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CARDIAC STEM CELL THERAPY FOR INFARCTED RAT HEARTS
Suat Cheng Tan
Green Templeton College, University of Oxford, Trinity Term 2011

Infarction irreversibly damages the heart, with formation of an akinetic scar that may
lead to heart failure. Endogenous cardiac stem cells (CSCs) are a promising candidate
cell source for restoring lost tissue and thereby preventing heart failure. CSCs would
be most beneficial if administered soon after infarction, thus the aim of this project was
to optimize CSC culture conditions to enhance their therapeutic potential for
myocardial infarction. CSCs were isolated and expanded in vitro via the formation of
cardiospheres to give cardiosphere-derived cells (CDCs). Neonatal rat CDCs were
found to be heterogenous, containing cells expressing the cardiac stem cell marker,
c-Kit, pluripotent cell markers, Oct-4, Sox 2, KIf-4 and Nanog, and early cardiac
specific differentiation markers, Nkx 2.5 and GATA 4. Administration of CDCs to the
infarcted rat heart increased the cardiac ejection fraction by 9%, capillary density by
9% and reduced scar volume by 33%, compared to the non-treated group. The
proliferation rates and the expression of c-Kit were significantly decreased in CSCs
isolated from aged rats and after extended culture in vitro, so, CSC culture was
optimized using hypoxic preconditioning. Under hypoxia, CDC proliferation rates
were 1.7-fold greater, and larger cardiosphere clusters were formed. Hypoxic CDCs
had an increased cardiac stem cell population, in that c-Kit was increased by 220% and
CD90 and CD105 were decreased by 55% and 35%, respectively, compared to
normoxic CDCs. Further, hypoxia induced the expression of CXCR-4 (~3.2-fold),
EPO (~3.0-fold) and VEGF (~1.5-fold), indicating that hypoxic preconditioning may
stimulate stem cell homing and neovascularization in the infarcted myocardium.
Notably, hypoxic CDCs were able to switch to anaerobic glycolytic metabolism and
had approximately 80% lower oxygen consumption, suggesting that they may be better
adapted to survive within the hypoxic infarct scar, compared with normoxic CDCs.
Culture of CDCs with hypoxia-mimicking prolyl-4-hydroxylase inhibitors (PHDIs)
using DMOG, BIC and a novel compound, EDBA, induced similar effects to hypoxic
culture by increasing c-Kit, EPO, VEGF, CXCR-4, decreasing CD90 and CD105 and
increasing glycolytic metabolism. However, PHDI treatment for 24 hours did not alter
CDC proliferation rates and cells died after 24 hours. In conclusion, CDCs are a
potential cell source for therapy after myocardial infarction and their therapeutic

potential can be enhanced using hypoxia or PHDI-preconditioning techniques.
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1.1 Myocardial infarction

Around 124,000 people suffer from myocardial infarction every year in the UK, with a
high prevalence being diagnosed over age 54 (Figure 1.1). Despite the use of the best
pharmacological and surgical therapies, myocardial infarction can progress to heart
failure [1]. The death rate from heart failure remains high, with 50% of patients dying

within one year of diagnosis [2, 3].
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Figure 1.1 Prevalence of coronary heart disease by age and sex in England and Wales
(adapted from Coronary heart disease statistics: heart failure supplement 2010)[4].

Myocardial infarction, commonly known as a heart attack, is caused by occlusion of
one or more of the coronary arteries supplying blood to the heart. Occlusion of the
blood vessels reduces the supply of nutrients and oxygen to the myocardium and
results in an area of ischemia where the myocardium becomes irreversibly damaged
due to cell necrosis and apoptosis [5, 6]. Acute loss of cardiomyocytes triggers the
healing process through a series of molecular reactions that result in the recruitment of
inflammatory cells and the formation of a non-contractile collagenous scar in the
infarcted region [7]. The weakened infarcted myocardium is unable to maintain an
adequate output to meet the metabolic demands of the body. Therefore, compensatory

mechanisms such as cardiac dilatation and hypertrophy are initiated. This response
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increases the infarcted heart's ability to circulate blood and enables it to maintain a
normal stroke volume temporarily. Over time, due to the limited regenerative
capability of cardiomyocytes, pathological changes occur in the heart and lead to a

functional degradation and ultimately heart failure [1].

1.2 Current therapies for myocardial infarction

1.2.1 Coronary reperfusion

The cell apoptosis that occurs following myocardial infarction can be reduced if the
occlusions are removed quickly and tissue reperfusion is restored [8]. Rapid restoration
of blood flow to the infarcted myocardium can be achieved by administration of
thrombolytic agents which digest the clot, or by physically opening the blocked vessel
using a balloon catheter. In some cases, implantation of a wire mesh tube known as a
stent is performed to prevent the artery from closing [9]. Where the blood vessels are
permanently occluded, coronary artery bypass grafting with vessels taken from another

area of the body is used to restore perfusion to the infarcted area [10].

1.2.2 Pharmacological treatment

Existing pharmacological treatment for myocardial infarction includes diuretics,
angiotensin-converting enzyme (ACE) inhibitors and beta-blockers. Diuretics are
important to reduce blood pressure and control fluid retention, but diuretics give
possible side effects such as heart irregularities (arrhythmias) and disturbed kidney
function. ACE inhibitors dilate the blood vessels, to improve the amount of oxygen-
rich blood to be pumped throughout the body, whereas beta-blockers block the action
of adrenalin, which reduces the heart rate and workload. Over time, ACE inhibitors
and beta-blockers control the symptoms after infarction and improve the quality of the

patient’s life.
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1.2.3 Limitations of current therapy for myocardial infarction

Although current standard therapies allow restoration of blood supply and have
significantly reduced early mortality rates [11], these treatments cannot prevent or
reverse progression to the failing state because the damaged myocardium is not
replaced by these therapies [2, 3]. At present, only heart transplantation can restore the
failing heart [12]. However limited numbers of hearts are available for transplantation
and the risk associated with surgery, such as the immunogenic response and transplant
rejection, has led to the demand for an alternative therapy for heart failure and novel

treatment methods for myocardial infarction.

1.3 Stem cell therapy for myocardial infarction

Cell grafting has emerged as a potential therapy for the infarcted heart. Stem cells are a
population of primitive cells characterized by the ability to self-renew and differentiate
into many cell types. Stem cells have a high capacity for cell division and this property
is preserved throughout the life time of an organism [13]. There are three major types
of stem cells, embryonic stem cells, induced pluripotent stem cells (iPS) and adult stem

cells.

1.3.1 Embryonic stem cells

Embryonic stem (ES) cells originate from the inner cell mass of the blastocyst [14, 15].
Human ESCs are immortal cells, capable of perpetual self-renewal in culture while
maintaining an undifferentiated phenotype and normal karyotype [16, 17]. In addition,
ES cells are pluripotent, thus they are able to develop into all cells of the three germ
layers (ectoderm, endoderm and mesoderm) [18]. In vitro, specific culturing conditions
and genetic modification have been used to demonstrate that ES cells are able to
differentiate into many cell types including endothelial cells [19], neuronal cells [20],

pancreatic progenitor cells [21, 22] and cardiomyocytes [23]. In vivo, ES cells have
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been shown to improve cardiac function in rodents through differentiation within the
donor myocardium, contributing to a stable improvement in contractile function and
ventricular remodeling in the infarcted heart [24, 25]. However, the pluripotent
characteristic of ES cells results in a high chance of teratoma formation after
administration [26]. Also, the allogenicity problems (ES cells provoke an
immunogenic response in the recipient body) [27] and the ethical issues (ES cells can
only be obtained by destroying an embryo) [28] cause ES cell transplantation to remain

problematic and restrict the clinical application.

1.3.2 Induced pluripotent stem cells

Induced pluripotent stem (iPS) cells are adult cells that have been genetically
reprogrammed to an embryonic stem cell-like state by being forced to express genes
and factors important for maintaining the defining properties of embryonic stem cells,
including Oct-4, Sox 2, KlIf 4 and c-Myc [29]. Mouse iPSCs were first reported in 2006
[29], and human iPSCs were first reported in late 2007 [30]. iPS cells opened up the
possibility to generate ES cell-like stem cells from recipient’s somatic cells, thereby
overcoming the ethical controversies and also immunogenic rejection issues of ES
cells. iPS cells can be differentiated into spontaneously contracting cardiomyocytes
[31, 32], providing an alternate cell source for myocardial infarction therapy. However,
like ES cells, iPS cells are pluripotent, thus the risk of tumorigenesis after iPS cells
transplantation remains. It was found that extended culture of iPSCs was linked to
duplication of oncogenic genes [33] and that around 20% of iPS cell-derived mice
developed tumours [34]. Furthermore, Lister et al. reported that iPSCs show significant
reprogramming variability, including retaining a somatic memory of their origin. They
found that iPS cell lines derived from human adipose-derived stem cells retain some

somatic cell DNA methylation patterns which are resistant to resetting to an ES-cell-
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like state, even at late passages (15-65 passages) [35]. Overall, iPS cells are potent
cells for therapies, nevertheless, continued study of a wide variety of iPS cells and their
ES cell counterparts is needed to understand the full range of epigenomic variability,
and to potentially identify factors that enable complete reprogramming of iPS cells to

occur [35, 36].

1.3.3 Adult stem cells

Adult stem cells are undifferentiated cells found among differentiated cells in tissue
throughout the body. They are able to self-renew and also to differentiate to yield some
or all of the major specialized cell types of the tissue or organ where they are found.
Adult stem cells are low in number and were thought to be organ- or tissue-restricted
stem cells, however recent research has demonstrated that these cells are multipotent
and able to transdifferentiate into developmentally unrelated cells [37, 38]. Several
different sources of adult stem cells have been used for myocardial infarction therapy,
including bone marrow stem cells, endothelial progenitor cells, mesenchymal stem

cells, skeletal myoblasts and endogenous cardiac stem cells.

1.3.3.1 Bone marrow-derived stem cells

Bone marrow cells (BMCs) comprise a complex assortment of cells that generate
blood cells, bone, cartilage, fat, fibrous connective tissue and a diverse multipotent
stem and progenitor cell population [39-41]. Evidence for the potential therapeutic
value of bone marrow cells in the treatment of cardiovascular disease first appeared in
Nature in 2001 [42]. Early studies showed that c-Kit" Lin- BMCs injected into injured
myocardium transdifferentiated into cardiomyocytes, smooth muscle, endothelial cells
and thus improved cardiac function [42, 43]. The promising findings of these early
experiments resulted in rapid translation of stem cell therapy to the clinic. To date,

over 25 clinical trials of autologous BMC therapy for the heart have been carried out
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[44]. However, most clinical trials showed a small or no significant effect of
autologous BMCs on left ventricular function in patients with acute myocardial
infarction [45-47] (Table 1.1).

Table 1.1 Comparison of outcomes of several clinical trials of intracoronary infusion
of bone marrow-derived cells following acute myocardial infarction.

Ref. Trial Year Duration No. of Clinical outcome
patient
[48] Straeur et al. 2002 3 months 20 Infarct region decreased
from 30 = 13% to 12 + 7%
P =0.005.

[49] BOOST 2004 6 months 60 LVEF increased 6%
[50] Bartunek er al. 2005 4 months 35 LVEF increased 7.1%
[51] BOOST * 2006 18 months 60 N.D

[45] ASTAMI 2006 6 months 100 N.D

[52] REPAIR-AMI 2006 4 months 204  LVEF increased 2.5%

[53] HEBE 2008 12 months 26 LVEF increased 2.2%
[54] REGENT 2009 6 months 2000 N.D

[55] SCAMI 2010 6 months 42 N.D

[56] HEBE" 2010 4months 200 N.D

[57] BONAMI 2010 3 months 101  Mpyocardial viability

improved in 34% patients

# = follow-up study; N.D = no significant different compared with non-treated group; LVEF = left
ventricular ejection fraction.

1.3.3.2 Endothelial progenitor cells

Endothelial progenitor cells (EPCs) are VEGFR-2, CD133 and CD34 expressing cell
isolated from adult bone marrow, peripheral circulation blood or umbilical cord blood
[58]. EPCs have been shown to transdifferentiate into endothelial cells, smooth muscle
cells and cardiomyocytes in vivo [59]. Functionally, transplantation of EPCs supported

neoangiogenesis, increased capillary density and improved heart function in the rat [60,
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61]. However conflicting results which suggested that transplanted EPC showed no
contribution to the vasculature have also been reported [62, 63]. Also, there are still
controversies about whether the improvement in cardiac function observed following
EPC transplantation results from direct regeneration through differentiation of EPCs
into cardiomyocyctes [59] or is an indirect effect due to angiogenesis induced by EPCs
[64]. The controversies regarding EPC identity and function limited its application in

clinical.

1.3.3.3 Mesenchymal stem cells

Mesenchymal stem cells (MSC) are fibroblast-like plastic-adherent cells isolated
originally from bone marrow, and also been found in nearly every organ [65]. These
cells are positive for CD105, CD90 and CD74, but negative for CD45, CD34, CD14,
CD79, CD19 and HLA-DR. They are multipotent, capable of differentiating into
osteoblasts, chondrocytes and adipocytes under specific culture conditions [66]. MSC
are easy to expand in vitro and can be genetically altered by viral vectors, which make
them an ideal and safe long-term vehicle for cellular gene therapy [67]. Recently,
MSCs have been found to differentiate into neural cells [68], cardiomyocytes [69], and
pneumyocytes [70]. MSCs have been shown to improve cardiac function in the

infarcted hearts [71, 72], however conflicting results have also been reported [44].

1.3.3.4 Skeletal myoblast

Skeletal myoblasts (SMs), or satellite cells, are found in skeletal muscle where they
maintain and regenerate old/damaged muscle fibers. These cells can be easily
harvested from a muscle biopsy samples and proliferate abundantly in vitro, giving a
ready source of autologous cells for transplantation [73]. SMs were the first cells
injected into the ischemic myocardium as part of a cell-based therapy clinical trial [74].

Although this one year randomized controlled trial reported improvement in left
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ventricular function and volume [75], little evidence showed these cells can
transdifferentiate into cardiomyocytes [73, 76]. Furthermore, SMs transplantation
possibly causes arrhythmias as a side effect [73, 76]. Modification of SMs by cell
enhancement techniques to reduce the arrhythmias have been reported [77, 78] and

further Phase II clinical studies (PERCUTANEOQO) are underway [79].

1.3.3.5 Very small-embryonic like cells

Very small-embryonic-like cells (VSELSs) were first identified in murine bone marrow
as a homogenous population of rare (~ 0.02%) CXCR-4" Sca-1* CD45  cells that
express markers of pluripotent stem cells such as SSEA-1, Oct-4, Nanog and Rex-1
[80, 81]. Subsequently, these cells were identified in various other murine organs such
as brain, kidneys, muscles, and pancreas [82]. As their name suggests, these cells are
small (~2—4 um) and possesses ESC-like pluripotent plasticity, thus are able to
differentiate into all three germ-layer lineages. In vitro differentiation of VSELs
demonstrated the ability of these cells to give rise to neuronal, pancreatic cells and
cardiomyocytes [80]. Although VSEL transplantation improved Ileft ventricular
function in a infarcted animal model [83], the oncogenic risk and the rarity of the cells

could be a drawback for translation to the clinic.

1.3.4 Endogenous cardiac stem cells

The discovery that the adult heart contains a pool of cardiac stem cells (CSCs) that can
replenish the cardiomyocyte population and regenerate coronary vessels has
dramatically changed the traditional view of the heart as a postmitotic organ [84-87].
Because of their natural role in the regeneration of cardiac cells, endogenous cardiac
stem cells appear to be the ideal cell to expand for myocardial therapy. Different

approaches have been used to isolate CSCs from heart tissue.
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1.3.4.1 Cardiac side population

Hierlihy et al. were the first to isolate stem cells from the hearts, based on the ability to
efflux Hoechst dye, yielding a putative progenitor side population (SP) cell with stem
cell-like activity [88]. The unique dye efflux ability is mediated by the ATP-binding
cassette transporter (Abcg2) which is then used as an identity marker for SP cells [89].
Abgc2 expression is important to endothelial cell survival migration and tubule
formation after myocardial infarction. Increased numbers of cells expressing the Abcg2
marker have been observed in the border zone after myocardial infarction [89].
Moreover, these cells are capable of differentiating into the cardiomyocyte lineage in
coculture experiments with primary cardiomyocytes [90], with the greatest potential
for cardiomyogenic differentiation being restricted to cells co-expressing stem cell
antigen-1 (Sca-1, a stem cell marker) [91]. However, SP cells were found in low
amounts in the postnatal mouse heart (~1% of the total cell number) [88] and to date no

study has evaluated the regenerative potential of SPs in vivo.

1.3.4.2 Stem cell antigen-1* cells

Stem cell antigen-1" (Sca-17) cells have been isolated from the resident population of
cardiac progenitor cells [87]. These cells express telomerase reverse transcriptase
(TERT), a reverse transcriptase that synthesizes telomere repeats on the telomere ends
at the tips of chromosomes during each cell division [92, 93]. In various types of stem
cells, telomerase functions to ensure long term self-renewal capacity via maintenance
of telomere length [94, 95]. Coincident with the expression of TERT, Sca-1" cells have
been found to associate with self-renewal potential [87]. Furthermore, Sca-1" cells are
multipotent, and can be differentiated into cardiomyocytes when stimulated with
5-azacytidine (5-aza) in culture [87]. Functionally, intravenous injection of Sca-1" cells

into mice after infarction increased the left ventricular ejection fraction, and induced
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myocardial neovascularisation and modest cardiomyocyte regeneration [96]. However,

as with SP cells, very low numbers of Sca-1" cells are found in the heart (~0.3%) [97].

1.3.4.3 c-Kit" cells

Beltrami er al. [86] first reported the discovery of a distinct resident population of
CSCs expressing the receptor for stem cell factor, c-Kit (also known as CD117), but
not the haematopoietic lineage markers (Lin"). These c-Kit'Lin™ cells are self-renewing,
clonogenic, multipotent, and can differentiate into cardiomyocytes, smooth muscle
cells, and endothelial cells [86]. Some of these cells express transcription factors
Nkx2.5, GATA4 and MEF2, indicating that they are at the early stage of cardiac
myogenic differentiation and are committed to the cardiac lineage [86]. In the adult rat
myocardium, c-Kit" Lin™ cells are relatively rare (1 per 104 myocytes). However, the
cells can be expanded in vitro for up to 40 passages without altering the cell phenotype
[98]. Furthermore, transplantation of c-Kit" cells into infarcted rat hearts has been
shown to increase viable myocardium in the infarcted region, reduce fibrosis in the
non-infarcted region, improve left ventricular ejection fraction and activate the
endogenous cardiac stem cells [99]. This encouraging preclinical evidence has led to a
clinical trial (Cardiac Stem Cell Infusion in Patients with Ischemic Cardiomyopathy

(SCIPIO) [100].

1.3.4.4 Islet-1 cells

Homeobox gene islet-1" cells were identified within the adult heart in 2005 by
Laugwitz et al. [101]. These cardiovascular progenitor cells are multipotent and give
rise to three major cell types in the heart: cardiac, smooth muscle, and endothelial cells
[102]. Unlike other putative resident cardiac progenitor populations, Islet-1" cells do
not express Sca-1 and c-Kit. However, they do express Nkx2.5 and GATA4 and most

importantly they can be differentiated into cardiomyocytes in vivo [101] Nonetheless,
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islet-1" cells have only been isolated from very young animal and human specimens,
and the number of isl-1" cells dramatically falls over the first few weeks after birth

[103], thereby limiting clinical potential.

1.3.4.5 Epicardial-derived stem cells

Another source of adult cardiac progenitor cells with potential for the regeneration of
infarcted heart is the epicardium [104]. During cardiac development, the epicardium is
the source of multipotent mesenchymal cells, which give rise to endothelial and smooth
muscle cells in coronary vessels and also to cardiomyocytes [104]. These cells are
termed epicardial-derived stem cells (EPDCs). In 2009, Smart et al. reported that
quiescent EPDCs can be activated using a naturally occurring protein called thymosin
beta 4 (Tp4). TP4 brings the EPDCs out of dormancy and induces them to become
mature cardiomyocytes [105]. In mice that were infused with Tp4, the heart progenitor
stem cells were activated and migrated from the epicardium to the area of damage and
became mature cardiomyocytes [105]. In a recent publication in June 2011, they
reported that activated adult mouse EPDCs express the key embryonic epicardial gene,
Wilm’s tumour 1 (Wtl) which ultimately contributes to de novo cardiomyocyte
formation in the injured mouse heart [106]. EPDC-derived cardiomyocytes were
structurally and functionally integrated with resident muscle and gave significant
improvement in functional parameters, including increased ejection fraction, reduced
end diastolic/systolic volumes and reduced scar volume. Stimulation of EPDCs to give
rise to de novo cardiomyocytes has emerged as a new resident-cell-based therapy for

heart disease.

1.3.4.6 Cardiosphere and cardiosphere-derived cells
In 2004, Messina et al. developed a method to isolate CSCs from human and murine

heart and expand them as cardiospheres [107]. These cardiospheres were clonogenic,
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expressed cardiac stem cell markers, c-Kit and Sca-1 and the endothelial progenitor
cell marker, CD34. Cardiospheres have been shown to be able to spontaneously
differentiate into contracting cardiomyocytes, confirming that these cells possess
cardiomyogenic potential. These cardiospheres were expanded in vitro to obtain
sufficient cardiosphere-derived cells (CDC) for transplantation [108]. It has been found
that transplantation of cardiospheres and CDCs leads to myocardial regeneration and
functional improvement in infarcted rodent hearts [107, 108]. Clinical application of
CDCs is already under investigation by the CADUCEUS trial (Clinical Trials.gov.
Identifier NCT00893360) [109]. In this thesis, the potential of CDCs as a therapeutic
tool for myocardial infarction is investigated further. A summary of all cell types
discussed in this chapter, with respect to their markers, sources, advantages and
disadvantages for the treatment of myocardial infarction disease is listed in Supplement

data 1.

1.4 Hypoxia

Hypoxia is a pathological condition in which the whole body (generalized hypoxia) or
a region of the body (tissue hypoxia) is deprived of an adequate oxygen supply.
Generalized hypoxia may occur due to a deficiency of oxygen in the atmosphere (high
altitude) or during strenuous physical exercise. Tissue hypoxia occurs at the cellular
level, as a result of reduced blood supply to a particular region of tissue or organ, for

example following a myocardial infarction.

Hypoxia triggers a number of physiological and cellular mechanisms to adapt to
reduced oxygen. Many processes involved in oxygen homeostasis are mediated by the
hypoxia-inducible factor (HIF) transcriptional complex, which regulates the expression

of a large number of genes including erythropoietin (EPO), which regulates production
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of red blood cells [110], vascular endothelial growth factor (VEGF), which triggers
neovascularisation [111-113], proliferation and remodelling of the vascular wall [114],
glucose transporter 1 (GLUTI1), a metabolic gene which is responsible for the
low-level of basal glucose uptake required to sustain respiration in all cells [115, 116]
and CXC chemokine receptor 4 (CXCR4), a cytokine receptor of stromal derived
factor-1 (SDF-1) which plays a role in the regulation of stem cell trafficking and

homing based on the CXCR-4/SDF-1 axis [117, 118].

The transcriptional complex HIF was discovered by Semenza et al. [119] in 1992.
Further biochemical purification led to the identification of the HIF-o and HIF-B
subunits. HIF-a protein is only detectable under hypoxic conditions while HIF-3
protein is constitutively stable. Subsequently, HIF-2a and HIF-3a were discovered and

showed similar regulation in response to hypoxia [120, 121].

1.4.1 Regulation of HIF in hypoxia

In the presence of oxygen, the HIF-o subunit is downregulated via two pathways:
hydroxylation by prolyl-4-hydroxylase (PHD) enzymes [122] or by factor-inhibiting

HIF (FIH) enzyme [122, 123] (Figure 1.2).

1.4.1.1 Pathway I - HIF-a degradation via hydroxylation by prolyl-4-hydroxylase

(PHD)

PHDs are dioxygenase enzymes that split molecular oxygen. One oxygen atom is
inserted into the HIF-a peptide at the prolyl residue in the oxygen-dependent
degradation domain (ODDD) (hydroxylation of HIF-a) while the other converts
2-oxoglutarate (20G) to succinate, yielding CO, as a by-product. Thus, this pathway

can only occur in the presence of oxygen with 2-OG as co-substrate. Upon
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hydroxylation of the prolyl residue in ODDD, HIF-a is recognized by von Hippel
Lindau protein (pVHL) which is a part of an ubiquitin ligase and characterizes the
protein to the ubiquitinylation machinery, leading to proteasomal degradation [122]

(Figure 1.2).

1.4.1.2 Pathway II -HIF-a inactivation via hydroxylation by factor-inhibiting HIF

(FIH)

FIH is an asparaginyl hydroxylase which catalyses the splitting of molecular oxygen,
using one oxygen atom for hydroxylation of the target asparagine (Asn) within the C-
terminal transactivation domain (CAD) of HIF-a, and the other for oxidising the co-
substrate 20G as above. The CAD recruits CBP/p300 (Creb-binding protein/protein
300), which is essential to link HIF-a to the hypoxia response element (HRE)
transcriptional factor and initiate the transcriptional machinery of the HIF system.
Hydroxylation of this single asparagine residue was found to be sufficient to prevent
the interaction of the CAD with the essential transcriptional coactivator CBP/p300,

thus silencing the HIF-a transcriptional ability [122, 123] (Figure 1.2a).

Under hypoxia, HIF-a escapes the prolyl and asparaginyl hydroxylation, translocates to
the nucleus and dimerises with HIF-1f at the Per ARNT SIM (PAS) domain to form
functional heterodimeric HIF. Activated HIF then binds to the hypoxia response
elements (HREs), leading to a transcriptionally active complex which activates the

expression of hundreds of genes including EPO, VEGF and GLUT-1 (Figure 1.2b).
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Figure 1.2 (a) Regulation of HIF-a via two pathways under normal oxygen levels. Left panel:
Pathway (I) - PHDs hydroxylate prolyl residue of HIF-o in ODDD domain, in the presence of
20G and Fe(ll). Hydroxylated HIF-a is recognized by pVHL which labels the protein to
proteasomal degradation by ubiquitin protein. Right panel: Pathway (1I) — FIHs hydroxylate
asparagine residue of HIF-o in the CAD domain, in the presence of 20G and Fe(ll).
Hydroxylated HIF-o is blocked to interact with the essential transcriptional coactivator
CBP/p300, thus silencing the HIF transcriptional ability. (b) Under hypoxia, pathway (1) and
pathway (1l) are inhibited, HIF-a translocates to nucleus, dimerises with HIF-f and activates
the HIF system.

HIF = hypoxia-inducible factor; FIH = factor inhibiting HIF; 20G = 2-oxoglutarate; Fe(ll)
= iron ferrous; ODDD = oxygen-dependent degradation domain; pVHL = von Hippel Lindau
protein;, CAD = C-terminal transactivation domain; CBP/p300 Creb-binding protein/protein
300; PAS = Per ARNT SIM;HRE = hypoxia response elements.
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1.4.2 Prolyl-4-hydroxylase inhibitors

As described, HIF activation is negatively regulated by the PHD enzymes, a conserved
subfamily of dioxygenases that catalyze the post-translational hydroxylation of HIF-a
subunits. While oxygen concentration plays a major role in determining the efficiency
of PHD catalyzed reactions, the sensitivity of these enzymes also depends on the co-
substrate, 20G and co-factor, iron. Thus, inhibition of the 20G, or of iron, or of the
specific active site of PHD enzyme using a small molecular weight compound, could

inhibit the enzymes activity and thus potently activate the HIF response [124-127].

1.4.2.1 Oxygen

Oxygen (0,) is the key substrate for hydroxylation. The Km  value for O, of all three
PHD isoforms (PHD 1-3) is within the range of 230-250 uM, slightly above the O,
concentration in aqueous solutions saturated by ambient room air [128]. The high Km
values for O, indicate that PHDs are sensitive to O, concentration in the cytoplasm,
therefore, activity of PHDs are inhibited in slightly reduced O, concentrations despite

all other substrate and cofactors being present at adequate levels [128].

While in most cells, HIF-a protein is degraded under normoxia, however, it has been
shown that HIF-la protein was constitutively expressed in vitro under normoxic
conditions in some cancer cell types such as lymphoma and leukemia cells derived
from the hematopoietic system [129], pancreatic cancer cell line [130] and prostate
cancer (PCA) PC-3 cells [131]. The HIF-1a expression in these cancer cells is further
increased in response to hypoxia [131]. Although the detailed mechanism of HIF
expression under normoxia is unknown, it has been postulated that the
phosphatidylinositol 3’-kinase (PI3K)/protein kinase B (Akt) pathway might play a role
[132]. Zhang et al. reported that stem cell factor/c-Kit signaling activated multiple
signal transduction pathways including the PI3K/Akt pathway [133]. Thus, it is

*Km = Michaelis—Menten kinetics
Km value = the substrate concentration at which the reaction rate is half of maximation rate, V,,,,.
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possible that the expression of c-Kit expressing cardiac stem cells could activate

HIF-1a under normoxia via a PI3K/Akt-dependent mechanism [133].

1.4.2.2 Competitive inhibition by 2-oxoglutare analogues

2-oxoglutarate (20G), an intermediate of the tricarboxylic acid (TCA) cycle, is an
essential co-substrate for PHDs [134]. Administration of a 20G analogue such as
dimethyloxalylglycine (DMOG) or 3,4-dihydroxybenzoate (DHB) can inhibit PHD
enzymes. These 20G analogues compete against 20G to bind to the catalytic site of
PHD and cause a molecular inhibition of the enzyme function. Although mitochondria
generate inhibitory TAC cycle intermediates, including succinate and fumarate, which
are also able to compete with 20G for binding to the PHD active site [135], under
normal circumstances these molecules do not significantly interfere with PHD function
because of their low cytosolic concentrations [136]. DMOG is the most commonly
used 20G analogue both in vitro and in vivo to stabilize and activate HIF [137-139].
DMOG activates the HIF system with enhanced transcription of target genes which
might have a role in the therapy for ischemic disease [140, 141]. Animals
pre-conditioned with DMOG showed reduced inflammatory infiltration after ischemia-
reperfusion, associated with a significant reduction in myocardial infarct size [142]. In

this thesis, the function of DMOG in stabilizing HIF is evaluated in CSCs.

1.4.2.3 Intracellular Fe(Il) concentration

PHD enzymes require iron to catalyze the HIF prolyl hydroxylation reaction, therefore
iron chelators are routinely used to inhibit PHD enzyme activity and thus stabilize HIF.
In vivo studies in both neonatal and adult rats have shown that preconditioning with
desferrioxamine (DFO) (iron chelator) or cobalt chloride (CoCl,) (competitive inhibitor
of iron) protects against hypoxic-ischemic injury in neonatal rat brain, possibly due to

the activation of HIF [143-145]. However, not all reports are consistent with beneficial
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effects of DFO and CoCl,, A recent publication showed that DFO and CoCl, inhibit
the cell proliferation in lung tissue explants culture [146]. In this thesis, a novel
potential iron chelator, ethyl 2-(2,3-dihyroxybenzamido) acetate (EDBA) synthesized
by our collaborators, Kar Kheng Yeoh and Prof. Chris Schofield from the Chemistry

Research Laboratory, University of Oxford, is tested in cardiac stem cells.

1.4.2.4 Specific prolyl-4-hydroxylase inhibitor

Hydroxylation occurs within the oxygen-dependent degradation domains (ODDD) of
the HIF-a subunit [147]. 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)acetic
acid), FibroGen 2216, hereafter called BIC, is a specific PHD antagonist that fuses into
the ODDD region of HIF-a subunit, blocking the hydroxylation of PHD and binding of
pVHL to the HIF-a subunit. The HIF-o subunit that escapes from the pVHL binding is
not recognized by the proteosomal degradation machinery, and therefore is stabilized.
This specific PHD inhibitor is patented by FibroGen Inc. and has already been
administered to healthy control subjects [148] and to patients with chronic kidney
disease (CKD) [149] in clinical trials. Specifically, BIC was found to enhance the
mobilization and expression of the cytokine erythropoietin (EPO). However, during
one of the Phase II clinical trials, a female patient developed fatal hepatic necrosis that
was temporally related to the introduction of this compound [150]. The possible reason
for this incident is that inhibition of the PHDs activates a wide range of
pathophysiological processes, not only the activation of EPO, but at least 100 other
genes including VEGF [111-113] and GLUT1 [115, 116]. Since the reported effects of
BIC are variable, therefore it is in our interest to re-evaluate the specific effects of this
inhibitor using cardiac stem cells. A simplified schematic showing the use of low O,
cell culture (hypoxia) and three different PHD inhibitors to stabilize HIF system is

shown in Figure 1.3.
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Stabilization of HIF system using hypoxia and PHD inhibitors
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Figure 1.3 Stabilization of HIF system using hypoxia and PHD inhibitors. There are four
methods discussed in this thesis, (i) inhibit the oxygen supply using hypoxic cell culture, (ii)
inhibit the co-substrate of PHD, 2-oxoglutare using 2-oxoglutarate analogue — DMOG, (iii)
inhibit the co-factor of PHD, Fe(ll) using iron chelator — EDBA and (iv) inhibit the PHD
enzyme using specific PHD inhibitor — BIC.

HIF = hypoxia-inducible factor; FIH = factor inhibiting HIF; 20G = 2-oxoglutarate; Fe(Il)
= iron ferrous; ODDD = oxygen-dependent degradation domain; pVHL = von Hippel Lindau
protein; CAD = C-terminal transactivation domain;, CBP/p300 Creb-binding protein/protein
300; PAS = Per ARNT SIM;HRE = hypoxia response elements.

1.5 Objectives

The objective of the work in this report was to develop a reliable therapeutic technique

to repair the infarcted heart. Specifically, the aims were to:

e Establish an in vitro protocol to isolate, expand and charcterize cardiosphere-
derived cells (CDCs) for in vivo study in the infarcted rat hearts.

e Evaluate the effects of hypoxic and PHD inhibitor preconditioning on cardiac stem
cell (CSC) proliferation, differentiation, metabolism, translational and
transciptional changes.

e Determine the effects of ageing on CSC proliferation, differentiation, metabolism,
translational and transcriptional changes.

e Optimize the CSC isolated from older rat hearts using hypoxic and PHD inhibitor

preconditioning.
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2.1 Animals

This study used wild type Sprague Dawley (SD) and transgenic Sprague Dawley (SD-
Tg(GFP)2BalRrrc) rats, which express the green fluorescent protein (GFP) gene. The
SD rats were obtained from a commercial breeder (Harlan, Oxon, UK), whilst the SD-
GFP rats originated from the Rat Resource and Research Centre (Missouri) and were
bred in Oxford BSU from animals generously donated by Dr. Cesare Terracciano
(Imperial College, UK). Animals were kept under controlled conditions for
temperature, humidity and light, with water and rat chow available ad libitum, except
where indicated. SD-Tg(GFP)2BalRrrc rats were used to obtain GFP expressing
cardiac stem cells, an important cell marker. At the end of each experiment, rats were
anaesthetised with sodium pentobarbital (270 mg/kg body weight, IP; Euthatal, Merial,
UK) to allow tissue removal. Body and heart weights were routinely recorded. All

procedures performed had the necessary UK Home Office and local ethical approval.

2.2 Isolation and expansion of cardiac stem cells (CSCs)
Unless otherwise stated, all cells culture was performed at 37°C in 5% CO;:21%

02174% Nz.

2.2.1 Explant culture

Neonatal (1-3 days) and adult (4 months) rat hearts were excised and washed with
phosphate buffered saline (PBS) (Invitrogen) twice to remove blood. The heart was
then minced into 1 mm explant tissue fragments in trypsin (Invitrogen) and plated on
60 X 30 mm petri dishes, which had been pre-coated with 2 ml PBS containing 2 pl
fibronectin (Sigma) and incubated at 37°C for at least 30 mins before use. After plating
the explants, 1.5 ml Complete Explants Medium (CEM) (Appendix 1) was added to

each dish.
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2.2.2 Harversting Explant Derived Cells (EDC)

Explants derived cells (EDC) grew out from the explants as round, phase bright cells
overlying a layer of thin fibroblast-like cells, which emerged from the edges of

explants. EDC, once confluent, were isolated with 1 ml trypsin for 5 mins at 37°C.

2.2.3 Cardiosphere (Csp) culture

EDC were resuspended in Cardiosphere Growth Medium (CGM) (Appendix 1) and
seeded onto 24-well plates, which had been pre-coated with 0.5 ml PBS (each well)
containing 10 pg poly-D-lysine (Gibco, Invitrogen) and incubated at 37°C for at least
30 mins before use. EDCs were plated at a density of 3 X 10* cells per 300 ul of CGM
(each well). Spherical cell clusters, known as cardiospheres, formed from the EDC and

were harvested after 4 days by mechanical trituration using a pipette.

2.2.4 Cardiosphere-derived cell (CDC) expansion

Isolated cardiospheres were resuspended in CEM, plated onto fibronectin-coated T75
flasks for expansion into cardiosphere-derived cells (CDCs). At 80-90% confluency,
CDCs were passaged and split into 2 new fibronectin-coated flasks at a concentration
of 5 x 10° cells/flask for further expansion. Media was replaced every 4 days. Cell

viability was assessed at every passage.

2.3 Cell viability test

Cell viability was assessed using a dye-exclusion assay and a lactate dehydrogenase
(LDH) assay. In the dye-exclusion assay, cells were trypsinized and stained with
trypan blue (Sigma), a compound that traverses only the membrane of dead cells and
stains them blue. Healthy cells with intact membrane integrity remained unstained. The
numbers of dead cells (blue) were counted manually under a light microscope. LDH is

a stable cytoplasmic enzyme present in most cells, but is released into the culture
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medium upon cell death due to the damage of the plasma membrane. The increase in
LDH activity in the culture supernatant is proportional to the number of lysed cells. In
the LDH assay, the cell culture medium was collected after the experiment and run
through the ABX Pentra 400 Chemistry Analyzer (Horiba Ltd., USA), using LDH CP

enzyme reagent (A11A01824, Horiba Ltd.) (performed by Emma E. Carter).

2.4 Cell Differentiation Assay

2.4.1 Adipogenesis

Approximately 2 X 10> CDCs were plated in each well of a six-well plate. The cells
were allowed to form a confluent monolayer and then subjected to 3 cycles of
induction with adipogenic induction medium (AIM) and maintenance in maintenance
medium (MM) (Appendix 2) to stimulate adipogenic differentiation. Each cycle
consisted of 3 days of incubation with AIM, followed by a change of medium to MM
for 2 days. Negative controls were fed on the same schedule, but only MM was used.
After 7 days of incubation in MM, the medium was gently aspirated, and cells were
fixed in 10% buffered formalin and stained with Oil red O. Only cells with neutral
lipid vacuoles appeared red. Stained cells were observed under the microscope and
images were acquired for analysis. Cells were washed with distilled water and allowed
to dry at room temperature. One ml of 100% isopropanol was added into each well for
10 mins with gently shaking, and pipetting up and down several times, to elute the Oil
red O. The solution was transferred into a 96-well plate reader and the optical density

(OD) was measured at 500 nm, with 100% isopropanol as the blank sample.

2.4.2 Cardiomyocyte differentiation
Approximately 2 X 10° CDCs were plated in each well of a six-well plate pre-coated
with 0.1% gelatine (Sigma, UK). When confluent, cardiomyocyte differentiation was

induced using cardiomyocyte differentiation medium (CDM) (Appendix 3) containing
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5-azacytidine (5-aza) or dimethylsulfoxide (DMSO) (Sigma, UK). For 5-aza treatment,
2 ml of CDM with 40 ul of 5 uM 5-aza were added to each well. For the next 2 days,
40 wl of fresh 5 uM 5-aza were added into each well every 24 hours. Then, 5-aza
medium was removed and cells were incubated with 2 ml of fresh CDM for 2 days. For
DMSO treatment, 2 ml of CDM and 1 uM of DMSO were added to each well. The

medium was changed every two days for 6 days.

After 5-aza and DMSO treatment, all cells were aspirated with PBS to remove the dead
cells and 2 ml CDM plus 50 pl of 1 uM ascorbic acid were added. The medium was
changed every 2 days for the following 6 days before the cells were harvested for

analysis of protein or RNA.

2.5 Polymerase chain reaction (PCR)

In this study, two PCR techniques were used: conventional reverse transcriptase PCR
(RT-PCR) and real-time (quantitative) reverse transcriptase PCR (qRT-PCR). A
general description is outlined from 2.4.1 to 2.4.3, with specific details for each PCR

technique outlined in 2.4.4 and 2.4.5.

2.5.1 Primer design and optimization

Primer pairs were using Primer3 software based on interpretation of GenBank or
Ensembl Genome Browser designed (Appendix 4). Primer specificity was enhanced by
designing a primer pair that flanked the exon-exon border of the gene of interest. This
can avoid the primers amplifying genomic DNA that may be contained in samples.
Primer specificity was confirmed by BLASTing the primer sequence against genomic
databases available at NCBI. No significant homology sequence should been found, to
ensure gene specific amplification rather than amplification of several transcripts with

one primer pair.
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2.5.2 Primer efficiency test

For the primer efficiency test, a series of 2-fold dilutions of cDNA were prepared and
amplified with consistent concentration of primer using the qRT-PCR machine. The
threshold cycle (Ct) value was obtained after the PCR procedure and plotted against
log cDNA dilution. Primer amplification efficiency was calculated as

—1/m

E=(exp 7 —1) X 100% where E is the amplification efficiency and m is the slope of

the dilution curve.

2.5.3 DNA extraction

DNA was extracted using the QIAGEN® Blood and Cell Culture DNA kits (QIAGEN
GmbH, Hilden, Germany) according to the manufacturer’s instructions. This kit
extracted and purified the DNA. The concentration and purity of DNA was determined
by measuring the absorbance at 260 nm (A260) and 280 nm (A280) using a Nanodrop
ND-1000 spectrophotometer (Nanodrop Technologies Inc., USA). A ratio of

A260/A280 =~ 1.8 is generally accepted as pure DNA.

2.5.4 RNA extraction and DNase treatment

Total RNA was extracted from cultured CDCs and rat whole heart tissue using Trizol
reagent (Sigma) according to the manufacturer’s instructions. DNase treatment was
performed using Turbo DNA-free (Ambion) to degrade any DNA present. The
concentration and purity of RNA was determined by measuring the absorbance at
A260 and A280 using a Nanodrop ND-1000 spectrophotometer. A ratio of A260/A280

~ 2.0 is generally accepted as pure RNA.

2.5.5 Reverse transcription (complementary DNA synthesis)
Complementary DNA (cDNA) was synthesized from the RNA template using the AB

high capacity transcriptase kit (Applied Biosystem). Every 1 ug RNA sample was
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reverse transcribed using 1 pl reverse transcriptase, 2 pl random primer, 0.8 pul dNTPs
(10 mM each), 2 ul buffer and topped up by RNase free water to a total volume of
20 pl. The reaction mixture was subjected to incubation for 10 mins at 25°C, 120 mins

at 37°C and 5 secs at 85°C.

2.5.6 Conventional PCR

2.5.6.1 PCR amplification

PCR was used to amplify the specific genes of interest. The total volume of each PCR
starting material was 50 pl. The PCR starting material was prepared by adding 5 ul
REDTaq PCR reaction buffer (Sigma, UK), 2.5 ul REDTaq DNA Polymerase (Sigma,
UK), 1 ul deoxynucleotide mix (Roche, UK), 1 ul forward primer, 1 pl reverse primer,
1 ul cDNA template and topped up with 38.5 ul of distilled water (ddH20). The PCR
program was set up with an initial heat activation step at 94°C for 30 secs. Then, 25
cycles of thermocycling were performed with a denaturation step at 94°C for 15 secs;
an annealing step at 60°C for 30 secs and an extension step at 72°C for 30 secs. The
final extension temperature was 72°C for 7 mins and finally the PCR products were

held at 4°C until next further analysis.

2.5.6.2 Evaluation of PCR products using 4% Agarose Gel Electrophoresis

After the PCR procedure, amplified PCR products were verified by running 4%
agarose gel electrophoresis. The gel was prepared by dissolving 4 g agarose powder
(Promega, USA) into 100 ml 1X TBE buffer (Appendix 5) with microwave heating for
3 mins. The boiling mixture was poured into a gel plate. A comb was quickly inserted
in the gel plate and the gel was left for 30 mins at room temperature to solidify. The
comb was then removed from the plate before use. 1X TBE buffer was loaded into the

tank of a mini gel electrophoresis system (Labnet International Inc.) and the 4%
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agarose gel was immersed in 1X TBE buffer. Each well of agarose gel was loaded with
25 ul of PCR product or 10 ul of 100 bp DNA ladder (Promega, Gene Ruler'™) and the
gel was run at 100 volts for 45 mins. The gel was visualized by using Chemimager
version 5.5 (Alpha Innotech Corporation) and the image of the gel was captured. PCR

product bands were quantified using Un-Scan-It, Version 6.1 (Silk Scientific, USA).

2.5.7 Real time PCR

Real time PCR amplification was performed using the Applied Biosystems
StepOnePlus Real-Time PCR System (AB International, CA). The real-time PCR
mastermix was prepared by adding 10 pl AB Sybrgreen PCR mastermix (AB
International, CA), 1 pl reverse primer, 1 pl forward primer, 1 pul cDNA and 7 pl
distilled water. The total volume for each real-time PCR reaction was 20 pl. The PCR
program was set up with an initial heat activation step at 95°C for 10 mins. Forty
cycles of thermocycling were performed with a denaturation step at 95°C for 15 secs,
an annealing step at 60°C for 30 secs and an extension step at 72°C for 30 secs.

Fluorescence was measured at the end of each extension step.

After amplification, a melting curve was acquired by heating the product at 4°C/sec to
95°C, cooling it at 4°C/sec to 70°C, keeping it at 70°C for 20 secs, and then slowly
heating it at 4°C/sec to 95°C. Fluorescence was measured through the slow heating

phase. Melting curves were used to determine the specificity of PCR products.

2.5.7.1 gqRT-PCR data analysis
Housekeeping genes were validated and qRT-PCR data normalization analysis method
were developed (Appendix 8, manuscript submitted). All the real time PCR data in this

study were analyzed as previously described (Appendix 8).
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2.6 Western Blot
Whole tissue lysates and cell lysates were used in this study. A general description of

the technique is outlined below, with variations for the specific proteins in Table 2.2.

2.6.1 Tissue lysate preparation

Rat hearts were excised and freeze-clamped in liquid nitrogen. Frozen tissue was
crushed using a pestle and mortar. A 50 mg sample was added to 500 pl of lysis buffer
containing protease inhibitor (Appendix 5). The sample was homogenized using a
Polytron homogenizer for 30 secs. The lysates were boiled for 5 mins and centrifuged
at 13,000 rpm, 4 °C for 5 mins. An aliquot of 20 ul was taken for determination of
protein concentration using a BCA protein assay kit (Thermo Scientific, USA) while

the remaining supernatant was stored at -80 °C.

2.6.2 Cell lysate preparation

Culture medium was removed from the tissue culture flask and 1 ml lysis buffer per
T75 flask was added. The flask was incubated on ice for 10 min. Lysate was removed,
boiled for 5 mins and centrifuged at 13,000 rpm, 4 °C for 5 mins. An aliquot of 20 pl
was taken for determination of protein concentration using a BCA protein assay kit

(Thermo Scientific, USA) while the remaining supernatant was stored at -80 °C.

2.6.3 Polyacrylamide gel electrophoresis and protein transfer

Lysate solutions were diluted to (50 ug/ul) following the protein assay. For every
sample, 35 pl of diluted lysates with 5% beta-mercaptoethanol (v/v) (Bio-rad
Laboratories, UK) were loaded onto 10% polyacrylamide gel and run at 120 V for
approximately 2 hours. The proteins were then transferred to nitrocellulose membranes
(Pall Corporation) using a semi-dry transfer cell (Bio-rad Laboratories, UK) at

0.07 mA per gel for 1 hour.
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2.6.4 Immunoblotting, detection and band quantification

After protein transfer, the nitrocellulose membrane was washed with TBS-Tween
(Appendix 5) and blocked in 12.5 ml of 5% (w/v) dried milk in TBS-Tween for 1 hour.
The membrane was washed with TBS-Tween for 1 hour, with the solution changed
every 10 min. The specific primary antibody (Table 2.1) was diluted in 5% milk in
TBS-Tween and incubated on the membrane at 4°C overnight. The membrane was
washed with TBS-Tween for an hour, with the solution changed every 10 min. The
appropriate horseradish peroxidase-conjugated secondary antibody (Table 2.1) (Santa
Cruz, USA) was diluted in 5% milk in TBS-Tween and incubated on the membrane for
an hour. The membrane was again washed for an hour, with the solution changed every
10 min. After washing, the membrane was covered with ECL Western blotting
detection solution (GE Healthcare, Amersham) and sandwiched between two sheets of
acetate. Photographic film was then placed on top of the blots in a dark room, and left
for varying time periods before being developed (Compact X4 automatic X-ray film
developer, X-ograph Imaging Systems). Protein bands were quantified using Un-Scan-

It, Version 6.1 (Silk Scientific, USA).

Table 2.1 Primary antibodies and incubation time for immunoblotting

Primary antibody Primary antibody Dilution Secondary Dilution
supplier antibody
Rabbit anti-HIF-1a Novus, NB100-479  1:2000 Goat anti- 1:2000
rabbit
Rabbit anti-glucose Abcam, AB652 1:2000 Goat anti- 1:1000
transporter-1 (GLUT-1) rabbit
Rabbit anti-glucose Gift: G. Holman, 1:4000 Goat anti- 1:2000
transporter-1 (GLUT-4)  University of Bath, rabbit
UK
Rabbit anti-citrate Apha Diagnostic, 1:2000  Goat anti-  1:2000

synthase CISY11-A rabbit
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2.7 Enzyme-linked immunosorbent assay (ELISA) for VEGF

Cell culture medium was collected after the experiment and the protein concentration
of the medium was determined using a BCA protein assay kit (Thermo Scientific,
USA). A 96-well plate was coated with 100 pl/well VEGF capture antibody (R&D
System, UK) overnight. An ELISA assay was performed according to the

manufacturer’s instruction.

2.8 Clarke-type oxygen electrode

Cell oxygen consumption rates of were measured using a Clark-type oxygen electrode
(Strathekelvin Instrument, Scotland) (assisted by Lucy Ambrose). Two million cells
were suspended in 500 pl respiratory medium (Appendix 6) and incubated in a stirred
chamber at 30°C. Respiration was measured under basal unstimulated conditions for
5 mins, following by the addition of substrates, pyruvate and malate, the ATP synthase
inhibitor, oligomycin, and the metabolic uncoupler, carbonyl cyanide
p-(trifluoromethoxy) phenylhydrazone (FCCP). Table 2.2 lists the concentration,
volume and incubation time required for each solution. Cell oxygen consumption rates
in each solution were traced and recorded. Traces were then analyzed using

Strathekelvin 782 Oxygen System v3.0 software.

Table 2.2 Concentration, volume and incubation time for each solution used in Clarke-
type oxygen electrode measurement of cellular oxygen consumption rates

Solution Concentration Volume Incubation time
Pyruvate 10 mM Sul 3 min
Malate 5 mM Sul 3 min
Oligomycin 2 mM 1wl 1 min
FCCP 10 mM 10 pl 3 min

Abbreviations: FCCP = carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone
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2.9 Glucose uptake and lactate metabolism

The glucose and lactate levels were determined using the ABX Pentra 400 Chemistry
Analyzer (Horiba Ltd., USA), an automated analyzer for in vitro diagnostic of a wide
range of chemical compounds. To run this assay, cell culture medium was collected
after the experiment and ran through ABX Pentra with glucose reagent (A11A01668,
Horiba Ltd.) and lactate reagent (A11A01721, Horiba Ltd.). These reagents bound to
the glucose and lactate molecules present in the medium, respectively, and fluoresced.
The analyzer detected the signal and analyzed the concentration of glucose and lactate

(performed by Emma E. Carter).

2.10 Statistical analysis

Data obtained were expressed as mean + standard error of the mean (SEM). All
statistical analysis was performed using Excel and SPSS software. The statistical
differences of measurement made in the same animals were analysed using a paired
T-test, whereas multiple comparisons between groups were analysed using a one-way
analysis of variance (ANOVA). Repeated Measures ANOVE was performed to
compare curves. Tukey post hoc test was used to analyse statistical difference between

groups or curves. A value of p < 0.05 was considered statistically significant.
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3.1 Abstract

Resident cardiac stem cells (CSCs) are found in the heart, and can be isolated and
expanded in vitro via the formation of cardiospheres (Csp) to give cardiosphere-
derived cells (CDCs). Administration of CDCs to the infarcted heart improves cardiac
function in rodents [108], however, a full understanding of the mechanism by which
CDCs act in the infarcted myocardium is not known. One of the objectives of this work
was to isolate, and characterize CDCs from neonatal rat heart. The second aim was to
assess the changes in function and morphology in infarcted rat hearts after CDC
therapy. CDCs contained pluripotent cells expressing markers such as Oct-4, Sox 2,
KIf-4 and Nanog and some cells expressing early cardiac specific differentiation genes
such as Nkx 2.5 and GATA 4. CD90 mRNA expression in CDCs was 14-fold higher
than in neonatal rat heart, while CD105 and c-Kit mRNA expression were 42% and
4.1% of that in neonatal heart, respectively, suggesting that CDCs were a heterogenous
population resembling a more CD90* CDI105" mesenchymal cell phenotype.
Adipogenesis and cardiomyocyte differentiation were induced in passage 2 CDCs to
test their differentiation potential. Approximately 30% of the cells transdifferentiated
into adipocytes, while Nkx 2.5, troponin T and myosin heavy chain were upregulated
in cells differentiated towards cardiomyocytes compared with control. For the in vivo
animal study, a total of 6 x 10° CDCs were administrated to infarcted rats n="7).
CDC-treated and non-treated (control) infarcted rat hearts were assessed using in vivo
magnetic resonance imaging (MRI) for up to 16-weeks. In CDC-treated hearts, the
ejection fraction was 9% higher than a control infarcted rat heart after 6 weeks, an
improvement in function that was maintained for 16 weeks. After 16 weeks, the hearts
were isolated, cryosectioned and stained with alkaline phosphatase, Picro-sirius red
and H&E (n = 5). A significant increase in capillary density (9.2%) and decrease in
scar volume (33%) were found in CDC-treated hearts, compared with control infarct.
However, there was no significant difference in the number of inflammatory cells
between CDC-treated and non-treated hearts. A significant positive correlation (R* =
0.86) was achieved between the scar volume measured using in vivo MRI and ex vivo
histology, suggesting that MRI can be used to monitor scar size non-invasively at
multiple time points. In conclusion, transplantation of CDC, expressing stem cells
markers improved cardiac function by reducing scar size and increasing capillary

density.
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3.2 Introduction

Cardiac stem cells (CSCs) were first identified within the heart in 2003 [86]. The
presence of CSCs challenged the generally accepted paradigm that the heart is a
postmitotic organ [5, 13]. Different approaches have been used to isolate CSCs from
heart tissue. Hierlihy et al. were the first to isolate CSCs from the adult hearts, based
on their ability to efflux Hoechst dye, yielding a putative progenitor side population
(SP) cell with stem cell-like activity [88]. Others isolated CSCs based on a specific
single cell marker, such as c-Kit [86] or Sca-1 [87, 151]. Both of these methods
generated a homogenous cell population, which was capable of differentiating into
cardiac myocytes [86-88]. Nonetheless, they generated relatively low number of CSCs,
as only 1% of SP cells of all cells were found. Similarly, the c-Kit based isolation

+ve

method was only able to provide one c-Kit™ " cell for every 104 myocytes [97].

In 2004, Messina et al. developed a method to isolate CSCs from human and murine
heart and expand them as cardiospheres [107]. These cardiosphere were clonogenic,
expressed stem and endothelial progenitor cell antigens/markers, and appeared to have
the properties of adult cardiac stem cells. The cardiospheres were expanded to obtain
sufficient cardiosphere-derived cells (CDC) for transplantation [108]. Cardiospheres
and CDCs derived from heart explant culture in vitro lead to myocardial regeneration
and functional improvement when injected into the infarcted mouse heart [107, 108].
In this thesis, the potential of CDCs as a therapeutic tool for myocardial infarction was

further investigated.

In spite of the information gleaned to date on isolating CDCs, a full understanding of
the mechanism whereby CDCs regenerate infarcted myocardium is unknown. The

observed improvement in function after transplantation of CDCs into the infarcted
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mouse heart [107, 108], may result from stem cells differentiating into cardiomyocytes,
secreting paracrine factors, or recruiting peripheral stem cells to the ischemic territory
[152]. Therefore, one of the objectives in this study was to assess the changes in
morphology and function of infarcted myocardium after delivery of CDCs. MRI was
used as a non-invasive method to assess heart function in vivo, whereas histological
staining was used to assess myocardial morphology and cellular changes ex vivo. A
combination of these two techniques provided a detailed insight into the mechanism of

CDC repair of the infarcted myocardium at a cellular level [153].

The aims of this study were to:

e [solate and expand CDCs from neonatal rat hearts.

e (Characterize the mRNA expression profile of CDCs.

® Induce adipogenesis and cardiomyocyte differentiation of CDCs.

e Assess the functional and morphological changes after myocardial infarction and
CDC therapy using histology. Compare histological data with MRI measurements

of morphology to confirm the MRI results.
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3.3 Methods

3.3.1 Isolation, expansion and characterization of cardiosphere-derived cells
Neonatal Sprague Dawley (SD) rat hearts were excised, minced and plated to give
explant-derived cells (EDCs). Cardiosphere-derived cells (CDCs) were generated from
EDCs according to Smith’s protocol [108] (Chapter 2). All experiments in this chapter
used CDCs at passage 2 (P2), unless otherwise stated. Genotypic characterization of
CDCs was assessed using reverse transcriptase PCR (RT-PCR) and quantitative (real
time) reverse transcriptase PCR (qRT-PCR). Specific cardiac stem cell markers
(c-Kit), pluripotent stem cell markers (Oct-4, Sox 2, Klf-4, and Nanog), cardiac
differentiation transcription factors (Nkx 2.5 and GATA 4), matured cardiomyocyte
markers (Troponin T and myosin heavy chain) and mesenchymal stem cell markers
(CD90 and CDI105) (see Appendix 4 for primer sequences) were investigated. All
RT-PCR data were normalized to GAPDH as the reference gene while, all gRT-PCR
data were normalized to GAPDH as the reference gene and neonatal rat whole heart
total RNA as the control samples. The differentiation potential of CDCs was
determined using adipogenesis induction medium with 1-methyl-3-isobutylxanthine,
dexamathasone and indomethacin (Appendix 2) or cardiomyocyte differentiation

medium with 5-azacytidine (5-Aza) or dimethyl sulfoxide (DMSO) (Appendix 3).

3.3.2 Animal study design
The in vivo animal study in this chapter was performed in collaboration with other

researchers in the group. Specific experimental methodologies are described below.

3.3.3 Myocardial infarction and CDC administration
Female Sprague-Dawley (SD) rats were used in this study. The left anterior descending
coronary artery was occluded to induce myocardial infarction, with reperfusion of the

artery after 50 mins. For the CDC-treated group (n =7), 2 X 10° CDCs were injected
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10 mins after infarction and another 4 X 10° CDCs were infused via the tail vein 2 days
later. For the control group (n = 7), the culture medium (CEM) was injected. In sham
operated animals (n = 4), the thoracotamy was performed, but no stitch was placed in
the heart, and the chest was closed. Cardiac function and morphology were assessed
using magnetic resonance imaging (MRI) (Appendix 7) for up to 16 weeks (work done

by Dr Carolyn Carr, Dr. Daniel Stuckey and Dr. Jun Jie Tan).

3.3.4 Tissue preparation

At the end of the study, the animals were sacrificed and the hearts were excised. Rat
hearts were cut in half transversely and embedded in Tissue-tek optimal temperature
cutting (OCT) compound and frozen over dry ice. The tissue blocks were stored at

-80°C.

3.3.5 Frozen section

Tissue blocks were sliced into sections of 10 um in thickness using a cryostat at -20°C.
Tissue slices were selected to correlate with the MRI slices (Figure 3.1). Using the
apex of the heart as reference point, the heart block was moved forward 1400 pm to
the start position. Twenty slices of 10 um were taken, the block was moved forward
550 um and twenty slices of 10 um were taken. This step was repeated until the end of
the tissue block was reached. For the basal slices, the top of the heart tissue was used
as the reference point. The block was sliced until the left ventricle became apparent.
Then, twenty slices of 10 um were taken, the block was moved forward 550 um and
twenty slices of 10 pm were taken. This step was repeated until the end of the tissue
block was reached. This sectioning resulted in sections from approximately 8 positions
from the apex and 8 from the base. All the slides were air dried at room temperature

for 1 hour, and then were kept at -20°C until used.



Chapter3 Cardiosphere-derived cells for infarcted rat hearts 37

h,
l“ﬁt

"1}

r
L¥
-

#

r
{

Figure 3.1 MRI image of rat heart. Red lines indicate the position for tissue slicing,
each slice is approximately 200 um width. 14 to 16 slices acquired from each heart.
3.3.6 Immunohistochemistry and immunocytochemsitry

3.3.6.1 Tissue and cell fixation

Tissue sections or CDCs (grown on a Nunc Lab-Tek® 4-well chamber slide precoated
with 10 pg/ml fibronectin) were fixed with 4% paraformaldehyde (Sigma, UK) on ice
for 15 mins and then washed with washing buffer (PBS with 0.1% Tween) 5 times,
with washing buffer changed every 2 mins. After washing, tissue sections or CDC
slides were blocked with 10% donkey serum (Biosera, UK) in 0.1% PBS-tween for an

hour at room temperature.

3.3.6.2 Primary antibody staining

Blocking solution was aspirated and the fixed tissue or cells were incubated with the
primary antibody (Table 3.1) diluted in PBS, overnight at 4°C in a humidified
chamber. Tissue sections or cell slides were washed 5 times for 2 mins each with
washing buffer. The appropriate secondary antibodies (Table 3.1) were added to tissue
sections or cell slides and were incubated at 37°C for an hour. Tissue sections or cell

slides were washed as before. Slides were mounted by putting 1 drop of VectaShield
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hardest mounting medium with DAPI (Vector laboratories, UK) on each tissue section

or cell slide and covering the sample with a coverslip. Slides were kept at 4°C,

protected from sunlight, until further analysis using confocal microscopy (Zeiss

LSM510) (cardiac troponin and GFP immunostaining, confocal microscopy and

confocal image analysis were by Dr. Georgina Ellison, Dr. Jun Jie Tan and Dr. Renata

S. M. Gomes).

Table 3.1 Primary antibodies and incubation time for immonohistochemistry

Primary Manufacture Dilution Secondary Dilution
antibody antibody
Cardiac troponin Ab10214, 1:100 donkey anti 1:1000
T (Tnnt) Abcam, UK mouse 1gG-FITC

(AF488)
Cardiac troponin SC-15368, Santa 1:100 donkey anti 1:1000
I (cTnl) Cruz, USA rabbit 1gG-FITC

(AF488)
GFP ADb290, Abcam, 1:50 donkey anti 1:1000

UK rabbit 1gG-FITC

(AF488)
Integrin aX SC-26692, Santa 1:200 donkey anti goat 1:1000
(CDl1c) Cruz, USA 1gG-FITC

(AF488)

3.3.7 Histology

3.3.7.1 Haematoxylin and eosin (H&E) staining

Sections were fixed in acetic alcohol (3% acetic acid in 95% methanol) for 1 min.

Fixed sections were washed in running tap water and then stained in haematoxylin for

10 mins. Sections were washed in running tap water until it ran clear, then dipped in

differentiation solution (1% HCI in 70% ethanol) and washed again in running tap

water. Sections were ‘blued’ in Scotts tap water substitute for 30 secs, washed in

running tap water and stained in filtered Eosin for 2 mins. Sections were then rinsed in
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water and dehydrated through serial alcohols (70%, 95%, 100%). After complete
dehydration, sections were taken through xylene baths and a coverslip was applied
with DPX mounting medium. Haematoxylin stained cell nuclei purple/black, whereas
eosin stained most components of the cell cytoplasm pink/red. The amount of positive
staining was quantified using ImagePro analysis software on three specific regions, the
infarct, peri-infarct and remote area. In each region, 2 to 3 digital images of H&E
stained sections were taken from 14 to 16 fields (14 to 16 tissue sections from base to
apex, Section 2.8) at 10X magnification. All acquired images were of 744 X 560 pixels

in an area measuring 690 X 520 um.

3.3.7.2  Picro-sirius red staining

Sirius red stain was prepared by dissolving 0.5 g of powdered direct red 80 (Sigma,
UK) in 45 ml distilled water. Ethanol (50 ml; 99%) was added, followed by 1 ml of 1%
sodium hydroxide. Drops of 20% sodium chloride were slowly added until a slight
precipitate persisted. The mixture was left overnight and filtered before use. Sections
were fixed in acid alcohol (1% HCI in 70% ethanol) for 5 mins. Fixed sections were
washed in acid water (0.5% acetic acid) for 1 min before staining in picro-sirius red
(10% sirius red stain in a saturated picric acid solution) for 30 mins. Sections were then
washed in acid water for 1 min twice and dehydrated through serial alcohols (70%,
95%, 100%). After complete dehydration, sections were taken through xylene baths
and a coverslip was applied with DPX mounting medium. Cytoplasm stained yellow
whereas collagen fibers stained red by Picro-Sirius red stain. Digitized images of picro-
sirius red-stained tissue sections were taken and arranged from base to apex. All the
acquired images were of 520 X 520 pixels in an area measuring 1.35 X 1.35 cm. The

amount of positive staining was quantified using ImagePro image analysis software.
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3.3.7.3 Alkaline phosphatase staining

Sections were fixed in acetone for 5 mins. Slides were allowed to air dry at room
temperature.  5-Bromo-4-chloro-3-indolyl phosphate and nitroblue-tetrazolium
(BCIP/NBT kit, Vector Labs) was used to stain capillaries black. BCIP/NBT substrate
working solution was prepared by adding 2 drops of Reagent 1 into 5 ml of 100 mM
Tris-HCI buffer (pH 9.5). The mixture was mixed well before 2 drops of each of
Reagent 2 and Reagent 3 were added. BCIP/NBT solution was prepared freshly. Tissue
sections were incubated with BCIP/NBT solution at room temperature for 25 mins in a
tray to avoid light affecting the quality of the stain. Sections were rinsed with distilled
water for 2 mins. This step was repeated 3 times. Then the slides were mounted
directly with aqueous mounting medium (Vecta Mount AQ) immediately before use.
Alkaline phosphatase stained blood vessels black. The amount of positive staining was
quantified using ImagePro image analysis software on three specific regions, the
infarct, peri-infarct and remote area. In each region, 2 to 3 digital images of stained
sections were taken from 14 to 16 fields (14 to 16 tissue sections from base to apex,
Section 2.8) at 10X magnification. All acquired images were of 744 X 560 pixels in an

area measuring 690 X 520 pm.
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3.4 Results

3.4.1 Cardiac stem cell isolation and expansion

3.4.1.1 Explant-derived cells (EDC)

SD-GFP neonatal rat heart (0.07 to 0.10 g) was explanted into 6 fibronectin-coated
dishes. Explants adhered well to the fibronectin and generated a layer of thin, flat
fibroblast-like cells after 1-2 days (Figure 3.2a). Round phase bright cells were
observed growing out from the explants and migrated over this fibroblast-like cell layer
after 4 days (Figure 3.2b). One neonatal rat heart generated approximately 1 x 10°
explant-derived cells (EDCs) after 7 days. The explants could be harvested up to 3

times with an interval of 1 week between each harvest.

Round phase bright cells
Figure 3.2 Explant derived cells. (a) fibroblast-like cells generated after 2 days

(b) round phase bright cells grew on top of the fibroblast layer after 4 days.

3.4.1.2 Cardiosphere and cardiosphere-derived cells (CDC)

EDCs were allowed to grow on poly-D-lysine—coated 24-well plates with CGM
(Appendix 1). Cardiospheres, spherical clusters of cells, with an average size of 80-100
um, formed after 2 days of incubation (Figure 3.3). Approximately 400 cardiospheres

were obtained from each well of a 24-well plate after 4 days of incubation.
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Figure 3.3 Cardisopheres: (a) after 24 hours, (b) after 4 days

Cardiospheres loosely adhered to the culture surface or remained in suspension and
thus could easily be isolated by pipetting and replating into a T75 flask for expansion.
Isolated cardiospheres were cultured in CEM (Appendix 1) and formed cardiosphere-
derived cells (CDCs) after 3-4 days of incubation. CDCs reached 80-90% confluency
within 5 to 7 days and were subsequently passaged in the ratio 1:2 for further
expansion up to passage 2 (Figure 3.4). A total of approximately 2 x 10’ CDCs were

obtained from each neonatal heart at the end of passage 2.

Figure 3.4 Passage 2 cardiosphere-derived cells
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3.4.2 Characterization of CDCs

3.4.2.1 RNA isolation and cDNA synthesis

Total RNA was isolated from passage 2 CDC and neonatal heart tissue lysates. The
purity of total RNA was verified using a Nanodrop ND-100 spectrophometer
(Nanodrop Technologies Inc, USA) and showed a ratio of A260/A280 = 2.0, indicating

pure RNA.

cDNA was synthesized using reverse transcriptase enzyme with pure RNA as the
template. The purity of cDNA was enhanced by running DNase treatment before the
cDNA synthesis procedure. All synthesized DNA showed a ratio of A260/A280 =~ 1.8

which indicated pure cDNA.

3.4.2.2 Efficiency and specificity of target specific primers

A total of 11 pairs of primer sequences were designed for RT-PCR and qRT-PCR
analysis of selected target genes. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping gene because this gene has been shown to be
the most consistently expressed gene in P2 CDCs among all 6 genes under
investigation (Appendix 8, manuscript submitted). To test the primer efficiency, a
series of 2-fold dilutions of cDNA were amplified with consistent concentration and
primer amplification efficiency, E, was calculated as E = (exp "™ — 1) x 100% where m
is the slope of the linear dilution plot dilution curve. For example, the linear regression

plot for GAPDH primer is shown in Figure 3.5.
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Figure 3.5 Linear regression plot (Ct value against log cDNA dilution) for GAPDH
primer efficiency (n = 4). Y=mX + C, m = slope of the linear regression plot; R’=
correlation coefficient.

Correlation coefficients (R?) for all primers ranged from 0.90 to 0.99 and efficiencies
for all primers ranged from 91% to 110%. This indicates that all the designed primers
worked successfully and gave consistent results throughout efficiency testing (Table

3.2).

Table 3.2 Primer efficiency

Primer / Slope of the linear Primer efficiency, Correlation
Gene regression plot (m) E= (exp*” "—1)x 100% coefficient (Rz)
GAPDH -3.34 99% 0.99
c-Kit -3.28 102% 0.95
Oct 3/4 -3.32 100% 1.00
Sox 2 -3.70 86% 0.99
Kif-4 -3.37 98% 0.99
Nanog -3.10 110% 0.99
Nkx 2.5 -3.38 98% 0.98
GATA 4 -3.49 93% 0.90
Tnnt -3.57 91% 1.00
MyHC -3.50 93% 0.99
CD105 -3.42 96% 0.98

CD90 -3.11 110% 0.95
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Amplified products were dissociated after the qRT-PCR. All primers showed only one
peak in the dissociation curve (melt curve). This indicates the specificity of the primer

amplification function. The melt curve for GAPDH is shown in Figure 3.6.

Melt Curve

Relative fluorescence units (RFU) with time (T) (-d(RFU)/dT)

G5.0 T0.0 5.0 20.0 85.0 a0.0 5.0
Tm: 79.54
Temperature (°C)

Figure 3.6 Melt (or dissociation) curve for primer GAPDH.
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3.4.2.3 CDCs expressed pluripotent stem cell and cardiac differentiation markers

Conventional RT-PCR revealed that P2 CDCs isolated from 1 or 2 day old neonatal
wild type SD rat hearts represented a mixed cell population consisting of cardiac stem
cells and progenitor cells expressing c-kit, Oct-4, Klf4 Sox2 and Nanog; cardiac
differentiating cells (Nkx 2.5 and GATA 4) with weak expression of mature
cardiomyocyte markers (Tnnt and MyHC); and mesenchymal cells (CD90 and CD105)

(Figure 3.7).

DNA c-Kit Oct-4 KIf4 Nanog Sox2 Nkx2.5 GATA4 Tont MyHC CD90 CD105 -ve GAPDH DNA
Ladder control Ladder

Fig. 3.7 Representative gel electrophoresis image (of three independent experiments)
of RT-PCR characterization of neonatal P2 CDCs. GAPDH was used as housekeeping
gene to validate the RNA extraction and cDNA synthesis procedure. -ve control = PCR
amplification without cDNA template; DNA ladder = 100 bp DNA ladder (N3231S,
BioLabs).
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3.4.2.4 CDCs comprised cardiac progenitor and mesenchymal cells

Using quantitative (real time) RT-PCR (qRT-PCR), relative mRNA levels of neonatal
CDCs were compared to the rat heart total mRNA levels to determine the ratio of
cardiac stem/progenitor cells isolated in vitro to the endogenous cardiac
stem/progenitor cell population. qRT-PCR results showed that rat P2 CDCs expressed
significantly lower c-Kit (4.1 £ 0.3%) and CD105 (42 + 17%), compared with whole
neonatal rat hearts (indicated as 100%), with very high expression of CD90
(14.1 £ 1.3-fold increase vs. neonatal rat heart) (Figure 3.8). These data indicated that
P2 CDCs comprised c-Kit"/CD105+ cardiac progenitor cells and CD90"/CD105"
cardiac  mesenchymal cells, but the majority of CDCs had a

CD90*/CD105 mesenchymal stem cell phenotype.
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Figure 3.8 The relative mRNA expression of c-Kit, CD105 and CD90 for neonatal P2
CDC (n = 4) using gRT-PCR. All values were normalized to GAPDH (housekeeping
gene) and neonatal whole heart total mRNA (indicated as 100%). P2 CDC mRNA
abundance was expressed relative to the neonatal rat heart.* p < 0.01 vs. neonatal
whole heart total mRNA. Y axis scale is segmented for clarity.



Chapter3 Cardiosphere-derived cells for infarcted rat hearts 48

3.4.3 CDC functional studies (in vitro)

3.4.3.1 CDCs could be transdifferentiated into adipocytes

Approximately 30% of passage 2 CDCs stained red by Oil red O after 3 cycles of
adipogenic induction medium (AIM) (Appendix 3). This showed that a portion of the

CDCs were able to be transdifferentiated into adipocytes (Figure 3.9).

Figure 3.9 Representative images (of four independent experiments) of (a) non-treated
CDCs, (b) neonatal CDCs treated with 3 cycles of adipogenic induction medium
resulted in differentiation into adipocytes, identified by staining with Oil red O, (10X
magnification) and (c) Oil red O stained adipocytes (40X magnification).

3.4.3.2 CDCs were capable of transdifferentiating into cardiomyocytes

The cardiomyogenic potential of neonatal P2 CDCs was tested in vitro over 2 weeks
with cardiomyocyte differentiation medium (CDM) containing the cardiomyogenic
inducers, 5-azacytidine (5-aza) or dimethyl sulfoxide (DMSO). Negative control cells
were treated with complete explant medium (CEM), the basal culture medium for

CDCs, for either 5 days or 2 weeks.
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CDCs treated with CEM (Figure 3.11a), 5-aza (Figure 3.10b), or DMSO (Figure
3.10c), had a confluent morphology after 2 weeks, compared with normal CEM-treated

CDC:s at day 5 post plating (Figure 3.10d).

G IR
©) ()

Figure 3.10 Representative images (of three independent experiments) of cell
morphology of P2 CDCs two weeks after treatment with (a) CEM, (b) 5-aza, (c)
DMSO, compared with (d) P2 CDCs 5 days after treatment with CEM.
Scale bars = 200 um.

Nkx 2.5 and Tnnt mRNA levels were significantly increased in neonatal CDCs treated
with CEM for 2 weeks, compared with those treated with CEM for 5 days (Figure
3.11), indicating that CDCs have the potential to spontaneously differentiate into
cardiomyocytes after 2 weeks in culture without passaging. For 5-Aza and DMSO
treated CDCs, Nkx 2.5, Tnnt and MyHC mRNA levels were significantly increased,
compared with CDCs treated with CEM for 5 days (Figure 3.11). In addition, Tnnt
mRNA was significantly higher in CDCs treated with 5-aza and DMSO, compared to
those treated with CEM for 2 weeks (Figure 3.11), indicating that although CDCs

could spontaneously differentiate into cardiomyocytes, adding the cardiomyogenic

inducers enhanced the differentiation potential.
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Figure 3.11 The relative mRNA expression of Nkx 2.5, Tnnt and MyHC for neonatal
P2 CDC (n=3) using gRT-PCR. All values were normalized to GAPDH (housekeeping
gene) and CEM (5 days) (control). CEM (2 weeks), 5-Aza- and DMSO-treated CDC
mRNA abundance was expressed relative to the control. * p < 0.05 vs. control; * p <
0.05 vs. CDCs treated with CEM (2 weeks).

Immunocytochemistry for Tnnt also revealed that CDCs, at about 30-40% confluecy (3
days after plating), did not express Tnnt, while CDCs at over 90% confluency (2 weeks
after plating) showed positive staining for Tnnt. This could be due to the cell-to-cell
contact which induced the CDCs to initiate differentiation along the cardiomyocyte
lineage. The Tnnt staining became more obvious and the structure of cardiomyocyte-
like cells became organized after DMSO treatment, compared to non-treated cells after
2 weeks, validating the importance of DMSO in inducing cardiomyocyte
differentiation (Figure 3.12). However, no beating cells were observed in any of these
cultures. Negative control also was included in this experiment to validate the

immunostaining data. No signal was detected on the negative control (data not shown).
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Figure 3.12 Cardiomyocyte differentiation of P2 CDCs. Representative confocal
images (of three independent experiments) of the DMSO differentiation protocol. Top
panel: 30-40% confluent CDCs, middle panel: over 90% confluent CDCs, bottom
panel: CDCs treated with DMSO over two weeks. At the end of the differentiation
protocol, an equal number of cells (8 x 105 per chamber) of each condition were
trypsinized and seeded on 4-well chamber slides coated with fibronectin (10 png/ml)
and stained with DAPI and Tnnt. Scale bars = 50 pm.
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3.4.4 CDC functional studies (in vivo)

To investigate the regenerative potential of CDCs in vivo, P2 CDCs generated from
neonatal transgenic Sprague Dawley (SD-Tg(GFP)2BalRrrc) rats, which express the
green fluorescent protein (GFP) gene, were administered to surgically infarcted female
Sprague Dawley (SD) rats. Injected CDCs were labeled with fluorescent dye to assist
the detection of the cells after injection. In vivo CDC cardiomyogenic differentiation
was confirmed using immunohistochemical staining and heart function was measured

using MRI over 16 weeks.

3.4.4.1 Detection of injected CDCs in infarcted myocardium after 16 weeks

P2 GFP-CDCs were labeled with bright green fluorescent micron-sized particles of
iron oxide (MPIO) and red Dil cell tracker dye prior to administration into the
infarcted rat heart. Sixteen weeks after injection, rat hearts were excised, sliced and
counterstained with DAPI. MPIO and Dil fluorescent cells were detected in the
infarcted myocardium under fluorescent microscope (Figure 3.13 a and b). This shows
that the injected CDCs remained in the infarcted myocardium for 16 weeks after
injection. Although green fluorescent GFP-CDCs were used in this study, the detection
of GFP-CDCs directly under fluorescent microscope was not practical due to the
natural autofluorescent of cardiac tissue. Therefore, GFP-CDCs were identified using

specific GFP immunostaining (Figure 3.13c).
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(a) MPIO (c) GFP

Figure 3.13 Representative confocal images (of five independent experiments) of the
CDCs labeled with (a) MPIO particles, (b) red Dil cell tracker dye and (c) GFP-
immunostained CDCs were detected in infarcted rat heart tissue 16 weeks after
injection. (d) Tissue was counterstained with DAPI which stains nuclei blue.

3.4.4.2 Invivo CDC cardiomyocyte differentiation

Sixteen weeks after CDC injection, the rat hearts were excised, cryosectioned and
stained with cardiac troponin I (cTnl) to detect in vivo CDC cardiomyocyte
differentiation. Quantification of positive cTnl was from at least 10 representative
fields from 3 CDC-treated hearts. About 49 + 3% cells with MPIO and red Dil cell
tracker dye were co-localized with c¢Tnl staining (Figure 3.14), indicating that some
portion of injected CDCs were retained in the infarcted myocardium and differentiated
into cardiomyocytes 16 weeks after injection. Although green fluosrescent GFP-CDCs

were used in this study, the detection of GFP-CDC was not practical due to the natural

autoflurescent of cardiac tissue.
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Figure 3.14 In vivo CDC differentiation. Representative confocal images (of five
independent experiments) of the infarct region of the CDC-treated rat heart showed
that MPIO and Dil-labelled cells co-localised with cardiac troponin I staining,
suggesting cardiomyogenic differentiation of transplanted CDCs in vivo.

3.4.4.3 CDC transplantation increased infarcted heart function

Cine-MRI was used to measure cardiac function at baseline (2 days post MI) and at 2,
6, 10, 16 weeks after MI and the administration of CDCs. At baseline, there were no
significant differences between control and CDC-treated hearts in ejection fraction
(EF). However, after 2 weeks, a sharp fall in EF was observed in non-treated infarcted
hearts (52 + 2%) and CDC-treated infarcted hearts (55 + 2%), but not in sham operated
hearts (68 + 1%). By 6 weeks, the EF in CDC-treated infarcted hearts was 9 + 2%

(p < 0.05) higher than that of the non-treated infarcted hearts, and the difference

persisted for up to 16 weeks (Figure 3.15).
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Figure 3.15 Ejection fraction (EF) measured using cine-MRI. In sham operated
animals (n=3), no significant changes in EF was observed over 16 weeks. By 6 weeks,
a significant improvement in EF was found in CDC-treated hearts (n = 7) and
maintained for 16 weeks, compared with the non-treated hearts (control) (n = 7).
* P< 0.05 vs sham; # P< 0.05 vs control.

3.4.5 CDC functional studies (ex vivo) - assessment of cardiac morphology using

histology

Following MRI, hearts from a sub-set of non-treated and CDC-treated animals (n = 5

each group) were excised and cardiac morphology was assessed using histology.

3.4.5.1 Wavy fibers formed and inflammatory cells invaded after infarction

Haematoxylin and eosin (H&E) staining revealed the structure of cardiac tissue in all
groups (Figure 3.16). Wavy fibers were found in the infarcted tissue due to the pull on
the dead myocardium by live myocardium (Figure 3.16a). Contractile muscle cells
were replaced by pale white collagen, forming the scar of the infarction. Moreover, the

infarcted area was invaded by a high density of cells, indicated by the haematoxylin
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stain which stained nucleic blue (Figure 3.16b), compared to non-infarcted area (Figure
3.16¢). Soon after infarction, the interstitium at the margin of the infarcted area was
initially infiltrated with neutrophils, then with lymphocytes and macrophages, which
phagocytose myocyte debris [154]. Although it was not possible to specifically identify
the cell types in the infarct region using this staining technique, the observed
morphology suggested that most of the nuclei were inflammatory cells, further,
immunohistochemistry using specific antibody for inflammatory cells was used to

verify this hypothesis.

Figure 3.16 Representative images (of five independent experiments) of rat heart tissue
stained with haematoxylin and eosin. (a) Wavy fibers, 4X (marked with arrow) (b) pale
white collegen scar and invading leukocytes, 10X (marked with arrow) and (c) normal
healthy myocardium, 10X, for comparison.

3.4.5.2 Identification of inflammatory cells using immunohistochemistry

In order to verify the cell types that invaded the infarcted area, tissue sections were
stained with Integrin aX (CDI11c). CDl1lc is a type I transmembrane protein found at
high levels on several important inflammatory cell types such as monocytes,
macrophages, neutrophils and some B cells. The confocal images showed positive
staining in infarcted myocardium but not in healthy non-infarcted myocardium,
confirming that the cells that invaded the infarcted myocardium were predominantly

inflammatory cells expressing CD11c (Figure 3.17).
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Figure 3.17 Immunostaining of inflammatory cells. Representative confocal images (of

three independent experiments) of the normal healthy myocardium,

infarcted

myocardium without CDC treatment and infarcted myocardium with CDC treatment
(from top to bottom) immunostained with CDI1c antibody. Green = CDI1lIc; blue =
DAPI. Scale bars = 50uM



Chapter3 Cardiosphere-derived cells for infarcted rat hearts 58

3.4.5.3 Quantification of invading inflammatory cells
Quantification of invading inflammatory cells (based on H&E staining) was performed
on three specific regions, the infarct, peri-infarct and remote areas of CDC-treated and

non-treated infarcted rat heart tissue (Figure 3.18).

(a) Non-treated (control) (b) CDC-treated

Infarct

Peri-
infarct

Figure 3.18 H&E staining, 10X, revealed leukocyte invasion in different regions in
cardiac tissue sections. (a) non-treated group (n = 5) (b) CDC-treated group (n = 5).
(From top to bottom: infarcted area, peri-infarct area, remote area).
Scale bars = 200um
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The infarct zone had increased infiltrating inflammatory cells (hematoxylin stain)
compared with the non-infarcted remote area in both groups (p < 0.01). However, there
was no significant difference in the number of infiltrating inflammatory cells between
the two groups (Figure 3.19). (Non-treated group vs. CDC-treated group, infarct zone
=27 + 3% vs. 24 + 2%, peri-infarct zone = 20 = 3% vs. 17 £ 1%, remote zone = 10 +

2% vs. 10 + 1%).

Inflammatory cells

. O Non-treated group

a N B CDC treated group
- M
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Figure 3.19 Hematoxylin staining indicated increased infiltration by inflammatory
cells in the infarcted, compared with the remote myocardium in the non-treated group
(n=5) and CDC-treated group (n = 5). * = significantly different between the infarct
and remote region at p < 0.01.

3.4.5.4 Capillary density reduced after myocardial infarction

The myocytes in the infarcted myocardium were replaced by a collagenous scar with
permanent loss of cardiac contractility and a reduced number of blood vessels. The
area was unstained by alkaline phosphatase due to the absence of blood vessels. In the
normal myocardium, alkaline phosphatase stains capillaries black. Quantification of
capillary density (number of capillary per mm” of myocardium area) was performed on

three specific regions, the infarct, peri-infarct and remote area of CDC-treated and non-

treated groups (Figure 3.20).
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Figure 3.20 Alkaline phophatase staining, 10X, revealed capillary density in different
region in cardiac tissue sections. (a) non-treated group (n = 5) (b) CDC-treated group
(n = 5). (From top to bottom: infarcted area, peri-infarct area, remote area).
Scale bars = 200um.

Infarct zones showed a significant decrease in capillary density compared to the peri-
infarct and remote areas in both the treated and non-treated groups. In the non-treated
group, the number of capillaries per mm” of myocardium in the infarcted zone was 376
+ 34 compared to 745 + 12 in the peri-infarct zone and 1337 + 89 in the remote zone.
Whereas, for the CDC-treated group, the number of capillaries per mm® of
myocardium area in the infarcted area was 430 + 48 compared with 813 + 31 in the

peri-infarct area and 1413 = 112 in the remote area (Figure 3.21). A significant 9.2%
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increase in capillary density was found in the CDC-treated group, compared to non-

treated group, in the peri-infarct region (Figure 3.21).
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Figure 3.21 Alkaline phosphatase staining showed increased capillary density in
peri-infarct myocardium in the CDC-treated group (n = 5) compared with the non-
treated group (n = 5). * p < 0.05 vs. non-treated group.

3.4.5.5 Collagen tissue formed as scar tissue in the infarcted area

Picro-sirius red staining revealed a clear difference between healthy and infarcted
tissue (Figure 3.22). Healthy myocardium stained yellow due to the cytoplasm,

whereas myocardium was replaced with collagen and stained red in the infarcted

region.

——r—

25mm ‘ 25mm

Figure 3.22 Representative images (n = 5) of rat whole heart transverse tissue slices
stained with picro-sirius red. (a) normal heart (b) infarcted heart.
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Figure 3.23 shows a comparison of the alkaline phosphatase stain and the picro-sirius
red stain on a comparable region of the same infarcted rat heart. The infarcted region,
which was unstained by alkaline phosphatase due to the absence of capillaries was

stained red by the picro-Sirius red stain due to the formation of the collagen scar.

Figure 3.23 Comparison of (a) alkaline phosphatase staining, 4X and (b) picro-sirius
red staining, 4X on a comparable region of the same infarcted rat heart (shown in
circle). Infarcted (circle) tissue was replaced with collagen which stained red by the
picro-sirius red. The collagenous scar did not contain blood vessels, thus no alkaline
phophatase stain was observed in this area.

3.4.5.6 Quantification of scar volume

A significant decrease in total scar volume on whole heart tissue sections was found in
the CDC-treated group compared to the non-treated group (Figure 3.24). The total scar
volume for the CDC-treated group was 65.4 + 8.2 mm®, 33.3% decreased compared

with the non-treated group.
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Figure 3.24 Total scar volumes in whole heart tissue sections of non-treated and
CDC-treated groups (n = 5). * p < 0.05 vs non-treated group.

3.4.6 Comparison between in vivo MRI and ex vivo histology

The morphology of the infarcted rat heart was assessed using MRI. Seven contiguous
short axis cine MRI slices of 1.5 mm thickness were acquired and the images at end

systole and end diastole were analyzed using Image J (Figure 3.25).

Figure 3.25 MR image of an infarcted rat heart. Top panel: Long axis. Bottom panel:
Short axis shown at end systole and end diastole. Lines perpendicular to the long axis of
the heart indicate the location of short axis slices, planned from the long axis image.
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The akinetic region was identified in MR images as an area of myocardium lacking
contractility, wall motion and wall thickening (Figure 3.26). Absolute scar size was
calculated as the sum of the akinetic segment of the seven parallel, sequential short
axis cine MRI slices, with 1.5mm thickness each, covering the entire LV. A significant
positive correlation was found between scar volume measured using MRI and picro-

sirius red stained tissue section in all groups (R2 =0.86) (Figure 3.27).

End diastole End systole

Non-infarcted heart

Infarcted heart

Figure 3.26 Short axis MRI slices obtained for non-infarcted heart (a & b) and
infarcted heart (¢ & d) during end diastole (a & c) and systole (b & d). LV epicardial
and endocardial areas were outlined using free hand drawing function. Note the lack
of wall motion and thickening in the akinetic area of infarcted heart during systole (d),
while the non-infarcted heart (a & b) exhibits wall motion and thickening. The akinetic
area was selected (red arrow and red line in d) and the area bounded by the red line
was measured.
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Figure 3.27 A positive correlation was found between scar volume measured using
MRI and picro-sirius red staining for non-treated groups (n = 5) and CDC-treated
groups (n = 5). Each point represents the correlation of MRI and picro—sirius red
staining for each animal.
Moreover, there was agreement between in vivo short axis MRI images and ex vivo
histological staining at the equivalent position in almost every slice (Figure 3.28). The

dark akinetic infarct area could be seen in diastolic and systolic MR images,

corresponding to the red stained collagen scar in the tissue section.
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Figure 3.28 Contiguous heart slices from base (top) to apex (bottom), with Picro-sirius red
stained tissue section and short axis cine MR image at systole and diastole, 16 weeks after
surgery. Left panel: non-treated group. Right panel: CDC-treated group. MRI slices (Slice 1 to
Slice 7) were 1.5mm apart and histological sections were collected so that they accurately
matched the region of the heart shown in the MR images.
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3.5 Discussion
The aims of the work described in this chapter were to isolate, characterize and
differentiate P2 CDCs in vitro, and assess the potential of these cells as a therapeutic

agent for myocardial infarction using in vivo MRI techniques and ex vivo histology.

CDC culture, expansion and characterization

In this study, we used the cardiosphere culture method to expand CDCs generating a
heterogenous mixture of cells, which contains cardiac stem cells [107, 108]. This
approach was used for two reasons: firstly, CDCs have been shown to give functional
improvement in infarcted animal models [107, 108] and secondly, the number of cells
generated in a few weeks from this approach is many fold greater than obtained by
selection for c-Kit or Sca-1 [97]. Approximately 6 x 10° CDCs were obtained from
neonatal rat heart within 28 days, comparable to Smith et al., who obtained 1.7 + 0.4 x

10° CDCs from human biopies within 45 + 7 days using the same technique [108].

CDC:s isolated in the present study were characterized using both RT-PCR and qRT-
PCR. The selection of target genes for PCR in this study was based on important

molecular signals involved in cardiac stem cell identification and differentiation.

Based on the RT-PCR findings, it was clear that the CDCs obtained from the heart
explant culture in vitro were a heterogenous cell population, which included cardiac
stem cells and progenitor cells expressing c-kit, Oct-4, Klif-4 Sox2, Nanog and
mesenchymal cells (CD90 and CD105). There were also cardiac differentiating cells
(GATA-4 and Nkx 2.5) and a low level of more mature cardiomyocytes (Tnnt and
MyHC). This is in agreement with Smith ef al., which have shown that CDCs were a
mixed population comprising of c¢-Kit" progenitor cells and CD90" CD105"

mesenchymal cells that could be transdifferentiated into cardiomyocytes [108].
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In line with the RT-PCR data, qRT-PCR showed that rat P2 CDCs expressed a low
level of c-Kit (4.1%) and much higher levels of CD105 (42%) and CD90 (14.1-fold
increase), compared to neonatal rat hearts. Thus most CDCs had a
CD90*/CD105 mesenchymal stem cell phenotype, as was also shown by Tateishi et al.
[155]. c-Kit, also known as CD117, is the stem cell factor receptor expressed on the
surface of many stem cell types [156-160], and is used as surface marker to identify
endogenous cardiac stem cells [86]. A substantially lower level of c-Kit expression was
found in this study, compared with that of Smith er al. who showed (using flow
cytometry) that 20% of that CDCs expressed c-Kit and approximately 40% were
CD90" [108]. It is not possible to make a direct comparison between our results and
those of Smith’s, as our data were obtained using cardiospheres and CDCs isolated
from whole neonatal rat hearts, while the latter isolated CDCs from adult human heart
septal wall biopsies. Different sources of tissue explants may account for the different
proportions of cell populations. This hypothesis is supported by Davis et al. [109] who
showed, using flow cytometry, approximately 4.9% c-Kit positive cells in a rat CDC
population. Nevertheless, the precise mechanism underlying the discrepancy between

rat and human CDC populations is unknown and requires further investigation.

CDCs were cardiomyogenic and adipogenic pluripotent stem cells

Recently, Andersen et al. suggested that cardiospheres from neonatal rat hearts were
largely composed of cardiac fibroblasts and CD45" hematopoietic cells, with no
cardiomyogenic potential [161]. Although the CD90" cells may include cardiac
fibroblasts, the detection of Oct-4, Sox 2, Klf-4 and some Nanog using RT-PCR and
gRT-PCR confirmed the presence of pluripotent stem cells within the CDC population.
Oct-4 was discovered by Scholer et al. [162] as an early developmental control gene

expressed in pre-implanted mouse embryos. Together with Sox 2, Kif4 and Nanog,
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Oct-4 regulates genes controlling stem cell function and maintaining stem cell
pluripotency [163, 164]. In the adult, these pluripotent markers are generally believed
to be expressed exclusively in germ cells, however, recent evidence suggested that
these genes are also present in adult stem cell populations. Oct-4 expression was
reported for multipotent adult progenitor cells [165] and haemapoietic stem cells [166],
Sox 2 in human Miller stem cells [167] and dermal stem cells [168, 169], Klf4 in

gastrointestinal epithelia [170] and Nanog in spermatogonial stem cells [171, 172].

Furthermore, treatment with cardiomyocyte differentiation medium containing 5-aza or
DMSO for 2 weeks induced CDC differentiation along the cardiomyocyte lineage,
with up-regulation of the cardiomyocyte differentiating marker, Nkx 2.5 and mature
cardiomyocyte markers, Tnnt and MyHC. 5-aza and DMSO are DNA demethylating
agents which modulate the cell epigenetic transcriptional profile via DNA
demethylation [173, 174]. Under the influence of 5-aza, cells obtained a wide range of
changes in gene regulation with distinct functional categories[173]. In some cells, such
as Sca-1" cells [87] and mesenchymal stem cells [175], the cardiomyocyte
transcriptional profile was activated after treatment with 5-aza and the cells obtained a
spontaneously beating myocyte-like cell phenotypes [87]. Interestingly, it was found
that neonatal CDCs had the potential to spontaneously differentiate into
cardiomyocytes without cardiomyogenic inducers when they were over confluent.
Yoon et al. reported that direct cell-to-cell interaction is one of the microenvironmental
factors that induce transdifferentiation of adult stem cells into cardiomyocytes [176].
However, no changes of MyHC mRNA expression level and no beating cells were
observed after 2 weeks of induction with CEM, indicating that the cardiomyocytes
were not fully mature. A longer treatment period or higher seeding cell number is thus

suggested to increase the cell-to-cell contact and ultimately stimulate the cells to beat.
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In this study, CDCs have been first proven to be capable of undergoing adipogenesis
upon proper induction by a supplementation of growth medium with dexamethasone,
indomethacin, 1-methyl-3-isobutylxanthine and insulin. This was evidenced by Oil red
O staining. Since CDCs have the ability and potential to be transdifferentiated into
several specific cell types, they are thought to represent ex vivo expansion of resident
progenitor cells. The discrepancy observed in Andersen’s report [161] maybe due to
the modification and technical variations which they introduced to the protocol, such as
prolonged enzymatic treatment and filtration of the cell suspension after enzymatic

digestion [109].

CDC improved cardiac function

Transplanted CDCs were retained in the infarcted myocardium after injection and 49%
were found to express troponin I (cTnl) 16 weeks after injection. MRI measurements
of cardiac function showed that CDC-treated hearts had a significantly greater ejection
fraction (EF) than control hearts, 6 weeks after infarction and CDC administration.
This difference in EF was maintained for up to 16 weeks after infarction. The results
were confirmed by quantitative histological analysis, which showed a significantly
decreased scar size and an increase in capillary density 16 weeks after the CDC
treatment. Despite the relatively lower c-Kit level expressed by CDCs in this study, it
has been shown that these CDCs have the capacity to regenerate the infarcted
myocardium (reduce scar size) through cell differentiation and to induce
neoangiogeneis (increase capillary density) and recruit endogenous cardiac stem cells
(retention of CDCs in infarcted myocardium) through paracrine effects. These data are
in agreement with Davis et al. [177] who reported direct outgrowth from cardiac tissue
explants, which contain sub-populations resembling endothelial and mesenchymal

cells, capable of cardiomyocyte differentiation and post MI functional benefits. Also, it
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has been shown that a mixed cell population of cardiac mesenchymal stem cells and c-

Kit" cells provide greater functional improvement than c-Kit" cells alone [178].

Comparison of in vivo MRI and ex vivo histological studies

Notably, this was the first study to compare cardiac function and morphology in CDC
treated and non-treated hearts using in vivo MR images with corresponding ex vivo
histological sections taken from the same heart. Short axis ex vivo heart sections were
found to correlate well with the in vivo MRI slices in the gross morphology of the
myocardium and actual scar size area. The infarcted area, which was observed in MRI
images as a dark akinetic area was also observed in corresponding ex vivo heart
sections, with positive picro-sirius red staining. There was also a significant correlation
of scar size measured using MRI with that using histological staining,16 weeks after
infarction. This confirmed that measurement of the akinetic region using MRI revealed
the true amount of scarred collagenous tissue. Thus, non-invasive MRI can be used to

monitor scar size non-invasively at multiple time points.

3.7 Conclusion

This project investigated the therapeutic potential of CSCs for infarcted rat hearts.
Heart tissue explant culture yielded sufficient CDCs for therapy within 4 weeks. These
cells expressed c-Kit and had the ability to transdifferentiate into adipocytes and
cardiomyocytes, and thus were thought to represent CSCs in vitro. Although,
undoubtedly, CDCs cultured in vitro were a different cell type to the pure c-Kit" CSCs
in heart tissue in vivo, it was found that the CDC-treated infarcted rat hearts showed a
significant improvement in cardiac function using in vivo MRI assessment, while ex
vivo histological assessment further confirmed that CDCs improved the heart condition

by reducing the scar size and increasing the capillary density.
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4.1 Abstract

Infarction irreversibly damages the myocardium, with formation of an hypoxic scar
and impaired cardiac function. In Chapter 3, it was shown that transplantation of CDCs
into infarcted rat hearts improved cardiac function when administered at the time of
infarction. However, the protocol used required at least one month to obtain sufficient
CDCs for therapy. Hence, this chapter describes work to optimize CDC culture to
shorten the culture period and enhance the therapeutic potential for myocardial
infarction by preconditioning the CDCs under hypoxia. Neonatal rat heart explants
were cultured under normoxia (21% O,) or hypoxia (2% O,) to generate explant-
derived cells (EDC). EDCs were isolated, cultured to form Csp and expanded into
monolayer CDCs. EDC and CDC proliferation was 1.7-fold greater and larger
cardiosphere clusters were formed under hypoxia. Approximately 6 x 10° CDCs were
obtained from hypoxic explant within 21 days, a week faster than the normoxic
explant. gqRT-PCR confirmed that hypoxia increased the proportion of c¢-Kit" cardiac
progenitor cells and decreased CD90" CD105" mesenchymal cells in the CDC
population. Proliferating hypoxic cells maintained pluripotency and fewer cells
spontaneously transdifferentiated into cardiomyocyte, compared with cells cultured
under normoxia. Nonetheless, these cells retained their ability to differentiate into
adipocytes or cardiomyocytes when induced with adipogenic or cardiomyogenic
stimuli. Further, hypoxia induced the expression of the erythropoietic cytokine, EPO
(2.1-fold) and the angiogenic cytokine, VEGF (2.4-fold), compared with normoxia,
indicating that hypoxic CDCs may provide a potent stimulus for neovascularization in
infarcted myocardium. Hypoxia also induced the expression of CXCR-4 (4.3-fold),
which plays a role in the regulation of stem cell trafficking and homing to SDF-1 in the
infarcted myocardium. Notably, hypoxic CDCs were able to switch to anaerobic
glycolytic metabolism and had approximately 80% lower oxygen consumption,
suggesting that the hypoxic-preconditioned CDCs may be better adapted to survive
within the hypoxic infarct scar, compared with normoxic CDCs. In conclusion,
hypoxic preconditioning may enhance the potential of CDC therapy for myocardial
infarction by shortening the culture period by one week and stimulating various stem
cell functions, including increasing the proliferation rate and the expression of the
cardiac stem cell marker, c-Kit, with induction of several important cytokines involved

in stem cell homing and neovascularization.
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4.2 Introduction

Adult heart contains stem cells that are able to partially repair the heart following a
heart attack or throughout the course of progressive heart failure [86]. However,
endogenous cardiac stem cells (CSCs) are limited in quantity [97] and the number and
functional capacity of these reparative stem cells may decrease with increased age
[179]. Therefore, it is necessary to isolate and expand the CSCs in vitro to generate

sufficient cells for transplantation.

Work described in Chapter 3 was the development of an efficient method to isolate
CSCs using a tissue explanation technique. Using this method, cardiosphere-derived
cells (CDCs) were isolated from rat heart tissue explants via the formation of explant-
derived cells (EDC) and cardiospheres (Csp). CDCs obtained using this method
showed stem cell properties and increased cardiac function in vivo. Clinical application
of CDC:s is under investigation by the CADUCEUS trial (Clinical Trials.gov. Identifier
NCTO00893360) [180]. However, it has been shown by us and others, that CDCs need
to be expanded in vitro over weeks in order to obtain sufficient cells for transplantation
[107, 108]. During this period, the infarcted heart will undergo the initial stages of scar
formation and remodeling. Therefore, CDCs may be of more benefit to treat the
infarcted heart if they are administered as soon as possible after infarction. Hence,
optimization of the current CDC culture protocol to increase the cell proliferation rate
without compromising stem cell properties was the main objective of the work in this

chapter.

Stem cells reside in complex microenvironments, termed niches [181]. Niches play an
important role in signaling stem cell division, function and differentiation [182, 183].
The oxygen (O,) level is one of the most important factors in the stem cell niche [181].

To date, most in vitro tissue cultures are routinely maintained at atmospheric levels of
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21% oxygen. However, natural cell microenvironments contain much lower oxygen
tensions [184]. The average oxygen concentration at tissue level in vivo is about 2-9%),
with considerable variation based on location, whereas the mean oxygen tension is
even less in the embryo [184-186]. Similarly, adult stem cell niches are hypoxic, with
some oxygen levels as low as 1-2% [184] . Thus, in vitro cultivation of stem cells in a
traditional incubator supplied by room air (74% nitrogen and 21% oxygen), buffered
with 5% CO,, does not represent the in vivo physiological condition and could result in
a gradual loss of stem cell primitive characteristics and self-renewal properties [187].
Therefore, in order to fully evaluate the therapeutic potential of cardiac stem cells, it is

important to isolate and culture the cells under physiologic oxygen levels.

Recently, enhanced cell proliferation rates have been reported for human and rat
mesenchymal stem cells (MSCs) [188, 189], neural stem cells [190-192], embryonic
stem cells [193] and adipose-derived stem cells [194] when cultured under low oxygen
concentrations (2% — 6% O,). In the same stem cell populations, reduced apoptosis
was observed under low oxygen conditions [190, 195-197]. These findings lead to the
hypothesis that hypoxic preconditioning might promote cell proliferation and thus
could shorten the period required to obtain sufficient cells for therapy. Therefore, in
this study, CDC culture was optimized using hypoxia. Rat CDCs were isolated and
cultured under physiological oxygen levels (2% oxygen; termed hypoxia) and the
resulting changes in CDCs self-renewal, differentiation, gene expression and ultimate
function in vitro were investigated and compared with those cultured under

atmospheric oxygen (21% oxygen; termed normoxia).



Chapter 4 Hypoxic preconditioning to enhance the therapeutic potential of cardiopshere-derived cells 75

The aims of this study were to:

Optimize cardiac stem cell culture using hypoxia.

Investigate the stem cell self-renewal/proliferation and differentiation after
hypoxic preconditioning.

Characterize and compare gene expression profiles of hypoxic cells to those of
cells cultured under normoxia.

Evaluate the potential benefits of hypoxic preconditioning on cardiosphere-
derived cells (CDCs) in promoting therapeutic cytokine production.

Investigate the effects of hypoxic preconditioning on CDC respiration and

metabolism.
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4.3 Methods

4.3.1 Isolation and expansion of cardiosphere-derived cells under hypoxia

Two incubators (Wolf Laboratories, UK) adjustable to different O, concentrations by
infusion of nitrogen (N;), were used for cell culture. Normoxic cell culture was set at
21% O, (atmospheric oxygen levels), whereas hypoxic cell culture was set at 2% O,
(physiologic oxygen levels). The O, concentration was monitored continuously using
an oxygen sensor (Wolf Laboratories, UK). Neonatal Sprague Dawley (SD) rat hearts
were excised and heart weight was measured (0.07-0.10 g, n = 4). Each heart was
separated into two portions of equal weight and allocated to two groups (hypoxia and
normoxia). Heart tissues were minced and plated on petri dishes to give explant-
derived cells (EDCs). Cardiosphere-derived cells (CDCs) were generated from EDC
via the formation of cardiosphere, in either hypoxic or normoxic incubators (see

Chapter 2).

4.3.2 Characterization of hypoxic cells

Genotypic characterization of hypoxic EDC, cardiospheres and CDCs used qRT-PCR.
Specific target genes such as hypoxia-induced factor-1 alpha (HIF-la), vascular
endothelial growth factor (VEGF), erythropoietin (EPO), telomerase reverse
transcriptase (TERT) and C-X-C chemokine receptor type 4 (CXCR-4), were
investigated to show the effects of hypoxia on CDC culture (see Appendix 4 for primer
sequence). In addition, 11 primer pairs that were designed for P2 CDC characterization
in Chapter 3 were also used to evaluate the effects of hypoxia on CDC gene expression
profile. All qRT-PCR data were normalized to a combination of GADPH and Actb as
housekeeping genes, as validated in a previous study (Appendix 8, manuscript

submitted).
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4.3.3 Differentiation of normoxic and hypoxic CDCs

Hypoxic and normoxic P2 CDCs were subjected to adipogenesis using adipogenic
induction medium (AIM) (Appendix 3) under normoxic culture conditions (21% O;
5% COy; 74% N,). After 3 cycles of adipogenic induction by AIM, cells were stained
with Oil Red O and images were captured under a light microscope. To quantify the
positive Oil Red O staining, cells were eluted using isopropanol and the solution was
transferred into a 96-well plate reader and optical density (OD) was measured at 500

nm, with 100% isopropanol as a blank sample.

P2 normoxic and hypoxic CDCs were induced to form cardiomyocytes by incubation
with cardiomyocyte differentiation medium (Appendix 3) containing either
5-azacytidine (5-aza) or dimethyl sulfoxide (DMSO) for 2 weeks. Negative control
cells were treated with normal CDC culture medium (CEM, Appendix 1) for 5 days or
2 weeks, with CEM changed every 2 days. After 5 days or 2 weeks, RNA was isolated
from cells and mRNA levels for the cardiomyocyte markers, Nkx 2.5, Troponin T

(Tnnt) and myosin heavy chain (MyHC) were evaluated using qRT-PCR.

4.3.4 Western blotting
Metabolic characteristics of normoxic and hypoxic CDCs were determined by western
blotting for HIF-1a, GLUT-1, GLUT-4 and citrate synthase. Bands were quantified

using UN-SCAN-IT gel software (Silk Scientific, USA).

4.3.5 ELISA for VEGF
Cell culture medium was collected from normoxic and hypoxic CDCs and the VEGF
protein concentration in the medium was determined using a DuoSet VEGF ELISA

Development kit (R&D System, USA) according to the manufacturer’s instructions.
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4.3.6 Hypoxic cell metabolism
Effects of hypoxia on CDC oxidative respiration were determined using Clarke-type
oxygen electrode while glucose metabolism in CDCs was investigated using ABX 400

Chemistry Analyzer (see Chapter 2).

4.4 Results

4.4.1 Effects of hypoxia on cardiac stem cell proliferation

4.4.1.1 Explant-derived cells (EDCs)

Neonatal rat heart explants were cultured under normoxia (21% O,) or hypoxia (2%
O,) (Figure 4.1a). After 3 days in both normoxic and hypoxic culture, explants became
adherent to the dishes and fibroblast-like cells started to migrate away from the edge
of the explants (Figure 4.1b). At day 6, small, round, phase bright cells were observed
to grow more vigorously on top of the fibroblast-like cell layer from the edge of
explants in hypoxic culture, compared with normoxia (Figure 4.1c). This observation

became more obvious at day 9 (Figure 4.1d).
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Normoxic explant Hypoxic explant
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Figure 4.1 Rat cardiac explants cultured under normoxia (left panel) and hypoxia
(right panel) for (a) 0, (b) 3, (c) 6 and (d) 9 days. The layer of fibroblast-like cells grew
from the edge of explants after 3 days in culture. Phase bright cells were observed to
grow more vigorously under hypoxia after 6 days in culture. Scale bars = 200 um.
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Typically, under hypoxia, EDCs became confluent and ready for harvesting within 5
days of plating. On the other hand, under normoxia, EDCs normally became confluent
7 days after plating. In order to evaluate the cell proliferation rates under normoxia and
hypoxia, EDCs were harvested using trypsin and cell numbers were counted using a
hematocytometer at days 3, 6 and 9. After 6 days in culture, 0.1 g hypoxic explants
generated approximately 15 + 0.3 x 10° EDCs, 1.7 fold more than those generated from
normoxic explants (9 £ 1 x 10° EDC). These rates were maintained up to day 9, with
hypoxic explants generating 1.8-fold more cells compared to normoxic explants (34 +

3x 10’ vs. 19 + 4 x 10° EDCs) (Figure 4.2).
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Figure 4.2 Normoxic and hypoxic EDC proliferation assay (n =4). Cells were
harvested and counted at days 3, 6 and 9. * p < 0.01 vs. normoxia.
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4.4.1.2 Cardiospheres

EDCs were plated at a density of 3 x 10" cells per well. Cells aggregated to form
cardiospheres after 2 days in culture. Approximately 400 cardiospheres were obtained
from each well after 4 days of incubation under normoxia or hypoxia (Figure 4.3), with
hypoxic cardiospheres forming larger cell clusters (0.018 + 0.003 mm?) compared with

those under normoxia (0.033 + 0.004 mmz) (Figure 4.4).

Figure 4.3 Representative images of cardiosphere cultured under (a) normoxia (b)
hypoxia for 4 days (n = 4). Scale bars = 200 um.
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Figure 4.4 Sizes of cardiospheres cultured under normoxia and hypoxia (n = 4).
Images of 20 random unfixed cardiospheres from each group were captured under the
microscope and the sphere sizes were measured using ImagelJ. * p < 0.05 vs.
normoxia.
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4.4.1.3 Gene expression of hypoxic EDCs and hypoxic cardiospheres

gRT-PCR showed that hypoxic preconditioning significantly increased the expression

of HIF-1a in EDCs (1.6 + 0.3-fold) and cardiospheres (2.1 + 0.3-fold), cultured under

hypoxia for 7 days and 4 days, respectively. In addition, VEGF levels were

upregulated in hypoxic cardiospheres by 2.4 + 0.6-fold, compared with normoxic

cardiospheres (Figure 4.5). Both EDCs and cardiospheres expressed the stem cell

marker, c-Kit and mesenchymal cell markers, CD90 and CD105 however, the

expression levels of these genes were not upregulated under hypoxia (Figure 4.5).
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Figure 4.5 The relative mRNA expressions of HIF-1ao, VEGF, c-Kit, CDI105 and CD90 in
EDCs and cardiospheres cultured under normoxia and hypoxia (n = 4), respectively. The
mRNA expression of hypoxic cells was normalized to the geometric mean of GAPDH and
Actb (housekeeping genes) and normoxic cells (calibrator). * p < 0.05 vs. normoxia.
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4.4.1.4 Cardiosphere-derived cells (CDCs)

(i) Comparison of growth potential between normoxic and hypoxic CDCs from passage

1 to passage 5

After culture under both normoxic and hypoxic conditions, cardiospheres were harvested
and transferred into cell culture flasks to form cardiosphere-derived cells (CDCs).
Normoxic and hypoxic CDCs were passaged every 5 days and cell numbers were
counted at the end of every passage. Hypoxia yielded higher cell numbers than
normoxia at day 5 of each passage from passage 1 until passage 5 (Figure 4.6). On
average, 5.3 + 0.3-fold expansion was observed at each passage for hypoxic cells,
whereas normoxic CDCs maintained a 3.1 £ 0.1-fold increase during each passage.
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Figure 4.6 Normoxic and hypoxic CDC growth potential from passage 1 to passage 5
(n=4). * p < 0.0l vs. normoxia.
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(ii) Comparison of growth kinetics for chronic hypoxia, acute hypoxia, reoxygenation

and normoxia

The effects of hypoxia on CDC growth kinetics were determined using P2 CDCs
exposed to different oxygen. Four different oxygen conditions were used: 1) long term
normoxia (control group) — cells were maintained under normoxia from explant culture
up to P2 CDCs, 2) chronic hypoxia (long term hypoxia) — cells were maintained under
hypoxia from explant culture up to P2 CDCs, 3) acute hypoxia (short term hypoxia) —
long term normoxic cells were exposed to hypoxia for the period of the assay (8 days),
and 4) reoxygenation — long term hypoxic cells were returned to normoxia for the
period of the assay (8 days). In each group, cells were plated at 1 x 10 cells/flask and
were harvested at days 2, 4, 6 and 8 in triplicate. The number of cells harvested was
calculated by an experimentally-blinded investigator (performed by Vanessa

Fairchild).

In the first 4 days, there was no significant difference in the number of cells cultured
under the four conditions, indicating that hypoxic preconditioning (chronic or acute)
did not stimulate the cells to grow faster than those cultured under normoxia. By day 6,
all the cells cultured under normoxia (reoxygenated group and long term normoxic
group) had slowed growth as cell confluency was achieved. On the other hand, all the
cells cultured under hypoxia (chronic hypoxic group and acute hypoxic group) kept
proliferating beyond the point of confluency and therefore generated significantly
higher viable cell numbers compared with the normoxic groups at day 6. This

observation was maintained up to day 8 (Figure 4.7).

Chronic hypoxia increased cell numbers more than acute hypoxia at day 6 (chronic vs.
acute = 5.1 £ 0.3 x 10° vs. 4.4 = 0.1 x 10°) (p <0.05) and at day 8 (6.1 + 0.5 x 10’ vs.

49 + 02 x 10°). Furthermore, the response to hypoxia was reversible, as the
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reoxgenated group showed a similar growth pattern to that of the long term normoxic
group (Figure 4.5). These data indicated that hypoxic CDCs had increased proliferative
potential, but this effect was not permanent and could be reversed by altering the

oxygen levels.
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Figure 4.7 Growth kinetics of P2 CDCs (n = 4) cultured under four different oxygen
conditions: chronic hypoxia, acute hypoxia, reoxgenated after hypoxia and long term
normoxia. For reoxygenated and long term normoxic groups, the growth rate was
slowed after 4 days as confluency was achieved, while for the chronic and acute
hypoxic groups, the low oxygen level stimulated cells to grow beyond the point of cell
confluency, resulting in significantly higher cell numbers. * p < 0.05 vs long term
normoxic group; # p < 0.05 vs. long term hypoxic group.
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4.4.2 Characterization of hypoxic CDCs

4.4.2.1 Hypoxic CDCs expressed HIF-1a and HIF-1a regulated genes

gRT-PCR results showed that CDCs cultured under hypoxia expressed significantly
higher HIF-1a mRNA (2.1 £ 0.5-fold), compared with normoxic CDCs (Figure 4.8a).
In line with this, HIF-1a protein levels were also found to significantly increase by 3.9
+ 0.7-fold in hypoxic CDCs, compared with normoxic CDCs (Figure 4.8b). The
increased of HIF-1ao mRNA was consistent with the HIF-1a protein levels, confirming

that hypoxic treatment activate the CDC HIF system.
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Figure 4.8 The relative (a) mRNA and (b) protein expression of HIF-1o. for normoxic
and hypoxic neonatal P2 CDC (n = 4). mRNA and protein expression of hypoxic cells
were expressed in arbitrary units, with hypoxic CDCs relative to normalized normoxic
CDCs. * p < 0.05 vs. normoxia.
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Activation of HIF-1a under hypoxia subsequently upregulated several important HIF-
regulated genes including EPO (2.1 + 0.5-fold), VEGF (2.4 £ 0.7-fold), TERT (3.7 £

0.7-fold) and CXCR-4 (4.3 + 1.6) (Figure 4.9).
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Figure 4.9 The relative mRNA expression of EPO, VEGF, TERT and CXCR-4 for
normoxic and hypoxic P2 CDC (n = 4) using gRT-PCR. mRNA expression in hypoxic
cells was normalized to the geometric mean of GAPDH and Actb (housekeeping genes)
and normoxic cells (calibrator). * p < 0.01 vs. normoxia.

4.4.2.2 VEGF protein expression

Biologically active VEGF proteins secreted by CDCs from day O to day 5 after plating
were measured using the VEGF ELISA kit to verify the transcriptional activation of
the VEGF gene, as found in qRT-PCR (as shown in Figure 4.9), and also to determine

the expression pattern of the VEGF protein over the culture period.

The VEGF ELISA assay revealed that VEGF protein accumulated in the CDC culture
medium from day 2 after plating, and was elevated at day 3. Repeated Measures Anova
validated the significant different of both normoxic and hypoxic curves. In agreement
with the activation of transcription levels, the post translation level of VEGF was

found to be significantly higher under hypoxia from day 2 up to day 5 (Figure 4.10).
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Figure 4.10 The accumulative VEGF protein in normoxic and hypoxic CDCs (n = 3).
Repeated Measures Anova validated the significant different between normoxic and
hypoxic curves (p < 0.05). * p < 0.01 vs. normoxia at specific time point.

4.4.2.3 Hypoxia increased cardiac stem cell markers in the CDC population

Under hypoxia, CDCs showed significant increases in c-Kit (2.0 + 0.3-fold) and
pluripotent markers, including Oct-4 (1.9 £ 0.3-fold), KIf4 (2.3 + 0.4-fold), Nanog
(3.1 £ 0.1-fold) and Sox 2 (3.8 £ 0.6-fold). On the other hand, under hypoxia, the
expression of CD90 and CD105 was reduced by 36% and 66%, respectively. These
data indicated that hypoxia increased the proportion of c-Kit" cardiac progenitor cells
and of Oct-4, KLf4, Nanog and Sox 2 expressing progenitor cells and decreased the

proportion of CD90"CD105" mesenchymal cells (Figure 4.11 a-g).

The mRNA expression of cardiac differentiation markers (Nkx 2.5 and GATA 4) and
the matured cardiomyocyte marker (Tnnt) was not significantly different after hypoxic
treatment. However, hypoxic CDCs had significantly lower MyHC mRNA expression

(0.4 £ 0.2-fold), compared with normoxic CDCs (Figure 4.11 h-k).
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Figure 4.11 The relative mRNA expression of (a) c-Kit, (b) CD105, (c) CD90, (d) Oct-
4, (e) Klf-4, (f) Nanog, (g) Sox 2, (h) Nkx 2.5, (i) GATA 4, (j) Tnnt and (k) MyHC for
normoxic and hypoxic P2 CDC (n=3) using qRT-PCR. Abundance of mRNA
expression of hypoxic P2 CDCs was normalized to GAPDH and Actb (housekeeping
genes) and normoxic P2 CDCs (calibrator). * p < 0.01 vs. normoxic P2 CDCs.
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4.4.3 Cardiosphere-derived cell differentiation

4.4.3.1 Adipogenesis

Hypoxic and normoxic P2 CDCs were subjected to adipogenesis using adipogenic
induction medium (AIM) (Appendix 3) under normoxic culture conditions. After 3
cycles of adipogenic induction by AIM, some of the normoxic and hypoxic CDCs
exhibited typical adipocyte morphology and stained positive with Oil Red O,
confirming the differentiation of CDCs into adipocytes (Figure 4.12). To quantify the
amount of adipocytes in AIM-treated normoxic and hypoxic CDCs, positive Oil Red O
staining were eluted using isopropanol and the optical density (OD) was measured at
500 nm. The density of Red O Oil stain eluted from hypoxic CDCs was only 0.1-fold
of that eluted from normoxic CDCs, indicating hypoxic preconditioning significantly

diminished the ability of CDCs to be transdifferentiated into adipocytes (Figure 4.13)

(b)

Figure 4.12 Treatment with 3 cycles of adipogenic induction medium of (a) normoxic
CDCs and (b) hypoxic CDCs caused differentiation into adipocytes, identified by
staining with Oil Red O (10X). Scale bars = 200 um.
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Figure 4.13 Density of Red O Oil stain eluted from normoxic and hypoxic P2 CDCs
subjected to adipogenesis (n = 4). Density of Red O Oil eluted from hypoxic CDCs was
expressed relative to the normoxic CDCs (control group). * p < 0.01 vs. normoxia.
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4.4.3.2 Cardiomyocyte differentiation

Hypoxic CDCs were treated with either normal cell culture medium (negative control)
or differentiation medium for 2 weeks. qRT-PCR showed that differentiation medium
containing 5-aza significantly increased Nkx 2.5 and Tnnt mRNA expression by
2.2 + 0.5-fold and 3.1 £ 0.2-fold, respectively, compared with non-treated hypoxic
CDCs. Similarly, DMSO-treatment significant induced Nkx 2.5 (1.4 + 0.1-fold) and
Tnnt (2.0 £ 0.3-fold) mRNA levels, compared with non-treated hypoxic CDCs. These
results indicated that hypoxic CDCs were able to differentiate into cardiomyocytes
when treated with cardiomyogenic stimuli (Table 4.1 and Figure 4.14).

Table 4.1 The relative mRNA expression of Nkx 2.5, Tnnt and MyHC in (a) non-treated
hypoxic CDC, (b) 5-aza-treated hypoxic CDCs and (c) DMSO-treated hypoxic CDCs
(n = 3). mRNA expression of 5-aza- and DMSO-treated hypoxic cells was normalized

to the geometric mean of GAPDH and Actb (housekeeping genes) and non-treated
hypoxic cells (calibrator) * p < 0.05 vs. non-treated hypoxic CDCs.

Genes (a) Non-treated (b) 5-aza-treated (c) DMSO-treated
hypoxic CDCs hypoxic CDCs hypoxic CDCs

Nkx 2.5 1.0£0.1 22 £05 1.4 £0.17

Tnnt 1.0£0.3 3.1 £0.2° 20 03"

MyHC 1.0+ 0.5 20 £04 1.8 £0.3

[0 Hypoxic CDC (non-treated)
4 W Hypoxic CDC (5-aza-treated)
* Hypoxic CDC (DMSO-treated)

relative mRNA expression
N
|

Nkx 2.5 Tnnt MyHC
genes

Figure 4.14 The relative mRNA expression of Nkx 2.5, Tnnt and MyHC for non-treated,
5-aza-treated and DMSO-treated hypoxic P2 CDCs (n = 3). mRNA expression of 5-aza-
and DMSO-treated hypoxic cells was normalized to the geometric mean of GAPDH and
Actb (housekeeping genes) and non-treated hypoxic cells (calibrator). * p < 0.05 vs. non-
treated hypoxic CDCs.
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However, it was found that the levels of Nkx 2.5, Tnnt and MyHC in 5-aza—treated
hypoxic CDCs were significantly lower by 68%, 58% and 61%, respectively,
compared to 5-aza—treated normoxic CDCs (Table 4.2 and Figure 4.15). Similarly, the
DMSO-treated hypoxic CDCs also showed significantly lower Nkx 2.5 (60%), Tnnt

(45%) and MyHC (40%), compared to DMSO-treated normoxic CDCs (Figure 4.15).

Taken together, these findings indicated that cells cultured under hypoxia retained the
ability to differentiate into cardiomyocytes, however, this ability was attenuated after

hypoxia culture.
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Figure 4.15 The relative mRNA expression of Nkx 2.5, Tnnt and MyHC for normoxic
and hypoxic neonatal P2 CDC (n = 3) after treatment with cardiomyogenic induction
medium containing (a) 5-Aza and (b) DMSO for 2 weeks. mRNA expression of hypoxic
cells was normalized to the geometric mean of GAPDH and Actb (housekeeping genes)
and normoxic cells (calibrator). * p < 0.05 vs. normoxia.
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4.4.4 Metabolism of hypoxic CDCs

4.4.4.1 Reduced oxygen uptake by hypoxic CDCs

Cellular oxygen consumption was measured after acute (24 hours) and chronic (4 days
or long term) exposure to hypoxia. A schematic diagram of an oxygen consumption

trace in long term normoxic CDCs and long term hypoxic CDCs is shown in Figure

4.16.

The basal respiration rates were significantly reduced by 49% after 24 hours under
hypoxia, 75% after 4 days under hypoxia and 82% under long term hypoxia. The
respiration rates were also significantly reduced after the addition of substrate,
indicating that hypoxic cells had adapted to the lower oxygen condition by reducing

oxidative metabolism, independent of substrate supply (Table 4.3 and Figure 4.17).

Subsequently, cells were treated with oligomycin, an inhibitor of ATP-synthase which
halted electron transport in mitochondria and reduced oxidative phosphorylation of
ADP to ATP. In the presence of oligomycin, mitochondrial respiration was inhibited
and all normoxic and hypoxic cells showed the same oxygen respiration rate (Table

4.3).

Respiration was then maximally stimulated by adding carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP) to the cells. FCCP is an uncoupling agent
which dissipates the proton gradient across the mitochondrial inner membrane and
restores more rapid oxidative respiration to synthesize more ATP. Although the
respiration rates increased in all cells after the addition of FCCP, the respiration rates
remained low in hypoxic cells, compared with normoxic cells. Respiration rates were

significantly reduced by 51% in 24 hour hypoxic cells, 62% in 4 days hypoxic cells
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and by 80% in long term hypoxic cells, compared with normoxic cells (Table 4.3 and

Figure 4.17).
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Figure 4.16 Representative oxygen consumption recording of long term normoxic
CDCs (red line) and long term hypoxic CDCs (blue line). The Y axis represents the
amount of remaining oxygen detected by the Clarke-type electrode, the X axis
represents the time period. The amount of oxygen decreased over time as cells took up
oxygen for metabolism. Cell respiration rates were measured based on the slope of the
trace. Arrows indicate time points when cells (normoxic or hypoxic CDCs), pyruvate,
malate, oligomycin or FCCP were injected into the oxygen chambers.

Table 4.3 Oxygen consumption measurements in long term normoxic, 24 hour hypoxic,
4 day hypoxic and long term hypoxic P2 CDCs (n = 3). All measurements were
standardised to nmol of oxygen uptake per min per milligram of protein present (nmol

0y/min/mg protein). * p < 0.05 vs. normoxia (control).

Normoxia 24 hour 4 day Long term
(control) hypoxia hypoxia hypoxia
Basal 13.4+1.7 6.8+0.7 " 33+03° 24+08°
Substrate-stimulated ~ 13.7 + 2.4 63+17" 32+07°  32+09°
respiration
Oligomycin 6.2 +3.0 37+1.0 22+0.5 1.8+0.5
FCCP-uncoupled 22.8+29 111+03°  86+25"  44+06"

respiration
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Figure 4.17 Basal and FCCP-uncoupled respiration rates of normoxic (control), 24
hour hypoxic, 4 day hypoxic and long term hypoxic P2 neonatal CDCs (n = 3).
*p < 0.05 vs. normoxia (control).

4.4.4.2 Hypoxia did not change citrate synthase protein levels

Citrate synthase is a quantitative enzyme marker for the presence of intact
mitochondria. Under long term hypoxia, the protein levels of citrate synthase were not

significantly different to those of the normoxic controls, suggesting that hypoxia did

not alter the number of intact mitochondria in CDCs (Figure 4.18).
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Figure 4.18 Citrate synthase protein expression in normoxic and hypoxic neonatal P2 CDCs
(n = 4). Protein levels were expressed in arbitrary units, with hypoxic CDC expressed relative
to normalized normoxic CDC averages. No significant difference in citrate synthase protein
levels were detected between normoxic and hypoxic CDCs.
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4.4.4.3 Effects of hypoxia on glucose metabolism in CDCs
Western blot analysis revealed that neonatal CDCs expressed negligible levels of the
insulin sensitive GLUT-4 protein, whereas GLUT-1 protein was clearly detected

(Figure 4.19). The expression level of GLUT-1 protein was increased by 7 + 2-fold

under hypoxia, compared to normoxia (Figure 4.20).
CDC1 CDC2 CDC3 Heart

GLUT-4

GLUT-1

Figure 4.19 Western blot showing that CDCs expressed GLUT-1 but not GLUT-4
(n = 4). Neonatal SD rat heart lysates were used as positive controls.
CDC1 = cardiosphere-derived cell lysate replicate 1; Heart = rat heart lysate.
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Figure 4.20 GLUT-1 protein expression in normoxic and hypoxic neonatal P2 CDCs

(n = 4). Protein levels were expressed in arbitrary units, with hypoxic CDC expressed
relative to normoxic CDCs. * p < 0.05 vs. normoxia.

Culture medium was collected from normoxic and hypoxic CDCs at 24 hours and 4
days. Glucose consumption and lactate production rates in neonatal CDCs expanded

under different oxygen tensions were determined. Over 24 hours, hypoxic CDCs

utilized 4 = 1 mM glucose per million cells, 48% more than normoxic CDCs. At day 4,
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glucose utilization remained higher by 60% in hypoxic CDCs, compared with
normoxic CDCs (Figure 4.21a). In line with this, hypoxic CDCs produced 10 + 1 mM
lactate per million cells after 24 hours under hypoxia, 51% more than those produced
under normoxia. At day 4, the lactate production rate of hypoxic CDCs was 59%

higher than normoxic CDCs (Figure 4.21b).

Taken together, these data suggest that under hypoxia, CDCs adapted to low oxygen
conditions by reducing oxygen consumption, increasing the expression of GLUT-1 and
switching into glycolytic metabolism, indicated by the increased glucose consumption
and lactate production.

(a) Glucose utilization B Normoxia
W Hypoxia

24 hours 4 days
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o5 (b) Lactate production
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*
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Figure 4.21 Levels of (a) glucose utilization and (b) lactate production in normoxic
and hypoxic CDCs at 24 hours and 4 days after passaging (n = 3). Glucose utilization
and lactate production are expressed as mM of glucose/lactate per million cells.
* p < 0.05 vs. normoxia. * p < 0.05 vs. 24 hours.
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4.5 Discussion
The work in this chapter determined the effects of oxygen as an important factor in

cardiac stem cell proliferation, differentiation, gene expression and metabolism.

Hypoxia increased cardiac progenitor cell proliferation rates

As hypothesized, the proliferation rates of EDCs and CDCs were significantly
increased under hypoxia. There was an almost 2-fold increase in EDC and CDC cell
numbers in hypoxia compared to those cultured under normoxia. Moreover, larger
cardiosphere cell clusters were formed under hypoxia, in agreement with studies that

showed that low oxygen environments enhanced stem cell division or proliferation

[188, 198, 199].

It was found that EDCs expressed c-Kit, as reported by others [107, 200, 201].
Although hypoxic pre-treatment did not induce a significant increase in c-Kit gene
expression after EDC culture, rapid cell proliferation of hypoxic EDCs could be
beneficial for clinical application as rapid culture of stem cells is crucial. Longer cell
expansion time in vitro could lead to loss of c-Kit expression [202, 203]. Therefore, we

postulated that hypoxia is important to rapidly expand better quality EDCs.

EDCs formed three-dimensional (3D) spheroids in culture, with hypoxic EDCs
generating bigger spheres, compare with normoxic EDCs. The larger sizes of hypoxic
cardiospheres most likely resulted from rapid proliferation of cardiac stem cells in the
core of the sphere. Our hypothesis was supported by Li et al., who suggested that
cardiospheres are cellular aggregates that structurally provide 3D, niche-like
microenvironments that favour c-Kit cell proliferation in the interior core of the
spheres [204]. Under hypoxia, cardiospheres showed a significant increase in the

expression of vascular endothelial growth factor (VEGF), raising the possibility that
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hypoxic pre-treatment improves the cardiosphere’s ability to generate vascular
networks [205]. This is in agreement with Bartosh et al. [206] who also demonstrated a
size-dependent increase of VEGF transcription in cardiospheres and that differentiation
of these cells in microvascular endothelial cell medium induced the formation of
vascular endothelial and smooth muscle cell types with the potential to form vascular

networks.

It has been estimated that 10°-10° CDCs need to be effectively delivered to the human
heart to repair a medium-sized infarct [207]. In vitro expansion of CDCs under
hypoxia successfully yielded adequate cell numbers for transplantation within 21 days,
a week faster than those cultured under normoxia. Investigation of the CDC growth
kinetics revealed that the hypoxic environment improved CDC expansion by inducing
a proliferative state beyond the confluency point, when normoxic CDC growth was
halted due to inhibitory signals [188, 208]. The cancer cell-like limitless replicative
potential of the hypoxic CDCs maybe due to the hypoxia-induced upregulation of c-
Myc transcriptional activity, which promotes cell cycle progression and contributes to
tumor growth in many cancer cell types [209]. c-Myc overexpression stimulates cell
proliferation, presumably through DNA over-replication without entering the cell
senescent phase [210]. This is supported by our finding that the enzyme activity of
telomerase reverse transcriptase (TERT) was upregulated under hypoxia. TERT is a
reverse transcriptase that synthesizes telomere repeats on the telomere ends at the tips
of chromosomes, protecting the chromosomes from deterioration and also maintaining
the overall genomic stability [92, 93]. In various types of stem cells, telomerase
functions to ensure long term self-renewal capacity via maintenance of telomere length
[94, 95]. In this study, it is possible that hypoxic CDCs bypassed the cell senescence

arrest by activating telomerase. As a consequence, hypoxic CDCs generated more cells
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compared to normoxic CDC culture. However, unlike cancer cells, the proliferative
effect was not permanent in CDCs in vitro. CDCs response to hypoxia was reversible,
as reoxygenated CDCs changed to the normal cell growth pattern under normoxic
culture. This is important in eliminating the possibility of uncontrollable cell

proliferation, or teratoma formation, after transplantation.

Hypoxia increased c-Kit* cardiac progenitor cells and reduced CD90'CDI105*
cardiac mesenchymal cells in the CDC population

In Chapter 3, normoxic CDCs at passage 2 were found to be functionally competent.
However, their therapeutic effects may be limited by the relatively low c-Kit level
[108]. Here, hypoxic preconditioning successfully increased the proportion of c-Kit"
cardiac progenitor cells and reduced the CD90*CD105" cardiac mesenchymal cells,
enhancing the therapeutic potential of CDCs with a shorter culture period. In other
studies, implantation of cells cultured under 5% oxygen into infarcted hearts of mice
resulted in greater cell engraftment and better functional recovery than with
conventionally cultured cells [211]. However, the 2% oxygen culture used in this study
is more relevant to stem cell niche [212, 213], thus, an in vivo study is planned to inject

hypoxic cells cultured at 2% oxygen into infarcted rat hearts.

Hypoxia maintained CDC pluripotency and diminished differentiation in vitro

Stem cells are characterized by the ability to self-renew and differentiate into specific
cell types. In a balanced niche, adult stem cells maintain self-renewal and provide a
long-lived ability to generate pluripotent cells [214]. Genes such as Oct-4, Klf-4, Sox 2
and Nanog are among the essential factors for maintaining stem cell pluripotency. The
expression of these genes in CDCs was elevated under hypoxia, in agreement with
previous findings [164, 188, 215, 216]. In line with this, the adipogenic and

cardiomyogenic ability of CDCs was attenuated under hypoxia, suggesting that
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undifferentiated cell proliferation was favoured [184, 188]. Conversely, some
investigators have argued that hypoxia is a potent stimulus for differentiation in other
stem cell types [217, 218]. But, as suggested by Abdollahi ef al., [219], the stem cell
differentiation potential under hypoxia is likely to be cell-type dependent. For example,
Fink et al. demonstrate that culture in 1% oxygen induced an adipose phenotype in
bone marrow-derived mesenchymal stem cells [220], while Csete et al. reported that
skeletal muscle stem cells were more likely to undergo myogenesis than adipogenesis
in lower oxygen, compare with 20% oxygen [221]. Yun et al., reported that 2% oxygen
inhibited adipocyte differentiation of mouse embryonic fibroblasts (MEF) [222], in
agreement with the data here. In brief, the effect of the oxygen concentration on cell
differentiation involves a more complex mechanism and a further investigation on the

detailed pathway of cardiac stem cell differentiation under hypoxia is required.

Hypoxia stimulated cytokine production in CDCs

(i) VEGF and EPO

Preconditioning under hypoxia significantly increased HIF-1a mRNA expression in
EDCs, Csp and CDCs, as shown in previous studies [198, 199, 223-225]. HIF-1a is a
potent inducer of several important cytokines in vitro. Ramirez-Bergeron et al. [226]
showed that HIF-1a was stabilized prior to the induction of VEGF expression during
acute ischemia in the human heart and Beguin et al. [227] demonstrated that intense
EPO stimulation was produced by prolonged hypoxia. Here, hypoxic preconditioning
elevated VEGF and EPO mRNA levels and induced secretion of biologically active
VEGEF protein in CDC culture. As shown in the previous chapter, following infarction,
the myocardium surrounding the infarcted area comprised a hostile environment with
few blood vessels and a large number of invading inflammatory cells [228]. The

hypoxic nature of the tissue may cause apoptosis of the administered cells and limit the
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effectiveness of cardiac cell therapy. Thus, transplantation of hypoxic CDCs
expressing the paracrine factors, VEGF and EPO, could optimize the cell therapy by

stimulating angiogenesis in the infarcted area [226, 229-231].

(ii) CXCR4

After infarction, the ischemic heart produces numerous cytokines, chemokines, and
growth factors that may influence stem cell-mediated repair [232, 233]. As shown by
Dr. Daniel Stuckey in previous work [234], levels of stromal cell-derived factor
(SDF)-1 in rat heart tissue peaked at day 1 and remained elevated at day 3 post
infarction. SDF-1 is critically involved in the recruitment and tissue retention of
hematopoietic cells, based on the interaction with its receptor, CXC chemokine
receptor 4 (CXCR4) [117, 118]. Here, the expression of CXCR4 was upregulated in
hypoxic CDC culture, demonstrating hypoxic preconditioning could increase the
recruitment of intravenously administered CXCR4 expressing CDCs to the SDF-1
expressing ischemic myocardium, therefore resulting in higher cell retention rate in the
infarcted heart and enhancing the benefit of CDC therapy for treatment of myocardial

infarction.

Hypoxic CDCs switched to glycolytic metabolism with reduced oxygen uptake and

increased glucose utilization and lactate production

The glucose transporter (GLUT) family comprises integral membrane transport
proteins that catalyze the entry of monosaccharide sugars such as glucose into
mammalian cells [235]. In this study, CDCs isolated from rat hearts showed very low
expression of insulin-sensitive GLUT-4, which is commonly expressed in heart tissue
[236]. On the other hand, GLUT-1 was expressed in CDCs and the expression of this

isomer was elevated under hypoxia, coinciding with an increase in glucose uptake and
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lactate production. In addition, hypoxic CDCs had reduced oxygen uptake, despite the
presence of intact mitochondria at similar levels to those found in the normoxic CDCs.
Taken together, hypoxic CDCs had a metabolic switch from mitochondrial oxidative
phosphorylation to glycolysis for adenosine triphosphate (ATP) generation, as an
adaptation to the low oxygen condition [237]. Under glycolytic metabolism, more than
90% of the glucose carbons are converted to lactate to generate only 2 ATP [238, 239].
Although the yield of ATP per glucose was low, in proliferating cells cultured in
abundant glucose but low oxygen, high glycolytic flux could produce ATP at levels
that exceed that produced from oxidative phosphorylation in the mitochrondia to
support the proliferative state of the cells [240-243]. Here, high glycolytic flux was

shown by the increase in glucose uptake and lactate production.

4.6 Conclusion

These results provide important insights into how hypoxic culture favors the expansion
of rat cardiac stem cells in vitro, which would be advantageous for the maximization of
cell yield in a clinical-scale cardiac stem cell expansion process. Hypoxia mimics the
stem cell niche and generated stem cell with enhanced stemness properties, indicating
by upregulation of cardiac stem cell marker, c-Kit and pluripotent cell markers, Oct-4,
KlIf-4, Nanog and Sox 2 and a downregulation of differentiation potential. Hypoxia
also activated the expression of HIF-la and its regulated genes, increased the
expression of therapeutic cytokines, EPO and VEGF and of CXCR-4 which is involved
in stem cell homing. Hypoxic cells had reduced oxygen respiration and adapted
anaerobic metabolism, and thus could survive better in the hypoxic infarcted
myocardium after transplantation. In conclusion, hypoxic preconditioning of CDCs
optimizes their potential for therapy and could have a direct clinical impact on the

treatment of myocardial infarction.
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5.1 Abstract

In Chapter 4, it was shown that hypoxic preconditioning generated CDCs with greater
therapeutic potential in vitro. Here, low molecular weight inhibitors of hypoxia-
inducible factor (HIF) prolyl-4-hydroxylases (PHD) were used to mimic the effects of
hypoxic preconditioning. The potential utility of three PHD inhibitors (PHDIs):
dimethyloxaloylglycine (DMOG), ethyl 2-(2,3-dihydroxybenzamido)acetate (EDBA)
and 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido) acetic acid (BIC), to activate
the CDC HIF system were investigated. This was the first study using PHDIs for HIF
activation in CDC culture, thus a careful time-dose cytoxicity test was performed to
determine a sublethal PHDI concentration and culture period. The optimal PHDI
treatment for CDCs, with respect to their negative cytotoxicity effects and optimal
potential to activate HIF-1a and GLUT-1 expression, was found to be 1 mM DMOG,
0.5 mM EDBA and 30 uM BIC for 24 hours. Cell proliferation was not affected by
PHDI treatment over this time period. Coincident with GLUT-1 upregulation, PHDI-
preconditioned CDCs showed decreased oxygen consumption and increased glucose
uptake and lactate production, indicating that CDCs had adapted to the PHDI-induced
‘hypoxic’ condition by reducing oxygen consumption and switching to glycolytic
metabolism. Further, EDBA significantly increased c-Kit mRNA levels by 1.5-fold and
all three PHDIs significantly reduced cardiac mesenchymal cell markers, CD90 and
CD105, giving an increased cardiac stem cell population in CDC culture. In addition,
all three PHDIs significantly induced the expression of CXCR-4. EPO mRNA was
increased in CDCs treated with EDBA (2.1-fold) and BIC (2.5-fold) while VEGF
mRNA was increased in those treated with DMOG (2.9-fold) and EDBA (2.8-fold),
compared with controls. DMOG and BIC treatment showed no significant effects on
the potential for cardiomyogenic differentiation, but EDBA-treated CDCs showed a
significantly reduced Tnnt protein level after induction of differentiation using 5-
azacytidine. In conclusion, DMOG, EDBA and BIC stabilized and activated HIF,
which induced metabolic changes and several important cytokines in the CDCs. This

work could improve the potential of CDC therapy for myocardial infarction.
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5.2 Introduction

Preconditioning of stem cells to enable survival in the hypoxic environment has been
postulated to improve cell retention within the infarcted heart [244]. It has been shown
by us and others, that hypoxic preconditioning activated hypoxia-inducible factor
(HIF) and its regulated genes, resulting in broad changes encompassing a wide variety
of cellular processes, including stem cell proliferation, differentiation, cytokine
production and energy metabolism, thereby generating cardiosphere-derived cells
(CDCs) with possibly greater potential for cell therapy [211]. A study using hypoxic
CDCs in the infarcted mouse heart supports this hypothesis by demonstrating efficacy
of hypoxic CDCs to generate greater cell engraftment and better functional recovery

after transplantation [211].

HIF activation is negatively regulated by the prolyl-4-hydroxylase (PHD) enzyme, a
conserved subfamily of dioxygenases that catalyzes the post-translational
hydroxylation of specific prolyl residues of HIF-a subunits. Upon hydroxylation, the
HIF-1a subunit is recognized by the von Hippel-Lindau protein which targets the
subunit to proteasomal degradation and thus deactivates the HIF system [119, 245-
249]. PHDs are identified as a crucial target to augment the transcriptional activity of
HIF and subsequently activate the adaptive machinery regulating oxygen homeostasis
in cells. While oxygen concentration plays a major role in determining the efficiency
of PHD-catalyzed reactions, the sensitivity of PHD hydroxylase capacity also depends
on its co-substrate, 2-oxoglutarate and co-factor, iron. Thus, inhibition of the 2-
oxoglutarate or iron could inhibit the PHD activity and thus potently activate the HIF

response [124-127].

Here, three different prolyl-4-hydroxylase inhibitors (PHDIs) were used for HIF

stabilization in CDC culture, dimethyloxaloylglycine (DMOG) — a cell permeable,
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competitive inhibitor of 2-oxoglutarate [125], ethyl 2-(2,3-dihyroxybenzamido) acetate
(EDBA) — an aspirin metabolite that acts as an iron chelator to activate the HIF system
via generic 2-oxoglutarate oxygenase inhibition [250] and 2-(1-chloro-4-
hydroxyisoquinoline-3-carboxamido)acetic acid) (BIC, also known as FibroGen 2216,
FG2216) — a specific PHD inhibitor patented by FibroGen Inc. which has been used in
clinical trials as a pro-angiogenic compound acting via the HIF-1a system [126]. This
study was a novel study investigating the effects of PHDI-treatment on CSCs. EDBA
was an in-house PHDI synthesized by our collaborators, Kar Kheng Yeoh and Prof.
Chris Schofield from the Chemistry Research Laboratory, University of Oxford and
this was the first application of this PHDI for cardiac stem cell research. One of the
advantages of stimulating an hypoxic response by using PHDIs was that manipulation
using a pharmaceutical maybe more practical and specific to scale up rather than
physiological manipulation of oxygen levels. Our hypothesis was that chemical
inhibition of PHDs results in stabilisation of HIF and the associated genetic

modifications, mimicking the effects of hypoxic preconditioning.

Inhibition of PHDs has been shown to be a promising drug target in the treatment of
diseases such as myocardial infarction, stroke, peripheral vascular disease,
inflammation, diabetes and severe anemias, as inhibition of PHDs activates the HIF
response and thereby generates beneficial angiogenesis [251, 252]. Here we
investigated the effects of PHDI treatment on CDC to enhance the therapeutic potential

for myocardial infarction.



Chapter 5 HIF-1a stabilization using prolyl-4-hydroxylase inhibitors 107

The aims of this study were to:

Mimic hypoxic preconditioning using three different prolyl-4-hydroxylase

inhibitors (PHDIs): DMOG, EDBA and BIC.

Determine the optimal concentration and culture period of DMOG, EDBA and
BIC for CDC culture.

Investigate the stem cell self-renewal/proliferation and differentiation after
PHDI preconditioning.

Investigate the effects of hypoxic preconditioning on cell respiration and
metabolism.

Characterize the gene expression profile of PHDI-treated CDCs

Evaluate the potential benefits of PHDI-preconditioning of CDCs in promoting

therapeutic cytokine production.
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5.3 Methods
Neonatal passage 2 cardiosphere-derived cells (CDCs) (see Chapter 2) were used in

this study, unless otherwise stated.

5.3.1 Evaluation of cytotoxicity of PHDIs in CDCs

This was the first study using PHDI treatment in CDC culture, thus a careful cytotoxity
test across a gradient of PHDI drug concentrations and treatment periods was carried
out to determine an optimal, sublethal PHDI treatment for CDCs. DMOG, EDBA and
BIC (generous gift from Kar Kheng Yeoh and Prof. Chris Schofield, Chemistry
Research Laboratory, University of Oxford, UK) were dissolved in CEM (Appendix 1)
to give final concentrations ranging from 0.01 mM to 2 mM (Table 5.1).
Concentrations of PHDIs were selected based on doses used in the literature [127, 146,
253]. Neonatal P2 CDCs at 70 to 80% confluency were treated with the inhibitors at
defined concentrations for up to 4 days. Cell culture medium was collected at O hour,
24 hour and 4 day to measure the concentration of lactate dehydrogenase (LDH) using
an ABX Pentra 400 Chemistry Analyzer (See Chapter 2). LDH is a cyoplasmic
enzyme that is released into the cell culture medium upon cell lysis. The LDH assay,

therefore, was a measure of cell viability.

5.3.2 Western blotting

Protein expressions of CDCs treated with DMOG, EDBA and BIC at ranging
concentrations (Table 5.1) were determined by western blotting for HIF-1a and GLUT-
1 antibodies. Bands were quantified using UN-SCAN-IT gel software (Silk Scientific,
USA). A housekeeping gene, GADPH was used as the internal control to normalize the

band density.



Table 5.1 List of drug abbreviation, chemical name, chemical structure, molecular weight and amount of drug (mg) dissolved per ml of CEM
to give a desired final concentration.

Drug Chemical name Chemical structure and Amount of drug Final
Abbreviation molecular weight (MW) dissolved in 1ml of concentration
CEM (mg) (mM)
DMOG Dimethyloxaloylglycine 0 0 0 0
H 0.018 0.1
‘“\\ /-/
0 0 0.090 0.5
0 0.180 1
MW: 175.14 0.360 2
EDBA ethyl 2-(2,3- 0 0
. . H 0
dihyroxybenzamido) | \)k 0.024 0.1
N
acetate 0.120 0.25
HO o/\
0.240 0.5
OH 0]
MW: 239.22 0.480 I

Table 5.1 (continued) List of drug abbreviation, chemical name, chemical structure, molecular weight and amount of drug (mg) dissolved
per ml of CEM to give a desired final concentration.
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Drug Chemical name Chemical structure and MW Amount of drug Final
Abbreviation dissolved in 1ml of concentration
CEM (mg) (nM)
BIC 2-(1-chloro-4- 0 0
. o OH 0
hydroxyisoquinoline- N 0.003 0
3-carboxamido)acetic AN N
acid | 0.009 30
N H o]
Z 0.014 50
cl 0.028 100
MW: 280.22

¢ 121dvy)H
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In the following experiments, | mM DMOG, 0.5 mM EDBA and 30 uM BIC were

used to treat neonatal passage 2 CDCs for 24 hours, unless otherwise stated.

5.3.3 Cell proliferation of PHDI-preconditioned CDCs

Cell proliferation was measured by counting the viable cells manually under the
microscope at 6, 12, 24, 72 and 120 hours after treatment with PHDIs. Live/dead cells
were distinguished based on tryphan blue dye which only traverses the membrane of a

dead/damaged cell and stains it blue.

5.3.4 Oxygen consumption and glucose metabolism

Effects of PHDI-preconditioning on CDC oxidative respiration were determined using
Clark-type oxygen electrode which measures the rate of cellular oxygen uptake. Cell
culture supernatants after PHDI-treatment were collected, and concentrations of
nutrient (glucose) and metabolite (lactate) were determined using the metabolite

analyzer (see Chapter 2).

5.3.5 Cardiomyocyte differentiation assay

The cardiomyogenic potential of PHDI-treated CDCs was tested using cardiomyocyte
differentiation medium with 5-Aza or DMSO (Appendix 3) for 2 weeks. RNA was
isolated from cells and mRNA levels for the cardiomyocyte markers, Nkx 2.5, Tnnt

and MyHC were evaluated using qRT-PCR.

5.3.6 Gene expression in PHDI-preconditioned CDCs

The effects of PHDI-induced hypoxia on CDC gene expression were investigated using
culture qRT-PCR. All gqRT-PCR data were normalized to a combination of GADPH
and Actb as housekeeping genes, as validated in a previous study (Appendix 8,

manuscript submitted).
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5.4 Results

5.4.1 Evaluation of cytotoxicity of PHDIs in cardiosphere-derived cells (CDCs)
The toxic effects of PHDIs were investigated using the LDH assay. In order to verify
the maximum toxicity levels, 5 x 10° CDCs were plated per flask and exposed to
detrimental level of 5 mM EDBA. All cell died under 5 mM EDBA for 24 hours,
confirmed by the tryphan blue staining. The LDH levels of maximum cytoxicity levels
were found to be 149 + 3 U/L. This value represented LDH levels of 100% cell death
and was used as normalization factor to determine the cytotoxicity of other PHDI

treatments.

For DMOG cytotoxicity test, gradient concentrations of 0.1 mM, 0.5 mM, 1 mM and 2
mM were used to treat 5 x 10° CDCs for either 24 hours or 4 days. Prolonged DMOG
treatment (4 days) and high concentration (> 0.5 mM) caused significantly 70-90% cell
death (Figure 5.1a). For EDBA, gradient concentrations of 0.1 mM, 0.25 mM, 0.5 mM
and 1 mM were used to treat equal amount of CDC number. EDBA at concentrations
above 1 mM for 24 hours or above 0.5 mM for 4 days caused at least 75% of cell death
(Figure 5.1b). For BIC, lower concentrations of 10 uM, 30 uM, 50 uM or 100 uM were
used to treat CDCs for either 24 hours or 4 days as suggested [253]. BIC was not toxic
to the cells under any of these conditions, indicated by the significantly lower
percentage of cell death, compared to the positive control group (maximum LDH

levels) (Figure 5.1c¢).
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Figure 5.1 Levels of cells death under (a) DMOG, (b) EDBA and (c) BIC at varying
concentrations for 24 hours and 4 days (n = 4). * p < 0.05 vs. overdose (maximum
LDH levels) (positive control).
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5.4.2 Effects of PHDI-preconditioning on HIF-1a and GLUT-1 expression in
CDCs
Protein levels of HIF-1a and its regulated gene, GLUT-1 in P2 CDCs treated with
DMOG, EDBA and BIC in gradient concentrations for 24 hours and 4 days were
determined. We found that HIF-1a activation by DMOG was time and concentration
dependent, being maximal after 24 hours of 0.5 mM or 1 mM DMOG treatment. On
the other hand, high DMOG concentration (2 mM) or prolonged DMOG treatment
(4 days) inhibited the expression of HIF-la. Coincident with HIF-1a expression,
GLUT-1 expression peaked after treatment with ImM DMOG for 24 hours but

decreased after prolonged or high concentrations of DMOG treatment (Figure 5.2 (1)).

For EDBA, HIF-1a protein levels peaked after treatment with 0.5 mM for 24 hours
(2.4 £ 0.3-fold), compared with non-treated control cells. GLUT-1 protein expression
was significantly upregulated in 0.1 mM EDBA (3.3 + 0.3-fold), 0.25 mM EDBA (3.4
+ 0.3-fold), and 0.5 mM EDBA (4.0 £+ 0.3-fold) treated cells, compared with the non-
treated control cells. As anticipated, no HIF-1a and GLUT-1 protein expression was
observed with EDBA treatment at high concentrations and after a prolonged culture

period as this had been shown to be toxic to the cells (Figure 5.2 (ii)).

BIC is a specific PHD inhibitor and thus was able to significantly upregulate both HIF-
la and GLUT-1 at the low concentration of 30 uM. Also, due to the non-toxic nature
of this drug, CDCs treated with BIC at higher concentrations for 4 days did not show
decreased HIF-1a and GLUT-1, compared to non-treated cells, as seen in DMOG- and
EDBA-treated CDCs (Figure 5.2 (iii)). Taken together, ] mM DMOG, 0.5 mM EDBA
and 30 pM BIC treatment for 24 hours was predicted to be the optimal culture
condition to activate HIF in CDCs. Thus, this concentration and culture period were

applied in all the following experiments.
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Figure 5.2 Western blot analysis of (a) HIF-1a (left panel) and (b) GLUT-1 (right panel) protein levels in neonatal P2 CDCs treated
with (i) DMOG, (ii) EDBA and (iii) BIC with a range of concentrations for 24 hours or 4 days (n = 3). Protein levels were expressed in
arbitrary units relative to cells treated with control at 24 hours. * p < 0.05 vs. control at 24 hours; * p < 0.05 vs. correspond
concentration at 24 hours; * p < 0.05 between the two groups linked with arrow.
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5.4.3 Effects of PHDI-preconditioning on CDC proliferation

After identification of the optimal drug concentrations, CDCs were exposed to the
three PHDIs at the defined sublethal concentration for 6 hours, 12 hours, 24 hours, 72
hours and 120 hours and viable cell numbers were counted. As shown in Figure 5.3,
PHDI-treatment did not result in a significant increase in CDC proliferation. In fact,
cell growth decreased upon exposure to these PHDIs for 72 hours, compared with non-

treated control cells.

—— control
° = BIC
© (30 uM)
=
= DMOG
— (1 mM)
o
(&)
EDBA
(0.5mM)
0 1 T T T ]
0 6 12 24 72 120

time (hours)

Figure 5.3 PHDI-treated CDC proliferation assay (n = 4). Cells were harvested and

counted 6 hours, 12 hours, 24 hours, 24 hours, 72 hours and 120 hours after treatment
with 30 uM BIC, 1 mM DMOG and 0.5 mM EDBA. * p < 0.0l vs. control.
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5.4.4 Metabolism of PHDI-preconditioned CDCs

Following upregulation of GLUT-1 in CDCs treated with | mM DMOG (3.2-fold), 0.5
mM EDBA (4.0-fold) and 30 uM BIC (2.1-fold) (values obtained from Figure 5.2), a
significant upregulation of glucose uptake and lactate production were also observed

(Figure 5.4).

2.0 - * & control
> * DMOG (1 mM)
B15- W EDBA (0.5 mM)
o s 5 BIC (30 uM)
310 \ .
©
=05 - I
£
0.0
Glucose uptake Lactate production

Figure 5.4 Levels of (a) glucose uptake and (b) lactate production in non-treated
control CDCs and CDCs treated with 1 mM DMOG, 0.5 mM EDBA and 30 uM BIC
(n = 3). Glucose utilization and lactate production are expressed as mM of
glucose/lactate per million cells per day. * p < 0.05 vs. control.

There was a positive correlation between expression of GLUT-1 and upregulation of

glucose uptake and lactate production (Figure 5.5).

° Glucose uptake = Lactate production

y =1.10x - 0.71
4] R?=0.89

y =1.09x - 0.23
R%2=0.95

Glucose uptake and lactate production
rates (mM/1 0® cells/day)

0 ; 2 3 s 5 6
GLUT-1 protein levels (arbitrary units)

Figure 5.5 The rate of glucose uptake and lactate production increased with increasing
GLUT-1 protein levels (n =3).
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In addition, a significant reduction of basal oxygen respiration rates by 30%, 55% and
50%, were observed in | mM DMOG, 0.5 mM EDBA and 30 uM BIC-treated cells,
respectively (Table 5.2 and Figure 5.6). The respiration rates remained significantly
reduced after the respiration was stimulated by addition of substrate (malate and
pyruvate) (DMOG = 31%, EDBA = 58% and BIC = 35%) or uncoupling agent,
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) (32%, 47% and 35%),
indicating that PHDI-preconditioned CDCs had adapted to the ‘hypoxic’ condition
induced by PHDIs, by reducing oxygen consumption and switching to glycolytic
metabolism, confirmed by the increased glucose consumption and lactate production
levels.

Table 5.2 Oxygen consumption measurements in non-treated control CDCs and CDCs
treated with 1 mM DMOG, 0.5 mM EDBA and 30 uM BIC (n = 3). All measurements

were standardised to nmol of oxygen uptake per min per milligram of protein present
(nmol Oymin/mg protein). * p < 0.05 vs. non-treated (control).

Non-treated DMOG EDBA BIC
(control) 1ImM 0.5 mM 30 pM
Basal 10.0+1.2 6.9+04" 32+09" 5006
Substrate-stimulated 10.3 + 1.4 7.0+0.7" 3.0+05" 6.6+1.2"
respiration
Oligomycin (to halt 6.6 £0.5 6.3+0.9 3.1+£0.7 5012
respiration)
FCCP-uncoupled 20.0 0.6 135+1.2° 107+03° 129+15°
respiration
25 & Control
DMOG (1 mM)

o g 20 - ; W EDBA (0.5 mM)

T O N = BIC (30 uM)

c o *

% g) 15 4 S

¢ ; *

2E 10 gl \

=9

8 E 5

0 L
Basal respiration FCCP-uncoupled respiration
groups

Figure 5.6 Basal and FCCP-uncoupled respiration rates of non-treated CDCs (control)
and CDCs treated with I mM DMOG, 0.5 mM EDBA and 30 uM BIC for 24 hours (n = 3).
*p < 0.05 vs. control.
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5.4.5 Effects of PHDI-preconditioning on cardiac stem cell population

c-Kit levels were significantly increased after treatment with EDBA (1.5 + 0.1-fold)
but not after treatment with DMOG or BIC, compared with non-treated CDCs (Figure
5.7). All three PHDISs significantly reduced the expression levels of CD90 and CD105.
DMOG reduced CD90 by 19% and CD105 by 21%, EDBA reduced CD90 by 28% and
CD105 by 29% whereas BIC reduced CD90 by 28% and CD105 by 22% (Figure 5.9).
There was no significant difference in the c-Kit, CD90 and CD105 expression levels

between DMOG, EDBA and BIC-treated CDCs.

20 - & Control DMOG BEDBA EBIC
2151 - '
5
—~a1n. T
2 05 -
(4v§
0.0

c-Kit CD90 CD105

Figure 5.7 The relative mRNA expression of c-Kit, CD90 and CDI105 in non-treated
P2 CDCs (control) and CDCs treated with 1 mM DMOG, 0.5 mM EDBA and 30 uM
BIC for 24 hours (n = 4). mRNA expression in DMOG-, EDBA- and BIC-treated cells
was normalized to the geometric mean of GAPDH and Actb (housekeeping genes) and
non-treated control cells (calibrator). * p < 0.05 vs. control.
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5.4.6 Effects of PHDI-preconditioning on CDC pluripotent cell markers
expression and differentiation potential

CDCs treated with DMOG, EDBA and BIC for 24 hours did not show any significant

difference in the mRNA levels of Oct-4, KIf 4, Sox 2 and Nanog (data not shown).

However, there was a significant reduction of GATA 4 mRNA levels by 21% in

DMOG-treated CDCs and by 18% in EDBA-treated cells (Figure 5.8).
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Figure 5.8 The relative mRNA expression of GATA 4 in non-treated P2 CDCs
(control) and CDCs treated with 1 mM DMOG, 0.5 mM EDBA and 30 uM BIC for 24
hours (n = 4). mRNA expression in DMOG-, EDBA- and BIC-treated cells was
normalized to the geometric mean of GAPDH and Actb (housekeeping genes) and non-
treated control cells (calibrator). * p < 0.05 vs. control.

The cardiomyogenic potential of PHDI-treated cells was tested by inducing
cardiomyogenic differentiation using 5-Aza and DMSO. However, there was no
significant difference in expression of cardiomyocyte markers, Nkx 2.5, Tnnt and
MyHC, compared with non-treated CDCs, indicating that PHDI treatment has no effect
on the cardiomyocyte differentiation potential of CDCs (data not shown). In order to
verify the qRT-PCR data, western blotting for Tnnt protein was performed by an
experimentally blinded investigator, Vanessa Fairfield. Western blot data indicated that
DMOG and BIC-treated CDCs did not show significantly different in Tnnt levels after

5-aza or DMSO treatment. However, EDBA-treated CDCs showed decreased Tnnt
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expression by 38% after 5-aza treatment, compared with non-treated cells, indicating

some inhibition of CDC differentiation by PHDI treatment (Figure 5.9).

Cardiomyocyte differentiation assay of PHDI-treated CDC
using 5-aza and DMSO

& Control DMOG B EDBA EBIC

e e ——

relative Tnnt mRNA levels
|

5-aza DMSO

Figure 5.9 Tnnt protein expression in non-treated P2 CDCs (control) and CDCs
treated with 1 mM DMOG, 0.5 mM EDBA and 30 uM BIC for 24 hours (n = 3).
Protein levels were expressed in arbitrary units relative to non-treated control.
*p < 0.05 vs. control.

5.4.7 Effects of PHDI-preconditioning on CDC cytokine production

DMOG and EDBA treatment significantly induced the mRNA levels of CXCR-4 in
CDCs, compared with non-treated CDCs (Figure 5.10). Also, EPO mRNA levels were
significantly increased in EDBA (2.1 £ 0.1-fold) and BIC (2.5 £ 0.1-fold) treated CDC,
while VEGF levels were significantly upregulated in DMOG (2.9 = 0.7-fold) and
EDBA (2.8 £ 0.4-fold) treated CDCs, compared with non-treated CDCs (Figure 5.10).
DMOG-treated CDCs showed significant higher CXCR-4 expression by 29%,
compared with BIC-treated CDCs while BIC-treated CDCs showed significant higher

EPO expression by 16%, compared with EDBA-treated CDC (Figure 5.10).
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Figure 5.10 The relative mRNA expression of CXCR-4, EPO and VEGF in non-treated
P2 CDCs (control) and CDCs treated with I mM DMOG, 0.5 mM EDBA and 30 uM
BIC for 24 hours (n = 4). mRNA expression in DMOG-, EDBA- and BIC-treated cells
was normalized to the geometric mean of GAPDH and Actb (housekeeping genes) and
non-treated control cells (calibrator). * p < 0.05 vs. control. # p < 0.05 between two
groups linked with arrow.

5.4.8 Comparison of the effects of DMOG, EDBA and BIC preconditioning in
CDCs

Although all three PHDIs investigated here activated HIF in CDCs, different PHDIs

contributed differentially to specific HIF-regulated gene expression. Table 5.3 presents

the effects of DMOG, EDBA and BIC on HIF-1a level, glucose metabolism, cellular

oxygen consumption, cell growth, differentiation and survival, expression of cardiac

stem/mesenchymal cell markers and synthesis of cytokines involved in stem cell

trafficking, erythropoiesis and angiogenesis.
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Table 5.3 Lists of fold-changes in CDC genotypic and phenotypic levels after (a)
DMOG, (b) EDBA and (c) BIC treatments. All non-treated CDC values were
normalized to ‘1’, and all DMOG, EDBA and BIC-treated CDC values were expressed
relative to the normalized non-treated CDCs.

*p < 0.05 vs. non-treated control; # p <0.05vs. DMOG and $ p < 0.05 vs. EDBA.

No. Evaluation (a) DMOG (b) EDBA (¢) BIC

1. Sublethal concentration | <2 mM < 0.5 mM Showed no toxicity
and culture period < 24 hours < 24 hours at the  highest
(cytotoxicity assay) concentration (100

uM) up to 4 days

2. Optimal drug 1 mM for 24 | 0.5 mM for 24 | 30 uM for 24 hours
concentration and culture | hours hours
period used in this study

3. HIF-1a protein levels 25+0.3% 24+0.3% 1.6+09*°

4. | GLUT-I1 protein levels | 3.2+0.2 * 40+03*" 21+01%%°

5. Cell proliferation rate No change No change No change

6. | Glucose uptake 3.6+0.6* 4.3 +0.6% 1.9+0.1%73

7. | Lactate production 26+1.1% 3.6 +0.9% 1.7+£02%%%

8. | Basal respiration rate 0.70 £0.04* |0.45+0.06*" |0.50+0.06*"°

9. | FCCP-uncoupled 0.68 £0.06 * |0.53+0.01*% [0.65+0.08*°
respiration rate
mRNA levels

10. | c-Kit 1.5+0.3 1.5+0.1% 1.3+04

11. | CD90 0.80£0.1* 0.73£0.1 * 0.72+£0.1 *

12. | CD105 0.81£0.1* 0.71£0.1 * 0.78£0.1 *

13. | GATA 4 0.79+£0.1 * 0.82+£0.1* 0.88 £0.1

14 | CXCR-4 3.1£05* 27+£03% 22+0.1%*

15. | EPO 1.5£0.5 2.1+0.1 % 2.5+0.1 %%

16. | VEGF 29+0.7%* 28+04% 1.6 0.4

17. | Cardiomyocyte No changes Tnnt  protein | No changes
differentiation potential levels reduced

by 38% after 5-

aza treatment.
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5.5 Discussion

The work in this chapter determined the effects of pharmacologically-induced hypoxia,
resulting from the three different prolyl-4-hydroxylase inhibitors (PHDIs): DMOG,
EDBA and BIC, on CDC proliferation, differentiation, gene expression and
metabolism. To our knowledge, this was the first study to demonstrate the effects of

PHDIs on CDCs.

Pilot study of PHDI-activated HIF pathway in CDC culture

CDCs were pretreated with PHDIs in a range of gradient concentrations for a defined
treatment period from a few hours up to 4 days. This preliminary testing of PHDIs was
crucial because studies have shown cytotoxicity from a range of PHDI concentrations.
For example, DMOG at more than 0.5 mM for 24 hours was found to be toxic to
embryonic lung explant culture [146], but not in villious placental explant treated for
the same time period [254]. The discrepancies in PHDI cytotoxicity in different tissues
or cell types are mainly due to the different degree of diffusion or penetration of
inhibitors into the specific cell types [255]. Therefore a careful evaluation of the

cytotoxicity of DMOG, EDBA and BIC was performed with CDCs.

In CDC culture, maximal HIF stabilization was achieved using 1 mM DMOG, 0.5 mM
EDBA or 30 uM BIC for 24 hours. Under these sublethal culture conditions, optimum
HIF-1o and GLUT-1 protein expression were achieved without affecting the CDC
proliferation. As anticipated, high concentrations and prolonged PHDI treatments
triggered cell death in the CDCs, due to the detrimental anoxic condition after over

exposure to PHDIs [146, 256].

Here, all PHDIs successfully inhibited the PHD enzyme activity and subsequently

activated HIF-1a protein in CDC culture, as observed in other cell types [125-127].
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However, due to the diverse roles of PHDs in many different processes and the
presence of three different PHD isoforms (PHD1-3), inhibition of PHDs by different
PHDIs could trigger multi-faceted physiological changes in cells [257, 258].
Groenman et al. [146] showed that fetal lung development can be impaired or
stimulated in different ways by different PHD inhibition. For example, they
demonstrated that both DMOG and desferrioxamine (DFO) increased HIF-1 a protein
levels and VEGF mRNA expression, but DMOG alone stimulated vascularization in
embryonic lung explant culture. In this study, DMOG, EDBA and BIC induced
different effects on CDCs. Each of these PHDIs has its unique advantages as a
candidate agent for myocardial infarction therapy. An in vivo animal study using the
PHDI-treated CDC:s to treat infarcted rat hearts is planned for further evaluation of the

effects of these PHDISs in vivo.

Effects of DMOG preconditioning on CDCs

Here, we found that 1 mM DMOG significantly inhibited PHD enzyme activity and
upregulated HIF-1a CDCs, as shown in previous studies [124, 146, 259]. DMOG
inhibited the PHD enzyme activity by mimicking 2-oxoglutarate, the essential co-
factor of the PHD enzymes in activating their reaction [140, 260]. Coincident with
HIF-1a expression, a significantly increased GLUT-1 level was observed, which
subsequently induced the glucose uptake and lactate production, switching the CDCs
into glycolytic metabolism, confirmed by the reduced cellular oxygen consumption
rates [259, 261]. In addition, DMOG preconditioning also induced the production of
CXCR-4, which plays a role in trafficking stem cells to the infarcted myocardium
based on the SDF-1/CXCR-4 axis [262, 263], and VEGF which induces angiogenesis

[112]. Although DMOG did not significantly change the c-Kit levels, CD90 and
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CD105 levels were significantly reduced by DMOG preconditioning, giving a reduced

mesenchymal cell population within the heterogenous CDC population.

Limitation and advantages of non-specific PHD inhibitors

DMOG is a nonspecific PHD inhibitor which could inhibit any other mechanism
involving 2-oxoglutarate, for example, collagen synthesis [264]. Therefore, DMOG
might be associated with undesired side effects in tissue or cells. Groenman et al.
reported that inhibition of collagen synthesis by DMOG could impair lung growth,
because of the essential role of matrix proteins in the developing lung [146]. On the
other hand, this ‘side effect’ may be beneficial in certain situations. For example, Song
et al. reported that DMOG treatment significantly decreased macrophage infiltration
and reduced fibrosis in rats with subtotal nephrectomy, by decreasing type IV collage
expression [259]. Following myocardial infarction, excessive non-contractile fibrosis
in the infarct zone may lead to myocardium remodelling which ultimately may lead to
heart failure [1]. In this case, in vivo DMOG treatment could be beneficial to reduce
fibrosis after infarction and thereby may improve heart function [142, 251, 252]. This
is in agreement with Kobayashi et al. who reported that identification of a therapeutic
target for limiting fibrosis could provide a method to improve function after

myocardial infarction [265].

In addition, the induction of CXCR-4 by DMOG treatment could also increase the
recruitment of CDCs to the infarcted myocardium, where they could induce
angiogenesis due to increased secreted cytokine, VEGF. Further, DMOG-treated CDCs
had adapted to hypoxia and thus could better survive in the infarcted myocardium. All

taken together, pharmacological inhibition of PHD using DMOG functionally activated
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HIF and could possibly enhance the therapeutic potential of CDCs for myocardial

infarction.

Effects of EDBA preconditioning on CDCs

In this study, EDBA at a concentration of less than 0.5 mM was found to significantly
induce HIF-1a, in agreement with Lienard et al. who reported an induced HIF-1a
stabilisation by EDBA in human Hep3 cell lines in a concentration-dependent manner
[127]. Structurally, EDBA is another 2-oxoglutarate analogue compound, thus it was
predicted to inhibit the PHD enzyme activity by mimicking the 2-oxoglutarate.
However, addition of 2-oxoglutarate to EDBA-treated Hep3p cell did not reduce the
activity of EDBA to activate HIF-1a as observed in DMOG-treated Hep3 cells [127].
Thus it was postulated that the in vivo mechanism of EDBA action may be more
complex than as a simple 2-oxoglutarate analogue. Currently, the mechanism of EDBA
inhibition is still under investigation. The hypothesis is that EDBA plays a role as a
iron chelator to inhibit the PHD which require the ferrous iron-dependent oxygenases
for their activity [266]. Further, as reported by Lienard et al., EDBA was found to be
more potent in inducing HIF-1a stabilisation in cells than DMOG. Although HIF-1a
protein levels were not significantly different between EDBA-treated and DMOG-
treated CDCs, we found that EDBA induced significant expression of c-Kit levels, not
seen with DMOG- or the BIC-treated CDCs. This data is further supported by the
observation of a significant increase of both EPO and VEGF in EDBA-treated CDCs,
whereas, in contrast, DMOG preconditioning only significantly induced VEGF while
BIC was only able to induce EPO. Activation of both the erythropoietic EPO cytokine
and the angiogenic VEGF cytokine in EDBA-treated CDCs could provide more potent
candidate cells for neovascularization in the infarcted myocardium, compared with

DMOG- or BIC-treated CDCs. Also, we found that EDBA-treatment showed
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significantly reduced cardiomyocyte differentiation potential after 5-aza treatment, as
seen with the hypoxic preconditioning which was found to maintain CDC pluripotency
and diminish differentiation in vitro, in Chapter 4. All taken together, EDBA-treated
CDCs mimicked the hypoxic-preconditioning of CDCs more comprehensively,

compared with DMOG and BIC-treated CDCs [127].

Effects of BIC preconditioning on CDCs

Unlike DMOG and EDBA, BIC is a specific inhibitor for PHD. Due to its specificity,
this drug was found to give significant upregulation of HIF-1a and its regulated genes
GLUT-1 and CXCR-4 at low concentrations. The cytotoxicity test revealed that this
drug was not toxic to the cells at high concentrations, even at levels 10 times higher
than the previous study (100 uM vs. 10 uM) [253]. The non-toxicity of BIC found in
this study was in agreement with the previous patent literature review which showed
that BIC (patent name: FG2216) was orally bioavailable and chronic oral dosing in
male rhesus macaques was well tolerated in vivo [253, 267]. Further, we found that the
levels of EPO expression in BIC-treated CDCs were significantly higher than those
treated with DMOG and EDBA, in agreement with the previous reports which shown
that BIC induced significant and reversible EPO expression both in vitro (Hep3B cells)
and in vivo (oral administration of BIC in nonhuman primates) [253]. Also, it was
found BIC treatment induced glycolytic metabolism and reduced CD90"CD105"
cardiac mesenchymal cell marker expression, similar to cells treated with DMOG and

EDBA.
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5.6 Conclusion

In conclusion, PHDI preconditioning of CDCS, using a short, sublethal PHDI
treatment, mediated the activation of HIF and its regulated genes. Due to the diverse
roles of PHDs in many different processes, each PHD inhibitor used in this study
showed different effects on CDCs. Each of these PHDI has its unique advantages as a
candidate for therapeutic treatment of myocardial infarction. As a non-specific PHD
inhibitor, DMOG could have double effects in myocardial infarction therapy, in which
DMOG could inhibit excessive fibrosis formation if given in vivo and at the same time
induce the in vitro hypoxic phenotype on CDCs by activating the HIF and HIF-
regulated genes. On the other hand, EDBA was found to be the most potent PHD
inhibitor in inducing HIF-1a stabilisation, as it significantly upregulated both EPO and
VEGF, and most importantly EDBA is the only PHDI which upregulated the cardiac
stem cell marker, c-Kit in CDCs. Last but not least, BIC is a specific PHD inhibitor
which can be safely administered orally. This drug has been proved to induce EPO
expression in nonhuman primates and also has been recruited for a clinical trial.
Despite the fact that each PHDI showed different effects on CDCs, all these PHDI-
treated cells showed reduced oxygen consumption and increased glycolytic
metabolism, enhancing their survival within the hypoxic infarcted myocardium. Future
investigations are needed to explore in vivo specificity of PHDI-treated CDCs and their
differential roles in activating different biological processes after transplantation into

infarcted hearts.
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6.1 Abstract

Clinically, cardiovascular risk increases with age, however, a full understanding of the
mechanism which underlies the age-associated effects on CDC isolation and expansion
was unknown. Thus, one of the objectives of this work was to isolate and characterize
CDCs from neonatal and adult rat hearts, from the atrium and apex, to investigate the
effects of ageing and stem cell niche location on CDC functional studies in vitro.
Neonatal rat explants successfully yielded 6 x 10® CDCs approximately 10 days faster
than adult atrial explants and 16 days faster than adult apical explants. EDCs isolated
from atrial tissue showed significant higher expression of c-Kit (31%) and CD105
(27%), compared with apical EDCs, indicating that resident stem cells were found
more densely in the atrial region. qRT-PCR confirmed that adult CDCs had lower
cardiac stem/progenitor and mesenchymal stem cell markers (c-Kit, Oct-4, Kif4, Sox 2,
CD105) but higher cardiac differentiation markers (Nkx 2.5, GATA4, Tnnt and
MyHC), compared with neonatal CDCs. In line with this, it was found that the adult
CDCs were more committed to differentiate into the cardiomyocyte lineage rather than
into the adipocyte lineage. Increasing age of the donor was also associated with
telomere shortening and reduced TERT enzyme expression. Further, in vitro
propagation of cardiac stem cells, from EDCs up to P10 CDCs, downregulated the c-
Kit expression and upregulated the expression of CD105 and CD90 genes. In the
second part of this chapter, adult CDC culture was optimized by preconditioning the
CDCs under hypoxia or with prolyl-4-hydroxylase inhibitors (PHDIs). Preconditioned
cells showed increased expression of c-Kit, HIF-1a and several important cytokines
such as CXCR-4, EPO and VEGF. These hypoxic and PHDI-preconditioned cells also
had reduced oxygen consumption rate and increased glucose metabolism. In
conclusion, CDCs grown from adult atrial and apical tissue had adult stem cell
characteristics, however increasing age of donors and in vitro cellular ageing was
associated with reduced stem cell numbers and proliferation potential. Hypoxic- and
PHDI-preconditioned stem cells may be better adapted to survive in infarcted tissue
and may provide better tissue regeneration after transplantation. In future work,
optimized adult CDCs will be transplanted into infarcted rat hearts to investigate the in

vivo therapeutic potential of adult CDCs for myocardial infarction.
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6.2 Introduction

Myocardial infarction is one of the major causes of morbidity and mortality worldwide
[268-272]. Transplantation of endogenous adult stem cells represents a promising
therapy for the disease because these cells are autologous and would not induce an
immunogenic response after transplantation. However, clinically, myocardial
infarction predominantly affects the elderly population [268-272]. It has been argued
that cardiovascular risk increases with age and the age-associated decline in cardiac
and vascular regenerative capacity may contribute to dysfunction of endogenous
cardiac stem and progenitor cells [273, 274]. Reports have shown that some of the
intrinsic stem cell characteristics change with ageing, such as reduced self-renewal
capacity [275] and decreased stem cell function [276, 277]. Also, ageing of the stem
cell supportive niche or systemic environment can have negative effects on stem cell

isolation as seen in aged skeletal muscle satellite cells [278].

Thus, in order to fully investigate the therapeutic potential of CSCs, the effects of
ageing on CSC isolation must be determined. In this study, CSCs were isolated from
neonatal and 4 month old adult rat hearts to evaluate the transcriptional, translational
and functional changes of CSCs isolated from postnatal heart and fully developed
matured adult heart in vitro. Our hypothesis was that aged donors have depleted
progenitors and precursor cells and might have impaired functional characteristics
which may influence the ability to promote the cardiovascular repair in the disease

heart.

Further, it was reported that although CSC clusters were scattered throughout the
myocardium, their distribution appears to be conditioned by the distinct levels of wall
stress [279]. In adult heart, physical forces and high wall stress can introduce an

intracellular response that regulates cell behaviour and fate [280, 281]. Studies have
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shown that mechanical factors influenced the differentiation of a number of stem cell
types [281, 282]. Here, CSCs were isolated from three regions with different levels of
wall stress: atrium, midregion (ventricle) and apex, to identify the effects of the wall
stress on stem cell niches in the isolation of CSC. A detailed investigation of the
distribution of CSC throughout the adult myocardium will hopefully provide new
insights of the region where surgical biopsies for CSC isolation should be taken from
in clinical applications for maximal potential of stem-cell based myocardial infarction

therapy.

Therefore, in this study, CSCs were isolated from adult rat atrial, ventricular and apical
heart tissues and were optimized using hypoxic culture and PHDI treatment, which
have been proven and validated in previous chapters, to improve the therapeutic

potential of adult CSCs for myocardial infarction therapy.

The aims of this study were to:

Isolate and expand CSCs from adult rat atrial, ventricular and apical heart

tissues and compare the cell proliferation rate, gene and protein expression

profile of adult CSCs to the neonatal CSCs.

¢ To invesitigate the effects of multiple in vitro passaging on CSC proliferation
and gene expression.

¢ Induce adipogenesis and cardiomyocytes differentiation of adult CDCs.

¢ Optimize adult CDC culture using hypoxic and PHDI-preconditioning.
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6.3 Methods
There were two studies involved in this chapter: (i) Effects of ageing on CSC isolation,
characterization and differentiation in vitro, and (ii) Optimization of adult CDC culture

using hypoxic and PHDI-preconditioning.

Study one - Effects of ageing on CSC isolation, characterization and differentiation in
Vitro

6.3.1 Isolation and expansion of CSCs from neonatal and adult rat hearts
Neonatal (1-3 days) and adult (4 months) Sprague Dawley (SD) rats were used in this
study (n = 4). For neonatal rats, whole heart tissue was minced and plated on
fibronectin-coated dishes to give explant-derived cells (EDCs), while for adult rats,
heart tissue was separated into three parts: atrium, midregion and apex, before being
minced and cultured in separate dishes to generate explant-derived cells (EDCs)
(Figure 6.1). Cardiosphere-derived cells (CDCs) were generated from EDCs via the

formation of cardiospheres as described in Chapter 2.

Atrium

Midregion (mostly are
ventricular tissue)

} Apex

Figure 6.1 Adult rat hearts were separated into three parts, from base to apex, before
being minced and cultured in separate dishes to generate explant-derived cells
(EDCs).

6.3.2 Comparison of cell proliferation, gene expression profile and
differentiation potential of neonatal and adult CSCs
Cell viability for EDCs, cardiospheres and CDCs of neonatal and adult explants were

assessed using a dye-exclusion assay with tryphan blue and viable cell numbers were
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counted. Genotypic characterization of hypoxic EDC, cardiospheres and CDCs used
RT-PCR or qRT-PCR. Expression of the specific cardiac stem cell marker (c-Kit) and
the mesenchymal stem cell markers (CD90 and CD105), pluripotent stem cell markers
(Oct-4, Sox 2, KlIf-4, and Nanog), cardiac differentiation transcription factors (Nkx 2.5
and GATA 4) and mature cardiomyocyte markers (Troponin T and myosin heavy
chain) were investigated. Adipogenesis and cardiomyogenesis potential of adult CDCs
were compared with neonatal CDCs, using adipogenesis induction medium with 1-
methyl-3-isobutylxanthine, dexamathasone and indomethacin (Appendix 2) or
cardiomyocyte differentiation medium with 5-azacytidine (5-Aza) or dimethyl

sulfoxide (DMSO) (Appendix 3).

6.3.3 Effects of ageing on CDC telomere length and telomerase expression

Telomere length of neonatal and adult P2 CDCs was measured using an qRT-PCR
assay adapted from the published method [283]. Telomere sequence in DNA was
amplified using a specific primer pairs for telomeres amplification (shown in Table
2.1). The amplification of telomere was normalized to a single copy gene (SCG), 36B4
(sequence listed in Table 2.1). Telomerase expression of CDCs was measured based on
the mRNA expression of telomere reverse transcriptase (TERT) enzyme normalized to

housekeeping genes GADPH and Actb.

6.3.4 Effects of in vitro cellular ageing (multiple cell passaging) on cardiac
progenitor and mesenchymal cell population

RNA was isolated from EDCs, cardiospheres, PO CDCs, P2 CDCs, P5 CDCs and P10

CDCs. Expression pattern of selected genes, c-Kit, CD105 and CD90 were

investigated using qRT-PCR.



Chapter 6 Effects of ageing on isolation of CSCs and optimization of adult rat CDC culture 135

Study two - Optimization of adult CDC culture using hypoxic and PHDI-
preconditioning

6.3.5 Optimization of adult CSC culture using hypoxic or PHDI-preconditioning
For hypoxic preconditioning, adult rat atrium, midregion and apex tissue were
separated into two portions of equal weight and allocated to two groups (hypoxia and
normoxia) (n = 4). Heart tissues were minced and plated on petri dish to give explant-
derived cells (EDCs). Cardiosphere-derived cells (CDCs) were generated from EDC
via the formation of cardiospheres as outlined in Chapter 2, in either hypoxic (2%
oxygen) or normoxic (21% oxygen) incubators. For PHDI preconditioning, atrial and
apical P2 CDCs at 70% - 80% confluency were treated with 1lmM DMOG, 0.5mM

EDBA or 30uM BIC, for 24 hours.

6.3.6 Evaluation of the effects of hypoxic and PHDI treatment hypoxic

All the following experiments in this section used adult atrial and apical P2 CDC
preconditioned with hypoxia, DMOG, EDBA or BIC, unless otherwise stated.
Normoxic adult atrial and apical P2 CDCs also were included in every experiment as a

negative control.

6.3.6.1 Gene expression

The effects of PHDI-induced hypoxia on CDC gene expression were investigated using
culture qRT-PCR. All gqRT-PCR data were normalized to a combination of GADPH
and Actb as housekeeping genes, as validated in a previous study (Appendix 8,

manuscript submitted).
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6.3.6.2 Protein expression
HIF-1a protein expression of hypoxic and PHDI-treated adult CDCs were investigated
using western blot. Bands were quantified using UN-SCAN-IT gel software (Silk

Scientific, USA) (see Chapter 2).

6.3.6.3 Oxygen consumption and glucose metabolism

Effects of hypoxic and PHDI-preconditioning on CDC oxidative respiration were
determined using Clark-type oxygen electrode. Cell culture supernatants after hypoxic
and PHDI-treatment were collected, and concentrations of nutrient (glucose) and

metabolite (lactate) were determined using the metabolite analyzer (see Chapter 2)
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6.4 Results

Study one - Effects of ageing on CSC isolation, characterization and in vitro
differentiation

6.4.1 Effects of ageing on cell proliferation

6.4.1.1 Explant-derived cell (EDC)

SD adult (4 months) rat hearts were separated into three parts: atrium, midregion
(mainly ventricular tissue) and apex. Atrium and apex tissue adhered to the dishes,
generated stromal-like cells after 5 days and round phase bright cells, 7 to 9 days after
plating (Figure 6.2 a and b). However, tissue from the midregion of the heart showed
no growth several weeks post-plating, confirming that few proliferative cardiac
progenitor cells exist in the midregion of the heart. Since the cell numbers generated
from midregion tissue were so slow, in the following experiments midregion tissue

culture was excluded from the study (Figure 6.2c).

Figure 6.2 Cells derived from different regions of adult heart, (a) atrium, (b) apex and (c)
midregion (mainly ventricular tissue). Pictures were taken at day 12 post plating. Scale bars
= 200 um.
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There was a progressive increase in explant-derived cell (EDC) number from neonatal
rat hearts after 3 days in culture, achieving confluency within 7 + 2 days of plating,
whereas adult tissue typically became confluent after 15 + 2 days. To evaluate and
compare the cell proliferation rate between neonatal and adult explants, EDCs were
harvested using trypsin and cell numbers were counted using a hematocytometer, every
3 days up to 15 days. At day 6, explants from neonatal heart generated 1.3 + 0.1 x 10’
EDCs per gram tissue, approximately 4.3-fold more than those generated from adult
atrium (0.3 + 0.1 x 10" EDC/g) and 6-fold more from adult apex (0.2 + 0.1 x 10’
EDC/g). Higher proliferation rates in neonatal EDC culture were maintained up to day
9, with neonatal explants generating 1.9 + 0.3 x 10° EDCs, 2-fold more than adult
atrium (0.9 £ 0.1 x 106) and 4-fold more than adult apex (0.5 = 0.1 x 106). At day 9,
neonatal explants achieved confluency, but this was not observed in adult atrium and
apex explants until day 12 to day 15 post plating. From day 6 to day 12, adult atrial
EDC proliferated, on average, 0.6-fold faster than the apical EDC. Over 18 days in

culture, explants from the midregion of the adult heart showed no cell growth at all

(Figure 6.3).
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Figure 6.3 Neonatal and adult (atrium, apex and midportion) EDC proliferation assay
(n = 4). Neonatal cells were harvested and counted at days 3, 6 and 9, while adult cells
were cultured until day 18 to achieve confluency. * p < 0.01 vs. neonatal; # p < 0.01 vs.
adult atrium.
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6.4.1.2 Cardisphere (Csp)

EDCs were grown on poly-D-lysine—coated 24-well plates with CGM (Appendix 1). In
neonatal and adult atrial culture, cells spontaneously aggregated into small colonies 24
hours after plating, and within 4 to 5 days the cells formed a suspension of
cardiospheres with an average size of 50-80 pum in diameter (Figure 6.4). Cells grown
from ventricular apex EDCs proliferated more slowly, forming spheres at least 8 days
after plating. Approximately 400 cardiospheres were obtained from each well of a

24-well plate at the end of the experiment. Sizes of neonatal, atrial and apical

cardiospheres, measured using ImageJ, were not significantly different (Figure 6.5).

Figure 6.4 Morphology of cardiosphere isolated from (a) neonatal whole heart, (b)
adult atrial tissue and (c) adult apical tissue, under light microscope. Scale bars =
200um
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Figure 6.5 Sizes of cardiospheres cultured from neonatal rat whole heart tissue and
adult atrial and apical tissue (n = 4). Images of 20 random unfixed cardiospheres were
captured under the micropscope and the sphere sizes were measured using ImagelJ.
*p < 0.05 vs. normoxia.
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6.4.1.3 Cardiosphere-derived cell (CDC)

Isolated cardiospheres formed cardiosphere-derived cells (CDCs) after 3-4 days of
incubation. CDCs reached 80-90% confluency within 5 to 7 days and were
subsequently passaged in the ratio 1:2 for further expansion up to passage 2 (P2) to
generate sufficient cell numbers for further study. Generally, independent of donor age
and tissue location in the heart, all CDCs showed similar cell morphology and

proliferated at a constant rate (Figure 6.6). A total of approximately 6 x 10° CDCs were

obtained from each heart biopsy at the end of passage 2.

Figure 6.6 Morphology of P2 CDCs isolated from (a) neonatal whole heart, (b) adult
atrial tissue and (c) adult apical tissue, under light microscope. Scale bars = 200um.

A simplified schematic flow illustrating the primary cardiac stem cell culture process
and a table listing the total period (days) required for each step of primary cardiac stem
cell culture process are shown in Figure 6.7 and Table 6.1. Since there was variation in
the time required to grow EDC (5 — 14 days) and cardiospheres (4 to 8 days), cells
were harvested based on confluency for EDC and CDC and size for cardiospheres (50

to 80 uM) rather than a set time period.
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1) Explants 2) Explant-derived cells (EDCs) 3) Cardiosphere

Passage
2CDC v

5) Passage 1 CDCs 4) Cardiosphere-derived cells (CDCs)

Figure 6.7 Simplified schematic flow of the primary cardiac stem cell culture process.
Scale bar = 200um.

Table 6.1 Days required for each step of primary cardiac stem cell culture process for

neonatal rat whole heart tissue, adult atria, adult apical and adult ventricular tissue
(n=4).

No. Culture step Neonatal Adult
atrial apex midregion
i Generating explant-derived cells 5+£2 12+2 14+2 ng

(EDC) from cardiac explant

ii Generating cardiosphere from 4+1 52 8+2 -
EDC
iii | Cardiospheres were expanded 5+1 7+1 7+1 -

into monolayer cardiospher-
derived cells (CDCs)

iv | CDCs were passaged and split in 5+1 5+1 6+1 -
the ratio 1:2 to give passage 1
(P1) CDCs

\4 P1 CDCs were further passaged 5+1 5+1 6+1 -
to give P2 CDCs
Total days required: 24+6 34+7 42 +7 -

ng = no growth observed; - = no data obtained as no cells were generated from cardiac explants.
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6.4.2 Effects of ageing on CSC gene expression

6.4.2.1 EDC and cardiosphere gene expression

As shown in Figure 6.2, the gross appearance of the outgrowth from the plated tissue
from animals of different ages and tissue location was morphologically similar (except
for adult midregion explants which showed no cell growth at all). However, the gene
expression was found to be different in neonatal and adult EDCs. qRT-PCR results
revealed that the cardiac stem cell marker, c-Kit was significantly reduced by 27% in
adult atrial EDC and 50% in adult apical EDCs, compared with neonatal EDCs. The
expression level of the cardiac mesenchymal stem cell marker, CDI105, was
significantly decreased in adult atrial and apical EDCs, by 34% and 52% respectively,
compared with neonatal EDCs. However, the mRNA levels of CD90 increased in adult
atrial and apical EDC, by 1.5-fold and 1.8-fold respectively, compared with neonatal
EDCs. Also, we found that atrial EDCs showed significantly higher c-Kit levels by

31% and CD105 by 27%, compared with apical EDCs (Figure 6.8).

A similar gene profile was observed after cardiosphere culture, in which cardiospheres
from adult atrium and apex showed lower c-Kit levels, by 29% and 40%, and CD105
levels, by 20% and 22%, respectively, compared with neonatal cardiospheres. A
significant increase in CD90 levels was observed in adult atrial (1.3-fold) and adult
apical cardiospheres (1.4-fold). However, unlike EDCs, no significant difference in
c-Kit and CD105 levels was observed between atrial and apical cardiospheres (Figure

6.9).
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Figure 6.8 Relative mRNA expressions of EDCs isolated from neonatal, adult atrial
and adult apical tissue (n = 4). All values were normalized to the geometric mean of
GAPDH and Actb as housekeeping genes and were expressed relative to neonatal
EDCs. * p < 0.05 vs. neonatal. ” p < 0.05 vs. adult atrium.
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Figure 6.9 Relative mRNA expressions of cardiospheres generated from neonatal,
adult atrial and adult apical tissue (n = 4). All values were normalized to the
geometric mean of GAPDH and Actb as housekeeping genes and were expressed
relative to neonatal cardiospheres. * p < 0.05 vs. neonatal.
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6.4.2.2 Cardiosphere-derived cell (CDC) gene expression

Using conventional RT-PCR, mRNA of genes of interest was amplified using
specifically designed primers and PCR products were run on gel electrophoresis. RT-
PCR revealed that P2 CDCs isolated from both adult atrial and adult apical cardiac
explants were an heterogeneous population containing cells which expressed the
cardiac stem cell marker (c-Kit), pluripotent cell markers (Oct-4, Klf4, Sox2 and
Nanog), cardiac differentiating cell markers (Nkx 2.5 and GATA 4), mature
cardiomyocyte cell markers (Tnnt and MyHC) and mesenchymal cells markers (CD90

and CD105) (Figure 6.10a and b).

In order to evaluate the effects of ageing on the CDC gene expression profile, PCR
product band density of adult atrial (Figure 6.10a) and apical CDCs (Figure 6.10b)
were quantified using ImageJ and were expressed relative to neonatal CDCs (Figure
6.10c, also see Figure 3.8 in Chapter 3). Based on this analysis, it was found that adult
CDC:s (atrium and apex) had reduced expression levels of the cardiac stem cell marker
(c-Kit) (Figure 6.11a), pluripotent markers (Oct-4, KIf-4 and Sox 2) (Figure 6.11 b, ¢
e) and markedly increased levels of cardiac markers (Nkx 2.5, GATA 4, Tnnt and
MyHC) (Figure 6.101 f-1), compared with neonatal CDCs. Further, CD105 levels were
decreased by 20% in adult atrial CDCs and 38% in adult apical CDCs (Figure 6.11k),
compared with neonatal CDCs. However, there was no significant difference in the

expression of CD90 between neonatal and adult CDCs (Figure 6.11j).

For all the genes investigated here, there were no statistically significant differences

between adult atrial CDCs and adult apical CDCs (Figure 6.11 a to j).
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(a) Adult atrial CDCs

DNA c-Kit Oct-4 Klf4 Nanog Sox2 Nkx2.5 GATA4 Tnnt MyHC CD90 CD105 -ve GAPDH DNA
Ladder control Ladder

(b) Adult apical CDCs

DNA c-Kit Oct-4 Kif4 Nanog Sox2 Nkx2.5 GATA4 Tnnt MyHC CD90 CD105 -ve GAPDH DNA
Ladder control Ladder

(c) Neonatal whole heart CDCs

DNA c-Kit Oct-4 KIf4 Nanog Sox2 Nkx2.5 GATA4 Tnnt MyHC CD90 CD105 -ve GAPDHDNA
Ladder control Ladder

——
———

Figure 6.10 Representative gel electrophoresis images (of three independent experiments) of
RT-PCR characterization of (a) adult atrial, (b) adult apical and (c) neonatal whole heart
CDCs. GADPH was used as housekeeping gene to validate the RNA extraction and cDNA
synthesis procedure. -ve control = PCR amplification without cDNA template; DNA ladder =
100bp DNA ladder (N3231S, BioLabs).
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Figure 6.11 The relative mRNA expression of (a) c-Kit, (b) CD105, (c) CD90, (d) Oct-
4, (e) Klf-4, (f) Nanog, (g) Sox 2, (h) Nkx 2.5, (i) GATA 4, (j) Tnnt and (k) MyHC for
neonatal, adult atrial and adult apical P2 CDCs based on the gel electrophoresis of
= 3). All values were normalized to GAPDH
(housekeeping gene). Abundance of mRNA expression of neonatal CDCs was set
arbitrary to 1, adult atrium and adult apex CDC mRNA abundance was expressed
relative to the neonatal CDCs. * p < 0.05 vs. neonatal. ” p < 0.01 vs. neonatal.
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6.4.3 Effects of ageing on P2 CDC differentiation potential

6.4.3.1 Adipogenesis

Neonatal and adult P2 CDCs were induced to differentiate using adipogenic induction
medium (AIM) (Appendix 3). The density of Oil Red O stain eluted from adult CDCs
was only 0.4-fold of that eluted from neonatal CDCs, indicating that adult CDCs had
fewer differentiated adipocytes and that ageing significantly diminished the ability of
CDCs to be transdifferentiated into adipocytes (Figure 6.12). This coincided with the
reduced expression of the mesenchymal stem cell marker, CD105 in adult CDCs as

observed using RT-PCR.
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Figure 6.12 Density of Oil Red O stain eluted from neonatal, adult atrial and adult
apical CDCs subjected to adipogenesis assay under identical condition (n = 4).
Density of Oil Red O eluted from hypoxic CDCs was expressed relative to the neonatal
CDCs (control group). * p < 0.05 vs. neonatal, # p < 0.05 vs. adult (atrium).

6.4.3.2 Cardiomyocytes differentiation

The cardiomyogenic potential of adult P2 CDCs was tested in vitro over 2 weeks with
cardiomyocyte differentiation medium (CDM) containing the cardiomyogenic
inducers, 5-azacytidine (5-Aza) or dimethyl sulfoxide (DMSO). Negative control cells
were treated with complete explant medium (CEM), the basal culture medium for

CDC:s, for either 5 days or 2 weeks.
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After 2 weeks culture with CEM without passaging, both atrial and apical CDCs
showed upregulation of Nkx 2.5 and Tnnt, compared with CDCs treated with CEM for
5 days. CDCs treated with 5-aza or DMSO showed significant increases, not only in
Nkx 2.5 and Tnnt, but also in MyHC mRNA levels, compared with CDCs treated with
CEM for 5 days (Figure 6.13). However, no beating cells were observed. In order to
verify the qRT-PCR data, western blotting for Tnnt protein was performed by an
experimentally blinded investigator, Khadijeh Pakzad. The significant increased Tnnt
protein levels in atrial CDCs confirmed the expression of Tnnt mRNA levels in cells
(Figure 6.14), indicated that CEM (2 weeks), 5-aza or DMSO treatment induced

differentiation along the cardiomyocyte lineage.
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Figure 6.13 The relative mRNA expression of Nkx 2.5, Tnnt and MyHC for (a) adult atrial
and (b) adult apical P2 CDC (n = 3) using gRT-PCR. All values were normalized to GAPDH
(housekeeping gene). mRNA expression in CEM (2 weeks), 5-Aza- and DMSO-treated CDC
mRNA abundance was expressed relative to the CDCs treated with CEM for 5 days (control).
*p < 0.05vs. CEM (5 days) control; # p < 0.05 vs. CDCs treated with CEM (2 weeks).
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Figure 6.14 Tnnt protein expression in CEM (5 days)-, CEM (2 weeks)-, 5-aza- and

DMSO-treated adult apical P2 CDCs (n = 3). Protein levels were expressed in arbitrary
units, with CEM (2 weeks)-, 5-aza- and DMSO- treated CDCs relative to normalized
CEM (5 days) CDCs. *p < 0.05 vs. CEM (5 days) (control).
6.44 Effects of ageing on CDC telomere length and telomere reverse
transcriptase (TERT) enzyme expression
DNA of P2 CDCs isolated from 3 days, 5 weeks and 3 months old rat hearts was
extracted and telomere length was measured. A gradual reduction of telomere length
from young rat cells to old rat cells was observed (3 day vs. 5 weeks vs 3 months =
100% vs. 62% vs. 44%) (Figure 6.15a). In addition, TERT mRNA levels was also

found to gradually decrease from 3 days old CDCs to 3 months old CDCs (100% vs.

69% vs. 47%) (Figure 6.15b).
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Figure 6.15 (a) Telomere length and (b) TERT mRNA expression levels were measured
in P2 CDCs isolated from 3 days, 5 weeks and 3 months old rat hearts (n = 3).
*p < 0.05vs. 3 days; # p < 0.05 vs. 5 weeks.
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6.4.5 Effects of passaging on cardiac progenitor and mesenchymal cell

population

In addition to investigating the effects of the age of donor tissues on CSC isolation and
characterization, the effects of cellular ageing due to multiple in vitro passaging of
neonatal and adult rat CSC were also investigated in this study, by comparing the
changes in the expression pattern of selected genes, c-Kit, CD105 and CD90, from
EDCs, cardiopheres, passage 0 (PO) CDCs up to passage 10 (P10) CDCs, using qRT-

PCR.

c-Kit expression gradually decreased over the in vitro expansion culture, with
9.0 £ 0.3% c-Kit in EDCs dropping to only 0.9 + 0.1% in P10 CDCs, compared with
neonatal whole heart total RNA (Figure 6.16). On the other hand, there was a
significant up-regulation of CD105 over the in vitro cell expansion process, with
26.0 £ 6.8% of CD105 levels in EDCs, increasing to 59.2 + 4.4% in P10 CDCs, both

compared with neonatal whole heart total RNA (Figure 6.17 and Table 6.1).

c-Kit expression over in vitro propagation
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Figure 6.16 Percentage of c-Kit mRNA expression levels of neonatal EDCs,
cardiospheres, PO, P2, P5 and P10 CDCs, relative to neonatal heart total RNA
(n=23). *p <0.05vs. EDC. # p < 0.05 between the two groups linked with arrow.
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CD105 expression over in vitro propagation
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Figure 6.17 Percentage of CDI05 mRNA expression levels of neonatal EDCs,
cardiospheres, PO, P2, P5 and P10 CDCs, relative to neonatal heart total RNA
(n=3). *p < 0.05vs. EDC.”* p < 0.05 between the two groups linked with arrow.

The levels of CD90 remained high throughout the in vitro expansion of CSCs using the
tissue explanation method. Neonatal EDCs showed a 3.6 + 0.8-fold increase of CD90,
compared with neonatal whole heart total RNA, and there was a significant gradual
upregulation of CD90 expression levels from EDC up to P10 CDC culture
(17.8 £1.1-fold), with the CD90 levels increased during expansion from cardiospheres
(7.6 £ 0.6-fold) into PO CDCs (10.4 + 2.5-fold) and also during expansion from PO
CDCs into P2 CDCs (14.2 + 2.3-fold). CD90 levels remained high in CDC culture up

to P5 (17.8 = 2.3-fold) and P10 CDCs (17.8 £ 1.1-fold) (Figure 6.18 and Table 6.1).
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CD90 expression over in vitro propagation
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Figure 6.18 Percentage of CD90 mRNA expression levels of neonatal EDCs,
cardiospheres, PO, P2, P5 and P10 CDCs, relative to neonatal heart total RNA (n = 3).
*p < 0.05vs. EDC; # p < 0.05 between the two groups linked with arrow.

Similar observations for c-Kit, CD105 and CD90 expression patterns from EDC to P10
CDCs culture were also found for adult atrial and apical tissue (data simplified in
Table 6.1). Although adult cells showed increasing CD105 over the culture period, but
overall, the expression of CD105 was still lower than the neonatal cells at similar
passage (Table 6.1). All together, these data suggested that, independent of donor age,
multiple passaging of isolated CSCs could induce in vitro cellular ageing, triggering
the decease of the c-Kit" cardiac stem cell population density and increase of

CD90"CD105" cardiac mesenchymal cell population.



Table 6.1 Percentage of mRNA expression levels of CD90, CD105 and c-Kit of (a) neonatal (b) adult atrial and (c) adult apical EDC,
cardiosphere, PO CDCs, P2 CDCs, P5 CDCs and P10 CDCs, relative to neonatal and adult whole heart total RNA, respectively (n = 3). All
data were normalized to GADPH and Actb as housekeeping genes. * p < 0.05 vs. EDC.

(a) Neonatal EDCs Cardiospheres PO CDCs P2 CDCs P5 CDCs P10 CDCs
c-Kit 9.0+0.3 6.8+05" 42+0.6" 41+04" 28+03" 09+0.1°
CD105 26.0 + 6.8 324+1.8 36.7 2.4 413+32° 493 +14.2" 59.1 +4.4°
CD90 356 + 79 763 £55.5 " 1042 + 25" 1415 + 233" 1557 + 446" 1783 + 114"
(b) Adult atrial EDCs Cardiospheres PO CDCs P2 CDCs P5 CDCs P10 CDCs
c-Kit 6.5+0.9 48+03" 48+0.6" 30+02° 13+0.1 09+0.1°
CD105 209 +2.2 259+2.0 36.0£3.6°  323+18° 485+ 13.17 53.0+22
CD90 664 + 8 976 £59 1221 +17° 1508 + 186" 1601 +441° 1747 + 148"
(c) Adult apical EDCs Cardiospheres P0 CDCs P2 CDCs PS5 CDCs P10 CDCs
c-Kit 45+0.2 4.1+0.7 32+04° 29+02° 13+0.1 1.0£0.1°
CD105 153+04 253+22" 248+07° 31527 475+12.1 57.8+10.1°
CD90 787 + 94 853 + 144 1032 + 42" 1314 + 463" 1523 +91° 1912 + 485"
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Study two - Optimization of adult CDC culture using hypoxic and PHDI-
preconditioning

In the first part of the study, it was shown that the proliferation and cardiac stem cells
marker, c-Kit, were attenuated in CDCs isolated from aged tissue. Also, multiple
passaging of CDCs in vitro caused reduction in c-Kit expression. Thus, in the second
part of this study, adult CDCs were optimized using hypoxia and PHDI-
preconditioning methods to enhance the therapeutic potential of CDCs for myocardial

infarction.

6.4.6 Increased HIF-1o mRNA and protein expression

gRT-PCR results revealed that adult atrial and apical P2 CDCs cultured under hypoxia
or with ImM DMOG, 0.5mM EDBA or 30 uM BIC showed significantly higher HIF-
la mRNA and protein levels, compared with normoxic non-treated CDCs (Figure 6.19
and Figure 6.20), confirming that hypoxic and PHDI treatment activated the adult P2
CDC HIF system. There were no significant differences in HIF-1a levels, neither
transcriptionally nor translationally, between adult atrial and adult apical CDCs. In
both atrial and apical CDCs, hypoxic and DMOG treatment resulted in significant
higher HIF-1a protein levels, by 36% and 26%, respectively, compared with BIC-

treated CDCs (Figure 6.20).
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Figure 6.19 The relative mRNA expression of HIF-1a in adult atrial and apical CDCs
(n = 4) using gRT-PCR. mRNA expression in hypoxic, DMOG-, EDBA- and BIC-
treated CDCs was normalized to the geometric mean of GAPDH and Actb
(housekeeping genes) and normoxic cells (calibrator). * p < 0.05 vs. normoxia.

B Normoxia Hypoxia B DMOG EEDBA [BIC

0

(%)

>

Q2

£ °
&

o 47
o

g 3]
o

= 2-
L

T 1
oy

g o
2 Adult atrial CDCs Adult apical CDCs

Figure 6.20 HIF-1o protein expression in normoxic, hypoxicc DMOG-, EDBA- and
BIC-treated adult atrial and apical CDCs (n = 4). Protein levels were expressed in
arbitrary units, relative to normoxic CDCs. * p < 0.05 vs. normoxia; # p < 0.05
between the two groups linked with arrow.
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6.4.7 Increased CXCR-4 expression

Activation of the HIF system after hypoxic- and PHDI-preconditioning induced the
expression of the HIF-regulated cytokine CXCR-4 in adult atrial and apical CDCs,
compared with normoxic CDCs (Figure 6.21). Coincident with the HIF-1o mRNA and
protein levels, there were no significant differences in CXCR-4 expression levels

between adult atrial and adult apical CDCs.
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Figure 6.21 The relative mRNA expression of CXCR-4 in adult atrial and apical CDCs
(n = 4) using gqRT-PCR. mRNA expression in hypoxicc DMOG-, EDBA- and BIC-
treated CDCs was normalized to the geometric mean of GAPDH and Actb
(housekeeping genes) and normoxic cells (calibrator). * p < 0.05 vs. normoxia.
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6.4.8 Increased cytokine expression — EPO and VEGF

Hypoxic, DMOG and EDBA treatment significantly increased the levels of EPO and
VEGF mRNA in both atrial and apical CDCs, compared with normoxic CDCs (Figure

6.22 and Figure 6.23).

Notably, BIC-treated CDCs reacted to the HIF activation in a different way to that seen
in hypoxic, DMOG and EDBA-treated CDCs. Firstly, BIC-treated atrial CDCs showed
significantly higher EPO levels by 180%, compared with DMOG-treated atrial CDCs
(Figure 6.22), even though BIC-treated atrial CDCs had a lower HIF-1a protein level
by 36%, compared with DMOG-treated atrial CDCs (as shown in Figure 6.20).
Secondly, BIC did not induce the upregulation of VEGF mRNA in both atria and

apical CDCs, but DMOG and EDBA treated CDCs did (Figure 6.23).

B Normoxia & Hypoxia B DMOG EEDBA [IBIC

relative EPO mRNA levels

Adult atrial CDCs Adult apical CDCs

Figure 6.22 The relative mRNA expression of EPO in adult atrial and apical CDCs
(n = 4) using gqRT-PCR. mRNA expression in hypoxic, DMOG-, EDBA- and BIC-
treated CDCs was normalized to the geometric mean of GAPDH and Actb
(housekeeping genes) and normoxic cells (calibrator). * p < 0.05 vs. normoxia; # p <
0.05 between the two groups linked with arrow.
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Figure 6.23 The relative mRNA expression of VEGF in adult atrial and apical CDCs
(n = 4) using gRT-PCR.. mRNA expression in hypoxicc DMOG-, EDBA- and BIC-
treated CDCs was normalized to the geometric mean of GAPDH and Actb
(housekeeping genes) and normoxic cells (calibrator). * p < 0.05 vs. normoxia; * p <
0.05 between the two groups linked with arrow.

6.4.9 Increased cardiac progenitor cells
Under hypoxia, CDC culture caused significant increases of c-Kit levels in both atrial
(2.3 = 0.1-fold) and apical (2.2 £ 0.1-fold) cells, compared with cells from these

locations cultured under normoxia (Figure 6.24).

DMOG, EDBA and BIC treatment increased the c-Kit levels, by 1.59 + 0.17-fold, 1.48
+ 0.16-fold and 1.60 + 0.17-fold, respectively in atrial CDCs and by 1.54 + 0.14-fold,
1.72 £ 0.15-fold and 1.61 + 0.16-fold, respectively in apical CDCs, compared with
non-treated normoxic CDCs. However, the induction of c-Kit expression by these
PHDIs was significantly lower than the c-Kit levels induced by hypoxic culture (Figure

6.24).
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Figure 6.24 The relative mRNA expression of c-Kit in adult atrial and apical CDCs
(n = 4) using gRT-PCR. mRNA expression in hypoxicc DMOG-, EDBA- and BIC-
treated CDCs was normalized to the geometric mean of GAPDH and Actb
(housekeeping genes) and normoxic cells (calibrator). * p < 0.05 vs. normoxia; * p <
0.05 vs. hypoxia.

All the hypoxic or PHDI-preconditioned atrial and apical CDCs had significantly
reduced CD90 mRNA levels, compared with normoxic cells (Figure 6.25). On the
other hand, only hypoxia and EDBA significantly reduced the expression of CD105 in

atrial and apical CDCs (Figure 6.26).
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Figure 6.25 The relative mRNA expression of CD90 in adult atrial and apical CDCs
(n = 4) using gRT-PCR. mRNA expression in hypoxic, DMOG-, EDBA- and BIC-
treated CDCs was normalized to the geometric mean of GAPDH and Actb
(housekeeping genes) and normoxic cells (calibrator). * p < 0.05 vs. normoxia.
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Figure 6.26 The relative mRNA expression of CDI105 in adult atrial and apical CDCs
(n = 4) using gRT-PCR.. mRNA expression in hypoxicc DMOG-, EDBA- and BIC-
treated CDCs was normalized to the geometric mean of GAPDH and Actb
(housekeeping genes) and normoxic cells (calibrator). * p < 0.05 vs. normoxia; * p <
0.05 vs. hypoxia; # p < 0.05 vs. hypoxia.

6.4.10 Increased glucose metabolism and reduced oxygen respiration

Following hypoxic and PHDI-preconditioning, CDCs had adapted to the hypoxic
condition by reducing oxygen consumption rates (Figure 6.27) and switching to
glycolytic metabolism, confirmed by the significant upregulation of glucose uptake and

lactate production were also observed in CDCs (Figure 6.28).
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Figure 6.27 FCCP-uncoupled respiration rates of non-treated normoxic CDCs
(control) and hypoxic, DMOG-, EDBA- and BIC-treated CDCs. * p < 0.05 vs. control.
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Figure 6.28 Levels of (a) glucose uptake and (b) lactate production in non-treated
normoxic CDCs (control) and hypoxic, DMOG-, EDBA- and BIC-treated CDCs.

Glucose utilization and lactate production are expressed as mM of glucose/lactate per
million cells per day. * p < 0.05 vs. control.

6.4.11 Hypoxic preconditioning increased cell proliferation and TERT mRNA
expression

Hypoxic precondiotioning significantly increased the proliferation rate of adult atrial

and apical CDCs, to an average rate of 1.7 + 0.1-fold higher than normoxic CDCs

(Figure 6.29). TERT enzyme expression remained higher in hypoxic CDCs, on an

average 4.1 = 0.7-fold compared with normoxic CDCs (Figure 6.30).
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Figure 6.29 Cell numbers of normoxic and hypoxic P2 atrial and apical CDC at 5
days post-plating. * p < 0.01 vs. normoxia.
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Figure 6.30 The relative mRNA expression of TERT for normoxic and hypoxic P2
atrial and apical CDCs (n=3) using gRT-PCR. All values were normalized to GAPDH
and Actb (housekeeping genes). mRNA expression of hypoxic CDCs were expressed
relative to the normoxic CDCs. * p < 0.05 vs. normoxia.
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6.5 Discussion

The aims of the work described in the first part of this chapter were to determine the
effects of ageing on the CSC numbers, proliferative ability, and differentiation
potential, while the second part discussed the optimization of CDCs using hypoxia and

PHDI-preconditioning.

Effects of ageing on primary cardiac stem cell proliferation

In this study, CSCs were isolated from neonatal rats (1-3 days old) and adult rats (4
months old). As hypothesized, the proliferation rates of CSCs were significantly
decreased from the aged donors. Approximately 6 x 10° CDCs were obtained from
neonatal rat heart within 26 + 6 days, from adult atrial tissue within 36 + 7 days and
from adult apical tissue within 42 + 7 days, comparable to Smith ef al. who obtained
1.7 £ 0.4 x 10°CDCs from human biopies within 45 + 7 days using the same technique
[108]. In vitro expansion of neonatal rat explants successfully yielded adequate cell
numbers for transplantation approximately 2 weeks faster than adult rat explants. This
is in agreement with studies which demonstrated the impacts of ageing on low cell
cycling or division in endothelial progenitor cells [284], bone marrow-derived
mesenchymal stem cells [285], skeletal muscle [286] and precursor cells in the

subventricular zone of rat brain [287].

A potential cause of reduced proliferative potential in aged CSCs is the shortening of
telomeres [94]. Telomeres are DNA-protein complexes that cap chromosomal ends,
promoting the genome from damage. At each cellular division, telomeric DNA
terminal regions are not fully replicated, thus causing the shortening of telomere after
every cell cycle, unless the telomere length is reversed by telomerase reverse

transcriptase enzyme (TERT) which elongates the length of the telomere [92, 288].
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When telomeric DNA reaches a critically short length, cells become susceptible to
senescence or apoptosis [289, 290]. Here, a negative relationship was found between
telomere length and age in CDC population. Also, a reduced expression of telomerase
enzyme in CDCs was observed with increasing age. These data indicated that the
ageing processes decreased telomere length, and thereby accelerated cell senescence or

mortality, which in turn impaired cardiac stem cell proliferation/self renewal rate.

Effects of ageing on CSC gene expression profile and differentiation potential

CDCs generated from both adult atrial and apical tissue expressed cardiac stem cell
and pluripotent cell markers, c-Kit, Oct-4, KIf4 and Sox 2. However, it was observed
that the expression of these genes was significantly lower in adult CDCs compared
with neonatal CDCs. Extensive reports have revealed that the changes in phenotypic
and functional properties of adult stem/progenitor cells may occur during
chronological aging [291-293]. In some cases, chronological aging triggered stem cell
death and lead to a depletion of the stem cell pool [294-296]. For example, the number
of neural stem cells [297], melanocyte stem cells [298], circulating endothelial
progenitor cells [299] and c-kit" cells in rats testis and epididymis [300], were found
to be reduced in elderly animals. Many factors may account for the reduced stem cell
density in aged donors, including intense oxidative and metabolic stress, or genotype

factors such as telomere shortening and defects in DNA repair mechanisms [301, 302].

The fate of CDCs was modulated by the environmental factors and mediated by
signalling pathways based on the tissue in which they reside [182, 303]. In fully
developed adult heart CDCs, an upregulation of the cardiac differentiation marker
(Nkx 2.5), matured cardiomyocytes markers (Tnnt and MyHC), and a downregulation

of mesenchymal stem cells marker (CD105) were observed, compared with the
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postnatal heart CDCs. In line with this, it was found that the adult CDCs were more
committed to differentiate into cardiomyocyte lineage rather than into adipocyte
lineage. Taken together, these data suggest that adult CDCs exhibited age-related
changes in stem cell density and stem cell fate. The replicative activity and density of
cardiac stem cells from young rats was higher than that from aged rats, however, the
activation of cardiomyocytes markers in aged CDCs lead the cells into more lineage

specific cell fate.

Effects of stem cells niche organisation in primary cardiac stem cell isolation

Stem cells are stored in niches that are located deep in the tissue for protection from
damaging stimuli [181, 303, 304]. These CSC niches are scattered throughout the
myocardium [279]. Due to consideration of clinical accessibility, adult hearts were cut
into small portions of atrial, midregion and apical tissue, representing the nature of
biopsies commonly obtained from patients. Ideally, the neonatal rat hearts should be
dissected into 3 parts for a more detailed comparison between neonatal rat CSCs and

adult rat CSCs, however, it is not practical due to the small sizes of neonatal hearts.

Stem cell niches play a important role in signaling the stem cell division, function and
differentiation [182, 183]. Although scattered throughout myocardium, Leri et al.,
suggested that the frequency of lineage negative CSC clusters was inversely related to
the hemodynamic load sustained by each section of the heart [279]. The very high
degree of stress at the base-midregion of the ventricular wall may induce a higher
turnover rate of the progeny cells residing in this area towards matured cardiomyocyte
lineage in order to replace old/damaged cells with newly generated cells. On the other
hand, in the atrial microenvironment, which is an area of low wall stress, the CSCs are

preserved through symmetric division or self-renewal, while in ventricular apical
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niches, CSCs are mostly involved in the formation of transient amplifying cells for
cardiomyocyte commitment in ventricular tissue [279]. This is supported by Beltrami
et al. who reported that lineage negative CSCs were found more densely in the atria
and ventricular apex than other regions [86] and Urbaneck et al. who demonstrated that
the atrial niches were 2-fold larger than ventricular apex niches, and thus contained
more CSCs [305]. Here we found that the midregion of adult rat heart did not generate
any EDCs, while atrial explants generated an average 0.6-fold more EDCs from day 6
to day 12 in culture, with 0.2-fold higher c-Kit level, than the apical explants. Further,
apical EDCs took approximately 3 to 4 days longer to form cardiospheres, compared
with atrial EDCs. CSC numbers were higher in atrial tissue than apical tissue, ideally it
would be preferable for surgical biopsies for CSC isolation to be taken from the atrium.
However, this may not be practical as often biopsies are taken via a catheter as an

outpatient.

Effects of passage number on cardiac progenitor and mesenchymal cell population

An important factor in the success of stem cell-based therapy is to obtain sufficient
quality cell numbers from a limited tissue biopsy. Passaging the CSCs could expand
the cell line and generate more cells for transplantation, but the passaging process
could induce in vitro cellular ageing due to the prolonged cell culture period. It has
been shown that cells were aged by multiple in vitro passages, triggering variability of
stem cell phenotypic and functional characteristics [306]. For example, a decline in
progenitor cell numbers [307] and loss of multipotency [308] was reported during in
vitro expansion of bone marrow mesenchymal stem cells. Here, we examined the
effects of passaging on the gene expression of cardiac progenitor and mesenchymal
cells in EDCs, cardiospheres and CDCs from PO up to P10. It was found that c-Kit

showed a gradual decrease in expression, while CD105 and CD90 showed a gradual
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increasing expression upon in vitro propagation of CDCs. A possible explanation is
that the CDC in vitro expansion process favored the expansion of CD105"CD90"
mesenchymal stem cells. It has been found that c-kit”™ CSCs were spontaneously
differentiated into adipocytes over long-term culture [98]. Also, the increasing CD90
mRNA expression could be due to contamination of CDC cultures with CD90*
fibroblasts [309, 310]. In this situation, identification and elimination of fibroblasts
from the CDC culture could improve the c-Kit yield and CDC differentiation potential
[311]. In future work, purification of the heterogenous CDC population based on
reliable specific markers, such as CD146 (specific mesenchymal stem cells marker)
[311] or DDR2 (specific cardiac fibroblast marker) [312], which discriminates between

CD90"CD105" mesenchymal stem cells and CD90" fibroblasts is suggested.

Optimization of adult CDCs

Stem cells reside in tissues where they maintain pluripotency and the potential for self-
replication. However, during each round of DNA replication, processes that underlie
replicative aging could ultimately lead to the senescence of stem cells [302, 313]. In
this study, we found that the c-Kit expression and stem cells proliferation deteriorated
with age and in vitro multiple passaging. In order to optimize the therapeutic potential
of adult CDCs, these cells were preconditioned with physiologically-induced hypoxia
using low oxygen culture and pharmacologically-induced hypoxia using prolyl

hydroxylase inhibitors, including DMOG, EDBA and BIC.

Physiologically-induced hypoxia and pharmacologically-induced hypoxia resulted in
different effects on CDCs. For example, hypoxic preconditioning increased the
proliferation rate of adult CDSs, but this effect was not observed in PHDI-
preconditioned cells. Nonetheless, these two culture techniques generated CDCs with

increased c-Kit" and reduced CD105"CD90" cell population. Also, the HIF system was
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activated under both culture methods and subsequently upregulated the expression of
several important cytokines, including CXCR-4 which aids to recruit the CDCs to the
infarcted myocardium [314], EPO [110] and VEGF [124] which play a role in
neovascularisation. An in vivo animal study with optimized adult CDCs is planned in
future work to verify the potential of these cells for the treatment of myocardial

infarction.

6.6 Conclusion

In conclusion, CDCs grown from adult atrial and apical tissue had adult stem cell
characteristics comparable to those previously described [108]. Although apical tissues
generated EDCs slower than atrial tissue, CDCs generated from both atrial and apical
EDCs expressed cardiac stem cell and pluripotent cell markers, c-Kit, Oct-4, Klf4, Sox
2 and Nanog. This population was complemented by a CD105"CD90" mesenchymal-
like population, likely serving as a feeder layer to the more primitive cell populations
during ex vivo proliferation. Further, some adult CDC population expressed cardiac
differentiation markers, Nkx 2.5, GATA 4, Tnnt and MyHC and were readily
differentiated along the cardiomyocyte lineage with or without cardiomyogenic
induction stimuli. Nonetheless, the expression of c-Kit decreased in aged animals and
also after extended culture in vitro. Thus, hypoxic culture and PHDIs were used to
optimize the adult CDC culture. Optimized cells showed increased c-Kit and decreased
CD90 and CDI105, giving a increased cardiac stem cell population in CDC culture. In
addition, hypoxic- and PHDI-preconditioning enhanced the therapeutic potential of
these cells for myocardial infarction by increasing the expression of several important
cytokines such as CXCR-4, EPO and VEGF. This work introduced the prospect for
autologous CDC therapy for myocardial infarction which predominantly affects more

elderly patients.
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GENERAL DISCUSSION

Cardiosphere-derived cells (CDCs) isolated from rat heart tissue explants via the
formation of explant-derived cells (EDC) and cardiospheres (Csp) are a potential
endogenous cardiac stem cell (CSC) candidate for myocardial infarction therapy.
These cells showed adult stem cell properties and have been proven to increase cardiac
function in vivo [107-109, 201, 315-317]. Clinical application of CDCs is under
investigation by the CADUCEUS trial (Clinical Trials.gov. Identifier NCT00893360)

[180].

However, it has been shown by us and others, that CDCs need to be expanded in vitro
over weeks in order to obtain sufficient cells for transplantation [108]. During this
period, the infarcted heart will undergo the initial stages of scar formation and
remodeling. Hence, optimization of the current CDC culture protocol to increase the
cell proliferation rate without compromising the stem cell properties was the main

objective of the studies in this thesis.

Isolation and phenotypic characterization of cardiosphere-derived cells

In Chapter 3, CDCs were isolated and characterized in vitro. Approximately 6 x 10°
CDCs were obtained from a neonatal rat heart within 28 days. This heterogeneous
population contained cells expressing the cardiac stem cell marker, c-Kit, and
pluripotent cell markers, Oct-4, KIf4 Sox 2 and Nanog. CDCs also expressed cardiac
differentiation markers, Nkx 2.5 and GATA 4, indicating that some cells were at the
early stage of cardiac myogenic differentiation and were committed to the cardiac
lineage. However, a relatively high expression of CD105 and CD90 was found in CDC
heterogeneous culture, compared with neonatal heart total cells, indicating that the

majority of CDCs had a CD105" CD90" mesenchymal stem cell (MSC) phenotype.
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These CD105" CD90" mesenchymal-like cells possibly served as a feeder layer to the
more primitive cardiac stem cell populations during ex vivo proliferation [108]. MSCs
are multipotent, capable of differentiation into osteoblasts, chondrocytes and
adipocytes under specific culture conditions [66], and recently have also been found to
differentiate into cardiomyocytes [69]. In this study, approximately 30% of neonatal
CDCs turned into adipocytes after induction with adipogenesis medium. Also, CDCs
were found to be readily differentiated into the cardiomyocyte lineage with or without
cardiomyogenic induction stimuli, revealed by the upregulation of cardiac troponin T
(Tnnt) and myosin heavy chain (MyHC) mRNA expression. Furthermore, in vivo
CDCs cardiomyogenic differentiation was observed in the infarcted myocardium,
confirming the cardiomyogenic potential of CDCs. In brief, CDCs grown from direct
outgrowth of cardiac tissue explants were a heterogeneous population resembling
cardiac stem/pluripotent cells and mesenchymal cells and were capable of multipotent
differentiation into adipocytes and most importantly cardiomyocytes, both in vitro and

in vivo.

Cardiosphere-derived cells improved cardiac function

Transplanted CDCs were retained in the infarcted myocardium after injection and 49%
were found to express troponin I (cTnl) 16 weeks after injection. MRI measurements
of cardiac function showed that CDC-treated hearts had a significantly greater ejection
fraction than control hearts by 9%, 6 weeks after myocardial infarction and CDC
administration. This difference in EF was maintained up to 16 weeks after infarction.
The increase in cardiac function was probably a result of both regeneration of viable
myocardium by differentiation of transplanted CDCs, and of paracrine effects. This
hyphothesis was supported by quantitative histological analysis which showed a

significant decrease in infarcted scar volume by 33% and immunohistochemistry
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which showed that 49% of transplanted CDCs differentiated into cardiomyocytes
within the infarcted myocardium area. Paracrine release of cytokine by transplanted
CDCs induced neoangiogenesis, confimed by the quantitative histological analysis
which showed an increased capillary density by 9%. Our data are in agreement with
Chimenti ef al. who also demonstrated that the regenerative mechanism of CDCs
resulted from both paracrine effects and via cardiomyocyte differentiation, with
differentiation accounting for 20 - 50% of the observed effects [315]. Despite the
relatively lower c-Kit level expressed in CDCs isolated in this study, than that reported
by others [108], it has been proven that these CDCs had a therapeutic value to improve
cardiac function. This is in agreement with previous study which also reported that a
mixed cell population of cardiac mesenchymal stem cells and c-Kit" cardiac stem cells

provided greater functional improvement than c-Kit" cells alone [178].

Hypoxic preconditioning of cardiac stem cells enhances the therapeutic potential for

myocardial infarction therapy

In this study, CDCs improved cardiac function by injecting donor CDCs at the time of
infarction, thus CDCs would be beneficial clinically if they could be administered as
soon as possible after infarction. However, it has been shown, by us and others, that
CDCs need to be expanded in vitro over a period of weeks in order to obtain sufficient
cells for autologous transplantation [107, 108]. Hence, in Chapter 4, CSC cultures
were optimized by preconditioning the cells under hypoxia. Enhanced cell proliferation
rates were found for hypoxic EDCs and CDCs while larger cardiosphere sizes were
formed under hypoxia, compared with normoxic cells. Hypoxic preconditioning
successfully increased the proportion of c-Kit" cardiac progenitor cells and reduced the
CD90" CD105" cardiac mesenchymal cells, giving an increased cardiac stem cell

population in the heterogeneous CDC population. In addition, proliferating hypoxic
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cells maintained pluripotency, with fewer cells spontaneously transdifferentiating into
cardiomyocytes, compared with cells cultured under normoxia. This was probably due
to the activation of essential factors for maintaining stem cell pluripotency, Oct-4, Klf-
4, Sox 2 and Nanog, under hypoxia, which was in agreement with previous findings
[164, 188, 215, 216]. Moreover, hypoxic preconditioned CDCs showed increased
CXCR-4 (~3.2-fold), EPO (~3-fold) and VEGF (~1.5-fold), indicating that hypoxic
preconditioning may stimulate stem cell homing and neovascularization in the
infarcted myocardium. Notably, hypoxic CDCs had approximately 80% lower oxygen
consumption and were able to switch to anaerobic glycolytic metabolism under
deprived oxygen condition, suggesting that the hypoxic-preconditioned CDCs may be
better adapted to survive within the hypoxic infarct scar, compared with normoxic
CDCs. Implantation of the hypoxic CDCs into infarcted mice hearts in vivo has been
shown to result in greater cell engraftment and better functional recovery than with

conventionally cultured (normoxic) CDCs [211].

Mimicked hypoxic condition using prolyl-hydroxylase inhibitors

This is the first study using PHDIs to stabilize HIF in CDCs, mimicking the effects of
hypoxic cell culture. In Chapter 5, three different prolyl-4-hydroxylase inhibitors
(PHDIs) were used for HIF stabilization in CDC culture, DMOG, EDBA and BIC (also
known as FG2216). Simulation of the hypoxic response by using PHD inhibitors will
not only enable more practical treatment prior to in vivo application of stem cells, but
will also allow more specific activation of HIF compared with hypoxic cell culture
which will introduce a range of uncontrollable variables. In addition, manipulation of a
pharmaceutical is also easier than physiological manipulation. The optimal PHDI
treatment for CDCs, with respect to their negative cytotoxicity effects and optimal

potential to activate HIF-la expression, was found to be 1 mM DMOG, 0.5 mM
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EDBA or 30 uM BIC for 24 hours. Cell proliferation was not affected by PHDI
treatment under this condition. PHDI preconditioning using DMOG, EDBA and BIC
partly mimicked the effects of hypoxia preconditioning as seen in Chapter 4. For
example, all three PHDIs significantly stabilized and activated HIF, which induced
metabolic changes and several important cytokines such as CXCR-4 in the CDCs. In
addition, all three PHDIs significantly reduced the cardiac mesenchymal cell markers,
CD90 and CDI105, induced the expression of GLUT-1 protein, glucose uptake and
lactate production, but decreased cellular oxygen respiration, indicating that PHDI-
preconditioned CDCs had adapted to the PHDI-induced ‘hypoxic’ condition by

reducing oxygen consumption and switching into glycolytic metabolism.

Different effects of DMOG, EDBA and BIC treatment on CDCs

Although all three PHDIs used in this study successful stabilized and activated HIF,
they produced different effects in CDC culture. For example, only EDBA-treated
CDCs had significantly increased c-Kit mRNA expression, and also, we found a
significant increase of both EPO and VEGF in EDBA-treated CDCs, whereas, in
contrast, only VEGF was found to significantly increase in DMOG-treated CDCs
while only EPO was increased in BIC-treated CDCs. The difference in PHDI effects
on CDCs was probably due to the different affinity of the PHDIs in activating HIF
system. As described in Chapter 1, HIF is regulated by dual pathways involving
oxygen-dependent prolyl and asparaginyl hydroxylation of its HIF-o subunits (refer
Figure 1.1). Tian et al. [126] reported differences in the sensitivity of HIF
hydroxylation sites by different types of PHDIs. They found that BIC efficiently
inhibited the PHD enzyme, but was not able to prevent the FIH enzyme from
degrading HIF-o subunits, causing an incomplete activation of HIF. This was in

agreement with our data which showed that BIC-treated CDCs had a significantly
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lower HIF-1a level, compared to DMOG and EDBA-treated CDCs. Also, Lienard et
al. [127] found that EDBA was more potent in inducing HIF-1a stabilisation in cells
than DMOG, confirming the data found in this study which showed that only EDBA-
treated CDCs had significantly increased c-Kit mRNA expression, but not in the
DMOG- and BIC-treated CDCs. In conclusion, the ability of different PHDIs in
stabilizing the HIF system and activating HIF-regulated genes based on their feasibility
and sensitivity of selectively inhibiting the prolyl or asparaginyl hydroxylation within
cells. Hydroxylation and degradation of HIF-1a in CDC culture was suppressed by

PHDIs in the order EDBA>DMOG>BIC.

Stem cell proliferation and c-Kit expression decreased in aged donor and after in

vitro extended culture

In Chapter 6, the effects of donor age and in vitro cellular ageing were investigated. It
was found that the proliferation rates of CSCs were significantly decreased in older
animals. In vitro expansion of neonatal rat explants yielded 6 x 10° CDCs for
transplantation approximately 2 weeks faster than adult rat explants. CDCs generated
from adult rat heart tissue expressed cardiac stem cell and pluripotent cell markers,
c-Kit, Oct-4, KIf4 and Sox 2. However, the expression of these genes was significantly
lower compared with neonatal CDCs. Also, it was found that in vitro cellular ageing
due to long term cell passaging gradually decreased the expression of c-Kit. A few
recent studies have reported a similar reduction of c-Kit expression, in purified c-Kit
cells and in CDCs over time in culture. Koninckx et al. demonstrated that clonogenic-
derived c-Kit" cells and CDCs lost c-Kit expression after several passages in culture
[318] while Gambini et al. showed that c-Kit expression was significantly down-
regulated at the RNA level after 4 passages [319]. Although none of these papers

discussed the mechanism of c-Kit shut down over in vitro culture, this could be
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possibly explained by the destructive effect of trypsin (a serine protease found in the
digestive system of many vertebrates, where it hydrolyses proteins) on the binding site
of the c-Kit receptor during each passaging process [320] or that CDC in vitro
expansion process favored the expansion of other cell types [309, 310]. The latter
hypothesis was supported by the observation of gradually increasing CD105*CD90*

mesenchymal stem cells in later passages.

CDCs isolated from aged donor were more cardiac lineage committed

The fate of CDCs was modulated by the environmental factors and mediated by
signalling pathways based on the age of the tissue in which they resided [182, 303]. In
CDC isolated from fully developed adult heart, an upregulation of the cardiac
differentiation marker (Nkx 2.5), the matured cardiomyocytes markers (Tnnt and
MyHC), and a downregulation of mesenchymal stem cells marker (CD105) was
observed, compared with CDC isolated from the postnatal heart. In line with this, it
was found that the adult CDCs were more committed to differentiate into the

cardiomyocytes lineage rather than into the adipocytes lineage.

Optimization of adult rat CSCs using hypoxic and PHDI-preconditioning

Resident CSCs exist, albeit in relatively small number, in adult rat hearts. In order to
obtain sufficient cell numbers for transplantation, adult CSC culture was optimized
using hypoxic and PHDI-preconditioning. Hypoxic treatment significantly increased
the cell proliferation, shortening the time required to obtain adequate cell numbers for
therapy, while both hypoxic and PHDI-preconditioning enhanced the therapeutic
potential of CDCs by increasing the expression several important cytokines such as
CXCR-4, EPO and VEGF. Also, hypoxic and PHDI-preconditioned CDCs had lower

oxygen consumption rate, suggesting that they could survive better after
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transplantation into hypoxic infarcted myocardium. This work improved the prospect
for autologous CDC therapy for myocardial infarction which predominantly affects

older patients.

Study limitation and future directions

Although several studies have shown that CDCs improve cardiac function after
myocardial infarction, the optimized protocol used here altered the original
characteristic and properties of the CDCs currently under investigation by the
CADUCEUS trial (Clinical Trials.gov. Identifier NCT00893360) [180]. A concern
with the optimized CDC culture using hypoxic and PHDI-preconditioning is that
activation of HIF could induce a wide range of pathophysiological processes involving
at least 100 other genes, some of which are oncogenic [141]. Since the effects on
optimized cells could be diverse, it is in our interest to carefully evaluate the specific
effects of these cells in vivo. My future research will focus on isolating and optimizing
CDCs in vitro using hypoxia and PHDIs, followed by experiments in which CDCs will
be administered to the infarcted heart in vivo, and the function of treated heart and the
destiny of donor CDCs, monitored using MRI. Currently in our laboratory, a new
approach to imaging cells in vivo using fluorine (F")-based particles has been
established to provide high specificity of detection, more accurate localization and
quantification of the F"_labelled cells [321] , and it is anticipated that in vivo studies

will be started later this year.
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Appendix 1 Media composition

Medium Composition
Complete Explant 400 ml Ischove’s Modified Dulbeccon’s Medium
Medium (CEM) (IMDM) (invitrogen)

100 ml Fetal Bovine Serum (FBS) (Invitrogen)
5 ml Penicilin streptomycin glutamine (PSG) (100U/ml
penicillin, 100U/ml streptomycin, 0.2mM L-glutamine)

Medium Supplement 500 ml Dulbecco's Modified Eagle's Medium and
(MS) Ham’s F-12 (DMEM/F12) (invitrogen)
5 ml PSG
Cardiosphere Growing 65% DMEM/F12
Medium (CGM) 35% IMDM
7% FBS

Growth factors (as described below)

Growth factor in CGM Concentration Manufacture
B27 2% Invitrogen
Cardiotrophin 25 ng/ml Peprotech
Human Recombinant Epidermal 10 ng/ml Promega
Growth Factor (EGF)

Human Recombinant Fibroblast 20 ng/ml Peprotech
Growth Factor (FGF)

Thrombin 5 units Sigma

Appendix 2 Adipogenesis assay medium

Medium Composition Medium Composition
Adipogenic 400 ml (DMEM/F12) Maintenance 400 ml DMEM/F12
Induction 100 ml FBS Medium 100 ml FBS
Medium 5 ml PSG (MM) 5 ml PSG

(AIM) 10pg/ml insulin

1 uM dexamathasone
200 uM indomethacin
500 uM 1-methyl-3-isobutylxanthine
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Appendix 3 Cardiomyocyte differentiation medium

Medium Composition

Cardiomyocytes 245 ml IMDM

Differentiation 245 ml DMEM/F12

Medium (CDM) 10 ml FBS ESQ (embroyonic stem cell-qualified)
(Invitrogen)

5 ml insulin transferring selenium (Invitrogen)




Appendix 4 List of primer sequences

No. | Function Primer | Gene name Forward primer 5’ to 3’ | Reverse primer 3’ to 5° | Gene accession
number
1 Markers for pluripotent stem cells | OCT-4 POU class 5 GAGGGATGTGGTTCG | CCAGAGCAGTGACA | NM_001009178.2 *
homeobox 1 (Pou5f1) | AGTGT GGAACA
2 Sox-2 SRY (sex determining | CACAACTCGGAGATC | CTCCGGGAAGCGTGT | NM_001109181.1 *
region Y)-box 2 AGCAA ACTTA
3 Kif-4 Kruppel-like factor 4 | CCACAGACCTGGAAA | GGAAGACGAGGATG | NM_053713.1"
GTGGT AAGCTG
4 Nanog Homeobox protein TACCTCAGCCTCCAG | AGGCCGTTGCTAGTC | AB275459 "
NANOG CAGAT TTCAA
5 Cardiac stem cell marker c-Kit Stem cell factor AATCCGACAACCAAA | TGACATCAGAGTTGG | ENSRNOG000000
cytokine receptor GCAAC ACACCA 02227 *
6 Involved in the signaling for stem | CXCR-4 | chemokine receptor GCTACCTTGCCATTG | ACATCGGCGAAGATG | NM_022205.3
cell homing to infarcted heart type 4 TCCAC ATGTC
7 Early cardiac transcription Nkx 2.5 | Homeobox protein CATTTTATCCGCGAG | GTCTGTCTCGGCTTT | ENSRNOGO000000
markers NKX2-5 CCTAC GTCCA 20747 *
8 GATA 4 | GATA binding CAGTCCTGCACAGCC | CCGCAGTTGACACAC | NM_144730
protein 4 TACCT TCTCT

* Exon sequences browsed using Ensembl Genome Browser; others were browsed using GenBank Genome Browser.
# Primer sequences were kindly provided by Dr. Georgina M. Ellison.
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Appendix 4 List of primer sequences (continue)

No. | Function Primer | Gene name Forward primer 5’ to 3’ | Reverse primer 3’ to 5° | Gene accession
number
9 Markers of matured Tnnt 2 Troponin T type 2 CGTATTCGCAATGAA | CTGTTCTCCTCCTCCT | NM_012676
cardiomyocyte (cardiac) CGAGA CACG
10 MyHC Myosin heavy chain | TATGAGACGGACGCC | CTCCAGAGAGGAGC | NM_017239.2
ATACA ACTTGG
11 | Markers for mesenchymal cells CD90 Thy-1 cell surface CAGAATCCCACAAGC | GCCAGGAAGTGTTTT | NM_012673
or fibroblasts antigen TCCAA GAACC
12 CD105 Endoglin GGTACAGTGCATCGA | GCTGGCCTAGCTCTA | NM_001010968
CATGG TGGTG
13 | Hypoxia induced transcription HIF-1o | Hypoxia induced GGTGGATATGTCTGG | TTCAACTGGTTTGAG | NM_024359
factor factor-1 alpha GTTGAG GACAGA
14 | Induce production of red blood EPO Erythropoietin CCAGCCACCAGAGA | TGTGAGTGTTCGGAG | NM_017001.1
cell GTCTTC TGGAG
15 | Stimulate vasculogenesis and VEGF-a | Vascular endothelial | AATGATGAAGCCCTG | ATGCTGCAGGAAGCT | ENSRNOGO000000
angiogenesis growth factor A GAGTG CATCT 19598 *
16 | Catalytic subunit of the enzyme | TERT telomerase reverse AGTGGTGAACTTCCC | CAACCGCAAGACTGA | NM_053423"
telomerase transcriptase TGTGG CAAGA

* Exon sequences browsed using Ensembl Genome Browser; others were browsed using GenBank Genome Browser.

# Primer sequences were kindly provided by Dr. Georgina M. Ellison.
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Appendix 4 List of primer sequences (continue)

length measurement assay.

No. | Function Primer | Gene name Forward primer 5’ to 3’ | Reverse primer 3’ to 5° | Gene accession
number
17 | Housekeeping genes GAPDH | glyceraldehyde-3- GGGTGTGAACCACGA | ACTGTGGTCATGAGC | NM_017008
phosphate GAAAT CCTTC
dehydrogenase
18 Actb Beta-actin CTAAGGCCAACCGTG | AACACAGCCTGGATG | NM_031144
AAAAG GCTAC
19 | Telomere length Tel Telomere GGTTTTTGAGGGTGA | TCCCGACTATCCCTA | Sequence obtained
GGGTGAGGGTGAGG | TCCCTATCCCTATCC | from published
GTGAGGGT CTATCCCTA paper [283].
20 | Encodes acidic ribosomal 36p4 acidic ribosomal ACTGGTCTAGGACCC | TCAATGGTGCCTCTG | Sequence obtained
phosphoprotein. Used as phosphoprotein GAGAAG GAGATT from published
housekeeping gene in telomere paper [322].

* Exon sequences browsed using Ensembl Genome Browser; others were browsed using GenBank Genome Browser.

# Primer sequences were kindly provided by Dr. Georgina M. Ellison
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Appendix 5 Buffer for western blot

Medium Composition Medium Composition
Lysis buffer 75mM Tris-HCL pH 6.8 TBS-tween  0.9% NaCl (w/v)
3.8% SDS (w/v) 10mM Tris-base
4M urea 0.05% tween (v/v)
20% glycerol (v/v)
0.1% triton (v/v) SDS transfer 48mM Tris-HCl
Protease inhibitors buffer 30mM glycine
0.0375% SDS
20% methanol

Appendix 6 Respiratory medium for Clarke-type oxygen electrode

Medium Composition

Respiratory medium 100 mM KCl
50mM MOPS
1 mM EGTA
5SmM KH,PO4
1 mg.ml BSA
pH7.4

Appendix 7 Magnetic Resonance Imaging (MRI)

Rats underwent in vivo cine MRI to characterize cardiac function and morphology.
Anaesthesia was induced in a chamber with isoflurane vaporized to 2.5% in O,.
Animals were positioned supine in a purpose-built rat holder and maintained at 2.5%
isoflurane throughout the experiment. Temperature was maintained using air heated by
a heating blanket. The electrocardiogram (ECG) and respiration rates were monitored
and recorded. The imaging was performed using an 11.7 T (500 MHz) vertical bore
MRI scanner (Magnex Scientific, Oxon, UK), a Bruker Avance console (Bruker
Medical, Ettlingen, Germany) and a shielded gradient system (Magnex Scientific,

Oxon, UK). A 60 mm diameter birdcage radiofrequency (RF) coil (Bruker Medical,
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Ettlingen, Germany) was used to transmit and receive MRI signals. Scout images were
acquired to determine the position of the heart. After scouting for long and short axis
views of the heart, seven to nine contiguous slices of 1.5 mm thickness covering the
entire left ventricle (LV) were acquired (Figure Al). Image data were segmented using
Image J program [323]. End-diastole (ED) and end-systole (ES), corresponding to the
frames of maximal and minimal ventricular volume, respectively, were identified
(Figure 3.1 b and c). The epicardial and endocardial borders were outlined using the
free hand drawing tool. End-diastole volume (EDV), end-systole volume (ESV), stroke

volume (SV = EDV — ESV) and ejection fraction (EF = SV / EDV) were calculated

(work done by Dr Carolyn Carr and Dr. Daniel Stuckey).

Figure Al (a) Long axis view of the rat heart showing eight continuous slices of 1.5
mm thickness covering the entire heart from base to apex. (b) End diastolic and (c)
End systolic short axis images of heart showing the outlined epicardial (yellow line)
and endocardial (blue line) border of the left ventricle.
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Abstract:

Resident stem cells (CSCs) in the heart may be isolated in vitro, via the formation of
cardiospheres (Csp), to give cardiosphere-derived cells (CDCs). Although qRT-PCR
analyses of CDCs have been performed, no justification for the selection of
housekeeping genes has been reported. As a housekeeping gene is important for the
interpretation of qRT-PCR results, here we evaluated the most suitable housekeeping
gene for RNA expression analyses in CDCs cultured under normoxia, hypoxia or with
prolyl-4-hydroxylase inhibitors (PHIs), from both neonatal and adult rats, to determine
the effects of aging and different culture conditions on the stability of the housekeeping
gene. Six candidate housekeeping genes, [glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), beta-actin (Actb), hypoxanthine phosphoribosyltransferase 1 (HPRT-1),
beta-2-microtubulin (f2M), 60S acidic ribosomal protein large P1 (RPLP-1) and
TATA box binding protein (Tbp)] were evaluated. Analyses using geNorm and
NormFinder revealed that GAPDH was the most consistently expressed housekeeping
gene among all genes tested under normoxia for both neonatal and adult CDCs.
However, Actb was the most stable housekeeping gene under hypoxia. For the PHI-
treated CDCs, overall, GADPH, Actb and f2M were more consistently expressed,
whereas HPRT-1, RPLP-1 and Tbp showed unstable expression. The ranking for f2M,
HPRT- and RPLP-1 stability was different for neonatal and adult cells, indicating that
expression of these genes is age-dependent. Lastly, independent of age or culture
conditions, Tbp was the least stable housekeeping gene. A combination of Actb and
GADPH gives the most reliable normalization for comparative analyses of gene

transcription in neonatal and adult rat CDCs preconditioned by hypoxia or PHIs.

Introduction:

The identification of stem cells within the heart [1] challenged the generally accepted
paradigm that the heart is a postmitotic organ [2, 3]. In 2004, Messina et al. developed
a method to isolate stem cells from human and murine heart, expanding them as
cardiospheres (CSp) [4]. Such CSp were clonogenic, expressed stem and endothelial
progenitor cell antigens/markers, and appeared to have the properties of adult cardiac
stem cells. The CSp were expanded to obtain sufficient cardiosphere-derived cells
(CDC) for transplantation [5]. CSp and CDCs derived from heart explant culture in
vitro caused myocardial regeneration and functional improvement when injected into

the infarcted mouse heart in vivo [4, 5].
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Preconditioning of stem cells to enable survival in the hypoxic environment has been
postulated to improve both stem cell production efficiency and potency for myocardial
repair [6]. The implantation of hypoxic (5% O,) CDCs into infarcted hearts of mice in
vivo resulted in greater cell engraftment and better functional recovery than with
conventionally cultured (normoxic) CDCs [6]. Hypoxia triggers multiple physiological
and cellular adaptations to reduced oxygen, with many processes involved in oxygen
homeostasis being mediated by the hypoxia-inducible factor (HIF) transcriptional
complex, which is negatively regulated by the prolyl-4-hydroxylase (PHD) (also
known as HIF prolyl hydroxylases, HPH and Egg-laying deficient nine, EGLN) [7].
The PHD enzyme is a conserved subfamily of dioxygenases that uses oxygen and 2-
oxoglutarate as a co-substrate and iron as a co-factor to catalyse the post-translational
hydroxylation of specific prolyl residues of HIF-a subunits [8-10]. Upon
hydroxylation, the HIF-1a subunit is recognized by the von Hippel-Lindau protein
which targets the subunit for efficient proteasomal degradation [10]. PHD hydroxylase
activity in cells depends on the availability of 2-oxoglutarate, oxygen and ferrous ion.
Thus, limited oxygen supply or inhibition of the 2-oxoglutarate or iron binding can

inhibit PHD activity and thus activate the HIF response [11-14].

Here, we cultured CDCs under hypoxia (2% oxygen) or used three different prolyl-4-
hydroxylase inhibitors (PHIs) to enable CDC HIF stabilization. The PHIs used in this
study included dimethyloxaloylglycine (DMOG) — a cell permeable, competitive
inhibitor of 2-oxoglutarate [12], ethyl 2-(2,3-dihyroxybenzamido) acetate (EDBA) - an
aspirin metabolite that activates the HIF system via generic 2-oxoglutarate oxygenase
inhibition [15], and 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido) acetic acid
(BIC) - a specific PHD inhibitor reported in the patent literature [16], which has been

used in clinical trials as a pro-angiogenic compound acting via the HIF-1a system [13].

Changes in the CDC genotype after hypoxic and PHI treatment are of interest. The
most commonly used technique for gene expression analysis is quantitative (real-time)
reverse transcriptase polymerase chain reaction (qQRT-PCR), in which expression
magnitude is normalized to a reference gene. This gene, referred to as a housekeeping
gene, is typically a constitutive gene that is expressed at relatively constant levels in all
cells independent of experimental conditions. Selection of an appropriate housekeeping
gene is crucial because it directly influences the interpretation of the gqRT-PCR data.

However, no one housekeeping gene is universal under all experimental conditions.
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Many papers have been published using qRT-PCR analysis of CDCs [17-19], hypoxic
CDCs [6] or other cells treated with PHIs [20-23], but none have described the
background for selecting a suitable housekeeping gene for quantification. Therefore, in
this study, we evaluated the most suitable housekeeping gene for RNA expression
analysis in normoxic, hypoxic and PHI-preconditioned CDCs isolated from both
neonatal and adult rat hearts, using a panel of 6 housekeeping genes, glyceraldehyde-3-
phosphate ~ dehydrogenase = (GAPDH),  beta-actin  (Actb),  hypoxanthine
phosphoribosyltransferase 1 (HPRT-1), beta-2-microtubulin (f2M), 60S acidic
ribosomal protein large P1 (RPLP-1) and TATA box binding protein (Tbp) (Table 1).
These genes were chosen as they are most commonly used as reference genes in rat

qRT-PCR studies [18, 24-34] (Additional file 1).

Methods:
Animals
Sprague Dawley (SD) rats were used for all experiments. All experiments were
performed with the approval from The University of Oxford Animal Ethics Review

Committees and the Home Office (London, UK).

Primary cardiac stem cell culture

CDCs were isolated and expanded according to a protocol described previously [5]. In
brief, neonatal (1-3 days) and adult (4 months) SD rat hearts were isolated, and minced
into small explants in 0.05% trypsin-EDTA (Invitrogen). Explants were plated on
fibronectin-coated petri dishes with 1.5 ml of complete explant medium (CEM,
Additional file 3) to generate explant-derived cells (EDCs). EDC, once confluent, were
isolated and seeded onto poly-D-lysine coated 24-well plates with cardiosphere growth
medium (CGM, Additional file 1) to form spherical cell clusters, known as
cardiospheres (Csp). Loosely attached Csp were harvested and plated onto fibronectin-
coated T75 flasks with CEM, at a density of 1 x 10* cells/flask for expansion into
cardiosphere derived cells (CDCs). All the cells were cultured in incubator under 21%

0, and 5% CO,, at 37°C, unless otherwise stated.

CDC preconditioned with hypoxia and PHIs

For hypoxic-preconditioned cells, CDCs were cultured under 2% O, (hypoxia) and 5%
CO, at 37°C using an incubator (Wolf Laboratories, UK) adjustable to different
oxygen concentrations by infusion of nitrogen (N,). The O, concentration was

monitored continuously using an O, sensor. For PHI-preconditioning, normoxic CDCs
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(cultured under 21% O, and 5% CO,, at 37°C) were treated with 1 mM of DMOG, 0.5
mM of EDBA or 30 uM of BIC for 24 hours at 80% cell confluency.

Western blot analysis for HIF-1a protein

Normoxic, hypoxic and PHI-preconditioned CDCs were lysed in cell lysis buffer
containing protease inhibitor. The homogenate was boiled and centrifuged for 5 min,
the supernatant frozen and stored at —80°C. The lysate (50 pg/ul) was subjected to
SDS—polyacrylamide gel (10%) electrophoresis, and protein was subsequently
transferred to a nitrocellulose membrane (Pall Life Science, Mexico). The membrane
was incubated overnight with rat HIF-1o primary antibody diluted (1:2000) in 5% milk
in TBS-Tween (Novus, NB100-479). The secondary antibody used was goat anti-
rabbit conjugated to horseradish peroxidase (1:2000) (Santa Cruz Biotechnology, Santa
Cruz, CA). The immunoreactive protein signal was visualized by an ECL plus
detection kit (Perkin Elmer). Protein bands were quantified using Un-Scan-It, Version

6.1 (Silk Scientific, USA).

Primer design and optimization

Primers were designed using Primer3 software based on interpretation of GenBank or
Ensembl Genome Browser search results (Table 2). Primer specificity was enhanced
by designing a primer pair that flanked the exon-exon border of the gene of interest, to
avoid the primers amplifying genomic DNA that may be contained in samples. Primer
specificity was confirmed by BLASTing the primer sequence against genomic
databases available at NCBI. No significant homology sequence should be found, to
ensure gene specific amplification rather than amplification of several transcripts with

one primer pair.

RNA extraction and DNase treatment

Total RNA was extracted from cultured CDCs using Trizol reagent (Sigma) according
to the manufacturer’s instructions. DNase treatment was performed using Turbo DNA-
free (Ambion) to degrade any DNA present. The concentration and purity of RNA was
determined by measuring the absorbance at 260 nm (A260) and 280 nm (A280) using a
Nanodrop ND-1000 Spectrophotometer (Nanodrop Technologies Inc., USA). A ratio
of A260/A280 = 2.0 is generally accepted as pure RNA.
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cDNA synthesis

cDNA was synthesized from the RNA template using AB high capacity transcriptase
kit (Applied Biosystem). Every 1 ug RNA sample was reverse transcribed using 1 pl
reverse transcriptase, 2 pul random primer, 0.8 pul dNTPs (10 mM each), 2 pl buffer and
topped up by RNase free water to a total volume of 20 pl. The reaction mixture was

subjected to incubation for 10 mins at 25 °C, 120 mins at 37 °C and 5 secs at 85 °C.

Quantitative RT-PCR (qRT-PCR)

gRT-PCR amplification was performed using Applied Biosystems StepOnePlus Real-
Time PCR System (AB International, CA). The qRT-PCR mastermix was prepared by
adding 10 pul AB Sybrgreen PCR mastermix (AB International, CA), 1 pl reverse
primer, 1 pl forward primer, 1 pl cDNA and 7 pl distilled water. The total volume for
each real-time PCR reaction was 20 pl. The PCR program was set up with an initial
heat activation step at 95 °C for 10 mins. Then, 40 cycles of thermocycling were
performed with a denaturation step at 95 °C for 15 secs, an annealing step at 60 °C for
30 secs and an extension step at 72 °C for 30 secs. Fluorescence was measured at the
end of each extension step. After amplification, a melting curve was acquired by
heating the product at 4 °C/sec to 95 °C, cooling it at 4 °C/sec to 70 °C, keeping it at 70
°C for 20 secs, and then slowly heating it at 4 °C/sec to 95 °C. Fluorescence was
measured through the slow heating phase. Melting curves were used to determine the

specificity of PCR products.

Analysis of housekeeping gene expression stability

Raw Ct values of housekeeping genes were converted to linear values compatible with
the geNorm and NormFinder programs. For comparison of housekeeping gene stability
between groups, the software geNorm, version 3.4 (Visual Basic application tool for
Microsoft Excel) [35] was used, while for housekeeping genes stability comparison
within group, NormFinder (a Microsoft Excel Add-in) [36] was used. Both programs

were used according to developer's recommendations as published.

Analysis of target gene expression

Raw Ct values of the target gene (HIF-1a) were analyzed using two different methods
to determine the importance of normalization to different housekeeping gene(s) in

qRT-PCR data analysis.
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AACt

Data analysis using 2= method

Simple relative quantification of target gene expression normalized to one

housekeeping gene was performed using the 2-*<"

method. Derivation of the equation,
including assumptions, experimental design and validation test, have been described in
Applied Biosystem User Bulletin No. 2 (P/N 4303859). Analyses of gene expression

data using this method have appeared in the literature [37-39].

Data analysis using geNorm method

Relative quantification of target gene expression normalized to more than one
housekeeping gene was performed using the geNorm method. In this method, target
gene expression was normalized to the geometric mean expression of the best
combination of housekeeping genes subjected to expression stability analysis using
geNorm software. Analyses of gene expression data using this method have appeared

in the literature [25, 40-42].
Statistical analysis

The software program, SPSS version 18 was used for further statistical analysis of
gene and protein expression among experimental groups. In all cases expression data
were compared by one-way analysis of variance (ANOVA) (statistical significance

<0.05). The significance level (a) was set at 0.05.

Results:

Hypoxic response

Western blot analyseis showed that CDCs cultured either under hypoxia or after
treatment with PHIs had significantly increased HIF-1a protein levels, compared to
normoxic CDCs (Figure 1). As anticipated [13], this observation showed that the
hypoxic challenge to the cells and the PHI treatments successfully elevated HIF-1a.

RNA and cDNA quality

RNA was isolated from neonatal and adult CDCs subjected to five different culture
conditions (Table 2). The RNA purity was measured using a NanoDrop®
Spectrophotometer (NanoDrop Technologies). On average, the Ajgongo ratio of RNA
samples was 2.01 + 0.04, indicating protein-free pure RNA, and the ratio of Axgo230
was 1.98 + 0.21, indicating that the RNA was phenol and ethanol free. cDNA was
synthesized from the pure RNA template and cDNA purity was verified with the mean
ratio of Axepnso = 1.81 +0.01.
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Primer efficiency

Primers for GAPDH, Actb, HPRT-1, 2M, RPLP-1, Tbp and HIF-1a were designed
using the Primer3 software. A primer efficiency test using serial dilution curves gave
efficiencies for all primers from 92% to 99% with a correlation coefficient (R?) ranging
from 0.92 to 0.99 (Table 3), indicating that all the designed primers worked

successfully and gave consistent results throughout efficiency testing.

The expression profiles of candidate housekeeping genes

gRT-PCR was performed and the cycle threshold (Ct) values were plotted directly,
assuming the same threshold for all genes. Ct is the number of cycles needed for
fluorescence to reach a specific threshold level of detection and is inversely related to
the amount of initial RNA template present in the sample. The six candidate
housekeeping genes showed a wide Ct expression range (Figure 2), with RPLP-1 being
the most abundantly expressed gene, presenting average Ct values below 16 cycles.
Actb, f2M and GAPDH were moderately expressed in these samples, with average Ct
values between 16 and 22 cycles, while Tbp and HPRT-1 were the least expressed
housekeeping genes, with Ct values above 24 cycles. For qRT-PCR normalization, a
moderately expressed housekeeping gene is preferred because extremely high or low

expression of a housekeeping gene can introduce variability to the data analysis.
HKGs stability test using geNorm and Normfinder

To identify the candidate housekeeping gene with the most stable expression in the

CDC samples, two software-based methods were used: geNorm and NormFinder.
geNorm analysis

geNorm is an established Microsoft Excel based program designed to validate stability
of housekeeping gene expression. The underlying principles and calculations are
described in Vandesompele et al. [35]. geNorm ranks gene stability by an average
expression stability value (M), which is the average pairwise variation of a single
candidate housekeeping gene with all other candidate housekeeping genes. More stable

gene expression is indicated by lower M values.

To investigate the effects of aging on the ranking of candidate genes, housekeeping
gene stability was determined in neonatal and adult CDCs (Figure 3a and 3b). In the
neonatal cells, both Actb and GAPDH genes had the lowest M value, followed by
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RPLP-1, 2M, HPRT-1 and Tbp. This indicates that in neonatal CDCs preconditioned
with either hypoxia or PHI, Actb and GAPDH were the most stable genes and Tbp was
the least stable gene (Figure 3a). In the adult cells, a combination of Actb and GAPDH
genes was found to be the most stable housekeeping genes, compared to other
candidate genes. However, the ranking for B2M, HPRT-1 and RPLP-1 was different
from that found in the neonatal group (Figure 3b), indicating that expression of f2M,
HPRT-1 and RPLP-1 is age-dependent. Independent of age, Tbp was the least stable
housekeeping gene. When neonatal and adult CDCs were analyzed in combination, a

similar ranking of candidate genes was observed (Figure 3c).

In addition, geNorm analysis revealed the optimal number of housekeeping genes
required for reliable and accurate normalization of qRT-PCR expression data, based on
the average pairwise variation V,/V,, calculated between n and n+1 housekeeping
genes (recommended cut-off threshold of V,/V,; = 0.15) [35]. In both neonatal and
adult groups, the pairwise variation V3 < 0.15 indicated there was no need to include a
third gene to calculate the normalization factor. Therefore, the two best performing
housekeeping genes, GAPDH and Actb, could accurately normalize gqRT-PCR

expression (Figure 4).

A limitation of this software is that the M value measured is the expression of a single
gene as a ratio of the other genes tested. Thus, we could not resolve the best gene out
of the two best performing genes, GADPH and Actb. In addition, geNorm analysis
relies on the principle that the two best performing genes are identical in all samples,
regardless of the experimental conditions or treatments, which is not necessarily true.

To address this problem, NormFinder software was also used.

NormPFinder analysis

NormFinder, introduced by Andersen et al. [36], assesses the expression stability of a
gene by evaluating the variation of expression within groups or between groups. Genes
with the lowest variation values (V) have the most stable expression and are therefore
ideal reference genes. This program allows not only the estimation of overall
expression variation of the candidate housekeeping genes across a group of samples,
but also of the variation between subgroups of a sample, eg: normoxic CDCs vs.
hypoxic CDCs or non-treated CDCs vs. PHI-treated CDCs. Using NormFinder, we
found that GADPH was the most stable gene expressed in both neonatal and adult
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normoxic cells, while Actb was the most stable gene expressed in both neonatal and
adult hypoxic cell groups. For DMOG and EDBA-treated samples, GADPH was the
best housekeeping gene for neonatal cells and Actb was best for adult cells. For
BIC-treated samples, GADPH was the best housekeeping gene for neonatal cells and
B2M was the best for adult cells (Tables 4a and 4b). Overall, NormFinder analysis
predicted that GADPH, Actb and P2M were the most consistently expressed
housekeeping genes, always being ranked in the first three places, while HPRT-1,
RPLP-1 and Tbp were predicted to be unstable, ranked in the last three places (Table
4c). Intergroup stability showed that a combination of GAPDH and Actb were the best

housekeeping genes (Figure 5) (Additional file 2).

HIF-1a mRNA expression normalized by different HKGs

We used normalization to different housekeeping genes to compare the gene
expression of HIF-1a in CDCs preconditioned under normoxia or hypoxia or with
PHIs, for CDCs from both neonatal and adult rat hearts. Normalization was performed
using GAPDH, Actb, HPRT-1, RPLP-1, 32M, Tbp and a combination of GAPDH and
Actb as reference genes. As shown in Figure 6, when expression levels were
normalized to the non-stable housekeeping genes, HPRT-1, RPLP-1 or Tbp, HIF-1a
expression was the same for the normoxic, hypoxic and PHI-treated samples for either
neonatal or adult groups. Normalization to GADPH, Actb or f2M gave significantly
different results in some, but not all, samples. All hypoxic and PHI-treated samples
from both neonatal and adult groups showed significant increases in HIF-1a
expression, compared with the normoxic control, only when the qRT-PCR data were
normalized to the combination of GAPDH and Actb, the optimal HKG combination
validated using geNorm and NormFinder, demonstrating that the simultaneous use of
two optimal housekeeping genes (GAPDH and Actb) is required to generate valid
normalized qRT-PCR data.

Discussion:

This study clearly illustrates the differences in stability of housekeeping genes in rat
CDCs cultured under normoxia (21% O,), hypoxia (2% O;) or in the presence of the
PHIs: DMOG, EDBA or BIC.

Preconditioning of cells under hypoxia or in the presence of an iron chelator (EDBA),
an inhibitor of 2-oxoglutarate oxygenases (DMOG) or a specific prolyl hydroxylation
inhibitor (BIC), inhibits prolyl-4-hydroxylase (PHD) enzyme activity and subsequently
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activates the HIF transcriptional complex [11-14]. Analysis of protein levels in
hypoxic and PHI-treated CDCs revealed a significant increase in HIF-a expression,
compared to normoxic CDCs, in both the neonatal and adult group, indicating that the
hypoxic challenge to the cells was successful. Analysis of mRNA levels in hypoxic
and PHI-treated CDCs using qRT-PCR is, however, not as straightforward as the
protein analysis. The analysis of qRT-PCR data required normalization using a

consistently expressed housekeeping gene.

RPLP-1, which plays role in the elongation step of protein synthesis [43], was the most
abundantly expressed gene in the rat CDCs, whereas HPRT-1 (an enzyme which
recycles purine in cells) [44] and Tbp (a transcription factor which binds to the TATA-
box DNA sequence) [45], were the least expressed genes. Genes with extensive or low
expression are not suitable reference genes for qRT-PCR due to their extreme
transcription expression. Our conclusions were validated by the geNorm and
Normfinder analysis, which showed that these three genes were relatively unstable,
compared to GAPDH, B2M and Actb, which showed moderate expression in rat CDC.

To evaluate the effect of aging on HKG stability, we grouped the samples into neonatal
and adult groups and analyzed the data either separately or as a combined set using
geNorm. In both approaches, we found that a combination of GAPDH and Actb
provided the best housekeeping gene, while the Tbp was the least stable among all the
candidate genes. The instability of B2M, HPRT-1 and RPLP-1 at different stages of

heart development is a drawback in their use as housekeeping genes.

Normalization with multiple reference genes is becoming more prevalent, but studies
that apply this normalization approach are limited. Based on geNorm analysis, we
found that an optimum of two housekeeping genes was needed to perform a valid
normalization. To confirm this, we evaluated the expression of HIF-1a. mRNA in the
study samples normalized to only one housekeeping gene or to a combination of the
two best housekeeping genes as selected by geNorm analysis. Interestingly, only the
data set normalized to the geometric mean of GADPH and Actb genes showed a
significant increase in HIF-la expression in every sample. Thus, use of two
housekeeping genes appears preferential for accurate normalization in the cell types

analyzed.

In our experiments, the sample sets included different stages of heart development

(neonatal vs. adult rat hearts), different oxygen tensions (normoxic vs. hypoxic) and
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three different PHI drug treatments (DMOG, EDBA or BIC). For NormFinder
analysis, we grouped the samples within each experiment, taking into account the
genes associated with cardiac progenitor cells in normoxic and hypoxic CDCs or
between physiologically-induced hypoxia using hypoxic culture and pharmaceutically-
induced hypoxia using PHIs. We found that GADPH was the most stable gene
expressed in the normoxic cell group. However, the expression of this gene was
unstable in hypoxic CDCs where Actb was the most stable gene expressed. For the
PHI-treated samples, there were different best housekeeping genes selected for each
inhibitor, yet overall, GADPH, Actb and f2M were the most stable reference genes.
Although different housekeeping genes were selected for the different experimental
conditions, when the stability of housekeeping genes were considered over all groups,
the best housekeeping genes revealed by NormFinder analysis was GADPH and Actb

combined.

Conclusions:

In conclusion, both geNorm and NormFinder analysis revealed that GAPDH and Actb
are the best housekeeping genes for the cell types analyzed in this study. geNorm also
indicated that two housekeeping genes were required for valid qRT-PCR data
normalization. In most cases, using multiple housekeeping genes resulted in more
accurate and reliable normalization compared with the use of only one reference gene.
Thus, we suggest that Actb and GADPH genes should be both used as the
housekeeping genes in qRT-PCR involving normoxic, hypoxic and PHI-treated

neonatal and adult rat CDCs.
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Figures:

Figure 1 Western blot analysis of HIF-1a protein levels in neonatal and adult P2
CDCs cultured under hypoxia or with DMOG, EDBA and BIC. In each group, all
values were normalized to levels in normoxic CDCs (control). Culture under hypoxia
or with PHIs increased expression of HIF-1a. * p < 0.05 vs. control, n = 4.
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Figure 2 Expression levels of candidate housekeeping genes in normoxic, hypoxic
and PHI-treated CDCs cultured from neonatal and adult rat hearts. Boxes
represent lower and upper quartiles of cycle threshold ranges with the median
indicated, whiskers represent the 10™ and 90" percentiles. Grey boxes correspond to
neonatal CDCs and hatched boxes correspond to adult CDCs. In both groups, RPLP-1
was the most highly expressed gene (lowest Ct value), followed by Actb, B2M, GAPDH
and lastly the HPRT-1 and Tbp as the least expressed genes (highest Ct values).
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Figure 3 geNorm analysis of the candidate housekeeping genes average expression
stability, M. Genes with highest M value repréi@fi€the least stable gene. Samples were
analyzed separately according to the age group: (a) neonatal, (b) adult, or (c) were
analyzed in a combined set (results obtained from three sets of biological replicates).
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Figure 4 geNorm analysis of the optimal number of housekeeping genes required
for data normalization. A variation coefficient, V, value below 0.15 was accepted as
indicating the optimal number of genes required for the data normalization. V2/3 <
0.15 indicated that 2 genes were required for the data normalization (results obtained

from three sets of biological replicates).
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Figure 5 NormFinder analysis of the candidate housekeeping genes average
expression stability values (V). Genes with highest V value represent the least stable
gene. Ranking of candidate housekeeping genes were determined considering intra-
and inter-group variation for (a) neonatal, (b) adult and (c) combined set of neonatal

and adult CDCs (results obtained from three sets of biological replicates).
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Figure 6 Expression level of HIF-1o mRNA in (a) neonatal and (b) adult CDCs
upon normalization to different housekeeping gene. All data are relative to the
normoxic sample (control). Normalization to the best combination of GAPDH/Actb
validated by geNorm and NormFinder showed significantly increased expression of
HIF-1ao mRNA in both neonatal and adult group under all experimental conditions. *

p<0.05,#p<0.0L.
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Tables

Table 1 List of reference genes and target gene used in the present study. Gene symbol, name, primer sequences, gene accession and function

are shown.

No. | Code Primer | Gene name Forward primer Reverse primer 5° | Gene accession Function of the protein coded by this

5ty to 3’ number gene

1 HKG 1 GAPDH | glyceraldehyde-3- | GGGTGTGAACC | ACTGTGGTCATG | NM_017008 Oxidoreductase in glycolysis and
phosphate ACGAGAAAT AGCCCTTC gluconeogenesis
dehydrogenase

2 HKG 2 Actb Beta-actin CTAAGGCCAAC | AACACAGCCTG | NM_031144 Cytoskeletal structure protein

CGTGAAAAG GATGGCTAC

3 HKG 3 HPRT-1 | hypoxanthine CTCATGGACTG | GCAGGTCAGCA | NM_012583 Recycle purines in cells
phosphoribosyl- ATTATGGACAG | AAGAACTTATA
transferase 1 GAC GCC

4 HKG 4 2M Beta-2- CCGTGATCTTTC | ATTTGAGGTGGG | NM_012512 Highly conserved proteins that are involved
microtubulin TGGTGCTT TGGAACTG in cell motility, structure and integrity

5 HKG 5 RPLP-1 | 60S acidic AAAGCAGCTGG | GCAGATGAGGC | ESNSRNOGO0000 | Protein synthesis
ribosomal protein | TGTCAATGTT TTCCAATGT 013874
large P1

6 HKG 6 Tbp TATA box binding | TTCTGGGAAAA | CCCACCATGTTC | NM_001004198 Transcription factor that binds to TATA box
protein TGGTGTGC TGGATCTT located at upstream of the transcription start

site in eukaryotic gene promoters

7 TG 1 HIF-1a Hypoxia induced GGTGGATATGT | TTCAACTGGTTT | NM_024359 Transcription factors that respond to

factor-1 alpha CTGGGTTGAG GAGGACAGA reduced oxygen changes in the cellular
environment

gene, TG = target gene.

* Exon sequences browsed using Ensembl Genome Browser; others were browsed using GenBank Genome Browser. HKG = housekeeping
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Table 2 CDC sample groups. CDCs were cultured from (a) neonatal and (b) adult rat

hearts. CDCs from each group were subjected to five different culture conditions (i) —

).

Age of animals Culture conditions
(a) Neonatal (1-3 days) (1) Normoxia (21% O,) (control)
(b) Adult (4 months) (i) Hypoxia (2% O)

(iii) Normoxia + 1 mM DMOG for 24 h
(iv) Normoxia + 0.5 mM EDBA for 24 h
(v) Normoxia + 30 uM BIC for 24 h

DMOG = dimethyloxalyl glycine; EDBA = Ethyl 2-(2,3-dihyroxybenzamido) acetate; BIC = 1-Chloro-
4-hydroxyisoquinoline-3-carboxamido ethanoic acid.

Table 3 List of reference genes and target gene used in the present study. Gene

name, primer efficiency and the correlation coefficient are shown.

Gene name Primer efficiency Correlation coefficient (Rz)
GAPDH 99.3 0.99
B2M 91.6 0.97
HPRT-1 92.3 0.99
Actb 92.7 0.99
RPLP-1 94.9 0.92
Tbp 93.8 0.93

HIF-1a 98.2 0.92
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Table 4 Ranking of candidate HKGs and their expression stability,V in the different sample groups of the study evaluated using NormFinder. Samples
were analyzed separately according to age group, (a) neonatal and (b) adult or were analyzed in a (c) combined set of neonatal and adult. Gene with the lowest
stability value has the most stable expression. Stability values are listed from most stable to least stable.

(a) Neonatal CDCs
Normoxia Hypoxia DMOG ImM EDBA 0.5 mM BIC 30uM

Ranking Stability value Ranking Stability value Ranking Stability value Ranking Stability value Ranking Stability value
1) GAPDH 0.053 1) Actb 0.139 1) GAPDH 0.087 1) GAPDH 0.051 1) GAPDH 0.092
2) Actb 0.113 2) GAPDH 0.160 2) Actb 0.362 2) Actb 0.121 2) Actb 0.192
3) p2M 0.158 3) p2M 0.189 3) p2M 2.224 3) p2M 0.152 3) p2M 0.591
4) RPLP-1 4.606 4) Tbp 1.910 4) HPRT-1 3.215 4) HPRT-1 2.951 4) RPLP-1 1.757
5) Tbp 14.744 5) RPLP-1 3.068 5) RPLP-1 4.935 5) RPLP-1 5.014 5) HPRT-1 3.055
6) HPRT-1 15.586 6) HPRT-1 17.241 6) Tbp 20.389 6) Tbp 11.328 6) Thp 14.794
(b) Adult CDCs

Normoxia Hypoxia DMOG ImM EDBA 0.5 mM BIC 30uM

Ranking Stability value Ranking Stability value Ranking Stability value Ranking Stability value Ranking Stability value
1) GAPDH 0.233 1)Actb 0.200 1) Actb 0.216 1) Actb 0.333 1) p2M 0.040
2) Actb 0.747 2) p2Mm 0.388 2) GAPDH 0.414 2) GAPDH 0.447 2) Actb 0.156
3) p2M 1.077 3) GAPDH 0.419 3) p2Mm 1.498 3) p2Mm 0.542 3) GAPDH 0.275
4) RPLP-1 2.502 4) RPLP-1 4.592 4) HPRT-1 4.380 4) Tbp 1.482 4) RPLP-1 1.495
5) HPRT-1 10.524 5) HPRT-1 8.784 5) RPLP-1 4.682 5) RPLP-1 2.106 5) Tbp 1.608
6) Tbp 13.181 6) Tbp 15.939 6) Tbp 6.490 6) HPRT-1 10.410 6) HPRT-1 3.381
(c) Combined (neonatal and adult CDCs)

Normoxia Hypoxia DMOG ImM EDBA 0.5 mM BIC 30uM

Ranking Stability value Ranking Stability value Ranking Stability value Ranking Stability value Ranking Stability value

1) GAPDH 0.002 1) GAPDH 0.315 1) Actb 0.359 1) Actb 0.263 1) p2M 0.072
2) Actb 0.161 2) Actb 1.059 2) GAPDH 1.215 2) p2M 0.718 2) Actb 0.248
3) p2Mm 0.298 3) p2Mm 1.793 3) p2Mm 2.201 3) GAPDH 1.491 3) GAPDH 1.105
4) RPLP-1 3.981 4) RPLP-1 2.188 4) HPRT-1 3.160 4) RPLP-1 2.519 4) RPLP-1 1.263
5) HPRT-1 12.482 5) Tbp 4.208 5) RPLP-1 3.844 5) Tbp 4.834 5) HPRT-1 2.520
6) Tbp 25.530 6) HPRT-1 6.658 6) Tbp 16.492 6) HPRT-1 6.447 6) Thp 9.298

Bold type indicates the reference genes that were consistently ranked the top places, and thus can be categorized as stable HKGs in this study as compared to other three candidate

genes.



Additional files

Appendix 8 Paper submitted

223

Additional file 1 — List of recent papers published on rat qRT-PCR analysis. Cell

types, experimental factors and housekeeping genes selected are shown.

Reference Cell types and experimental factors HKG selected

[26] Characterization of long-term cultured c- GAPDH
Kit" cardiac cells

[24] Rat MSC transdifferentiated into GAPDH
cardiomyocytes

[27] GATA-4 overexpressed MSC GADPH

[18] CDCs encapsuled in hydrogels Actb

[28] Characterization of rat and human CFC Actb
seeded on double-coated plates (poly-1-
lysine and collagen type IV from human
placenta)

[29] HSC cultured from myocardial infarcted B2M
rodents.

[30] Adult rat testes HPRT

[31] Primary cultures of human and rat HPRT and
hepatocytes Actb

[32] Rat brain tissue HPRT and

GAPDH

[33] Characterization of cell marker cell RPLP and
components in rat vascular thrombosis GAPDH

[34] Rat skeletal muscle with chronic Tbp and Actb

degenerative changes

MSC = mesenchymal stem cell; CDC = -cardiosphere-derived cell; CFC =

cardiosphere-forming cell; HSC = hematopoietic stem cell.
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Additional file 2 - Ranking of candidate HKGs and their expression stability as

evaluated by NormFinder considering intra- and inter-group variation for neonatal (a),

adult (b) and combined set of neonatal and adult (c) CDCs. Stability values are listed

from most stable to least stable.

(a) Neonatal (b) Adult (¢) Combined
(neonatal and adult)
Ranking Stability Ranking Stability value Ranking Stability value
value
1) Actb 0.371 1) Actb 0.224 1) Actb 0.203
2)
2) GAPDH 0.404 GAPDH 0.333 2) GAPDH 0.265
3) p2M 0.646 3) p2M 0.412 3) f2M 0.346
4) RPLP-1 1.118 4) RPLP-1 0.699 4) RPLP-1 0.543
5) HPRT-1 1.159 5) Thp 0.945 5) HPRT-1 0.801
6) Thp 1.972 6) HPRT-1 0.956 6) Tbp 1.047
Actb/GAPDH “ Actb/GAPDH * 0.207 Actb/GAPDH “ 0.177
0.291

* the best combination of two most stable reference genes

Additional file 3 - Preparation of culture medium
Complete explant medium (CEM)

Iscove’s modified Dulbecco’s medium (IMDM; Invitrogen) supplemented with 20%
(v/v) fetal bovine serum (FBS; Biosera), 100 U/ml penicillin, 100 pg/ml streptomycin,
and 0.2 mM L-glutamine (PSG; Gibco).

Cardiosphere-growth medium (CGM)

65% (v/v) Dulbecco’s modified Eagle’s medium (DMEM/F12; Invitrogen) and 35%
(v/v) CEM supplemented with: 7% (v/v) FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin, 0.2 mM L-glutamine (PSG; Gibco), 2% (v/v) B27 supplement
(Invitrogen), 25 ng/ml cardiotrophin (Peprotech), 20 ng/ml bFGF (Promega), 10 ng/ml

EGF (Peprotech), 5 U thrombin (Sigma).
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Additional file 4 - Figure A1 Structure of prolyl-4-hydroxylase inhibitors (PHDIs)
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Supplemental data 1 Comparison of cells being tested for myocardial regeneration. Cell markers expressed, cell sources, advantages and

disadvantages of each cell types are listed.

Cell Type Markers Source Advantages Disadvantages
Embryonic ® Oct-4 Existing stem cell lines Divide for indefinite periods Major ethical opposition
stem cells e Sox 2 ¢ Aborted or miscarried Pluripotent Possibility of teratoma
embryos formation
Unused in vitro fertilized
embryos
Cloned embryos
Induced ¢ QOct4 Allogenic — donor tissue Readily obtained from skin Potential for malignant
pluripotent cell | o Sox2 Autologous — own tissue and thus less invasive transformation
Closely resemble embryonic mutagenesis
stem cells
Pluripotent
Bone marrow | e c-Kit" Autologous Feasible and safe in humans Pluripotency uncertain
stem cells / e Lin~ Readily prepared in hospitals Limited success in clinical
mononuclear trials
cells
Endothelial e CD144 o CD34 Autologous Paracrine Isolation after BM
progenitor cells | ¢« VEGFR ¢ CD133 Angiogenesis aspiration

Cell processing
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Supplemental data 1 (continued) Comparison of cells being tested for myocardial regeneration. Cell markers expressed, cell sources,
advantages and disadvantages of each cell types are listed

Mesenchymal | e CD105" e CD45 e Autologous — bone e Multipotent e Microembolization after
stem cells e CD90Y e CD34 marrow e Paracrine intracoronary injection
e CD74" ¢ Allogenic - umbilical Plastic-Adhesive cells
cord
Skeletal e MyoD ¢ Autologous Readily obtained ¢ Ventricular arrhythmias in
myoblasts * Myf5 Low risk of tumor formation clinical trials
Survive and differentiate in
human hearts
Myotube formation
Very  small- | ¢ CXCR-4" e Oct-4" | e Autologous - bone Pluripotent e Potential for mutagenesis
embryonic like | @ Sca-1* ¢ Nanog" marrow
cells e CD45 e Rex-*
e SSEA-1*
Cardiac stem ® c-kit, ¢ Autologous e (Cardiac origin ¢ More invasive because
cells e Sca-1 Cardiogenic Potential biopsy should be obtained
e Abg e Clinical trials underway for cell isolation
o Isl-1 ¢ [ong-term outcome not

yet known

Cardiac stem cells isolated
from an aging heart may
not sufficiently improve
function

requires cardiac biopsy
and Ex-vivo expansion
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