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Mesp1 Mesoderm posterior 1 

BMP Bone Morphogenetic Protein 

CPCs Cardiac progenitor cells, including what is often referred to as cardiac 

stem cells elsewhere 

DMSO  Dimethyl Sulfoxide 

E6.5 Embryonic age after fertilization 

EB  Embryoid Body 

eGFP  Enhanced Green Fluorescent Protein 

FGF Fibroblast growth factor 

FHF First heart field 

Myl2 Myosin regulatory light chain 2, ventricular isoform 

mESCs mouse embryonic stem cells 

PS Primitive streak 

SHF Second heart field 

Shh Sonic hedgehog 

TF Transcription factor 
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1 Introduction 

 

Cardiovascular diseases and heart failure among them account for significant mortality. 

Adult mammalian heart has inadequate capacity to regenerate after large injury such as 

myocardial infarction. During and after myocardial infarction, million to a billion cells 

may die off. Scar tissue formed by fibroblasts replaces the injured myocardium during 

recovery. While the newly formed tissue is durable and prevents rupture of the heart, it 

doesn´t contribute to pump function. Depending on the extent of cardiomyocyte loss, 

the remaining functional myocardium gets strained. In case of sustained substantial 

increase in workload, the compensatory mechanisms turn into pathological processes 

including excessive fibrosis and myocyte apoptosis. The progressive decline of hearts 

contractile function results in heart failure (HF).  

 

Chronic heart failure progresses trough variety of mechanisms, but the core process is 

the death of more cardiomyocytes. With the advent of new treatments, disease 

progression can be slowed down or even stopped. However, the shortage of functional 

myocardium remains an underlying problem that needs to be addressed. Several ways to 

restore cardiac function have been proposed. First approach includes activating 

endogenous processes to enhance production of new cardiomyocytes (CMs) from either 

old CMs or heart’s endogenous cardiac progenitor cells (CPCs). Alternatively cells 

from numerous sources can be transplanted into myocardium. Reprogramming of other 

cell types to generate new CMs represent yet another option.  

 

Ways to drive innate repair processes in heart involve modulating relevant signal 

pathways.  RNA therapeutics and peptide drugs can be utilized in addition to small 

molecules. Regenerative approaches based on pharmacological means are attractive. 

 

Basic research provides insight into mechanisms that could aid in deciding effective 

targets for regenerative medications. In particular, heart’s embryonic development and 

robust reparative capacity of other vertebrate species have instructed mechanisms, 
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which could play a role in human heart repair. Heart’s endogenous progenitor cells 

(CPCs) are one of the most important targets in developing new kinds of therapies. 

 

Development of novel therapeutics for cardiac repair is constrained by lack of effective 

research tools available. Therefore, this work seeks to establish a method to search for 

novel compounds that could affect the pool of CPCs endogenous to adult heart tissue. 

Phenotypic screening approach serves to indiscriminately identify putative compounds 

driving generation of CMs regardless of their target. Because the signals are not all that 

well known, this shotgun approach could yield useful hits. 

 

 

2 Basic research may instruct development of novel therapeutic modalities 

 

The therapies available today can effectively reduce hearts pathological remodeling and 

progression of chronic heart failure. ACE inhibitors, aldosterone antagonists, 

vasodilators and beta blockers are the prevalent medications used to increase life 

expectancy of the patients (Szema et al. 2015). Recent progress in intervention 

techniques of acute myocardial infarction (MI) has significantly improved patient 

survival. Challenge is to find treatments to restore cardiac function by reversing 

myocardial damage.  

 

Cardiomyocytes in the heart do in fact regenerate, just very slowly. Stem or progenitor 

cells reside in the heart and at least some of them have been shown to be able to 

proliferate into cardiomyocytes among other cell types. This is a promising possibility. 

The signals that direct hearts regenerative processes are convoluted, however.  

 

It seems that in absence of injury a portion of differentiated mononucleated 

cardiomyocytes are proliferating and not the CPCs. CPCs probably play a role in this 

process though. In adult mammals, CMs don´t proliferate in response to myocardial 

injury nor facilitate repair (Hesse et al. 2012). CPCs on the other hand seem to 

differentiate in the border zone of injury to form new myocardial cells including CMs. 
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2.1 Limited regeneration in mammalian heart 

 

Evidence of spontaneous processes that seem to repopulate heart tissue have gained 

much interest.  Maintenance in homeostatic conditions involves slow cell renewal. On 

the other hand, injury seems to lead to minor repair. 

 

In postnatal mammalian heart, formation of new cardiomyocytes has been recorded 

(Bergmann et al. 2009). At 25 years of age approximately one percent of human 

cardiomyocytes are replaced each year. This turnover rate decreases with age, being 

0,45 % at 75 years of age. A different study suggests an annual CM turnover rate as 

high as 22 % (Kajstura et al. 2010). The wide range of these results highlights the 

difficulty of interpreting findings especially from single experiments in the field of 

regeneration research. Turnover rate of around one percent is widely accepted. The new 

cardiomyocytes originate from pre-existing ones (Senyo et al. 2013). Similar renewal of 

cardiac cells also takes place in mouse hearts with normal CM turnover of 1,3-4 % per 

year (Malliaras et al. 2013). This also results from the proliferation of mononucleated 

CMs with little to no contribution from CPCs. Contradictory results have been 

published suggesting that primarily CPC differentiation accounts for CM generation 

that maintains homeostasis (Hosoda et al. 2009). 

 

Following cardiac injury, an amount of new CMs appear at the borders of the lesion but 

the CMs formed don´t result from CM proliferation (Malliaras et al. 2013; Hsieh et al. 

2007). Only a small minority of CMs in the heart of an adult mammal can reenter the 

cell cycle, which prevents significant cardiac regeneration (Takeuchi 2014). In a model 

of MI the new cardiomyocytes appearing in the infarct border zone originate mostly 

from differentiated stem cells (Malliaras et al. 2013). Another study found no 

proliferating CMs in the border zone of injury (Hesse et al. 2012). They attributed DNA 

replication without cell division. 

 

Heart has a heterogeneous population of multipotent cells called cardiac progenitor cells 

(CPCs) (Le and Chong 2016). The CPCs are able to self-renew and differentiate into 

CMs among other cell types of the heart (Hastings et al. 2015). This regenerative 
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potential is evident in vitro but seems to rarely occur in vivo under normal conditions. 

Hearts CPCs seem to take part in CM generation only after an insult (Malliaras et al. 

2013). Mainly quiescent CPCs activate in response to injury and some new CMs are 

generated from the CPCs. The generation of myocardium in the border zone of injury is 

insufficient for functional repair, likely due to the small number of CPCs. Adult 

mammalian heart is capable of restoring lost cardiomyocytes in certain situations 

(Ellison et. al. 2013). All in all, processes of endogenous regeneration occur in the heart 

and this provides support for the notion of regenerative therapies that promote 

endogenous repair mechanisms. 

 

2.2 Hearts embryonic development 

 

Prospects for therapy arise from advancing understanding of how heart develops. Heart 

is the first organ to form in a developing embryo (Vliet et al. 2012). Early cardiogenesis 

has been examined in mouse model extensively, but the process is highly conserved so 

the findings apply to human development (Vincent and Buckingham 2010). 

 

The programs that direct embryonic development can be translated to strategies of 

regeneration. In general, the transcriptional pathways involved during embryogenesis 

also mediate tissue regeneration (Uygur and Lee 2016). Transcription factors (TFs) and 

miRNAs have been used to activate pathways involved in cardiogenesis, improving 

damaged hearts function (Xin et al. 2013).  

 

In mouse embryos cardiac precursor cells found in the epiblast ingress through the 

primitive streak during gastrulation (Vliet et al. 2012). They migrate to anterior-lateral 

direction at E6.5 to form two cell groups on both sides of the midline termed the 

cardiogenic fields (Xin et al. 2013). The cells in the first or primary heart field (FHF) 

subsequently fuse into cardiac crescent at E7.5 and form a heart tube by E8. Another 

group of cells called the secondary heart field (SHF), positioned within the pharyngeal 

mesoderm medial to FHF migrates to venous and arterial poles of the heart tube 

(Buckingham et al. 2005). The heart tube starts beating synchronously and goes through 

a looping process that gives rise to early atria and ventricles at around E8.5 (Xin et al. 
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2013). After the looping of the heart tube, distinct chambers emerge by E10.5 

(Buckingham et al. 2005). Septation separates the chambers by E14.5. 

 

Majority of hearts cells, including all of myocardium, originate from the cardiogenic 

fields in the lateral plate mesoderm. FHF descendants form the left ventricle and part of 

the right ventricle, whereas rest of the right ventricle derives from SHF cells (Hartogh 

and Passier 2016). Both heart fields’ cells make up the atria. A minor proportion of the 

hearts tissues originate from anterior neural crest (Vincent and Buckingham 2010). 

Cells from the cardiac neural crest contribute to aorta and pulmonary artery, hearts 

valves, septum, conduction tissue (Vincent and Buckingham 2010).  

 

2.3 Signaling during early cardiogenesis 

 

Heart induction is controlled by a complex system of signaling pathways in a process 

that is very similar amongst vertebrates (Liu and Foley 2011). Earliest precursors of 

cardiac lineage reside in epiblast at pre-streak stage, E6.0 in mice (Vliet et al. 2012). 

These cardiac precursors are among the subsets of epiblast cells to assemble to midline 

where primitive streak forms (Santini et al. 2016). The primitive streak (PS) formation 

starts the gastrulation process that forms three embryonic germ layers. PS forms as 

nodal is produced by node. PS development is controlled by Wnt5 and Wnt3a produced 

within the streak. Progenitor cells in the epiblast undergo epiblast-mesoderm transition 

(EMT) as they ingress through the primitive streak and establish mesendoderm (Vliet et 

al. 2012). First ingressing cells form visceral endoderm and the next come to form 

mesoderm, but while migrating they temporarily constitute mesendoderm (Vliet et al. 

2012).  

 

The first cardiac precursor cells become specified for their fate upon leaving the 

primitive streak for prospective cardiac mesoderm (Paige et al. 2015). Progenitor cells’ 

lineage potency decreases as they ingress through the primitive streak (Tam et al. 1997).  

Early cardiac progenitor development from epiblast to mesendoderm depends on Wnt, 

Nodal and BMP pathway signals (Laflamme and Murry 2011). Whereas combination of 
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canonical Wnt and nodal signals is needed for mesendoderm formation, BMP2 plays a 

role in establishing cardiogenic region from mesendoderm (Vliet et al. 2012). 

 

Mesp1 gene expression drives cardiac specification and functions as a kind of master 

gene in cardiac development (Vliet et al. 2012). Cardiac progenitor differentiation 

begins with MesP1 TF expression, caused by eomesodermin at the primitive streak 

(Paige et al. 2015). Mesp1 takes part in EMT and activates central cardiac TFs driving 

cardiac specification (Vincent and Buckingham 2010). It´s expression fades as the 

progenitor cells migrate to heart forming region (Paige et al. 2015). 

 

While FHF and SHF originate from the same progenitor, the lineages segregate at the 

beginning of gastrulation (Santini et al. 2016). SHF progenitors differentiate later. 

Cardiac lineage develops through stages marked by different genes: mesendoderm 

progenitors express brachyury, and mesodermal ones express Mesp1, Flk1 and 

PDGFRα (Willems et al. 2011). Nkx2.5 marks progenitors of the cardiac crescent and 

finally CMs exclusively express myosin chain genes. Tbx5 distinquishes FHF and Tbx1 

SHF progenitors. Interestingly, Islet1 (Isl1) is much expressed in proliferating SHF but 

is inactivated by Nkx2.5, triggering differentiation as the cells join the heart tube 

(Calderon et al. 2016). 

 

Progenitor commitment to cardiac phenotype is dependent on inductive signaling in the 

heart forming region (Tam et al. 1997).  The cardiac progenitors reside under the neural 

plate and adjacent to visceral endoderm underneath at around E7.0, the late PS stage 

(Vliet et al. 2012). Endoderm holds an essential role in determining cardiac fate through 

paracrine signaling (Calderon et al. 2016). Anterior primitive endoderm promotes 

cardiac fate with Shh and FGF factors, Wnt inhibitors and BMP (Paige et al. 2015). 

Neural plate produces canonical Wnt pathway activators and notochord BMP inhibitors 

that restrict differentiation towards cardiac cells (Xin et al. 2013). This regulation serves 

to limit cardiac mesoderm formation to where it’s supposed to take place (Paige et al. 

2015). 
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SHF progenitors also require external signals to maintain progenitor phenotype and 

proliferate (Paige et al. 2015). Situated in pharyngeal mesoderm, SHF proliferation is 

encouraged by Shh, which is produced by adjacent pharyngeal endoderm. FGF3, FGF8 

and FGF10 present in surrounding mesoderm as well as canonical Wnt activity direct 

progenitor development. 

 

2.4 In vitro differentiation 

 

Development of ESCs into cardiac lineage cells and CMs in vitro reflects the process of 

early cardiogenesis in vivo (Kurosawa 2007). The same key growth factors control 

differentiation of pluripotent cells towards cardiac fate. The differentiating cells develop 

into consecutive progenitors that represent the stages of embryonic development (Vliet 

et al. 2012). ESCs are blastocyst cells and develop through epiblast stage precursors to 

mesendodermal progenitors to mesoderm and cardiac mesoderm stage that gives rise to 

early CMs. In line with this, both FHF and SHF progenitors along with their respective 

lineages are spontaneously formed by differentiating ESCs. Still, plasticity of mESCs 

might allow cell development to proceed through ways that it wouldn’t in vivo (Vliet et 

al. 2012). The process of ESC differentiation down the cardiac lineage is shown in 

figure 1. 
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Figure 1. mESC differentiation. Major signals promoting specification and 

differentiation at each stage are presented (Noseda et al. 2011; Laflamme and Murry 

2011; Sahara et al. 2015). 

 

Inductive influence of endoderm is equally critical for determination of mESCs to 

differentiate towards CM fate (Vliet et al. 2012). Presence of endodermal cells or their 

secretome promotes cardiac differentiation, with BMP2 as primary inductive factor. 

Nodal and BMP signals are interdependent. 

 

Proliferative and differentiation inducing signals are largely opposite at CPC stage 

(Sahara et al. 2015). For instance canonical Wnt signalling induces cardiac lineage in 

early stage and hinders it at later stages (Uosaki and Yamashita 2011). While 
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differentiation of CPCs requires inhibition, canonical Wnt plays a central role in 

proliferation and maintenance of the same progenitors.  

 

Variety of protocols has been established for promoting efficient differentiation of 

mESCs into CMs (Kokkinopoulos et al. 2016). Majority of these techniques depend on 

formation of spontaneously differentiating cell aggregates called embryonic bodies 

(EBs). Some alternative protocols exist with cells grown in monolayer format. First 

strategies of inducing cardiac cells from ESCs were based on Wnt antagonists (Alamo 

et al. 2016). Dkk1 protein and small molecules were used, resulting in 10-50% CM 

yield. Ascorbic acid was the first molecule described to improve differentiation of ESCs 

to CMs (Takahashi et al. 2003). Also serum free conditions are typically used to 

enhance cardiac differentiation (Hartman et al. 2014). The methods for generating CMs 

from ESCs are typically complex and involve challenging practices (Hartman et al. 

2014).  

 

 

3 Regenerative strategies 

 

Ischemic injury affects all cells in the affected area of the heart, which consists of a 

number of cell types with specific functions. Cardiomyocytes are especially susceptible 

to the lack of oxygen. This is why strategies to repair myocardium mainly aim to restore 

CMs and/or vasculature. Cell-based methods involve transplantation of cells from 

exogenous source into the myocardial tissue (Sahara et al. 2015).  Cell therapy with 

CMs cultured in vitro and introducing CPCs are examples of cell-based therapy. 

Research into cell-free strategies is aimed at fibroblast reprogramming, endogenous 

CPC mobilization or stimulating CM proliferation (Bruneau 2013).  

 

3.1 Enhancing proliferation of CMs 

 

Species such as zebrafish have been studied in order to understand the features that 

allow hearts spontaneous regeneration in lower vertebrae. Zebrafish have an ability to 

functionally recover from extensive injuries to heart tissue (Jazwinska and Sallin 2015). 
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In the process of regeneration the zebrafish CMs dedifferentiate to a more primitive 

state, which allows for cell division while retaining some contractile function (Kikuchi 

and Poss 2012). The cardioregerative ability of zebrafish among lower vertebrates has 

been linked to lower overall metabolic state, cardiac workload and lesser dependency on 

coronary circulation compared to mammals (Jazwinska and Sallin 2015). Cardiac 

regeneration in neonatal mice proceeds through proliferation of the existing CMs as 

well (Porrello et al. 2011). Elaborate structure with thick compact myocardium and 

system of coronary vessels may hinder regenerative response to insult in postnatal 

mammals (Kikuchi and Poss 2012). 

 

Like zebrafish, neonatal mice and humans can recover from heart injury through CM 

proliferation (Kikuchi et al. 2010). Mammalian heart’s regenerative potential diminishes 

shortly after birth (Bruneau 2013). Human CMs withdraw from cell cycle in childhood 

(Mollova et al. 2013). Still, adult mammalian heart may have capacity for regeneration 

that could be revived (Bruneau 2013). To stimulate CMs cell cycle re-entry would 

leverage an existing regeneration mechanism (Bruneau 2013). Transcription factors, 

microRNAs and small compounds have been demonstrated to modestly stimulate the 

proliferation of adult CMs even though the molecular mechanisms causing cells cycle 

arrest in mature CMs are only partially understood (Ahuja et al. 2007). An increase in 

proliferation of adult CMs has been demonstrated by regulation of gene expression with 

miR-590 or miR-199a both in vivo and in vitro (Eulalio et al. 2012). Similarly, repair of 

myocardial tissue has been activated by introducing paracrine factors such as VEGF, 

TB4 or Neuregulin 1 (Bersell et al. 2009; Karathanasis et al. 2014). Functional 

improvements are modest, but combinations of several factors have been proposed to 

further increase the positive results.  

 

One approach for spawning CMs is to reprogram other cells types within the heart 

(Karathanasis 2014). Heart’s excess fibroblasts represent a lucrative cell type to convert. 

Direct reprogramming of these cells has been demonstrated by activating specific 

regulatory systems with TFs, miRNAs or synthetic compounds. However, the issue of 

low conversion efficiency still remains. In vivo environment may favor differentiation 

better than in vitro culture (Bruneau 2013). 
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3.2 Endogenous CPCs  

 

Heart’s endogenous CPCs are multipotent and have the potential to generate most of the 

cell types necessary for cardiac regeneration in vitro (Schade and Plowright 2015). 

Whether heart’s CPCs generate new functional CMs in vivo remains a matter of debate 

with convincing evidence published both for and against this notion (Cesselli at al. 

2017). Molecular mechanisms that guide proliferation and differentiation of these CPCs 

remain largely unknown (Drowley et al. 2016). Enhancing proliferation and 

differentiation of CPCs represents an interesting strategy to regenerate myocardium in 

situ (Schade and Plowright 2015).  

 

Existence of CPCs in adult mammalian heart is well established but identity and 

specific biological roles of CPCs remain unclear (Le and Chong 2016). These cells are 

heterogeneous and reside in special niches spread around the heart (Broughton and 

Sussman 2015). CPCs are estimated to make up 0,005-2% of adult hearts cells and take 

part in maintaining cardiac homeostasis (Santini et al. 2016; Schade and Plowright 

2015). These CPCs suppress apoptosis of CMs and activate many types of heart’s cells 

to repair through paracrine signaling (Schade and Plowright 2015). What defines the 

pool of endogenous CPCs is their potential to re-enter cell cycle, proliferate and 

differentiate into several cell types, albeit this might not occur in vivo (Hastings et al. 

2015). Different populations with this potential have been characterized based on 

certain markers and development of isolated cells grown in vitro, but none of the 

markers is unique to heart’s progenitors (Le and Chong 2016). These subpopulations of 

CPCs are not well defined and overlap in gene expression (Cesselli at al. 2017).  

 

Some examples of defined adult CPC populations reported include c-Kit+ (KIT), Sca-

1+, Isl1+ and cardiosphere derived cells (Le and Chong 2016). Isl-1 has since been 

found to not mark adult CPCs. The population of KIT (also c-kit or CD117) positive 

CPCs was the first one discovered and likely the best studied population (Koudstaal et 

al. 2013). KIT expression has been proposed to restrict cell proliferation and defines a 

mixed population that contains resident progenitors but also cells from bone marrow 
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and non-stem cells (Santini et al. 2016). KIT progenitors are rare in adult heart. Stem 

cell antigen 1 (Sca-1+) marks a very heterogeneous group of heart’s cells, some of 

which are progenitors. Bmi1+ CPCs presumably make up a subpopulation of Sca-1+ 

progenitors (Valiente-Alandi et al. 2016). Expression of Bmi1 protein mediates 

proliferation of many adult stem cell populations throughout body. CPCs found within 

heart may be residual cells from embryonic development (Zelarayan et al. 2016).  

 

CPCs have been reported to be able to replace CMs after diffuse myocardial damage in 

adult rodent heart (Hsieh et al. 2007). According to study by Ellison et al. the stem cell 

niche expressing KIT marker proliferates and the progeny differentiates into functional 

cardiomyocytes in response to diffuse myocardial damage (Ellison et al. 2013). 

Contribution of other cell types wasn’t ruled out, but KIT population was identified to 

account for majority of the spontaneous CM replenishment. The reported CM 

replacement is quite extensive, accounting for several percent of heart’s total CMs. In 

the case of MI however, the affected myocardium clearly doesn´t regenerate on its own. 

Contradicting the above, KIT CPCs are also reported to only form insignificant amount 

of new CMs in several more recent studies even in the same model of diffuse 

myocardial damage as used by Ellison group (Valiente-Alandi et al. 2016; van Berlo et 

al. 2014). Recent study suggests that c-kit+ CPCs in developing and adult heart 

originate from cardiac neural crest, while adult heart may also contain c-kit+ cells of 

other origins (Hatzistergos et al. 2015). BMP signaling was found to be central factor in 

suppressing their cardiomyogenic differentiation. Evidently, differentiation of the 

endogenous CPCs in vivo may be restricted by cardiac environment, since these cells 

are capable of symmetric or asymmetric division and differentiation in vitro (Cesselli at 

al. 2017). Accumulating knowledge of the mechanisms involved and well established 

presence in mammalian heart makes KIT a reasonable target population for therapeutics 

(Hatzistergos et al. 2015). 

 

Other CPC populations of adult heart capable of de novo CM generation have also been 

described. CPCs with high expression of Bmi1 reportedly proliferate and form CMs in 

adult mouse heart after MI. (Valiente-Alandi et al. 2016). These CMs form in the border 
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zone of injury and are similar to adult CMs unlike the progeny of other CPC 

populations.  

 

Cell therapy with KIT and cardiosphere derived CPCs have reportedly improved cardiac 

function after myocardial damage in clinical studies (Santini et al. 2016). Other CPC 

subpopulations and other stem cells have presented similar positive effects when 

implanted into animal heart. The improvement has been attributed to paracrine effects 

and vasculogenesis, as no significant CM regeneration is reported. Effective 

pharmacological therapies might require ways to combine proliferative effect with 

inducing differentiation. This would be to avoid exhausting the small pool of 

progenitors present in the heart. 

 

3.3 Model for cardiac tissue 

 

Progenitor cells resembling CPCs of adult heart (eCPCs) can be obtained from ESCs. 

Screening systems based on ESCs are frequently used as a model to look for small 

molecules or for example microRNAs that would drive CPCs to produce 

cardiomyocytes and other cardiovascular cells (Spiering et al. 2015).  

 

Phenotypic screening approaches have yielded majority of first-in-class drugs approved 

for use in recent years (Swinney and Anthony, 2011). Phenotypic assays identify effects 

on a signalling pathway of interest. This effect is visualized and quantified by 

expression of a fluorescent or luriferase reporter. This approach is typically chosen 

when probing for a specific response, but the exact signalling pathway or binding site 

for putative drugs are unknown. The desired cellular response can arise from any 

number of targets that provoke it.  

 

The use of a reporter line has multiple benefits in screening (Schade and Plowright 

2015). Assay development is facilitated as reporter expression can be followed in real 

time. Assay controls are immediately visible before processing the plates. Antibody-

based read outs are costly and add extra steps. 
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3.4 Strategy of using small molecules  

 

Among potential means for treatment of heart failure and loss of viable myocardial 

tissue, small molecules are especially attractive and could become future 

pharmaceuticals for promoting regenerative heart repair (Russell et al. 2012). Synthetic 

drugs are generally relatively inexpensive to produce and their pharmacokinetic and -

dynamic qualities can be tweaked for optimal effects (Schade and Plowright 2015). 

Such molecules can also pass through cell membranes (Längle et al. 2014). Acellular 

therapies in general are likely more straightforward to translate into clinical treatments 

due to not depending on a source of cells (Hastings et al. 2015). Small compounds also 

have a consistent effect and may regulate several targets and mechanisms. Numerous 

compounds that activate CM proliferation or enhance formation of CMs from CPCs 

have been discovered (Längle et al. 2014). Some compounds were first found for cancer 

research and affect major developmental pathways (Schade and Plowright 2015). Few 

compounds stimulate formation of CMs and tissue repair in vivo (Schade and Plowright 

2015).  

 

Canonical Wnt pathway is a complex system of signals with a key role in development 

but also at later stages of life (Lenz and Kahn 2014). The pathway has functions in all 

organ systems. Controlling canonical Wnt pathway has been identified to promote 

cardiac fate most strongly in uncommitted CPCs (Schade and Plowright 2015). Many 

compounds and their structure activity relationship have been extensively studied. 

Tankyrase targets have sparked interest as a target for inhibition in pharmaceutical 

industry. To address the inherent safety issues that arise from influencing a major 

developmental pathway, compounds targeting downstream effectors of Wnt/β-catenin 

are being developed. PRI-724 and ICG-001 are such molecules, inhibitor of CREB 

binding protein (CBP)/ β-catenin selectively blocks transcription mediated by that 

complex. ICG-001 is actually not toxic and it drives CPC differentiation (Längle et al. 

2014). 

 

Selective cannabinoid receptor 2 agonist AM1241 improves cardiac function after MI 

possibly by stimulating CPC proliferation (Schade and Plowright 2015). Prostaglandin 
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E2 (PGE2) causes differentiation of Sca-1+ CPCs to CMs in vivo. These may however 

result from indirect effects on the environment. 

 

Several agents that increase proliferation of CMs have been discovered as well (Schade 

and Plowright 2015). Inhibitor of p38MAPK and GSK3β inhibitor boost CM 

regeneration in adult rodent myocardium after MI. GSK3β inhibition has an effect 

similar to Wnt activation. This inhibition is downstream of Wnt pathway signal cascade. 

CaMK2 inhibitor and ERK activator (like NRG1β), which only seem have an influence 

on early CMs are pro-proliferative in vitro but not in adult heart in vivo (Uosaki et al. 

2013). Similarly, periostin ligand also promotes CM proliferation increasing cardiac 

function following an injury (Sahara et al. 2015). 

 

More basic research has helped in finding additional pathways that seem to play a role 

in regulation of CM proliferation. Many potential targets for future drug discovery have 

been identified within these pathways. One such case is Meis1 transcription factor that 

apparently downregulates several cyclins in CMs and it’s inactivation could prolong the 

period of postnatal proliferative capability of CMs in vivo (Schade and Plowright 2015). 

Another example is Hippo pathway inactivation that results in increased CM 

proliferation in vivo (Schade and Plowright 2015). Dedifferentiation of CMs is 

associated with proliferation as well (Zelarayan et al. 2016). For example, oncostatin M 

may take part in dedifferentiation.  

 

Pharmacological therapy has great potential demonstrated by variety of ways in situ 

repair could be induced. More potent, safer compounds are needed. The 

physicochemical properties of each test compound need to be determined at the 

beginning of preclinical testing, since they determine its utility. Unsatisfactory 

pharmacokinetic attributes are the most prominent reason for abandoning a drug at a 

clinical phase. Solubility in gastrointestinal system, stability, logP, logD, permeation 

trough cell membranes and the effect of efflux proteins are assessed in vitro early on. In 

vivo or ex vivo testing is needed to establish absorption, distribution, metabolism and 

excretion of a candidate drug.  
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Molecular mechanisms that guide specification into ventricular, atrial or other subtypes 

of CMs are also of interest (Schade and Plowright 2015). For example, treatment with 

1-EBIO generates a culture of CMs with mostly pacemaker-like phenotype. 1-EBIO 

activates calcium dependent potassium channels. AG1478, an ErbB antagonist has a 

similar effect to the phenotype. Retinoic acid has potential to strongly favor atrial 

phenotype, while addition of RA receptor antagonist BMS-189453 may produce more 

ventricular subtype. Inhibition of canonical Wnt pathway seem to generate more 

ventricular CMs from hPSCs. Wnt pathway appears to be a central component in 

subtype specification. 

 

3.5 mESC line used for screening 

 

Murine embryonic stem cell lines that originate from E14 were used for the assay. The 

lines’ Myl2-eGFP reporter gene facilitates identifying and quantifying the ventricular 

cardiomyocytes. Ventricular myosin light chain 2, or for short Myl2 gene is specifically 

expressed in heart’s ventricular myocytes (Hartogh and Passier 2016). The Myl2 protein 

and the adjacent eGFP make up a part of sarcomeres so the reporter expression starts in 

immature cardiomyocytes. Cardiomyocytes mature trough increasing their sarcomere 

content and thus eGFP reporter intensity increases with maturation. A double reporter 

mESC line carrying an additional atrial Smyhc3-RFP marker is utilized in the 

developed assay. Slow myosin heavy chain 3 (Smyhc3) promoter transgene, specific to 

atrial CMs allows recognition of chamber subtypes through RFP or eGFP labels, 

respectively (Wang et al. 1996).  

 

 

4. Aim of the study 

 

The aim of this study was to develop a screening method for small compounds that 

enhance cardiac progenitor or stem cell proliferation and/or differentiation. The mESC 

Myl2-eGFP reporter lines had been used for drug discovery assays previously, so the 

existing methods to acquire and handle the cells were used as a basis for assay design. 

Central goal was to facilitate sufficiently high throughput to test possibly hundreds of 
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conditions at once. First objective was to utilize an established differentiation protocol 

to set up a pilot assay in 96 well format. Next was to miniaturize the assay and optimize 

data quality and practicality. Another goal was to validate the assay using a small 

number of selected compounds.  

 

 

5. Materials and methods 

 

The mESCs used were Myl2v-eGFP reporter lines, derived from E14 mESC line. The 

parent wild type line was used as a control. The cardiac progenitor cells needed for the 

screening are obtained from mESCs via directed differentiation. The differentiation 

technique used is based on protocol by Kattman et al. in 2011. The pluripotent mESCs 

are first grown in conditions inhibiting differentiation. Differentiation is provoked by 

transferring the mESCs to neutral conditions where they spontaneously form embryonic 

bodies (EBs). After two days of initial culture, a specific set of cytokines is introduced 

in order to quide specification of the cells towards cardiac lineage. By day 4 early 

cardiovascular progenitors expressing PdgfR-α and Flk-1 are present (Kattman et al. 

2011). These CPCs continue to develop dependent on conditions and can be steered to 

become CMs by day 7 or 8.  

 

5.1 Cell culturing 

 

Cells of all stages were grown at 37℃ under atmosphere with 5% CO2 and high relative 

humidity. 

 

Collecting mESCs from a T25 flask: Medium is aspirated and the cell layer washed 

with 7 ml of PBS. 1 ml of TrypLE is added and the flask incubated in 37℃ for 4 

minutes to detach the cell layer. Clumps of cells are broken up through repeated 

pipetting and 1 ml of MEF medium is added to inactivate TrypLE. The suspension is 

transferred into a tube with 8 ml of MEF medium. The tube is centrifuged at 1200 RPM 

for 3 minutes and the supernatant aspirated.  
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Washing steps: 10ml of IMDM is added onto cell pellet in a centrifuge tube, 

centrifuged at 1200RPM for 3 minutes and the supernatant aspired. 

 

5.2 Media 

 

Media components used for differentiation are presented here.  

Media Details Supplier catalog 

number 

Brand/Supplier 

PBS Without Ca++, 

Mg++ or phenol red 

BE17-516F BioWhittaker Lonza 

DMEM with 4,5 g/l glucose, 

without L-Glutamine 

BE12-614F BioWhittaker Lonza 

FBS Fetal Bovine Serum 10270-106 Gibco® Life 

Technologies 

SP34 StemPro®-34 

Serum-free medium 

kit: SP34 medium 

and nutrient 

supplement 

10639-011 Gibco® Life 

Technologies 

IMDM without L-

Glutamine, with 

sodium bicarbonate 

I3390 Sigma-Aldrich Life 

science 

Ham’s F12 with L-Glutamine 10-080-CVR Corning 

Embryomax FBS Fetal Bovine Serum, 

ESC quality 

ES-009-B EmbryoMax® 

Millipore 

GlutaMAX 100X L-Glutamine in 

stabilized form 

35050-038 Gibco® Life 

Technologies 

MEM NEAA 100X Non-essential 

amino acids 

11140-035 Gibco® Life 

Technologies 

2-Mercaptoethanol 1000X, 55mM in 

DPBS 

21985-023 Gibco® Life 

Technologies 

MTG 1-Thioglycerol >97% 

for cell culture 

M-6145 Sigma-Aldrich Life 

science 

N-2 100X N-2 

supplement 

17502-048 Gibco® Life 

Technologies 

B-27 50X B-27 

supplement, minus 

vitamin A 

12587-010 Gibco® Life 

Technologies 

0.1% Gelatin 0.1% porcine gelatin 

in water 

ES-006-B EmbryoMax® 

Millipore 

TrypLE 1X TrypLE Express 

enzyme, without 

phenol red 

12604-013 Gibco® Life 

Technologies 
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Cytokines Details 

 

Supplier catalog 

number 

Brand/Supplier 

LIF Mouse leukemia 

inhibitory factor 

10^7 units/ml 

ESG1107 Esgro® Millipore 

BMP4 Bone morphogenetic 

protein 4, 

recombinant human 

314-BP-010 R&D Systems 

Activin A Recombinant 

human/mouse/rat 

activin A protein 

338-AC-010 

 

R&D Systems 

FGF10 Fibroblast growth 

factor 10, 

recombinant human 

345-FG-025 R&D Systems 

hFGFb Fibroblast growth 

factor basic, 

recombinant human 

233-FB-025 R&D Systems 

hVEGF Vascular endothelial 

growth factor 

293-VE-010 R&D Systems 

 

Commonly used media are presented here. 

MEF medium: DMEM + 10% FBS 

ES medium: DMEM, 15% Embryomax, 1% Glutamax, 1% MEM NEAA, 0.1% 2-

mercaptoethanol, 0.01% LIF 

SP34: StemPro34 SFM 50ml, SP34 nutrient supplement 1.3ml, Glutamax 500µl 

SFD: IMDM, Ham’s F12 25%, 10% BSA in PBS 0,5%, Glutamax 0.75%, B27 1%, N2 

0,5% 

Maintenance medium (MM): SP34 (With supplement and glutamax), VEGF 5ng/ml, 

FGFb 10ng/ml, FGF10 25ng/ml, Ascorbic acid 50µg/ml 

 

5.3 mESC culture 

 

At the initial pluripotent stage, mESCs are grown in feeder free cell culture with 

leukocyte inhitory factor (LIF) included in the medium, in adherent conditions. 

 

Mouse ESCs are cryopreserved at -160℃ divided into small vials that make up the 

stock. To start each experiment, a cryovial is thawed and the cells cultured for four days 

(figure 2).  The mESCs are cultured in LIF containing ES medium to maintain 

undifferentiated state. During this period the cells propagate enough for sufficient cell 
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numbers for the assay. The growth period also serves to confirm pluripotency and the 

highly proliferative mESCs outgrow differentiated cells. Pluripotent cells are small and 

round, and the cells seem to visibly change shape when differentiating. Visual 

appearance can be used as a rough indicator for potency of the culture.  

 

 

Figure 2. mESC culture timeline. The cells are thawed four days prior to beginning 

differentiation and grown in LIF containing medium until then. The medium is changed 

each day and cell density maintained by dividing at day -2 when close to confluency.  

 

A vial of cryopreserved mESCs is transferred from cryotank to cell lab on ice and 

quickly thawed in 37℃ waterbath for 3 minutes. The cell suspension is diluted with nine 

times its volume of DMEM with 10% FBS, centrifuged and the supernatant aspired. 

The cells are resuspended and dispersed in around 8 ml of ES medium in a T25 flask 

coated with 0.1% gelatin. The cells are frozen in 10% DMSO containing medium. After 

thawing in the afternoon, ES medium is replaced early next day to remove any dead 

cells and residual DMSO.  

 

The flasks are subcultured at day -2 to maintain subconfluency and the media changed 

daily. Subculturing is performed as follows: Medium is aspirated and the cell layer 

washed with 7 ml of PBS. 1 ml of TrypLE is added and the flask incubated in 37℃ for 

4 minutes to detach the cell layer. Clumps of cells are broken up through repeated 

pipetting and transferred into a tube with 9 ml of MEF medium. The tube is 

centrifuged at 1200 RPM for 3 minutes and the supernatant aspirated. The pellet of 

cells is resuspended in an appropriate amount of ES medium and counted. 350 000 

mESCs are seeded per T25 flask as described above. 

thaw ESCs:    

media with LIF 

change media passage  

¾ cofluency 

initiate 

differentiation 

change media 

Day -4 Day -3 Day -2 Day -1 Day 0 
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5.4 Induction of cardiac mesoderm 

 

The cells are cultured in suspension where they form EBs for four days to direct 

differentiation. For the first 48 hours of differentiation medium contains SFD with 

ascorbic acid and MTG. At day 2 cytokines are introduced and for 42 hours induction 

medium contains SFD with 5mg/ml ascorbic acid, 39nl/ml MTG, 5ng/ml VEGF, 

7ng/ml Activin A and 0,7ng/ml BMP4. 

 

Day 0 cells are collected from T25 flasks as described before. After aspirating MEF 

medium, the mESCs are washed twice with IMDM in order to remove serum and LIF. 

The resulting cell pellet is resuspended in 1 ml of IMDM for counting the cell 

concentration. These cells are then plated to 90mm dishes (Sterilin petri dish 90mm, 

Thermo scientific) in serum free differentiation media at 750 000 cells/10 ml per plate.  

 

At day 2, the EBs are collected by transferring them into 15 ml tube with their medium 

using a serological pipette with a wide tip and washing the plate with 5 ml of IMDM 

while tilting the dish. The tube is centrifuged at 800 RPM for 3 minutes and the 

supernatant removed. The cells are then dissociated with addition of 1 ml TrypLE for 

1,5 minutes in 37℃ water bath. After breaking the remaining clumps by pipetting, 9 

ml of MEF is quickly added and the tube centrifuged at 1200 RPM for 3 min 

followed by washing twice with IMDM. The cells are counted and plated in the 

induction medium as on day 0. 

 

Day 4 cells are handled like on day 2 and transferred onto ultralow attachment plates. 

150 000 cells in 250µl of maintenance medium (MM) per well are plated on 24-well 

plates. 

 

5.5 CPC Differentiation 

 

The cardiospheres that have formed overnight are dissociated and plated onto screening 

plates (Corning® 384 well Flat Clear Bottom Black Polystyrene TC-Treated 
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Microplates, Sterile, # 3764) at day 5. The spheres are collected into a tube with 10 ml 

of PBS. They’ll settle to the bottom in three minutes so that PBS can be aspirated.  

Miltenyi neonatal heart dissociation kit is used for dissossiation according to 

manufacturer’s instructions. The plates are coated with 0.1% gelatin for 1 hour at room 

temperature. 10 000 cells in 50µl of maintenance medium are plated per well on 384 

well plates. The plating is done as fast as possible with multichannel pipette and the 

cells are allowed to settle in the hood undisturbed for 20 minutes before moving the 

plates into incubator. Two outermost wells were not used in the experiments to avoid 

edge effects. They were filled with PBS and utilized as blanks. 

 

To study effects in CPCs, medium is changed to one with compounds to be tested at day 

6. Compounds are added to maintenance medium and since they come dissolved in 

DMSO, 0.1% DMSO is used as vehicle. Four technical replicate wells were created. 

Medium is changed back to MM at day 8. For effect at even later stage, the same 

molecules were added to another set of wells were treated day 7-9. The medium was 

changed daily. As the positive controls 3, 10mM XAV939 (Sigma-Aldrich) is used. 

Figure 3 illustrates the timeline of compound treatments. 

 

 

Figure 3. CPCs were treated with test compounds day 6-8 and other cells day 7-9. The 

CPCs reach early CM stage in their development by around late day 7, so the later 

treatment schedule gives information about effects towards primitive CMs rather than 

CPCs. 

 

5.6 Total fluorescence quantification with plate reader 

add test compounds 

PBS wash 

plate reader 

Day 6 Day 7 Day 8 Day 9 

add test compounds 
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Total fluorescence of the whole cell population in each well was measured to assess the 

effect of different treatments. Assay endpoint was total fluorescence, which was 

measured at day 9 of the experiments. The plates were washed 4-5 times with cold PBS 

to remove the media and placed on ice until reading. Pherastar FS reader at 485/520 nm 

with bottom reading was used. With orbital averaging the reader measures 20 spots 

around the well and provides the average of these as a result. 

 

To account for background fluorescence, blank wells were placed on each plate. 

Background was subtracted from raw values. Wild type cells had the same fluorescence 

as the empty with just PBS. Interestingly, wells with just media without cells had higher 

BG fluorescence even after multiple washings. 

 

5.7 Flow cytometry 

 

BD Accuri C6 Sampler was used to quantify cells at different stages. Laser based flow 

cytometry technology allows counting and characterizing individual cells in a 

suspension based on their physical features (Jaroszeski and Radcliff 1999). Ventricular 

CMs are identified by the endogenous Myl2-eGFP marker. cTnT staining marks all 

CMs. The instrument provides measurements of each cells several traits, making the 

overall result highly accurate. Flow cytometry was used as a reference method and to 

inform adjustment of cytokine concentrations for induction stage. 

 

5.8 Method optimization 

 

Different numbers of cells were plated on the 384 well plates at days 5, 6, 7 and 8 to 

establish optimal conditions for the screening. Media with different growth factors were 

tested for each day and cell number. Wnt inhibitor XAV39 was used as a model 

compound to produce strong positive effect compared to the DMSO control. 

 

5.8 Immunofluorescent staining of adherent cells 
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Cell populations on plates and coverslips were fixed and stained for various intracellular 

markers in order to further characterize them. The cells were fixed with 4% PFA 

solution for 15 minutes, permeabilized with 0,5% Triton-X 100 for 15 minutes. 

Treatment with 3% BSA for an hour at 20℃ was used for blocking. Samples were 

exposed to primary or conjugated antibody in 3% BSA at 4℃ overnight, and to 

secondary in plain PBS for an hour at 20℃. Vectashield with DAPI (VECTASHIELD 

Antifade Mounting Medium with DAPI, Vector laboratories #H-1200) was used for 

nuclei stain. 

 

 

6. Results 

 

Developed assay was to identify treatments that stimulate CPCs’ ability to proliferate 

and differentiate into CMs. The Myl2-eGFP marker of the reporter line used confirms 

the presence of ventricular CMs and allows quantification of these cells in a 

straightforward manner. Acceptable separation of positive and negative signals was 

achieved and treatments affect the readout signal enough to unambiguously tell apart 

positive, negative and baseline as illustrated in figure 4.  
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Figure 4. Collection of wells representative of an assay with compounds added day 6-8. 

Retinoic acid was included as negative control and XAV939 as positive control with 

0,1% DMSO as vehicle. White scale bar is 1mm in length. 

 

6.1 Assay design 

 

The phenotypic assay design provides an unbiased way to determine effects of applied 

treatments. Total green fluorescence corresponding to the amount of myl2-eGFP protein 

was used as the assay endpoint to indicate the biological effect. This assay design 

inherently doesn´t discriminate between CM number and an increase in Myl2 

expression. Myl2 is a sarcomeric protein so it´s expression in CMs increases with 

maturation process. Positive control XAV939 promotes CPC differentiation to 

ventricular CMs and also increases Myl2 expression. Retinoic acid was included as 

negative control. A small set of other molecules was used for testing during assay 

development. A few of the other compounds were also known to affect cardiac lineage 

differentiation. 

Ventricular CMs identified by Myl2 constitute major part of all CMs in vivo as well as 

within the in vitro populations that form on the assay plates. Other subtypes of cardiac 

myocytes include atrial and conductive system cells (Sahara et al. 2015). Atrial CMs 

can be identified separately by their respective SMyHC3-RFP marker that specifically 

distinguishes the phenotype. Reading the second signal of red fluorescence at 

540/590nm along with the quantification of the primary marker GFP presents no need 

for additional effort. To verify that CMs appear on the plates, cells derived from the 

model stained positive for several cardiac markers (figure 5). Additionally a widely 

used marker for CMs, cardiac troponin T (cTnT) is expressed in Myl2v+ cells as 

illustrated. Spontaneously beating regions visible under microscope also appear on the 

plates. The patches of beating cells align with situation of GFP fluorescence. Cells with 

CM phenotype appear between day 7 and 8 and continue to mature during the following 

days. 

Assay design provides an opportunity to add the test compounds at a later stage so a 

variation of the first method with treatment days 7-9 was developed simultaneously. 

With at least part of the CPCs adopting early CM identity by late day 7, data from these 

experiments could point out regulators more relevant to that stage in development. This 
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assay variant doesn’t include positive or negative controls and isn´t functional as a 

standalone assay as is. 

 

Figure 5. Cells positive for cTnT at day 20. Cells used for the assay differentiate into 

cardiomyocytes with cardiac markers. Myl2 positive cells also stain positive for cTnT. 

Scale bar = 100µm 

 

6.2 Development and optimization 

 

Miniatyrization from 96 to 384 well format didn’t affect cell growth, but number of 

technical replicates was increased to four due to increased technical difficulty and error 

rate. Wild type cells were plated as blank controls for initial experiments. 

Autofluorescence of these cells was found negligible and equal to empty wells. Instead, 

media residue is strongly fluorescent at green wavelength and significantly contributes 

to well-to-well variability. 

 

The yield of CMs in the neutral control wells was found highly variable between 

differentiations and plates when setting up the assay. Pluripotency of the starting 

mESCs was confirmed through staining for Oct-4 marker (figure 6). Crucial for cardiac 

lineage formation, Oct-4+ cells make up almost all of the cells on day 0. Capacity of the 

mESCs to contribute to the pool of CPCs doesn’t seem to limit the yield. Instead, 

cytokines activin A and BMP4 needed titration for optimal amounts each time a new 

batch was used for differentiation. The best results were obtained with approximately 
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20% of cells becoming Myl2-eGFP+ in neutral controls at day 9, quantified by flow 

cytometry. 

 

Directed differentiation protocol promotes commitment to cardiac fate producing a 

heterogenous, CPC enriched population to plate at day 5. While CPCs were not 

extensively characterized, their identity as progenitors is evident. The CPCs are capable 

of differentiating into CMs, but likely also other cells of cardiac lineage (figure 7). 

Expression of cardiac markers Nkx2.5, Tbx5, Isl1 and Mef2c by day 6 indicates 

commitment to cardiac lineage (Kattman et al. 2011). 

 

 

Figure 6. mESC colony of the reporter line stained positive for Oct-4. Oct-4 is a 

pluripotency marker and DAPI a non-specific staining for nuclei.   
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Figure 7. Day 20 double reporter line cells stained for α-smooth muscle actin (α-SMA; 

cyan) with nuclei stain (blue). α-SMA coincides with Myl2-eGFP in a portion of the 

cells, while α-SMA also marks some Myl2- cells that represent non-cardiomyocytes. 

These α-SMA+ are not CMs of either ventricular nor atrial phenotype, evident by their 

lack of endogenous markers Myl2-eGFP and Smyhc3-RFP(Wang et al. 1996). 

Temporal expression of α-SMA is typical of early stage differentiating CMs (Kern et al. 

2014).  

 

6.3 CPCs give rise to CMs in a process susceptible for external regulation 

 

Differentiation and growth of the progenitors is determined by their conditions. The 

expression of Myl2 on day 9 within cell population is decreased to less than half with 

day 6-8 addition of retinoic acid (figure 8). Conversely, a known regulator of CPC 

differentiation XAV939 boosts the signal at least 3,5 times. Sb431542 also produces a 

clear positive effect as expected. It´s a potent inhibitor of TGF-β pathway and 

previously reported to enhance differentiation of CPCs. Furthermore, these effects are 

specific to developmental stage of the cells. Profoundly different effects were found for 

many of the compounds between d6-8 and d7-9 exposure (figure 8). This difference in 

response supports the perception that at least majority of the CPCs reach CM stage 

around late day 7, converting their reaction to stimuli. Interestingly, the effect of 

retinoic acid gets reversed whereas most of the other library compounds cause a similar 

response between d6-8 and d7-9.  
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Figure 8. Compound assay results. eGFP fluorescence intensity (mean ± SEM, n=3) 

relative to DMSO control. 0.1% DMSO was used as a vehicle. Cells were treated with 

the molecules day 6-8 (in blue) and day 7-9. The effects were quantified with plate 

reader on day 9 (Pherastar FS 485/520nm). The amount of Myl2-eGFP reporter 

indicates quantity and maturity of ventricular CMs. Cells’ developmental stage defines 

the effect of different stimuli: Wnt pathway inhibitor XAV939 boosts CPCs’ CM yield 

many fold at earlier stage and not a day later.  

 

One of the library’s research molecules was identified to more than double the yield of 

Myl2-eGFP (figure 8). Only 2 concentrations were tested during this testing phase but 

the compound also seems to produce a dose dependent effect (figure 9). XAV939 was 

chosen for strong maximum effect which it induces with both tested concentrations. 

Other compounds with a less potent effect would only be considered hits with a cutoff 

activity of 1,5 that of control.  
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Figure 9. XAV939 and compound 1103 seemed to produce a positive dose response 

with a clear effect in the screening assay when introduced day 6-8. Results represent 

three separate assays with four technical replicates averaged. 

 

6.4 Assay quality 

 

Z’-factor is a statistical parameter used to express assay quality and applicability to HTS 

(Hughes et al. 2011). Day 6-8 assays of myl2-eGFP yielded Z’-factor values 0.88, 0.74 

and 0.65 with 10µM XAV939 as maximum signal and DMSO as minimum (Iversen et 

al. 2012). Values of Z’>0,5 represent excellent performance for screening with 

significant separation between signals of positive and neutral controls (Iversen et al. 

2006; Iversen et al. 2012). The results were reproducible across the three plates, but 

only the most potent compounds could be clearly identified as hits. The method of 

producing the CPCs was found unreliable and large number of experiments failed due to 

low yield of CPCs. These failed plates are easily identified but drive up the cost of the 

assay. 

 

 

7. Discussion and conclusion 

 

The goal of this project was to establish a method to test a number of candidate 

molecules efficiently in a microplate format. The screening assay was to identify 
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compounds, which might enhance proliferation or differentiation of cardiac progenitors. 

This small scale screening successfully identified several chemicals enhancing 

ventricular CM output of CPCs. Developmental stage dependency was simultaneously 

demonstrated for regulators of common pathways as expected. Proliferative potential 

declines but is not completely ceased within this early time period of testing. 

 

Various screening assays to a similar end have been published, most based on imaging 

for quantification. Evidently, the choice between plate reader and imaging based 

techniques is a compromise. Plate readers are applicable and widely used for high-

throughput screening (HTS) assays. HTS utilizing modern plate readers is made simple 

and quick. Most phenotypic screens are high content screen (HCS) with generally lower 

throughput. Image based quantification has demonstrated accuracy superior to plate 

reader in this application in one design (Uosaki and Yamashita 2011). 

 

One compound of certain interest was identified by the assay. Further experimentation 

will need to be performed to characterize hits like this. Any hits should be verified in 

secondary assays. Using flow cytometry to determine the number of cells would provide 

interesting data as to whether more CMs are present and if their Myl2 content differs 

from the controls. 

 

Reporter line used in the study allows quantification in several time points during test 

period without having to destroy samples. The results may be further ensured with other 

methods using the intact samples. The use of reporter line minimizes the number of 

steps needed to prepare the samples for quantification. This simplifies the process. 

 

The main problem with the developed assay is to reliably produce progenitor cells with 

appropriate potency. In the process of induction the progenitors lose their potency to 

develop into CMs. The induction process is affected by such a large variety of factors 

that they become essentially impossible to completely prepare for. It seems probable 

that the major cause of defective induction was variability in cell culture materials. 

Efficient and reproducible production of CPCs is a common challenge among different 

research groups that have tried to implement medium or large scale assays similar to 
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this one (Willems et al. 2011). Cryopreserving the CPCs for later use is one way to 

address the problem. If a large number of CPCs were created at once, properties of this 

population could be verified before their use in successive screening experiments. 
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