
 

 
 

 

Characterization of resident Sca-1 

progenitor cells in the failing murine heart 

 

Inauguraldissertation 

zur 

Erlangung des akademischen Grades 

doctor rerum naturalium (Dr. rer. nat.) 

an der Mathematisch-Naturwissenschaftlichen Fakultät 

der 

Ernst-Moritz-Arndt-Universität Greifswald 

 

 

vorgelegt von 

Rasmita Samal 

geboren am 19.01.1984 

in Koraput, India 

 

 

Greifswald, den 07.01.2016 

 



 

2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dekan:   Prof. Dr. Klaus Fesser 

 

1. Gutachter:  Prof. Dr. Uwe Völker 

2. Gutachter:          Prof. Dr. Karl Stangl 

 

Tag der Promotion: 12th May, 2016 

  



 

 
 

Table of Contents 

1 Zusammenfassung ...................................................................................................................... 5 

2 Summary .................................................................................................................................. 10 

3 Introduction ............................................................................................................................. 13 

3.1 Heart Failure ..................................................................................................................... 13 

3.1.1 Stem cell therapy for cardiac repair ......................................................................... 13 

3.1.2 Resident Cardiac Progenitor Cells ............................................................................ 15 

3.2 Stem cells antigen-1 (Sca-1+) cells ................................................................................... 17 

3.3 Transgenic mouse models of heart failure ....................................................................... 19 

3.4 Brain-derived neurotrophic factor (BDNF) ....................................................................... 20 

3.5 Aldosterone ...................................................................................................................... 22 

3.6 Implications of microarray-based mRNA profiling in cardiovascular research ................ 24 

3.7 Proteomics in cardiovascular research ............................................................................ 25 

3.7.1 Gel LC-MS/MS .......................................................................................................... 26 

3.7.2 Pulsed SILAC ............................................................................................................. 29 

3.7.3 Secretome Analysis .................................................................................................. 30 

4 References ................................................................................................................................ 35 

5 Manuscripts published or submitted ....................................................................................... 45 

5.1 OMICS-based exploration of the molecular phenotype of resident cardiac progenitor 

cells from adult murine heart ...................................................................................................... 45 

5.2 Brain derived neurotrophic factor contributes to the cardiogenic potential of adult 

resident progenitor cells in failing murine heart ......................................................................... 59 

5.3 The Other Side of the RAAS: Aldosterone Improves Migration of Cardiac Progenitor Cells

 81 

5.4 Pathophysiological aldosterone levels modify the secretory activity of resident cardiac 

progenitor cells (submitted)......................................................................................................... 91 

6 List of Abbreviations ............................................................................................................... 117 

7 Curriculum Vitae ..................................................................................................................... 119 

8 Scientific Contributions .......................................................................................................... 121 

9 Declaration/ Erklärung ........................................................................................................... 123 

10 Acknowledgements ............................................................................................................ 125 

11 Content of Supplementary Material .................................................................................. 127 

11.1 OMICS- based exploration of the molecular phenotype of resident cardiac progenitor 

cells from adult murine heart .................................................................................................... 127 



 

4 
 

11.2 Brain derived neurotrophic factor contributes to the cardiogenic potential of adult 

resident progenitor cells in failing heart .................................................................................... 128 

11.3 The Other Side of the RAAS: Aldosterone Improves Migration of Cardiac Progenitor Cells

 129 

11.4 Pathophysiological aldosterone levels modify the secretory activity of resident cardiac 

progenitor cells .......................................................................................................................... 130 

 



Rasmita Samal   Summary 

 
 

1 Zusammenfassung 

Die Herzinsuffizienz als häufigste kardiale Erkrankung stellt weltweit ein großes 

gesellschaftliches Gesundheitsproblem dar. Im Herz adulter Säugetiere findet sich eine 

Subpopulation von kardialen Progenitorzellen (CPC), die in der Lage ist, die Herzfunktion 

zu verbessern und sogar geschädigtes Gewebe wieder herzustellen. Das Verständnis der 

Funktion und Differenzierung dieser Zellpopulation ist jedoch bisher noch unzureichend. 

Im Zentrum dieser Arbeit stand daher die Charakterisierung des molekularen Phänotyps 

einer Untergruppe von Progenitorzellen, die durch die Expression von Stammzellantigen-1 

(Sca-1) auf ihrer Oberfläche charakterisiert wird, sowie die Identifikation von 

Veränderungen, die im Rahmen einer Herzinsuffizienz in diesen Zellen auftreten. Um die 

zugrunde liegenden zellulären Mechanismen zu verstehen, wurden unter den 

verschiedenen Bedingungen die Genexpression und das Proteinmuster  der Zellen 

analysiert und diese im Zusammenhang mit Ergebnissen zellbiologischer und 

biochemischer Experimente interpretiert.  

Im ersten Schritt erfolgte dabei die Analyse frisch isolierter und unbehandelter Sca-1+ 

Zellen, die aus den Herzen gesunder adulter Mäuse gewonnen wurden. Die 

Proteomkartierung der Progenitorzellen erfolgte mit Hilfe eines massenspektrometrisch 

nach Vortrennung der Proteine im 1D-Gel (Gel LC-MS/MS). Für die Interpretation der 

Ergebnisse im Myokard, wurden zum Vergleich Proteomprofile von Kardiomyozyten und 

Sca-1 negativen (Sca-1) Zellen unter vergleichbaren experimentellen Bedingungen 

angefertigt. Alle drei Zelltypen unterschieden sich morphologisch in Größe und Struktur, 

was sich auch in den Proteinprofilen bestätigte. Während Sca-1- Zellen einen 

endothelzellähnlichen Phänotyp aufwiesen und die Kardiomyozyten sich durch kontraktile 

Elemente auszeichneten, fehlten beide Charakteristika bei den Sca-1+ Zellen. Die 

funktionelle Analyse der Proteine und der Genexpression der Progenitorzellen weist auf 

eine mögliche Beteiligung der Sca-1+ Zellen an Zelladhäsion, Migration und Proliferation 

und somit auf eine Rolle der Population bei der kardialen Entwicklung und 

Selbstregulation hin.  

CPCs verbleiben unter physiologischen Bedingungen in einem Ruhezustand, bis sie durch 

eine myokardiale Schädigung aktiviert werden. Frühere Studien zeigen, dass residente 

Sca-1+ Zellen in Richtung von geschädigtem Myokard, nicht aber gesundem Herzgewebe 
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wandern und dort zum Teil in neue Kardiomyozyten differenzieren. Der molekulare 

Hintergrund dieses Verhaltens der Progenitorzellen im Rahmen einer Herzinsuffizienz, 

welcher möglicherweise Aufschluss über das kardiogene Potential der Zellen unter 

pathologischen Bedingungen gibt, wurde daher näher untersucht. Als Tiermodell für die 

Herzinsuffizienz wurde dabei die α-Myosin Heavy Chain (MHC)-CyclinT1/Gαq Maus 

ausgewählt, welche zum einen eine forcierte Expression von CyclinT1 und zum anderen 

eine Überexpression der Gαq-Untereinheit, aufweist. Unter Zuhilfenahme der 

vergleichenden Genexpressionsanalyse konnten 197 differentiell regulierte Gene 

nachgewiesen werden. Unter anderem zeigten sich dabei in den aus den transgenen 

Mäusen (Cyc+) isolierten Sca-1+ Zellen 5-fach höhere BDNF mRNA Spiegel als in den 

aus Wildtyptieren (Wt+) gewonnenen Zellen. Dieser Unterschied wurde auf Proteinebene 

bestätigt. 

Aufgrund der erheblich höheren Expression von BDNF im Rahmen der Herzinsuffizienz 

und der Publikation des Befundes, dass die intravenöse Gabe von BDNF nach einem 

Myokardinfarkt (MI) einen protektiven Effekt auf das Herz hat, wurde die Wirkung dieses 

Faktors auf Sca-1+ Zellen untersucht. Im Rahmen der vorliegenden Arbeit konnte gezeigt 

werden, dass die Behandlung von Cyc+ Zellen mit einer geringen Dosis BDNF zu einer 

Steigerung des migratorischen Potentials dieser Zellen führt. In aus Wildtyptieren 

gewonnenen Zellen war dieser Effekt nicht nachweisbar. Dem gegenüber schien bereits in 

den Zellen vorhandenes BDNF ohne einen weiteren externen Stimulus keine 

unterschiedlichen Auswirkungen in den beiden verschiedenen Zelltypen zu haben. Um die 

durch exogenes BDNF vermittelten Änderungen näher zu untersuchen, wurde das 

sogenannte „pulse SILAC-Verfahren“ verwendet. Unter BDNF Behandlung wurden 58 

Proteine differentiell reguliert. Davon waren diejenigen Proteine, die mit der 

Zellproliferation in Zusammenhang gebracht werden können, in den Cyc+ Zellen 

unterdrückt, jedoch in den Wt+ Zellen induziert. Befunde von Bromodeoxyuridin-Assays 

(BrdU) und dem Immunoblotting weisen darauf hin, dass BDNF zur Initialisierung von 

Differenzierungsprogrammen führt, indem es die Zellproliferation von Cyc+ Zellen 

unterdrückt. Zusammenfassend konnte gezeigt werden, dass es große Unterschiede 

zwischen der Wirkung von BDNF auf die Proteinsynthese von Cyc+ und Wt+ Zellen gibt, 

was eine Steigerung des kardiogenen Potentials von Sca-1+ Zellen unter pathologischen 

Bedingungen nahelegt. 
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Es ist bekannt, dass der Aldosteronspiegel bei der Herzinsuffizienz erhöht ist. Zahlreiche 

Daten aus experimentellen Studien haben gezeigt, dass sich ein Aldosteronüberschuss 

schädigend auf das Herz auswirkt. Es  wurde daher die Hypothese untersucht, ob 

endokrine Faktoren, welche mit einer Herzinsuffizienz assoziiert sind, die Migration von 

CPCs beeinflussen und dadurch möglicherweise die Herstellung der Funktion im 

erkrankten Herzen unterstützen könnten. Es konnte gezeigt werden, dass hohe 

Aldosteronkonzentrationen, ähnlich denen im Plasma von Herzinsuffizienzpatienten, die 

Migration von Sca-1+ Zellen im Vergleich zur unbehandelten Kontrolle um bis zu 60% 

steigern, während physiologische Spiegel keinen signifikanten Einfluss hatten. 

Gleichermaßen konnte gezeigt werden, dass der Aldosteronstimulus zu einer Aktivierung 

des Mineralocorticoidrezeptors (MR), der auf Sca-1+ Zellen exprimiert wird, führt und mit 

einer Steigerung der Migration einhergeht. Die Tatsache, dass die Gabe des MR-

Antagonisten Eplerenon die Stimulation der Migration unter Aldosteron verhinderte, 

während die Anwendung eines Glucocorticoidantagonisten keinen entsprechenden Effekt 

hatte, unterstützt diese These zusätzlich. Somit weisen diese Ergebnisse auf eine 

potentielle Rolle von Aldosteron in der Mobilisierung von kardialen Progenitorzellen und 

deren Wanderung zum erkrankten Herz hin.  

Es wird aktuell davon ausgegangen, dass die förderlichen Effekte zellbasierter Therapien 

auf Reparaturprozesse des Herzens zum großen Teil durch parakrine Mechanismen 

vermittelt werden. Daher wurden auch Untersuchungen zum Einfluss pathophysiologischer 

Aldosteronspiegel auf die Proteinsekretion der Sca-1+ Zellen durchgeführt. Durch das 

Massenspektrometrie basierte Sekretomprofiling konnten nach 24°h 

Aldosteronbehandlung hauptsächlich solche Proteine mit höherer Abundanz gefunden 

werden, die beim Umbau der extrazellulären Matrix und dem IGF-Signalweg von 

Bedeutung sind. Zusätzlich wurden Galektin-1 und Gelsolin unter pathophysiologischen 

Bedingungen signifikant stärker sekretiert, was auf eine mögliche parakrine Beteiligung an 

Wundheilungsprozessen sowie ein regeneratives Potential der Sca-1+ Zellen hindeutet.  

Die im Rahmen dieser Promotionsarbeit gewonnenen Daten zum Proteom- und 

Transkriptionsmuster, die molekularen Eigenschaften der Sca-1+-Zellen aufzeigen, 

können als Grundlage für weitere zellbiologische Arbeiten genutzt werden. Der Vergleich 

der Geneexpressionsmuster von Sca1+ Zellen aus dem normalen Herzen und einem 

murinen Herzinsuffizienzmodell spiegelt die endogenen Veränderungen bei der 

Transkription im Rahmen einer Herzinsuffizienz wider, woraus kardiogene Eigenschaften 
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der untersuchten Zellen unter pathophysiologischen Bedingungen abgeleitet werden 

konnten. Darüber hinaus zeigen die gewonnenen Daten die mögliche Rolle von BDNF bei 

der Regulation der Mobilisation und Proliferation von Progenitorzellen. Die 

Untersuchungen zum Einfluss von Aldosteron auf die Migration und das extrazelluläre 

Proteom der Progenitorzellen lieferten Erkenntnisse bezüglich möglicher positiver Effekte 

des Mineralocorticoids auf kardiale Zellen. 
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2 Summary 

Heart Failure is currently the most common cardiac disorder and still remains a major 

public health concern worldwide. The adult mammalian heart harbors a subpopulation of 

cardiac progenitor cells (CPC) that are capable of improving cardiac function and even 

regenerating damaged myocardium. The scope of this study was to delineate the molecular 

phenotype of a subpopulation of progenitor cells characterized by the expression of the 

stem cells antigen-1 cell surface marker (Sca-1+) and to further identify molecular 

alterations occurring in these cells under heart failure conditions. In order to understand 

the underlying cellular mechanisms an integrated approach of proteomics and 

transcriptomics-based techniques were employed.  

The first step towards achieving this goal was to unravel the native Sca-1+ cell 

characteristics of freshly isolated progenitor cells derived from healthy adult murine 

hearts. The proteome map of progenitor cells was established using a gel-based mass 

spectrometry (gel LC-MS/MS) approach. For better interpretation of the results, a 

comparison with the protein profiles of cardiomyocytes and Sca-1- cells obtained under 

similar experimental conditions was performed. All three cell types were found to be 

morphologically different in size and structure, which was also evident from their protein 

expression profiles. We observed that Sca-1+ cells lack endothelial-like and cardiac 

contractile phenotypes, which was predominantly observed in Sca-1 negative cells and 

cardiomyocytes, respectively. Functional assessment of the protein as well as gene 

expression profiles revealed a possible role of Sca-1+ cells in cell adhesion, migration, and 

proliferation indicating their potential role in cardiac maintenance and development. CPC 

remain in a dormant state under physiological condition unless challenged by myocardial 

injury. Previous studies revealed that resident Sca-1+ cells home to the injured 

myocardium but not to the healthy heart and further differentiate in part into functional 

cardiomyocytes. We further investigated the molecular background of this behavior of 

adult Sca-1+ cells under heart failure condition which might provide a better insight into 

their cardiogenic potential in a pathological milieu. The double transgenic α-myosin heavy 

chain (MHC)-cyclin T1/Gαq overexpressing mouse was chosen as a model for heart 

failure. Using the comparative gene expression profiling we could detect the differential 

regulation of 197 genes with at least a 2-fold difference. Among these BDNF mRNA 
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levels were found to be 5 fold higher in the Sca-1+ cells derived from transgenic mice 

(Cyc+) in comparison to cells from wild type littermates (Wt+). This difference was also 

observed at protein level.  

The substantially higher expression of BDNF during heart failure prompted us to 

investigate its regulatory effect on Sca1+ cells. Moreover, a recent study illustrated the 

cardioprotective role of BDNF after intravenous administration following myocardial 

infarction (MI). In this current study we were able to show that small amounts of 

exogenous BDNF stimulated the migratory potential of Cyc+ cells. This effect was not 

seen in treated Wt+ cells. However, the effect of endogenous BDNF without any external 

stimulus seemed to be equivalent in both cell types. Furthermore, pulsed SILAC was 

employed to monitor BDNF mediated changes following treatment. After BDNF 

treatment, 58 proteins were differentially regulated of which proteins related to cell 

proliferation were reduced in level in Cyc+ cells while they displayed increased levels in 

Wt+ cells. Findings from bromodeoxyuridine (BrdU) assays and immunoblotting indicated 

that BDNF might initiate a differentiation program by repressing cell proliferation in Cyc+ 

cells. Taken together, it could be shown that the BDNF effect on protein synthesis of Cyc+ 

and Wt+ cells varied considerably, suggesting an improvement of the cardiogenic potential 

of Sca-1+ cells under pathological conditions.  

Aldosterone levels are known to be elevated during heart failure. A large body of 

experimental evidence has demonstrated that aldosterone excess is deleterious to the heart. 

In this part of study it was hypothesized that endocrine factors associated with heart failure 

might influence the migration of CPC, thereby possibly restoring the cardiac function of 

diseased hearts. It could be shown that high concentrations of aldosterone, similar to those 

found in the plasma of heart failure patients, induced the migration of Sca-1+ cells by up 

to 60% when compared to control, while physiological levels had no significant influence. 

In addition, it could be demonstrated that the aldosterone stimulus led to the activation of 

the mineralocorticoid receptor (MR) expressed on Sca1+ cells, which in turn facilitated 

migration. This observation was supported by the application of the MR antagonist 

eplerenone, which significantly reduced the aldosterone-induced increase in cell migration 

while a glucocorticoid antagonist exhibited no inhibitory effect. Hence, the results support 

the potential role of aldosterone in the mobilization of cardiac progenitor cells and their 

guidance towards the diseased heart. 
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It is currently believed that the beneficial effects of cell-based therapies on cardiac repair 

are imparted to a large degree via paracrine mechanisms. We therefore focused on 

understanding the influence of pathophysiological levels of aldosterone on the 

extracellular environment of Sca-1+ cells that might temporarily support cardiac repair via 

paracrine mechanisms. MS-based secretome profiling of cells treated for 24h with 

aldosterone treatment revealed higher levels of proteins associated with extracellular 

matrix remodeling and IGF signaling. Additionally, galectin-1 and gelsolin were 

significantly increased in level under pathological conditions indicating a possible 

paracrine tissue repair and regenerative potential of Sca-1+ cells. 

To conclude, the global proteome and transcriptome profiles generated in this thesis 

revealed the molecular phenotype of Sca-1+ cells which may now be used for future 

reference. The comparative microarray study provided deeper insight into the endogenous 

changes in mRNA expression during heart failure and delineated the cardiogenic 

characteristics of Sca-1+ cells. Moreover, the data presented here shed new light on the 

potential role of BDNF in regulating the mobilization and proliferation of progenitor cells. 

Our study on the influence of aldosterone on the migration and the extracellular proteome 

of the progenitor cells provided new insights on the beneficial effects of this 

mineralocorticoid on cardiac cells. 
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3 Introduction 

3.1 Heart Failure 

Heart failure is a complex clinical syndrome in which the heart’s ability to pump blood 

through the body becomes insufficient to meet the oxygen demand of vital organs and 

tissues of the body. It is a progressive disorder initiated by acute or gradual loss of 

functional cardiomyocytes, which are replaced by a fibrotic scar, leading to heart failure 

[1,2]. Despite of major advances in cardiovascular medicine, heart failure still represents 

the most prevalent cause of morbidity and mortality in the industrialized world. Moreover, 

due to an increase in the average age of the population and the increased survival rate after 

myocardial infarction (MI), it seems likely that the prevalence of heart failure will still 

increase in the next few decades. Unlike zebrafish and urodele amphibians that exhibit a 

robust regenerative capacity in a wide variety of tissues including the heart, the adult 

mammalian heart is incapable of significant regeneration following injury [3,4]. Current 

therapies of heart failure include pharmacological interventions using small molecules 

such as ß-blockers [5], which are only able to slow down the progression of the disease. 

So far heart transplantation is the only standard therapy that addresses the fundamental 

problem of massive cardiomyocyte loss. However, the shortage of donor hearts, 

immunological challenges and high treatment costs limit its extensive use for treatment 

and foster the search for novel therapies that can halt or hopefully reverse adverse cardiac 

remodeling.  

3.1.1 Stem cell therapy for cardiac repair 

Stem cell-based therapy has gained considerable attention over the past two decades, 

offering promise to fundamentally transform the treatment and prognosis of heart failure 

by regenerating the damaged myocardium [6,7,8]. Until recently, the repair of damaged 

heart tissue was considered impossible as the functional cardiomyocytes were known to be 

post mitotic exiting the cell division cycle soon after birth. The only possible response of 

cardiomyocyte to injury seemed to be either hypertrophy and/or cell death. Compelling 

evidence from previous studies has demonstrated cardiomyocyte regeneration in adult 

hearts [9,10,11], which was further enhanced in response to injury [12]. Nevertheless the 
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heart’s endogenous regenerative capacity seems to be not sufficient to compensate for the 

huge loss of cardiomyocytes after injury. A decade ago, the first evidence on cardiac 

chimerism caused by migration of primitive cells from a male recipient to the transplanted 

heart of a female donor was reported, indicating the existence of putative progenitor cells 

in the adult heart [13]. The authors demonstrated that primitive cells bearing a Y 

chromosome were found in the female donor heart suggesting that resident progenitor 

cells were not confined to restricted regions of the heart, but could migrate when needed 

and differentiate into cardiovascular lineages. Thus, transplantation of potentially active 

exogenous stem cells might be used to enhance cardiac repair process.  

 

Figure 1. Schematic representation of potential mechanisms of stem cell-based therapies in 

heart repair. The injected stem cells elicit a series of direct and indirect responses inside the injured heart 

leading to myocardial repair. Activation of progenitor cells or differentiation to cardiomyocytes and other 

vascular cells directly influence the cardiac function. Moreover release of soluble paracrine/autocrine factors 

promotes neovascularization, extracellular matrix remodeling and survival. Together these events culminate 

in the improvement of cardiac function. This illustration has been taken from Sanganalmath and Bolli, 2013 

[15].  
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Stem cell transplantation mainly aims to repopulate the damaged myocardium either by 

trans-differentiation of mature somatic cells into functional cardiomyocytes or via 

paracrine signaling mediated by the injected cells. It was also shown to be possible to 

stimulate endogenous cardiac repair via activation of endogenous stem cells present in the 

myocardium [14]. The potential mechanisms of action of transplanted stem cells in heart 

repair are illustrated in figure 1. 

3.1.1.1  Stem cell types 

For an efficient cardiac regeneration, selection of a cell type that allows autologous 

transplantation, rapid expansion in vitro and specific differentiation into cardiomyocytes is 

desired. (i) Pluripotent embryonic stem cells (ES) have the capacity for self-renewal and 

differentiate into most cardiac cell types [16,17], while their inclination to form teratomas, 

the need for immunosuppression as well as ethical concerns severely limit their potential 

clinical use. (ii) Induced pluripotent stem cells are autologously derived by 

reprogramming somatic cells [18] and possess similar characteristics as ES cells. While 

immune rejection and ethical concerns can be avoided using this cell type, the risk of 

teratoma formation still exists [19]. (iii) Adult somatic stem cells are capable of 

differentiating into a wide variety of cells. Bone marrow (BM)-derived stem cells such as 

hematopoietic stem cells (HSC) are able to differentiate specifically into blood lineages 

[20,21] while mesenchymal stem cells (MSC) are capable of differentiating into 

osteoblasts, chondrocytes and adipocytes [22]. Although BM cell therapy was implicated 

in numerous preclinical and clinical studies, the efficacy in MI patients remained modest 

and the results were inconsistent. Initial evidence on the existence of adult stem cells 

resident in brain and heart raised hope for transplantation-based regeneration of these 

organs.  

3.1.2   Resident Cardiac Progenitor Cells 

However, our knowledge of the biology of the heart as well as the mechanisms of 

myocardial homeostasis and tissue repair have significantly changed and improved since 

undifferentiated cardiac stem cells have been unveiled in the heart of patients with MI 

[23]. Thus, the adult heart is no longer considered as a terminally differentiated organ but 

rather as a highly dynamic organ in which old, senescent cardiac cells undergoing 
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apoptosis/necrosis are continuously replaced by activation of resident cardiac progenitor 

cells (CPC). Among the other adult stem cell types, CPC are considered to be the best 

candidate for cardiovascular cell therapy as they are pre-committed to cardiac specific 

lineages and display greater potential to differentiate into cardiovascular lineages. A recent 

study confirmed higher regenerative potential of CPC when compared to BM-derived cells 

in a mouse model of MI [24].  

 

CPC expressing the surface marker (i) CD117 (ckit) were the first cells identified in 

animals and humans that are multipotent, capable of self-renewal and able to differentiate 

into functional cardiomyocytes, smooth muscle cells (SMC) and endothelial cells (EC) 

both in vitro and in vivo [25]. In 2003, three other populations of CPC were identified in 

human and/or mouse hearts based on the: (ii) expression of cell surface marker stem cells 

antigen 1 (Sca1+); (iii) the ability to efflux DNA binding dye by members of ATP-binding 

cassette family, such as MDR-1 (P-glycoprotein) and ABCG2, designated as side 

population cells (SP); (iv) the capacity to migrate out of cardiac explants and grow as 

three-dimensional multicellular clusters termed cardiospheres [26,27,28]. Although they 

are phenotypically different and lacked hematopoietic and cardiac specific lineages, these 

sub-populations were clonogenic and exhibited multi-lineage potential. Several lines of 

evidence support the ability of CPC to improve cardiac function following transplantation 

directly into the infarcted myocardium [25,26,28], although evidence for cardiomyocyte 

differentiation is limited. Based on the regenerative potential of CPC, two Phase-I clinical 

trials were performed namely SCIPIO, in which c-kit expressing cells and CADUCEUS, 

in which cardiosphere-derived cells were transplanted showing a significant improvement 

in cardiac function after 6 months to one year of injection [29,30].  

Undoubtedly, findings from preclinical and clinical studies have improved our 

understanding on the scope of stem cells in cardiovascular development; yet many 

questions remain unanswered before cardiac stem cell therapy can become clinical reality. 

Identification of the most efficient CPC in a pathological setting would be the first 

essential step towards resident stem cell-based therapy. Moreover, optimal dosage, route 

and frequency of administration that are effective in a pathophysiological set up are 

largely unknown. In addition, stem cell studies have consistently reported poor survival 

and low rates of engraftment of transplanted cells. Therefore, efforts are being made to 

improve the knowledge on molecular integration of transplanted cells in a hostile 
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environment, which is crucial to achieve optimal therapeutic benefits from cell-based 

therapies. 

3.2 Stem cells antigen-1 (Sca-1+) cells 

Stem cells antigen-1 is a glycosyl phosphatidylinositol-anchored cell surface protein of the 

Ly6a superfamily that was first identified four decades ago [31]. Besides representing the 

most common marker to enrich HSC, Sca-1 expression was also observed on a variety of 

other tissues such as skeletal muscles [32], epithelium of the mammary gland [33], kidney 

[34], lung [35] and liver [36]. Since no specific markers for adult CPC are available so far, 

the surface marker used to identify HSC has been applied to adult heart. The existence of 

Sca-1+ cells inside the adult heart was first reported by the group of M.D. Schneider [37]. 

This group demonstrated that Sca-1+ cells comprise 14-17% of the total non-myocyte cell 

population and that they resemble muscle derived myogenic cells with the expression of 

Sca1+ and CD31+, but lack HSC (CD45, CD34, ckit, Lmo2, GATA2, Tal1) and 

endothelial progenitor cell phenotype (CD34, Flk-1 or Flt-1). Sca-1+ cells possess 

telomerase activity analogous to that observed in newborn hearts, which might possibly 

explain their self-renewal potential [38].  

Although the human homologue of Sca-1 was still not found, a previously reported study 

showed that human HSC transduced with mouse Sca-1 showed similar myeloid colony 

forming ability as their mouse counterparts suggesting the existence of a functional 

orthologue of Sca-1 in humans [39]. Moreover, Sca-1+-like cells have been isolated from 

the adult human heart using an anti-mouse Sca-1 antibody [40]. The authors have reported 

the expression of early cardiac transcription factors such as GATA4, Mef2c, Isl-1 and 

Nkx2.5 on human Sca-1+ -like cells. Furthermore, Sca-1+ cells are known to promote 

cardiac stem cell proliferation and survival facilitating early engraftment and late 

cardiovascular differentiation [41]. It is also known that Sca-1+ cells display a 

mesenchymal phenotype, have limited cardiogenic potential and are able to improve 

cardiac remodeling following MI, mainly by paracrine mechanisms [42]. Knockdown of 

Sca-1 is associated with age–related cardiac hypertrophy, fibrosis and myocardial 

dysfunction after pressure overload suggesting its potential function in cell proliferation 

and migration that are critical for cardiac homeostasis [43,44]. However, due to the limited 

cell number constituting about 0.5- 1% of all cardiac cells, the therapeutic application of 
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Sca-1+ cells depends on its expansion capacity from cardiac biopsies. This became 

evident when Sca-1+ CD31- cells, expanded ex vivo prior to transplantation into the 

injured murine myocardium, improved the cardiac performance and contractile function; 

while endogenous Sca1+ cells were insufficient in reverting MI [45]. Nevertheless, it has 

to be clarified whether the different subsets of Sca-1+ cells in combination with various 

other cell surface antigens represent a distinct physiological state of a single cell type or 

belong to an unrelated lineage group. Therefore, understanding of the molecular 

phenotype of Sca-1+ cells is crucial to provide a better insight into its potential functions 

in cardiac regeneration. High-throughput microarrays and proteomics technologies have 

been proven to be useful platforms in this regard. Earlier, several studies have employed 

global gene expression and/or protein abundance profiling and unraveled the molecular 

identity of stem cells revealing their potential ability to heal the wounded heart [26,46,47]. 

It is generally accepted that most of the resident stem cells in the healthy heart tissue 

remain quiescent and enter the cell cycle only transiently to maintain tissue homeostasis 

[48], while in response to injury they are rapidly activated, proliferate and differentiate 

into myocardial cell lineages including cardiomyocytes; thereby replacing lost cardiac 

cells. Previous studies demonstrated that Sca-1+ cells express cardiac structural genes and 

differentiate into beating cardiomyocytes upon treatment with 5-azacytidine [26] and 

oxytocin [49]. About a decade ago Oh et al. reported that Sca-1+ cells home to the injured 

myocardium after ischemic/reperfusion injury and differentiate into new functional 

cardiomyocytes [26]. These cells could still be detected 2 weeks after intravenous 

injection while there were no cells found in healthy hearts that had received stem cell 

injections. Transplantation of Sca-1+cells into the peri-infarct and infarct zones in a 

murine model of MI resulted in endothelial and cardiomyogenic differentiation of the 

injected cells resulting in attenuation of left ventricular remodeling [50]. Recent efforts of 

Uchida et al. to trace the fate of Sca-1 cells inside the adult murine myocardium [51] have 

raised the possibility of cardiac repair by resident progenitor cells. By applying various 

cell-lineage tracing approaches, the authors could clearly show that a subset of the Sca-1 

cell population differentiated into cardiomyocytes during regular physiological aging, 

which in turn was stimulated after pressure overload or ischemic injury. These 

observations imply a disparate potential of Sca-1 cells in a pathological milieu. 

Nevertheless, the extent of cardiomyocyte renewal has always been a topic of debate 

probably due to the heterogeneity of Sca-1+ cells. Hence, the identification of regulatory 
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factors that influence the progression of disease would be a first step towards the 

exploration of their functional ability under pathophysiological conditions. Therefore, this 

question was addressed in the present thesis and the results were published recently [52]. 

This study focused on the molecular alterations in adult resident Sca-1+ cells derived from 

a transgenic heart failure mouse model that was analyzed via global transcriptome 

profiling. We could report an upregulation of genes associated with cardiovascular 

development under pathological conditions suggesting a possible potential role of Sca-1+ 

cells in regulating the cardiac healing process in the injured myocardium. 

3.3 Transgenic mouse models of heart failure 

It is now well understood that heart failure is a multifactorial clinical syndrome that 

represents common symptoms for a wide range of etiologies. However, the results of 

molecular analyses of human heart biopsies are not very convincing due to small sample 

sizes, tissue heterogeneity, genetic variability and patient’s medical history/therapy. 

Animal models that closely mimic the heart failure phenotype represent an attractive 

alternative to study the pathogenesis of heart disease and to identify novel therapeutic 

targets. Among the well-established heart failure mouse models used in recent times such 

as the coronary ligation model for MI [53], the pressure overload model of transverse 

aortic constriction (TAC) [54] and several other genetically modified models of dilated 

cardiomyopathy (DCM) [55,56], the double transgenic α-MHC-cyclinT1/ α-MHC- Gαq 

overexpressing mouse serves as an excellent model for heart failure developing a disease 

phenotype at the age of 4-6 weeks [57]. Heart specific activation of Cdk9 via cyclinT1 

overexpression induces hypertrophy by phosphorylation of the RNA polymerase II 

stimulating transcription elongation and confers a predisposition to heart failure [58]. 

When these mice are further provoked by hypertrophic signals like Gαq overexpression 

[59] the double transgenic mice develop cardiomyocyte enlargement and mitochondrial 

dysfunction leading to fulminant apoptotic cardiomyopathy resulting in heart failure. The 

genetically modified models were developed under the control of α-MHC promoter which 

limits the effect of transgenesis to cardiomyocytes without affecting other endogenous 

heart cell populations. Hence all changes in the Sca-1 cell behavior or expression levels 

are only indirect effects of the genetic modification and due to the heart failure milieu 

created by the cardiomyocytes. This is in agreement with our findings from the microarray 
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data [52], where no significant difference was observed in the gene expression levels of 

cyclin T1 or Gαq in Sca-1+ cells of both Wt and transgenic mice. 

3.4 Brain-derived neurotrophic factor (BDNF)  

The brain-derived neurotrophic factor (BDNF) was originally discovered in 1982 in pig 

brain by Theonen and colleagues [60] as a member of the neurotrophin family of growth 

factors and plays an important role in neuroprotection, neuroregeneration and synaptic 

plasticity [61]. It acts as an antidepressant and prevents neuronal degeneration during 

stress conditions [62]. BDNF specifically binds to tropomyosin receptor kinase B (TrkB) 

and activates various downstream signaling molecules like Akt and ERK, which elicit the 

differential regulation of various cellular activities such as cell proliferation, survival, 

differentiation and invasion of endothelial cells as shown in figure 2 [63].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Pleiotropic actions of BDNF in the cardiovascular system. The binding of BDNF ligand 

to TrkB receptor results in activation of downstream targets involved in various cellular activities essential 

for cardiovascular development. Binding of K252a to the TrkB receptor inhibits BDNF mediated signaling 

events. 
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A few years ago Kermani et al. have described BDNF as a mediator of angiogenesis [64] 

and demonstrated that BDNF promotes organ-specific revascularization in ischemic tissue 

either by local action on TrkB-expressing endothelial cells in skeletal muscle or via 

mobilization of pro-angiogenic Sca-1+ CD11b+ hematopoietic cells [65]. A recent report 

on the direct effects of BDNF/TrkB signaling on myocardial mechanical function 

indicated that endogenous BDNF enhanced myocardial Ca2+ cycling, thereby influencing 

cardiac contractility and relaxation [66]. Moreover, BDNF deficiency results in a 

reduction of endothelial cell-cell contacts and an increase in endothelial cell apoptosis, 

leading to intraventricular wall hemorrhage, depressed cardiac contractility and early 

postnatal death [67]. Furthermore, it is evident that exercise augments BDNF levels in 

brain, skeletal muscle and plasma, enhancing the function and improving energy 

metabolism of these organs [68,69]. A recent study by Okada et al demonstrated the 

cardioprotective effect of BDNF during cardiac remodeling following MI involving a 

central nervous system-mediated mechanism [70]. These authors reported that BDNF 

levels were upregulated in the ischemic heart imparting protection to the damaged tissue, 

while systemic deletion of BDNF or disruption of the TrkB in the heart led to an 

aggravation of cardiac dysfunction. Studies on animal models have indicated that BDNF 

deficiency impairs the survival of endothelial cells in intra-myocardial arteries and 

capillaries in the early postnatal period [67]. Currently, serum levels of BDNF are being 

regarded as a promising biomarker to predict the clinical outcome in chronic heart failure 

patients [71]. Taken together, these observations indicate a pivotal role of BDNF in 

cardiovascular development, especially in endothelial cell function. However, 

understanding its molecular mechanisms of action could provide a better insight into its 

function potential. Our recent findings regarding a higher level of BDNF in Sca-1+ cells 

derived from failing mouse hearts both at mRNA and protein level [52], prompted us to 

hypothesize that BDNF might improve the cardiogenic potential of Sca-1+ cells under 

heart failure conditions. We were able to demonstrate that exogenous BDNF could 

enhance the migratory capacity of Sca-1+ cells under heart failure conditions suggesting 

BDNF as a potential target to improve the homing of progenitor cells, while the 

proliferation potential was shown to be reduced indicating a possible shift towards the 

differentiation program in a pathological milieu. 
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3.5 Aldosterone 

Aldosterone is a steroid hormone with mineralocorticoid activity, which is synthesized 

from cholesterol by the adrenal glomerulosa in response to angiotensin II (Ang II). 

Besides its well-known physiological role in renal sodium reabsorption and regulating 

body fluid balance [72], it contributes to pathophysiological conditions in kidney, blood 

vessels, and heart as shown in figure 3 [73,74]. Previous studies showed increased 

aldosterone levels after MI and in patients suffering from heart failure despite complete 

blocking of renin-angiotensin system [75,76,77]. 

 

 

Figure 3. Deleterious effects of aldosterone on cardiovascular and renal system. The MR 

mediated paracrine and endocrine actions of aldosterone leads to progressive adverse myocardial remodeling 

and renal failure. Blocking of the aldosterone receptor using antagonists prevents the damage. This image 

has been modified from Albaghdadi et al., 2011 [78]. 

In the early 90s Brilla and Weber demonstrated the deleterious effects of aldosterone 

particularly in the presence of high-salt diet leading to cardiac fibrosis [79]. Several 
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subsequent studies on animal models of hypertension and kidney failure have 

demonstrated its role in hypertrophy, inflammation, tissue remodeling and fibrosis [80,81]. 

Identification of mineralocorticoid receptor expression in kidney [82], heart [83], EC [84] 

and SMC [85] has raised the possibility of direct effects of aldosterone on these organs 

independent of Ang II. Garnier et al reported the direct evidence for aldosterone-induced 

cardiovascular damage. This group demonstrated that overexpression of aldosterone 

synthase in the heart of transgenic mice led to endothelial dysfunction without causing 

vascular inflammation or fibrosis [86]. Furthermore, aldosterone was also reported to 

inhibit the formation of BM-derived progenitor cells partly by downregulating VEGFR2 

expression and subsequent downstream signaling including Akt activation [87]. In 

addition, the authors reported that a reduction of aldosterone levels via MR antagonism 

and/or co-treatment with antioxidants might improve vascular regeneration. Large clinical 

trials such as RALES (Randomized Aldactone Evaluation Study) and EPHESUS 

(Eplerenone Post-acute myocardial infarction Heart failure Efficacy and Survival Study) 

have demonstrated the beneficial effects of the MR antagonists spironolactone and 

eplerenone, respectively, in patients with chronic heart failure [88,89]. This therapeutic 

strategy led to a significant improvement in patient survival and a reduction in the 

cardiovascular event rate irrespective of blood pressure fluctuations.  

In contrast to the broad spectrum of deleterious cardiovascular effects exerted by 

aldosterone, recent findings on its protective role in endothelial function were intriguing. It 

was reported that physiological levels of aldosterone administered to healthy men had no 

effect on endothelial function, while excess of mineralocorticoids for 15 days improved 

endothelium dependent vasodilatation indicating a potential role in the regulation of tissue 

blood flow in humans [90]. Moreover, patients receiving a cell-based therapy often show 

an underlying heart disorder, which is attributed to high levels of aldosterone. Therefore, it 

is crucial to understand the role of increased aldosterone levels on the cellular system. To 

address this, the effect of high concentrations of aldosterone, similar to that found in the 

plasma of heart failure patients, on Sca1+ cells was tested. In this setting aldosterone 

improved the migration rate of Sca-1+ progenitor cells by up to 60% when compared to 

controls, while physiological levels had no significant influence [91]. The cell migration 

was facilitated via activated mineralocorticoid receptor (MR) expressed on Sca-1+ cells, 

which in turn was attenuated in the presence of the aldosterone antagonist eplerenone 

indicating the potential role of aldosterone in the mobilization of CPC and their guidance 

towards the diseased heart. Collectively, these findings suggest that not just the receptor 
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antagonism but also certain levels of the mineralocorticoid released under 

pathophysiological conditions are capable of partly restoring cardiac function. However, 

further studies are needed to elucidate the mechanism underlying the favorable 

contributions of aldosterone. 

3.6 Implications of microarray-based mRNA profiling in 

cardiovascular research 

Microarray analyses facilitate large scale monitoring of expression of tens of thousands of 

genes simultaneously in one single assay and provide both qualitative and quantitative 

data, enabling even the detection of subtle differences in gene expression patterns. Patrick 

Brown’s group has first described the application of microarrays for genome-wide 

expression analysis in 1995 [92]. The transcript profiling of diseased human tissue holds 

tremendous promise to classify clinical phenotypes, identify novel candidates for 

therapeutic interventions and provide a deeper insight into the underlying disease 

mechanisms. Many previous studies have implemented gene expression profiling to 

classify failing versus non-failing hearts [93], dilated versus hypertrophic failing heart 

[94], ischemic versus non-ischemic cardiomyopathy [95] and end-stage heart failure 

caused by ischemic cardiomyopathy (ICM) versus idiopathic DCM [96]. Despite the 

differences in sample sizes and statistical analyses employing these studies, a common 

pattern of alterations in failing hearts was observed such as upregulation of fatty acid 

metabolism, downregulation of glucose metabolism; dysregulation in apoptosis, calcium 

signaling, cell cycle regulation and extracellular matrix remodeling. However, gene 

expression patterns and the extent of alteration precisely depend on the clinical severity of 

the disease.  

Besides investigating the alterations in the injured heart tissue, it is important to 

understand the molecular architecture of endogenous cardiac cells that are believed to play 

an important role in heart function. Several groups have applied transcriptome profiling 

approaches to identify molecular signatures in stem or progenitor cells [97,98]. Recently, 

Dey et al. have revealed the molecular relationships between different cardiac-derived 

progenitor cells (c-kit+, Sca-1+ and SP) and extracardiac BM-derived progenitors (c-kit+, 

MSC) using mircroarrays [99]. While cardiac c-kit+ cells seem to represent the most 

primitive of all cell types that were investigated, Sca-1+ cells appeared to be more 
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committed to differentiation suggested by their close resemblance to cardiomyocytes 

while SP cells displayed intermediate properties of both. However, previous studies 

indicated that Sca-1+ cells display a mesenchymal phenotype [100] and therefore, the 

actual identity of these cells needs further clarification. Over a decade ago the 

transcriptome profile of minimally cultured adult cardiac Sca-1+ cells compared to 

cardiomyocytes was unveiled [26]. These authors have shown that Sca-1+ cells expressed 

transcriptional regulators important for cardiac commitment such as GATA-4, MEF-2C 

and TEF-1 while lacking the expression of cardiac structural genes. In the framework of 

the present thesis, an attempt was made to extend the knowledge on native stem cell 

characteristics directly after isolation that might more closely reflect the cellular properties 

in the in vivo microenvironment [47]. Furthermore, our recent demonstrations on 

molecular alterations in Sca-1+ cells underlying heart failure conditions have provided 

new insight into the endogenous behavior of these cells and unraveled their potential 

characteristics in a pathological milieu [52]. From the comparative transcriptome analysis 

of Sca-1+ cells derived from heart failure transgenic mice against healthy ones, we were 

able to show that the differentially expressed genes were enriched in biological processes 

such as cell migration, cardiovascular development, angiogenesis, Ca+2 mobilization and 

Wnt signaling. These findings indicate an improvement in the cardiogenic behavior of 

these cells in response to heart failure condition.  

3.7 Proteomics in cardiovascular research 

The term proteome was coined by Wilkins et al. in 1995, and was defined as ‘the protein 

complement expressed by a genome’ [101]. During the last decade, the field of 

cardiovascular proteomics has evolved rapidly and received broad attention based on its 

potential to unravel complex physiological and biochemical mechanisms at molecular 

level [102]. Recent advances in proteome technology not only provide essential insight 

into the changes in protein dynamics in a diseased state but also facilitate the identification 

of useful biomarkers and novel therapeutic targets [103,104]. The advent of high-

throughput microarray technologies has revolutionized the field of molecular medicine 

and changed our perspective to deal with complex diseases. Many previous studies have 

reported a poor correlation between the abundance of mRNA and the levels of proteins 

they encode [105,106], with a maximum correlation of 40% reported recently [107]. 

Furthermore, gene expression analysis doesn’t provide any information on 
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posttranslational modifications (PTM) that are important to elucidate the etiology and 

progression of heart disease. Even though the genome is regarded as the blueprint of 

proteins, the actual effector molecules responsible for biological functions are the proteins. 

Thus, comprehensive characterization of global protein alterations that can be found in the 

diseased-state when compared with healthy condition will enable better understanding of 

the disease mechanism beyond the genomic data.  

In recent years, high resolution mass spectrometry (MS) has matured into an attractive 

technique that allows the quantification of hundreds to thousands of proteins as well as the 

identification of their modifications, localization, turnover and interaction partners in an 

unbiased manner [108]. Liquid chromatography tandem mass spectrometry (LC-MS/MS) 

is considered as the gold standard method, which mainly aims to determine the absolute 

and relative quantities of proteins at any given time/condition [109]. Global proteome 

profiling is usually employed to identify altered protein levels or PTM, complementing 

antibody- based approaches, while targeted proteomics specifically characterizes or 

quantifies a limited number of known target proteins in a complex biological system 

[110]. Initially, the majority of proteome investigations in cardiovascular science have 

employed 2-dimensional polyacrylamide gel electrophoresis (2DE) to unravel the etiology 

of heart diseases [111,112,113]. Although mass spectrometric measurements provide more 

comprehensive proteome coverage compared to 2DE-gel-based approaches, insufficient 

sensitivity and identification of low abundant proteins are the ongoing challenges in this 

field. Pre-fractionation of complex protein samples by 1-dimensional sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (1D SDS-PAGE) prior to MS analysis has 

proven to be useful in this regard.  

3.7.1 Gel LC-MS/MS 

Cardiac tissues and whole cell lysates represent complex mixtures of cellular proteins that 

challenge the analytic capability of mass spectrometers and limit the quantitation of low 

abundant proteins. The combination of protein-level separation by 1D-SDS PAGE 

followed by LC-MS/MS analysis of the peptide lysates derived by in-gel digests from a 

series of protein bands covering the entire mass range, referred as Gel LC-MS/MS, offers 

great opportunity to improve the protein coverage [114]. The main advantages of this 

approach include increased solubility of the protein sample in SDS and reduction of 
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sample complexity due to separation on a 1D-gel resulting in better detection of low 

abundant proteins. Moreover, knowledge on isoforms and proteolytic degradation that 

differ by molecular weight can also be obtained (reviewed in [115,116]). Previously, many 

groups have implemented this methodology in combination with sub-cellular fractionation 

to characterize the mitochondrial proteome of the heart [114,117,118]. In a recent study, 

the vascular extracellular protein components of human aorta have been described [119]. 

Nevertheless, several previous studies have employed the classical 2DE approach to 

investigate the differential proteome profile underlying the etiology of heart diseases such 

as cardiac hypertrophy [113] and dilated cardiomyopathy [111,120]. In addition, Yin et al. 

have analyzed the proteome of Sca-1+ cells obtained from differentiating embryonic cells 

using 2DE and reported 241 distinct proteins [121]. Because of the known limitations of 

the 2DE approach such as poor resolution of membrane proteins, difficulty in 

identification of low abundant and highly acidic/ basic proteins [102,122] we decided to 

resort to an LC-MS/MS approachs because we assumed that several low abundant proteins 

expressed in Sca-1+ cells that might be important growth regulators might otherwise 

remain unidentified. A recent comparisons of the Gel LC-MS/MS approach to other 

fractionation methods such as cation-exchange chromatography, isoelectric focusing have 

reported Gel-LC-MS/MS to be the most efficient fractionation method [123] allowing 

deep exploration of complex proteomes and low abundant proteins. Therefore, in the 

present thesis a Gel LC-MS/MS approach has been employed (as shown in figure 4A) to 

unravel the native stem cell characteristics of Sca-1+ cells derived directly after isolation 

from adult murine heart. The results published by Samal et al. [47] include the 

identification of 647 unique proteins covering many low abundant cytokines, growth 

factors, transcriptional regulators and membrane proteins. Functional prediction revealed a 

possible role of Sca-1+ cells in cell adhesion, migration, and proliferation.  
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Figure 4. Schematic representation of MS-based proteomics workflow employed in this 

study. (A) Protein samples were separated on 1D SDS PAGE, excised from the gel and digested with 

trypsin. Relative quantification of the peptide fragments was carried out by LC-MS/MS and MS-data was 

analyzed using various software packages. (B) Sca-1+ cells were cultured in medium containing light 

isotopes of arginine and lysine for up to 8 days. The cells were then shifted to heavy amino acids containing 

medium along with BDNF/ K252a / BDNF+K252a treatment for 24h. Protein samples were then digested 

with trypsin followed by MS quantification and data analysis. (C) Sca-1 cells were cultured in normal 

medium until 70% confluence. After proper washing, the cells were shifted to serum free medium containing 

aldosterone, eplerenone or both and grown for 24h.The conditioned medium was collected, proteins were 

extracted via precipitation with TCA following tryptic digestion. Relative quantification of the peptide 

fragments was carried out by LC-MS/MS and the MS-data was analyzed. 
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3.7.2 Pulsed SILAC 

Despite of remarkable progress in the MS-based proteome analyses over the past few 

years, accurate quantification of proteins and peptides in complex protein mixtures such as 

those obtained from whole cell lysates remains challenging. Differential protein analysis 

often involves enrichment and prefractionation procedures, which are carried out in 

multiple steps introducing variability into the samples. Currently, metabolic labeling via 

incorpororation of  stable isotopes into living cells is considered as one of the best 

technique for high accuracy quantitative proteomics. Stable isotope labeling by amino 

acids in cell culture (SILAC) involves the in vivo incorporation of a heavy isotope version 

of essential amino acids such as arginine or lysine supplied in the growth medium into the 

protein sequence during protein biosynthesis. The heavy and light cell populations are then 

mixed and the relative abundance of proteins is measured based on the difference in peak 

intensities of light and heavy labelled peptides, thereby alleviating the problems related to 

sample variability introduced during processing [124,125]. This technique was applied for 

the first time by Ong et al. for relative quantification of changes in protein expression 

during muscle cell differentiation [126]. Subsequently, applicability of SILAC has been 

demonstrated in various other studies related to protein-protein interactions [127], 

phosphoproteome analysis [128], membrane proteomics [129] and clinical studies such as 

prostate cancer [130]. However, one potential caveat of this technique is that metabolic 

labeling is restricted to dividing cells only, thereby offering limited application in 

cardiovascular research [131]. Interestingly, SILAC labeling techniques in cell culture 

systems have now been extended to living organisms such as bacteria [132], yeast [133], 

rodents [134] etc. allowing a straightforward analysis of disease models. Recently, the 

global proteome analysis of isolated cardiomyocytes from SILAC mouse hearts has been 

reported [135]. 

Although standard quantitative proteomic techniques are widely used for relative 

quantification of protein changes in two different conditions, they are not adapted to 

determine whether the changes have occurred due to adapted protein synthesis, 

degradation or a combination of both. Moreover, modest changes in the protein abundance 

of regulatory proteins that are believed to be highly relevant in a pathological milieu or in 

response to external stimulus, are difficult to detect against a large background of 

preformed proteins. Previously, Pratt et al. have applied pulsed SILAC to determine the 
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protein turnover rate in yeast [136]. However, in this case the H/L ratios indicated either 

high translation rate of newly synthesized protein or low translation rate of degraded 

protein, thereby indirectly influencing the protein turnover rate. To circumvent these 

problems, a new variant of pulsed SILAC technique has been developed by Selbach and 

colleagues that allowed quantification of de novo protein synthesis by metabolic labeling 

with stable heavy isotopes for a limited amount of time [137]. During pulse labeling, cells 

grown in normal media (unlabeled) are shifted to heavy isotope containing SILAC 

medium with a differential treatment. Thus, the heavy isotope label distinguishes newly 

synthesized proteins from the pre-existing ones, which cannot be achieved by the standard 

SILAC approach. Selbach et al. have applied this technique to determine the regulatory 

effect of microRNA on global protein translation [138]. Recently, Kaller et al. have 

combined pSILAC and micoarrays to determine miR34a induced changes on protein 

translation and identified its direct targets on cancer cell lines [139]. Previously, our group 

has reported the proteome changes in Staphylococcus aureus that were internalized by 

human bronchial epithelial cells [140]. In the present thesis a slightly modified pulsed 

SILAC approach as shown in figure 4B has been applied to elucidate the regulatory effect 

of BDNF on the intracellular proteome dynamics of Sca-1+ cells derived from failing 

murine myocardium. Upon exogenous BDNF treatment, a differential effect on the 

proliferative and migratory potential of Sca-1+ cells under healthy and heart failure 

conditions was found indicating a cardioprotective effect on these cells inside the failing 

heart [52]. Interestingly, Schwanhauesser et al. have implemented pulse labeling not only 

on proteins but also on RNA, to determine the turnover and half-lives in mouse fibroblasts 

[107]. Hence, this strategy offers great promise for deeper exploration of early effects of 

cellular perturbations following injury and unravel the underlying molecular mechanism 

with high accuracy.  

3.7.3 Secretome Analysis  

Cell-based therapies have proven to be a safe and provisionally efficient alternative to 

organ transplantation, while the long-term therapeutic outcome of engrafted cells in 

cardiac regeneration has been the subject of controversial discussion in recent times. 

Mammalian heart comprises various endogenous cells such as cardiomyocytes, endothelial 

cells, SMC, fibroblasts, resident CPC that interact with each other either directly via cell-

cell contact or via paracrine/ autocrine actions. This cellular crosstalk leads to maintenance 
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and regulation of cardiovascular functions in a healthy or hostile environment. 

Researchers now believe that the resident CPC mediate cardiovascular repair via 

exocytosis of regulatory and trophic factors including growth factors, cytokines, 

chemokines, and other important signaling molecules, which may generate a 

microenvironment suitable to support the regenerative process, induce angiogenesis, and 

prevent further cell death [141,142,143]. A schematic representation of the proposed 

mechanisms of action of secreted factors influencing endogenous stem cells functions, 

thereby contributing to cardiac regeneration, is shown in figure 5. Moreover, the 

secretome, as it is broadly known, is a potential source of biomarkers that reflects the 

cellular state in physiological and pathophysiological conditions and their 

presence/absence can be used for therapeutic monitoring [144]. Furthermore, mining of 

potential cytokines and growth factors that could regulate the differentiation of potent cells 

or proliferation of pre-existing cardiomyocytes offers new strategies to repair the damaged 

myocardium. Recently, Bersell et al. have shown that neuroglin-induced cardiomyocyte 

proliferation promotes cardiac regeneration following injury [145]. 

 

 

Figure 5. Proposed mechanisms of actions of secreted factors in cardiac regeneration. 

Exocytosis of secretory vesicles releases important bioactive molecules that influences biological functions 

of endogenous stem cells supporting cardiac regeneration. CM-cardiomyocytes, VSMC-vascular smooth 

muscle cells, EC-endothelial cells. 

 

Activation of endogenous

progenitors

Cardiac tissue remodeling

Vascularization & Angiogenesis

Inhibition of apoptosis

Release of cytokines & 

growth factors

Secretory

vesicle

c-kit

CD31

MDR-1

Sca-1

Cell Differentiation Cell migration

CM

VSMC

EC



Rasmita Samal   Introduction 

32 
 

Although the cellular secretome in an in vivo setting is more complex and reflects the true 

physiological situation, absence of appropriate technology limits its exploration. 

Therefore, methods were developed to identify the secreted proteins released into the 

conditioned media in vitro, which partly mimics the in vivo environment and provides 

insight into the biological pathways involved.  

While antibody-based arrays have been employed over the years to characterize secreted 

proteins with high accuracy, mass spectrometry approaches are currently implemented to 

harness the whole spectrum of secreted proteins by the cells of interest [146]. Unlike 

antibody-based selective and targeted identification, MS-based identification of large sets 

of proteins in the conditioned media of cultured cells would provide a broader view on the 

secretome. Despite of technical advances, secretome analysis faces analytical challenges 

due to limited detection of low abundant secreted proteins against a huge background of 

serum proteins [147]. Therefore, serum-free media are often used in secretome studies to 

minimize the interference of background proteins. As a pre-requisite for such studies it is 

assumed that the serum starvation for a short period of time (typically 24- 48h) has a 

minimal effect on cell behavior [148]. Many groups have made attempts to map the 

secretome of various cardiac and BM-derived cells such as SMC [149], EC [150], CPC 

[141], and MSC [151] using different proteomic approaches. In one of the earliest studies, 

Dupont et al. have characterized the secretome of SMC by using 2DE and MS analysis 

[149]. Subsequently, Stastna et al. have implemented MS-based approaches for a 

comparative secretome analysis of CPC against neonatal ventricular cardiomyocytes 

derived from rat hearts and identified many cell specific secreted proteins [148]. In 

addition to our previous reports on the favorable effects of pathophysiological 

concentrations of aldosterone on Sca-1+ cells that induced cell migration at intracellular 

level [91], we have further investigated the alterations on their secretome profile following 

similar treatment for 24h and 48h in a serum free environment as shown in figure 4C. 

Label free LC-MS/MS analysis allowed the identification of about 70 secreted proteins, of 

which IL-6, galectin-1 and gelsolin were significantly upregulated in level when compared 

to controls. Moreover, the secretome profile of Sca-1+ cells was dominated by ECM 

associated proteins and IGF binding proteins suggesting a favorable impact of aldosterone 

on cardiac structural and functional regulation. Over the past few years efforts have been 

made to develop methods to characterize the in vivo secretome. Capillary 

ultracentrifugation was introduced for sampling of biofluids, which was further linked to 

MS for identification [152]. Thus, the identification of such paracrine/autocrine 
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cardioprotective proteins might offer a promising new alternative in the development of a 

therapeutic cocktail for the treatment of heart failure, avoiding the risk of immune 

compatibility associated with cell based therapies.  
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6 List of Abbreviations 

1D- SDS-PAGE one dimensional sodium dodecyl sulfate polyacrylamide gel 

electrophoresis 

2DE   2-dimensional polyacrylamide gel electrophoresis  

ABCG2  ATP-binding cassette subfamily G member 2 

AngII   angiotensin II 

ATP   adenosine triphosphate 

BDNF   brain derived neurotrophic factor 

BM    bone marrow 

BrdU   bromodeoxyuridine 

CADUCEUS Cardiosphere derived autologous stem cells to reverse ventricular 

dysfunction 

CPC   cardiac progenitor cells 

DCM   dilated cardiomyopathy 

EC   endothelial cells 

EPHESUS Eplerenone Post-acute myocardial infarction Heart failure Efficacy 

and   Survival Study 

ERK   extracellular signal regulated kinase 

ES   embryonic stem cells 

HSC   hematopoietic stem cells 

ICM   ischemic cardiomyopathy 

IGF   insulin-like growth factor signaling 

IL6   interleukin-6 

LC-MS/MS  Liquid chromatography tandem mass spectrometry 

Ly6A   Lymphocyte antigen 6 complex locus A 

MDR1   multidrug resistance protein 1 

MHC   myosin heavy chain 

MI   myocardial infarction 

MR   mineralocorticoid receptor 

MS   mass spectrometry 

MSC   mesenchymal stem cells 
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PTM   post translational modifications 

RALES  Randomized Aldactone Evaluation Study 

RNA   ribonucleic acid 

Sca-1   stem cells antigen-1 

SCIPIO  Stem cell in patients with ischemic cardiomyopathy 

SILAC   stable isotope labeling by amino acids in cell culture 

SMC   smooth muscle cells 

SP   side population cells 

TAC   transverse aortic constriction 

TrkB   tropomyosin receptor kinase B 

VEGFR2  vascular endothelial growth factor receptor 2 
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11 Content of Supplementary Material 

11.1 OMICS- based exploration of the molecular phenotype of resident 

cardiac progenitor cells from adult murine heart 

Supplementary Tables 

Table S1 Description of experiment settings for LC-MS/MS analysis and presentation of 

protein identification. 

Table S2 List of proteins identified with 2 peptide confidence and FDR < 5% by geLC- 

MS/MS.  

Table S3 Major biological processes covered by the identified proteins in each cell type 

calculated on basis of their abundance 

Table S4 List of proteins identified in Sca-1 positive cells only or with higher abundance 

(>3 fold) than in Sca-1 negative cells and cardiomyocytes 

Supplementary Figures 

Figure S1 Protein pre-fractionation by SDS-PAGE Exemplary image of Coomassie 

Brilliant blue stained SDS-PAGE gel (12.5% acrylamide) is displayed. 30µg proteins of 

each sample were separated and then stained with Coomassie Brilliant blue overnight. 

Respective lanes were cut into 11 slices and the extracted proteins were analyzed by LC-

MS/MS mass spectrometry. 

Figure S2 Subcellular localization of proteins Bar charts indicate the percentage 

abundance of identified proteins based on their peak area. Assignment of proteins to 

different subcellular compartments was achieved by Ingenuity pathway analysis. PM -

plasma membrane, ECM - extracellular matrix.  

Figure S3 Representation of expression levels of signature proteins of 

cardiomyocytes, Sca-1 positive and Sca-1 negative cells (A) Proteins with higher signal 

intensities of greater than 1.5x107 are shown. Contractile proteins like troponin I (TNNI3), 

troponin C (TNNC1), myomesin 1 (MYOM1), myosin binding protein C (MYBPC3), 

myosin heavy chain 6 (MYH6), and myosin light chain 2 ventricular (MLC2v) were 
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exclusively detected or were clearly more abundant in cardiomyocytes in contrast to Sca-1 

positive and negative cells. Other proteins detected predominantly in cardiomyocytes 

include fatty acid binding protein 3 (FABP3), calsequestrin (CSQ2), cysteine and glycine-

rich protein 3 (CSRP3), desmin, and alpha B crystallin (CRYAB).  (B) Shown are the low 

abundant proteins with signal intensities below 1.5x107. Expression of MAPK3, nestin, 

fascin (FSCN1), PECAM1, CD36, and plastin 3 (PLS3) was predominantly observed in 

Sca-1 positive cells only. On the other hand, Sca-1negative cells overexpressed cadherin 

13 (CDH13) and integrin linked protein kinase (ILK). 

11.2 Brain derived neurotrophic factor contributes to the cardiogenic 

potential of adult resident progenitor cells in failing heart 

Supplementary Methods 

Supplementary Tables 

Table S1 List of Taqman genes expression assays used in qRT PCR analysis  

Table S2 Functional enrichment of biological processes in Sca-1 cells derived from Cyc 

mice compared to Wt  

Table S3 List of differentially expressed genes in Cyc cells compared to Wt cells  

Table S4 List of proteins identified in Cyc and Wt cells under different treatment 

conditions. Intensity ratios of heavy labeled peptides over light labeled ones are indicated 

for each biological sample 

Table S5 K-means clustering of BDNF- mediated regulated proteins in Cyc and Wt cells. 

Data represents average of log2 transformed H/L ratios  

Supplementary Figures 

Figure S1 Gene expression profile of cell migration associated genes in Cyc and Wt 

cells Heat map representing the enrichment of differentially expressed genes, functionally 

annotated to cell migration using IPA software is shown. Gene expression profiles of 44 

such genes of each biological sample are displayed as heat map calculated by Perseus 

software based on their log10 transformed intensity values. Red and green blocks indicate 



Rasmita Samal  Content of Supplementary Material 

129 
 

higher and lower expression in comparison to the median respectively; black blocks 

indicate equal expression while grey blocks indicate no expression.  

Figure S2 Immunoblot analysis of TrkB receptor in Sca-1 positive and Sca-1 negative 

cells Immunoblot clearly depicted protein abundance of TrkB receptor on freshly isolated 

Sca-1 positive cells derived from Wt and Cyc mice, which was lacking in Sca-1 negative 

cells and thus served as a negative control. 

Figure S3 Expression of TrkB receptor on cultured cells (A-B) Representative 

immunofluorescence micrographs displayed positive expression of TrkB receptor on 

cultured Sca-1 cells-Wt (left panel) and Cyc (right panel). Nuclei were stained with DAPI. 

Images were captured at 20x magnification. Scale bar indicates 50µm. (C) Immunoblots 

confirmed the expression of the TrkB receptor in freshly isolated and cultured Sca-1 cells. 

Both truncated and full-length variants were confidently observed. Mouse brain 

homogenate was used as a positive control. 

Figure S4 Blocking of TrkB receptor (A) Immunoblot represents the phosphorylation of 

TrkB receptor in Sca-1 cells exposed to varying concentrations of protein kinase inhibitor, 

K252a. Activation of TrkB receptor was clearly inhibited by treatment with 400nM, 

K252a. (B) Bar graph indicates the differential effect of BDNF and the inhibitor K252a on 

protein synthesis of CDK1 protein determined via pulsed SILAC analysis. Data is 

represented as mean of H/L ratios and error bar indicates SD. 

Figure S5 BDNF regulates the synthesis of MAP2K3 Relative changes in protein 

synthesis of MAP2K3 denoted as log2 H/L ratio for Wt and Cyc cells under untreated and 

treated conditions. Values are represented as mean ± SD, n=3,*p < 0.05, t-test. 

  

11.3 The Other Side of the RAAS: Aldosterone Improves Migration of 

Cardiac Progenitor Cells 

Supplementary Methods S1 Isolation of Sca-1 positive (Sca-1+) progenitor cells from 

adult murine hearts 
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Supplementary Figures  

Figure S1 Semiquantitative analysis of mRNA expression of the MR in Sca-1+ cells. 

Expression of MR is shown relative to ß-actin. Real time PCR shows no significant 

changes in MR expression under aldosterone treatment after 2h, 24h, 48h and 72h when 

compared to untreated controls. (n=3; mean±SD) 

Figure S2 Original full blots for figures 2B, 5A and6A.Precision plus proteinTMdual color 

standard (Bio-rad Laboratories, Hercules, CA, USA) was used to identify the molecular 

weights of the proteins of interest (DDR2: 100kDa, 11ßHSD2: 40kDa, MR: 100kDa, ß-

actin: 42kDa). In supplemental figure 2B mouse fibroblast served as positive control for 

DDR2, while human umbilical venous endothelial cells served as positive control for 

mineralocorticoid receptor in figure 6A.  

11.4 Pathophysiological aldosterone levels modify the secretory activity 

of resident cardiac progenitor cells 

Supplementary Methods 

Method S1 Isolation of Sca-1 positive (Sca-1+) progenitor cells from adult murine hearts 

Method S2 LC-ESI-MS/MS Analysis  

       Protein identification and quantitation 

       Functional classification 

Supplemental tables 

Table S1 Description of experiment settings for LC-MS/MS analysis and presentation of 

protein identification 

Table S2 Detailed information on the number of unique peptides (#), score (-10log p-

value) and subcellular localization of all identified proteins in the secretome of Sca-1+ 

cells. The table shows values for 3 biological replicates of untreated cells (Co = control) 

and aldosterone treated cells (Al = aldosterone treated) after 2h a, 24h b and 48h c 

incubation time 

Table S3 Ratio of all identified secreted proteins in Sca-1+ cells after 2 h, 24 h and 48 h 

incubation time. (A = only detectable in the secretome of aldosterone treated Sca-1+ cells, 
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C = only detectable in the secretome of untreated Sca-1+ cells; *p-value ≤ 0.05, **p-value ≤ 

0.01, ***p-value ≤ 0.001, ns = not significant vs. control) 

Table S4 Common proteins in the secretome of Sca-1+ cells after 24 h incubation time. 

Ratio of proteins secreted via a receptor-mediated pathway or via a receptor-independent 

pathway in Sca-1+ cells treated with a combination of aldosterone and eplerenone 

(Aldo&Eple) compared to aldosterone treatment (Aldo) 

Supplemental figures 

Figure S1 Venn diagram illustrating the overlaps between the secretome profiles of 

untreated and aldosterone treated Sca-1+ cells after 2 h. Other than commom secreted 

proteins indicated in the intersection region (grey), a small number of proteins were found 

to be exclusively secreted in response to aldosterone treatment 

Figure S2 Functional categorization of secreted proteins of untreated and aldosterone 

treated Sca-1+ cells after 2 h a and 48 h b incubation time. Bar graphs representing most 

extensively enriched canonical pathways in aldosterone treated Sca-1+ cells (aldosterone) 

based on all identified proteins in comparison to untreated cells (control). Negative log 

transformed significance values (p<0.05) assessed using Fisher`s exact test is shown  

Figure S3 Functional categorization of secreted proteins of untreated and aldosterone 

treated Sca-1+ cells after 2 h a and 48h b incubation time. Bar graphs representing the 

abundance of proteins associated with distinguished biological processes in aldosterone 

treated Sca-1+ cells (aldosterone) based on all identified proteins in comparison to 

untreated cells (control). Negative log transformed significance values (p<0.05) assessed 

using Fisher`s exact test is shown  

Figure S4 Venn diagram illustrating the overlap between the secretome profiles of 

untreated Sca-1+ cells and after aldosterone (Aldo), and aldosterone and eplerenone 

(Aldo&Eple) treatment after 24 h incubation time. Numbers in the intersections specify the 

proteins seen in two or more treatment conditions of Sca-1+ cells 

Figure S5 Gene expression analysis of galectin-1 a and gelsolin b in untreated, 

aldosterone treated and aldosterone and eplerenone treated Sca-1+ cells after 2 h, 24 h and 

48 h. (Mean±SD, n=3) 
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