentiate into
cells of connective tissue lineages, including hdag cartilage and muscle.
The multilineage differentiation potential of MS@pulations derived from a
variety of different species has been extensivelglisdin vitro since their first
discovery in 1960s. These studies demonstrate that populations o bon
marrow derived MSCs from human, canine, rabbit, aaid mouse have the
capacity to develop into terminally differentiate@senchymal phenotypes both
in vitro andin vivo, including bone, cartilage, tendon, muscle, adipissue,
and hematopoietic-supporting stromi@’. In that, MSCs are considered a
readily accepted source of stem cells because ®atls have already
demonstrated efficacy in multiple types of celluldrerapeutic strategies,
including applications in treating children with tesgenesis imperfecta,
hematopoietic recovery, and bone tissue regenaratimtegies*'’. MSCs
represent a very small fraction, 0.001-0.01% of tb&al population of
nucleated cells in marrow. However, they can béaied and expanded with
high efficiency. More importantly, these cells mlag directly obtained from
individual patients, thereby eliminating the comoptions associated with

immune rejection of allogenic tissue.



As state above, an important feature about MSCghé&r multilineage
differentiation potential. Under defined inductigenditions, MSCs are able to
acquire characteristics of cells derived from erobig mesoderm, such as
osteoblasts, chondrocytes, adipocytes, tendon, @alsvell as cells possessing
ectodermal and neuronal properties. Based on theestige and genomic
information provided by various studies, MSCs ugdertranscriptional
modification, generating precursor cells withoupaent changes in phenotype
and self-renewal capacity. Similar to MSCs residimgdult bone marrow, the
majority of MSCs culturedn vitro remain quiescent and growth arrested in
GO0/G1, until stimulated, for example, by the supmatation of growth factors.
Upon stimulation, multipotent, uncommitted MSCs ergb asymmetric
division, giving rise to two daughter cells, ondnigethe exact replica of the
mother cell and maintaining multilineage potentad the other daughter cell
becoming a precursor cell, with a more restrictedetbpmental program. In
this, the precursor cell continues to divide symrivelly, generating more
tripotent and bipotent precursor cells. These tepband bipotent precursor
cells are morphologically similar to the multipateviSCs, but differ in their
gene transcription repertoire, and therefore, g#ibide in the stem cell

compartment. The progression of MSCs to precurslts s considered the first



step in stem cell commitment. The transition ort dxom the ‘stem cell
compartment’ to the ‘commitment compartment’ occatsen precursor cells
continue to divide symmetrically to generate ur@mbt progenitor cells,
simultaneous with the acquisition of lineage spegifoperties, rendering them

fully committed mature cells with distinguishablegmotypes.

Despite diverse and growing information concernM§Cs and their use in
cell-based strategies, the mechanisms that gove8C Melf-renewal and
multilineage differentiation are not well undersiegnd remain an active area of
investigation. Especially, what is not fully undexsd is the mechanism that
governs the transit of uncommitted stem cells wtigdly committed precursor
or progenitor cells, and then to fully differenédtcells. Therefore, research
efforts focused on identifying factors that regelaind control MSC cell fate
decisions are crucial to promote a greater undeistg of the molecular,
biological and physiological characteristics ofstipotentially highly useful

stem cell type.

Stem cell fate is determined by both intrinsic ftatprs and the extra-cellular
environment (niche), and their expansion and diffdation ex vivo are

generally controlled by growing them in a specdanfiguration (monolayer or



three dimensional culture) with *“cocktails” of gwth factors and signaling
molecules, as well as genetic manipulatidﬁ'%z. However, most of these
conditions are either incompletely defined, or ispecific in regulating the
desired cellular process. As a consequence, mdieieaf and selective
methods to control the fate of stem cells to preduemogenous populations of
particular cell types will be essential to the #rutic use of stem cells and will
facilitate studies of the molecular mechanismsesfatiopment. In this study, we
hypothesize that pathway specific screens of syiotemall molecules to effect
protein kinases system will provide useful chemtoals to modulate and study
complex cellular processes because protein kinalsgsa critical role in many
signaling pathways such as development, differeotiaproliferation or death
not also undefined media often result in inconsisgein cell culture and/or
heterogeneous populations of cells which would b®tuseful for cell-based
therapy and would complicate the biological studyaoparticular cellular

process.



II.MATERIALSAND METHODS

1. Isolation and culture of M SCs

MSCs were isolated from the femoral and tibial [®onef rats. Bone
marrow-derived MSCs were collected from the aspgradf the femurs and
tibias of 4-week-old male Sprague-Dawley rats (apipnately 100 g) with 10
ml of MSC medium consisting of Dulbecco’s modifidgehgle’s medium
(DMEM)-low glucose, supplemented with 10% fetal ib@v serum and 1%
antibiotic-penicillin and streptomycin solution. Manuclear cells recovered
from the interface after centrifugation in Percollere washed twice,
resuspended in 10% fetal bovine serum (FBS)-DMEM] plated in flasks at
1x1C cells per 100 cf Cultures were maintained at 37°C in a humidified
atmosphere containing 5% GQAfter 48 or 72 hrs, nonadherent cells were
discarded, and the adherent cells were thoroughfshed twice with
phosphate-buffered saline (PBS). Fresh completeiumedvas added and
replaced every 3 or 4 days for approximately 10sday further purify the
MSCs, the Isolex Magnetic Cell Selection System x{Ba Healthcare
Corporation, Irvine, CA, USA) was used. Briefly,llsewere incubated with

Dynabeads M-450 coated with anti-CD34 monoclondibady. A magnetic

10



field was applied to the chamber and the CD34+lwefld complexes were
separated magnetically from the remaining cell saospn with the

CD34-negative fraction being further cultured. Tdedls were harvested after
incubation with 0.25% trypsin and 1 mM EDTA for Smat 37°C, replated in

1x10/100-cnf plates, and again grown for approximately 10 days.

2. MSCs char acterization

Immunocytochemical characterization of MSCs was alestrated below. Cells
were cultured in 4 well side chamber, washed wilBS Rand incubated 1 %
paraformaldehyde solution (Sigma, St. Louis, MOAY®r 10 minutes. PBS
washing twice, then cells has permeated in 0.1 B6TiX-100 for 7 minutes.
After PBS washing twice, they have blocked for dutso(blocking solution:
2 % bovine serum albumin, 10 % horse serum in PBf8) adhered with the
following antibodies: CD34, CD71, CD90, CD105, anttacellular adhesion
molecule (ICAM)-1. FITC-conjugated mouse, rabbitdagoat (Jackson
Immunoresearch Laboratories, West Grove, PA, US&)ewsed as secondary
antibodies. Then, they were detected confocal regopy (Carl Zeiss,

Thornwood, NY, USA). MSCs were performed accordiaghe procedure of

11



fluorescence-activated cell sorting (FACS) staindescribed below. Briefly,
cells were detached from the plate with 10 % tny&DTA (Gibco BRL, Grand
Island, NY, USA), washed in PBS and fixed in 70 #a@ol at 4 °C for 30
minutes with agitation. Cells were washed twicePBBS and resuspended at
2x1@ cells/ml in blocking buffer (1 % BSA, 0.1 % FBSpntaining the
following antibodies: CD14, CD34, CD90, CD 105, IMAL ; In the case of
CD14, we used normal rabbit IgG as a negative p@gontrol. After staining,
cells were washed twice and then labeled with tadrtinouse-FITC conjugated
IgG for 20 minutes in the dark area. After two marashes, flow cytometric
analysis was performed on a FACS Calibur systenat(@eDickinson, Franklin
Lakes NJ, USA) using CellQuest™ software (Bectorckibison, Franklin

Lakes NJ, USA) with 10,000 events recorded for esachple.

3. Screening of protein kinase inhibitorsfor differentiation of MSCs

We assembled a small library of commercially axddachemicals. Of these, a
subset of compounds was selected based on theircl@atoxicity. These

compounds were screened for their activity to difféiate MSCs.

12



4. Alcian Blue staining

Cells were first rinsed with PBS (Gibco BRL, Graisthnd, NY, USA) three
times then fixed with 100% methanol (Sigma, St.iepMO, USA) for 10 min
at -20°C. Staining was accomplished by applyinglat®n of 1% Alcian blue
8GX (Bio Basic, Ontario, Canada) in 0.1 M HCI (pkOXL(Sigma, St. Louis,
MO, USA) to the cells for 2hr at room temperature.quantify the intensity of
the staining, the stained culture plates were dnsih PBS three times and
each well was extracted with 1 ml of 6M guanidin€Sigma, St. Louis, MO,
USA) overnight at room temperature. The opticalsitgrof extracted dye was

measured at 650nm.

5. Sandwich ELISA

The capture antibody was bound to the bottom oh eeall and then the plate
was incubated overnight afC4 The plate was washed twice with PBS (Gibco
BRL, Grand Island, NY, USA) and treated with 4@0of 3% BSA (Sigma, St.
Louis, MO, USA) /PBS for 2~3 hrs at 87 at room temperature. After washing
the plate twice with PBS, cell lysate was addedach well and the plate was

incubated for at least 2 hrs at room temperatura humid atmosphere. The

13



plate was washed four times with PBS containin@%@ween-20 (Sigma, St.
Louis, MO, USA). Following adding the detector &wotly, the plate was
incubated for 2 hrs at room temperature in a husdosphere. The plate was
incubated again with addition of peroxidase conjedaecondary Ab for 1 hr at
37°C. Finally, the plate was treated with 100f TMB (tetramethylbenzidine,
Sigma, St. Louis, MO, USA) as substrate andulbf 0.1 M H,SO, as stop

buffer, then detected immediately at 450nm on atSEBlplate reader.

6. Immunocytochemistry

Cells were grown on 4-well plastic dishes (Soni¢Sskde, Nalge Nunc,

Rochester, NY, USA). Following incubation, cellsre/@vashed twice with PBS
and then fixed with 4% paraformaldehyde in 0.5 mISPfor 30 min at room

temperature. The cells were washed again with Ri8iSl@en permeabilized for
30 min in PBS containing 0.2% triton. The cells aveéhen blocked in PBS
containing 10% goat serum and incubated for 1 lin wiimary antibody. The
cells were rewashed three times for 10 min with PBf incubated with
FITC-conjugated secondary antibody for 1 hr. Phatphs of cells were taken

under fluorescence by immunofluorescence microsq@ympus, Melville,

14



NY, USA). All images were made by using an exattatfilter under reflected
light fluorescence microscopy and transferred toomputer equipped with
MetaMorph software ver. 4.6 (Universal Imaging Guogtion Ltd., Marlow,

UK).

7. Immunoblot analysis

Cells were washed once in PBS and lysed in a lysffer (Cell Signaling
Technology, Danvers, MA, USA) containing 20 mM T(¢sH 7.5), 150 mM
NaCl, 1 mM NaEDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM-glycerophosphate, 1 mM KO, 1 mg/ml leupeptin,
and 1 mM phenylmethylsulfonyl fluoride. Protein centrations were
determined using the Bradford Protein Assay KitofRiad, Hercules, CA,
USA). Proteins were separated in a 12% sodium dobdec
sulfate-polyacrylamide gel and transferred to pislykdene difluoride
membrane (Millipore, Billerica, MA, USA). After béking the membrane with
Tris-buffered saline-Tween 20 (TBS-T, 0.1% Tweel @ntaining 5% nonfat
dried milk for 1 hr at room temperature, the memberavas washed twice with

TBS-T and incubated with primary antibody for 1atrroom temperature or

15



overnight at 4°C. The membrane was washed threestiwith TBS-T for 10
min and then incubated for 1 hr at room temperatwith horseradish
peroxidase-conjugated secondary antibodies. Aftdensive washing, the
bands were detected by enhanced chemiluminesceragent (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The band isig®s were quantified

using NIH ImageJ version 1.34e software.

8. RT-PCR analysis

8.1. Isolation of total RNA

Total RNA was extracted by 50d/ 60 mm plate Tri-reagent (Sigma, St.
Louis, MO, USA). Poured 100l chloroform above Tri-reagent, voltexing a
sample about 10 seconds. Then, sample was ceetlifaigl 2000 g, & and
15 minutes. 3 layers were appeared in the tubaspexency upper layer
collected in new tubes. And poured 2d@-propanol over the sample, again
voltex a sample about 30 seconds. Centrifuge weengalished about 12000
g, 4 C and 10 minutes. Left the pellet, supernatant vissadded and washed
by 75 % ethanol (Sigma, St. Louis, MO, USA) —mixkdthylpyrocarbonate

(DEPC; Sigma, St. Louis, MO, USA) water. Centriftiga was also operated

16



about 7500 g, 4 and 5 minutes. Dismissed the supernatant, petistdsied
on room temperature about 7 minutes. Finally, pdaine 30ul nuclease free
water (NFW). The quality and quantity of the RNA svaetected by

OD,o/OD,go With DU 640 spectrophotometer (Effendorf, Hamb@grmany)

8.2. cDNA synthesis

Complementary DNA (cDNA) was synthesized with &FO™.
Quantitative 1ug total RNA was added toll anchored primer (d53V, 2 ul
dithiothreitol (DTT) and NFW, totally 9l volume. To prevent secondary
structures, incubated the mixture for 5 minute§@{C and added &l of
RT-&GO™ mastermix. Sample was incubated the assay &t 48r 1 hour.
At the conclusion, sample was inactivated the véranscriptase at 70
for 15 minutes. Alike isolation of total RNA, sareplwas detected by

OD,o/OD,go With DU 640 spectrophotometer.

8.3. PCR analysis

Quantitative Jug cDNA, each 10 pmol primer (forward and backwafd},

17



mM dNTP mixture, 1.25 U of Taq polymerase and 1fexction buffer were
mixed with NFW, lastly total volume of 2pl. PCR condition was fix as
fellow. A cycle of denatureing at 98 for 3 minutes follwed by number of 35
cycles with denaturation at 9¢ for 30 seconds, annealing at 48to 60 C
for 30 seconds, and elongation at Z2for 30 second§ Then keep up 7Z
for 10 minutes. Primers were appeared Table 1. WIRER assay have
finished, PCR product was separated by electrogi®ie a 1.2 % agarose
gel (Bio-Rad, Hercules, CA, USA) and Gel-Doc (BiaeR Hercules, CA,
USA) visualized after staining with ethidium bromi¢EtBr; Sigma, St. Louis,

MO, USA).

18



Table 1. PCR primersused in this study

Gene Primer Size (bp) Temp.
Fibronectin 5,-cct taa gcc ttc tgc tct gg-3 ’ 300 48
5’-cgg caa aag aaa gca gaa ct-3
. . 5'-ctt cgg ttc act gtt cct ¢c-3’
t 2 4
u5 integrin 5'-tgg ctt cag ggc att t 83 3
. . 5’-gcc agt gtc acc tgg aaa at
BL integrin 5’-tcg tcc att ttc tce tgt cc 344 48
N-cadherin 5,-gcc acc ata tga ctc cct ttt agt 454 48
5’-cag aaa act aat tcc aat ctg aaa
) . 5’-gag aat tcc gag gcc tca agt ccg gec t
aa-adrenergic receptor 5-ttg aat tct cgg gaa aac ttg age ag 169 59
owg-adrenergic receptor 5,-ctg g9g aga gtt gaa aga tgc ¢ 158 58
5’-ccg aca gga tga cca aga tgt t
. 5'-ttg aat tcc tac aga gac cca cga ccc ag
- t 22
wp-adrenergic receptor 5'-cgg aat tct taa atg tca gtc tcc cgg ag o o8
B.-adrenergic receptor 5,-an cte acc aac cte e at 440 53
5’-agg ggc acg tag aag gag ac
B.-adrenergic receptor 5,'CCt cat gtc ggt tat cgt cc 519 53
5’-ggc acg tag aaa gac aca atc
) - 5'-ctg gtt tcc ttc gtt ctc tg
M1-muscarinic receptor 5'-gct gc e tie tic ttg ac 641 47
M2-muscarrinic receptor ggc aag caa gag tag aat aaa 552 a7
gcc aac agg ata gcc aag att
SERCA 2a tce atc tge ctg tec at 196 42
gcg gtt act cca gta ttg
LTCC tgt cac ggt tgg gta gtg aa 346 49
ttg agg tgg aag gga ctt tg
CD34 cac ctc aga ggc tgt tct tg 437 60
ctg gtg acc aaa aag tcc caa caa agt
tcc agt aac aca gac agt gca
eNOS cag gaa gta agt gag agc 693 40
. aag aca tca atg aca act tcc
VE-cadherin cct cca cag tca ggt tat acc 590 54
cct aag gat cca gag att caa ttc a
VCAM-1 ggg taa aca tca gga gcc aac 85 58
aga ctt tga gca tgg aag
VEGF-R2 cca ttc cac caa aag atg 310 51
GAPDH acc aca gtc cat gcc atc ac 450 49

tcc acc acc ctg ttg ctg ta

19



9. In Vitro Angiogenesis

Analysis of capillary formation was performed usithg in vitro angiogenesis
kit (Chemicon International Inc, Temecula, CA, USAgcording to the
manufacturer’s instructions. Fifty microliters ofelgmatrix solution were
applied into one well of a 96-well plate and incgtobfor 1 hour at 37C. Cells

were then trypsinized and 5 x*1€ells were suspended in fDof the DMEM

containing VEGF and plated onto the gel matrix amzlibated for 4 hours.
Cells were counted by eye for the formation of Bapi structures. The
percentages of formed capillaries were calculatexninfthree independent

experiments.

10. Cdll counting by trypan blue stain

The cells were washed by phosphate-buffered séfB&) (Gibco BRL, Grand
Island, NY, USA). 0.5 ml of Trypan blue solution sveansferred to test tube
and added to 0.3 ml of PBS, 0.2 ml of the cell saspn was mixed thoroughly.
Allow to stand for 5 to 15 minutes. A small amourtt trypan blue-cell
suspension was transferred to both chambers ofhdrmatocytometer by

carefully touching the edge of the cover-slip witie pipette tip and allowing
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each chamber to fill by capillary action. Chambtthe hematocytometer was
counted all the cells and dyed cell in the 1mm e@estjuare and four 1mm

corner squares.

11. Cdll cycleanalysis

For cell cycle analysis, cells were harvested withpsin, collected by
centrifugation at 20@ for 5 min and re-suspended in PBS. Cells were again
collected by centrifugation, monodisperdad0.5 mL PBS and transferred to
tubes containing 4.5 mL of cold 70% ethanol; tulvese storect —20 °C until
analysis. Before analysis, ethanol-suspended celbeye collected by
centrifugationat 200g for 5 min, rinsed with PBS and re-suspended in PBS
containing propidium iodide (50g/mL) and RNase A (0.2 mg/mL). A FACS
Calibur cytometer operated with CellQuest softwgdBecton Dickinson,
Franklin Lakes NJ, USA) was used for data collectidistogram analysis and
calculation of G1, S an®2/M percentages was performed with ModFit LT

(Verity Software House, Topsham, ME, USA).
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12. Satistical analysis

Data are expressed as means +SE. Statistical anaswo groups were
estimated by Student’s t-test. And examining froorarthan two groups was
done by one-way ANOVA, using bonferroni test. p 68.was considered

significant.
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1. RESULTS

1. Isolation and char acterization of phynotypic markersof M SCs

MSCs were first isolated from the mixed culturehatiematopoietic cells based
on their preferential attachment on polystyrendas@s and the isolated MSCs
were further purified using bead targeting hemaigomarker CD34, yielding
3x1¢ cells by 2 weeks culture and 95% purity. The MS@gined a
fibroblastic morphology through repeated passaged their identity was
confirmed by immunocytochemistry and FACS analy3ise cultured MSCs
expressed CD71, CD90, CD105, CD106, and ICAM. Teegressed neither

the hematopoietic marker CD34, nor CD14 (Fig. 1).
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Figure 1. Characteristics of MSCs. Most adherent MSCs are practically
fibroblastic in morphology and some polygonal cellsre contained after a
6-week culture. Magnification, 100x. Cells weretatdd from bone marrow
after density fractionation and are shown at 10sdafjer plating. At 14 days,
the MSCs were positive for CD71, CD90, CD105, CDQl1aed ICAM-1 and
were negative for CD14 and CD34 by flow cytometry.
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2. Expression profile of target cell markersin MSCs treated with various

kinaseinhibitors

Under proper stimulation, MSCs can be induced téfemdintiate into
chondrocytes, myocytes, adipocytes, osteoblasts,nocyges, and
hematopoietic-supporting stroma. Protein kinasthés most common protein
family that play critical role as signal switch many signaling pathways
presumably including cell differentiation. Sincepiontant cellular processes
such as differentiation is likely to be controllleg a complicated orchestration
of many signaling pathways. To examine the efféthese kinase inhibitors on
the differentiation of rat MSCs into various celpées, the MSCs were seeded
and treated every 3 days with the kinase inhibitorsip to 11 days. Among the
41 inhibitors tested, 14 showed recognizable initina of inducing various cell
types at different degrees. To assess the effeetsgeof these 14 inhibitors for
directed target cell development, we constructguiadile matrix, where the
rows and columns represent target cell markers kimdse inhibitors,
respectively. Using the principal component analydCA) method on the
profile matrix, we examined the relative strengthtlee induction and the
cross-relationship among them. The size of theilprofatrix used in PCA was

7 x 15 in which we obtained the coordinates ofbitbrs and target cell types
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by using the first three principal components fréd€A and scaled the
coordinates to plot them together in the map faualization. From the
examination of Figure 2, we found several good whatds that drive rat MSCs

into specific cell types.
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Chondrocyte

K17

Cardiomyocyte

Figure 2. Use of protein kinase inhibitors for the differentiation of M SCs.
(A) The relative expression level of seven target melrkers (C1-C7) in the
presence of various kinase inhibitors are detebydandwich ELISA, and
normalized in the range of 0 to 1 for standardoratKinase inhibitors used (at
1 uM) are from Calbiochem and are distinguished byrtheerals after K. The
kinases they preferentially inhibit are in parestt® KO, no inhibitor; K1 (AKT
1,2),1,3-dihydro-1-(1-((4-(6-phenyl-1H-imidazo[4gfquinoxalin-7-yl)phenyl)
methyl)-4-piperidinyl)-2H-benzimidazol-2-one; K2 KAx),
1L6-hydroxymethyl-chiroinositol-2-(R)-©-methyl-3O-octadecyl-sn-glyceroc
arbonate; K4 (CaMK II), Lavendustin (BH2',5-dihydroxybenzyl)
aminosalicylic acid); K6 (calcium channel), HA 1077qFasudil,
5-isoquinolinesulfonyl)homopiperazine, 2HCI); K8 d&inK N,
D4476(4-(4-(2,3-dihydrobenzo[1,4]dioxin-6-yl)-5-pgin-2-yl-1H-imidazol-2-
yhbenzamide; K12 (CDK 1,2), NU6102
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[6-cyclohexylmethoxy-2-(4’-sulfamoylanilino)purineK13 (TGF$R | kinase),
[3-(pyridin-2-yl)-4-(4-quinonyl)]-1Hpyrazole; K17 RKA), H-89
[N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquinolinesulfonataj 2HCI]; K21
(PKC), Go” 6983
(2-[1-(3-dimethylaminopropyl)-5-methoxyindol-3-y8-(1H-indol-3-yl))
maleimide; K22 (PKG-4, B), guanosine 3',5’-cyclic monophosphorothioate,
B-phenyl-1, N2-etheno-8-bromo-, Rp-isomer, sodiunt; $&23 (EGFR PTK),
compound 56 (4-[(3-bromophenyl)amino]-6,7-diethaxiyzoline); K27
(ROCK), N- (4-pyridyl)-N'-(2,4,6-trichlorophenyl) urea; K30 (DNA-PK),
4,5-dimethoxy-2-nitrobenzaldehyde; K35 (p38 MAPK)SB 202190
[4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyrig¢H-imidazole]. The
target cells tested for each cell type were: C1,CMfositive; C2, MSC
negative; C3, osteocyte; C4, chondrocyte; C5, oamicyte; C6, hepatocyte;
C7, endothelium. The target cell markers assayeedoh cell type were: C1,
CD105; C2, CD34; C3, osteopontin (OPN); C4, aggre@eGG); C5, cardiac
troponin T (CTnT); C6, CK-18, C7: CD31B) The effectiveness of inhibitors
relative to the directed target cell developmens waalyzed by the principal
component analysis (PCA) method using numericalesalused to generafe
We obtained the coordinates of inhibitors and tacgé types by using the first
three principal components (for visualization) fr@@A and scaled the two sets
of the coordinates to plot them together in the nTdge three largest principal
components of PCA analysis are represented as PC2, and PC3. The
inhibitors are indicated by red balls and the tgles are shown as green balls.
The balls attached to the longer vectors are mdiieiemt differentiation
inducers for the cell types nearest to the balls.
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3. Effect of PK A inhibitor on the differentiation of M SCs

3.1. Effect of H-89 on the differentiation of MSCs into chondrocyte-like

cells

Among them, H-89, an inhibitor of protein kinase #was found to be
potentially implicated in chondrogenesis of the MSE-89 is a derivative of
isoquinolinesulfonamide, N-[2-((p-bromocinnamyl)amino)ethyl]-5-
isoquinolinesulfonamide, 2HCI (Calbiochem/EMD Bimswes). The
compound is cell-permeable and known to be sekeeihd a potent inhibitor of
protein kinase A (K= 48 nM). Among the kinases tested, it inhibitetieo
kinases only at much higher concentrations: CaMadenll (K = 29.7 uM),
casein kinase | (K= 38.3 uM), myosin light chain kinase (K 28.3 uM),
protein kinase C (K= 31.7 uM), and Rho-associated kinase (ROCK)dk(kE
270 nM). To examine the capability of H-89 in inthgc chondrogenesis and
mechanisms underlying the process, we carried evtral experiments with
cell culture assays. Alcian blue bound to sulfatdcosaminoglycans was
extracted with 6M guanidine-HCI and analyzed by sueiag the absorbance at
650nm. Quantification of chondrogenesis by meaguaimabsorbance of Alcian

blue extract indicated that H-89 enhanced chondregjs to over 2-fold of
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control. MSCs treated with various concentrationgde89 (0.1-1 puM) were
differentiated into chondrocytes in a dose-dependeanner as judged by the
up-regulated expression of aggrecan, a chondroogt&er. We used H-89 at 1

UM concentration for the rest of our studiesy. 3).
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Figure 3. Effect of H-89 on the differentiation of MSCs into
chondrocyte-like cdls. (A) Chondrogenesis of MSGs vitro was significantly
improved in cells treated with @M H-89 for 11 days. The data of Alcian blue
staining for sulfated proteoglycan indicate the mitation of chondrogenesis.
(B) Aggrecan, one of the extracellular matrix gemeschondrocytes, was
induced in MSCs treated with various concentratiofnd-89 for 11 days (0.1-1
uM). The effect of U0126, a selective inhibitor o8, was examined on the
expression of aggrecan. Cotreatment wiftMLH-89 and 1QuM U0126 did not
lead to a change of expression level. During chogeinesis of MSC, the
change of expression level in aggrecan was examyedandwich ELISA.
(** p<0.01).
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3.2. Effect of H-89 on the phosphorylation of ERK

The induction of chondrogenesis by H-89 is thoughtbe mediated by the
(ERK) MAP kinase signaling pathway. H-89 treatmeimcreased the
phosphorylation of ERK through unknown pathwaysKBias expressed at the
same level during chondrogenesis of MSCs treatéd MA89. In contrast, ERK
phosphorylation was enhanced significantly more anwbre during

chondrogenesis of MSC treated with H-89. Furtheenahe treatment with
U0126, a selective inhibitor of MEK, was shown todk the phosphorylation
of ERK even in the presence of H-89 and nullifigee tchondrogenic

inducibility of H-89(Fig. 4).

32



B9 (110 e e A =<

ERK

Hea (1 [ =R
UD126

1T 4 & 8 11
Day

7

Figure 4. Effect of H-89 on the phosphorylation of ERK. Activation of ERKs
was increased in MSCs treated withu¥ H-89 but cotreatment with §M
H-89 and 1QuM U0126 did not lead to a change in ERK activafianll days.
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3.3. Effect of H-89 on the expression of cell adhesion molecules

The effect of H-89 on differentiation of MSCs intbhondrocye-like cells was
investigated by expression level of cell adhesiarlecules and extracellular
matrix (ECM) components. Expression of N-cadhenhich mediates cell-cell
interaction, was highest on the first day of H-88atment, but decreased as
differentiation of MSC to chondrocytes proceededc@ise the interaction of
cell with ECM in addition to cell-cell interactida involved in the regulation of
chondrogensis, potential involvement of H-89 inuleagon of integrinu51 and

its ligand fibronectin was also examined. Duringmdirogenic differentiation of
MSCs treated with H-89, the fibornectin-receptontdgrin o5p1) and

fibronectin were down-regulatégig. 5).
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Figure 5. Effect of H-89 on the expression of cell adhesion molecules.
Semiquantitative RT-PCR showed a significantly deghlevel of cell adhesion
molecule during chondrogenesis, using primers ®0RNAs indicated. MSCs
were cultured for the indicated time periods in phesence of 1M H-89.
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4. Effect of PK C activator on the differentiation of MSCs

4.1. Characteristics of differentiated cardiomyocyte-like cells

After 9 days in culture, MSCs adhered to the ptasturface and were
spindle-shaped with one nucleus. MSCs were treatéd 1 pM PMA
according to the experimental group. Treatment WA was every 3 days.
The morphological differentiation from MSCs to myoac-like cells evolved
gradually after PMA induction. Normal MSCs werersie-shaped until 9 days,
but MSCs treated with PMA changed into a stick-like branching-out
appearance at 9 days. To examine where MHC or €kpflessing cells are
located in differentiated MSCs, immunostaining wasrformed. Clearly,
cardiomyocyte-like cells (CLCs) had significant mloological changes with
positive immunocytochemical analysis for anti-MHE -@TnT, but normal
MSCs showed neither significant morphological clengor cardiac-specific
protein expression of MHC or cTnT during the 9 gayiod of observation with

the same treatmef(fig. 6).

36



"

PMA [phorbol 12-myristate 13-acetate)
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Figure 6. Effect of PM A on morphology of MSCs. (A) Micrographs of MSCs
were taken after nine days. MSCs treated with RMAnged morphology to
cardiomyocyte-like and fibroblast-like aggregatedd-branches compared to
their counterparts. (B) Immunocytochemistry wasedetd for cardiac MHC
and cTnT in MSCs treated with PMA. Representatiltetps of normal MSCs
as positive control and MSCs treated with [ ™ PMA are shown
(Magnification: X400). Cardiac MHC or cTnT visuaid by FITC is located on

the stress fibers.
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4.2. Myogenic differentiation of MSCs by upregulating expression of

cardiac specific markersafter PMA treatment

After 9 days of culture with the supplement of PMASCs had a myocyte-like
morphology. To reconfirm the effect of PMA on myoge differentiation of

MSCs, changes of cardiac specific markers expnesgiere analyzed with
Sandwich ELISA. In sandwich ELISA, the expressioh cardiac-specific
markers (cardiac troponin T, myosin light chain,asin heavy chain, NK2
transcription factor-related, locus 5, Myocyte-sfiecenhancer factor 2) was
elevated time-dependently. Expression of most ef specific markers was
peaked around 9 days. MSCs treated with PMA expmagsiple sarcomeric
proteins associated with neonatal rat ventricuadiomyocytes (NRVCMJFig.

7).
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Figure 7. Changes of cardiac specific markersin M SCstreated with PMA.
This change was detected by sandwich ELISA. Sanyflgsotein were lysed
to MSCs treated with PMA each harvest day (3, €, %wdays)This experiment
was repeated three times, and each standard deviatias 0.05.
Cardiac-specific markers (cTnT, MLC, MHC, Nkx 2.mda MEF2) were

elevated from two days to 9 days, especially da,nivhich highly expressed
in five markers.
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4.3. Changes of adrenergic and muscarinic receptor mRNA after PMA

treatment

To begin to address whether 1l-adrenergic receptors were involved in
modulating the function of CLCs, we first detectedl. receptor expression.
CLCs did not express their transcripts before Pivatment. They expressed
a1a, 0gp, and aip receptor mRNA after treatment by PCR levgl: and
B.-adrenergic receptors play a crucial role in cat&rhine-induced increases
in heart rate, conduction velocity, and contragtilTo explore whethe; and
B.receptors are functional, we examined their exprassCLCs expressed all
the B, andp,before PMA treatment. A low level of expressionBefandf,was
observed before PMA treatment, but their expressias markedly augmented
after the treatment. To date, 5 subtypes (M1 tHmoddp) of muscarinic
receptors have been cloned. M1 and M2 receptorygabtare expressed in
murine neonatal and adult cardiomyocytes. As shiovifigure 8, a low level of
expression of both receptonss observed before PMA treatment, but their
expression was markedly augmented after the tredtmbese findings showed
that adrenergic and muscarinic receptors are ex@idewhen they obtain the

cardiomyocyte phenotyf€ig. 8).
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Figure 8. Changes of adrenergic and muscarinic receptor subtypein MSCs
treated with PMA. Each panel shows RT-PCR products for expressian of
(A) and p- (B) adrenergic and muscarinic (C) receptor subsyBar-type
densitometry showed that all subtypes were moreressjve than normal
control. The mMRNA expression of genes was estafdistby DNA
electrophoresis and visualized by EtBrata are presented as arbitrary units

over controls. Values are mean+SENP<D.01.
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4.4. Effect of norepinephrine on phosphorylation of ERK in M SCs treated

with PMA

Through a,-adrenergic receptors in cardiac myocytes, norg@hiriee (NE)
influences the contractile properties of the haar induces a series of changes
characteristic of the hypertrophic phenotype. Tangixe whethew,-adrenergic
receptors are expressed at the protein level amdduce hypertrophic signals,
we stimulated MSCs treated with PMA by NE and det®@hosphorylation of
ERK. Phosphorylation of ERK was induced by NE imae-dependent manner.
Activation of ERK by NE was detected in both MS@sated with PMA and
cardiomyocytes. These aspects indicated that MS€ated with PMA

expressed functionally actiwg-adrenergic recepto(sig. 9).
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Figure 9. Effect of NE on activation of ERK in MSCs treated with PMA.
Cells at two, five, and nine days (time-dependgrafyer PMA treatment were
stimulated with 1uM norepinephrineand western blot analysis was performed
to detect phosphorylation of ERK1/%hen MSCs treated with PMA were
compared with cardiomyocytes under norepinephrirténugation, the
phosphorylation of ERK1/2 was elevated in both.0R4, *P<0.001.
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45. Changes in Ca” handling-related protein expression with MSCs

treated with PM A

Cardiac myocytes are progressed in excitation-aotitm coupling. Molecular
mechanisms responsible for Ghaandling are closely related to SERCA 2a and
LTCC. So PCR was enforced for the expression of G&Ra and LTCC.
Neonatal cardiomyocytes were highly expressed,elbah MSCs treated with
PMA were time-dependently expressed. These findisgggest that MSCs
treated with PMA might influence €ahandling-related protein expressigiy.

10).
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Figure 10. Changes of Ca*-related proteins in MSCs treated with PMA.
MSCs treated with PMA compared to control and NRV@ivime-dependent
measure. Each panel shows RT-PCR products fordression of Ca-related
proteins (SERCA 2a, LTCC). Densitometric analysasvperformed, and the
ratio of RT-PCR product of SERCA 2a and LTCC tat thaGAPDH is shown.
The mRNA expression was established by DNA eletimogsis and visualized
by EtBr. Data are presented as arbitrary units awemtrols. Values are
mean+SEM. *P<0.01, **P<0.001.
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5. Effect of GSK -3 inhibitor on the differentiation of M SCs

5.1. Effect of GSK-3p inhibitor on the differentiation of MSCs into

endothdial-like cdlls

Stem cells were seeded and treated every 3daysG&K:r33 inhibitors up to a
16-day culture. Because related specific markerse wexpressed during
differentiation of stem cells into specific cellpy, expression level of such
markers were detected by sandwitch ELISA methodsinhibitor of GSK-3,
was found to be potentially implicated in endogé&nesf the MSCs. The
compound is cell-permeable and known to be seleeid a potent inhibitor of
GSK-3. Among the kinases tested, it inhibited only GIK-BISCs treated
with various concentrations of GSK inhibitor (0.1gM) were differentiated
into endothelial-like cells in a dose-dependent mesnas judged by the
up-regulated expression of CD31, a endothelial swrker. We used GSK

inhibitor at 1 uM concentration for the rest of astmdiegFig. 11)
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Figure 11. Effect of GSK-3p inhibitor on the endothlium differentiation of
MSCs. CD31, one of specific endothelial cell markerssvirduced in MSCs
treated with various concentrations of GSK#3hibitor for 16 days (0.1—iM).
During differentiation of MSC, the change of exmies level in CD31 was
examined by sandwich ELISA. (p«0.01).
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5.2. Differentiation of M SCsinto endothelial-like cells

During differentiation into endothelial-like cells/ cultivating confluent MSCs
in the presence of GSKB3nhibitor for 16 days, cell morphology showed no
difference compared with undifferentiated MSCs. mwohistochemical
staining for vWF was chosen for the basal char&etéon of endothelial-like
cells. Undifferentiated MSCs showed almost no djgestaining for vWF, but
after 16 days of cultivation the overall fluorescenintensity of the
differentiated MSCs was markedly enhanced. To &rréstablish whether these
MSC could differentiate in response to GSEK-3nhibitor, changes of
endothelial specific markers was analyzed with RORP After 16 days culture
in the presence of GSKB3nhibitor, expression of CD34, eNOS, VE-cadherin,
VCAM-1, and VEGF-R2 was increased as compared withmal MSC(Fig.

12).
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Figure 12. Changesinduced by differentiation of M SC into endothelial-like
cells. (A) Immunocytochemistry was detected for VWF in MStEeated with
GSK-3 inhibitor. Representative photos of normal MSCsasitive control
and MSCs treated with tM GSK-33 inhibitor are shown (Magnification:
X400). (B) This change was detected by RT-PCR. Hredial markers (CD34,
eNOS, VE-cadherin, VCAM-1, and VEGF-R2) were expegkin MSCs treated
with GSK-33 inhibitor.
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5.3. Effect of GSK-3p inhibitor on the in vitro formation of capillary

structures

The ability to form capillaries in semisolid mediumas tested with an in vitro
angiogenesis kit. Undifferentiated and differemtthMSCs were trypsinized and
seeded on top of the ECmatrix gel solution. Cellsravcultivated in the
presence of VEGF and once without VEGF. The undiffgated MSCs showed
very few capillaries after 4 hours and most of tdedls stayed round in the
medium. When cultivated for 4 hours in the presesfcéEGF, more tube-like
structures were visible. Undifferentiated MSCs skdva substantial formation
of capillary structures when cultivated for 4 hoimsthe presence of VEGF.
After differentiation more than 70% of MSCs fornpikary structures both in
the presence and in the absence of VEGF. The ieltspillary structures

distinctly expressed endothelial specific V\(#g. 13)
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Figure 13. Endothelial-specific functional characterization of differentiated
MSCs. (A) Light microscopic analysis of differentiatechda undifferentiated
MSC on semisolid medium in presence and absen¢&@Gi. Vascular tubelike
networks were formed by differentiated MSCs on seiid medium after
plating. (B) Immunocytochemical staining of the aalsr networks formed on
semisolid medium for VWF (green) and DAPI (bluejal8e lumen structures
were observed in the vascular networks duringtio\dulture.
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5.4. Effect of GSK-3p inhibitor on change of stem cell fate

During endothelium differentiation, GSK33inhibitor treatment reduced the
proliferation of MSCs compared with non-treateds;ehdicating that GSK{3
inhibitor might modulate the balance between ddigiation and proliferation.
Cell cycle analysis showed that GSK-Bhibitor addition led to a decrease in
the percentage of cells in S phase. These resienttogether indicate that
treatment of proliferating MSCs with GSK3-3nhibitor leads to depletion of

S-phase cells and over all decreased prolifergkign14).
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Figure 14. Changes of MSC fate by GSK-3p inhibitor. (A) For cell number
(upper panel), MSCs were seeded in plates at 1°xcéls/well. GSK-B
inhibitor was added at théndicated concentrations. The experiment was
performed three times. Results are shown as mé&dh. £B) Cell cycle analysis
of cells treated with GSK{Binhibitor or not. Cells were stained with propikfiu
iodide and analysed by means of a FACS Caliburnogter. A representative
set of data from one of three independent expetsriershown.
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5.5. Mechanism of GSK-3p inhibitor-induced differentiation of MSCs

In order to study the mechanism by which G3K4Bhibitor may induce
differentiation of MSCs into endothelial cells, wevaluated the
GSK-3B/p-catenin axis. GSK{B inhibitor treatment was associated with a
significantly increased phosphorylation of Akt, ZB8K-33. Consequently, this
was associated with decreased phosphorylatiof-cditenin, a well-known
downstream molecule of the Akt/GSK-axis. In addition, the expression level
of B-catenin in MSCs was decreased consecutively with éxtension of
differentiation time. In controlgi-catenin was predominantly immunolocalized
at the cell periphery. However, nuclear accumufati@of [-catenin
immunostaining was markedly increased in MSCs ackatvith GSK-B

inhibitor (Fig. 15)
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Figure 15. Effect of GSK-3p inhibitor on intracellular signaling pathway in
endothdlium differentiation of MSCs. (A) Western blot of MSCs after
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GSK-3 inhibitor treatment. GSK{B inhibitor treatment was associated with
activation of Akt, increased phosphorylation (timesctivation) of GSK-8, and
downregulation of phosph-catenin. Protein levels df-catenin decreased
significantly during differentiation process. (Bp&focal micrographs of MSCs
treated with GSK-8 inhibitor. Cells were stained fdgi-catenin (green) after
addition of GSK-B inhibitor.
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V. DISCUSSION

Stem cells have induced increasing interest andusidsm because of their
biological properties and potential medical impoda Recognition of these
properties will need a better understanding of $ignaling pathways that
control stem cell fate and an improved ability tcampulate stem cell
proliferation and differentiation. Specifically,atate of stem cells is controlled
both by intrinsic mechanism and the niche inteoactin general, stem cells are
classified as either embryonic or adult stem c&fabryonic stem (ES) cells are
derived from the inner cell mass of mammalian blagits and are able to
proliferate indefinitelyin vitro while maintaining an undifferentiated state and
differentiate into any possible cell type undertaier conditions. By contrast,
adult stem cells, which reside in differentiatessties, have less potential of
tumorigenesis but possess restricted self-renevaplagity, and can only
differentiate into specialized cell types of th&stie in which they reside. These
properties of stem cells make them a good sourcthéotreatment of a number
of diseases as well as tissue/organ injuries, diiety cardiovascular disease,
neurodegenerative disease, musculoskeletal disdasdmetes, and spinal-cord

injuries.
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Above all, the regeneration therapy using stensdedls to meet at least two
prerequisites: (1) the directed differentiationstdm cell to specific cell types
and (2) prevention of undifferentiated cells beamntancer cells. Recently, an
increased understanding of the molecular and dpr@atal processes for stem
cell fate will improve the ability to manipulateest cells for therapeutic
applications. It has been known that expansiondifferentiation of stem cell
fate is controlled by both intrinsic regulators ahé niche, such as a specific
configuration (monolayer or three dimensional nxtrgrowth factors, as well
as genetic manipulations. However, most of thesediions have some
difficulties such as incompletely definition, ormepecificity in regulating the
desired cellular process. Undefined condition oftesults in inconsistency in
cell culture and/or heterogeneous populations dis aghich would not be
useful for cell therapy. More efficient and seleetmethods to control the fate
of stem cells to produce homogenous populatioqmdfcular cell types will be
essential to the therapeutic use of stem cells. ap@ication of a chemical
approach to the field of stem cell biology factiés control over and

understanding of stem cell fate.

Small molecules offer several advantages that diechine ability for temporal,

tunable and modular control of specific proteindiion. Small molecules are
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powerful tools in the manipulation of stem cellsl@omplement other currently
utilized techniques to arrive at insights into tmnplex molecular mechanisms
that modulate stem cell fate. Chemical approacls the distinct advantages
of precisely controlling stem cell fate in vitrorfeesearch and therapy, probing
for new biological mechanisms, and facilitating #mmaolecule therapeutic
developments for modulating stem cell function iivovfor regenerative

medicine.

Since such important cellular processes are likelybe controlled by a
complicated orchestration of many signaling pathsyagcluding many as yet
undiscovered pathways, signal modulators, suchi@eip kinases, are likely to
play important role in balancing multiple signatsibhduce one or both of the
prerequisites. Protein kinases belong to one ofldhgest protein families in
human genome, and they play a critical role in meiggaling pathways such as
development, differentiation, proliferation or deafeveral signaling pathways
have been known to induce or suppress the diffetéant of stem cells
including those involving mitogen-activated kingseglycogen synthase

kinase-3, PI3 kinase, and othét4’.

The screening of protein kinases inhibitors desctinbove was based on the
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assumption that the complex orchestration of sigggbathways is responsible
for triggering the differentiation of MSCs, and tipaotein kinase members play
key role in many of the signaling pathways (Fig. Zp test chodrogenic
characteristics of the MSCs treated with H-89, warried out several
experiments using cell culture assays. Quantificatbf chondrogenesis by
measuring an absorbance of Alcian blue extractatdd that H-89 enhanced
chondrogenesis to over 2-fold of control. MSCs teda with various
concentration of H-89 (0.1-1M) were differentiated dose-dependently into
chondrocyte-like cells and chondrogenesis of MS@®gulated expression of
extracellular matrix gene, aggrecan. The treatnoémMISCs with 1uM H-89

induced maximal increase of aggrecan expressiawveo 2 folds of the control

(Fig. 3).

Previous studies showed that activation of MAPK welated to induction of
specific gene during chondrogenesis of M8€g0 ask whether regulation of
chondrogenesis was mediated by MAP kinase signative effect of H-89, a
selective inhibitor of PKA, was examined on the gtworylation and activation
of ERK, a downstream target of PKA. Chondrogenesi®ISCs was mediated
by ERK activation following PKA inhibition. In adtibn, co-treatment with

U0126, a selective inhibitor of MEK, and H-89 didtrinduce the expression of
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aggrecan and the activation of ERK during chondnegis of MSCs due to the

inhibition of MEK, an upstream signaling molecufeERK (Fig. 4).

Extracellular molecules known to regulate chondnaegés exert their effects at
the level of cell proliferation and/or precartilagendensatiof”>. Precartilage
condensation is a process that reduces intercelfydaces and formation of
extensive cell-cell contacts between prechondragem@senchyme®3% The
biochemical events leading to cell condensationnateyet understood clearly.
However, both cell-cell and cell-ECM interactiores/b been considered to play
a role in precartilage condensation. Thereforeptissibility of whether H-89, a
PKA inhibitor, regulates chondrogenesis by moduotatihe expression of cell
adhesion molecules and ECM components such as hedagd integrina5p1,

and fibronectin was investigated.

N-Cadherin has been known to be expressed in pnecbgenic mesenchymes
and during cell condensatioft' * and blockage of its function inhibited
precartilage condensatiofi However, it was not expressed in chondrocytes
that were completely surrounded by cartilage-sjedfCM molecules®.

Expression of N-cadherin, which mediates cell-tgraction, was high in first

day but was reduced as differentiation of MSC #@eawith H-89 advanced to
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chondrocyte-like cells (Fig. 5).

Because the interaction of cell with extracellutaatrix (ECM) in addition to
cell-cell interaction is involved in the regulatiohchondrogensis, a potential of
H-89 regulation of integrim5p1 and its ligand fibronectin was also examined.
During chondrogenic differentiation of MSCs treatedith H-89, the
fibronectin-receptor (integrin5p1) and fibronectin were down-regulated (Fig.
5). The above results are consistent with the fewis an interaction of cells
with fibronectin via integrire5p1 is necessary for cell condensation to occur
and that a reduction of fibronectin and its integubfl receptor after cell
aggregation is necessary for the progression dilage differentiation® 3 %

Indeed, it has been known that enhanced expressioiibronectin exerts

negative effects on chondrogene$i&.

Treatment MSCs with H-89 retarded the proliferatativities of MSCs during
chondrogenesis compared with control but H-89 ditlhrave the cytotoxicity
effect during chondrogenesis of MSCs for 1ldaysmélg, H-89 might

modulate the relationship between proliferation alifferentiation (Data not
shown). In principle, one may be able to extraftirimation about the identities

of other protein kinases that may also negativegutate the differentiation of
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MSCs if one has the inhibition profile of H-89 fall known protein kinases.
This approach can be applied to any stem cellswtbdhemical molecules that

can trigger initiation of differeniation

Results seem to validate these assumptions. Fortiner it is also assumed that,
since the structure of the kinase domain of altginokinases are very similar,
especially among the members of the same subfaanijyen kinase inhibitor
will inhibit multiple kinases at different level$hus, we posit that H-89 inhibits,
in addition to PKA, multiple signaling pathways different levels, and the
orchestration of these signaling pathways triggettesl differentiation. Our
result suggests that one or more signaling pathulagiscan be regulated by

PKA and other unidentified kinases negatively ragutifferentiation of MSCs.

Mesenchymal stem cells (MSCs) have the potentiainfgocardial regeneration
due to their self-renewal and myocardiogenic diffdiation. Previously,
researchers studying 5’-azacytidine reported thaBCBl were used to
differentiate into myocytes®. This led to believe that MSCs are
multi-differential cell types, and differentiatiols possible without the
genotoxic effects of 5-azacytidin€*> Despite these promising results, the

molecular mechanisms underlying myogenic diffegitan from MSCs remain
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poorly understood. The major finding of this stuty a new molecular
biological method of inducing differentiation of MIS into cardiomyocyte-like

cells by PMA, a protein kinase C activator, treatime

Protein kinases belong to one of the largest prd@nilies in human genome,
and they play a critical role in many signalingtpedys such as development,
differentiation, proliferation or death. The PKCnfdy of calcium or
lipid-activated serine-threonine kinases is reg@datlownstream of nearly all
membrane-associated signal transduction pathwaysoutA 12 different
isozymes comprise the PKC family. The conventidPidC isozymes (PKG;
-1, -0 and ¥) are calcium and lipid-activated, whereas otherymes are
calcium independent but activated by distinct Bp{KCe, -0, -n, -9, €, 1, -v
and ). PKC is influenced by calcium or diacylglyceroDAG): their
isoenzymes play a critical role in cardiomyocytepéngrophy. Especially,
PKC-u is reportedly capable of inducing a hypertroplisponse characterized
by enhanced sarcomeric organization and increatéal aatriuretic factor
(ANF) expressiof® . Recent study demonstrated that protein kinaseKC}
have the critical role of the cardiac differentatiof embryonic stem celf§ *°

In addition, above data for the effect of variousake inhibitors on

differentiation of MSCs showed treatment of MSCdhwa protein kinase C
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inhibitor suppressed the expression of cardiomyogearker gene, indicating
that activation of protein kinase C might be catito differentiating MSCs into
cardiomyocytes. Therefore, we hypothesized that M®dght differentiate into

cardiomyocyte-like cells (CLCs) after PMA treatment

To determine whether MSCs treated with PMA haveatiike cell phenotype,
we performed cardiac-specific marker-related saokdwELISA. The highest
expression time of all markers (cTnT, MHC, MLC, Nk and MEF-2) was
nine days (Fig. 7). Moreover, the cell resembledcaadiac myocyte in
morphology by nine days (Fig. 6). Especially, MH@aTnT expression was
monitored by immunocytochemistry and was founchmaytoplasm of the cells
induced with PMA. Compared to normal MSCs, difféimed MSCs had a

higher expression of MHC and cTnT (Fig. 6).

To confirm whether differentiated MSCs became CltRi®ugh a molecular
biological approach, neurohumoral factor was used distinguish their
expression levels. Neurohumoral factors control rtheate, myocardial
contractility, and cardiac hypertrophy. The mostwpdul system controlling
cardiac function is the autonomous nervous systedhding the sympathetic

and parasympathetic nerves acting through adrenangi muscarinic receptors.
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The adrenergic receptors are divided inteadrenergic andp-adrenergic
receptor subtypes, and muscarinic receptors hseesfibtypes, Mthrough M
. We exploreduya, oss, a1p, P, andp-adrenergic receptors and;Mnd M
muscarinic receptors. The characteristics of rerepinclude the following:
critical implications in modulating cardiac funabio aza-, o4, dip-,
catecholamine-induced increases in heart rate, umtiosh velocity and
contractility, B;- andp,-adrenergic receptors, expression in murine nebaath
adult cardiomyocytes, and M1 and M2 muscarinic paars **** (Fig. 8).
Surprisingly, when MSCs treated with PMA in nineyslavere compared with

normal MSCs, differentiated MSCs had a higher esgiom of these receptors.

PKC is concerned about hypertrophy-related siggali®ther researchers
showed the translocation of PKC4in response to they-adrenergic and
Gug-coupled receptor agonist phenylephrifieLikewise, norepinephrine (NE)
influences the contractile properties of the haad induces a series of changes
characteristic of the hypertrophic phenotyip®ugha;-adrenergic receptors in
cardiac myocytes’. If MSCs differentiated into CLCsy;-adrenergic receptors
are expressed at the protein level and transdupertmgphic signals. Because
of this, the change of ERK1/2 phosphorylation wastedied. When

differentiated MSCs were treated with NE, theinatton of ERK1/2 increased
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in a time-dependent manner (Fig. 9).

Cardiomyocytes are linked by excitation-contractamupling, which operates
by C&" influx. LTCC and SERCA 2a are especially meanihdgators in this
process. The mRNA of SERCA 2a is also a myocamlker similar to the
heart muscle-specific marker gene, cTAT * Moreover, a 1000-fold
Cd'-gradient is maintained across the cardiac sarsopta reticulum
membrane by these factors, and LTCC is physioldgi¢gamportantin many
excitable cells but particularly important in theart because €zentry through
these channels not only contributesmpulse generation and conduction but
also serves as a secandssenger to modulate regulatory protein kinases an
the activatiorof contractile proteins. Thus, their expressiorelevas analyzed.
As seen in Fig. 10, even though NRVCMs had a diidtigher expression level,

the MSCs’ expression level increased in a time-ddpat manner.

Finally, the prevailing evidence suggests that M®@ight differentiate into
cardiomyocyte-like cells via PKC activation. Thigmple new model for
differentiated MSCs may help clarify the cascaddranscriptional activation

that regulates differentiation into CLCs.

Activation of PKC is considered to be the key point the myogenic
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differentiation of MSCs because protein kinasey glacritical role in many
intracellular signaling pathways and differentiatiof embryonic stem cell.
Treatment of MSCs with PMA induced cardiac-speaifiarker expression, and
displayed different morphological patterns, a higpression of neurohumoral
factor and CH-related protein, and a time-dependent hypertrophjression
compared with normal MSCs. In conclusion, PMA, aCPHKctivator, might

induce the myogenic differentiation of MSCs.

The relative ease of isolating MSCs from bone marand thegreat plasticity

of the cells make them ideal tools for an autolegmallogeneic cell therapy

® The use of autologous vascular endothpliagjenitor cells seems attractive
for the development of engineenggbssels as well as for the vascularization of
engineered tissuesnd may also be useful to augment vessel growthemic

tissue® ©2

In previous studies, serial analysisgeine expression (SAGE) revealed that
single cell-derived coloniesf MSCs expressed mRNAs of multiple cell
lineages, includingcharacteristic epithelial and endothelial moleculd®

Epicanand Keratins 8 and 16° These data suggest that the in vitro

differentiation potential of MSCs is not restricteml mesodermdineages but
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also transdifferentiation of MSCs into other lineslike endothelial could be

realized in vitro and in vivo.

The formation of endothelial tissue (vasculogendsisaa procesim which the
embryo angioblasts are differentiated from mesodécrils and organized to
form a primitive vascular netwofk. Angiogenesis, the formation of new blood
vessels by sproutirfgom pre-existing vessels, occurs in many situatisuch as
embryonic development and pathological conditioile Itissueischemia.
Although the molecular mechanisms responsible asculogenesis and
angiogenesis are currently not fully understdbd, pivotal role of glycogen

synthase kinasef3 GSK-3B) for both processes is evident.

GSK-3 is a serine/threonine kinase that is under therabof Wnt °*

signaling pathways. Recently, it has been showrt thgpharmacological
inhibitor of GSK-3 promotes the self-renewal of embryonic stem dallgtro
®’ GSK-3 controls several downstream transcription factoas are crucial in
cell survival and function includingd-catenin ®, heat shock factor-£°,
cAMP-response element-binding protelfi AP-1 ™, Myc ? NFAT 7
CCAAT/enhancer-binding protein *, and cyclin D1”°. GSK-3 has also been

shown to be involved in the regulation of angiogamehrough its ability to
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modulate vascular endothelial cell migration andvisal "°. Previous studies
indicated a pharmacological inhibitor of GSK-Bad to the differentiation of
endothelial progenitor cells and monocytes intooginelial cells’” " Hence,
our study shows that GSK33s one of factors for the in vitro differentiatioh

mesenchymal steoells into endothelial cells in vitro.

Several populations of bone marrow-derived cellvehdhe potentiako
differentiate into endothelial-like cells. CDI3BSCs cultivatedt high cellular
density and in the presence of endothgjawth factors like VEGF were
shown to acquire endothelial featurés®® and CD34 HSCs isolated from
peripheral blood cadifferentiate into endothelial cells in vitfband contribute
to vascularization in animal modefé. Regardless of this fact, the major
advantage of MSCs is the vast number of ¢kt can be achieved from one
bone marrow aspirate. MSCs walown to be genetically stable over many

passage¥.

The treatment of MSCs with GSHK33inhibitor triggered endothelium
differentiation in a dose-dependent (0.1-1 uM) neanas judged by the
up-regulated expression of CD31, a endothelial egtker (Fig. 11). In our

differentiation system MSCs acquire major chardsties of mature
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endothelial-like expression of CD 34, eNOS, VCAM-NEGF-R2,

VE-cadherin, and vVWF (Fig. 12).

After differentiation, the formation of capillarjkk structuresn semisolid
medium was markedly enhanced when cells were eatéttwithout VEGF.
Recent studies have shown that murine stroma allsalso be differentiated
into vasculature-forming cells undgrpoxic conditions or genetic modification
8.8 It was also found that MSCs form tube-like staneswhen cultivated in
semisolid medium; the presence of VEGF markedllganced this behavior.
Interestingly, the numbers of capillary-likells in this assay were strongly
enhanced in predifferentiatddSCs (Fig. 13). Hypoxia upregulates several
genes involved in angiogenebi® basic fibroblast growth factor, VEGF, the
VEGF receptor&DR and FLT-1, and components of the plasminogestesy?™.
Differentiation of MSCs with GSK{Binhibitor also upregulates the expression
of the VEGF receptors KDR and FLT-1, which play &aajon rolein
angiogenesis in vivo and contribute together wititrir-metalloproteasds the

formation of capillary-like structures in vitro.

In the figure 14, a pharmacological inhibitor of IGSp retarded the

proliferation activities of MSCs during endotheliudifferentiation of MSCs.
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Namely, GSK-B might modulate the balance between proliferatiord a
differentiation. In cell cycle analysis, a decreas¢he percentage of cells in S
phase ascertained differentiation induction of GKin addition, GSK-B has
been known as a regulator of angiogenesis througtiukation of downstream
transcription factors includin§-catenin and so on. Our present study showed
that the treatment of GSKB3nhibitor is associated with a significant increas
in GSK-3B phosphorylation, resulting in its inactivation, danthus
downregulation of phosph®-catenin and nuclear accumulation [Btatenin

(Fig. 15).

Observations described above, the enhanced diffetien of MSCs to

chondrocytes, cardiomyocytes, and endothelial cslipport the notion that,
although cell differentiation may be the resultaoicomplex orchestration of
many signals from multiple signaling pathways, eaesingle chemical reagent,
a kinase inhibitor in this case, can alter thetietabalance of many signals
enough to enhance differentiation of stem cellpadicular cell types. They
also suggest that the process may be optimized byigure” of various

multiple kinase inhibitors.

Because these compounds may interact with “offatr kinases as well as
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other unknown proteins, our observation should tesiclered as a practical
approach for finding chemical reagents for inducstem cell differentiation to
a specific cell type even when most of the sigmplpathways are unknown.
Thus, the approach described or some variation ofay be applied to other
stem cells, including human stem cells, to findnoloal molecules that can
trigger initiation, inhibition, or even reversior the differentiation process of

stem cells or progenitor cells.

74



V.CONCLUSION

Although cell differentiation may be the result @fcomplex orchestration of
many signals from multiple signaling pathways, eaesingle chemical reagent,
a kinase inhibitor/activator in this case, canralte relative balance of many
signals enough to enhance differentiation of stelts ¢o particular cell types.
They also suggest that the process may be optinbiged“mixture” of various

multiple kinase inhibitors/activators. Because ¢hesmpounds may interact
with “off-target” kinases as well as other unknowproteins, the observation
should be considered as a practical approach ridinfiy chemical reagents for
inducing stem cell differentiation to a specifidldgpe even when most of the
signaling pathways are unknown. The approach destror some variation of
it may be applied to other stem cells, includingnn stem cells, to find
chemical molecules that can trigger initiation, ibbition, or even reversion of

the differentiation process of stem cells or pragercells.
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