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Since the fi rst reports of human induced pluripotent stem cells (hiPSC), the fi eld of pluripotent 
stem cell (PSC) research has grown in leap and bounds, parƟ cularly in the area of (cardiac) 
disease modeling. This is in part because it is fairly easy to produce cardiomyocytes from hPSC 
and also there are now more assays available which can determine phenotypic behavior. This 
thesis describes and discusses improvements to reprogramming technology as well as its use 
in cardiac development and disease modeling. Chapter 1 and 2 give a general background 
on PSCs, covering embryonic stem cells (ESC) and the discovery and development of induced 
pluripotent stem cells, with a parƟ cular focus on their use in studying cardiac development and 
disease modeling. 

In chapter 3 we examined some pracƟ cal aspects relevant to the collecƟ on of Ɵ ssues from 
paƟ ents in the clinic.  We compared (i) skin biopsies stored in standard physiological salt soluƟ on 
for up to 2 weeks (ii) blood outgrowth endothelial cells (BOECs) isolated from fresh peripheral 
blood and (iii) children’s milk teeth lost during normal replacement, for their ability to form 
somaƟ c cell cultures suitable for reprogramming to hiPSCs. All hiPSC lines were derived using 
the same reprogramming method (a condiƟ onal (FLPe) polycistronic lenƟ virus) and under 
similar condiƟ ons (same batch of virus, fetal calf serum and feeder cells).  Skin fi broblasts could 
be reprogrammed robustly even aŌ er long-term biopsy storage. GeneraƟ on of hiPSCs from 
juvenile dental pulp cells gave similar high effi  ciencies but that of BOECs was lower. In terms of 
invasiveness of biopsy sampling, biopsy storage and reprogramming effi  ciencies, skin fi broblasts 
appeared best for the generaƟ on of hiPSCs but where non-invasive procedures are required (e.g. 
for children) dental pulp cells from milk teeth represent a valuable alternaƟ ve.  

In chapter 4 we described a useful combinaƟ on of procedures that enables the simultaneous 
screening of mulƟ ple iPSC clones to determine their genomic integrity as well as their cardiac 
diff erenƟ aƟ on potenƟ al within two weeks of the putaƟ ve reprogrammed colonies iniƟ ally 
appearing in culture. By coupling a splinkereƩ e-PCR method with Ion Torrent sequencing, we 
could ascertain the number of and map the proviral integraƟ on sites in lenƟ viral-reprogrammed 
hiPSCs, enabling idenƟ fi caƟ on of clones containing single copy integraƟ ons in genomic regions 
devoid of known genes or transcripƟ onal control elements. In parallel, we developed an 
eff ecƟ ve cardiac diff erenƟ aƟ on protocol that generated funcƟ onal cardiomyocytes within 10 
days without requiring line-specifi c opƟ mizaƟ on for any of 6 independent human pluripotent 
stem cell lines tested. Finally, to demonstrate the scalability of these procedures, we picked 
20 nascent iPSC clones and performed these independent assays concurrently. Before the 
clones required passaging, we were able to idenƟ fy clones with a single integrated copy of the 
reprogramming vector and robust cardiac diff erenƟ aƟ on potenƟ al for further analysis.

Chapter 5 describes another cardiac diff erenƟ aƟ on method. StarƟ ng from mechanically 
passaging PSC grown on mouse embryonic fi broblasts, this chapter describes adapƟ ng PSC to 
enzymaƟ c passaged bulk cultures in order to generaƟ on spin EBs for directed defi ned cardiac 
diff erenƟ aƟ on. This method is useful for the generaƟ on of large numbers of uniformly produced 
cardiomyocytes from a single cell line, as each line would most likely require opƟ mizaƟ on of the 
growth factors used (also described in this chapter).

In chapter 6 we derived hiPSC from three hypertrophic cardiomyopathy (HCM) paƟ ents by 
reprogramming fi broblasts from skin biopsies; two related paƟ ents and an unrelated individual  
who also had the same Dutch founder mutaƟ on (2373insG) in the myosin binding protein C type 
3 (MYBPC type 3) gene.  MYBPC type 3 protein levels were signifi cantly reduced by Western 
bloƫ  ng in HCM-iPSC cardiomyocytes compared to the control, consistent with reduced MYBPC3 
levels previously found in heart biopsies from paƟ ents. Dissociated and replated single HCM-
iPSC derived cardiomyocytes had a cell surface area more than 2-fold greater than control 
cardiomyocytes. In addiƟ on, calcium signaling was altered in the disease cardiomyocytes 
compared with controls, consistent with previously published data. Cardiomyocytes from HCM-
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iPSC thus show essenƟ al features of the disease and provide a basis for further studies on the 
nature of HCM caused by mutaƟ ons in MYBPC3.

In chapter 7 we examined the direct eff ects of serum on cardiomyocytes from hESC, hiPSC and 
hiPSC from paƟ ents with HCM linked to a mutaƟ on in the MYBPC type 3 gene to understand 
how they might aff ect interpretaƟ on of phenotypes in culture.  We fi rst confi rmed previously 
published hypertrophic eff ects of serum on cultured neonatal rat cardiomyocytes evidenced by 
increased cell surface area and beaƟ ng frequency. We then found that serum induced similar and 
poorly reversible increases in the cell surface area of hESC- and hiPSC-derived cardiomyocytes 
and signifi cantly increased their rate of contracƟ on. Phenylephrine, which normally induces 
hypertrophy in cultured cardiomyocytes, had no addiƟ onal eff ects under these serum condiƟ ons. 
We further showed that hiPSC-derived cardiomyocytes from 3 MYBPC3 paƟ ents had a greater 
surface area than control cardiomyocytes in the absence of serum, indicaƟ ng hypertrophy as 
predicted by their genotype, but this diff erence was not evident in the presence of serum. Serum 
can signifi cantly alter the phenotype of human PSC derived cardiomyocytes under otherwise 
defi ned condiƟ ons such that the eff ects of drugs and gene mutaƟ ons aff ecƟ ng hypertrophy may 
be underesƟ mated. It is perƟ nent therefore to examine cardiac phenotypes, whenever possible, 
in fully defi ned culture media without or in low concentraƟ ons of serum. 

In chapter 8 we developed a universal selecƟ on system for PSC-CMs with high cell survival 
and low toxicity based on adeno-associated virus (AAV) vectors. The generated AAV serotype 
2 (AAV2) vector had a reduced suscepƟ bility to proteasomal degradaƟ on and carried a striated 
muscle-specifi c promoter (i.e. MHCK7)-driven puromycin resistance gene for selecƟ ng PSC-CMs. 
We showed that this vector transduced PSC-CMs beƩ er than fi broblasts. In iniƟ al experiments, 
puromycin selecƟ on resulted in ≥97%, pure cardiomyocyte populaƟ ons but in later experiments 
it proved diffi  cult to reproducibly replate the cardiomyocytes following puromycin treatment. 
SuggesƟ ons are given for further improvement of the vector and selecƟ on procedure, which 
could ulƟ mately result in an effi  cient AAV vector-based PSC-CM selecƟ on method.

Finally chapter 9 is a general discussion linking fi ndings in the diff erent chapters in this thesis as 
well as discussing future perspecƟ ves and obstacles which sƟ ll limit some uses of PSC technology 
principally in regards to obtaining informaƟ on on diseases from disease bearing hPSC lines e.g. 
immaturity of PSC-CM and disease phenotype in clinically asymptomaƟ c paƟ ents.


