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Abstract

Introduction of Integrin-Linked Kinase Gene into Mesenchymal
Stem Cells for Prevention of Anoikis in Infarcted Myocardium

Suk-Won Song

Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Byung-Chul Chang)

Mesenchymal stem cells (MSCs) represent a suitaialece of autologous cells
in cell therapy for the improvement of cardiac fiioe, but MSCs therapy has
limitations due to the poor viability of MSCs afteell transplantation.
Integrin-mediated adhesion is a prerequisite fdr srvival, and also a key
factor for the differentiation of MSCs. As a nowgiti-death strategy to improve
cell survival in the infarcted heart, MSCs were e@ally modified to

over-express integrin-linked kinase (ILK). The sua¥ rate of ILK-transfected



MSCs (ILK-MSCs) was augmented by about 1.5-fold. dddition, the
phosphorylation of ERK1/2 and Akt in ILK-MSCs werereased by about 3-
and 2-fold, respectively. Furthermore, ILK-MSCsulgsd in increase of 2-fold
in ratio of Bcl-2/Bax and inhibited caspase-3 aafiion, compared with hypoxic
MSCs. Adhesion rate of ILK-MSCs also had a 30.0%dase on the cardiac
fibroblast-derived 3D matrix. Moreover, ILK-MSCsahed higher retention by
about 4-fold than MSCs in infarcted myocardiunm vivo, ILK-MSC
transplanted rats had a 12.0% smaller infarct 8iam MSC-treated animals
after ligation of left anterior descending coronaery. Transplantation of
ILK-MSCs not only led to a 15.5% decrease in thediic heart area, but also
significantly reduced the apoptotic positive index about 17.0% compared
with ligation only. The mean microvessel count piedf in the infarcted
myocardium of ILK-MSCs group (129.1+23.5) was iraged relative to sham
group (19.3+15.2) and MSCs group (68.9+£19.4). Imcbasion, ILK-MSCs
further assisted cell survival, proliferation andhasion, and improved

myocardial damage compared to MSC only after tlamsation.

Key words: Integrin-linked kinase, Mesenchymal stath, Myocardial infarction
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I. INTRODUCTION

As a consequence of myocardial infarction, irrevdesitissue damage and
deficit of performance occurs to héarThe remaining myocytes in infarcted
tissues undergo progressive replacement by fibstbl® form scar tissue and
may lead to remodeling of the left ventricle agsuit of increasing mechanical
wall stres& By alternative sources of cardiomyocytes, reatempts to repair

infarcted hearts revealed that myogenic cells fkarious stem cells replaced
residence in cardiac tissue after infurspecially, mesenchymal stem cells

(MSCs) have become one of the most potentiated sceltces for infarcted



myocardium, because MSCs are multipotent cellsidepzt differentiating into
cardiac myocytes, endothelial cells, and vascutawah muscle cells, botim
vivo and in vitro, under appropriate culture conditiéi& Although MSCs
represent a suitable source of autologous celtlintherapy for improvement
in cardiac function, MSCs therapy has limitationge do their poor viability
after cell transplantatidn

This may require anti-death strategies to imprdeenscell survival/number in
the infarcted hedtt The absence of adhesion is probably the mairecaiugoor
cell survival in cell transplantation. Cell adheasito the extracellular matrix
(ECM) is mediated by integrin, which control a tyi of important processes
including gene expression, proliferation, diffeiation and even survivat®
Integrin-linked kinase (ILK) is a 59-kDa Ser/Thrnkise that binds to the
cytoplasmic domain of}-integrin and participates in the regulation ofl cel
adhesion, growth, cell shape change, and ECM adgemsban upstream of
Akt/PKB and MAP kinasé™®

In this study, ILK gene was transfected into MS@=hhance adhesion after
implantation and thereby was investigated the adhe® 3D culture system
derived from cardiac fibroblast and viability undsmpoxic condition. Moreover,
MSCs harboring ILK gene were examined in the irteadanyocardium whether

implanted cells have changed physiologically andpiologically.



Il. MATERIALS AND METHODS

1. Isolation and Culture of MSCs

MSCs were isolated from the femoral and tibial [®onef rats. Bone
marrow-derived MSCs were collected from the aspgadf the femurs and
tibias of 4-week-old male Sprague-Dawley rats (aepipnately 100 g) with 10
ml of MSC medium consisting of Dulbecco’s modifidehgle’s medium
(DMEM)-low glucose, supplemented with 10% fetal i@ 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, http://www.baxter.com) wased. Briefly, cells were
incubated with Dynabeads M-450 coated with anti-€B®noclonal antibody.
A magnetic field was applied to the chamber and @234+ cell-bead

complexes were separated magnetically from the iréenga cell suspension



with the CD34-negative fraction being further cu#td. The cells were
harvested after incubation with 0.25% trypsin anchil EDTA for 5 min at
37°C, replated in 1xP0L00-cnf plates, and again grown for approximately 10

days.

2. LentiV-mediated, Stable Genetic Mmodification ofMSCs

For stable genetic modification, we used the lémtivvector (LentiV) for
transgene delivery. The lentiviral vector for exgsiag ILK was constructed by
inserting the gene fragment intcoRI- Clal site of Lentiviral vector
(Macrogen Inc., Seoul, Korea, http://www.macrogerkg. The
ILK(BC0O01554) cDNA clone was purchased from KOBICKofean
Bioinformaion Center) and cDNA was amplified usiagfollowing primer
set :Forward: 5’-gggaattcgccaccatggacgacatt-3’eRev 5'-attatcgattcctacttgtc
-3'. The LentiM1.41 lentiviral vector was designedproduce interesting gene
promoted from mCMV promoter and to express GFP fpmk promoter. The
nucleotide sequences of the constructs were v@rifie sequencing analysis.
The recombinant lentiviral vectors were purchasemfrMacrogen Inc. as
described earlier. Briefly, three plasmids, a tfangector, a VSV-G expression
vector, and @ag-pol expression vector, were co-transfected into 298[E at a
1:1:1 molar ratio by using LIPOFECTAMINE PLU$ (Invitrogen, Carlsbad,

USA, http://www.invitrogen.com). The culture supatant containing viral



vector particles was harvested 48 hrs after tratisfe clarified with a 0.4%M
membrane filter (Nalgene Labware, Rochester, U3#; fwww.nalgenelabwa
re.com), and stored at -TD deep-freezer immediately. Titers were determined
by p24 ELISA or infection into HeLa cells. The eG&pression of transduced
cells was observed and photographed under fluanesamicroscope; in routine
preparation, the titer was approximately 1%X@ansduction unit (TU) per
without further concentration. MSCs were transdudsd adding purified
LentiVs to cells with 8ug/ml polybrene to facilitate transduction for aade 9

hrs (Fig. 1).
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Figure 1. Construction and transduction activity of ILK-lenti viral vector in
MSCs. (A) Structure of ILK-Lentiviral vectors (B) Exprs®n levels of
cellular ILK were determined by immunofluorescerioeage and RT-PCR.
Immunofluorescence image with green fluorescendecé@ted positive MSCs
transfected with ILK. The mRNA expression of ILK svastablished by DNA
electrophoresis and visualized by EtBr.

3. Immunoblot Analysis

Cells were washed once in PBS and lysed in a lysifer (Cell Signaling
Technology, Beverly, USA, http://www. cellsignalrepcontaining 20 mM Tris
(pH 7.5), 150 mM NaCl, 1 mM Ne&EDTA, 1 mM EGTA, 1% Triton, 2.5 mM
sodium pyrophosphate, 1 mPptglycerophosphate, 1 mM B&O,, 1 mg/ml
leupeptin, and 1 mM phenylmethylsulfonyl fluoridBrotein concentrations
were determined using the Bradford Protein Assaty (Rio-Rad, Hercules,
USA, http://www.bio-rad.com). Proteins were sepadain a 12% sodium
dodecyl sulfate-polyacrylamide gel and transfeteegdolyvinylidene difluoride
membrane (Millipore, Billerica, USA, http://www.rlippore.com). After
blocking the membrane with Tris-buffered saline-8we20 (TBS-T, 0.1%
Tween 20) containing 5% nonfat dried milk for ldirroom temperature, the
membrane was washed twice with TBS-T and incubai#d primary antibody

for 1 hr at room temperature or overnight at 4°Ge Tnembrane was washed



three times with TBS-T for 10 min and then inculdater 1 hr at room
temperature with horseradish peroxidase-conjugatedondary antibodies.
After extensive washing, the bands were detected dyhanced
chemiluminescence reagent (Santa Cruz Biotechnpl&anta Cruz, USA,
http://www.scbt.com). The band intensities werengifiad using NIH ImageJ

version 1.34e software (http://www.rsbweb.nih.géyv/i

4. Cell Proliferation

Cellular proliferation was measured with the PreMiST-1 Cell Proliferation
Assay System (TAKARA BIO Inc., Shiga, Japan, httpyw.takara-bio.com).
This system enables the measurement of cell praliée with a colorimetric
assay, based on the cleavage of the slightly redztdium salt (WST-1) by
mitochondrial succinate-tetrazolium reductase iable cells. An increase in
enzyme activity leads to an increase in the pradnatf formazan dye, and so
the quantity of formazan dye is related directhtite number of metabolically
active cells in the medium. Cells (2¥)1@vere seeded into wells of a 96-well
culture plate and incubated under hypoxic conditiafter transduction of
lentiviral vector. WST-1 cell proliferation reagemtas added directly to the
supernatant (10 ul/100 pl growth medium), and iateth at 37°C for 3 hrs. The
absorbance of the solubilized dark red formazadybwas then determined at

450 nm.



5. Measurement of Caspase 3 Activity

Relative caspase 3 activity was determined usingpAprget” Capase-3
Colorimetric Protease Assay, according to manufackl instructions
(BioSource International Inc., Grand Island, US&pi#/www. invitrogen.com).
This assay is based on the generation of free DEMB-chromophore when
the provided substrate is cleaved by caspase-3n digavage of the substrate
by Caspase-3, free pNA light absorbance can betifjednusing a microplate
reader at 405 nm. Briefly, the cultured MSCs () Hiter different treatments
were harvested in lysis buffer (1 M DTT), and aeltracts were centrifuged to
eliminate cellular debris. Aliquots (50 pl) of thell extracts were incubated at
37°C for 2 hrs in the presence of the chromophabestsate. Free DEVD-pNA
is determined colometrically. The comparison of abance of pNA from
apoptotic sample with uninduced control allows dateation of the fold

increase in Capase-3 activity.

6. Preparation of Cardiac Fibroblast-derived Threedimensional Matrix
(Cardiogel)

Cardiogel was prepared with a minor modificatiomBriefly, 2x1C cells per
35-mm dish were seeded and the medium changed 48éws until the matrix
was denuded of cells. The medium was carefullyraga and rinsed gently

with PBS. Next, 1 ml of prewarmed extraction buf@r5% Triton X-100, 20

10



mM NH4OH in PBS) was added, and the process of cell lsis observed
using an inverted microscope until no intact celése visualized. The cellular
debris was washed with PBS, and the matrices wexgbated at 37°C for 30
min with 1 ml of DNase (10 units of DNase per ritkir of PBS) to minimize
the DNA debris. The matrix-coated plates were oedaxith a minimum of 3
ml of PBS containing 100 U/ml penicillin, 1Q@/ml streptomycin, and 0.25

pg/ml Fungizone for use afterward.

7. Assay for Cell Adhesion

Cells were isolated by trypsinization and were weasbnce in DMEM with
10% FBS to stop trypsin activity and twice withigarfree DMEM to remove
serum components. Suspensions of 2xl@ble MSCs were then added to each
well and allowed to attach for 30 min at 37°C aftl 60,.. To determine MSC
adhesion, plates were carefully washed three tiwids PBS, and then four
separate fields were photographed by phase coniesiscope. The number of
attached cells was estimated by microscopic celuntog using a
hemacytometer. Each experiment was performedglcaite wells and repeated

at least three times.

8. Induction of Myocardial Infarction and Transplantation

All experimental procedures for animal studies weapproved by the
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Committee for the Care and Use of Laboratory Angmddonsei University
College of Medicine, and performed in accordancéhwhe Committee’s
Guidelines and Regulations for Animal Care. Myocardnfarction was
produced in male Sprague-Dawley rats (200+£30 g3lbgical occlusion of the
left anterior descending (LAD) coronary artery, @cing to previously
described procedurtsBriefly, after induction of anesthesia with ketam (10
mg/kg) and xylazine (5 mg/kg), cutting the thirddafourth ribs opened the
chest, and the heart was exteriorized through rberdostal space. The left
coronary artery was ligated 2—-3 mm from its origiith a 5-0 prolene suture
(Ethicon, Somerville, USA, http://www.ethicon.comfor 3 days. For
transplantation, cells were suspended inpl®f serum-free medium (1x10
cells) and injected from the injured region to therder using a Hamilton
syringe (Hamilton Co., Reno, USA, http://www.hamiitompany.com) with a
30-gauge needle. Throughout the operation, animate ventilated with 95%
0O, and 5% CQusing a Harvard ventilator. Operative mortalityswl@®% within
48 hrs. Six animals per group (ligation, MSCs, IMSCs) were used for
morphologic analysis after occlusion of left comgnartery. To label MSCs
with DAPI for viable cells, sterile DAPI solutionas added into the culture
medium on the day of implantation at a final conion of 50ug/ml. The
dye was allowed to remain in the culture dishes3@rmin. The cells were

rinsed six times in PBS to remove all excess arimbund DAPI. Labeled cells

12



were then detached with 0.25% (wt/vol) trypsin @udpended in serum-free

medium for grafting.

9. Histology and Determination of Fibrosis Area

Transplants were killed at several intervals diftgplantation, and their hearts
were excised. The heart was perfusion-fixed witto1Qvol/vol) neutral
buffered formaldehyde for 24 hrs, transverselyisaetl into four comparably
thick sections, and embedded in paraffin by routirethods. Sections of gn
thickness were mounted on gelatin-coated glasesstiol ensure different stains
could be used on successive sections of tissuthmitgh the implantation area.
After deparaffinization and rehydration, the sewtiowere stained with
hematoxylin and eosin to assess cytologic detadh as nuclei, cytoplasm, and
connective tissue. Additionally, fibrosis was aral¢ by Masson’s trichrome
staining. Interstitial fibrosis area was measureith wetaMorph software
version 4.6 (Universal Imaging Corp., Downtown, U®#tp://www.universal-i
maging.com) from control (n=6), Ml (n=6), MI+MSCge=6), MI+ILK-MSCs

(n=6) groups and expressed as a percentage afttideft ventricle.

10. Terminal Deoxynucleotidyl Transferase—-mediateddUTP Nick-end
Labeling (TUNEL) Assay

The TUNEL Assay was performed according to the ruasions of the

13



manufacturer (Chemicon International Inc. TemeduBA, http://mwww.millipo
re.com). In brief, the excised heart tissues wexedf in 3.7% buffered
formaldehyde and embedded in paraffin. Tissue @exti5 um thick, were
deparaffinized, rehydrated and rinsed with PBS.08ifve control sample was
prepared from normal heart section by treating \itttase | (10 U/ml, 10 min
at room temperature). The sections were pretreai#hd3.0% HO,, subjected
to the reaction with TdT enzyme for 37°C for 1 hndaincubated
digoxigenin-conjugated nucleotide substrate at 370€ 30 min. Nuclei
exhibiting DNA fragmentation were performed by 8jamino benzidine
(DAB) (Vector Laboratories, Burlingame, USA, htfpavw.vectorlab.com) for
5 min. The nuclei of apoptotic cardiomyocytes wisnged dark brown. Lastly,
the sections were counterstained with methyl gesehthen cover slipped. The
sections were observed by light microscopy. 6 sliger group were prepared,

10 different regions were observed in each slicé0®).

11. Determination of Infarct Size

TTC staining was used to assess myocardial tissalgility and determine
myocardial infarct size. The tissue slices weicubated in 1%

2,3,5-triphenyltetrazolium chloride (TTC, Sigma, Bouis, USA, http://mww.

sigma.com) solution, pH 7.4, at 37°C for iah. Tissues were fixed in 10%

PBS-buffered formalin overnight 2~8°C. Hearts were sectioned transaxially,

14



and size of Ml was evaluated as percentage ofosedtarea of infarcted tissue
of the left ventricle to the sectional area of Wisole left ventricle. Both sides

of each TTC-stained tissskice were photographed with the digital camera.

12. Histological Analysis

Histological analysis was performed according te ftinstructions of the
manufacturer (R.T.U VECTASTAIN Universal Quick Kiector Laboratories).
In brief, the excised heart tissues were fixed.#¥@buffered formaldehyde and
embedded in paraffin. Tissue sections, 5 um thigkre deparaffinized,
rehydrated and rinsed with PBS. Sodium citrate genti retrieval was
experimented with 10 mM sodium citrate (pH6.0) iirctowave for 10 min.
Sections were incubated in 3%®3 in order to quench endogenous peroxidase.
Sample was blocked in 2.5% normal horse serum,icwbated in primary
antibody. Biotinylated pan-specific universal sedany antibody and
streptavidin/peroxidase complex reagent was treaitd heart section. Using
DAB substrate kit, heart section was stained wittibemdy. Counterstain was
operated in 1% methyl green and dehydration wagrpssed with 100%

N-butanol, ethanol and xylene.

13. Statistical Analysis

Data are expressed as means + SE. Statistical ssmaly two groups were

15



estimated by Student’s t-test. And examining froorerthan two groups was
done by one-way ANOVA, using bonferroni tegt.<0.05 was considered

significant.

Ill. RESULTS

1. ILK Enhances Survival of MSCs in Hypoxic Conditbn

Western blot analysis was used to characterizestiilwngenous expression of
ILK in MSCs under hypoxic conditions. Endogenou& lexpression in MSCs
was slightly down-regulated during 6 hrs after lipostress, and then it was
decreased rapidly (Fig. 2A). To define the effeictld on the MSCs survival
under hypoxic condition, cells were transfectechvénti-ILK at normal culture
conditions. The plates were incubated under hypoaiditions for 9 hrs. Then
cell viability was determined by WST-1 assay. A©wh in Fig. 2B, the
survival rates of MSCs incubated in hypoxic comditivas reduced of 50%,
compared with MSCs cultured in normoxic conditidhowever, lenti-ILK
transfected MSCs shows that reduction of survieéé was attenuated about

0.5-fold, compared with non-treated MSCs.
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Cantral Mack LK

Hypoxia

Figure 2. Effect of ILK expression on survival of M5SCs under hypoxic
condition. (A) Expression of ILK in MSCs under hypoxic condlit. At the
indicated times, cells were harvested. The exmassof each protein were
monitored by SDS-PAGE followed by immunoblot an@ysThe band
intensities were quantified using the Photo-Imagest&8n and each point
represented the mean value obtained in 3 expersm@mt0.001). (B)
Representative microphotographs of MSCs, Lenti-¢®ar Lenti-ILK-MSCs
under hypoxic condition for 9 hrs. MSCs, Lenti- (8k) or Lenti-ILK-MSCs
(1.5 X 1d) were seeded in 96-well culture plates and cuitdoe 24 hrs. After
24 hrs exposure to hypoxia and serum starvationKB%), WST-1 reagent was
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added to each well and incubated for 3 hrs at 37C€ll proliferation was
measured by spectrophotometky=450 nm) p < 0.001).

2. Effect of ILK on Survival Signaling of MSCs Unde Hypoxic Condition
During ischemia, multiple changes such as cell sidhneand so on, contribute
to weakening survival signaling molecules. To stuihe effect of ILK
expression on intracellular survival signaling nooies level, we detected
phosphorylation of ERK1/2 and Akt by immunoblot assEndogenous ILK
expression in MSCs was down-regulated after hypstiess but ILK of MSCs
transfected with lenti-ILK increased significantly 2-fold compared with
hypoxic control. As shown in Fig. 3, the phosphatign activities of both
ERK1/2 and Akt were dramatically decreased in hyp®*SCs compared with
normal cells. Hypoxic MSCs transfected with lemtilled to increase of 3.0-

and 2.0-folds in ERK1/2 and Akt activities respeely.
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Expression of ILK (a.u.)
Phosphorylation of ERK (a.u.}
Phosphorylation of Akt (a.u.)

1]
Control ILK Contral 1Lk Control 1Lk
W Hypoxia Hypoxia

Figure 3. Effect of ILK on activity of proteins related to survival.
Phosphorylation of ERK and Akt was enhanced at MBEs as compared to
MSCs. MSCs or ILK-MSCs (1xfpwere plated and incubated under hypoxic
condition for 9 hrs. The phosphorylated states atal texpressions of each
protein were monitored by SDS-PAGE followed by inmohlot analysis with
antibodies specific for the ILK, ERK1/2, p-ERK1/&kt, p-Akt and p-actin,
respectively. The band intensities were quantifiesing the Photo-Image
System and each point represented the mean vataseth in 3 experiments
(*p<0.001).

3. Effect of ILK on Hypoxia-induced MSCs Anoikis
To examine whether ILK expression of MSCs inhilasoptosis in hypoxic
condition, ratio of Bcl-2/Bax and caspase-3 actorat were examined.

Generally, PKB/Akt inhibits apoptosis through selguathways, resulting in

19



the downstream inhibition of the processing andvatibn of caspases. As
shown in Fig. 4A, caspase-3 activities were inaedder 3-folds after hypoxia
treatment of cells compared with normal control. bontrast, ILK

overexpression significantly reduced caspase-¥igcty 45% compared with
hypoxic control. Hypoxia induced the decreasedratiBcl-2/Bax than normal
condition but the transfection with lenti-ILK reged in increase of 2-folds in

ratio of Bcl-2/Bax compared with hypoxic conditi¢ffig. 4B).

Bcl 2

p-actin
= =

Control hack 1Lk Control 1Lk
Hypoxia Hypoxia

Caspase3 activity
ma
T

Bcl-2/Bax Protein (a.u.)

Figure 4. Effect of ILK on expression and activation of apopbsis-related
proteins. (A) Relative caspase 3 activity was determinedngisithe

ApopTarget” Capase-3 Colorimetric Protease Assay. Data denote

20



means = S.E.M. of 3 to 5 replicate measurementisree different cell cultures
(** p< 0.001). (B) Expression of Bcl-2 and Bax was detagdiby immunoblot
analysis in ILK-MSCs or MSCs under hypoxic conditifor 9 hrs. At the
indicated times, cells were harvested. The expyassof each protein were
monitored by SDS-PAGE followed by immunoblot anaywith antibodies
specific for the Bcl-2, Bax anflactin, respectively. The band intensities were
quantified using the Photo-Image System and eatit pgpresented the mean

value obtained in 3 experiments (g% 0.01).

4. ILK-mediated Adhesion of MSCs

To determine the effect of overexpressed ILK in emitn of MSCs, we
performed quantitative adhesion assays with ILK-MS&s shown in Fig. 5A,
adhesion of MSCs to 3D culture system derived fiardiac fibroblast was
enhanced approximately 30% by ILK introduction. fother evaluate the
adhesive function of ILK in vivo, we transplantddKIMSCs into the border
region between the infarcted area and the normed.affter 3 days, we
dissected implants of infarcted myocardium byr-thickness. ILK-MSCs
were retained in approximately 800 cells per seatiompared with MSCs only

in approximately 200 cells per section (Fig. 5B).
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Figure 5. Effect of ILK on adhesion of MSCs(A) ILK-MSCs were plated on
cardiogel for 3 hrs. Data were expressed as pegertf supplement of 2 X 40
cells/well, which represented 100% and represethieanean value obtained in
3 experiments done in duplicate. The mean attachraalues + S.D. on
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cardiogel were 6102 + 98 in MSCs and 12541 + 120MSCs (**p < 0.01).
(B) Analysis of myocardial repair after implantatimto infarcted myocardium.
Engraftment was significantly improved with ILK aexpression at 3 days
after injection of cells (1xf. (**p < 0.01)

5. Intramyocardial Injection of ILK-MSCs Limits Inf arct Size and
Improves Ventricular Function after Acute Ml

To examine the in vivo relevance of our in vitrodings, we studied the direct
effects of enhanced adhesion of MSCs on LAD ligasgchearts. The effect of
ILK-MSCs on myocardial injury after infarction wasvaluated by triphenyl
tetrazolium chloride (TTC) and trichrome stainifge determined infarct size
in the left ventricle (LV) using TTC staining (n 6 rat/group). In the
PBS-injected rats, infarct size was 29% of the tdnparable with normal rat.
Injection of MSC resulted in a significant decre&seénfarct size (17%), and
injection of MSC-ILK further reduced the infarckesi(5%) (Fig. 6A). The only
ligated hearts showed significant interstitial fibis (18+3.2%) compared with
the control hearts (1.0£0.6%). In contrast, traasgtion of ILK-MSCs
significantly decreased interstitial fibrosis t®d21.0%. Namely, the specimen
of ILK-MSCs injected-ischemic myocardium showed rd@sed fibrosis in left
ventricle and wall is thicker than ligation conti®ig. 6B). A TUNEL assay
was used to identify the percentage of apoptotit inethe cardiac tissue

because apoptosis has a major role in cell logmyiacardial infarction. The
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incidence of TUNEL-positive myocardial cells causéy ligation was
significantly reduced by 17% in the ligated hearamsplanted with ILK-MSCs
compared with that of sharm and MSCs (Fig. 6C). e Tirean microvessel
count per field in the infarcted myocardium wasngigantly higher in the
ILK-MSC group than in the sham and MSCs group (Sha#n3+15.2; MSCs:

68.9+19.4; ILK-MSCs: 129.1+23.5) (Fig. 6D).
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Figure 6. Effect of ILK-MSCs on infarct size, myocardial apoposis and
microvessel density. (A) Intramyocardial injection of MSC reduced left
ventricular (LV) infarct size as assessed by TT&n#tg at 1 week post-Ml.
Cross sections showing greater infarct (yellow-eh#rea in the PBS-injected
heart. Injection of MSC reduced the infarcted araagd MSCILK further
decreased the area of necrotic tissue. Each valdleei mean + SEM of six
independent experiments (%< 0.01). (B) LAD of four hearts was ligated at
equal locations. At 1 week after injection of celiearts were isolated and cut
lengthways. The left panel shows representativesbi@s trichrome images
from histological sections, and the right histogrstmows less fibrosis (blue) in
normal, saline treated-ligated heart, MSCs-tramdpth ligated heart and
ILK-MSCs-transplanted ligated heart groups. Eadnesés the mean + SEM of
six independent experiments (*< 0.01). (C) An apoptosis assay was
performed in heart tissue 2 weeks after reperfusidme left panel shows
representative images of TUNEL staining (magnifarat x200). Staining for

normal nuclei (green) was carried out using metingken, and apoptotic nuclei
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were stained brown. The right panel shows sumndridata for TUNEL
staining in normal, saline treated-ligated hear§@8-transplanted ligated heart
and ILK-MSCs-transplanted ligated heart groups.hEaalue is the mean *
SEM of six independent experiments [f*&« 0.05). (D) Quantitative analysis
showed that microvessel density was significanijhér in ILK-MSCs groups
than in MSC and sham groups % 0.01).
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IV. DISCUSSION

In this paper, it has established that the levelL#f expression affects cell
adhesion and such adhesion related modificatiome$enchymal stem cells
(MSCs) with ILK enhances the survival rate of tyaast-modified MSCs in
infarcted myocardium by LAD ligation. Cell implatitan utilizing cardiac stem
cells’®, embryonic stem cell§ hematopoietic stem celfs skeletal
myoblast§"*} and cardiac myocytes (adult, fetal, or neonatgaytes}* **has
been suggested as a promising clinical approachrdstoration of cardiac
infarction. Among these various candidate cell §ypMSCs have a great
advantage to generate functional cardiac myocyidise infarcted myocardium
because of the easy preparation and multilineagenpal to differentiate to
cartilage, bone, muscle, tendon, ligament and adigissu& ?", bothin vivo
andin vitro, under appropriate culture conditions. Although MS€present a
suitable source of autologous cells in cell therbmyimprovement in cardiac
function, MSCs therapy has limitations due to thgwor viability after cell
transplantatioh Thus, it is necessary to enhance MSCs againgtiamacurred
from hypoxic condition through genetic modification order to improve the
efficacy of cell therapy. The absence of adhesioprobably the main cause of
poor cell survival in cell transplantation, based aur previous study, This

study showed prevention of anoikis might enhandestevival and adhesion
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under hypoxic condtion (Fig. 2 and 5).

Cell-extracellular matrix (ECM) adhesion is crudiat control of cell behavior.
Adhesion of cells to ECM stimulates signal trangdunc cascades including
proliferation, migration, differentiation, and evesurvivaf®>’. Especially,
anchorage-dependent cells depend upon interadbietugeen integrins and the
extracellular matrix for survival. Namely, the irdetion of epithelial and
endothelial cells with ECM inhibits default apoptapathways, which become
activated if cell-ECM interactions are disruptednda this type of
suspension-induced apoptosis is termed andikis

Integrins are a family of heterodimeric, transmeanigr glycoproteins mediating
cell-ECM interactions and connection between integand the ECM takes
place at focal adhesions (FA). At the molecular llevmost of the
integrin-associated molecule in FA are multifunetiband serve as scaffolds
for the attachment of enzymes such as kinases hosppatases that modify
and regulate these complex interactions. One ofseth&nzymes is
integrin-linked kinase (ILK) which interacts withe 1-subunit of integrin and
plays a crucial role in integrin-mediated cell aslba and signalin§®. The
kinase activity of ILK can be modulated by the mation of cells with
components of the extracellular matrix or by integrlustering and growth
factors. It binds to PINCH by way of its N-terminANK domair’’*° anda- or

B-Parvin, members of the CH-ILKB&Parvin/actopaxin/affixin protein
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family*®*, by way of its C-terminal domain, resulting in tf@mation of a

ternary complex within cells. Recent work has shdhat ILK, PINCH, and

Parvin are recruited to cell-ECM sites as a preablsd complex, indicating
that the formation of the complex precedes thegitmemediated cell adhesion
and spreading. The assembly of the PINCH-ILK-Paca@mplex is known to be
regulated by two main signaling pathways, althoagter levels of regulation
may be also involved. First, the complex formatiomegulated by the protein
kinase C (PKC) signaling pathway. Inhibition of Pk&ads to down- regulation
of the assembled complex, suggesting that the PHN®HParvin complex is

an important downstream target of the PKC pathwapugh which many

cellular processes such as cell migration, sprgadamd proliferation are
regulated. Second, the formation of the PINCH-ILKEr~fh complex is

regulated by the phosphatidylinositol-3 (PI-3) Ideapathway, because
inhibition of PI3K pathway by small compound inhidos or by overexpressing
PTEN also results in the inhibition of the compéssembly.

ILK enhances phosphorylation of protein kinase BBP&kt, which plays a

critical role in regulation of adhesion-mediated sarvival signals. Therefore,
ILK functions as an important mediator in the sigtransduction from the

ECM, regulating adhesion-dependent cell progressioml the apoptotic

pathway (Fig. 3, 4 and 5).

The purpose of this in vitro study was to confilme tole of ILK on adhesion of
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MSCs and the effect on cellular survival signalas& on our observation,
ILK-MSCs showed a significant increase in adhesand viability under

hypoxic condition (Fig. 2 and 5). In addition, wbserved that activation of
adhesion-mediated cell survival signals such asafkt ERK was significantly
increased (Fig. 3). We also confirmed an increaseB¢l-2/Bax ratio and

inhibition of caspase-3 activation which are a mamnal mediator of cell
apoptosis (Fig. 4). According to histology, tramsphtion of ILK-MSCs

resulted in a further decrease in infarct size arfdrther improvement of LV
function in the MSC group. Moreover, the onset a€rovessel density was
closely correlated with repopulation of infractetka (Fig. 6). Finally, we
suggest that genetic enhancement of ILK increadaesion of MSCs on the

ECM of infarcted myocardium, improving stem celhsual after implantation.
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V. CONCLUSION

Although MSCs represent a suitable source of agtale cells in cell therapy
for improvement in cardiac function, MSCs theragpg fimitations due to their
poor viability after cell transplantation. Adhesiomediated by integrin is a
prerequisite for cell survival and also a key fadr the differentiation of
MSCs. As a novel anti-death strategy to improvenstell survival/number in
the infarcted heart, we genetically engineered MSIs overexpress
integrin-linked kinase (ILK), with intention to eahce adhesion and ultimately
cell survival after implantation. Genetic modifigat with ILK enhanced cell
adhesion, survival rate and related signalingvitro. ILK-MSCs further
improved cardiac function of infarcted myocardiure eompared to MSC
transplantation alone. These findings suggestedintraduction of ILK gene
into MSC seems to be a gene modulaton and an ieHetterapeutic approach

for infarcted myocardium.
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Abstract (in Korean)
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