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Are We There Yet?
A Story About Cardiac Stem Cells

Shizuka Uchida, Piera De Gaspari and Thomas Braun
Max-Planck-Institute for Heart and Lung Research
Germany

1. Introduction

The heart is the first organ which becomes functional during embryonic development.
During lifetime, it cannot rest or stop working without sacrificing the whole organism.
Nobody would question that the heart is one of the most vital organs in the body. Severe
diseases of the heart compromise the quality of life and often lead to premature death.
Cardiovascular diseases are currently the number one killer around the world, and it seems
likely that this will not change in the near future. It is therefore not a surprise that huge
efforts are made to treat cardiac disease and more recently to repair damaged hearts.
However, up to now, there is no causative and definitive cure for cardiovascular diseases
although major therapeutic improvements were made. Yet, most therapeutic approaches
tackle symptoms and not causes, which is in part due to the complex etiology of
cardiovascular diseases (e.g. environmental, genetic, life style, physiological, etc. (Kullo &
Cooper, 2010)).

During the last halve of the century, the view predominated that the heart is essentially a
post-mitotic organ, overthrowing previous assumptions, which reasoned that the heart is
able to regenerate. The latter theory persisted from 1850 to the first quarter of the 20th
century and was then replaced by the belief that remodelling events of the heart are solely
based on growth rather than on proliferation of cardiomyocytes (Carvalho & de Carvalho,
2010; Karsner et al., 1925). More recently, the view that cardiomyocytes cannot renew has
been put into question. Piero Anversa’s group published a series of articles claiming that
ongoing cell death of cardiomyocytes in the heart requires extensive replacement of
cardiomyocytes. It is not surprising that this hypothesis stirred a lot of controversy (Anversa
et al., 2007). One should not forget, however, that the concept of cardiomyocyte renewal is
not completely new. A very low but nevertheless detectable level of cardiomyocyte cell cycle
activity was reported in rodent studies almost 50 years ago (Soonpaa & Field, 1998).

One of the major challenges in the field has been the detection of newly formed
cardiomyocytes and/or the visualization of cell division events. This problem has been, at
least partially, overcome by utilizing clever labelling schemes, which rely on the intentional or
non-intentional labelling of the genetic material of cardiomyocytes. A study by Jonas Frisén
and his colleagues (Bergmann et al., 2009) took advantage of the nuclear fall-out that was
generated during nuclear bomb testing until 1963. The carbon-14 (C14) isotope that was
released into the atmosphere was incorporated into plants and animals or diffused into the
oceans to enter the food cycle and eventually “labelled” human beings. Using the C14
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concentration in cardiomyocyte genomic DNA, Frisén’s group calculated the age of
cardiomyocytes. The authors estimated that human cardiomyocytes renew at a rate of 1% per
year at the age of 20, which declines to 0.45% at the age of 75. According to their calculation,
fewer than 50% of cardiomyocytes are renewed during a normal life span of a human being. In
2010, Anversa’s group reported a much higher rate of turnover using materials from cancer
patients who received infusion of the radiosensitizer iododeoxyuridine (IdU) for therapeutic
purposes. IdU is rapidly incorporated into cycling cells thereby setting up a pulse-and-chase
“experiment” (similar to bromodeoxyuridine (BrdU)-labelling (DuFrain et al., 1984)).
According to the IdU study, the turnover rate of cardiomyocytes is 22% per year (20% and 13%
for fibroblasts and endothelial cells, respectively). The lifespan of cardiomyocytes was
calculated to be ~4.5 years resulting in the claim that cardiomyocytes renew several times
during a normal life span (Kajstura et al, 2010a). To further support their hypothesis,
Anversa’s group published another report (Kajstura et al, 2010b), which demonstrated that the
ageing human heart of women is more adoptive to cardiomyocyte loss than that of men
(Olivetti et al., 1995). By counting cardiomyocytes and c-kit+ cardiac stem cells (CSCs)
undergoing apoptosis, cellular senescence and proliferation, the authors concluded that from
20 to 100 years of age, the entire cardiomyocyte compartment of women is replaced 15 times,
whereas that of men is renewed 11 times. These numbers, which are provocatively high, are
awaiting independent confirmation from other labs.

At the first glance, results of the above mentioned 3 reports in human seem to contradict
findings in mice published in 2007. By utilizing transgenic mice to trace the fate of adult
cardiomyocytes based on alpha-MHC-driven GFP expression, Hsieh et al. (Hsieh et al.,
2007) observed cardiomyocyte turnover by stem or precursor cells after myocardial
infarction or pressure overload. However, during normal ageing up to one year (which is
equivalent to a 34-year-old human (Holaska, 2008)), the authors did not record a significant
turnover of cardiomyocytes. Yet, a careful analysis of the published data reveals that
labelling based on tamoxifen injections is not 100% (82.7 = 1.7% in the above study), and
there is a 1-2 percent fluctuation of labelled cells, which explain differences to the results by
Bergmann et al. (Bergmann et al., 2009).

Although the above mentioned studies in human cardiomyocyte turnover are intriguing
and provide impressive results, some problems remain. Human cardiomyocytes initiate cell
cycle activity in response to mechanical stress (e.g. hypertrophy) without nuclear or cell
division (karyo- and cyto-kinesis, respectively) (Adler & Friedburg, 1986; Soonpaa & Field,
1998), which might lead to an increase of the number of labelled cardiomyocytes.
Surprisingly, there is no consensus in the literature regarding the number of nuclei in
human cardiomyocytes. While murine cardiomyocytes are >90% binucleated (Liu et al.,
2010; Soonpaa et al., 1996), it has been reported that 74% of human cardiomyocytes are
mononucleated, compared to 25.5% for bi-, 0.4% for tri- and 0.1% for tetranucleated cells
(Olivetti et al., 1996). The calculations of Anversa’s group in recent publications relied
mostly on those numbers (Kajstura et al, 2010a, 2010b). On the other hand, Frisén’s group
argued that the bulk of human cardiomyocytes is not mononucleated. According to their
calculations, the majority of cardiomyocyte nuclei from the human adult left ventricle has
more than two complete sets of chromosomes, (i.e. 33.5, 55.8 and 10.7% are di-, tetra- and
octa-ploid, respectively (Bergmann et al., 2011)). It should not be too difficult to resolve this
discrepancy in the future.

Given the findings discussed above, it seems safe to state that cardiomyocytes undergo a
certain degree of renewal during the lifetime of a mammalian organism. The cellular source
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of cardiomyocyte renewal, however, remains an open question. In principal, it is possible
that new cardiomyocytes are generated from already existing cardiomyocytes, a principle
that dominates embryonic heart development. Alternatively, different types of cardiac stem
cells might generate new cardiomyocytes and other cell types following an endogenous
program or inductive stimuli. To address these possibilities, it is required to utilize proper
animal models since the required experimental manipulation is not applicable to human
beings. Therefore, we will first survey the origin of cells in the heart and then pay special
attention to putative cardiac stem cells (CSC) in the murine heart.

2. Cell types in heart and their lineages

Researchers from other fields often assume that the heart is mostly made up from
cardiomyocytes, which is not true. The mouse heart is composed of ~56% cardiomyocytes,
27% ftibroblasts, 10% vascular smooth muscle cells and 7% endothelial cells (Banerjee et al.,
2007). Most likely, several other cell types are hidden within these principal groups awaiting
further characterization. Interestingly, the distribution of cell types in the heart varies
between different rodent species. Rat hearts contain only 26.4% cardiomyocytes, a number
that is similar to human beings. The major cell type in rat and human hearts is the fibroblast
(62.6%) (Banerjee et al., 2007; Nag, 1980). If we look at the composition of cell types in the
heart, rats appear to be rather similar to humans (Rubart & Field, 2006). Moreover, there are
several other reasons which added to the popularity of the rat as a cardiovascular model
system compared to mice (Aitman et al., 2008). However, advanced genetic manipulation of
rats was not possible so far (Cui et al., 2011; Tong et al., 2010) although the advent of zinc
finger nucleases (Geurts et al., 2009) and rat ES cells (Buehr et al., 2008; Li et al., 2008) might
change that picture in the future. Given that the composition of cell types differs greatly
between human and mice, it might not be possible to translate all findings in mice directly
to humans. Nevertheless, the advanced state of mouse genetics greatly facilitates analysis of
CSCs.

2.1 Cardiomyocytes

Cardiomyocytes constitute the functionally most relevant part of the myocardium, which
generates the necessary force enabling the heart to act as a pump. Although the view about
cardiomyocyte turnover might have changed over the years, several studies carefully
documented birth and growth of cardiomyocytes. For example, Loren Field's group
(Soonpaa et al., 1996) reported that DNA synthesis in cardiomyocytes occurs in two distinct
phases during the murine development. The first phase is associated with cardiomoycyte
proliferation, which occurs during fetal life. The second phase follows after the cession of
reduplication of cardiomyocytes (transition from the first phase takes place before day 10
after birth). The feature of this phase is binucleation of cardiomyocytes due to a round of
genomic duplication and karyokinesis without cytokinesis.

Currently, the following four sources of cardiomyocyte renewal are considered (Parmacek &
Epstein, 2009):

1. Adult cardiomyocytes reentering the cell cycle and divide

2. Bone-marrow-derived cardiac stem/progenitor cells

3. Cells derived from the embryonic epicardium

4. Cardiac stem/progenitor cells
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Since a lack of sufficient number of cardiomyocytes can cause many forms of congenital and
adult cardiovascular diseases, intensive research has been conducted to find a set of
genes/proteins that might drive adult cardiomyocytes into cell cycle to regenerate
cardiomyocytes (Rubart & Field, 2006). However, one needs to keep in mind that such
approaches bear some inherent problems and that it is absolutely required to prevent
uncontrolled proliferation. Since primary cardiac tumours are very rare (Devbhandari et al.,
2007), there must be an intrinsic, biological block, which prevents division of
cardiomyocytes soon after birth. Studies by several laboratories revealed that it is rather
difficult to overcome this block and to achieve controlled proliferation of adult
cardiomyocytes (Ebelt et al., 2005, 2006, 2008a, 2008b). There is still hope, however, to utilize
the remaining, low-level potential of cardiomyocytes to proliferate for therapeutic purposes.
The second acclaimed source of cardiomyocyte renewal is bone-marrow-derived
mesenchymal stem cells (BMSCs). Transdifferentiation of such cells has been fiercely
debated over the years, which is well beyond the scope of this chapter. Interested readers
might consult the excellent articles (Alaiti et al., 2010; Phinney & Prockop, 2007; Psaltis et al.,
2008), which cover this topic. The majority view in the field sees BMSCs as beneficial to treat
patients suffering from acute myocardial infarction and ischemic heart failure (Chugh et al.,
2009). However, transdifferentiation of transplanted or injected BMSCs (fresh or cultured)
are not very likely to contribute to the success of these therapies; instead, BMSCs secrete
growth factors and cytokines that might enhance survival of surviving cardiomyocytes and
stimulate endogenous repair mechanisms via activation of resident CSCs and other stem
cells (Wen et al., 2010). Regarding the issue of transdifferentiation, an interesting study was
conducted by Nern et al. (Nern et al., 2009). In this study, the authors employed a lineage
tracing system based on the haematopoietic-specific promoter vav to monitor cell fusion
events under physiological conditions to challenge transplantation studies using BMSCs. In
the case of the heart, the authors found only a single LacZ-positive (the reporter gene from
Rosa26 LacZ allele) cardiomyocyte in four hearts of non-irradiated healthy trasgenic mice
(vav-iCre/Rosa26 LacZ). Therefore, it is unlikely that haematopoietic cells contribute to
renewal of cardiomyocytes. Of course, one might argue that the labelled cells are different
from BMSCs but current evidence does not support the view that BMSCs act as major
players for the cardiomyocyte renewal.

The third potential source of cardiomyocyte renewal is so-called “epicardially derived
mesenchymal cells (EPDCs)” (Morabito et al., 2001). EPDCs are derived from a
subpopulation of epicardial cells and were shown to differentiate into cardiac vessels,
cardiomyocytes and connective tissue of heart (Limana et al.,, 2011). Some authors name
these cells “cardiac stem cells” (Wessel & Pérez-Pomares, 2004) although several other cell
populations, which reside within the myocardium have also been dubbed this way. A more
comprehensive description of different population of putative cardiac stem cells is given
below in Section 3.

2.2 Smooth muscle cells

Smooth muscle cells are highly plastic and might toggle between a contractile and synthetic
phenotype in response to extracellular cues unlike their striated muscle cousins (cardiac and
skeletal muscle cells) (Owens, 1995). In the heart, the tone of vascular smooth muscle cells
regulates the diameter of blood vessels, blood pressure and blood flow (Rzucidlo et al.,
2007), which are integral to the function of the heart. Dysregulation of smooth muscle cells
promote various diseases, including atherosclerosis, which results in over 55% of all deaths
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in Western civilization (Owens et al., 2004). Therefore, significant efforts have been made to
elucidate pathological mechanisms affecting vascular smooth muscle cells. Vascular
progenitor cells (Kumar & Caplice, 2010) have been claimed to represent a potential source
for the renewal of damaged or diseased smooth muscle cells. Since the major source of such
progenitor cells are from vascular walls, which consists of endothelial cells, they will be
discussed in the next subsection.

2.3 Endothelial cells

In arteries and arterioles, endothelial cells are closely associated with vascular smooth
muscle cells while capillaries are devoid of smooth muscle cells (Ergiin, 2011). Due to their
importance, endothelial cells have been studied intensively and numerous excellent reviews
are available. Here, we discuss briefly potential progenitor cells of the endothelium known
as “vascular progenitor cells” or “endothelial progenitor cells (EPCs)”.

The first report about EPCs in 1997 (Asahara et al., 1997) gave rise to numerous other studies.
Most researchers relied on surface markers to identify EPCs, sort them and put them in culture
to differentiate them in vitro to test their plasticity. Such studies resulted in lab-to-lab,
equipment-to-equipment and reagent-to-reagent (e.g. antibodies) differences in the results,
which lead to discussions of contaminations by other cell types (Prokopi et al., 2009). However,
the therapeutic potential of EPCs appears relatively high. Numerous clinical trials have been
conducted, which mostly reported beneficial effects (Kumar & Caplice, 2010).

The most confusing issue about EPCs is the lack of defined marker and niches (Ergtin, 2011;
Psaltis et al., 2010). This lead to the claim that EPCs might belong to the haematopoietic
lineage and share its niche and origin (Richardson & Yoder, 2011). The contribution of EPCs
to neo-angiogenesis is controversial. Some reports describe a very strong contribution to the
endothelium of different vessels whereas other studies demonstrated only a moderate if any
contribution. A contribution of EPCs to parenchymal cells of the heart appears unlikely.
Lineage tracing experiments using the haematopoietic-specific promoter vav did not
indicate a contribution to cardiomyocytes (Nern et al., 2009) although it is possible that some
EPCs are not derived from the haematopoietic lineage.

Endothelial and smooth muscle cells are relatively plastic, which might allow them to
acquire different fates after de-differentiation and re-differentiation including fibroblasts
(Stintzing et al., 2009; Zeisberg et al., 2007). All these considerations make it difficult to judge
the contributions of such EPCs to the renewal of myocardial cell types without a lineage
tracing study using a clearly defined marker for EPCs, which is currently non-existing.

2.4 Cardiac fibroblasts

Cardiac fibroblasts comprise a rather heterogenous group of cells. Due to the absence of a
single pathognomonic marker for fibroblasts, virtually all interstitial cells, which are not
associated with vessels and which are not cardiomyocytes, are considered fibroblasts. The
unusual phenotypic plasticity of fibroblasts does also raise the question whether they
represent a single mature cell type or also comprise different types of precursor cells (Eyden,
2004). This point becomes clearer when considering the morphology of primary BMSCs in
culture, which are often described to have “fibroblast-like” morphology (Friedenstein et al.,
1976), an attribute that is also used to describe adult stem cells in culture (Rios &
Williams,1990). CSCs, for example, show a very similar morphology, which makes it
difficult to distinguish them from fibroblasts without additional molecular markers
(Messina et al., 2004). By definition, CSCs should give rise to all the lineages in heart,
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including cardiac fibroblasts. It probably will remain a lasting challenge for some time to
distinguish CSCs from fibroblasts and from intermediary cell types that have been
generated from CSCs but not yet acquired a classical fibroblastic phenotype.

3. Current status of cardiac stem cells

When one speaks about CSCs, currently there are 6 schools (Table 1).

Type of CSCs Other Markers References
CD34-, CD45-, FLK1-, c- (Oh et al., 2003; Forte et al., 2008;'
; Matsuura et al., 2004; Rosenblatt-Velin et
Scal+ CSCs kit+/-, GATA4+, NKX2- N
5+ /-, MEF2C+ al., 2005; Tateishi et al., 2007; Wang et al.,
! 2006; Wu et al., 2006)

(Bearzi et al., 2007; Beltrami et al., 2003;
Dawn et al., 2005; Linke et al., 2005;
Miyamoto et al., 2010; Tillmanns et al.,
2008; Urbanek et al., 2003)

CD34-, CDA45-, Scal+,
c-kit+ CSCs GATA4+, NKX2-5+,
MEF2C+

CD31-, Scal-, c-kit-,

Isl-1+ CSCs GATA4+, NKX2-5+ (Laugwitz et al., 2005; Moretti et al., 2006)
Side population CDG4+, (D45, ) (Martin et al., 2004; Liang et al., 2010;
ABCG2+, Scal+, c-kit+, )
(SP) cells NKX2-5- GATA4- Oyama et al., 2007; Pfister et al., 2005)
CD34+, CD45+, (Messina et al., 2004; Andersen et al., 2009;
Cardiospheres ABCG2+, Scal+, c-kit+, | Cheng et al., 2010; Davis et al., 2010; Smith
NKX2-5-, GATA4- et al., 2007; Tateishi et al., 2007)
mesgsr?;i‘iasts CD31+, CD34+, CD44+, | (Barbuti et al., 2010; Galvez et al., 2008;
(EI% Co CD45-, Scal+, c-kit+ Gélvez et al., 2009)

Table 1. List of resident CSCs

Due to the importance of heart as a vital organ, several attempts have been made to
characterize CSCs using various techniques. Numerous review articles were published
covering the field of CSCs (Anversa et al., 2006; Bollini et al., 2011; Di Nardo et al., 2010;
Musunuru et al., 2010; Tateishi et al., 2008). Considering the acclaimed types of CSCs, it
seems that heart, once considered to be a post-mitotic organ, harbours the highest number of
adult stem cells in the body. At present, it is not clear whether CSCs can be called “true”
adult stem cells with a “true” multipotency (Ellison et al., 2010; Stamm et al., 2009). The
concept of multipotent adult stem cells and progenitor cells (sometime classified as
"transient-amplifying cells") (Bryder et al., 2006) is derived from the haematopoietic system
and might not necessarily apply to CSCs.

As described in previous chapters, postnatal cardiomyocytes are likely to be renewed
throughout the life of a mammal. The cellular sources of postnatally emerging
cardiomyocytes are probably CSCs although definitive evidence is missing. Similarly, CSCs
appear to be situated within the heart and not in the bone marrow or other locations outside
the heart although such a possibility has not been unequivocally ruled out. Recent findings
of circulating EPCs and '"very small embryonic-like stem cells (VSELs)" (Ratajczak et al.,
2009) renewed the debate about the origin of CSCs although the impact of such studies
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seems limited. Virtually all studies devoted to “circulating” (“non-resident”) cells are based
on ex vivo experiments. In such experiments, putative stem cells are isolated using
antibodies against surface markers followed by transplantation into “hosts”. This procedure
is similar to bone marrow transplantation experiments, which sometimes results in fusion of
transplanted cells to host cells or uptake of marker proteins (e.g. GFP) by host cells (Nern et
al.,, 2009). In contrast, no clear evidence exists that intercellular fusions occur under
physiological conditions in the heart involving, for example, cardiomyocytes and
endothelial cells. In fact, classical genetic lineage tracing experiments and injection of
genetically labelled cells into mouse blastocyts argue against widespread cellular fusion
events (Schulze et al., 2005).

3.1 Lineage tracing

The “gold standard” to define the origin of a particular set of cells is a “lineage tracing”
experiment using a defined and established stem cell marker gene. Long-term lineage
tracing experiments rely on model organisms using transgenic technology. To understand
the theoretical basis of lineage tracing, one needs to distinguish between transient and
permanent cell labelling. Transient labelling is based on knock-in of a reporter gene (e.g.
GFP) into a gene of interest to visualize the current activity of a specific gene. This has been
successfully applied to observe the contributions of c-kit+ cells to the revascularizing infarct
regions of the myocardial infarcted heart by utilizing c-kit(BAC)-EGFP mice (Tallini et al.,
2009). Labelled cells in the infarct regions were not cardiomyocytes but endothelial and
smooth muscle cells. Under normal physiological condition, the authors observed an
increasing number of labelled cells in the heart up to postnatal day 2. Thereafter, the number
declined, and the labelled cells were rarely observed in an adult heart. The authors
concluded from these results that “c-kit expression in cardiomyocytes in the adult heart
after injury does not identify cardiac myogenesis.” (Tallini et al., 2009). As one can easily
imagine, this is due to the limitation of transient labelling, since labelled cells will loose the
label upon differentiation.

In contrast, a permanent labelling strategy, which directly targets the genetic material, can
bypass problems that arise from changes in the transcriptional program. This can be done
by utilizing mouse strains that carry a conditionally active Cre-recombinase and a Cre-
dependent reporter gene (Smedley et al., 2010). Some researchers use inducible systems (e.g.
tamoxifen-inducible Mer-Cre-Mer system (Petrich et al., 2003)) or double transgenic mice
(Cre-reporter) and triple transgenic mice based on tet-Cre system (Tang et al., 2008).

3.2 A potential lineage tracing study to monitor contribution of CSCs to the
myocardium

A permanent labelling strategy to trace the fates of adult stem cells might utilize a tetracycline
transactivator (tTA) placed under the control of stem cell marker gene as shown in Fig. 1.
Preferably, such a system should be based on a “tet-off” design, in which the system is
activated until doxycycline (DOX) is added (Gossen & Bujard, 1992; Urlinger et al., 2000). The
opposite system is called “tet-on” (rtTA is used), which is claimed to allow a tight control
(Stary et al., 2010). However, when tet-on system is used, DOX must be administered in the
drinking water of mice, which can be rather expensive. In addition, DOX inhibits angiogenesis
in mouse (Cox et al., 2010; Fainaru et al., 2008). In our lab, the DOX-treated murine hearts
(Img/ml in the drinking water) tend to be ~30% smaller compared to the age-matched
untreated hearts (data not shown). Furthermore, DOX might also have effects on the
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attenuation of cardiac hypertrophy through the inhibition of matrix metalloproteases (Errami
et al., 2008), which makes it difficult to challenge such mice by transverse aortic constriction
(TAC) to observe the contribution of marked adult stem cells to regeneration and remodelling
of hypertrophied hearts. Recent studies shows that DOX can suppresses doxorubicin-induced
oxidative stress and cellular apoptosis in the murine heart (Lai et al., 2010), which is another
cardiovascular disease model commonly used in the field of cardiovascular medicine.

Target gene-tTA mouse

Target Gene

1 Exonl

{TA : GFP 1
| IRES | ‘
] Ll
-
LC-1 mouse

triple
transgenic
mouse

Luciferase Py, bi-1

Rosa26 LacZ mouse

— loxP loxP

Stop LacZ
Rosa26

Fig. 1. Triple transgenic mouse model.

To monitor the current expression of a stem cell marker gene, one might insert an additional
reporter gene (e.g. GFP) into the genomic locus using an internal ribosomal entry site (IRES)
element (Attal et al., 1999). Yet, fluorescent reporter gene will limit the number of
fluorescent signals that can be used for further studies to identify the fates of adult stem
cells. Furthermore, autofluorescence of the heart caused by lipofuscin, which is breakdown
product of old red blood cells (Van de Lest et al., 1995) might obstruct detection of GFP
signals, which might lead to misinterpretation of experimental results (Laflamme & Murry,
2005). Therefore, the usage of such reporter genes must be considered carefully.

When such a tTA mouse is created, it should be crossed with a mouse containing a
tTA/rtTA responsive element (TRE), such as "Ptet-1" (Baron & Bujard, 2000). In the example
shown in Fig. 1, a mouse line called “LC-1", which ubiquitously expresses Cre-recombinase
and luciferase gene in all tissues in an adult mouse upon induction, is shown (Schonig et al.,
2002). As shown by Schonig et al. (Schonig et al., 2002), this mouse line was used in the
triple transgenic mouse system based on tet-Cre crossed to a reporter line as we propose
here. Alternatively, Tet-O-Cre transgenic mice, which expresses Cre-recombinase in a TRE-
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dependent manner, might be used (Hsu et al., 2010; Le et al., 2008; Radomska et al., 2002;
Tang et al., 2008). The offspring of this mating are called “tet-Cre mice”.

Upon successful creation of tet-Cre mice, these mice should be crossed to a reporter line
allowing permanent labelling of cells, which have express tTA. Labelling has to be permanent
(i.e. based on genomic recombination) to identify derivatives of adult stem cells even after
differentiation into mature cells (e.g. cardiomyocyte). Various reporter lines are available to
achieve this goal. For example, the Rosa26-LacZ mouse (Soriano, 1999), which expresses f3-
galactosidase from the Rosa26 locus; Z/AP mice (Lobe et al, 1999), which express B-
galactosidase before and human placental alkaline phosphatase (AP) after Cre-mediated
recombination. Another option is the Z/EG mouse (Novak et al., 2000), which is similar to the
Z/AP mouse, but expresses enhanced GFP instead of AP after Cre-recombinase mediated
recombination. Progeny of labelled cells can be easily identified using various cell type specific
markers in combination with the reporter system that has been chosen.

Recent studies indicate that transgenes used to label distinct cell types are subject to gene
silencing probably due to methylation, which will reduce the efficiency of Cre-mediated
labelling (Long & Rossi, 2009). Therefore, it seems prudent to employ at least two different
reporter lines. To allow clonal analysis of stem cell derivatives, future approaches will take
advantage of reporter mice based on the “Brainbow” system. Up to 166 different colours can
be generated in these mice by random, alternative use of variant loxP-sites creating
combinations of different fluorescent proteins (OFP, M-RFP, M-YFP and M-CFP) (Livet et
al., 2007). The original Brainbow mice are based on the Thyl promoter, which restricted its
usage to a certain tissues (primarily neuronal cells). Recently, Hans Clevers’s group
modified the Brainbow system by integrating the Brainbow cassette into the Rosa26 locus. The
resulting “R26R-Confetti” mice allow ubiquitous expression in numerous cell types (Snippert
et al., 2010). R26R-Confetti mice allow random labelling of single adult stem cell with a
unique colour. When labelled cells proliferate, the label will be inherited to daughter cells,
and it will be possible to distinguish the progeny from that of other individual stem cells.
When this strategy is employed to the heart, it should be possible to characterize the identity
of adult stem cells, which gives rise to all three lineages of heart (namely, cardiomyocytes,
endothelial cells and smooth muscle cells (Moretti et al., 2006)). Further profiling of such
cells might facilitate identification of additional markers and effectors.

The tracing system might be combined with different pathological conditions to explore
effects of pathogenic stimuli on stem cells. For this purpose, we recently introduce a model
to induce right ventricular hypertrophy through pulmonary artery clipping (PAC), which
avoids detrimental right ventricular pressure overload, and thus allows long-term survival
of operated mice (Kreymborg et al.,, 2010). Given that the origins of right ventricle and
outflow tract are from the secondary heart field (Waldo et al, 2001; Verzi et al., 2005), our
PAC model should primarily affect the regions of the secondary heart field so that the
behaviour of descendents of Isl1-positive CSCs (Cai et al., 2003; Laugwitz et al., 2005) can be
monitored. It is also possible to combine the tracing system with conditional knockout mice.
Cre-mediated recombination in such quadruple transgenic mice will allow conditional
inactivation of the gene of interest precisely in stem cell-derived, labelled cells.

3.2 Adverse effects of stem cell therapy

Stimulation of cardiac regeneration is one of the major goals for cardiovascular stem cell
research. The use of ES cells poises several safety concerns spurred by potential
oncogenicity and immunogenicity. Moreover, the generation of ES cells from human
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preimplantation embryos has raised several ethical issues. The main problem with other cell
types (e.g. BMSCs, skeletal myoblasts) is their limited ability to acquire a fully functional
cardiomyocyte state (Haider et al, 2010). Beneficial effects from such cells might be limited
to the secretion of cytokines, growth factors and other signaling molecules to provide
paracrine and/or trophic effects. Both clinical and basic science studies have provided
evidences that some types of cells are able to cause cardiac arrhythmias in patients,
although other studies revealed no harmful side-effects . In order to avoid mistakes that
tainted gene therapy attempts, it is utmost importance to obtain an optimal control on all
types of injected cells. In principal, it seems much safer (and more efficient) to manipulate
resident CSCs to differentiate cell types in needs. Such activation of CSCs has been
attempted in various studies through injection of growth factors (e.g. Hepatocyte Growth
Factor and Insulin-Like Growth Factor-1 (Bocchi et al., 2011) avoiding potential side effects
such as arrhythmias). However, it is clear that stimulated signalling pathways needs to be
shut off once CSCs have differentiated. The generation of mouse reporter strains to monitor
in vivo activation of CSCs would be very helpful. The tracing system that we proposed in
the previous subsection should help in this respect

4. Conclusion

Recent findings have challenged the classical view of the heart as a post-mitotic organ.
While replacement of cardiomyocytes and other specialized cells of the heart might be taken
as granted, much more needs to be learned about the origin of cells that are instrumental for
this process. A thorough analysis of resident CSCs in the heart but also of mature cells to
contribute to the tissue rejuvenation is of outmost interest. Careful lineage tracing
experiments are instrumental to achieve this goal. A potential approach for such an analysis
was described in this chapter, which might yield definitive answers about the contribution
of different CSCs. Lastly, we would like to answer the question that we asked in the title of
this chapter: “Are we there yet?” Our answer is: “No, not yet. But soon, we might be closer.”
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