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Abstract  

Mesenchymal stem cells with calreticulin gene 

modulate cell adhesiveness 

through an integrin-mediated mechanism 

Jong-youn Kim 

Department of Medicine  

The Graduate School, Yonsei University  

(Directed by professor Seung-Yun Cho)  

 
Transplantation of adult bone marrow-derived mesenchymal stem cell (MSC) 

has the potential to treat the cardiac repair following myocardial injury. 

However, poor cell viability due to anoikis, cell death induced by the loss of 

cell/matrix interaction, after transplantation has limited the regenerative 

capacity of these cells in vivo. It is known that adhesion is a key factor for the 

differentiation of MSCs. In this study, we genetically modified rat mesenchymal 

stem cells with calreticulin (CRT) ex vivo to enhance the adhesiveness to the 

cardiac matrix and survival in the last. We used MSCs formed colonies with 

fibroblast-like morphology after 2 weeks culture, which was expressed CD71 

over 95%. CRT-transfected MSCs expressed over 8-fold higher of CRT than 

non-transfected control MSCs. Quantitative adhesion experiments demonstrated 

that CRT transfection increased adhesion of MSCs to fibronectin. Similarly, 
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spreading and migration of CRT-transfected MSCs were increased at the same 

manner. On the other hand, down-regulation of CRT by transfection of CRT-

siRNA significantly decreases adhesion and spreading of MSCs on fibronectin. 

Likewise, interfering with the adhesive function of CRT markedly reduces 

migration of MSCs on fibronectin. CRT transfected MSCs on fibronectin 

displayed a significantly increase phosphorylation of focal adhesion related 

genes, FAK and Src, compared to MSCs only. Phosphorylation of PI3K was 

also increased in CRT transfected MSCs. One week after induction of rat 

myocardial infarction using LAD ligation, MSCs labeled with 4’,6-diamino-2-

phenylindole (DAPI) were implanted. After 1 week, survival of CRT-transfected 

MSCs was 30% higher than that of control MSCs and in the former, migration 

of implanted cells was enhanced. Our studies indicate that CRT-transfected 

MSCs enhance cell adhesiveness into a matrix as well as spreading and 

migration and also enhance the assembly of focal adhesion complexes in vitro. 

These data may provide genetic modification of MSCs with a therapeutic gene 

before transplantation as novel therapeutic rationales for the treatment of 

myocardial infarction and end-stage cardiac failure. 

 

---------------------------------------------------------------------------------------- 

Key words: mesenchymal stem cell, calreticulin, myocardial infarction. 
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I. INTRODUCTION                                                          

Myocardial infarction leads to irreversible loss of tissue and deficits in cardiac 

performance1. The remaining myocytes in infarcted tissues undergo progressive 

replacement by fibroblasts to form scar tissue2. By few alternative sources of 

cardiomyocytes, recent attempts to repair infarcted hearts revealed that skeletal 

myoblasts or cardiomyocytes from fetal or neonatal mice replaced residence in 

cardiac tissue after injury3,4. It is now clear that bone marrow stem cells can, 

when appropriately stimulated, differentiate into cardiac myocytes, endothelial 

cells, and vascular smooth muscle cells5-8. MSCs showed a capacity to 

proliferate in culture with an attached well-spread morphology and generated 

undifferentiated, stable phenotype by serial passage of cells9. In clinical 

application of cellular cardiomyoplasty, MSCs have demonstrated the potential 



 - 2 - 

in terms of the number of cells needed to improve cardiac function. Although 

MSCs represent a suitable source of autologous cells in cell therapy for 

improvement in cardiac function, MSCs therapy has limitations due to their 

poor viability after cell transplantation.  

The absence of adhesion and spreading is probably the main cause of poor cell 

survival in cell transplantation10. Adhesion is also a key factor for the 

differentiation of MSCs. Adhesion of cells to matrix is the main determinant of 

differentiation of stromal stem cells of bone marrow origin somatic 

mesenchymal cells11. Adhesion of cells to matrix, predominantly via the integrin 

molecules, generates an endogenous tensile stress with cell12. Endogenous 

tensile stress (e.g. tensional integrity) involves matrix, focal adhesion, 

integrin/cytoskeleton interactions, folding of intracellular proteins associated 

with cytoskeleton, and interactions of cytoskeletal microtubules with calcium 

and nuclear functions13.  

Cells adhere to substrata and to each other with two kinds of adherents-type 

adhesions: focal contacts (cell-substratum adhesions) and zonulae adherens 

(cell-cell adhesions)14,15. Both types of adhesions universally share on adhesion-

specific cytoskeletal protein, vinculin16. Focal contacts link the cytoskeleton to 

proteins of the extracellular matrix17. This transmembrane linkage can be 
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realized by several proteins, of which the integrin superfamily of heterodimeric 

cell surface receptors has been the most studied18. To function as adhesion 

receptors, integrins must be clustered and immobilized into a focal contact.  

Calreticulin (CRT), a 60-kD Ca2+-binding protein, is a major endoplasmic 

reticulum (ER) component of nonmuscle cells and plays a central role in 

intracellular Ca2+ homeostasis19. It regulates agonist-sensitive, rapidly 

exchangeable Ca2+ storage, and controls Ca2+ influx via the plasma membrane 

and Ca2+ release of the ER membrane20-22. Furthermore, CRT modulates gene 

expression and has a chaperon activity23. Most importantly, CRT affects cell 

adhesion as transient downregulation of calreticulin reduces attachment of cells 

to extracellular matrix substrata24. It has been postulated that this may be 

mediated by direct interaction, which was shown to occur in vitro, between CRT 

and integrins25. Consequently, to functionally affect integrins clustered in focal 

contacts in vivo, CRT should be present in the cytoplasm26. Overexpression of 

CRT increases both cell-substratum and cell-cell adhesiveness of L fibroblasts 

that, most surprisingly, establish vinculin-rich cell-cell junctions27. Upregulation 

of CRT also affects adhesion-dependent phenomena such as cell motility (which 

decreases) and cell spreading (which increases)28. Down-regulation of CRT 

brings about inverse effects.  
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To investigate MSC adhesiveness by CRT-dependent modulation, we 

transfected CRT gene into MSCs and characterized interactions between MSCs 

and cardiomyocytes prepared with 3D culture system. We also addressed the 

mechanisms that play a predominant role in cell adhesiveness of CRT. Finally, 

we implanted MSCs harboring CRT into the infarcted myocardium and 

characterize the sections by immunohistochemistry. 

 

II. MATERIALS AND METHODS            

                                  

1. Isolation and culture of MSCs 

Isolation and primary culture of MSCs from the femoral and tibial bones of 

donor rats were performed6. We collected bone marrow-derived mesenchymal 

stem cells from aspirates the femurs and tibias of 4-weeks aged Sprague-

Dawley male rats (about 100g) with 10ml of MSC medium consisting of 

Dulbecco's modified Eagle's medium-low glucose supplemented with 10% fetal 

bovine serum and 1% antibiotic-penicillin & streptomycin solution. 

Mononuclear cells recovered from the interface of Percoll-separated bone 

marrow were washed twice and resuspended in 10% FBS-DMEM, and plated at 

1 x 106cells/100 cm2 in flasks. Cultures were maintained at 37℃ in a 
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humidified atmosphere containing 5% CO2. After 48 or 72 h, nonadherent cells 

were discarded, and the adherent cells were thoroughly washed twice with PBS. 

Fresh complete medium was added and replaced every 3 or 4 days for about 10 

days. To further purify MSCs, we used Isolex magnetic cell selection system 

(Nexell Therapeutics Inc. CA, USA). Briefly, collecting cells above incubated 

the mixed culture with anti-CD34 monoclonal antibody. Following washing to 

remove the unbound antibody, Dynabeads M-450 coated with sheep anti-Mouse 

IgG, which recognized the murine-derived anti-CD34 antibody, were mixed 

with the cell suspension. A magnetic field was applied to the chamber, enabling 

the CD34+ cell-bead complexes to be separated magnetically from the rest of 

the cell suspension. This remaining CD34-negative fraction was further 

propagated. The cells were harvested with 0.25% trypsin and 1 mM EDTA for 5 

min at 37℃, replated in 100cm2 plate, again cultured for about 10 days. For 

estimation of the proliferation rate, cells were quantified by the nonradioactive 

colorimetric assay WST-1 (Boehringer Mannheim), based on the cleavage of a 

tetrazolium salt, as recommended by the manufacturer. 

 

2. Preparation of 3-dimensional extracellular matrices produced by 

cardiac fibroblast. 
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Preparation of cardiomyocytes-derived 3-dimensional extracellular matrices 

was conducted by modified method of Cukierman et al29. Briefly, primary 

isolated neonatal rat cardiac firbroblast were plated at 5 x 105/ml into 0.2% 

gelatin coated 60mm culture plate with D-MEM containing 10% fetal bovine 

serum, 100 U/ml penicillin and 100 g/ml streptomycin. After 24 hours, carefully 

aspirate the medium and replace with fresh medium. Change medium every 48 

hours for a total of 10 to 15 days, until the matrix is ready to be denuded of cells. 

To extract of cells from cardiomyocyte-derived 3D matrices, carefully aspirate 

the media and rinse gently with 2 ml PBS by touching the pipette against the 

dish wall rather than at the bottom of the dish where the cells are located. Then, 

gently add 1 ml of pre-warmed (37℃) extraction buffer (0.5% (v/v) Triton X-

100 and 20 mM NH4OH in PBS) and observe the process of cell lysis using an 

inverted microscope. Incubate until no intact cells are visualized about 3 to 5 

minutes. Dilute the cellular debris by adding 2-3 ml PBS. Cautiously aspirate 

the diluted cellular debris but without completely aspirating the liquid layer. To 

minimize DNA debris, the matrices are incubated at 37℃ for 30 minutes with 2 

ml DNase solution (10 units DNase I/ml PBS). At the end of the incubation, 

aspirate the enzyme and wash twice with PBS. Cover the matrix-coated plates 

with at least 2 ml PBS supplemented with 100 U/ml penicillin, 100 g/ml 
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streptomycin, and 0.25 g/ml Fungizone. Seal with Parafilm and these matrices 

can be stored for up to 2 or 3 weeks at 4℃. 

 

3. MSC Labeling 

To label MSCs with DAPI for viable cells, sterile DAPI solution was added 

into the culture medium on the day of implantation at final concentration of 50 

µg/ml. The dye was allowed to remain in the culture dishes for 30min. The cells 

were rinsed 6 times in PBS to remove all excess, unbound DAPI. Labeled cells 

were then detached with 0.25% (w/v) trypsin and suspended in serum-free 

medium for grafting. For the cell transplantation, MSCs (2.0×105 cells) were 

suspended in 10 µl serum-free medium and injected from injured region to 

border using a Hamilton syringe with a 30-gauge needle. The rats were divided 

into 3 groups with 6 rats in each group. One group received MSCs transfected 

vector bearing CRT gene, and the remaining group functioned as a non-

implanted control and as only MSCs implanted control. 

 

4. Transfection of pMT3-CRT 

Transfections of pMT3-CRT construct were performed using 

LIPOFECTAMINE PLUSTM reagent (Invitrogen, CA, USA). All steps were 
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performed with manufacturer's instruction. In brief, 4 g of DNA and 20 ml of 

PLUSTM reagent were diluted with 750 ml of serum-free DMEM for the each 

plate and 30 ml of LIPOFECTAMINE were diluted with 750 ml of serum-free 

DMEM in another tube. After 15min at room temperature, mixed two solutions 

thoroughly and incubate again 15min at room temperature. Then, MSCs 

cultured in a 100 cm2 culture plate (1.0-1.5X105 cells per plate) were washed 

twice with serum-free DMEM. The DNA containing LIPOFECTAMINE 

solution was added into the each plate containing fresh serum free medium on 

cells. After 3 incubation in a CO2 incubator at 37 ℃, the medium were 

exchanged with 10% FBSDMEM. The cells were further incubated for 24 hours 

at 37 ℃. 

 

5. 5. 5. 5. Myocardial Scar Generation and Cell Transplantation. 

All experimental procedures for animal studies were approved by the 

Committee for the Care and Use of Laboratory Animals, Yonsei University 

College of Medicine, and perform in accordance with the Committee’s 

Guidelines and Regulations for Animal Care. Myocardial infarction was 

produced in male Sprague–Dawley rats (200 ± 30 g) by surgical occlusion of 

left anterior descending coronary artery, according to previously described 
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procedure. Briefly, after induction of anesthesia with ketamine (10 mg/kg) and 

xylazine (5 mg/kg), cutting the third and fourth ribs opened the chest, and the 

heart was exteriorized through the intercostal space. The left coronary artery 

was ligated 2–3 mm from its origin with 5-0 prolene suture (ETHICON, UK). 

After 60 minutes of occlusion, the hemostat was removed and snare released for 

reperfusion, with the ligature left loose on the surface of the heart. The wound 

was closed with a pulse-string suture. Throughout the operation, animals were 

ventilated with 95% O2 and 5% CO2 using Harvard ventilator. Sham-operated 

animals were treated similarly, except that the coronary suture was not tied. 

Operative mortality was 10% within 48 h. To label MSCs with DAPI for viable 

cells, sterile DAPI solution was added into the culture medium on the day of 

implantation at final concentration of 50 g/ml. The dye was allowed to remain 

in the culture dishes for 30min. The cells were rinsed 6 times in PBS to remove 

all excess, unbound DAPI. Labeled cells were then detached with 0.25% (w/v) 

trypsin and suspended in serum-free medium for grafting. Cells were suspended 

in 10 ml serum-free medium (1×105 cells) and injected from injured region to 

border using a Hamilton syringe with a 30-gauge needle. 

 

6. Assays for cell adhesion and spreading. 
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Four-well plates (Nunc, Wiesbaden, Germany) were coated with fibronectin 

(Sigma, MO, USA) for 24 hours at 4°C. Fibronectin was dissolved in PBS (pH 

7.4) to yield a final concentration of 10 g/mL, and a volume of 150 µL was 

added to individual wells. The plates were then blocked with 10 mg/mL BSA 

(Sigma, MO, USA) in PBS for 1 hour at 37°C. MSCs transfected or not with 

CRT, were isolated by trypsinization, were washed once in DMEM with 10% 

FBS to stop trypsin activity and twice with serum-free DMEM to remove serum 

components. Suspensions of 2 x 104 viable MSCs were then added to each well 

and allowed to attach for 30 min at 37°C and 5% CO2. To determine MSCs 

adhesion, plates were carefully washed three times with PBS and then four 

separate fields were photographed by phase contrast microscope and counted. 

Each experiment was performed in triplicate wells and repeated at least three 

times. For spreading assays, MSCs were plated for 3 h on fibronectin-coated or 

not four-well plates using the conditions of adhesion experiments. Plates were 

washed with PBS, fixed with 3% formaldehyde, stained with coomassie blue, 

destained, and photographed. 

 

7. RNA interference 

For function-blocking experiments, we used small interfering RNA molecules 
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(siRNA) targeted at CRT mRNA. A 21-nt sequence for siRNA was derived from 

the rat calreticulin mRNA sequence (GenBank accession no. GI: 11693171) and 

obtained from Ambion, Inc. (TX, USA): small interfering RNA against CRT 

( se n se ,  5 ’ -GCAGAAUAUCGACUGUGGG-3 ’ ;  a n t i se ns e ,  5 ’ -

CCCACAGUCGAUAUUCUGC-3’). MSCs were transfected with si-CRT 

duplexes by using siPORT NeoFX (Ambion Inc.). Briefly, RNA duplex (10nM 

of final concentration) was incubated in serum-free DMEM containing 15 µl of 

siPORT NeoFX for 10 min. The complex was added to the empty 60mm culture 

plate and then overlay MSCs suspension (1 x 105 cells per plate) onto the 

culture plate wells containing transfection complexes and the transfected cells 

were incubated in normal cell culture conditions until ready for assay.  

 

8. Histology and Immunohistochemistry 

Transplants were killed at several intervals after implantation and their hearts 

excised. The heart was perfusion-fixed with 10% (v/v) neutral buffered 

formaldehyde for 24 hours, transversely sectioned into four comparably thick 

sections, and embedded in paraffin by routine methods. Sections of 2 m-in 

thickness were mounted on a gelatin-coated glass slides to ensure different stains 

could be used on successive sections of tissue cut through the implantation area. 
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After deparaffinization and rehydration, the sections were stained with 

hematoxylin and eosin to assess cytologic details, such as nuclei, cytoplasm and 

connective tissue. Other serial sections were analyzed with mouse anti-CTnT 

obtained from Santa Cruz Biotechnology Inc (CA, USA), rabbit anti-connexin 

43, and rabbit anti-N-cadherin from Cell Signaling Technology (MA, USA). 

Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG and Texas 

red-conjugated goat anti-mouse IgG or mouse anti-goat IgG from Jackson 

ImmunoResearch Lab. (PA, USA) were used as secondary antibody. All images 

were made by using an excitation filter under reflected light fluorescence 

microscopy and transferred to a computer equipped with MetaMorph software 

ver. 4.6 (Universal Imaging Corp.). All images were made by using an excitation 

filter under reflected light fluorescence microscopy and transferred to a 

computer equipped with MetaMorph software ver. 4.6 (Universal Imaging 

Corp.). 

 

III. RESULTS 

 

1. Isolation and characterization of phenotypic marekers of MSCs 

MSCs were first isolated from the mixed culture with hematopoietic cells 



 - 13 - 

based on their preferential attachment on polystyrene surfaces and the isolated 

MSCs were further purified using bead targeting hematopoietic marker CD34, 

yielding 3x106 cells by 2 weeks culture and 95% purity. MSCs obtained from 

rat leg bone marrow exhibited a fibroblast-like morphology and this phenotype 

was maintained throughout several passages. The phenotypes of MSCs were 

confirmed by means of immunocytochemistry. By immunocytochemistry, over 

95% of MSCs expressed MSC positive surface markers such as CD71, CD90, 

CD105, CD106 and ICAM-1, but did not express hematopoietic marker CD34.  

Figure 1. Immunocytochemical characterization of MSCs. MSCs is 
immunostaining with antibodies; CD71, CD90, CD105, CD106, ICAM-1 for 
MSC positive marker, CD34 for MSC negative marker. 
 

2. Transduction of CRT gene into MSCs 

For over-expression of CRT, MSC were transfected with lipofectamine. Figure 
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2 shows that the expression of CRT increased in the overexpressed cells to 8-

fold the level in the vector–transfected MSCs(control). Besides we show the 

intracellular localization of CRT in control and CRT-overexpressed cell lines 

using immunocytochemistry.  

 

Figure 2. Expression levels of CRT of control, GFP only and GFP-labeled CRT 

transfected MSCs. Expression levels were confirmed by immunocytochemistry 

with anti-CRT antibody. 

 

3. Over-expression of CRT enhances attachment efficacy of MSCs 

Some study groups showed that transient downregulation of calreticulin 

induces reduced adhesion of cells to extracellular matrix substrata24. Therefore, 

we first carried out an experiment for the attachment efficacy in each cell line 

differentially expressed CRT.  We used quantitative adhesion assays with CRT-

MSCs for confirming the effect of over-expressed CRT in adhesion of MSCs, 

As shown in Figure 3, the attachment of CRT-MSCs is much more avidly than 
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CRT underexpressed MSCs and control: adhesion of CRT overexpressed MSCs 

increased by 2-fold on Fn-coated culture plastic surface than control but CRT 

downexpressed MSCs decrease by a half than control.   

 

 

Figure 3. CRT dependent adhesion of MSCs on fibronectin coated plates. 

Quantitative adhesion assays with control, CRT overexpressed, and CRT 

downexpressed MSCs plated for 30 min on fibronection.  

 

4. Preparation of cardiac fibroblast-derived 3D metrics and attachment 

of CRT-MSCs 

By using cardiogel we compare adhesion efficacy of MSCs differentially 

expressed CRT on 3D-matrix. Figure 4 shows the prepared cardiogel. The 

adhesion to the cardiogel in CRT overexpressed MSC was remarkably more 

increased than in both case of CRT downexpressed MSCs and control. It was 
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also shown adhesion of MSC introduced siRNA molecules for CRT is reduced, 

compared by control. Such an experiment gives the clue for inferring the 

attachment efficacy of CRT expression in living organisms because cardiogel 

may be more biologically relevant to living organisms.  

 

Figure 4. A. Cardiac fibroblast-derived 3-D matrix before and after extraction 

process. B. CRT dependent adhesion of MSCs on cardiac fibroblast-derived 3D 

matrix, cardiogel. Quantitative adhesion assays with control, CRT 

overexpressed, and CRT downexpressed MSCs plated for 30 min on cardiogel. 

 

5. Changes in levels of CRT affect the spreading of MSCs 

The pattern of spreading assay is also the same as adhesion assays. Figure 5 

A 

B 
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shows that CRT overexpressed MSCs spread more rapidly than CRT 

downexpressed MSCs and control at the indicated time. Especially, introduction 

of siRNA molecules for CRT into MSCs also significantly decrease the number 

of spreading cells to control level.  

 

 

 

 

 

Figure 5. CRT–induced spreading of MSCs. Spreading assays with control, 

CRT overexpressed, and CRT downexpressed MSCs plated for 3 hrs on plate. 

 

6. CRT overexpression cause the enhancing effect on the focal adhesion 

complex 

The effect of adhesion in different CRT expression may be mediated by the 

cellular focal adhesion related kinases such as FAK, PI3K and Erk 1/2. In the 

relation to these kinases, it is well known that CRT interacts with integrin and 

integrin activates the cellular focal adhesion related kinases at adhesive stage. 

So we investigated the effect of overexpression of CRT in MSCs on the 

expression of above these proteins. Overexpression of CRT significantly 

increased the phosphorylation of FAK, PI3K and Erk 1/2 but total expression 
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levels were not changed (Figure 6) 

 

 

Figure 6. Effect of CRT-overexpression on the adhesion-related signals in MSCs. 

Erk1/2, extracellular signal-regulated kinase; FAK, focal adhesion kinase; PI3K, 

phosphoinositide-3-kinase 

 

7. Change of CRT expression in MSCs enhances cell survival after 

transplantation  

We ligated left anterior descending coronary artery to induce myocardial 

infarction and transplanted CRT-MSC labeled with DAPI (marker staining the 

nucleus in the cell) into border region between infracted region and normal 

region. Such infarcted region is stained by hematoxylin-eosin staining methods. 

In this figure, the existence of viable cells labeled with DAPI appears the level 
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of adhesion in CRT-MSC. Besides, it is confirmed that CRT-MSCs adhere to the 

infarcted area very well by the accordance of DAPI staining and CD71 

fluorescence in the same cell, because CD71 is the positive marker of MSC. 

Connexin 43 is one of gap junction proteins and N-cadherin is adhesion 

molecules. Figure 7 shows that the appearance of Connexin 43 or N-cadherin 

between transplanted CRT-MSC and host cells (host cardiomyocyte) is the 

incorporation of MSC into host cardiomyocyte. Besides, it has been shown that 

the implanted cells had formed cardiac myocyte-like cells because one of the 

cardiac specific markers, Cardiac troponin T was detectible in the regions that 

were DAPI stained. 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

DAPI+cTnT DAPI+N-Cad 

C 



 - 20 - 

Figure 7. Analysis of myocardial repair after MSCs injection into LAD ligation-

injured hearts. A. Myocardial infarction, B. H&E staining, Fluorescent images 

of DAPI for labeled cell, and Merge images of double staining for DAPI(blue) 

and for MSC positive protein: CD71(red), C. Merge images of double staining 

for DAPI(blue) and for cardiomyocyte positive protein: Cardiac troponin 

T(cTnT:red) or for adhesion protein: N-Cadherin(N-Cad:red), Merge images of 

triple staining for DAPI(blue), for MSC positive protein: CD71(red), and for 

gap junction protein: Connexin 43(CX43:green).  

 

 

IV. DISCUSSION                                                         

In the present paper, we have established that the level of CRT expression 

affects cell adhesion and such adhesion related modification of MSCs with CRT 

enhances the survival rate when transplant modified MSCs in infarcted 

myocardium by LAD ligation.  

The previous studies related with cell therapy in myocardial infarction showed 

the possibility of some cells including skeletal myoblasts3, 4, 30, cardiac myocytes 

(adult, fetal or neonatal myocytes)31, 32, and embryonic stem cell-derived cardiac 

myocytes33, but these studies appear the limitations in clinical application. Some 

groups suggested another solution using MSCs to overcome the limitation and 

problem of these cell therapies.   

In general, MSCs has been known to be nonhematopietic pluripotent cells 

derived from adult bone marrow that can differentiate to osteocytes, 
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chondrocytes, adipocytes, and cardiomyocytes34-36. High proliferative and self 

renewal capacities are also other characters of MSCs37. Moreover, autologous 

MSCs have potential clinical utility to generate functional cardiac myocytes in 

the infarcted myocardium because of their lack of immunogenicity and relative 

ease of culture. Although MSCs has many advances for stem cell therapy, we 

should overcome some defects in clinical usage. At first, the levels of MSCs 

engraftment were extremely low, despite implanting large numbers of these 

cells8. The reason of this problem may be a poor rate of cell adhesion and 

survival because weakness of adhesion and spreading cause poor cell survival in 

cell transplantation38-40. There are many causes of cell death; the ischemic 

environment, which is devoid of nutrients and oxygen41, and the loss of survival 

signals from inadequate interaction between cells and matrix42. Inadequate or 

inappropriate cell-matrix interaction could induce a kind of apoptosis called 

Anoïkis43. Therefore, it is the major goal of stem cell therapy improvement to 

enhance cell adhesion and spreading efficacy for prevention of anoïkis. It is 

known that integrins are important mediators of cell adhesion to extracellular 

matrix and can transduce biochemical signals both into and out of cells44, 45. 

Generally, CRT is known to regulate calcium concentration in the endoplasmic 

reticulum and to associate with proteins in the cytoplasm, nucleus and 
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extracellular compartments. Most of all, CRT is one of structural and signaling 

proteins to interact with cytoplasmic domains of integrins α subunits for 

regulating cell shape, motility, growth and differentiation46. Especially, this 

interaction can influence integrin-mediated cell adhesion to extracellular 

matrix47,48. In vitro study gave attention to define what is the role of CRT on 

adhesion, and spreading of MSCs and how CRT effect on cellular signal. As a 

result, CRT-overexpressed MSCs appear remarkably increased adhesion 

efficacy in 2-D and 3-D culture plate but also enhanced cell spreading. What is 

more, it is the important fact that increment of CRT expression level 

significantly increases phospholylation of focal adhesion-related kinases 

including FAK, and PI3K because anoïkis is related to protein kinase signaling 

pathway and protein kinases regulate anoïkis both positively and negatively. 

Namely, CRT effects on the factors related to anoïkis. And we also confirmed to 

increase the phosphorylation level of ERK, which was major signal mediator of 

cell proliferation.   

To reconfirm the role of CRT in adhesion and spreading of cell, we used 

siRNA molecules against for CRT to reduce CRT expression. These 

experiments showed that adhesion and spreading of MSCs were both markedly 

reduced. Our results repeatedly emphasize that CRT may have an important role 
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in cell binding to extracellular matrix of infarcted myocardium after 

transplantation. Our study for myocardial repair gives the new solution to 

overcome the problem of cell death after implantation and such a solution is 

genetically modified MSC, improving the cell adhesiveness in genetically 

engineered MSCs.  

Our study has suggested some facts; CRT transfected MSCs had higher 

adhesiveness in vitro and were significantly retained in infarcted region of 

myocardium. Implanted MSCs with CRT were changed into cardiac myocyte-

like cells because they showed the cardiac specific marker, CTnT. Not only they 

promoted the expression of cardiac-specific markers but also positive staining 

for connexin 43 indicates the formation of gap junctions, which suggests that 

MSC, as well as native cardiomyocytes, are connected by intercalated disks. 

 

V. CONCLUSION 

In conclusion, genetic modification of MSCs with CRT before transplantation 

might be novel therapeutic rationales for the treatment of myocardial infarction. 

Therefore, we have provided new insight into the cellular functions of CRT. 

CRT is essential for normal, integrin mediated adhesion to extracellular matrix 

substrates.  
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국문요약  

Calreticulin 유전자를유전자를유전자를유전자를 지닌지닌지닌지닌 골수골수골수골수 간엽간엽간엽간엽 줄기세포에서의줄기세포에서의줄기세포에서의줄기세포에서의  

Integrin 매개매개매개매개 기전을기전을기전을기전을 통한통한통한통한 세포세포세포세포 부착성부착성부착성부착성 향상향상향상향상 

    

<<<<지도교수지도교수지도교수지도교수    조승연조승연조승연조승연>>>>    

연세대학교연세대학교연세대학교연세대학교    의학과의학과의학과의학과    대학원대학원대학원대학원    

김종윤김종윤김종윤김종윤    

 

성인 골수에서 유래된 중간엽 줄기 세포(MSC)의 이식은 심근의 

손상에 따르는 심근 재생 치료에 대한 잠재력을 가진다. 그러나, 이식 

후 세포/기질 상호반응의 손실에 의한 세포 사멸인 anoikis에 의한 

낮은 세포의 생존성은 생체 내에서 이 세포들의 재생 능력을 

제한한다. 접착력은 MSC의 분화에 대한 주요한 인자로 알려져 있다. 

이 연구에서, 우리는 심근 기질과 생존성에 대한 접착력을 강화하기 

위해 생체 외에서 Calreticulin (CRT)로 쥐의 중간엽 줄기 세포를 

유전적으로 조작하였다. 우리는 2주간의 배양 후 섬유아세포의 

표현형을 가진 군체를 형성한 MSC를 사용하였고 이것은 95%이상의 

CD71의 발현을 보인다. CRT를 도입한 MSC는 대조군 MSC보다 8배 

이상의 CRT 발현을 보인다. 양적인 부착 실험은 CRT 도입은 
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fibronectin에 대한 MSC의 부착을 증가시킴을 보여준다. 유사하게도 

CRT를 도입한 MSC의 확장과 이동은 동일함 방법으로 증가된다. 

한편, CRT siRNA를 도입한 CRT의 하위 조절은 fibronectin에 대한 

MSC의 부착과 확산을 상당히 저해한다. 이처럼, CRT의 흡착 기능에 

대한 저해는 fibronectin에서 MSC의 이동을 상당히 저해한다. 

Fibronectin에서 CRT를 도입한 MSC는 단지 MSC 자체와 비교해서 

부착에 관련된 유전자들인 FAK와 Src의 상당한 인산화의 증가를 

보인다. PI3K의 인산화는 또한 CRT를 도입한 MSC에서 증가한다. 

LAD 결찰법을 사용한 쥐의 심근 손상의 유도 1주일 후에 4’ ,6-

diamino-2-phenylinodole (DAPI)로 표지 된 MSC를 삽입한다. 1주일 

후에 CRT가 도입된 MSC의 생존율은 대조군 MSC보다 30%가량 

높고 전자에서 삽입된 세포의 이동은 강화된다. 우리의 연구는 

CRT로 도입된 MSC는 확산과 이동뿐만 아니라 기질로의 세포 

부착을 강화하고 또한 생체 외에서 부착 복합체의 결합을 강화함을 

보여준다. 이 결과들은 심근 손상과 말기 심부전의 치료에 대한 

새로운 치료 원리로서 도입 전에 치료목적의 유전자로 MSC를 

조작할 수 있음을 보여준다. 

 

핵심 되는 말: 골수간엽줄기세포, calreticulin, 심근경색, 세포이식. 
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