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Abstract 

 

The observation that human pluripotent stem cells (hPSCs) may acquire non-random genetic 

changes during prolonged culture is a major concern for their use in regenerative medicine 

and disease modelling. The predominant genetic changes observed in hPSCs include gains of 

whole or parts of chromosomes 1, 12, 17 and 20. Genetically variant cells possess a selective 

advantage over normal hPSCs that drives their ability to overtake normal cells and become 

the predominant cell within the culture. In this study, I generated a panel of genetically 

variant cell lines containing gains of individual or multiple karyotypic changes to investigate 

the mechanisms through which each of the commonly acquired chromosomes confers 

selective advantage. Using a series of experiments to compare proliferation, apoptosis and 

differentiation between karyotypically normal and variant cells I show that different 

chromosomes can confer selective advantage by improving different aspects of hPSC 

behaviour in culture. Alternatively, some chromosomes can confer selective advantage by 

affecting the same aspect of hPSC fate, however the genetic mechanisms that mediate the 

improved cellular phenotype could be different. Acquisition of additional karyotypic changes 

strengthens the growth phenotype of variant hPSCs. Gene expression analysis to identify 

potential genes that drive selective advantage in each of the variant hPSC lines revealed that 

gain of karyotypic abnormalities causes global changes in transcription.  In addition, I show 

that cell competition functions as an extrinsic mechanism of selective advantage that is 

dependent on normal-variant hPSC interactions. In heterotypic cultures, normal cells are 

actively eliminated in a density-dependent manner by the presence of variant cells that 

possess significantly faster growth rates. Finally, I shed light onto potential mechanisms 

through which competitive cell fate could be determined in hPSCs cultures, providing a 

platform for future studies that may be used to design culture strategies that minimise the 

appearance of genetically variant hPSCs.  
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1 Introduction  

1.1 Human pluripotent stem cells 

Human pluripotent stem cells (hPSCs) are a unique classification of cell that possess two 

defining properties, the ability to self-renew indefinitely and the potential to differentiate 

into any cell type of the adult body. These cells can be obtained either by explanting the inner 

cell mass of the blastocyst, embryonic stem cells (ESCs) (Thomson et al., 1998), or by direct 

reprogramming of somatic cells into the pluripotent state, induced pluripotent stem cells 

(iPSCs) (Figure 1.1) (Takahashi et al., 2007). The unique defining properties of hPSCs make 

them attractive tool for conducting basic biological research into human embryonic 

development as well as a promising source for use in regenerative applications (Zhu and 

Huangfu, 2013, Thies and Murry, 2015). 

 

1.1.1 Derivation of hESCs 

 

In 1998, Thomson et al successfully generated the first human embryonic stem cells by 

explanting the inner cell mass from blastocyst-stage human embryos, produced by in vitro 

fertilization, onto mitotically inactivated mouse embryonic fibroblasts (MEFs). In the 

presence of fibroblast growth factor and activin A, hESCs have the capacity to self-renew for 

long periods of time and retain the ability to differentiate into all three primary germ layers 

and are hence termed pluripotent (Thomson et al., 1998). Nearly 20 years since hESCs were 

first derived, now over a thousand hESCs of diverse genotypes have been registered 

worldwide, the vast majority of these lines are approved for research use only (Fraga et al., 

2011, Seltmann et al., 2016, Kurtz et al., 2018). Translation into clinical applications has been 

hampered by issues ranging from ethical approval to safety concerns (Volarevic et al., 2018). 

Human embryonic stem cells for clinical use have to be obtained under stringent ethical 

guidelines and derived using Good Manufacturing Practice (GMP) (Unger et al., 2008).  The 

original derivation techniques described by Thomson et al (1998) used an animal-based 

substrate and media supplemented with serum components that are difficult to define and 

risk assess. Advances in the field including, development of feeder-free substrates and fully 

chemically defined culture medias, have resulted in the evolution of GMP grade xeno-free 
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culture conditions that have been successfully used to generate high quality clinical grade 

hESC lines (Ye et al., 2017).  

 

1.1.2 Induced Pluripotent Stem Cells  

 

In 2007 the discovery of human induced pluripotent stem cells was heralded as a major 

breakthrough for the field of stem cell biology. Shinya Yamanaka and colleagues showed that 

ectopic expression of four key pluripotency-associated genes; Oct3/4 , Sox2, Klf4 and c-Myc, 

could reprogram somatic cells to a pluripotent state and thus termed induced pluripotent 

stem cells (iPSCs) (Takahashi et al., 2007, Takahashi and Yamanaka, 2006). The ability to 

reprogram cells opened the opportunity to create patient and disease specific stem cells for 

modelling disease and drug screening, as well as circumvented some of the major ethical 

issues regarding the sacrifice of human embryos to derive stable pluripotent stem cell lines 

(Kimbrel and Lanza, 2016).  

 

Nonetheless, use of iPSCs comes with its own unique set of challenges and concerns. Primary 

amongst these is that the reprogramming process remains poorly understood. The original 

reprogramming method described by Yamanaka utilised a viral vector that delivered the 

transcription factors of the key pluripotency-associated genes by integration to the host 

genome (Takahashi et al., 2007). However, the efficiency of reprogramming was very low, 

and the use of viral vectors carried an associated tumorigenic risk. A greater understanding 

of the barriers of reprogramming have resulted in the development of more efficient non-

integrating reprogramming methods that overcome many of the obstacles hindering their 

use in translational applications (Brouwer et al., 2016). 

 

Several studies have compared iPSCs to ESCs to determine if they are identical cell 

populations. Some of these studies show that iPSCs and ESCs share nearly all of their global 

gene expression and DNA methylation, the small degree of variation observed was 

insufficient to distinguish between the two cell populations (Guenther et al., 2010, Bock et 

al., 2011). Whereas, other studies show that they possess genetic and epigenetic differences 

that reflect their origin and derivation resulting in a gene expression profile that is very similar 

but not identical (Chin et al., 2009, Marchetto et al., 2009, Kim et al., 2010). However, 
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epigenetic heterogeneity has also been shown to exist between different ESC lines as well as 

bias in differentiation potential (Martinez et al., 2012). Therefore, the current consensus 

within the stem cell field is that they should be regarded as overlapping cell populations that 

share distinct defining properties (Omole and Fakoya, 2018).  
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Figure 1.1 Derivation of human pluripotent stem cells. 
 

Human pluripotent stem cells can be derived through two methods. In the first method 

cells from the inner cell mass of a blastocyst embryo are explanted into culture, hPSCs 

derived through this method are referred to as embryonic stem cells. Alternatively, adult 

somatic cells can harvested and then reprogrammed into a pluripotent state by the 

overexpression of 4 key pluripotency-associated genes; Oct3/4 , Sox2, Klf4 and c-Myc. 

The reprogrammed pluripotent cells are then selected for in preference to the original 

somatic cells, hPSCs derived using this method are referred to as induced pluripotent 

stem cells. 

 



 23 

1.1.3 Molecular Markers of undifferentiated hPSCs 

 

Since their discovery the number of hPSC lines has increased vastly worldwide. Numerous 

lines of different genetic backgrounds have been derived using a variety of techniques. This 

degree in variation has been proposed to lead the selection of hPSC lines with different 

properties (International Stem Cell et al., 2007). Generating a requirement for a set of 

molecular markers to define hPSC identify. 

 

The first study to address this issue was undertaken by the International Stem Cell Initiative, 

a worldwide collaboration established to compare different hPSC lines and assess their 

translational potential into clinical applications (Andrews et al., 2005). In 2007, a first phase 

global study was completed that assessed a total of 59 hESC lines and produced a set of 

molecular markers consisting of cell-surface antigens and pluripotency-associated genes 

(International Stem Cell et al., 2007). As the field has developed and our understanding of the 

pluripotent state evolved this set of markers has been expanded and refined. 

 

The cell surface markers consist of a wide range of antigens that recognise different classes 

of residues present on the membrane of hPSCs. They were first detected in human embryonal 

carcinoma (EC) cells; the stem cells of germ cell tumours and have since been used to identify 

stem cells in both EC and hPSC cultures. Amongst the panel of surface markers are the 

globoseries glycolipid antigens SSEA3 (Shevinsky et al., 1982) and SSEA4  that recognise 

sequential regions of the same glycolipid (Kannagi et al., 1983) and the keratin sulfate 

antigens TRA-1-60 and TRA-181 (Andrews et al., 1984a). These antigens are present on cells 

of the inner cell mass, the same population of cells within the blastocyst hESC lines are 

derived (Henderson et al., 2002). Expression of SSEA3 and SSEA4 is rapidly downregulated 

upon differentiation and typically correlates with loss of pluripotency (Fenderson et al., 1987, 

Draper et al., 2002, Tonge et al., 2011). Other surface markers include the alkaline 

phosphatase antigens TRA-2-54 and TRA-2-49 (Andrews et al., 1984b), as well as the protein 

antigens CD9 (Oka et al., 2002)and Thy1 (Draper et al., 2002). 
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Genes associated with the pluripotent state can also be used as markers of undifferentiated 

hPSCs, key amongst these are the transcription factors: NANOG, POU5F1 (OCT4) and SOX2. 

Multiple studies have reported their expression in blastocyst and downregulation during 

differentiation. However, they are also expressed during the differentiation of specific cell 

types and therefore cannot be used exclusively as markers of undifferentiated pluripotent 

stem cells and as such are referred to as “pluripotency associated genes”. Together they 

interconnect to form the core components of a network of genes that regulates and stabilizes 

pluripotency (Boyer et al., 2005). 

 

1.1.4 Molecular mechanisms governing hPSC fate decisions 

 

Pluripotency is maintained by the coordinated activity of three core transcription factors; 

OCT4, SOX2 and NANOG, that together form the pluripotency gene regulatory network 

(PGRN). The PGRN cooperatively upregulates expression of other pluripotency factors as well 

as maintains signalling pathways required for differentiation in a primed yet dormant state.  

These core transcription factors form autoregulatory and feedforward loops that contribute 

to pluripotency and self-renewal. This network is modulated by multiple layers of regulatory 

input including, extrinsic growth factor signalling cues and intrinsic transcriptional and 

epigenetic modifications reviewed in (Li and Belmonte, 2017, Theunissen and Jaenisch, 2017).  

 

Human pluripotent stem cells require provision of two extrinsic growth factors to maintain 

pluripotency; transforming growth factor b (TGFb)/Activin/Nodal and basic fibroblast growth 

factor (FGF2) (James et al., 2005, Beattie et al., 2005, Xu et al., 2005). Supplied recombinantly, 

these growth factors allow hPSCs to be maintained without the presence of MEFs and serum 

based medias (Vallier et al., 2005). In hPSCs, FGF2 and its downstream signalling effectors 

activate transcription of genes associated with pluripotency and promote proliferation. 

Binding of FGF to its receptor tyrosine kinases increases the phosphorylation of the receptors 

intracellular domain which in turn results in the phosphorylation and activation of 

phosphaditylinositol-3-kinase (PI3K) (Armstrong et al., 2006). FGF activated PI3K/AKT 

signalling establishes conditions that promotes binding of Smad2/3 to pluripotency targets 

and induces the expression of NANOG.  In contrast, low levels of PI3K/AKT signalling switches 

the activity of Smad2/3 to cooperate with b-catenin and induce mesoderm differentiation 
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(Singh et al., 2012). Finally, FGF2 has also been shown to promote proliferation and increase 

survival of hPSCs but the underlying mechanism has yet to be determined (Rao and Greber, 

2017).  

 

The TGFb superfamily of morphogens is composed of two subgroups; TGFb/Activin/Nodal 

family and the Bone Morphogenetic Protein (BMP)/Growth and Differentiation Factors (GDF) 

family. The signalling pathways of both subgroups are fundamentally important for a variety 

of roles including; embryonic development, cell growth and determining pluripotent stem cell 

fate (Moustakas and Heldin, 2009). TGFb, Activin and Nodal are members of the TGFb 

subgroup that have exhibited roles in maintaining the pluripotent state of hPSCs. Signalling 

of the TGFb/Activin/Nodal subfamily is mediated by an evolutionary conserved signalling 

pathway. Binding of extracellular TGFb ligands to type II TGFb receptors recruits type I TGFb 

receptors forming an activated receptor complex. Ligands of the subfamily bind to different 

transmembrane receptors, TGFb bind to TGFBRI (type I) and TGFBRII/ALK5 (type II) receptors 

whereas Activin and Nodal bind ACVRIIA/IIB (type I) and ALK4/7 (type II) receptors 

(Huminiecki et al., 2009, Hinck, 2012). In an activated state, the receptor complex 

phosphorylates the receptor regulated smads (R-Smads), SMAD2/3, which are then released 

from the Small Anchor for Receptor Activation SARA (SARA) (Tsukazaki et al., 1998). Following 

release, SMAD2/3 form a trimeric complex with the common-mediator smad (Co-Smad) 

SMAD4, that translocates into the nucleus. In the nucleus SMAD3/4 are targeted to smad-

binding-elements on the DNA where they function as transcriptional regulators that can 

activate or repress the transcription of downstream target genes (Nakao et al., 1997, 

Massague et al., 2005). NANOG and OCT4 are key targets of the TGFb pathway and inhibition 

of SMAD2/3 phosphorylation in hPSCs downregulates their expression and promotes 

differentiation (Figure 1.2A)(James et al., 2005, Vallier et al., 2005, Xu et al., 2008, Mullen et 

al., 2011). 
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Figure 1.2 Signalling pathways in hPSC fates. 
 

Schematic diagrams of the signalling pathways in human pluripotent stem cells that control (A) 

pluripotent state; FGF and TGFb/Activin/Nodal  and (B) effect differentiation; BMP and WNT.  
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The second subgroup of the TGFb superfamily are the BMPs and GDFs, in contrast to the 

TGFb/Activin/Nodal family, this group of ligands functions solely the regulate differentiation 

in hPSCs. The mechanism of action through which BMP signalling occurs in similar to the TGFb 

pathway. BMP ligands binding to type I receptors (BMPRII/ACVRII) and type II receptors 

(ALK1/3 and ALK2/6) leads to phosphorylation of the R-Smads SMAD1/5/8. Association with 

SMAD4 forms a trimeric complex that translocates to the nucleus and regulates expression 

of downstream targets that promote differentiation.  A key member of this family is BMP4, 

signalling mediated by BMP4 functions to repress the PGRN by downregulating core 

pluripotency genes, in particular SOX2 (Teo et al., 2012). In addition, BMP4 signalling further 

promotes differentiation by activating expression of genes associated with WNT signalling, in 

particular WNT3 which induces differentiation towards primitive streak lineages (Kurek et al., 

2015).  

 

The effects of WNT signalling in hPSCs has been described to predominantly function through 

activity of b-catenin in the canonical WNT pathway. In the absence of WNT signal, b-catenin 

is bound in the cytoplasm by a degradation complex composed of; adenomatous polyposis 

coli (APC), axin, glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1). b-catenin is 

phosphorylated first by CK1 and then secondly by GSK resulting it its ubiquitylation and 

degradation. Binding of a WNT ligand to the receptor Frizzled and co-receptor LDL receptor-

related protein (LRP) clusters the two receptors and activates WNT signalling. Clustering of 

Frizzled and LRP receptors recruits to degradation complex to LRP and inhibits the 

phosphorylation of b-catenin. Unphosphorylated b-catenin accumulates and translocates to 

the nucleus where it associates with co-activator complexes including; TCF-LEF, SMAD2/3 and 

SMAD4 and stimulates transcription of WNT target genes (Nusse and Clevers, 2017). 

 

Modulation and crosstalk between the major signalling pathways is required for the 

differentiation of hPSCs towards specific lineages. Withdrawal of TGFb and sustained FGF 

signalling results in neuroectoderm differentiation (Smith et al., 2008, Vallier et al., 2009). In 

contrast, loss of FGF signalling and continued TGFb/Activin/Nodal activity is sufficient to 

promote mesendoderm differentiation, the final cell fate is dependent on the levels of activin 

A (Kempf et al., 2016). High concentrations of activin A promotes differentiation towards 

definitive endodermal whereas low concentrations promote mesoderm fate (Gadue et al., 
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2006). Endoderm differentiation is also achieved through combined activity of Wnt and BMP 

signalling, whilst primitive endoderm and extraembryonic trophoblast can be formed through 

BMP-4 signalling in the absence of FGF or TGFb (Figure 1.2B)(Teo et al., 2012, Sakaki-Yumoto 

et al., 2013).  
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1.2 Genetic Stability of hPSCs 

1.2.1 Genetic Changes in hPSCs 

 

Following derivation, hPSCs have a normal diploid karyotype that can be maintained for 

extended periods of time in culture (Amit et al., 2000, Reubinoff et al., 2000, Thomson et al., 

1998). However, in the early 2000’s several laboratories reported the acquisition of 

chromosomal abnormalities in late passage hSPCs lines that had been maintained for 

prolonged culture periods. The reports were not restricted to a particular cell line or 

laboratory and suggested that acquisition of karyotypic changes is a phenomenon which all 

hPSC lines can be subject to during culture (Draper et al., 2004, Cowan et al., 2004, Rosler et 

al., 2004). The early data reporting genetic changes was compiled by Baker and colleagues 

and revealed frequent gains in chromosomes 12 and 17 (Baker et al., 2007).  

 

To catalogue the extent and breadth of genetic changes that occur in hPSCs, the International 

Stem Cell Initiative (ISCI), which was established to compare different hPSC lines worldwide 

and assess their translational potential into clinical applications, conducted a comprehensive 

global study to characterise the types of genetic changes and the frequency at which they 

occur. In this study 125 hESC lines and 11 hiPSC lines obtained from 38 laboratories in 19 

countries were screened by either karyotype and/or high-resolution Single Nucleotide 

Polymorphism (SNP) array. Of the samples submitted, 120 hESC lines were provided at an 

early and late passage for karyotype analysis to determine whether they had either: acquired 

a genetic change during culture, remained normal or if they retained a genetic change that 

had already been acquired. Analysis revealed that the majority of cell lines (79/120 pairs, 

66%) remained normal at early and late passage (Amps et al., 2011).  

 

Amongst the remaining cell lines which showed abnormal karyotypes (41/120 pairs, 34%) late 

passage cells were approximately twice as likely to have a chromosome abnormality as early 

passage cultures. This data supported the notion that genetic changes are acquired in vitro 

and do not arise as a result of being abnormal at derivation (Amps et al., 2011).  
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The appearance of genetic abnormalities has continued to be monitored since the completion 

of the ISCI study. Overall, from the genetic changes reported gains of chromosomal regions 

are more common than losses, 73% of all changes involve gains of either a whole 

chromosome or duplications of specific regions (Baker et al., 2016).  Loss of genetic material 

accounts for 21% of reported changes and the remaining 5% are balanced structural 

rearrangements in which there is no net gain or loss of genetic material. Aberrations have 

been observed in all chromosomes however the distribution of changes appears non-random 

with a higher frequency of abnormalities reported on particular chromosomes (Baker et al., 

2016) . 

 

Nearly 50% of all genetic changes include abnormalities in chromosomes 1, 12, 17 and 20. 

Most common amongst these is gain of chromosome 17, in which both the whole and parts 

of the chromosome have been reported as amplified. Changes in chromosome 12 are 

predominantly observed as gain via trisomy. Furthermore, unlike the other commonly altered 

chromosomes it is the only one in which either loss or balanced rearrangements are yet to 

be reported. In comparison, chromosome 1 is hardly ever reported as gained via trisomy and 

more frequently observed as gain of the long arm (1q) via unbalanced structural 

rearrangement (Baker et al., 2016). The most common change on chromosome 20 is a small 

structural variant, gain of 20q.11.21 copy-number variant (CNV) (Lefort et al., 2008, Martins-

Taylor et al., 2011, Narva et al., 2010, Spits et al., 2008). This genetic change cannot be 

detected by karyotyping because its size is smaller than the 5Mb detectable resolution of 

routine G-banding. In the ISCI study, high resolution SNP arrays identified the 20q CNV in 

more than 20% of the 120 cell lines assessed, of these 22 had previously displayed a normal 

karyotype (Amps et al., 2011). The length of the 20q.11.21 is variable between different cell 

lines but always includes a minimal amplicon region spanning approximately 0.6MB that 

contains the gene BCL-XL which mediates its selective advantage (Avery et al., 2013). 

 

Genetic changes that involve loss of chromosomes are much less common and very rarely 

occur as whole chromosome (monosomy). Loss via unbalanced structural rearrangements 

are most frequent and occur predominantly within three regions; 10p13-pter, 18q21-qter 

and 22q13-qter (Amps et al., 2011, Baker et al., 2016). To date, there are no studies which 
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have described the selective advantage conferred by loss of chromosomal regions and as such 

they remain poorly understood.  

 

Furthermore, changes in chromosomes 4, 19 and 21 are rarely reported. It remains unknown 

why changes in these chromosomes are rarely observed (Baker et al., 2016). One possibility 

is that most changes involving these chromosomes are severely detrimental to hPSCs and 

thus upon acquisition cells rapidly undergo apoptosis. Another possibility is that gain or loss 

of genetic material does not confer any selective advantage to the cells therefore they exist 

transiently within the culture system and are eliminated upon passaging.  

 

In addition to the large karyotypic and copy number variants described above, hPSCs have 

been shown to acquire single nucleotide point mutations that provide selective advantage. 

Detection of these genetic changes cannot be observed using cytogenetic techniques and 

requires next generation sequencing. In a study which complemented the work by the 

International Stem Cell Initiative, Merkle and colleagues performed whole-exome sequencing 

on 140 hPSCs lines at early and late passage obtained from laboratories across the world to 

identify mutations in the protein-coding genes that had been acquired during culture. In 

summary, their analysis identified 28 variants that were predicted to alter gene function. Of 

these 6 were missense mutations in the tumour suppressor gene TP53 and corresponded to 

the four sites most commonly mutated in cancer. By monitoring cultures mosaic for TP53 

mutations over a series of passages they showed the proportion of TP53-genetically variant 

hPSCs increases until they constitute the majority of the population demonstrating TP53 

missense mutations also confer selective advantage (Merkle et al., 2017).  
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1.2.2 Mutation versus selection in hPSC cultures 

 

Establishment of stable genetic changes in culture relies on the occurrence of two sequential 

events: mutation and selection. Mutation generates genetic change which can potentially 

provide the hPSC with an advantage over its genetically normal counterparts. This advantage 

must then be selected for through progressive culture (Figure 1.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Mutation and selection. 
 

During the culture of hPSCs random mutation events can occur that generate genetic changes within a 

cell. Mutations that provide a growth advantage over normal hPSCs can be selected for during 

progressive resulting in genetically variant cells overtaking and becoming the predominant cell type 

within the culture. 
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In vitro hPSCs are presented with three fate choices: firstly, they can differentiate to produce 

a specialised cell that is no longer pluripotent. Secondly, they can die, which is a common 

occurrence and exaggerated by passaging techniques which promote dissociation to single 

cells (Chen et al., 2010).  Finally, they can self-renew to produce two pluripotent daughter 

cells (Figure 1.4A). A mutation that inhibits differentiation, supports cell survival or increases 

capacity to self-renew would provide the cell with a selective growth advantage over wild 

type hPSCs, which is subsequently selected for through progressive passages (Figure 1.4B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Human pluripotent stem cell fates. 
 

(A) Pluripotent stem cells in culture have three possible fate decision;  they can either self-renew and 

produce two equivalent pluripotent daughter cells, differentiate and produce a non-pluripotent cell 

with restricted differentiation potential  or undergo apoptosis and die. 

(B) Mutations that could provide pluripotent stem cells with a selective advantage by affecting cell fate 

would include those which restrict their capacity to differentiate, inhibit cell death or enhance self-

renewal. 
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During culture, hPSCs are exposed to various selection pressures that may be exerted at 

different stages during their expansion. A significant selection pressure is proposed to occur 

during passage, hPSCs are typically passaged at low split ratios of approximately 1:3 

suggesting that the majority of cells die between passages (Olariu et al., 2010). Genetically 

variant cells that possess increased resistance to cell death could escape the constraints that 

restrict expansion of normal cells generating a strong selective advantage that favours the 

variant hPSC population (Baker et al., 2007, Amps et al., 2011). The selective pressure of hPSC 

cultures was modelled in a study by Olariu et al. , by mixing 1% genetically variant hPSCs into 

cultures of normal hPSCs they showed that over a series of passages genetically variant cells 

overtake the normal cells within the culture resulting in a culture population which 

constitutes predominantly variant cells. Furthermore, the rate at which variant cells overtook 

the normal hPSC cultures differed upon the passaging technique suggesting that different 

culture strategies can alter the selective pressures exerted upon hPSCs in vitro (Olariu et al., 

2010).  
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1.2.3 Potential causes of genetic changes in hPSCs 

 

Though the spectrum of abnormalities in hPSCs has been extensively characterised the 

mechanisms that generate genetic change remain relatively unknown.  However, due to the 

nature of the chromosomal abnormalities it is possible to speculate how they may have 

arisen. Genomic instability is promoted by two key mechanisms; abnormal mitosis and DNA 

damage (Ganem and Pellman, 2012). Defects that have been shown to cause whole 

chromosome gains are all associated with the physical separation of chromosomes during 

mitosis (Compton, 2011, Gordon et al., 2012). In contrast, translocations and copy number 

variations arise primarily via non-allelic homologous end joining or errors in DNA  repair 

(Weckselblatt et al., 2015). 

 

1.2.3.1 Translocations and Copy Number Variants 

 

Structural aneuploidies, such as translocation and copy number variants, are a product of 

either non-allelic homologous recombination (NAHR) or non-homologous end-joining (NHEJ) 

(Orr et al., 2015). NAHR occurs at specific DNA regions on chromosomes with high levels of 

similarity called low-copy repeats (LCRs). This high level of sequence similarity can sometimes 

result in the misalignment of non-allelic copies of the LCRs during mitosis and subsequent 

cross-over of genetic material. Alignment of two LCRs on the same chromosome and in direct 

orientation produces duplications and deletions, whereas when LCRs on different 

chromosomes align this can result in chromosome translocations (Gu et al., 2008).   

 

Structural aneuploidies can also arise as a result of incorrectly repaired double-strand breaks. 

Double-strand breaks (DSBs) are a severe form of DNA damage induced by collapse of the 

DNA replication fork or reactive species produced by metabolism (Sancar et al., 2004). Double 

strand breaks are repaired by either by homologous recombination (HR) which requires the 

sister chromatid as a template for DNA repair or non-homologous end-joining that directly 

ligates the damaged DNA ends. Human PSCs preferentially repair DSBs using the high fidelity 

HR, however because it requires the presence of a sister chromatid it is mostly used during 

late S/G2 phases of the cell cycle (Mao et al., 2008, Tichy, 2011). NHEJ is active during all 

stages of the cell cycle but is prone to make errors, these errors include the ligation of broken 
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DNA ends from different chromosomes to produce chromosome translocations (Figure 1.5) 

(Iarovaia et al., 2014, Chang et al., 2017, Ghezraoui et al., 2014). 

 

  

Figure 1.5 NHEJ and chromosome translocation. 
 

Schematic diagram of how NHEJ functions during a single double strand break to accurately repair the 

damaged DNA. In the event of two double strand breaks occurring on different chromosomes, NHEJ can 

ligate the broken DNA from different chromosomes resulting in chromosome translocation. 
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1.2.3.2 Whole Chromosome Aberrations 

 

Cells possess various surveillance mechanisms that monitor and maintain integrity of the 

genome.  Key amongst them are those that function during the cell cycle to ensure the faithful 

transmission of genetic information from a dividing cell into its daughter progeny.  

During mitosis the correct alignment and segregation of chromosomes is monitored by the 

Spindle Assembly Checkpoint (SAC) (Vleugel et al., 2012). The SAC is composed of two 

functional components; a sensory apparatus which monitors attachment of chromosomes to 

the mitotic spindle and an effector system called the Mitotic Checkpoint Complex (MCC) 

(Musacchio, 2015). The MCC is assembled from three SAC proteins; MAD2, BubR1 and Bub3 

(Fraschini et al., 2001, Hardwick et al., 2000, Sudakin et al., 2001). During prometaphase, 

when chromosomes attach to the mitotic spindle, the MCC is recruited to unattached 

kinetochores where it binds to and inhibits the function of the active anaphase-promoting 

complex or cyclosome (APC/CCdc20). Inhibition is achieved by binding of MAD2 and BubR1 in 

the MCC to the APC activator Cdc20 (Musacchio, 2015). Following proper attachment of all 

kinetochores the MCC disassembles relieving its inhibition of APC/CCdc20 , which subsequently 

promotes the ubiquitination and proteolysis of Cyclin B and Securin, initiating the metaphase 

to anaphase transition. Separation of sister chromatids is achieved through APC/CCdc20 

dependent activation of the cohesion-protease separase (Peters, 2002).  

 

Maintaining the correct levels of proteins within these complexes is important for accurate 

function. In human cancers, it has been reported that mutations effecting the levels of SAC 

proteins impact on a cells ability to sustain mitotic checkpoint signalling. Weakened signalling 

of mitotic checkpoints maintains cell viability but permits the missegregation of 

chromosomes during division resulting in chromosomal instability and aneuploidy (Weaver 

and Cleveland, 2005).  

 

Another major regulator of mitosis is the highly conserved Chromosomal Passenger Complex 

(CPC). The CPC is formed of an enzymatic core (Aurora B kinase) and a localization apparatus 

composed of the scaffolding protein inner centromere protein (INCEP) and the non-

enzymatic subunits survivin and borealin. At different stages of mitosis the CPC is localised to 

specific regions where it regulates key events. During prometaphase the CPC is localised at 
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the inner centromere where it ensures the bi-orientation of chromosomes by resolving 

erroneous kinetochore-microtubule attachments (Carmena et al., 2012). In addition, Aurora 

B activity during this stage of mitosis also promotes recruitment of the SAC components to 

the kinetochore (Ditchfield et al., 2003, van der Waal et al., 2012). At the onset of Anaphase 

the CPC translocates to the cleavage furrow where it regulates the contractile machinery and 

contributes to axial shortening of chromosomal arms and cytokinesis (Ruchaud et al., 2007). 

Inhibition of Aurora B causes increased frequency of merotelic attachments; microtubules 

from opposing spindle poles attach to the same kinetochore (Hauf et al., 2003, Lampson et 

al., 2004, Knowlton et al., 2006). Merotelic attachments that persist during mitosis cause 

chromosome lagging which is one of the major mechanisms of aneuploid and chromosomal 

instability in cancer (Gregan et al., 2011)(Figure 1.6). 

 

Previous work in our lab has shown that hPSCs are prone to mitotic errors and frequently 

show evidence of chromosome lagging or chromosomal bridges. Treatment of normal and 

20q11.21 variant hPSCs with the Aurora B kinase inhibitor AZD1152 caused polyploidy in both 

lines but survival was predominantly restricted to the variant population (Adam Hirst, data 

unpublished). These observations suggest that errors in chromosomal segregation are a 

potential cause of genetic change in hPSCs (Figure 1.6). Furthermore, it is possible that gain 

of a genetic change that confers increased resistance to apoptosis may predispose hPSCs to 

acquire further genetic mutations. 

 

Human PSCs have a substantially shorter a cell cycle time than somatic cells which is mainly 

due to a shortened G1 phase (Becker et al., 2006, Calder et al., 2013, Ghule et al., 2011) . In 

addition, they also lack function of the G1/S checkpoint that normally functions to prevent 

cells harbouring DNA damage from entering S phase (Desmarais et al., 2012, Filion et al., 

2009). It is proposed that the unique properties of hPSCs make increase their susceptibility 

to acquire genetic changes. High proliferation rate and shortened cell cycle time provides 

more opportunity for errors in mitosis and DNA repair, whereas weakened checkpoint 

signalling permits the missegregation of chromosomes during replication (Weissbein et al., 

2014). 
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Figure 1.6 Mechanisms promoting whole chromosome aberrations. 
 

Adapted from (van Jaarsveld and Kops, 2016, Santaguida and Amon, 2015) (A) During accurate 

segregation of chromosomes during mitosis, the centromeres of the sister chromatids are attached to 

the spindle fibres of opposing centrioles and segregated equally between the two future diploid cells 

(2n). (B) Chromosomes missegregation can happen through different errors during mitosis, these 

include; attachment of microtubules from the same spindle poles to sister chromatids of the same 

chromosome, merotelic attachment and the formation of anaphase bridges. The resulting mitotic 

division produces a daughter cell with gain of an additional chromosome (2n+1) and another daughter 

cell with chromosomal loss (2n-1). 
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1.2.4 Consequences of frequently acquired genetic changes 

 

As described earlier hPSCs are presented with three basic cell fates during culture; self-

renewal, differentiation and cell death. Unsurprisingly genetic variants have been reported 

in hPSCs that possess altered propensity towards each of these cell fates. These altered cell 

behaviours could potentially govern the selective advantage of genetically variant hPSCs in 

culture.  

 

One of the concerns regarding addition of genetic changes for the future applications of 

hPSCs are reports of variant cells having a different propensity for differentiation towards a 

particular lineage compared to their normal counterparts. The unique potential of hPSCs to 

differentiate into any cell type of the adult body makes them a promising source for use in 

regenerative medicine therapies, disease modelling and drug screening (Corti et al., 2015, 

Zuba-Surma et al., 2011, Zuba-Surma et al., 2012). However, altered patterns of 

differentiation, that may reflect a change in the ability of variant cells to make certain 

derivates, could restrict their translational potential into clinical and pharmaceutical 

applications.  

 

Altered patterns of differentiation have been reported in most of the commonly acquired 

variants. For example, gain of chromosome 17q is reported to reduce differentiation capacity 

towards the endodermal germ line lineage compared to diploid counterparts in an unbiased 

embryoid body differentiation (Fazeli et al., 2011). More recently directed differentiation of 

hPSCs to a dopaminergic neuronal fate has been shown to be affected by duplication of 

chromosome 17q. The authors of this study showed amplification of the WNT3 and WNT9B 

genes located in this region shifts the balance between the canonical and non-canonical WNT 

signalling pathways and promotes differentiation of  variant cells into mesodiencephalic 

dopaminergic neurons in contrast to normal hPSCs that are inherently biased to a dorsal 

telencephalon fate (Lee et al., 2015).  

 

Reports of altered differentiation potential are not restricted to chromosome 17. Gain of 

chromosome 1p has been linked to diminished in vivo differentiation capacity and bias 

towards ectoderm (Yang et al., 2010). Whilst hPSC cultures mosaic for 1q show enrichment 
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of the variant population during neural differentiation suggesting that selective advantage 

can also function during differentiation and is not limited to culture conditions that maintain 

the stem cell state (Varela et al., 2012). 

 

Regarding self-renewal, some genetic changes have been shown to effect various aspects 

including proliferation and cloning efficiency. Variant hPSCs harbouring trisomy of 

chromosome 12 proliferate faster as a result of increased replication and also show greater 

sensitivity to inhibitors of DNA replication (Ben-David et al., 2014). Furthermore, it has been 

reported that some variant lines lose their dependency for the essential growth factor bFGF, 

indicating they can escape some of the constraints governed by the culture environment 

(Werbowetski-Ogilvie et al., 2009).  

 

The percentage of cells plated that form viable stem cell colonies is referred to as the cloning 

efficiency.  Normal hPSCs have relatively low cloning efficiency, approximately less than 2% 

(Enver et al., 2005). In comparison, variant hPSCs have been shown to have significantly 

increased cloning efficiency (Enver et al., 2005, Harrison et al., 2007, Barbaric et al., 2014). 

Previous work in our lab used time-lapse microscopy to characterise some of the bottlenecks 

that restrict generation of colonies from single cells. Time-lapse tracking of two normal cell 

lines and their variant counterparts in cloning assays revealed at least 3 specific bottlenecks: 

i) survival post-plating, ii) ability of cells to re-enter the cell cycle, and iii) survival of daughter 

cells following mitosis (Barbaric et al., 2014). The ability of variant cells to progress through 

these normally restrictive bottlenecks may arise from a reduced tendency to initiate an 

apoptotic response. 

 

Normal hPSCs maintain components of the proapoptotic machinery in preactivated states 

and are primed to undergo apoptosis in response to genomic damage (Dumitru et al., 2012). 

This is proposed to act a quality control mechanism to prevent the propagation of mutated 

hPSCs, whereas hPSCs with multiple complex genetic abnormalities and variant sublines with 

gain of chromosome 20q show display reduced propensity to undergo apoptosis during 

culture (Avery et al., 2013, Yang et al., 2008). Acquired resistance to apoptosis in genetically 

variant cells is supported by the identification of a gene present in the minimal amplicon 

region of the common CNV gain 20q11.21. Of the thirteen genes encoded in this region only 
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3 are expressed in hPSCs; HM13, ID1 and BCL2L1 (Amps et al., 2011).  BCL-XL, the 

predominant isoform of BCL2L1 in hPSCs with known anti-apoptotic function, was the only 

candidate gene that provided selective advantage to hPSCs when overexpressed. 

Furthermore, knockdown of BCL-XL in 20q11.21 CNV variant hPSCs abolished their selective 

advantage (Avery et al., 2013).  

 

It has been proposed that the selective advantage of variant hPSCs is conferred through the 

overexpression of genes contained within the amplified genomic regions. Different 

advantageous properties may be conferred to variant cells depending on the function of the 

overexpressed genes. For example, overexpression of the pluripotency associated gene 

NANOG, located on chromosome 12, may improve the self-renewal properties of hPSCs. On 

the other hand, the antiapoptotic gene BIRC5 (SURVIVIN) is located on chromosome 17 and 

may provide variant cells with a selective advantage by restricting apoptosis. Identification of 

BCL-XL as the gene that drives selective advantage of 20q11.21 variant hPSCs supports this 

hypothesis. 

 

However, the 20q11.21 is a fairly unique mutation with a defined minimal amplicon that 

contains only 3 the genes expressed in hPSCs. Chromosomal regions gained in the other most 

common abnormalities are much larger and contain a greater number of genes with the 

potential to effect cell fate. Evidence of global gene expression changes in cells with 

chromosome 12 trisomy suggest that selection is not mediated solely by individual or sets of 

driver genes (Ben-David et al., 2014). But rather, perhaps it is altered activity of molecular 

pathways, within which these genes function, that controls selective advantage. 

 

A concern for hPSC derived technologies is that many of the commonly acquired genetic 

abnormalities are frequently observed in various cancers. Human embryonal carcinomas, the 

stem cells of germ cell tumours and malignant counterpart of hPSCs, always contain 

amplification of regions on chromosome 12p  in addition to gains of other common 

chromosomes such as 17 (Rodriguez et al., 1993). Amplifications in chromosome 1q are one 

of the most common genetic changes reported in human neoplasm (Knuutila et al., 1998) and 

gain of multiple copies is proposed to provide cancer cells with a selective advantage (Puri L, 

2014). Adding to concern, the gene expression profile of trisomy 12 hPSCs has been shown 
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to more closely resemble that of germ cell tumours than normal cells. This similarity is not 

due to elevated expression of genes located on chromosome 12 but rather global changes in 

gene expression (Ben-David et al., 2014). The close similarities between genetic changes in 

hPSCs and those observed in various cancers remains a significant concern for their safety in 

therapeutic applications. 

 

Although cell preparations for clinical use are being screened for the absence of genetic 

changes, the difficulty is that the commonly employed methods for detection of genetic 

changes fail to detect mutant cells when they are present at less than 5-10% of cells in culture 

(Baker et al., 2016). Hence, the safe progress to therapies will rely on understanding the 

mechanism of selection in hPSC cultures and how variant hPSC populations that possess 

improved growth characteristic interact with normal diploid cells in order to optimise culture 

conditions that minimize the appearance of the mutant cells. 
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1.3 Cell competition as a mechanism for selective advantage in heterotypic 

cultures 

 

1.3.1 Cell Competition 

 

Cell competition is an evolutionary conserved mechanism for sensing a cells relative fitness 

level in comparison to its neighbours. Cells that are less fit (“losers”), although viable, are 

eliminated in preference to the fitter “winner” population. Following elimination, the winner 

population undergoes compensatory proliferation to maintain tissue homeostasis. 

Establishment of winner/loser status is context dependent and relies on the relative fitness 

levels, not absolute fitness, of the interacting cells. Loser cells when cultured alone in 

homotypic cultures are viable, but in heterotypic cultures are eliminated through cell 

competition (Figure 1.7). 

 

Cell competition was initially described and studied in the imaginal wing disks of Drosophila 

melanogaster. In a set of pioneering experiments Morata and colleagues showed a 

heterozygous mutation in the Minute gene, resulting in lowered ribosomal protein levels, 

produced slowly dividing cells that are eliminated in an apoptotic manner when surrounded 

by wild type cells (Morata and Ripoll, 1975, Moreno et al., 2002). Manipulating the growth 

rate of the slowly dividing cells, by using different Minute mutants with slower rates of cell 

division, was shown to alter the intensity of cell competition. Minute mutant cells with the 

slowest growth rate were eliminated the fastest. (Simpson and Morata, 1981).  

 

The relationship between differences in growth rate and cell competition was supported by 

the description of a supercompetitive paradigm. In supercompetition, acquisition of a 

mutation that enhances the relative fitness of a cell can result in the removal of surrounding 

wild-type cells. Comparable to competition, in supercompetition the faster growing cells 

behave as winners and eliminate the slower growing loser cells, however in the case of 

supercompetition the mutation confers winner status rather than a loser phenotype. 

(Johnston, 2014). Supercompetitor status was first described in Drosophila, wild type cells are 

eliminated by overproliferating clones expressing a two-fold increase of the proto-oncogene 
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dMyc (de la Cova et al., 2004). Furthermore, cells expressing a two-fold increase of dMyc 

behave as losers when confronted by an even faster growing population of cells expressing a 

four-fold increase in dMyc (Moreno and Basler, 2004).  These results support the concept that 

cell competition is highly context dependent and responds to the sensing of relative fitness 

levels between two populations not absolute fitness (Di Gregorio et al., 2016) 

  



 46 

 

 

  

Figure 1.7 Cell competition phenotypes. 
 

(A) In homotypic populations all cells are viable, whereas in heterotypic cultures (B) during cell 

competition less-fit cells (light blue) undergo fitness comparison with fitter (wild-type) cells that lie in 

close proximity resulting in the elimination of the less-fit population. (C) In supercompetition, 

supercompetitor cells induce apoptosis in neighbouring wild-type cells resulting in expansion of the 

supercompetitor population.  
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1.3.2 Cell Competition in Mammalian Systems 

 

Cell competition is an evolutionary conserved mechanism that has also been described in 

mammalian systems (Madan et al., 2018). Studies on the early stages of mouse embryonic 

development found that expression levels of c-Myc, the mammalian homolog of dMyc, can 

affect cell fate in a competition dependent manner (Sancho et al., 2013, Claveria et al., 2013, 

Diaz-Diaz et al., 2017). Embryonic stem cells defective in BMP signalling are eliminated at the 

onset of differentiation by establishment of higher c-Myc in the wild-type cells (Sancho et al., 

2013). Furthermore, induction of mosaic Myc expression in the mouse embryo promotes the 

competitive elimination of cells with lower Myc levels without perturbing development 

(Claveria et al., 2013). Additional in vivo studies report a similar role for cell competition in 

adult mouse cardiomyocytes. Mosaic overexpression of c-Myc promotes the replacement of 

wild-type cardiomyocytes (Villa Del Campo et al., 2014). The competitive replacement of 

cardiomyocytes in the adult heart demonstrates that competitive interactions are not 

confined to development but also plays a significant role in adult tissue homeostasis. 

Furthermore, the role of c-MYC expression levels in determining winner and loser phenotype 

also appears to be conserved between embryonic and adult stages of development. 

 

Cell competition has also been observed during tissue regeneration in rodent studies. The 

liver has an exceptional regenerative capacity and the underlying mechanisms have been well 

described. Upon injury or resection, quiescent endogenous hepatocytes are activated and 

undergo cell division to restore the lost tissue (Forbes and Newsome, 2016). Transplanted 

fetal hepatocytes in the regenerating liver of adult rats outcompete the endogenous adult 

hepatocytes to colonise and expand in the regenerating organ. Adult hepatocytes confronted 

by the transplanted fetal cells undergo apoptosis and are eliminated from the organ (Oertel 

et al., 2006). Similar observations have been made in other transplantation contexts including 

the lung and bone marrow (Rosen et al., 2015, Bondar and Medzhitov, 2010). Bondar and 

Medzhitov showed cell competition is a selective mechanism of hematopoietic stem cells by 

transplanting a mosaic population containing wild type cells and p53 mutant cells into the 

bone marrow of irradiated mice. Mutant cells expressing lower p53 levels predominated the 

tissue whereas outcompeted wildtype cells displayed markers of senescence and reduced 

proliferation (Bondar and Medzhitov, 2010).  
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Expansion of one cell population at the expense of neighbouring cells holds many of the 

hallmarks of tumour growth. Indeed, many of the mutations that affect cell growth have 

known tumorigenic functions and mediate competitive interactions in mammalian systems. 

Another gene which causes cell competition in both Drosophila and mammals is the tumour 

suppressor gene Scribble. Mutant scribble cells are eliminated from the epithelium of 

Drosophila eye imaginal disks by wild-type cells (Brumby and Richardson, 2003).  In Madin-

Darby Canine Kidney (MDCK) cells knockdown of Scribble causes apoptosis in mutant cells 

when surrounded by normal cells. Apoptosis depends on activation of p38 mitogen-activated 

protein kinase (MAPK) in the Scribbe-knockdown (Scribblekd)cells, following death Scribblekd 

cells are independently apically extruded from the epithelium (Norman et al., 2012). 

 

MDCK cells have since been used to demonstrate the role of cell competition as a form of 

tumour surveillance. MDCK cells constitutively expressing mutant forms of the proto-

oncogenes Ras or Src are apically extruded from mosaic epithelia by neighbouring wild-type 

cells (Hogan et al., 2009, Kajita et al., 2010, Sasaki et al., 2018). In the case of RasV12 mutants 

cells that are apically extruded remain alive, contrary to previous observations in Scribble 

mutations. Extrusion of loser cells in an apoptotic independent manner has also been 

reported in Drosophila (Tamori et al., 2010), suggesting that apoptosis and extrusion are 

context dependent competitive phenotypes (Kon, 2018). The extrusion of cells harbouring 

potentially tumorigenic mutations is proposed as protective mechanism called Epithelial 

Defence Against Cancer (EDAC) (Kajita and Fujita, 2015).  Other routinely used mammalian 

cell lines, the human osteosarcoma line U2OS and 3T3 murine fibroblasts have also been 

shown to exhibit context dependent competitive phenotype broadening the scope of cell 

competition in different mammalian systems (Penzo-Mendez et al., 2015).  
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1.3.3 Mechanisms of Sensing Cell Fitness 

 

To understand how cell competition is triggered it is important to understand how cells 

present and communicate differences in their cellular fitness.  Various models of fitness 

sensing have been proposed. Broadly these have been categorised into three mechanisms: 

(i) competition for growth factors or nutrients, (ii) direct cell-cell fitness comparison, and (iii) 

sensing of mechanical stress (Figure 1.8) (Di Gregorio et al., 2016). 

 

The first model of cell competition proposed that winner and loser cells compete for limited 

factors that are required for their survival.  This model was supported by observations from 

two models of competition in Drosophila, the Minute heterozygous mutant and dMyc 

overexpression. In the Minute model cells compete for the extracellular growth ligand Dpp, 

the Drosophila homolog of the mammalian BMP2/4 ligands, winner cells have a greater 

uptake of Dpp than loser cells (Moreno et al., 2002, Deignan et al., 2016). In dMyc mutants, 

Dpp uptake was not shown to be directly increased, but rather the Dpp/BMP signalling was 

enhanced in dMyc overexpressing winner cells. In both models, loser cells possess lower 

expression of Dpp/BMP signalling and rescue requires activation of the Dpp/BMP pathways 

to prevent elimination by surrounding wild-type cells (Moreno and Basler, 2004, Moreno et 

al., 2002). However, the role of BMP/DPP levels as a competitive factor is not clear, other 

studies report that Dpp and BMP levels are unchanged during competition of Minute or dMyc 

cells (de la Cova et al., 2004, Martin et al., 2009). In other competitive contexts, mouse 

embryonic stem cells defective for BMP signalling that behave as losers cannot be rescued by 

addition of BMP ligands (Sancho et al., 2013). Furthermore, other “loser” cells that have 

normal levels of BMP signalling, such as heterozygous Minute mutants in Drosophila and 

autophagy-deficient cells in the mouse, are unable to eliminate BMP defective cells.  Other 

secreted ligands have been reported to influence cell survival, old T-lymphocyte progenitors 

residing in the thymus and young progenitors derived from the bone marrow compete for 

the cytokine interleukin 7. Disruption of competition promotes progenitor self-renewal and 

transformation into T-cell acute lymphoblastic leukemia (Martins et al., 2014). Overall the 

conflicting results in both Drosophila and mammalian systems has lead to the notion that 

cells are not just competing for a single growth signal but other survival factors or 

mechanisms must also feed in to trigger competition (Di Gregorio et al., 2016).  
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Figure 1.8 Mechanisms of sensing cell fitness. 
 

Adapted from (Di Gregorio et al., 2016) (A) Competition for survival factors with limited availability. (B) 

Fitness sensing through (i) the Flower fitness fingerprint or (ii) innate immune-like system. (C) 

Competition mediated through mechanical stress. 
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An alternative mechanism of establishing future winner and loser phenotypes is that cells are 

capable of sensing their own fitness, defined as the ability of a cell to survive and proliferate 

in its cellular environment, and communicate this through a marker (Merino et al., 2016). 

Cells display a marker of their fitness state that is recognised by neighbouring cells and used 

to compare their relative levels of fitness. These markers can either be a short range diffusible 

signal communicating fitness to cells within the neighbouring proximity or surface markers 

that require direct contact (Merino et al., 2016, Baillon and Basler, 2014, Di Gregorio et al., 

2016). This model was supported by the discovery of a contact dependent signal encoded by 

the Flower (Fwe) gene. Flower encodes several isoforms of a transmembrane protein that are 

differentially expressed in winner and loser cells. During cell competition of Minute mutants 

of the Drosophila wing imaginal disk, loser cells upregulate expression of either the FweloseA 

or FweloseB isoforms whereas the surrounding wildtype winner cells express only the 

ubiquitous Fweubi isoform that is normally found throughout the wing imaginal disk (Rhiner 

et al., 2010). Furthermore, the FweloseB isoform is reported to be involved in comparison of 

neuronal fitness during brain regeneration and marks neurons that are affected by injury for 

subsequent elimination (Moreno et al., 2015, Merino et al., 2013). A later study shows it is 

not just the expression of FweloseA  or FweloseB isoforms but also their relative concentration 

and the degree of surface contact shared between cells that conveys fitness state and 

determines winner and loser status (Levayer et al., 2015). Inhibition of Flower is sufficient to 

rescue loser phenotypes in these models however it remains unclear how expression of the 

different Flower isoforms is established (Rhiner et al., 2010, Merino et al., 2013) . Since 

differential expression of Flower occurs after a cell decides its loser status, it is proposed that 

another mechanism for sensing fitness must exist upstream of Flower that controls the 

differential expression of its isoforms as an output for signalling winner and loser status (Di 

Gregorio et al., 2016, Amoyel and Bach, 2014).  

 

In addition to the Flower code, the innate immune system has been proposed as another 

molecular mechanism for sensing fitness between winner and loser populations. Recent work 

by Meyer and colleagues revealed that loser cell elimination in dMyc and Minute competition 

models requires signalling through Toll-related receptors (TRRs) and nuclear factor kB (NF-

kB) to activate pro-apoptotic genes. Of note, the study reported differences in the 

combination of TRRs and NF-kB genes activated between Minute and dMyc induced 



 52 

competition (Meyer et al., 2014).  As such, it is proposed that the innate immune system may 

have evolved to distinguish between different forms of cellular fitness. Further work is 

required to establish how TRRs are activated and the role of innate immune-like responses 

as a fitness sensing mechanism in other competitive contexts (Merino et al., 2016, Di Gregorio 

et al., 2016). 

 

Mechanical sensing was initially proposed as a competitive mechanism in 2005 (Shraiman, 

2005). Mathematical modelling of populations with different growth rates within a tissue 

suggested that the faster growing population would increase local tissue density. Equal 

sensitivity to density would result in cell death predominantly occurring in the faster growing 

population thereby limiting expansion of the population. However, if the faster growing 

population possessed a higher tolerance for density, apoptosis would mostly occur in the 

slower growing loser population.  The density at which cell proliferation of a homotypic 

population is equivalent to the rate of cell death is referred to as the homeostatic density 

(Shraiman, 2005).  The action of this competitive mechanism was first demonstrated in the 

Drosophila notum, in crowded regions of the tissue a proportion of the cells undergo 

delamination to make room for the remaining proliferating cells (Marinari et al., 2012). Later 

studies showed that increasing proliferation of mutant clones compared to wild-type cells, by 

activating the oncogene Ras, induced apoptosis in surrounding wild type cells up to several 

cell diameters away independently of the Flower code (Levayer et al., 2015) 

 

In mammalian systems the role of mechanical stress induced competition has been studied 

in the Scribblekd model. Silencing of the polarity gene scribble hypersensitised cells to 

mechanical stresses triggered by compaction, resulting in basal activation of p53 and lower 

homeostatic density than wild-type counterparts (Wagstaff et al., 2016).  In heterogenous 

cultures, interaction with wild-type cells causes further compaction activating Rho-associated 

kinase and p38 which further raises the levels of p53 resulting in apoptosis of Scribblekd cells 

(Wagstaff et al., 2016). A recent study by Bove and colleagues reveal that the competitive 

interactions of wild-type and Scribblekd cells is governed by sensitivity to local density. Wild-

type cells that find themselves in areas predominantly populated by losers upregulate their 

proliferation, increasing the local density that enables them to expand at the expense of the 

neighbouring loser cells (Bove et al., 2017). 
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Mechanical forces have also been implicated in other forms of cell competition. In the 

Drosophila wing imaginal disk, cell mixing is required during dMyc-induced competition. 

Elimination of cells with lower dMyc levels requires generation and stabilization of winner-

looser contacts. Cell mixing is driven by the differential growth rates and tension generated 

through relative differences in F-actin levels at the interface of winner-looser cell interactions. 

Overall shifting the percentage of cell-cell contact away from loser-loser interfaces towards a 

greater proportion of winner-looser interactions (Levayer et al., 2015). These findings suggest 

that a competitive threshold of winner-loser cell interaction exists and support the conclusion 

that it is changes within the local environment that determines how cells are presented with 

competitive cues. Furthermore, the role of cytoskeletal proteins in cell competition is also 

described in mammalian cancer cells. Winner and loser status have been suggested to be 

conferred based on the mechanical deformability of tumour cells controlled by RhoA and 

actin-myosin. Downregulation of myosin is required for the engulfment and subsequent 

death of normal cells by tumour cells with high deformability (Sun et al., 2014).  
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1.4 Project Aims 

The overall aim of my work is focused on determining how genetically variant hPSCs overtake 

normal cells during culture. Initially, I want to test whether different commonly acquired 

chromosomal abnormalities confer selective advantage through the same or distinct 

mechanisms. In addition to this, I want to investigate how normal and karyotypically variant 

cells behave when cultured together to assess the possibility of selection mechanisms that 

require cell-cell interactions. Finally, I want to explore the genes and signalling pathways that 

underpin each mechanism of selective advantage. To address these issues the following aims 

were designed to describe the overall experimental approach I will utilise to achieve this goal: 

 
 

1. Generate clonal hPSC lines containing individual and multiple genetic changes to assess the 

effect gaining specific chromosomes has on cell behaviour.  

 

In my first aim I will exploit a resource of cell banks containing mosaic populations to isolate 

and construct a panel of clonal variant lines containing individual and multiple genetic 

changes. This will enable me to compare and contrast the behaviour of different variant 

hPSCs to their normal counterpart and assess how each genetic change effects hPSC cell fate. 

A key aspect of selection is the advantageous growth properties conferred by altering 

elements of cell fate to promote self-renewal and restrict differentiation and/or cell death.  

 
 

2. Characterise the behaviour of normal hPSCs when grown in heterogenous cultures 

containing variant cells with different genetic changes.  

 

Utilising the cell lines generated in aim one, my second aim will build on the selective 

properties identified previously to assess if the presence of genetically variant cells can alter 

the behaviour of normal hPSCs when grown together.  Karyotypically variant cells naturally 

arise in cultures of normal hPSCs and it remains unknown how normal and variant cells 

behave when sharing a proportion of their cell-cell contact. By generating heterogenous 

cultures I will be creating a model that is more representative of the naturally occurring 

events in culture and this will enable me to identify if there are selection mechanism that 

exist which are dependent on normal-variant hPSC interactions.  
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2 Materials and Methods 

2.1 Human Embryonic Stem Cell Culture  

In this study I generated subclonal hPSC lines derived from the H7 embryonic stem cell line, 

a gift from Professor James Thomson (Thomson et al., 1998). Mosaic populations of normal 

and karyotypically variant cells that have arisen during the culture of H7 in our lab had been 

frozen and banked. Karyotypically variant sublines were established from these mosaic banks 

using a cloning strategy described in Chapter 3 to isolate the genetically variant cells. The 

karyotypically variant sublines of H7 containing addition of whole or parts of chromosomes 

1,17,20  (H7.s6) and 1,12,17,20 (H7.s6-GFP) had previously established within our lab at the 

University of Sheffield (Draper et al., 2004). 

 

2.1.1 Culture on MEFs  

 

2.1.1.1 Plating of mitotically-inactivated mouse embryonic fibroblasts (MEFs)  

Culture vessels were coated with 0.1% (w/v) Gelatin in PBS and incubated at room 

temperature for a minimum of 20 minutes. MEFs were defrosted and resuspended in DMEM 

supplemented with 10% foetal bovine serum (FBS) (HyCLone SV30160.03).  The gelatin was 

aspirated from flasks prior to seeding the MEFs. MEFs were seeded at a density of 10,000 

cells/cm2 and placed in an incubator at 37°C in 10% C02 overnight prior to their use. MEFs-

coated flasks were used within five days of plating. 

 

2.1.1.2 KnockOut Serum Replacement Medium Preparation 

For culture of hESCs on MEF feeder cells KnockOut Serum Replacement (KOSR) medium was 

prepared by supplementing Knockout DMEM medium (ThermoFisher, 10829018) with: 4ng 

mL-1 (Peprotech, 100-18B) , 10µM L-Glutamine (ThermoFisher, 25030081) , 1X Non Essential Amino 

Acids (ThermoFisher, 11140050) , 200nM 2-Mercaptoethanol (ThermoFisher, 31350010) and 20% 

KnockOut Serum Replacement (ThermoFisher, 10828028). Medium was filtered using a steritop 

0.22µm filter (Millipore) before use. 
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2.1.1.3 Passaging hESCs on MEFs 

Media was aspirated from hESCs and Collagenase IV (Gibco, 17018-029) was added. Cells 

were incubated between 7 – 10 minutes at 37°C until the edges of the colonies began to lift 

away from the culture vessel. The collagenase was removed and replaced with fresh media. 

HESC colonies were gently scraped with a fine tip pastette (Alpha Laboratories, LW4061) to 

dissect into smaller aggregates. Cells were resuspended in fresh media and divided into new 

culture vessel at a ratio of 1:3 – 1:6. 

 

2.1.2 Culture on Vitronectin 

 

2.1.2.1 Preparation of Vitronectin coated culture vessels 

Vitronectin (VTN-N) (500µg/ml) (A14700, Life Technologies) was thawed and aliquoted upon 

purchase and then stored at -80°C. Aliquots were thawed at room temperature and diluted 

in PBS (without Ca+, Mg++) to a final concentration of 5µg/ml. Diluted vitronectin was added 

to culture vessels and incubated for one hour at room temperature. Vessels were either used 

immediately or stored at 4°C for up to one week.   

 

2.1.2.2 E8 Medium Preparation 

Essential 8 (E8) media was prepared in house using a recipe adapted from Chen et al, 2011 

(Table 2.1). In brief, L-glutamine was replaced by Glutamax (ThermoFisher), a thermostable 

version of glutamine which does not degrade into ammonia during storage or incubation. 

Large batches of 50X E8 supplement were stored as 10ml aliquots at -20°C. To prepare 1X E8 

medium, 10ml aliquots were defrosted overnight at 4°C, added to 490ml DMEM/F12 (Sigma, 

D6421) and then filtered using a steritop 0.22µm filter (Millipore). For time lapse experiments 

50X E8 supplement was added to DMEM/F12 without phenol red (Sigma, D6434).  
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Table 2.1  Preparation of 50X E8 Media Supplement 

Component 50X concentrate 
Final concentrations 

per 1 Litre of E8 
Company 

Catalogue 

Number 

DMEM/F12 - - Sigma 

D6421 

or 

D6434 

L-ascorbic 

acid 
3200mg/L 64mg/L Sigma A8960 

Sodium 

selenium 
700ug/L 14ug/L Sigma S5261 

Insulin 970mg/L 19.4mg/L ThermoFisher A11382IJ 

NaHCO3 27.15g/L 543mg/L Sigma S5761 

Transferrin 535mg/L 10.7mg/L Sigma T0665 

Glutamax 50X 10ml/L ThermoFisher 35050038 

FGF2 5mg/L 100ug/L Peprotech 100-18B 

TGFB1 100ug/L 2ug/L Peprotech 100-21 

 

 

 

 

 

2.1.2.3 Culture on Vitronectin 

Cells grown on vitronectin were passaged using ReLeSR (Stem Cell Technologies, #05873), a 

non-enzymatic hESC selection and passaging reagent. Media was aspirated from flasks/plates 

and cells washed once with PBS. ReLeSR was added to the culture vessel and gently washed 

over the cells for approximately 30 seconds and then aspirated. Cells were left to incubate 

for 4-6 minutes at room temperature depending on colony density. Following the addition of 

fresh E8 medium, the culture vessel was gently tapped to detach colonies and the cell 

suspension was pipetted up and down to break colonies into small clumps. Dissected colonies 

were seeded into new flasks at various split ratios, ranging from 1:3 - 1:30 depending on the 

desired confluency and the sub-line used. 

 



 58 

2.2 Cell Freezing 

For cell freezing, hESCs at approximately 60% confluency were harvested using the methods 

described in routine culture (2.1.1.3 and 2.1.2.3).  The cell suspension was centrifuged for 3 

minutes at 1100 rpm and the supernatant aspirated. Cells were resuspended in freezing 

medium consisting of either 90% FBS supplemented with 10% DMSO (for cells grown on MEFs 

in hESC medium) or 90% E8 media supplemented with 10% DMSO (for cells grown on 

vitronectin in E8). Aliquots of 1.0mL cells in freezing medium were pipetted into cryovials and 

placed into a Mr Frosty (Nalgene) at -80°C overnight. The following day, cyrovials were 

transferred to liquid nitrogen for long term storage. 

 

2.3 Cell Thawing 

Cells were thawed depending on the culture conditions they were growing prior to freezing. 

Vials were removed from liquid nitrogen and placed into a 37°C water-bath until the cells 

were fully defrosted. The cells were transferred to a 15ml falcon tube containing 4ml of fresh 

media and centrifuged at 1100rpm for 3minutes. The supernatant was aspirated and tube 

flicked to gently dissociate the cell pellet. Cells were resuspended in warm media, either KOSR 

or E8, depending on the culture conditions prior to freezing and seeded into appropriately 

coated flasks. To improve viability, cells were seeded with 10µM Y-27632 (Adooq Bioscience).  

 

2.4 Single Cell Dissociation 

HESCs were dissociated into single cells using TrypLE Express (Life Technologies, 12604-021). 

Medium was aspirated from the culture vessel and cells washed one with PBS. Cells were 

incubated with 100µl/cm2 for 4 minutes at 37°C and flasks tapped gently to ensure 

detachment. TrypLE Express was neutralised by dilution through addition of fresh DMEM/F12 

at a 4:1 ratio into the culture vessel. Cells were transferred to a 15ml falcon tube and 

centrifuged at 1100rpm for 4 minutes. 
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2.5 Antibodies  

2.5.1 Primary Antibodies for Immunofluorescence and Flow Cytometry  

 

Table 2.2  

 

Antibody Details Dilution Reference Supplier 

P3X Mouse 

Monoclonal IgG 

1:10 (Kohler and 

Milstein, 

1975) 

In-House Hybridoma 

TRA-1-85 Mouse 

Monoclonal IgG 

1:10 (Williams et 

al., 1988) 

In-House Hybridoma 

SSEA3 Rat Monoclonal 

IgM 

1:10 (Shevinsky et 

al., 1982) 

In-House Hybridoma 

SSEA4 Mouse 

Monoclonal IgG3 

1:100 (Kannagi et 

al., 1983) 

In-House Hybridoma 

OCT4A Rabbit 

Monoclonal IgG 

1:800 - Cell Signalling Technology 

(C52G3) #2890 

NANOG 

 

Rabbit 

Monoclonal IgG 

1:800 -  Cell Signalling Technology  

(D73G4) #4903 

Cleaved 

Caspase- 3 

Rabbit Polyclonal 1:400 -  Cell Signalling Technology 

(Asp175) #9661 
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2.5.2 Primary Antibodies for Western Blot  

Table 2.3  

Antibody Details Dilution Supplier 

P-c-Jun Rabbit 

Monoclonal  

1:1,000 Cell Signalling Technology (C54B3) #2361 

P-SAPK/JNK Rabbit 

Monoclonal  

1:1,000 Cell Signalling Technology (81E11) #4668 

JunB Rabbit 

Monoclonal  

1:1,000 Cell Signalling Technology (C37F9) #3753 

P-JunB  Rabbit 

Monoclonal 

1:1,000 Cell Signalling Technology (D3C6) #8053 

P38 MAPK Rabbit 

Monoclonal  

1:1,000 Cell Signalling Technology (D13E1) #8690 

SAPK/JNK Rabbit 

Monoclonal  

1:1,000 Cell Signalling Technology #9252 

P-p38 MAPK Rabbit 

Monoclonal  

1:1,000 Cell Signalling Technology (12F8) #4631 

STMN2 Rabbit 

Monoclonal 

1:1,000 Abcam; ab185956 

SRCRB4D Rabbit Polyclonal 1:1,000 Abcam; ab204496 

STMN2  Rabbit 

Monoclonal 

1:1,000 Abcam; ab185943 

SUN2 Rabbit 

Monoclonal 

1:1,000 Abcam; ab124916 

c-Myc  Rabbit 

Monoclonal 

1:1,000 Abcam; ab32072 

p53  Mouse 

Monoclonal 

1:1,000 Santa Cruz Biotechnologysc-126 

a-Tubulin Rabbit Polyclonal 1:1,000 Cell Signalling Technology #2144 
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2.5.3 Secondary Antibodies  

 

Table 2.4  

 

Antibody Conjugate Dilution Assay Supplier 

Goat anti Mouse 

AffiniPure IgG+IgM 

(H+L)  

AlexaFluor 

647 

1:200 FACS, 

ImmunoFluorescence 

Stratech  

115-605-044-JIR 

Goat anti Rabbit 

AffiniPure IgG+IgM 

(H+L) 

AlexaFluor 

647 

1:200 FACS, 

ImmunoFluorescence 

Stratech  

111-605-003-JIR 

Anti-Rabbit IgG  HRP 1:4,000 Western Blot Promega 

W401 

Anti-Mouse IgG HRP 1:4,000 Western Blot  Promega  

W402 
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2.6 Immunostaining 

Cells were fixed with 4% PFA for 15 minutes at room temperature and subsequently washed 

with PBS. Cells were either stained immediately or stored at 4°C in PBS to prevent them drying 

out. For intracellular staining, following fixation cells were permeabilised with PBS 

supplemented with 0.5% Triton X-100. PBS was aspirated from wells and cells incubated with 

an appropriate volume of permeabilisation buffer for 10 minutes at room temperature. After 

fixation and permeabilization, cells were blocked for 1 hour in blocking buffer composed of 

PBS supplemented with 1%BSA and 0.3% Triton X-100. After blocking, cells were washed once 

with PBS and stored at 4°C until stained. Primary and secondary antibodies were resuspended 

in blocking buffer at the concentrations stated in (Table 2.2 and 2.4). Samples were incubated 

with primary antibodies overnight at 4°C with gentle agitation on an orbital shaker. Cells were 

subsequently washed twice with PBS before secondary antibody staining. Secondary 

antibodies were also resuspended in blocking buffer and Hoescht 33342 (1:1,000) 

(ThermoFisher, H3570) for one hour at 4°C. Cells were again washed twice with PBS before 

imaging using InCell Analyzer 2200 (GE Healthcare). 

 

2.7 Antibody staining for Flow Cytometry Analysis of surface markers 

Cells were harvested to single cells (see 2.4), counted and centrifuged at 1100rpm for 3 

minutes. The supernatant was aspirated and cells resuspended in FACS buffer (PBS 

supplemented with 10% FCS) at 1x107 cells/ml. 100µl of sample was placed into 5ml FACS 

tubes (Falcon 352053) incubated with primary antibody (Table 2.2) for 15 minutes at 4°C . 

Cells were washed once with 4ml of FACS buffer and centrifuged at 1100rpm for 3 minutes. 

Supernatant was aspirated and cells dispersed by gently flicking the sample tubes. Secondary 

antibody was added at the appropriate dilution (Table 2.4) , and incubated for 15 minutes at 

4°C in the dark. Cells were again washed in 4ml of FACS buffer and centrifuged t 100rpm for 

3 minutes. The supernatant was aspirated and cells resuspended in 300µl FACS and analysed 

on BD FACS Jazz. Baseline fluorescence was set using the primary antibody control P3X. P3X 

is a monoclonal IgG1 antigen secreted from the parent P3X63Ag8 myeloma which all in-house 

antigens were derived and does not show expression on human cells (Kohler and Milstein, 

1975) 
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2.8 Single Cell Deposition by FACS 

Heterotypic cultures of hESC were sub cloned using single cell deposition by FACS into MEF 

coated 96 well pates. MEF plates were prepared (as described in 2.1.1.1), on the day of sorting 

media from the MEF plates was replaced with 100µl KOSR media containing 10µM Y-27632 

and 50µg/ml Gentamycin (LifeTechnologies) to prevent contamination and stored in 5% CO2 

incubator prior to use. Sorts were performed using a BD FACS Jazz, to ensure accurate 

deposition of single cells machine set up was confirmed by sorting individual fluorescent 

beads into a 96 well. The plate was imaged at 4x magnification on the InnCell Analyzer 2200 

to verify bead number and droplet location was correct. HESCs were dissociated to single cells 

using TrypLE (see 2.4) and resuspended in an appropriate volume of KOSR medium. Single 

cells were sorted directly into the wells of the pre-prepared MEF plate, immediately after 

sorting the plates were centrifuged briefly at 1100rpm for 1 minute to aid attachment of the 

cells. After 2 days the medium was replaced with fresh KOSR media to remove the Y-27632 

and colonies left to develop over the next 12 days.  

 

2.9 qPCR Assay for detecting common genetic changes 

2.9.1 gDNA Extraction from 96 well plates 

After 14 days or when colonies had reached a substantial size they were passaged as 

described in 2.1.1.3, half of the cell suspension was placed into a new culture vessel for 

expansion and the remaining material transferred to a 1.5ml Eppendorf tube and centrifuged 

at 1100rpm for 3 minutes. Cells were resuspended in 0.4ml cell lysis buffer (Table 2.7) and 

incubated at 55°C overnight. An equal volume of phenol/chloroform was added and the tube 

inverted several times to mix. The sample was then centrifuged at 10,000prm for 5 minutes 

to facilitate phase separation. The aqueous phase was transferred into a fresh Eppendorf 

tube and 40µl 3M NaAc and 1ml 100% EtOH added, the tube was then inverted 10 times to 

precipitate the DNA. Sample was centrifuged at 10,000rpm for 30 seconds to pellet the DNA. 

DNA was gently washed by pipetting 1ml 70% EtOH over the pellet and immediately 

removing. The sample was centrifuged for a further 30 seconds at 10,000rpm and residual 

ethanol removed. DNA was resuspended in 30µl TE and left overnight to dissolve. 

Concentration and purity were analysed on a Nanodrop Lite (ThermoFisher) 
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2.9.2 qPCR 

Relative copy number of commonly identified genetic changes was assessed using the qPCR 

based approach described in (Baker et al., 2016).  In summary, 10µL reactions were set up in 

triplicate in 384 well plates. Each PCR reaction contained 1X TaqMan Fast Universal Master 

Mix (ThermoFisher, 4352042), 100nM of forward and reverse primers, 100nm of probe from 

the Universal Probe Library and 10ng of genomic DNA. PCR reactions were run on a 

QuantStudio 12K Flex Thermocycler (Life Technologies 4471087) with the following cycle 

parameters: 50°C – 2mins, 95°C - 10mins, 95°C – 15secs, 60°C – 1min for 40 cycles.  Primer 

sequences and corresponding gene location are described in Table 2.5. Calibrator samples 

were obtained from cell lines with a diploid karyotype and positive control samples from a 

cell line possessing gain of all the commonly acquired chromosomal regions; 48,XX, 

+del(1)(p22p22),der(6)t(6;17)(q27;q1),+12,ish dup(20)(q11.21q11.21), as confirmed by G-

banding and fluorescent in-situ hybridisation analysis  
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Table 2.5 qPCR Primers 

 

Gene Location Primer Sequences (5’-3’) Universal 

Library Probe 

Amplicon 

Size (bp) 

NPHP4 1p36 F: ccggcctatcgtactttt 

 

R: gccggtgtgtgcagaact 

8 60 

MDM4 1q32.1 F: gcccccagacctaaatcaat 

 

R: tcggtatgacagcaatgtctctt 

13 76 

RELL1 4p14 F: tgcttgctcagaaggagctt 

 

R: tgggttcaggaacagagaca 

12 64 

DPPA3 12p13.31 F: cgtagcgtcgttgcatca 

 

R: tcctttttaccgttcctgaca 

60 63 

LGR5 12q21.1 F: gatatgttggggattgacacg 

 

R: tgctcaaagaggacaaccttc 

6 60 

FLCN 17p11.2 F: tgcagtccacaatgacaagtg 

 

R: ccatgagagccgaagactgt 

68 74 

TK1 17q23.2-

q25.3 

F: ggtgacagctgcttacagcttag 

 

R: actggttgccaccttctcag 

60 64 

BCL2L1 20q11.21 F: tctgcagaaggctaccccta 

 

R: tgctgtgtctaagacctctttcat 

44 75 
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2.10 Karyotyping 

Karyotyping was performed by a Genetic Technologist and checked by a Clinical Scientist at 

the Sheffield Diagnostic Genetics Service. Typically, 30 metaphases were analysed by G-

banding per sample.  

 

2.11 Competition Assays 

2.11.1 Spiking Experiment 

Genetically normal H2B-RFP hESCs were spiked with 10% genetically variant cells following 

dissociation to single cells. A sample of the mixed population was kept for analysis and 

1.0x106 cells seeded onto vitronectin coated T12.5 flasks containing E8 media supplemented 

with 10µM Y-27632. Cells were passaged using ReLeSR (see 2.1.2.3) every 4 days and a sample 

of the culture placed into a 5ml FACS tube for analysis. ReLeSR passaging produces small 

clumps of cells which were dissociated to single cells for flow cytometric analysis by 

treatment with TrypLE for 1 minute. TrypLE was neutralised by dilution through addition of 

fresh E8 media at a 4:1 ratio. The cell suspension was centrifuged at 110rpm for 3 minutes 

and resuspended in 300µl E8 media before analysis on BD FACS Jazz. To set baselines for the 

normal H2B-RFP and supervariant-GFP lines, the unlabelled normal line was harvested 

alongside spiked samples.  

 

2.11.2 96 Well Growth Curve Assays  

 

2.11.2.1 Plate Set up  

The inner 60 wells of 96 well plates (Greiner, 655090) were coated with 60µl of vitronectin 

(see 2.1.2.1) for a minimum of one hour at room temperature. Vitronectin was aspirated and 

50µl E8 media supplemented with 20µM Y-27632 added per well. The outer 32 wells were 

filled with 100µl DMEM/F12 to reduce the edge effect. Plates were incubated at 37°C / 5% 

C02 until cells were ready to be seeded. 
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2.11.2.2 Cell Plating 

Single cell suspensions were harvested (see 2.4), counted and centrifuged at 1100rpm for 3 

minutes. Cells were resuspended at 1x106 cells/ml in E8 media and appropriate volume of 

cell suspension extracted for further dilution. Genetically normal and variant hESC were 

mixed at the appropriate concentration and ratio to produce the desired co-cultures 

described in the individual experiments.  The final cell concentration was calculated so that 

50µl contained the desired number of cells for plating. 50µl of the samples was seeded per 

well of pre-prepared 96 well plate resulting in a final concentration of 10µM Y-27632. 24hours 

post plating the media was removed and wells washed with 100µl E8 to remove the Y-27632 

when appropriate. Media was changed daily and replaced with 150µl E8 supplemented either 

with or without 10µM Y-27632. 

 

2.11.2.3 Plate Fixing and Analysis 

The majority of media was removed from 96 well plates leaving ~30µl remaining in each well 

to prevent cells from detaching upon addition of fixative. Cells were fixed with 100µl 4% PFA 

containing Hoescht 33342 (1:500) per well for 15 minutes at room temperature in the dark. 

Cells were subsequently washed four times with PBS and plates either imaged immediately 

or stored at 4°C until they could be imaged on InCell Analyzer (GE Healthcare). Quantification 

of cell numbers was performed either by protocols designed in Developer Toolbox (GE 

Healthcare) or comparable pipelines designed in CellProfiler (Carpenter et al., 2006).  

 

2.12 Clonogenic Assay 

Clonogenic assays were performed on MEF coated 24 well plates. Cells were dissociated to 

single cells (see 2.4), counted and resuspended in KOSR media supplemented with 10µM Y-

27632 and plated at a density of approximately 500 cells/cm2. Cells were incubated for 24 

hours to facilitate attachment and the media replaced with standard KOSR medium to 

remove Y-27632. Colonies were left to grown for a further 4 days with no additional media 

changes necessary. Prior to fixing wells were washed once with PBS to remove cell debris and 

then fixed as described in 2.6.  
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2.13 Embryoid Body Differentiation 

The trilineage differentiation potential of normal and karyotypically variant hPSCs lines was 

assessed using an embryoid body based approach. Cells were dissociated to single cells (see 

2.4), counted and resuspended in STEMdiff APEL2 medium (StemCell Technologies, 05270) at 

60,000 cells per ml. 50µl of cells were seeded into the inner 60 wells of a 96 well U bottom 

suspension culture plate (Greiner, 650185). The outer 32 wells were filled with PBS to 

minimise evaporation from the inner 60 wells. The plate was then centrifuged at 1000rpm 

for 3 minutes to aggregate the cells. Plates were incubated at 37°C / 5% C02 for 7 days, after 

which the embryoid bodies were collected and transferred to a 15ml falcon tube and 

centrifuged at 1000rpm for 3 minutes. The supernatant was aspirated and samples stored at 

-80°C until RNA extraction. 

  

2.14 Statistical Analysis 

Statistical analysis of the data presented within this thesis was performed using GraphPad 

Prism version 7.00 for Mac OS X, GraphPad Software. La Jolla California USA, 

www.graphpad.com. In the cases where I compared two independent sets of data, an 

unpaired Students t-test was conducted to determine if there was a significant difference 

between the mean of the two data sets. The remaining statistical analysis was performed on 

the data from multiple independent normal and karyotypically variant cell lines, for this 

analysis a one-way analysis of variance (ANOVA) was used in either one of two ways. Firstly, 

in the experiments assessing cell cycle time and mitochondrial content analysis, the data from 

the multiple variant lines was compared against normal hPSCs using a one-way ANOVA 

followed by Dunnett’s test to determine whether there was statistically significant difference 

between each karyotypically variant and normal hPSCs. Secondly, in the growth rate analysis 

and the apoptotic resistance experiments I used a one-way ANOVA followed by Tukey’s test 

to compare the means of each independent hPSC line with the mean of all the other cell lines 

within my panel of normal and karyotypically variant hPSCs to determine if there was a 

significant difference between each of the cell lines.  

 



 69 

2.15 RNA Sequencing  

2.15.1 Bulk Cell sorts for RNA 

Genetically normal and supervariant hESC were re-isolated from co-cultures using FACS. Cells 

were harvested to single cell suspension (see 2.4), counted and resuspended at 2x106 cells/ml 

in E8 media. Sort gates were set using the separate culture unlabelled normal cells as baseline 

and supervariant-GFP separate cultures as positive gates. 5x105 cells per population were 

sorted into appropriate collection vessel and post sort re-analysed for a minimum 98% purity. 

Samples were centrifuged at 1100rpm for 3 minutes, supernatant removed and cell pellets 

stored at -80°C until RNA extracted. 

 

 

2.15.2 RNA Extraction  

Total RNA was isolated using a Qiagen RNAeasy Plus Mini Kit (Qiagen, 74134) and eluted in 

ddH2O as per manufacturer’s instructions. The concentration RNA was determined using a 

Qubit 3.0 Fluorometer and purity assessed on a Nanodrop Lite (ThermoFisher). 

 

2.15.3 RNA Sequencing  

RNA samples from separate and co-cultures were processed and analysed by Novogene. To 

summarise, RNA sequencing was performed on a Illumina PE150 machine and sequencing 

reads were aligned to human genome reference consortium grch38. 

 

RNA samples from separate cultures of normal and karyotypically variant hPSC lines were 

processed and sequenced by the Wellcome Sanger Institute. RNA sequencing was performed 

on a Illumina HiSeq 200 machine and aligned to human genome reference grch38. Analysis 

of differential gene expression was conducted by the Sheffield Bioinformatics Core Facility. 
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2.16 Transwell Indirect Culture Assay  

For indirect co-culture, Millipore Transwell 8.0µm PET membrane inserts (Millipore, 

PIEP12R48) were used in combination with 24 well plates. Both the insert and lower well 

were prepared with vitronectin as previously described (see 2.1.2.1).  1.5x104 cells were 

seeded in the lower plate and upper insert. Cells were pre-cultured independently for 

24hours in E8 medium supplemented with 10µM Y-27632 to facilitate cell attachment and 

then washed with DMEM/F12. Inserts were subsequently placed into appropriate wells and 

fresh E8 media was added to both the lower well and upper transwell insert. Media was 

changed daily to prevent FGF depletion and samples fixed with 4% PFA at the time points 

stated in the figure.  

 

2.17 “Fences” Assay 

To create a distinct boundary between two different cell populations we used an approach 

based on the classical wound healing assays. Cells were harvested to single cells and 5x104 

seeded into the inner compartment of 2 well silicone inserts (Ibidi 80209). 24 hours post 

plating the silicone inserts were removed leaving a defined 500µm gap between the two cell 

populations. The cells were washed with DMEM/F12 to remove Y-27632 and replaced with 

fresh E8 media daily.  Cells were left to grow for 4 days until the two opposing cell fronts had 

been in contact for approximately 24hours.  To assess indirect co-culture in this system, two 

silicone inserts were placed on opposite sides of the well. Cells were seeded into the central 

facing compartment and cultured as described above. The distance between the silicone 

inserts prevented the cell populations from coming into contact but allowed them to share 

the same media environment.  

 

 

2.18 Time lapse  

Time-lapse microscopy was performed at 37°C / 5% CO2 using a Nikon Biostation CT. Cells 

were imaged every 10 minutes for 72 hours using 10x or 20x air objective. Image stacks were 

compiled in CL Quant (Nikon) and exported to FIJI (Image J) for analysis. 
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2.19 Apoptosis Assays 

Apoptosis was assessed by levels of cleaved caspase-3 staining.  To collect apoptotic cells 

which had detached from the flask the old media was added to a 5ml FACS tube and 

centrifuged at 1400rpm for 5 minutes. The supernatant aspirated and cell pellet flicked to 

disperse.  Remaining cells were harvested with TrypLE (see 2.4) and resuspended in 

DMEM/F12, the cells suspension was added to the FACS tube containing the previously 

collected apoptotic cells. The collated sample was centrifuged at 1400rpm for 5 minutes, 

supernatant aspirated and cells resuspended in 4% PFA for 15 minutes at room temperature. 

The suspension was then centrifuged at 1400rpm for 5 minutes, and pellet resuspended in 

permeabilisation buffer (PBS supplemented with 0.5% Triton X-100) and incubated for 5 

minutes at room temperature. Cells were centrifuged again at 1400rpm for 5minutes and 

resuspended in 100µl blocking buffer containing anti-cleaved caspase-3 primary antibody. 

Samples were gently agitated at room temperature for 1 hour, washed in 1ml of blocking 

buffer and centrifuged at 1400rpm for 5minutes. Cells were stained with secondary antibody 

for 1 hour at room temperature in the dark, washed once with 1ml of blocking buffer and 

centrifuged for a final time at 1400rpm for 5 minutes. Cells were resuspended in 300µl 

blocking buffer and analysed on BD FACS Jazz. Baseline fluorescence was set using secondary 

antibody only stained samples.  

 

2.20 ATPlite Assay 

ATP levels in normal and karyotypically variant hPSCs was measured using an ATPlite 

Luminescence Assay system (PerkinElmer, 6016941). Cells from karyotypically normal and 

variant cultures were harvested to single cells and resuspended in E8 media supplemented 

with 10µM Y-27632.  30,000 cells were plated per well of a 96 well plate (Greiner, 655090) 

and incubated at 37°C / 5% CO2.. After 24 hours, the media from each well was replaced with 

either; E8 media only, E8 media supplemented with 50mM 2-deoxyglucose (Sigma, D6134), 

E8 media supplemented with 1µM oligomycin (Sigma, 75351) or E8 media supplemented with 

1% DMSO and cells were incubated for 1 hour at 37°C / 5% CO2.. The cells were then lysed 

through the addition of 50µl lysis buffer per well and the plate agitated at 7000rpm for 5 

minutes as per manufacturers protocol. After lysis, 50µl of substrate solution was added per 

well and the plate agitated for a further 5 minutes at 7000 rpm. Luminescence of each well 
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was measured using a Varioskan plate reader. To determine the relative number of cells per 

well, 50µl of  5X CyQuant NF dye (ThermoFisher, C35007) was added per well and the 

fluorescence of each well measured using a Varioskan plate reader. ATP measurements were 

normalised to cell numbers by dividing the luminescence reading per well by its 

corresponding fluorescence value. 

 

2.21 Western Blot Analysis 

 

2.21.1 Protein Extraction 

Protein was extracted from either sorted samples or stock cultures for immunodetection. 

Cells harvested from culture vessels were washed once with PBS and then placed on ice. 

200µl of Laemilli Buffer, pre-warmed to 95°C, was added and the cells harvested by scraping 

using a fine tip pastette (Alpha Laboratories). Cells isolated by FACS were spun at 1100rpm x 

3 minutes and the supernatant aspirated. The tube was gently flicked to dissociate the cell 

pellet and 200µl of pre-warmed Laemilli Buffer added. Protein lysate was transferred to a 

0.5ml Eppendorf and incubated at 95°C for 10 minutes to denature the proteins. Samples 

were stored at -80°C until future analysis. 

 

2.21.2 Protein Electrophoresis  

 

Protein concentration was determined using BCA quantification (ThermoFisher, 23250) and 

10µg of protein sample was loaded per sample. Proteins were resolved using 10 – 15% 

separating gel run at 120V for approximately 1.5 hours alongside a Page Ruler prestained 

protein ladder (ThermoFisher, 26616) on a Mini-PROTEAN Electrophoresis cell (Bio-Rad). 

 

2.21.3 Protein Detection 

 

Proteins were then transferred onto a PVDF membrane (Millipore #IPVH00010) using an 

Electrophoresis Transfer Cell (Bio-Rad).  The membrane was blocked in 5% milk for one hour 

and washed three times with TBST. The membrane was transferred to a 50ml falcon tube and 

incubated with primary antibody diluted in 5% milk overnight at 4°C on a rotating platform. 
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The membrane was washed 3 times for 10 minutes in TBST and placed into a 50ml falcon 

tube containing secondary antibody diluted in 5% milk. The blot was incubated with 

secondary antibody for 1 hour on a rotating platform and again washed 3 times in TBST for 

10 minutes. Immunoreactivity was visualised using ECL Prime (GE Healthcare, RPN2232) and 

signal captured on a CCD-based camera.  

 

2.22 Solutions and Buffers 

 

PBS (without Ca2+ or Mg2+) 

10X concentrate stock was purchased (Sigma D1408) and 50ml diluted in 450ml double 

distilled water to make a 1x working solution. The final 1x solution was autoclaved before use 

and stored at room temperature. 

 

4% PFA 

4% PFA was made in 1L batches and used within 6 months of preparation. 40grams of 

Paraformaldehyde powder (Sigma 158127) was dissolved in 800ml of PBS by stirring and 

heating to approximately 60°C. To fully dissolve the pH was raised slowly through addition of 

5M NaOH until the solution was clear. The volume was adjusted to 1L by addition of an 

appropriate volume of PBS and the pH corrected to 6.9 by adding small volume of 

concentrated HCl. The final 4%, pH 6.9 solution was filter sterilised using a steritop 0.22µm 

filter (Millipore) into 50ml aliquots and stored at -20°C.  

 

Cell Lysis Buffer 

1 Litre of stock Lysis solution (without Proteinase K) was made as per Table 2.6. Proteinase K 

was stored independently at -20°C as a 20mg/ml stock by resuspending 100mg of Proteinase 

K  in 5 mL 50 mM Tris pH 8.0, 10 mm CaCl2. A final lysis buffer was made by adding Proteinase 

K to the stock lysis solution as per Table 2.7. 
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Table 2.6  

 

Stock Solution Vol per Litre Final Concentration 

20% SDS 25ml 0.5% 

0.5M EDTA pH 8 20ml 10mM 

1M Tris-HCl pH 7.4 10ml 10mM 

5M NaCl 2ml 10mM 

dH2O 943ml -  

 

Table 2.7 

 

Component Vol per 5ml Final Concentration 

Proteinase K 100µl 400µg/ml 

Stock Lysis buffer 5ml - 

 

 

Permeabilisation Buffer: PBS supplemented with 0.5% Triton X-100 

2.5ml of Triton X-100 (Sigma T8787) added to 500ml of PBS, 50ml aliquots were made and 

stored at -20°C. 

 

Blocking Buffer:  PBS supplemented with 1% BSA and 0.3% Triton X-100 

5 grams of BSA (Millipore, 82-100-6) was dissolved in 500ml of 1x PBS containing 1.5ml of 

Triton X-100.  

 

FACs Buffer: PBS supplemented with 10% Foetal Bovine Serum  

50ml of Foetal Bovine Serum (HyCLone SV30160.03) added to 450ml of PBS.  

 

Laemilli Buffer: 4% SDS, 20% Glycerol, 0.125M Tris HCl, 0.004% bromphenol blue 

50ml of 2X Laemilli buffer was prepared as per Table 2.8 and stored as 1ml aliquots at -20°C. 

2X buffer was defrosted and diluted to 1X by adding and equal volume of double distilled H20.  
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Table 2.8 

Stock Solution Vol per 50ml Final Concentration 

0.5M Tris-HCl pH6.8 10ml 0.125M 

20% SDS 5ml 4% 

Glycerol 10ml 20% 

Bromphenol blue 2µl  0.004% 

dd H20 25ml - 

 

Tris Buffered Saline (TBS): 1.5M NaCl, 200mM Tris 

10X TBS was made by dissolving 24g Tris Base and 88g NaCl in 900ml of distilled H20. The pH 

adjusted to 7.6 by addition of concentrated HCl and appropriate volume of distilled H20 added 

to a final volume of 1L. 

 

TBST: Tris buffered saline supplemented with 0.1 % Tween 20  

100ml of 10X TBS was mixed with 900ml of distilled H20 and 1ml of Tween 20 to make TBST 

buffer.  

 

5% Milk: 

For 100ml; 5 grams of Milk Powder was dissolved in 100ml of TBST (see above). 

 

Protein Sample Buffer:   

4X Protein Sample Buffer was purchased from Bio-Rad (#161-0791), before use 50µl b-

mercaptoethanol (BDH, 4414331) was added per 450µl 4X buffer.   

 

Protein Electrophoresis Running Buffer: 0.25M Tris, 1.92M Glycine, 1% SDS 

10X running buffer was made by dissolving 30.28g Trizma Base, 144.13g Glycine and 1g SDS 

in 1L of distilled H20 and stored at room temperature. 

 

Protein Electrophoresis Transfer Buffer: 0.025M Tris, 0.192M Glycine, 25% Methanol. 

5 Litres of 1X transfer buffer was made by dissolving 56.25g Glycine, 15.13g Trizam Base in 1L 

of Methanol and 4L distilled H20. 

 



 76 

 

 

 

 

  



 77 

3 Constructing and characterising a panel of clonal hPSC lines 

containing genetic changes. 

3.1 Introduction 

 

Genetic changes in hPSCs arise during prolonged culture and are detectable using common 

laboratory or cytogenetic techniques when they reach 5-10% mosaicism (Baker et al., 2016). 

The predominant genetic changes observed in hPSCs include gains of whole or parts of 

chromosomes 1,12, 17 and 20, which are also frequently gained in embryonal carcinoma 

cells, the stem cells of germ cell tumours (Baker et al., 2016, Amps et al., 2011). Genetically 

variant cells possess different growth characteristics compared to normal cells including 

improved survival and proliferation capacity (Ben-David et al., 2014, Avery et al., 2013). Over 

progressive passages variant hPSCs overtake the normal population to become the 

predominant cells, demonstrating they possess a selective advantage within culture (Olariu 

et al., 2010). Though acquisition of genetic changes in hPSCs has been well established, the 

mechanism by which different genetic changes exert their selective advantage remains 

poorly understood. One possibility is that variant cells possess altered growth properties that 

allow them to expand more rapidly in culture. Abnormalities that promote self-renewal fate 

and restrict differentiation and cell death would enable variant cells to overtake normal hPSCs 

during culture (Amps et al., 2011).  

 

Selective advantage in hPSCs cultures can be tested by spiking homotypic populations of 

normal cells with variant cells to generate heterotypic cultures. The proportion of each cell 

type in the heterotypic culture is monitored over progressive passages. This form of analysis 

has been used to model the effects of advantageous growth properties and key culture 

parameters that influence the rate at which variant cells overtake normal hPSCs, including 

population size and passaging technique (Olariu et al., 2010). In a study using two normal 

embryonic stem cell lines, H7 and H14, as well as their variant counterparts, Olariu and 

colleagues demonstrated that variant cells containing different genetic abnormalities 

overtook their counterpart normal hPSCs at different rates. These observations suggest that 

the strength of selective pressure can differ between variant hPSCs and could depend on the 



 78 

advantageous properties conferred by the amplified genomic regions. Furthermore, they 

demonstrated that variant cells overtook normal H14 cells more rapidly in cultures that were 

passaged using Trypsin, an enzymatic reagent that promoted single cell dissociation 

compared to collagenase treatment and manual scraping of colonies which favour larger 

clumps, suggesting that culture conditions can influence the selective pressures exerted 

during passage and effect the rate at which abnormal hPSCs arise (Olariu et al., 2010). Spiking 

experiments have also been used to demonstrate the driver gene function and selective 

advantage of different mutations. During investigation of the 20q11.21 CNV amplification, 

hPSCs overexpressing one of three candidate genes were mixed with normal cells and 

monitored over progressive culture. Only overexpression of the BCL-XL gene provided cells 

with the ability to overtake normal cells demonstrating its role as the gene driving selective 

advantage in 20q11.21 CNV variants (Avery et al., 2013). Additionally, within heterogenous 

cultures containing cells harbouring TP53 mutations the proportion of mutant cells increases 

over progressive passages demonstrating that mutations in TP53 can provide cells with a 

positive selective advantage over normal hPSCs (Merkle et al., 2017).  

 

Normal human pluripotent stem cells have two defining functional properties; the ability to 

self-renew indefinitely and the capacity to differentiate into all cells of the adult body 

(Thomson et al., 1998). These properties can be tested through a series of experiments that 

examine different aspects of stem cell fate.  Through assessment of these properties in 

variant hPSC lines and comparing against counterpart normal cells, previous studies have 

reported gains of different chromosomes to alter various aspects of cell behaviour (Nguyen 

et al., 2013, Keller et al., 2018).  

 

The self-renewal state of hPSCs can be assessed through a variety of assays that examine 

different aspects of stem cell function. Proliferation is typically assessed using a standard 

growth rate assay design that involves seeding a set number of cells into a culture vessel and 

counting the total number of cells on each day over a set culture period without passaging. 

Comparison of the number of cells between two days enables the calculation of population 

doubling rate which can be used as a measure of how rapidly a cell line proliferates. Growth 

rate assays have been used to show that different variant hPSCs, including chromosome 12 

trisomy and the complex gain of both chromosomes 1 and 17, increases the proliferation of 
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hPSCs (Ben-David et al., 2014). However, the rate of proliferation is dependent on two key 

parameters: time taken for cells to divide and the rate of apoptosis. Mutations that cause a 

shortening of time between cells divisions would result in a higher total number of cells 

between consecutive days just as abnormalities that restrict apoptosis would increase the 

total cell count by increasing the number of surviving cells. A limitation of previous studies 

that have reported increased proliferation rates for variant hPSCs is that they do not examine 

which of these two key parameters is affected (Ben-David et al., 2014, Avery et al., 2013, 

Enver et al., 2005).  

 

Molecular markers such as cell surface antigens are a convenient way of monitoring the stem 

cell state. Expression of the antigen SSEA3 is strongly associated with pluripotency and rapidly 

lost upon differentiation (Fenderson et al., 1987, Draper et al., 2002). Isolation of cells using 

intensity of SSEA3 expression has shown that hPSCs segregate into subpopulations that 

exhibit functional differences. Human PSCs with high SSEA3 expression are proposed to exist 

in a more pristine undifferentiated stem cell state whereas cells with low expression more 

readily progressed into a differentiated state. Commitment to differentiation is suggested to 

occur when cells have lost expression of SSEA3 but retain expression of lineage associated 

transcription factors (Tonge et al., 2011, Allison et al., 2018).  A sensitive test of the stem cell 

state is the ability of a single hPSC to expand and create a colony of pluripotent daughter 

cells. The cloning efficiency is defined as the number of colonies generated versus the number 

of single cells plated. Using SSEA3 as a discriminator between undifferentiated and 

differentiated cells, Enver et al 2005 showed that in SSEA3 positive cells normal hPSCs exhibit 

a lower cloning efficiency than variant cells possessing gains of chromosomes 1 and 17. The 

ability of normal hPSCs to clone is nearly abolished upon loss of SSEA3. In contrast, though 

the cloning efficiency of SSEA3 negative variant hPSCs is reduced compared to SSEA3 positive 

cells, the efficiency remains higher than SSEA3 positive normal hPSCs (Enver et al., 2005). 

Single cell transcriptome analysis of SSEA3 positive and SSEA3 negative revealed that patterns 

of differentiation are altered in variant hPSCs. Normal SSEA3 negative hPSCs show 

upregulation of genes associated with differentiation, whereas the gene expression of variant 

SSEA3 negative cells mapped closely to the stem cell compartment alongside SSEA3 positive 

normal and variant hPSCs (Gokhale et al., 2015). Demonstrating the relationship between 
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SSEA3 and the stem cell state is altered upon acquisition of certain genetic abnormalities and 

genetic changes may influence the propensity of hPSCs to differentiate.  

 

The ability to differentiate into the three embryonic germ layers is one of the defining 

properties of hPSCs (Thomson et al., 1998). Differentiation can be tested through several 

assays. For example, cells grown on monolayers can be exposed to a cocktail of different 

cytokines and chemical compounds designed to modulate the activity of distinct signalling 

pathways that direct cells towards a particular cell type. These are often added progressively 

to transit cells through the hierarchical progenitor states towards to terminally differentiated 

state (Terryn et al., 2018). A limitation with this form of assessment is that it only tests a cell’s 

capacity to differentiate towards a single lineage. Other lineages are restricted because of the 

requirement for different compounds and activity of alternate signalling pathways. 

Furthermore, differentiation during embryonic development cell fate is influenced by spatial 

and geometric inputs that occur only in 3D. Another test of differentiation capacity that 

mimics the 3D nature of the embryo is the formation of embryoid bodies (Martin and Evans, 

1975, Ng et al., 2005). Embryoid bodies are spheroid aggregates of hPSCs that undergo 

spontaneous differentiation into the three germ layers without requirement for addition of 

growth factors and signalling molecules that would bias cell fate towards a particular lineage. 

The ability of embryoid bodies to differentiate into the three embryonic germ layers can be 

quantitatively assessed using gene expression profiling on a defined panel of 96 genes called 

the pluripotency scorecard (Bock et al., 2011, Tsankov et al., 2015).  Pluripotency scorecard 

approach currently provides the best quantitative approach to assessing the differentiation 

capacity of hPSCs, however it is insufficient to provide insight into the malignancy potential 

of variant cells. Previous studies have demonstrated that variant hPSCs can possess altered 

patterns of differentiation with regards to specific lineages, the effect this resistance may 

have on the safety of a stem cell based therapeutic is yet to be determined (Keller et al., 

2018). Malignancy potential of hPSCs can only be assessed using the teratoma assay 

(International Stem Cell, 2018). Teratomas generated from variant hPSC lines containing 

trisomy chromosome 12 abnormality have been shown to possess gene expression profiles 

distinct from their diploid counterparts as well as enriched for genes associated with cancer-

related pathways (Ben-David et al., 2014). Analysis of teratomas for undifferentiated stem 
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cells and presence of malignant tissue elements can provide an indication as to tumorigenic 

potential of different hPSC lines (Bouma et al., 2017, Damjanov and Andrews, 2016).  

 

Based on the observations that changes to all aspects of cell fate have been reported in 

variant hPSCs. The following chapter will address whether different genetic changes confer 

selective advantage through the same or distinct mechanisms. Utilising the experimental 

approaches described above I sought to investigate the particular elements of stem cell 

behaviour that are altered in commonly observed abnormalities as well as how the addition 

of further genetic changes impacts cell fate.  
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3.2 Results 

3.2.1 Generation of Clonal Cell Lines 

 

Our lab has extensively worked with the hPSC line H7 and in 2004 published one of the first 

reports of recurrent karyotypic changes in hESCs, the changes reported included gains of  

chromosomes 17q and 12 in H7 hESCs (Draper et al., 2004).  Since the initial report our lab 

has continued to monitor cultures for karyotypic changes, during this time different genetic 

variants have spontaneously arisen in cultures of H7 hPSCs. Some of these variants were 

established into stable lines that have been used in various studies (Harrison et al., 2007, 

Barbaric et al., 2014, Gokhale et al., 2015). Whereas the other variants were frozen and 

banked as mosaic populations, a detailed schematic drawing of the culture history of the 

variant hPSC lines is present in appendix Figure 9.1. I decided to utilise this resource of mosaic 

and established variant cultures to generate a panel of subclonal lines containing different 

genetic changes within the same genetic background (Figure 3.1). 

 

To isolate the variant populations from within the mosaic cultures I used a single cell cloning 

strategy. Mosaic banks were defrosted and sent for cytogenetic analysis to confirm the 

genetic changes documented (Figure 3.2A). Following confirmation, I performed single cell 

sorting into 96 well plates containing MEFs. The sorted cells were left to grow for between 2-

3 weeks and establish colonies. Wells containing stem-like colonies were harvested, with half 

of the cellular material isolated for gDNA extraction and the remaining half passaged for 

further expansion. Genomic DNA from all the harvested clones was screened by qPCR to 

determine the relative copy number of the genetic abnormality mosaic in the starting 

population (Figure 3.2B). Post screening; clones with the desired genetic changes which 

survived passaging were further expanded and frozen to create master and working cell 

banks for future use (Figure 3.2C). To confirm the genotype and screen for any other 

abnormalities that may have arisen during the cloning process, at the time of banking 

material from each of the clonal lines was sent for karyotyping and qPCR analysis of all the 

common genetic changes (Figure 3.2D).  

 

I successfully used this strategy to create the clonal lines with individual karyotypic changes: 

1q, 20q and 17, as well as the 12,17 line containing two of the most common karyotypic 
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changes documented in hPSCs. The 12,20 line was sub-cloned from a vial of H7 cells obtained 

from WiCell reported mosaic for trisomy chromosome 12. In all the trisomy 12 clones I 

obtained from single cell deposition duplication BCL2L1 at 20q11.21 was also reported during 

characterisation and I was unfortunately unable to generate a clonal line containing solely 

chromosome 12. Variant lines 1,17,20 and 1,12,17,20 had previously been established within 

the lab, stocks of these were obtained and karyotypic changes confirmed before addition to 

the panel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Panel of clonal hPSC sublines containing genetic changes.  

 

Table detailing the variant hPSC sublines used in this study. Ideogram depicts the chromosomal 

changes in each of the different genetically variant hPSCs sublines, the bars denote the 

chromosomal region changed and are colour coded; dark green, gain of a chromosomal region 

via trisomy, or a structural chromosomal rearrangement (unbalanced transloaction or interstitial 

duplication); red, loss via a structural chromosome rearrangement (unbalanced transloaction or 

interstitial deletion).  
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Figure 3.2  Cloning strategy for generating hPSC sublines containing genetic changes. 

 

Schematic diagram of the cloning strategy approach used to generate the panel of 

sublines using the 17 and 12,17 lines as an example. (A) Heterotypic cultures were 

identified by karyotype and single cells from these cultures were sorted using BD FACS 

JAZZ into single wells of a 96 well plate. (B) Copy number values for the 12q target gene 

LGR5 for each clone that was expanded following single cell deposition. Plotted values 

are means of copy numbers ± SD relative to H7 karyotypically normal calibrator sample. 

Positive control values, +ve, are the copy number values for a H7 hPSC line confirmed 

karyotypically to possess chromosome 12 trisomy. Light blue circle indicates clone 2.B.2 

with a copy number value of 2. Dark blue circle indicates clone 2.C.1 with a copy number 

value of 3. (C) qPCR and karyotype results of the banks of clones 2.B.2 and 2.C.1. qPCR 

graphs show relative copy number for targets genes at the loci of commonly aberrant 

chromosomal regions. Red lines in all qPCR graphs represent the cutoff levels for a 

normal diploid result based on the assays detection sensitivity of 10%. 
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In addition to the panel of variant lines I also made a fluorescently labelled normal line that 

could be used to distinguish the normal population in experiments that required mixing of 

variant and normal cells. The variant line 1,12,17,20 already expressed a constitutively active 

GFP reporter therefore I used a H2B-RFP vector. In the pCAG-H2B-RFP-IRES-PURO vector 

expression of H2B fused to RFP is driven by a pCAG promoter that has previously shown 

sustained expression in human PSCs (Liew et al., 2007). The pCAG promoter simultaneously 

drives neomycin resistance through an IRES conferring antibiotic selection (Figure 3.3A). 

 

The pCAG-H2B-RFP-IRES-PURO vector was electroporated into a normal subline of H7;H7S14 

and cells selected for puromycin resistance. A single colony survived selection, this was 

expanded banked and characterised for any genetic changes. Karyotype and FISH analysis 

showed no genetic abnormalities (Figure 3.3B) and these results were confirmed by qPCR 

analysis (Figure 3.3C).  To ensure behaviour of the normal-RFP line was comparable to the 

parental H7S14 line I first assessed their growth rates over a standard 4 day culture period 

and observed no significant difference between the number of cells counted on each day 

(Figure 3.3D). Secondly, using flow cytometry analysis I confirmed expression of the RFP and 

the stem cell associated surface markers SSEA-3 and SSEA-4 providing evidence the normal-

RFP line possessed characteristics of PSC (Figure 3.3E).  

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Production of a H2B-RFP normal hPSC line. 

 

(A) The H2B-RFP vector used to generate the H2B-RFP reporter normal hPSC line consists of a pCAG 

promoter which drives the expression of H2B fused to RFP. Constitutive expression of puromycin 

resistance through an IRES allowed for selection of successfully transfected cells. (B) Karyotype report 

for the Normal-H2B-RFP line generated showing representative images from G-banded metaphase 

spreads and reporting a normal karyotype of 46,XX and no evidence of BCL2L1 (20q) duplication by FISH. 

(C) qPCR screening of Normal-H2B-RFP line, plotted values are means of copy numbers ± SD, red lines 

represent the cutoff levels for a normal diploid result based on the assays detection sensitivity of 10%.  

(D) Growth curves of normal (blue) and normal-RFP (red) hPSCs. Error bars represent SD from three 

independent experiments. (E) Representative flow cytometric histograms for RFP, positive control 

staining TRA-185 and pluripotency associated surface antigens SSEA3 and SSEA4. In all graphs the blue 

plot represents the negative control, and the red plot either the H2B-RFP reporter fluorescence or the 

antibody staining as denoted above the graph.   
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3.2.2 Expression of Stem Cell Associated Surface Markers 

 

I used the expression of the stem cell associated surface markers SSEA-3, SSEA-4 and TRA-1-

81 to characterise the undifferentiated state of my panel of variant hPSCs. All the lines 

showed similar expression to the normal line, demonstrating that acquisition of genetic 

changes does not alter the proportion of undifferentiated cells or increase levels of 

differentiation during routine culture (Figure 3.4).  

  

Figure 3.4  Expression of stem cell-associated surface markers. 

 

Flow cytometric histograms for positive control staining TRA-185 and 

pluripotency associated surface antigens; SSEA3, SSEA4 & TRA-181 against the 

panel of sub-clonal genetically variant hPSC lines. In all cases the blue plot 

represents the negative control P3X, and the red plot the antibody staining. 
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3.2.3 Genetically variant cells overtake normal cells during culture 

 

To establish if all the different genetically variant lines possess selective advantage and assess 

the rate at which they overtake normal cultures, I performed spiking experiments. Variant 

and control normal hPSCs were mixed with normal-RFP cells at a level of 10%, equivalent to 

sensitivity level for detection using common laboratory or cytogentic techniques (Baker et al., 

2016). Mosaic cultures were passaged using standard vitronectin culture protocol ever 4 days 

for a period of 5-10 passages and the proportion of each cell type at each passage was 

determined using flow cytometry. I observed that all variant lines overtook the cultures 

whereas the ratio of normal: normal-RFP was maintained.   

 

Analysis of the percentage variant cells also showed differences in the rate at which they 

overtook the normal cells.  The 1,12,17,20 v.hPSC was fastest to reverse the mix ratio to 1:9 

taking only 3 passages, whereas the other lines  took between 5-7 passages (Figure 3.5A). 

Furthermore, the gradient of the curves of all variant lines, except 1,12,17,20 v.hPSCs, 

between passage 1-4 are comparable indicating they overtake normal hPSCs at a similar rate. 

By passage 10 all variant lines constituted nearly the entire culture (Figure 3.5A).  

 

To show overtake of variant cells was not due to individual culture technique, a second 

independent experiment was set up and the cultures maintained by a colleague following the 

same passaging protocol. All variant lines overtook normal hPSCs rapidly over the first 2 

passages and by passage 5 constituted nearly the entire culture. Whereas, control normal-

RFP did not overtake despite rising from the 11.3% seeded to 23.5% between passages 1-5 

(Figure 3.5B). 
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Figure 3.5 Genetically variant hPSCs overtake normal hPSCs over progressive passages. 

 

Genetically variant and control unlabelled normal hPSCs were spiked into normal H2B-

RFP cultures at a level of 10%. Cells were passaged every 4 days for 5-10 passages and 

the percentage of variant and control cells assessed by flow cytometry. (A) Results from 

1st independent experiment (B) results from 2nd independent experiment in which cells 

were passaged by a colleague following the same passaging protocol.  
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3.2.4 Effect of genetic change on the growth behaviour of hPSCs 

 

Having demonstrated that genetically variant cells from my panel of hPSC lines containing 

karyotypic abnormalities possess selective advantage over normal hPSCs and overtake the 

culture, I next wanted to determine which exact behavioural changes of each variant line 

enabled them to outcompete the normal hPSCs. Firstly, I analysed the proliferation rates over 

a standard 4 day culture period. All variant lines, except the 20q v.hPSCs , proliferated faster 

than the normal cells.  Proliferation of the 20q line was similar to normal hPSCs, despite a 

small significant difference at Day 2, by the end of the experiment there was no significant 

difference between the total number of cells in each line.  

 

Of the lines carrying an individual genetic change, the 17 v.hPSC line proliferated the fastest 

in comparison to normal cells. Variant cells with gain of 1q proliferated faster than normal 

cells but had the lowest level of significance at the end of the experiment. The variant line 

with the most genetic changes, 1,12,17,20 v.hPSC, had the fastest growth rate. Its 

proliferation rate displayed a linear increase between days 1-3 whereas all the other cell lines 

exhibited a quadratic growth curve.  Differences in cell number were also observed at day 2 

in all of the variant lines compared to normal hPSCs however the degree did not always match 

that calculated on day 3.  

 

I also assessed the growth of each variant relative to the other lines. All variant lines, except 

1q v.hPSC, showed a significant increase in cell number compared to 20q v.hPSCs. But only 

the 12,17 v.hPSC and 1,12,17,20 v.hSPC grew significantly better than 1q v.hPSCs. The variant 

lines containing two or more genetic changes and the individual 17 v.hPSC line do not show 

any significant difference between their total number of cells at day 3 (Figure 3.6).  
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Figure 3.6 Growth rate of variant cells.  
 

(A) Growth curves of normal and variant hPSCs over a 4 days culture period. In all cases 

the dotted red line represents the normal hPSCs and the solid coloured line denotes 

the variant hPSCs.  Results are the mean of three independent experiments ± SD. * 

p<0.032, **p<0.0021, ***p<0.002. P-values obtained by two tailed student’s t test.  

(B) Statistics matrix of the results from a one-way analysis of variance (ANOVA) 

followed by Tukey test on the number of cells at Day 3. Boxes are coloured on a scale 

depending on their significance value from low significance (yellow) to high 

significance (red). White boxes indicates no significant difference between lines.  
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3.2.5 Cell Cycle Time  

 

An increased growth rate can result from either a faster cell cycle and/or decreased rate of 

cell death. To investigate which of these mechanisms determines the growth advantage of 

each variant line, I first used time-lapse microscopy and measured the time between cell 

divisions to determine cell cycle time. 

 

Cells were plated at low density and filmed at 10 minute intervals for 72 hours.  hPSCs were 

manually tracked from first to second division and the cell cycle times calculated (Figure 

3.7A). To ensure only undifferentiated stem cells were included in the analysis at the end of 

imaging, cells were fixed and stained with SSEA3 as a marker of undifferentiated state (Figure 

3.7B). Only cells that gave rise to SSEA3 positive colonies were included in the analysis.  

 

Cell cycle times ranged from between 10hours – 23hours and some variant lines such as 1q 

v.hPSC and 12,20 v.hPSC displayed greater variability than the other lines. Lines containing 

gain of chromosome 17 all displayed a significantly shorter cell cycle time. On average time 

between 1st and 2nd division was 14 hours, 2 hours  ± 0.4hours less than normal hPSCs, 

whereas no significant difference was observed between the other variant lines. However, 

this difference is not solely sufficient to explain the observed growth advantage in the variant 

lines possessing chromosome 17, nor does it elucidate the mechanism which underlie the 

selective advantage of 1q v.hPSCs and 12,20 v.hPSCs, indicating that the level of cell death 

that occurs within cultures must play an important role (Figure 3.8). The equation used to 

model the exponential growth of two populations with different cell cycle times as well as a 

detailed table of the results is described in appendix Figure 9.2.  
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Figure 3.7 hPSC sublines with gain of chromosome 17 have a faster cell cycle time. 
 

(A) Phase contrast images at 10x of hPSCs undergoing division post plating, the point at which two daughter cells are clearly visible (indicated 

by white arrows) were recorded to calculate time from 1st division until 2nd division. (B) Representative phase contrast and 

immunofluorescence images of SSEA3 staining of the resulting colonies from dividing cells. 

(C) The cell-cycle time for normal and variant sublines was measured by manually tracking individual cells from 1st division to 2nd division; 

each circle represents a single division. Data consists of 30 cells per line with median line and 95% confidence intervals. *** p<0.002; a one-

way analysis of variance (ANOVA) followed by Dunnett’s against normal hPSCs. 
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Figure 3.8 Cell cycle time alone is insufficient to explain the growth advantage of 

variant lines with gain of chromosome 17.  
 

Simulated data for how fast variant cells with a two hour shorter cell cycle time would 

overtake normal cells, excluding passage and assuming no cell death in both the 

normal and variant population. For comparison, the average percentage of variant 

cells from both experiments in Figure 3.5 for the karyotypically variant hPSC lines 

possessing gain of chromosome 17. 
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3.2.6 Assessing Apoptotic Resistance 

 

Our lab has previously reported that the selective advantage of variant cells with CNV 

amplification of chromosome 20q11.21 is mediated through overexpression of the anti-

apoptotic gene BCL-XL (Avery et al., 2013). BCL-XL is a member of the  BCL-2 family of proteins 

that have key roles regulating commitment to apoptosis (Shamas-Din et al., 2013). Another 

member of the BCL-2 family with known anti-apoptotic roles in embryonic development is 

MCL-1 (Rinkenberger et al., 2000). The MCL-1 gene is located on chromosome 1q21.2 region 

which is amplified in all of the variant lines carrying gains of chromosome 1. I hypothesised 

that gain of either or both of these regions would confer a degree of apoptotic resistance to 

variant hPSCs and contribute to their selective advantage. 

 

Firstly, I harvested protein from 50-60% confluent cultures of normal and variant lines 

growing under standard vitronectin conditions. Variant lines with gain of chromosome 1 had 

visibly higher levels of MCL-1 protein than normal hPSCs and variant lines that did not possess 

chromosome 1 abnormalities (Figure 3.9).  In comparison, variant lines with duplication of 

BCL2L1 appeared to have higher levels of BCL-XL than normal cells and variants lacking 

20q11.21 CNV. Cell lines harbouring genetic changes in both 1q and 20q11.21 showed 

increase levels of both MCL-1 and BCL-XL proteins. Another of the anti-apoptotic proteins, 

BCL2 appeared to be expressed to a similar level in all cell lines (Figure 3.9).  

 

Secondly, I assessed the level of cell death that occurs during culture in E8 medium on 

vitronectin. I found that all the variant hPSC lines had lower levels of positive staining for the 

cleaved form of caspase-3, a measure of early apoptosis, representative flow cytometric 

histograms are present in appendix Figure 9.3. This included the 17 v.hPSC and 12,17 v.hPSC 

that didn’t appear to have increased levels of MCL-1 and BCL-XL protein. In general, variant 

lines with the greatest number of genetic changes showed the lowest levels of cleaved 

caspase-3 positive staining and the greatest degree of significance compared to normal cells.  

The variant line with the most complex genetic changes, 1,12,17,20 v.hPSC showed the lowest 

levels of staining and was also significantly lower than 1q v.hPSCs (Figure 3.10A).  
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Next, I chose to challenge the cells with compounds that induce an apoptotic response. BCL-

XL is known to provide selective advantage to cells with 20q11.21 CNV (Avery et al., 2013). 

Therefore, I initially treated cells with ABT-737 (ABT), a small molecule that specifically 

inhibits BCL-XL (Oltersdorf et al., 2005), to see whether this ablates apoptotic resistance in 

20q11.21 CNV lines. Upon treatment with 1µM ABT the levels of cleaved caspase-3 rose in all 

cell lines compared to E8 conditions. Cleaved caspase-3 levels in the 20q v.hPSC line was 

similar to the other variant lines, except those possessing 3 or more karyotypic abnormalities. 

 

Figure 3.9 Level of anti-apoptotic factors.   
 

Western blot analysis of 20µg total protein from normal and karyotypically variant 

hPSCs for the BCL-2 family of anti-apoptotic proteins obtained from cells grown under 

standard culture conditions. Tubulin was used as a loading control.  
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The variant lines containing 3 or more karyotypic changes, 1,17,20 v.hPSCs and 1,12,17,20 

v.hPSCs, were the only cell lines that showed significantly lower caspase levels than normal 

hPSCs. Furthermore, the levels of cleaved caspase-3 were significantly lower in 1,17,20 

v.hPSCs and 1,12,17,20 v.hPSCs than the 12,20 v.hPSC variant line (Figure 3.10B). Variant lines 

1,17,20 v.hPSC and 1,12,17,20 v.hPSC  are unique because they are the only variants that 

showed increased levels of both BCL-XL and MCL-1 (Figure 3.9).   

 

Finally, cells were treated with thapsigargin to induce apoptosis in a manner independent of 

specifically targeting the mitochondria associated BCL-2 family proteins. Thapsigargin inhibits 

the function of Ca2+-dependent ATPase in the endoplasmic reticulum (ER) causing ER stress 

and induction of apoptosis (Lytton et al., 1991, Oslowski and Urano, 2011, Sano and Reed, 

2013).  All cell lines showed increased levels of cleaved caspase-3 compared to E8 conditions 

upon treatment with thapsigargin. However, compared to normal hPSCs the levels of staining 

was significantly lower in all variant lines (Figure 3.10C). Furthermore, a greater degree of 

significance was noted in all the variant lines harbouring duplication of BCL2L1 in comparison 

to normal cells, suggesting that BCL-XL is providing the strongest anti-apoptotic phenotype 

of all the karyotypic abnormalities assessed. In addition, cleaved caspase-3 levels were also 

significantly lower than those found in 1q v.hPSCs in variant lines where gain of BCL2L1 was 

accompanied by another genetic change. Greatest amongst these were the lines that showed 

increased levels of both BCL-XL and MCL-1; 1,17,20 v.hPSC and 1,12,17,20 v.hPSC (Figure 

3.10C).   
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Figure 3.10 Apoptosis levels in normal and variant hPSCs.  

 

Percentage of cleaved caspase-3 positive cells for each hPSC sub-line grown in (A) 

standard E8 conditions (B) in the presence of 1uM ABT and (C) 100nM Thapsigargin 

for 24 hours. A minimum of three independent experiments were performed and the 

mean ± SD plotted. Statistics matrix of the results from a one-way analysis of variance 

(ANOVA) followed by Tukey test are shown next to data from each culture condition. 

Boxes are coloured on a scale depending on their significance value from low 

significance (yellow) to high significance (red). White boxes indicates no significant 

difference between lines.  

 (B) Statistics matrix of the results from a one-way analysis of variance (ANOVA) 

followed by Tukey test on the number of cells at Day 3. Boxes are coloured on a scale 

depending on their significance value from low significance (yellow) to high 

significance (red). White boxes indicates no significant difference between lines.  
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3.2.7 Cloning efficiency of different variants 

 

Having established that the different variant lines possess altered proliferation and apoptotic 

responses I wanted to investigate these functional differences in self-renewal at the single 

cell level. I performed quantitative high content clonogenic assays to assess differences in 

self-renewal capacity. Cultures of normal and v.hPSC lines were harvested and stained for the 

surface antigen SSEA-3, associated with the undifferentiated state.  Only single cells from 

populations that were ³85% SSEA3 positive were seeded to ensure plating of undifferentiated 

stem cells (Figure 3.11A). Human PSCs were plated onto MEF based culture conditions 

because the vitronectin culture system did not support clonogenic growth. The resulting 

colonies were counted and cloning efficiency calculated. 

 

In the variant hPSC lines with a single karyotypic change I only saw a significant increase in 

cloning efficiency compared to normal cells in cells containing chromosome 17 gain. The lines 

1q.v.hPSC and 20q v.hPSC displayed similar cloning efficiencies of 3.5% (±1.1%) and 6.3% 

(±3.1%) respectively. The two lines carrying a pair of genetic changes, 12,20 v.hPSC and 12,17 

v.hPSC were both significantly greater than normal cells but also showed similar patterns of 

cloning efficiency of 11.8% (±4.3%) and 12.5% (±4.4) respectively. Variant lines with the three 

of more karyotypic changes were the most clonogenic, 1,17,20 v.hPSCs cloned at 23.74% 

(±2.4) and 1,12,17,20 v.hPSCs at 34.8% (±9.1%) (Figure 3.11B). 

 

Next, I stained the colonies by immunohistochemistry for either of the pluripotency 

associated markers OCT4 or NANOG (Figure 3.11C). I then performed a detailed analysis of 

the total number of cells and the percentage of OCT4 or NANOG positive cells within each 

colony from every cell line. The variant cell lines with a higher cloning efficiency than normal 

hPSCs tended to generate colonies containing a significantly greater number of cells. An 

exception to this observation were colonies formed from 17 v.hPSCs and 12,20 v.hPSCs 

(Figure 3.11D). Following on from this observation, I next decided to assess the distribution 

of the total number of cells per colony to further assess the relationship between cloning 

efficiency and colony size. Normal hPSCs formed relatively small colonies, the upper limit of 

the standard deviation was approximately 100 cells/colony, whereas the variant lines 17 

v.hPSC and 12,20 v.hPSC generated a greater number of colonies containing 100 cells or 
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more.  The variant lines possessing two or more genetic changes exhibited the greatest range 

of colony size and highest frequency above 100cells/colony (Figure 3.11D’). 

 

Normal cells exhibited the lowest average percentage of OCT4 positive cells per colony as 

well as large standard deviation (39.8%) indicating a high degree of variability in OCT4 positive 

cells per colony. Analysis of individual genetic changes showed that 20q v.hPSCs and 17 

v.hPSCs have a greater number of colonies with high OCT4 expression. In comparison, 

colonies from 1q v.hPSC have a slightly higher average OCT4 expression than the normal cells 

but a similar degree of variability (32.5%). Colonies from variant lines containing two or more 

karyotypic changes displayed comparably higher average percentages of OCT4 expression 

than normal cells, in addition to a greater frequency of high proportion OCT4 expressing 

colonies indicated by the smaller standard deviations (13.2%-23.6%)(Figure 3.11E-E’).  

 

I performed the same analysis on colonies stained with NANOG from each of the different 

cell lines, where I saw the same trend as OCT4. Normal and 1q v.hPSCs produced colonies 

with the lowest average NANOG positive cells per colony and the greatest deviation. In 

contrast, the other variant lines have a higher percentage of NANOG positive cells and a 

greater number of colonies expressing high levels of NANOG (Figure 3.11F-F’).  
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Figure 3.11 Assessment of clonogenic capacity. 
 

Cultures of normal and genetically variant hPSCs were dissociated to single cells and seeded at clonogenic density, after 5 days the resulting 

colonies were stained for either OCT4 or NANOG. (A) The populations harvested were analysed for the pluripotency associated marker 

SSEA3. (B) Absolute cloning efficiencies show variant hPSC sublines clone better than normal hPSCs. (C) Immunofluorescence images of 

colonies stained with Hoescht (blue) and either OCT4 or NANOG (red).  
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Figure 3.11 Assessment of Clonogenic Capacity cont. 
 

 (D) The average number of cells per colony and (D’) distribution from a representative experiment. (E) Percentage of OCT4 positive cells per 

colony and (E’) a representative distribution for each cell line. (F) Percentage of NANOG positive cells per colony and (F’) a representative 

distribution for each cell line. N= three independent experiments. * p< 0.032, ** p< 0.021, **** p< 0.0001 , Students Paired t test. 
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3.2.8 Differentiation capacity of different variants  

 
The final aspect of stem cell fate we wanted to assess was differentiation potential. Various 

reports have implicated gain of particular genetic changes with loss of differentiation 

capability in respect to a certain lineage. I thus wanted to test my normal and variant hPSC 

lines to determine their trilineage potential and whether they exhibited bias to a particular 

germ line fate in a “Neutral” Embryoid Body (EB) assay. 

 

Cultures of normal and variant hPSC were dissociated to single cells and assessed by flow 

cytometry for their proportion of undifferentiated stem cells using the surface markers SSEA3 

and SSEA4. Only cultures that were ³85% SSEA3 were used to ensure plating of 

undifferentiated hPSCs (data not shown). To generate EBs, I plated 3,000 cells per well of a 

96 well plate in APEL 2 media supplemented with 10µM Y-27632 and incubated for 7 days 

(Figure 3.12A). The EBs from the various lines differed greatly in size from each other but 

retained an overall spherical shape (Figure 3.12B). Normal and 17 v.hPSCs formed the 

smallest EBs however there was less evidence of cell debris in the 17 v.hPSC samples. 

Whereas, the other variant lines made substantially larger EBs but also exhibited 

morphologically differences. EBs made from lines possessing gain of 20q11.21, except the 

1,12,17,20 v.hPSC line, showed a dense, compact morphology and highly spherical. In 

comparison, in addition to a region of high density EBs from the 1q v.hPSC , 12,20 v.hPSC and 

1,12,17,20 v.hPSC lines also had an outer layer of less dense cells suggesting a slight 

difference in structural organisation (Figure 3.12B).  

 

Next EBs were harvested and run on TaqMan hPSC scorecards from ThermoFisher that are 

designed to quantitatively determine the pluripotency and trilineage potential of hPSCs. 

Normal hPSCs harvested from the same cultures used to make EBs were run as the 

undifferentiated control. Resulting qPCR data was analysed using ThermoFisher’s scorecard 

analysis software. The software calculates an algorithm score for each germ line lineage and 

self-renewal based on the expression values of genes associated with the respective lineage. 

Algorithm values were normalised to undifferentiated controls and plotted for each cell line 

(Figure 3.12C).  
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EBs derived from normal cells exhibited a down regulation of self-renewal associated genes 

and upregulation of ectoderm associated genes. In contrast, there was very little upregulation 

of genes associated with mesoderm and endoderm. The algorithm score for both lineages 

was less than the threshold value of 1 at which the software denotes a lineage as being 

upregulated.  The 17 v.hPSC line which formed EBss of a similar size and morphology to 

normal cells displayed a similar pattern of gene expression; high upregulation of ectoderm 

associated genes and very little upregulation of mesoderm and endoderm associated genes. 

However, they also displayed a stronger down regulation of self-renewal associated genes 

compared to EBs from normal hPSCs (Figure3.12C).  

 

Comparing the algorithm scores, another pair of lines with striking similarity were 20q v.hPSC 

and 12,20 v.hPSCs. EBs formed from these lines upregulated ectoderm associated and 

mesoderm associated genes but the algorithm score for endoderm, though greater than 

normal hPSCs, fell below the threshold value for upregulation. These lines also showed similar 

morphological characteristics to each other (Figure 3.12C). 

 

EBs derived from 1q v.hPSCs had higher upregulation of the genes associated with the 

differentiation lineages than normal hPSCs. However only the score for the ectoderm lineage 

was greater than the threshold, mesoderm and endoderm values fell just below; 0.98 (±0.2) 

and 0.80 (±0.7) respectively. 

 

Variant line 12,17 v.hPSC line was one of two lines that showed a positive expression 

signature for all the differentiation lineages. Algorithm scores showed strong down regulation 

of self-renewal associated genes, whilst upregulation of mesoderm associated and endoderm 

associated genes occurred to a similar degree. Genes associated with ectoderm were 

upregulated to a slightly higher level than the other differentiation lineages (Figure 3.12C).  

 

The other cell line from which the EBs derived showed expression of genes from all three 

differentiation lineages was 1,12,17,20 v.hPSC. However, the pattern of expression was 

different to the previously discussed lines. EBs from this line display a higher upregulation of 

mesoderm associated genes than the other differentiation lineages. Genes associated with 
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endoderm were also strongly upregulated to levels not seen in the other lines. In addition, 

ectoderm associated genes were upregulated to a similar level observed in EBs from the other 

cell lines.  

 

The only cell line to produce EBs that did not show upregulation of any of the differentiation 

lineages was 1,17,20 v.hPSC. Algorithm scores for ectoderm associated, mesoderm 

associated and endoderm associate genes were below threshold value for upregulation. 

Furthermore, they exhibited upregulation of self-renewal associated genes compared to 

undifferentiated control (Figure 3.12C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12  Assessing the tri-lineage differentiation potential of variant hPSCs. 
 

(A) Schematic of the 7 day EB differentiation protocol. (B) Representative phase 

contrast images taken at 4x of EBs from all hPSC sub-lines on Day 0 and Day 7 of EB 

differentiation. (C) A bar chart of the algorithm score from ThermoFisher’s human PSC 

scorecard analysis for self-renewal and the differentiation lineages; ectoderm, 

mesoderm and endoderm.  

The scores are calculated based on the qPCR values of the genes within each lineage 

set and baselined to the average value of the undifferentiated normal hPSC samples. 

Results are the mean of three independent experiments ± SD.  
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To investigate the variation seen between EBs derived from the panel of cell lines, I utilised 

the gene expression data from the TaqMan hPSC scorecards.  I normalised the Ct value of 

each gene to the house keeping gene Actin Beta (ACTB) for every sample and performed 

hierarchical clustering on the entire gene set (Figure 3.13). 

 

Hierarchical clustering segregated the cell lines into two main clusters. The first cluster 

contained all the normal hPSC undifferentiated samples and 1,17,20 v.hPSC EB samples as 

well as the first repeats of the 20q v.hPSC and 12,20 v.hPSC EB samples. Cells from these 

samples had high expression of self-renewal associated genes such as NANOG and POU5F1, 

whereas genes associated with differentiation had predominantly low expression. However, 

I also observed high expression of markers associated with both self-renewal and 

differentiation, such as LEFTY1 and GDF3. 

 

The second cluster contains EBs derived from all the other cell lines and can be further 

segregated into two clear sub-clusters. The first sub-cluster contained EBs derived from the 

Normal, 1q v.hPSC, 17 v.hPSC and 12,17 v.hPSC lines. This sub-cluster displayed 

downregulation of self-renewal associated genes and strong upregulation of ectoderm 

associated genes. Expression of SOX2, a key gene in the regulation of pluripotency and neural 

ectoderm marker, was also strongly upregulated. Some upregulation was observed in a few 

genes associated with either an endoderm, mesendoderm or mesoderm fate. However, most 

genes within these gene groups were lowly expressed. 

 

The remaining sub-cluster encompassed the EBs derived from the 20q v.hPSC , 12,20 v.hPSC 

and 1,12,17,20 v.hPSC lines. Samples from this cluster displayed upregulation of genes 

associated with two or more differentiation lineages as well as expression of the self-renewal 

associated gene NANOG in most samples. Within this cluster two samples, 12,17 r1 v.hPSC 

and 1,12,17,20 r1 v.hPSC, showed expression of both self-renewal associated genes and 

upregulation of genes associated with each differentiation lineage. 
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Analysis of differentiation capacity using TaqMan hPSC scorecards demonstrates differences 

between the EBs generated from each cell line. It also showed some degree of similarity 

between lines containing the chromosome 20q11.21 amplification. As well as demonstrating 

that one cell line 1,17,20 v.hPSC formed EBs which retained a self-renewal associated gene 

expression pattern similar to undifferentiated hPSCs. 
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Figure 3.13 Heatmap analysis of embryoid body differentiation. 
 

Heatmap of hPSC sublines differentiated for 7 days as EBs and assessed by 

ThermoFisher’s human PSC scorecard. The Ct values of each gene are normalised to 

the housekeeping gene ACTB. Genes are colour coded and ordered according to their 

corresponding gene group. Heatmap colour scaling was done after mean centring the 

genes from all sublines and hierarchical clustering was based on the entire gene set. 

Repeats of each cell line from the three independent experiments are denoted by 

name of the cell line followed by r1, r2 or r3 respectively. Overall the data clustered 

into 2 main subsets, cluster one predominantly contained the undifferentiated normal 

hPSCs and 1,17,20 samples. The second cluster consisted of all the other hPSC sub-

lines.  
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3.2.9 Assessing the metabolic activity of different variants  

 

I have shown that variant hPSCs exhibit altered aspects of cell fate compared to normal cells. 

To continue from this, I next wanted to investigate whether they also possessed differences 

in their metabolic activity. Mitochondria function and metabolic activity have been shown to 

control proliferation and influence early differentiation in hPSCs (Mandal et al., 2011). 

Previous studies have shown metabolism in hPSCs occurs mostly through aerobic glycolysis 

which generates ATP a faster rate, produces less reactive oxygen species than oxidative 

phosphorylation and generates nucleotides needed for proliferation (Folmes et al., 2011, 

Panopoulos et al., 2012, Vander Heiden et al., 2009). 

 

Firstly, I performed live staining of normal and variant hPSCs with MitoTracker Green to 

measure the abundance of mitochondria in each lines. MitoTracker Green was used because 

it localises with mitochondria independent of mitochondrial membrane potential. However, 

I was unable to use MitoTracker Green in the 1,12,17,20 v.hPSC line because it constitutively 

expresses a GFP reporter. As shown in Figures 3.13A and 3.13B, most variant lines had the 

same level of mitochondrial fluorescence as the normal hPSC lines. In comparison, 

significantly lower staining intensity was seen in the 12,20 v.hPSC and 1,17,20 v.hPSC lines 

indicating less abundance of mitochondria in these lines.  

  

Secondly, I measured the steady-state ATP level in standard culture conditions and 

normalised to cell numbers. While there was a trend for increased ATP levels in all the variant 

lines, this trend was not significantly different in the 20q v.hPSC and 1,17,20 v.hPSC lines 

(Figure 3.14A). Next, ATP levels were also measured after incubation with the metabolic 

inhibitors, oligomycin (ATP synthase inhibitor) and 2-deoxyglucose (2-DG) (glycolysis 

inhibitor). Treatment with oligomycin showed no significant effect on the amount of ATP 

produced per cell line indicating the majority of intracellular ATP is not supplied by oxidative 

phosphorylation, whereas incubation with 2-DG caused comparable decreases in the 

proportion of ATP production (Figure 3.14B).  
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Figure 3.14  Mitochondrial content in hPSC sublines.  
 

(A) Data shown represents the mean ± SD of the mean fluorescent intensity of 

Mitotracker Green staining per hPSC subline from three independent experiments. * 

p<0.032, ** p<0.002; a one-way analysis of variance (ANOVA) followed by Dunnett’s 

against normal hPSCs. 

 (B) Representative flow cytometry analysis of Mitotracker Green staining against the 

panel of sub-clonal genetically variant hPSC lines. In all cases the blue plot represents 

the negative unstained control, and the red plot Mitotracker Green staining. 
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Figure 3.15  ATP production in hPSC sublines.  
 

 (A) Steady-state ATP under basal conditions and (B) after the addition of the 

metabolic inhibitors oligomycin (1uM) , 2-deoxyglucose (2-DG, 50mM) or a 

combinationof them both (2-DG + Oligomycin). ATP was measured in quadruplicate 

wells containing equal numbers of cells from two independent experiments which 

were averaged. All data shown represents the mean ± SD. p<0.032, ** p<0.002; 

Students t-test.  
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3.2.10 Transcriptional analysis of genetically variant hPSC lines  

 

To determine the genes and networks that are altered upon acquisition of genetic changes I 

used RNA-sequencing analysis. RNA was harvested from standard cultures of each variant 

line and normal-RFP hPSCs. Quality control analysis of the RNA sequencing data for each of 

the normal and karyotypically variant hPSCs samples is detailed in appendix Figure 9.4.   

 

Firstly, to examine how the different variant lines clustered in comparison to the normal cells 

and each other I compared the global expression signatures. Principal Component Analysis 

showed the 20q v.hPSCs mapped closest to the normal, separation between the samples 

seemed to be based on principal component 2, that accounts for the least variance between 

the samples. Whereas, the variant lines containing three or more karyotypic changes, 1,17,20 

v.hPSC and 1,12,17,20 v.hPSC clustered the furthest from the normal hPSCs. The 17 v.hPSC, 

12,17 v.hPSC and 12,20 v.hPSC samples clustered in close proximity to each other and 

mapped between the normal hPSCs and the variant lines containing three or more genetic 

changes. Variant 1q v.hPSCs also mapped between the normal cells and variant lines with 

multiple genetic changes, however apart from cluster of samples composed of; 17 v.hPSC, 

12,17 v.hPSC and 12,20 v.hPSC. Comparing the samples based solely on principal component 

1, the variant lines with abnormalities involving chromosome 1 seemingly separate the 

furthest from normal hPSCs (Figure 3.16A). 

 

To examine whether the differences between variant lines is the result of overexpression of 

the genes that reside on the amplified chromosomes, or from a global change in gene 

expression that is caused by the influence the genetic changes might have on other 

chromosomes as previously reported for chromosome 12 trisomy by Ben-David et al. 2014, I 

repeated the PCA analysis excluding the genes located on chromosomes; 1, 12, 17 and 20. 

Removal of the genes on the amplified chromosomes did not effect the overall clustering of 

the normal and karyotypically variant lines, suggesting that gain of additional chromosomal 

regions effects the global expression of variant lines (Figure 3.16B).  

 

Secondly, the samples were analysed by Pearson correlation and subjected to hierarchical 

clustering. Both Pearson Correlation hierarchical clustering and PCA showed similar clustering 
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of normal and variant hPSC lines. Furthermore, all the cell lines are molecularly very similar 

to each other; 0.006 range correlation coefficient (Figure 3.16C).  
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Figure 3.16  RNA sequencing comparison of normal and variant hPSCs. 
 

Principal component analysis of normal and variant hPSCs grown under standard 

culture conditions (A) including all chromosomes and (B) excluding the amplified 

chromosomes 1,12,17 and 20. (C) Pearson Correlation analysis and hierarchical 

clustering based on the transcription profile of the different cell lines. Overall the data 

clustered into 3 main subsets, cluster one exclusively contained the variant lines 

possessing three or more genetic abnormalities. The second cluster consisted 

predominantly of normal and 20q v.hPSCs. The final cluster contained mostly all of 

the remaining variant lines. 
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Next, I attempted to identify candidate genes that drive the selective advantage in each of 

the variant sublines. Due to the large size of the karyotypic changes and the vast number of 

genes that reside on the amplified chromosomal regions of variant hPSCs I rationalised that 

comparing the expression levels of each gene within the amplified regions against the 

expression levels in normal hPSCs would be an inefficient approach to identify potential 

candidate genes. Based on my previous finding that acquisition of karyotypic changes causes 

global changes in gene expression (Figure 3.16 A-B), I hypothesised that a potential 

explanation for this observation is expression of certain biological pathways, that have key 

genes located on amplified chromosomal regions, with the potential to provide hPSCs with a 

selective advantage are upregulated in variant hPSCs. I therefore decided to perform pathway 

enrichment analysis to compare the normal and karyotypically variant lines and then if 

appropriate follow on by identify potential candidate genes within the enriched pathways.  

 

Firstly, I compared the genes from each of the variant sublines against the normal hPSCs to 

generate lists of genes that are differentially expressed for each variant line. The DEG lists 

were substantially long so I then applied a ³ 2 Log2 Fold Change cutoff value to the list for 

upregulated genes and £ -2 Log2 Fold Change cutoff value for downregulated genes to assess 

only the genes that were substantially up/down regulated in each of the variant cell lines. 

These lists were then submitted for gene ontology (GO) enrichment analysis to reveal the key 

molecular and biological processes present within groups. PANTHER (Mi et al., 2017) 

classification system was used to perform a statistical overrepresentation test of the genes 

submitted. This assigns each gene from the list to a GO term category and then assess 

whether a particular category is overrepresented or underrepresented, the resulting p-values 

for each category indicate whether the probability that co-expression of genes within each 

list were drawn randomly or not. The resulting list was then refined using REViGO (Supek et 

al., 2011) to remove redundant GO terms. A final list of terms is plotted in semantic space, 

where correlated GO terms cluster in proximity to each other (Figure 3.17).  
 

Analysis of the list of downregulated genes, £ -2 Log2 Fold Change, for each variant line 

compared to normal hPSCs showed no GO term enrichment suggesting that no specific 

processes or pathway are downregulated. Furthermore, removal of the  £ -2 Log2 Fold 

Change threshold did not affect the analysis. Assessing the upregulated genes, ³ 2 Log2 Fold 
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Change, GO analysis produced a list of terms for only 3 of the variant lines; 1 .vhPSC , 17 

v.hPSC and 12,20 v.hPSC. Comparison of these lists revealed a common set of highlighted 

biological processes. First, a cluster of terms pertained to differentiation including, ectoderm 

and mesoderm development.  Secondly, cell adhesion, biological adhesion processes and 

finally cell-cell signalling and cell growth were enriched (Figure 3.17).  
 

Examining the lists of upregulated genes from the variant hPSC lines that produced no GO 

overrepresented terms showed two opposing scenarios. In the case of 20q v.hPSCs the list of 

genes submitted for GO analysis was very short, only 76 genes compared to 265 (average of 

variant lines that generated a list of GO terms), suggesting there is very little difference 

between the normal and 20q v.hPSCs which is consistent with the PCA and Pearson 

correlation analysis. In comparison, the 12,17 v.hPSC , 1,17,20 v.hPSC and 1,12,17,20 v.hPSC 

produced lists of an average size of 636 genes, much greater than the other lines suggesting 

that these lines have global upregulation across the genome.  
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Figure 3.17 Biological pathway enrichment of upregulated genes in variant hPSCs. 
 

Gene Ontology terms of molecular function for the upregulated genes in variant hPSC 

lines. Terms are positioned in semantic space by ReviGO based on the correlation 

between biological process. Term size is based on the log size p-value, higher (bigger) 

and lower (smaller) and coloured based on their Log10 p-value, higher p-values (Red) 

and lower p-values (Blue) both as calculated by ReviGO.  
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Finally, I wanted to examine whether the differentially expressed genes from variant lines 

with multiple genetic abnormalities are a sum of the individual mutations that they are 

composed of or whether the mutations act synergistically to produce an altered pattern of 

gene expression. To perform this analysis, I used the lines containing individual mutations; 1 

v.hPSC, 17 v.hPSC and 20 v.hPSC and the line 1,17,20 v.hPSC. Though the mutations from the 

individual variant lines on chromosome 1 and 20 do not involve the gain of the entire regions 

observed in the multiple 1,17,20 v.hPSC line they share the minimal amplicon regions 1q25-

q41 and 20q11.21 (Baker et al., 2016). The lists of differentially expressed genes compared 

to normal hPSCs from the 4 lines was compiled and for every variant line each gene was 

assigned a value depending on its expression compared to normal hPSCs. Genes were 

assigned the corresponding values; 1 - overexpressed, 0 - not differentially expressed in that 

line or, -1 -downregulated and the results plotted as a heatmap (Figure 3.18)  

 

Heatmap analysis demonstrates that the differentially expressed genes from variant lines 

with individual genetic changes are not co-observed in the 1,17,20 v.hPSC line. The 

differentially expressed genes form clusters predominantly unique to each line. There are 

small regions of overlap between two or more of the variant lines with individual changes but 

the pattern of up/downregulation does not coincide with the 1,17,20 v.hPSC line. 

Furthermore, there are two large clustering’s of differentially expressed genes that are 

unique to the line with multiple karyotypic changes. 
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Figure 3.18 Comparison of gene expression changes between individual and complex 

variant hPSC lines. 
 

Heatmap of differentially expressed genes for variant lines 1q v.hPSC , 17 v.hPSC and 

20q v.hPSC containing individual changes versus the complex variant line 1,17,20 

v.hPSC. Genes are colour coded depending on whether they are upregulated (red), 

downregulated (blue) or not differentially expressed (yellow) compared to normal 

hPSCs. 
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3.3 Discussion  

Different genetic changes have been associated with altered aspects of hPSC fate. In this 

study I have generated a panel of clonal sublines containing the most commonly observed 

genetic changes acquired in hPSCs in culture. Generation of lines with individual and multiple 

karyotypic changes allowed me to explore how selective advantage evolves upon the 

acquisition of two or more abnormalities. Furthermore, by creating the variant lines from the 

same H7 background I was able to circumvent the issue of intrinsic differences between hPSC 

lines that has hindered the comparison of genetic variants in other studies.  

 

Through monitoring cultures of normal cells spiked with different variant lines I have shown 

that all the genetic changes interrogated confer selective advantage over diploid hPSCs. The 

first experiment I conducted suggested the rate at which different variants overtake normal 

hPSCs may vary depending on the abnormalities possessed. However, the second experiment 

in which cells were maintained by a colleague the variant cells overtook normal hPSCs in a 

shorter culture period and I did not observe a clear difference in rate of overtake between 

lines. This may be due to differences in individual culture technique and that could have 

enhanced particular selective pressures during passage. Previous studies have described how 

different culture techniques can influence the rate genetic abnormalities appear during long 

term culture (Olariu et al., 2010). The state of dissociation in which hPSCs are seeded into 

new culture vessels during passage appears to be a critical factor, furthermore previous work 

in our lab has demonstrated that some variant cells are able to overcome the selective 

bottlenecks that are imposed by extensive dissociation of hPSC colonies (Barbaric et al., 

2014). It remains to be shown if certain culture techniques promote or diminish the selective 

advantage of particular genetic abnormalities. Though not explored in this study this panel of 

variant lines has the potential to be an effective tool in the assessment of different culture 

platforms and techniques to establish a guide on recommended culture practices for limiting 

appearance of genetic variants over progressive passages.  

 

Utilising the panel of variant lines, I assessed each aspect of cell fate to identify how genetic 

abnormalities confer selective advantage. The proliferation, apoptosis and clonogenic studies 

revealed that different genetic changes confer altered growth properties to particular variant 

lines (Figure 3.19).  
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Figure 3.19 Summary of cell fate phenotypes possessed by variant hPSC lines. 
 

Table of the different variant hPSC sublines and their phenotype in the assays 

described within Chapter 3 that tested the different aspects of cell fate. Arrow 

direction indicates either increase (up) or decrease (down). Arrow size and colour 

represents the degree of significance in change relative to normal hPSCs; small and 

light blue arrows represent a small degree change, larger and dark blue arrows 

represent a greater degree of change. 
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Variant cells with the individual gain of 1q proliferate faster than the normal cells, but this 

proliferative advantage is not due to a shorter cell cycle time. Rather, the selective advantage 

is more likely to be linked to an increased level of apoptotic resistance. It remains unclear at 

what stage of culture this is advantage is exerted, results from the apoptosis assays suggest 

that this may be during the growth phase and in response to environmental stress.   However, 

the small but insignificant rise in cloning efficiency hints at an additional weaker role in 

supporting survival of single cells.  The apoptotic advantage of 1q variant hPSCs could 

potentially be mediated by the anti-apoptotic gene, MCL-1, contained within the amplified 

region and expressed at higher levels in not only the 1q variant line but also in lines with 

addition of nearly the entirety of chromosome 1. Although a role for other genes within this 

region cannot be excluded, MCL1 offers a likely mechanism that could be readily investigated.  

 

Similar to the 1q abnormality gain of 20q11.21 in my studies appeared to provide variant cells 

with an apoptotic resistance which correlates with the anti-apoptotic function of the known 

driver gene BCL-XL (Avery et al., 2013). Comparable to the findings of Avery and colleagues 

20q variant hPSCs overtook normal cells over a series of successive passages and this does 

not appear to be dependent on a difference in time between cell divisions. However, in 

contrast to their study I did not observe a significant increase in the growth rate of the 20q 

variant line by counting the total number after 4 days. This can potentially be explained by a 

major difference between the two experimental set ups, in my assay Y-27632 is included for 

the first 24hours to support cell survival and set equivalent starting numbers restricting any 

selective advantage that may exerted during plating. A potential hypothesis, which requires 

experimental validation, is that 20q primarily exerts its selective advantage during the plating 

stage of cell culture supporting cell survival at low density and upon dissociation towards 

single cells. Treatment with Y-27632 under these culture conditions may restrict the selective 

advantage of 20q variant hPSCs.  

 

Variant hPSCs containing solely the addition of chromosome 17q proliferate the fastest of all 

the individual variant lines. This proliferative advantage is due not only to decreased 

apoptosis in culture but also a potentially faster average cell cycle time of the population. The 

reason for this decreased average cycle time is not clear but is likely either a result of altered 

cell cycle checkpoint regulation that permits variant cells to progress more rapidly through 
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division (Shaltiel et al., 2015) or alternatively a greater proportion of variant cells survive 

following division which lowers the average cycle time of the population sampled.  It will thus 

be interesting to further track and compare the lineage trees of cells with and without gain 

of chromosome 17 taking into consideration not only the daughter cells that survive post 

division but also those that die in order to determine whether cell cycle time is indeed altered 

in certain variant hPSCs. Further to this, analysis of the clonogenic assays showed 17q variant 

hPSCs have the greatest cloning efficiency but also produce larger colonies with higher 

expression of stem cell associated markers. I was able to conclude that of the individual 

genetic changes assessed, gain of chromosome 17 confers the strongest growth advantage. 

 

A few candidate genes have been proposed to contribute to driving selective advantage in 

variant hPSCs that have gained parts of chromosome 17, including the anti-apoptotic gene 

BIRC5 (SURVIVIN) (Draper et al., 2004). A possibility is that SURVIVIN might provide variant 

hPSCs with a selective advantage in a similar manner to BCL-XL, by stopping apoptosis (Altieri, 

2015). However, the contribution of SURVIVIN to the selective advantage of genetically 

variant hPSCs harbouring gains of chromosome 17q have yet to be established. Regions of 

chromosome 17 are also frequently gained via structural rearrangements in a variety of 

human cancers, genes encoded within the amplified regions have been proposed to underlie 

the neoplastic growth of abnormal cells (Mitelman et al., 1997, Orsetti et al., 2004, Zhang and 

Yu, 2011).  Of note, topoisomerase IIa (TOP2A) a gene located at 17q21.2 that has an 

important role in DNA remodelling during transcription and replication, is a key target for 

chemotherapy drugs in multiple forms of cancer (Heestand et al., 2017). TOP2A has recently 

been shown to be highly expressed in hPSCs and is required for undifferentiated cell survival 

(Ben-David et al., 2015). One possibility is that overexpression of oncogenes, with essential 

functions in hPSCs, may also drive aspects of the selective advantage conferred by gain of 

chromosome 17. Identifying genes such as TOP2A, with known roles in hPSCs, as well as 

oncogenic properties should help to identify candidate genes and pathways that can best 

investigated to determine the mechanisms that drive selective advantage in particular 

karyotypic variants.  

Whilst my data on chromosome 12 only comes from variant lines harbouring additional 

genetic abnormalities, by comparing the paired abnormality lines 12,17 v.hPSC and 12,20 

v.hPSC to the individual variant lines with corresponding genetic change I am able to report 
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on some of the phenotypic effects trisomy chromosome 12 may confer.  My growth rate 

studies revealed that 12,20 v.hPSCs proliferate faster than 20q v.hPSCs as well as have a 

greater cloning efficiency. The broadly similar apoptotic responses between the individual 

and paired variant lines implies that chromosome 12 does not confer any additional apoptotic 

resistance. Supporting the notion that chromosome 12 provides mostly a proliferative 

advantage and consistent with other reports assessing the effects of additional chromosome 

12 on hPSCs (Ben-David et al., 2014).  Of note, this increase in proliferation was not observed 

between 17 v.hPSCs and 12,17 v.hPSCs. How multiple genetic abnormalities which confer 

similar phenotypic properties drive selective advantage in the same cell remains unclear. One 

possibility is that they both exert their proliferative effects predominantly through the same 

pathway(s) and that further addition of either chromosome only raises the already 

heightened activity a little further. This may explain why though 12,17 v.hPSCs have a similar 

cloning efficiency to 17 v.hPSCs they also produced more colonies of a greater size.    

 

Additional genetic abnormalities seemingly correlated with stronger growth properties, 

variant lines containing three or more chromosomal gains possessed the fastest growth rates, 

lowest levels of apoptosis and highest cloning efficiencies. For a genetic abnormality to 

become fixed in culture it must provide the cell with a selective advantage (Amps et al., 2011, 

Avery et al., 2013). In line with this principle in variant lines already carrying a genetic change 

the new abnormality acquired must provide an additional advantage otherwise it would not 

persist in the variant population. The elevated resistance to apoptosis and increased 

proliferative capacity can be mapped back to properties described in the individual mutant 

lines but whether they function as simply the sum of all the properties acquired from each 

individual mutation or a result of their combined interaction would require further 

interrogation. 

 

Having shown different genetic abnormalities confer altered growth properties to variant 

hPSCs, the next question I sought to address was whether they also effect the cells 

differentiation potential. Using normal hPSCs and my panel of variant lines I assessed the 

differentiation potential of all lines under neutral EB conditions. In contrast to the normal 

hPSCs which generated EBs with a strong ectoderm bias, nearly all of the variant lines 

produced EBs with upregulation of genes associated with all three germ line lineages but 
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maintained an ectoderm bias, except for 1,12,17,20 v.hPSCs which displayed a more even 

level of gene upregulation between germ line lineages. The only line that exhibited any 

resistance to differentiation and maintained a strong pluripotency associated gene 

expression signature was 1,17,20 v.hPSC. The ability of the 12,17 and 1,12,17,20 v.hPSC lines, 

with whom the genetic abnormalities of 1,17,20 v.hPSCs match closest, to differentiate 

suggest that this result is not a consequence of those amplified regions. Unique amongst the 

panel of variant lines, the genetic abnormality on chromosome 20 in the 1,17,20 v.hPSC line 

is an isochromosome of the long arm (q) in addition to the duplication of BCL2L1. Loss of 

genes from the short arm presumably is the cause for the restricted differentiation potential 

of this line. This region contains genes known to be important in embryonic development and 

differentiation such as BMP2 and JAG1, key members of the BMP and NOTCH signalling 

pathways respectively. Understanding which pathways underpin this restriction of 

differentiation capacity may assist in identifying other regions of the genome that if 

perturbed can negatively impact on the function of hPSCs. My findings show that genetic 

changes can not only support differentiation but may also restrict it. Together, this suggests 

the potential effects of genetic changes in hPSCs destined  for use in applications that require 

subsequent differentiation will have to be assessed on an individual basis. 

 

The metabolic activity of hPSCs is uniquely regulated by multiple pathways and has been 

linked with changes in gene expression in variant hPSCs carrying trisomy chromosome 12 

(Ben-David et al., 2013, Folmes et al., 2011, Ben-David et al., 2014). My studies revealed that 

genetically variant hPSCs have increased levels of ATP produced mostly by the glycolytic 

pathway.  I postulate the reason for this raised metabolic state may reflect increased energy 

demands on the cells brought on by stronger growth phenotypes. Further studies are 

required to characterise the metabolic profile of normal and variant hPSCs, and to examine if 

changes in metabolic activity are co-ordinated by genes located on amplified chromosomes.   

Finally, I used RNA sequencing to assess the genes and networks that are altered in genetically 

variant cells. Principal component analysis and hierarchical clustering provided some 

intriguing results, the clustering of the variant lines indicates that in my culture conditions 

differentially expression of genes on chromosome 1q separate the different variant 

populations. The close clustering of variant lines 17 v.hPSC , 12,17 v.hPSC and 12,20 v.hPSC  

implies the gain of chromosomes 12 and/or 17 renders variant hPSCs more transcriptionally 
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similar to each other and may be reflected in the similar growth phenotypes discussed earlier. 

GO enrichment analysis was employed and  convergence on some shared biological processes 

was observed in the variant lines which yielded a list of terms. It will thus be interesting to 

further compare the differentially expressed genes associated with these terms between 

samples, in order to identify specific sets of genes that may be important in conferring 

elements of certain forms of selective advantage to variant hPSCs. Enrichment analysis was 

unable to determine significantly upregulated biological processes in the variant samples that 

produced extensive list of differentially expressed genes; 12,17 v.hPSC, 1,17,20 v.hPSC and 

1,12,17,20 v.hPSC. Together with the positional distribution of these lines in both PCA and 

hierarchical clustering analysis this data indicates a global upregulation of gene expression 

across the genome.  

 

Using the analysis of differentially expressed genes, I lastly show that in variant lines 

containing multiple genetic abnormalities the combination of genetic changes act 

synergistically to induce expression changes that shift the transcriptional programme away 

from that of the individual variants. A caveat to this analysis was the genetic changes of 

chromosomes 1 and 20 were not exact matches between the individual variant lines and 

1,17,20 v.hPSCs. However, if the hypothesis that a complex variant line is a sum of the 

individual variants held true than overlapping sections of differentially expressed genes 

would have still been observed. 

 

In summary, the data presented within this chapter demonstrates that the selective 

advantage of commonly acquired karyotypic changes in hPSCs can be conferred through 

acquisition of enhanced growth properties. Different genetic changes can confer different 

growth properties, whilst other genetic changes can confer similar growth properties that 

may be driven by different genes or pathways. Analysis of variant lines containing two or 

more karyotypic changes shows that acquisition of further genetic changes improves the 

growth behaviour of variant cells. Seemingly, as the complexity of the karyotypic 

abnormalities possessed by variant hPSCs increases so does the advantageous growth 

phenotype. The ability of karyotypic changes to alter aspects of hPSC fate suggests that part 

of the mechanisms that drive selective advantage in hPSC cultures are intrinsic and function 

by enhancing variant cell growth behaviour.  
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4 Characterising the behaviour of diploid hPSCs in the presence of 

variant cells. 

4.1 Introduction  

 

Selection of variant hPSCs occurs following the acquisition of an advantageous genetic 

change. Over progressive passages the proportion of variant hPSCs increases due to strong 

selective pressures that favour expansion of variant cells with improved growth properties.  

Mutations that promote self-renewal and restrict apoptosis and/or differentiation would 

generate a more robust growth phenotype capable of escaping the normal restrictions 

imposed on diploid cells during culture (Amps et al., 2011, Baker et al., 2007, Barbaric et al., 

2014).  

 

Different genetic abnormalities can alter various aspects of cell fate, as reviewed and 

described in earlier chapters, which may exert their selective advantage at different stages 

during culture. Studies examining the effect of genetic change in hPSCs to determine selective 

advantage have been predominantly performed by comparing homotypic populations of 

variant cells against counterpart diploid lines. This form of analysis has enabled the 

identification of selection mechanisms that exist during the post plating stage of culture. In 

2D culture of hPSCs, cells are grown on top of a supporting substrate within a defined growth 

area. Cells proliferate and expand, reducing the available space for future daughter cells. 

Once hPSCs reach a high level of confluency they are passaged by detaching cells from the 

surface of the culture vessel and re-plating a proportion of hPSCs into a new culture vessel. 

After passaging, hPSCs must first survive post-plating before they enter the growth phase of 

culture. During these different stage of culture various selective pressures could be exerted 

on normal and variant hPSCs.  

 

Tracking of two variant hPSCs lines with multiple genetic changes and their counterpart 

normal cells by time-lapse imaging revealed that selection mechanisms present during post-

plating are composed of at least 3 bottlenecks. The first bottleneck is the initial survival of re-

plated cells; variant hPSCs showed significantly higher levels of survival after 12 hours in 
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comparison to normal cells. Secondly, the ability of cells that survived initial re-plating to re-

renter the cell cycle is improved in variant hPSCs, as normal cells are less likely to undergo 

division following the 12 hour re-plating period. The final bottleneck is survival of daughter 

cells post-division. In the populations of normal hPSCs cell fate was strongly biased towards 

death of either one or both of the daughter cells. In contrast, daughter cells of the first mitosis 

post-plating in variant populations both had a higher probability of survival than cell death 

(Barbaric et al., 2014). This was the first study to identify and describe selective mechanisms 

that exist during the culture of hPSCs.  

 

Although comparison of normal and variant populations is able to provide insight into the 

advantageous growth properties of variant hPSCs as well as elucidate some of the selection 

pressures during routine culture, a major issue with this form of experimental design is that 

is does not accurately recapitulate the emergence of variant cells. Following the mutation 

event that generates a variant hPSC and during selection, normal and variant hPSCs co-exist 

within the same culture environment, thereby sharing the same culture conditions as well as 

a proportion of their cell-cell interactions. 

 

Cell-cell interactions are critical for development and tissue homeostasis; they allow cells to 

produce coordinated responses to a wide variety of extracellular and intracellular signals as 

well as communicate differences in cellular identity (Barnes et al., 2017). During cell 

competition the ability of cells to communicate their relative fitness levels is required for 

establishment of future “winner” and “loser” status. This interaction is important for the 

detection and elimination of polyploid embryonic cells in vivo and in vitro.  Tetraploid (4n) 

cells can persist in the epiblast until 6.5dpc following which they are progressively lost from 

the developing embryo (Eakin et al., 2005). In vitro studies show 4n mouse ESC are eliminated 

by diploid (2n) cells suggesting this loss is due to a competitive disadvantage of tetraploid 

cells (Sancho et al., 2013). These observations suggest that cells are capable of detecting 

differences in their relative levels of genomic material and depending on the properties 

conferred determine winner and loser phenotypes. 
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Very little is known about how normal and variant hPSCs interact or respond in the same 

culture environment. A single study by Werbowetski-Ogilvie (2011) examined the effect of 

co-culturing colonies of normal and variant hPSCs containing amplification of 20q11.1-11.2. 

In their experiments, they observed that normal hPSCs exhibited a shift in their growth 

phenotype to resemble the variant population. Normal hPSCs displayed enhanced self-

renewal and niche independence as well as a shift in global gene expression during co-culture 

with variant cells. The data from this study suggests that variant hPSCs can transmit their 

neoplastic growth properties to normal hPSCs when co-cultured together (Werbowetski-

Ogilvie et al., 2011).  However, in their co-culture system cell-cell contact was restricted to 

the periphery of normal and variant hPSC colony interface. Heterogenous colonies composed 

on normal and variant hPSCs were not formed restricting any investigation into the effect of 

normal cell–variant cell interactions on cell fate.  

 

The following chapter will address how normal and variant hPSCs behave in each other’s 

presence as well as whether there are selection mechanisms that depend on direct cell-cell 

interactions between the two populations.  
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4.2 Results 

4.2.1 Growth of Normal hPSCs is restricted in co-culture with supervariant hPSCs 

 

To assess if there are any selective pressures exerted on normal hPSCs by the presence of 

variant hPSCs, I first grew normal and variant cells either separately or in co-cultures at a ratio 

of 50:50. I selected the variant line 1,12,17,20 v.hPSC to mix with normal cells because it 

possessed karyotypic changes in the most commonly reported chromosomal regions. In 

addition, the 1,12,17,20 v.hPSC line constitutively expressed a green fluorescent reporter 

allowing for the two cell populations to be distinguished from each other. In further text, to 

reflect the multiple genetic abnormalities, the 1,12,17,20 v.hPSC line is referred to as 

supervariant hPSCs.  

 

Co-culture assays were set up by harvesting homotypic populations of normal and 

supervariant hPSCs to single cells. Following dissociation an equal amount of normal and 

supervariant cells were mixed at 50:50 ratio to generate a heterogenous population that was 

seeded into 96 well plates at a fixed density of 15,000 cells per well (~45,000cells/cm2). 

Maintenance of hPSCs in culture is supported by high cell densities (Thomson et al., 1998, 

Barbaric et al., 2014). Within the co-culture population it could be considered there are two 

densities to consider; the number cells in either normal or supervariant population, and the 

total cell number of normal and supervariant hPSCs. Therefore, separate culture controls of 

normal and supervariant hPSCs were seeded at two densities. Firstly, the “separate culture 

high density” in which the density of homogenous cultures was equal to the total number of 

cells in the co-culture condition. In the second density control, the number of normal or 

supervariant cells plated was equivalent to the amount of the respective population in co-

culture (7,500 cells), this is the density referred to as “separate culture” in the following 

figures and text (Figure 4.1A).  

 

To minimise the effect of selection mechanisms that occur during the post-plating period cells 

were plated in the presence of Rho-associated, coiled-coil containing protein kinase 1 (ROCK) 

inhibitor Y-27632 which has been shown to significantly alleviate to selective bottlenecks that 

occur during plating (Barbaric et al., 2014). After 24 hours post-plating (designated as Day 0),  

Y-27632 containing media was removed from the culture and replaced with standard E8 for 
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the remaining culture period (Figure 4.1B). At both densities, separate cultures of normal and 

supervariant hPSCs cells grow exponentially, I observed supervariant cells proliferate faster 

than normal hPSCs confirming the observations made in chapter 3 (Figure 3.6)(Figure 4.1C-

D).  

 

To count the number of cells of each population in separate and co-cultures I utilised an 

automated image-based approach. On each day of the 4-day culture period cells were fixed 

and stained with a fluorescent DNA dye, the resulting images were processed using the 

quantification software Cell Profiler (Carpenter et al., 2006). I generated a set of analysis 

pipelines that firstly identified all cells within each well using a DNA stain. Normal and variant 

cells were next identified using the constitutively expressed fluorescent reporters, 

supervariant-GFP or normal-RFP cells depending on which normal and variant hPSCs had 

been mixed together in co-culture. Finally, the total number of cells and the number of 

GFP/RFP positive cells were counted to calculate the number of normal and variant cells for 

each culture condition (Figure 4.2). 
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Figure 4.1 Establishing the co-culture assay. 
 

(A) Schematic diagram of the assay to assess growth of normal and supervariant hPSCs 

in separate or co-culure (B) Schematic timeline of the assay showing the media 

conditions during the post-plating period (yellow line) and the growth period (blue 

line). (C) Growth curves of normal and supervariant hPSCs grown at high density. A 

minimum of three independent experiments were performed and the average ±SD 

was plotted.  

 

 

 



 147 
 



 148 

Figure 4.2 Quantification pipeline for counting normal and variant hPSCs. 
 

Schematic diagram of the high throughput approach used to count normal and variant 

hPSCs in separate and co-cultures. All cells can be identified using a ubiquitous DNA 

stain, the number of normal-RFP or supervariant-GFP cells can then be identified based 

on their fluorescent signal. The cell number for RFP/GFP negative cells is determined 

by subtracting the count for the fluorescent population from the total number of cells.  
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Time-course images were taken over a standard 4 day culture period and revealed co-culture 

generated heterogenous colonies. However, the proportion of normal cells present was 

dramatically different between the homogenous and heterogenous cultures (Figure 4.3A). 

Utilising the time-course images the final cell number for each population was determined 

and used to generate growth curves for normal and variant cells in separate and co-culture 

conditions. Analysis of the growth curves in separate culture show that supervariant hPSCs 

proliferate faster than normal hPSCs (Figure 4.3B). This higher proliferation rate is reflected 

in the ratio of supervariant:normal hPSCs which starts at 1:1 and increases over progressive 

days in culture (Figure 4.3C). Comparison of growth curves and ratio supervariant to normal 

hPSCs showed that from day 2 the number of normal hPSCs is significantly decreased in co-

culture with supervariant hPSCs. In contrast to this, the growth of supervariants is unaltered 

by co-culture with normal hPSCs (Figure 4.3B&C). This decrease was determined to be due to 

cell death because normal cells in co-culture showed significantly higher levels of cleaved 

caspase-3 staining than separate cultures (Figure 4.3D). 

 

To confirm the effects of co-culture with supervariant hPSCs on normal cells, I repeated the 

experiment using the normal-RFP described in chapter 3. When normal-RFP and supervariant 

hPSCs were cultured either separately or together, I observed that, from day 2 of culture the 

growth of normal-RFP hPSCs decreased specifically in co-culture whereas the growth of 

supervariants was once again unaffected (Figure 4.4A-C). The growth behaviour of normal 

and normal-RFP hPSCs in co-culture with supervariant cells was comparable over the culture 

period (Figure 4.4D).  

 

 

 

  

Figure 4.3 Normal hPSCs are eliminated in the presence of supervariant hPSCs. 
 

(A) Time-course images of normal hPSCs grown separately or in co-culture with 

supervariant-GFP hPSCs. (B) Growth curves of normal and supervaraint hPSCs grown 

separately (left) and in co-culture (right).(C) Ratio of supervariant hPSCs to normal 

hPSCs grown in separate and co-cultures. (D) Cleaved caspase 3 levels in separate and 

co-culture. A minimum of three independent experiments were performed and the 

average ±SD was plotted. *** p< 0.005, Students Paired t test. 
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  Figure 4.4 Normal-RFP hPSCs are eliminated in the presence of supervariant hPSCs. 
 

(A) Time-course images of normal-RFP hPSCs grown separately or in co-culture with 

supervariant-GFP hPSCs. (B) Growth curves of normal-RFP and supervaraint hPSCs 

grown separately (left) and in co-culture (right).(C) Ratio of supervariant hPSCs to 

normal hPSCs grown in separate and co-cultures. (D) Growth curves of normal and 

normal-RFP hPSCs grown in co-culture with supervariant hPSCs. 

A minimum of three independent experiments were performed and the average ±SD 

was plotted. *** p< 0.005, Students Paired t test. 
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4.2.2 1q and 20q variant hPSCs behave as losers in co-culture with supervariant hPSCs 

 

My findings that normal hPSCs are eliminated by supervariant cells prompted me to 

investigate whether this also occurred in variant cells that also possessed a significantly lower 

growth rate compared to supervariant hPSCs. Cells in heterogenous populations possessing 

significantly lower growth rates have previously been shown to be eliminated by the faster 

growing population (Morata and Ripoll, 1975, Moreno and Basler, 2004). Variant line 20q 

v.hPSC possess a growth phenotype very similar to normal hPSCs and no significant difference 

between the final cell number over a 4 day culture period. In contrast to 20q v.hPSC, 1q 

v.hPSC cells proliferate significantly faster than normal cells, but also have a significantly 

lower growth rate compared to supervariant cells (Figure 3.6).  

 

When 1q and supervariant cells were cultured together, I observed that the growth of 1q 

v.hPSCs decreased compared to separate culture. The decrease occurred from day 2, 

consistent with previous data from normal hPSCs (Figure 4.5A-B). Furthermore, I found the 

decrease in cell number to be due to apoptosis, as 1q v.hPSCs showed significantly higher 

levels of  cleaved caspase 3 staining in the co-culture condition compared to separate culture 

(Figure 4.5C). Once again, the growth rate and apoptosis levels of supervariant cells was 

unchanged when cultured separately or in combination with another. 

 

I saw a similar pattern of growth when I co-cultured 20q v.hPSCs with supervariant hPSCs. 

Growth of 20q v.hPSCs in co-culture with supervariant cells was significantly reduced 

compared to separate culture. However, unlike normal and 1q v.hPSCs ratio growth was only 

significantly lower on Day 3, this is because of the greater degree of variation in the total 

number of supervariant cells at Day 2 in separate culture between individual experiments 

(Figure 4.6). Overall the growth of supervariant hPSCs in co-culture with lines possessing 

significantly lower growth rates was unaffected compared to when they were cultured 

separately.   
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Figure 4.5 1q v.hPSCs are eliminated in the presence of  supervariant hPSCs. 
 

(A) Growth curves of 1q v.hPSCs and supervariant hPSCs grown separately (left) and in 

co-culture (right).(B) Ratio of supervariant hPSCs to 1q v.hPSCs grown in separate and 

co-cultures.  N= 2 independent experiments and the average ±SEM was plotted. * p< 

0.05, Students Paired t test. (C) Cleaved caspase 3 levels in separate and co-culture. A 

minimum of three independent experiments were performed and the average ±SD 

was plotted. * p< 0.05, Students Paired t test. 
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Figure 4.6 Growth of 20q v.hPSCs is restricted in co-culture with supervariant hPSCs. 
 

(A) Growth curves of 20q v.hPSCs and supervariant hPSCs grown separately (left) and 

in co-culture (right).(B) Ratio of supervariant hPSCs to 20q v.hPSCs grown in separate 

and co-cultures.  N= 2 independent experiments and the average ±SEM was plotted. 

* p< 0.05, Students Paired t test. 
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4.2.3 Co-culture of normal and variant hPSCs with similar growth rates does not restrict 

their growth phenotype 

 

Given the observations that the growth of normal and some variant hPSCs was restricted in 

co-cultures with the significantly faster growing supervariant hPSCs, I next asked how cell 

lines with similar growth rates behave in co-culture. For this, I mixed normal-RFP hPSCs with 

normal hPSCs, 1q v.hPSCs and 20q v.hPSCs and analysed their growth behavour in co-culture. 

 

Normal hPSCs and 20q v.hPSCs do not grow significantly faster than normal-RFP cells when 

cultured separately,  whereas 1q v.hPSCs grow slightly faster between days 2 and 3 (Figure 

3.3D, Figure 3.6 and Figure 4.7). I observed that the grow of all of these lines was not 

significantly different when grown in co-culture with normal-RFP hPSCs compared to when 

they were cultured as homogenous populations. Furthermore, growth of normal-RFP cells is 

similarly unaffected by co-culture with each of the respective lines. This data indicates that 

the growth of normal hPSCs is not restricted when grown with cells of similar growth rate, 

neither does the higher total cell density within co-culture provide any additional support to 

either cell population. 
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Following on from the experiments using cell lines with similar growth rates to normal-RFP 

hPSCs, I then went onto investigate how a variant hPSC line with a similar growth rate would 

respond to co-culture with supervariant hPSCs. For this, I selected 1,17,20 v.hPSCs from the 

remaining panel of variant lines because it is the most similar to supervariant hPSCs with 

regards to the genetic changes both lines possess. In separate culture 1,17,20 v.hPSCs and 

supervariant hPSCs have equivalent growth rate (Figure 3.6, Figure 4.8A). In co-culture, I 

observed the growth rate of both cells lines was equal, although the total cell number for 

both cell lines was significantly lower than when grown separately (Figure 4.8A-B). I found 

this was because co-cultures of supervariant and 1,17,20 v.hPSCs reached very high level of 

confluency at day 2 with little free growth area in the wells for cells to expand into between 

days 2 and 3. To address this issue, I cultured the cells separately and together at half the 

density of the original assay: co-culture, ~22,500cells/cm2, 3,500 cells of each genotype per 

well; separate culture, ~11,250cells/cm2, 3,500 cells per well. At lower density, I observed no 

significant difference between the growth rate of 1,17,20 v.hPSCs and supervariant cells. 

Furthermore, both cell lines grew at equivalent rates when cultured separately or with each 

other (Figure 4.8C).  Together, these data suggest that the expansion of hPSC lines with similar 

growth rates is not restricted when cultured together, whereas when cultured with cells that 

proliferate significantly faster the growth of the slower growing population is restricted. 

Figure 4.7 Growth of normal-RFP hPSCs is unaffected by co-culture with lines of 

similar growth rates.  
 

Growth curves of separate and co-culture of Normal-RFP hPSCs and (A) Normal hPSCS, 

independent (B) 20q v.hPSCs and (C) 1q v.hSPCs. The growth rate of all lines is similar 

between separate and co-culture indicating they are not eliminated in each others 

presence. N=3 independent experiment for Normal hPSCs and N=2 for 20qv.hPSCs and 

1q v.hPSCs. All graphs are plotted using the average ±SEM. 
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  Figure 4.8 Supervariant hPSCs do not restrict the growth of variant hPSCs with similar 

growth rate. 
 

(A) Growth curves of 1,17,20 v.hPSCs and supervariant hPSCs grown separately (left) 

and in co-culture (right).(B) Ratio of supervariant hPSCs to 1,17,20 v.hPSCs grown in 

separate and co-cultures. A minimum of three independent experiments were 

performed and the average ±SEM was plotted. (C) Low density growth curves of 

1,17,20 v.hPSCs and supervariant hPSCs grown separately (left) and in co-culture 

(right). Results are the mean of 6 wells from the same experiment ±SEM. 
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4.2.4 Growth of Normal hPSCs is restricted in co-culture with 1,17,20 v.hPSCs 

 

To further test this hypothesis, I grew normal-RFP cells separately or in co-culture with 

1,17,20 v.hPSCs. The variant line 1,17,20 v.hPSC was previously shown to have a significantly 

faster growth rate than normal cells (Figure 3.6) and possess similar growth properties to 

supervariant hPSCs (Figure 4.9). For these reasons, I asked if the growth of normal cells could 

also be restricted when cultured with 1,17,20 v.hPSCs. Analysis of their growth rate and of 

the ratio of 1,17,20 v.hPSCs to normal-RFP revealed the total number of number of normal-

RFP cells decreased from day 2. This led to a significantly lower number of normal-RFP cells 

in co-culture, compared to the separate population. The growth of 1,17,20 v.hPSCs was 

unaffected by culture with normal-RFP cells, similar to the observations made on 

supervariant hPSCs when mixed normal-RFP hPSCs (Figure 4.9). 
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Figure 4.9 Growth of normal-RFP hPSCs is restricted in co-culture with 1,17,20 

v.PSCs. 
 

(A) Growth curves of normal-RFP hPSCs and 1,17,20 v.hPSCs grown separately (left) 

and in co-culture (right).(B) Ratio of supervariant hPSCs to 20q v.hPSCs grown in 

separate and co-cultures.  A minimum of three independent experiments were 

performed and the average ±SEM was plotted * p< 0.05, Students Paired t test. 
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4.2.5 Determining whether elimination is mediated through contact-dependent or 

contact-independent mechanisms? 

 
The increased death rate of normal cells in the presence of supervariants could be mediated 

either through cell-cell contacts or by cell-secreted diffusible factors, or the combination of 

both. To address these possibilities, I first assessed the levels of cleaved caspase-3 staining in 

co-cultures using Transwell systems which spatially separates the two populations but allows 

exchange of secreted factors in the culture media. I found that the levels of cleaved caspase-

3 positive staining in normal and supervariant hPSCs was not affected by co-culture with the 

opposing cell type (Figure 4.10). This potentially indicates that secreted factors are not 

sufficient to mediate normal hPSC elimination. 
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Next, I manipulated the levels of normal-supervariant cell interactions by increasing the 

percentage of supervariants at plating. I established co-cultures with increasing proportion 

of supervariant hPSCs and corresponding separate culture controls (Figure 4.11A). I observed, 

that when I varied the percentage of supervariant hPSCs in the starting population of co-

cultures, at the end of the standard experimental culture period heterogenous cultures that 

consisted of 30% or greater supervariant hPSCs at the time of plating showed significant 

reduction in the number of normal hPSCs compared to separate culture (Figure 4.11B). This 

result indicates a threshold level of supervariant hPSCs must be present in the heterogenous 

culture following post-plating to restrict the growth of normal hPSCs. 

 

Increasing the proportion of supervariant cells also correlated with a greater overall cell 

density within co-culture conditions. To investigate the importance of cell density within co-

cultures I generated a heterogenous population containing an equal proportion of normal 

and supervariant or normal-RFP hPSCs that I plated at increasing densities, finishing at the 

density used in the previous experiments that show elimination of normal hPSCs (Figure 4.1 

and Figure 4.3). As plating density increased, co-culture of normal cells with supervariants 

exhibited a threshold like response that resulted in reduced growth of normal hPSCs around 

26,500 cells/cm2 plated (Figure 4.11C). Analysis of the higher densities showed that the 

number of normal cells in co-culture with normal-RFP hPSCs continued to increase as well as 

total number of cells in normal:supervariant co-cultures (Figure 4.11C). The further increase 

of total number of cells in co-cultures containing normal and supervariants at higher plating 

densities, as well as the decrease in the number of normal hPSCs at these densities, indicate 

that elimination of normal hPSCs is mediated by density-dependent cell contact.  

Figure 4.10 Normal hPSCs are not eliminated by contact-independent mechanisms. 
 

(A) Schematic drawing of Transwell assay showing how populations of cells are 

cultured in the same well but spatially separated. (B) Assays using Transwell inserts 

indicate that the levels of apoptosis are not altered when cells are grown with 

overlying hPSCs of the same or opposing cell type. A minimum of three independent 

experiments were performed and the average ±SD was plotted. n.s , Students Paired t 

test. 
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Figure 4.11 Elimination of normal hPSCs is dependent on cell-contact. 
 

(A) Schematic diagram of co-cultures with increasing percentage of supervariant 

hPSCs. (B) Plot of the ratio of normal cells when co-cultured with increasing percentage 

of supervariants at the time of plating against separate culture controls. Results are 

the mean of 2 independent experiments ±SEM. (C) Effect of increasing cell plating-

density on the number of normal hPSCs when grown in co-culture with control normal-

RFP or supervariant cells and the total number of cells in each heterogenous 

population. Results are the mean of three independent experiments ±SEM. 
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4.2.6 Time-Lapse Analysis of normal and supervariant hPSC interactions 

 

Having demonstrated that cell contact and density are important components of the 

mechanism(s) that mediate normal cell elimination during co-culture with supervariant cells, 

I next utilised time-lapse imaging to assess regions of co-cultures in which normal cell survive 

and regions where they are eliminated to determine how interactions with supervariant 

hPSCs changes between these two scenarios. Co-cultures were established using the plating 

density of 45,000 cells/cm2 that has been standardly used in most of the mixing experiments 

described earlier in this chapter and at which elimination of normal hPSCs is greatest (Figure 

4.11C). Images were captured every 10 minutes between days 2 and 3, the period during 

which the greatest decrease in cell numbers compared to separate culture is observed (Figure 

4.3).  

 

In regions where normal hPSCs survived by the end of day 3 I observed several common 

features. Firstly, there were less cells overall within the field at the start of imaging suggesting 

that the starting density was low. Secondly, normal cells appeared in more homogenous 

regions of the expanding colony and seemingly shared more cell-cell contacts with other 

normal cells than supervariant hPSCs. As the colonies expanded these homogenous regions 

generally persisted. Neighbouring supervariant cells did not appear to extensively migrate 

into them but rather grew around them. Finally, these homogenous regions tended to occur 

at the edge of mixed colonies with one side facing a portion of cell-free culture area that the 

normal cells were able to expand into (Figure 4.12A). 

 

Conversely, in areas that I observed elimination of normal hPSCs, the fields contained more 

cells in general indicating a higher density. Composition of the colonies appeared more 

heterogenous with greater mosaicism of normal and supervariant hPSCs. Homogenous 

regions of normal hPSCs were small and tended to be situated in the middle of the 

heterogenous colony surrounded by supervariant hPSCs. Additionally, more evidence of 

supervariant hPSCs migrating into the regions of normal cells could also be observed. Finally, 

cells that underwent apoptosis detached from culture surface and could be observed in the 

culture media (Figure 4.12B). 
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Figure 4.12 Time-lapse analysis of cell-contact dependent elimination of normal hPSCs  
 

Time-lapse images showing regions of (A) normal cell survival in co-cultures with supervariant occurs at the cell-free edges of heterogenous 

colonies with low degrees of mosaicism and (B) elimination of normal hPSCs in the centre of larger colonies containing a large proportion of 

supervariant hPSCs. Regions of normal cell survival and elimination are denoted by the red circle.  
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An attractive model to explain the density contact-dependent elimination of normal hPSCs is 

that normal hPSCs are more sensitive to increases in mechanical forces as heterogenous 

colonies expand (Wagstaff et al., 2016). To assess whether normal and supervariant cells 

exhibit different responses to being confronted by the opposing cell type at high density, I 

plated normal and supervariant cells on microslides with separate chambers and allowed the 

cells to grow into contact with each other (Figure 4.13A).  After the cells had come into 

contact they were cultured for a further 48 hours and the position of each cell front was 

tracked using the constitutively expressed fluorescent proteins. 

 

In conditions where normal cells were plated alongside normal-RFP hPSCs, both cells 

populations grew and met each other in the middle of frame creating a boundary line (Figure 

4.13B). After 8 hours in contact, I observed a band of apoptotic cell debris which lay along the 

border where the two cell lines met, however the position of the boundary had not moved. 

Over the following 40 hours, the boundary at which the two populations met remained in a 

stable position (Figure 4.13B).  

 

To enable more accurate tracking of the border of genetically normal hPSCs, normal hPSCs 

were substituted with normal-RFP cells and cultured alongside supervariant hPSCs. The two 

populations grew together and met in the middle of frame at a similar position to the 

boundary of normal and normal-RFP hPSCs. Following contact, the normal-RFP hPSC 

boundary is pushed back by the advancing supervariant population, by 48 hours post contact 

the normal-RFP population had nearly been pushed out of view. In addition to the retreating 

normal-RFP hPSC boundary I also observed the appearance of apoptotic cell debris. Firstly, 

between 8 and 16 hours post contact the cell debris was predominantly observed over the 

normal-RFP population. As the culture period progressed, between 32 hours and 48 hours, 

cell debris appeared over both populations of hPSCs (Figure 4.13C). Together, these findings 

indicate supervariant hPSCs possess enhanced mechanical properties that allow them to 

tolerate higher densities as well as migrate in an invasive-like manner into the normal hPSC 

population. 

 

 

 



 170 

 

 

 

  

Figure 4.13 Supervariant hPSCs are mechanically superior than normal cells  
 

(A) Schematic diagram of mechanical stress assay, cell populations are seeded on 

opposite halves of the chamber and left to attach. The chamber is then removed 

leaving a 500µm cell free gap for the populations to grow over and into contact with 

each other. Time-course images of (B) normal-RFP cells coming into contact with 

normal hPSCs, in the 48 hour culture period post contact the position of the cell 

boundary remains fixed. (C) Normal-RFP come into contact and are pushed backwards 

by supervariant hPSCs.  
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4.3 Discussion 

Selection mechanisms in hPSC cultures drive the overtake of normal diploid cells by 

genetically variant hPSCs. My previous work highlighted the advantageous properties 

conferred by different chromosomes to variant hPSCs that provide a growth advantage by 

altering their propensity towards particular cell fates. One possibility is that the improved 

growth properties of variant cells allow them to passively overtake normal hPSCs by 

promoting self-renewal fate and restricting differentiation and cell death. Previous work has 

demonstrated these growth properties may exert their selective function at bottlenecks in 

standard culture practice (Barbaric et al., 2014).  Here I took a different approach and focused 

on the behaviour of normal and variant hPSCs when cultured together to characterise 

selection mechanisms that are present during the co-existence of both populations. Through 

recapitulating the composition of hPSC cultures with an emerging variant population and 

alleviating the selection bottlenecks that occur during plating, I have identified an active 

mechanism of selection whereby the presence of particular genetically variant lines exerts a 

direct effect on normal hPSCs that influences their fate and causes apoptosis. 

 

Firstly, I assessed the growth rates of normal and supervariant cells in homogenous and 

heterogenous cultures. I found that the growth of normal hPSCs was restricted in co-culture 

with variant compared to separate culture whereas the growth of supervariants is unaffected. 

This observation was confirmed on normal-RFP hPSCs. There was a significant increase in 

cleaved caspase-3 levels of normal hPSCs showing this elimination occurs by apoptosis.  I then 

looked at the behaviour of variant hPSC lines 1q v.hPSC and 20qv.hPSCs that also possess 

significantly lower growth rates than supervariant hPSCs. My data shows that growth of these 

two variant lines is suppressed in a similar manner by the presence of supervariant hPSCs. In 

conclusion, these results indicate that a common mechanism exists within cultures of hPSCs 

that mediates the elimination of slower growing cells when in the presence of faster growing 

hPSCs. 

 

I then went on to compare the behaviour of hPSCs when cultured alongside lines that possess 

similar proliferation rates. This was done firstly in the slower growing normal populations and 

then in the faster supervariant hPSCs. When I compared the growth of normal-RFP cells in 

separate and co-cultures with other normal cells and the variant lines 1q v.hPSC and 20q 



 172 

v.hPSC, I saw there was no overall change in the growth rate of either population. A similar 

effect was seen in the faster growing cultures containing supervariant hPSCs and 1,17,20 

v.hPSCs. Finally, I tested the effect of co-culturing 1,17,20 v.hPSCs with normal-RFP hPSCs. 

Based on the previous observations that normal-RFP hPSCs were eliminated by faster growing 

supervariant cells and 1,17,20 v.hPSCs have similar growth properties to supervariant cells , I 

hypothesised 1,17,20 v.hPSCs would also restrict the growth of normal-RFP cells. I found that 

the total number of normal-RFP cells was significantly lower on day 3 of co-culture whereas 

growth of 1,17,20 variant hPSCs was unaffected. When comparing the ratio of 1,17,20 

v.hPSCs to normal-RFP I only saw a significant difference between separate and co-culture on 

day 3, whereas in supervariant cultures a difference is also observed on day 2. This difference 

is because the total number of normal-RFP cells in co-culture is higher in cultures containing 

1,17,20 v.hPSCs than supervariant cells.  

 

The elimination of slower growing cells hPSCs when confronted by a faster growing 

population mode of elimination shares several common features with the phenomena called 

cell competition(Morata and Ripoll, 1975, Moreno and Basler, 2004, Madan et al., 2018); for 

this reason, I propose cell competition may be a selection mechanism in hPSC cultures. 

Various mechanisms for sensing cell fitness during cell competition have been described in 

Drosophila and mammals. It has been proposed that cells compete for limited factors 

required for their survival (Moreno et al., 2002). A possible limiting factor in hPSC cultures is 

fibroblast growth factor 2 (FGF2), an essential component in culture media for maintaining 

undifferentiated stem cells (Levenstein et al., 2006). FGF2 levels decline during culture at 

37°C which is why media is usually replaced daily (Lotz et al., 2013). It is plausible that a faster 

growing population reduces the amount of available FGF2 more rapidly than slower growing 

cells. Variant hPSCs have also been shown to exhibit growth factor independent growth 

suggesting they would less likely be negatively affected by low levels of survival factors 

(Werbowetski-Ogilvie et al., 2009). However, it is probably unlikely that the elimination of 

normal hPSCs is mediated by this mechanism because I found that culturing normal and 

supervariant cells in the same media environment but spatially separated has limited effect 

on the levels of apoptosis in both populations. This result could indicate that competition 

between normal and supervariant hPSCs is mediated by cell-contact dependent mechanisms. 
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Previous studies have indicated that the establishment of future winner and loser fate is 

dependent on the proportion of winner and loser cells and initial seeding density (Bove et al., 

2017).  My data confirms that manipulation of these two variables can alter the competitive 

fate of normal and supervariant hPSCs. I manipulated the proportion of supervariant hPSCs 

in co-cultures but maintained overall plating density and saw that elimination of normal 

hPSCs exhibited a dose-like response. Conditions with the highest starting percentage of 

supervariants produced the greatest reduction in normal hPSC growth. In addition, I also 

demonstrated elimination of normal hPSCs is dependent on starting density. Time-lapse 

imaging was used to explore how different degrees of normal-supervariant interactions and 

density could mediate elimination of normal hPSCs. I noted that elimination of normal hPSCs 

was seemingly prevalent in areas of high density predominated by supervariant hPSCs, which 

would suggest competition in hPSC cultures is mediated either through a cell surface fitness 

marker, mechanical stress or both. The limitation of these observations is that the local 

density and cell contacts of individual cells are constantly changing and evolving as cells 

migrate, undergo division and die. It is therefore difficult to track the population dynamics 

and determine the time and culture state at which loser fate is specified.  Further 

experimental work will be required to develop a quantitative approach that can be used to 

investigate how local density and proportion of normal-supervariant contacts govern the 

competitive outcome in cultures of hPSCs.  

 

My observations that increased cell density during co-culture with supervariant hPSCs 

enhances cell death is also of great importance because it partially contradicts the findings of 

previous studies that show high cell density supports survival and establishment of hPSC 

colonies post plating (Thomson et al., 1998, Barbaric et al., 2014). My data suggest that the 

effect of density on hPSC culture must be considered in an additional context. During the 

growth phase of culture, the presence of a rapidly expanding population with greater 

tolerance for density can raise the local density above the homotypic level for normal hPSCs, 

generating an environment that is detrimental to survival of normal cells. I cannot exclude 

the possibility that the improved properties of variant hPSCs may generate conditions that 

support normal cell growth. For example, the ability of variant hPSCs to overcome post-

plating bottlenecks could raise the density of hPSCs that would intern support normal hPSC 

survival during this period of culture. This hypothesis requires further experimental validation 
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but supports the notion that growth of normal hPSCs can also be enhanced by the presence 

of genetically variant cells (Werbowetski-Ogilvie et al., 2011). Collectively this data highlights 

the requirements for cell survival during culture are context dependent and may change as 

different populations emerge during hPSC expansion.  

 

To explore the differences in tolerance of normal and supervariant hPSCs to mechanical stress 

I developed an assay that assessed their mechanical properties, by seeding cells on opposing 

sides of and letting them grow together to form a distinct border I was able to track the 

movement of either population from the point of contact. I found that, normal-RFP hPSCs are 

progressively forced backwards by the advancing supervariant hPSCs. This data suggests that 

supervariant hPSCs have a higher tolerance for mechanical stress, indicating mechanical cues 

are a predominant component of competition in hPSCs. It remains to be determined how the 

presence of supervariants influences signalling pathways in normal hPSCs and these change 

depending on the local cell density and proportion of interactions between the two cell 

populations.  
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5 Molecular mechanisms of cell competition in hPSCs 

5.1 Introduction 

 

Cell competition is a process that assess and compares the fitness levels of a cell to 

neighbouring cells within the local environment and results in the elimination of the less fit 

population. The relative fitness of a cell is detected and compared by a set of mechanisms 

that interpret short-range biochemical signals or long-range mechanical cues. Upon 

determining relative fitness levels and establishing winner/loser fate competing cells must 

communicate this information via downstream signalling pathways to execute cell fate.  Loser 

cells are actively eliminated from the tissue or experimental culture by apoptosis and in some 

situations the “winner” population undergoes compensatory proliferation to replace the lost 

cells. The mechanisms that govern compensatory proliferation have so far remained elusive. 

Whereas, multiple pathways have been implicated as the effectors of loser cell elimination, 

predominant amongst these are the cellular stress response pathways; p53, JNK and NK-kB. 

 

In the first model of mechanical cell competition, Shraiman predicted that the mechanical 

force exerted by the faster-growing population upon loser cells could cause compression of 

the slower growing population that would be sufficient to induce apoptosis (Shraiman, 2005). 

A later study proposed that in addition to compression another mechanical force to consider 

in epithelia is stretching pressure. Deformation and stretching of slow growing loser cells was 

proposed to be caused by the mechanical force exerted by the rapidly expanding winner cells 

and trigger apoptosis (Vincent et al., 2013). Cell stretching has predominantly been described 

as a force that stimulates cell proliferation (LeGoff and Lecuit, 2015). A strong candidate 

pathway that links mechanical force and regulation of cell growth is the Hippo-YAP signalling 

pathway (Gumbiner and Kim, 2014). Cell stretching has been shown to promote translocation 

of YAP/TAZ to the nucleus where it upregulates transcription of genes that promote cell 

growth (Aragona et al., 2013). The Hippo pathway has previously been implicated as both a 

trigger and a mediator of cell competition but not in a mechanical context (Bras-Pereira and 

Moreno, 2018). A common feature in both proliferation and apoptosis contexts is that cells 

detect the mechanical stimuli and coordinate a cellular response through downstream 

signalling pathways. Understanding the interplay between mechanical forces and the 
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signalling pathways that control both proliferation and apoptosis can provide an approach to 

determine the molecular mechanisms that determine aspects of cell competition.  

 

 

Mechanical competition was first described as a mechanism of cell competition in 

mammalian systems in a study assessing the elimination of loss of polarity mutants in MDCK 

cells (Wagstaff et al., 2016). Compression forces were shown to be required and sufficient to 

induce cell death in both homotypic and heterotypic cultures. Knockdown of Scribble raises 

the baseline level of p53 higher than wildtype cells, hypersensitising Scribblekd mutants to 

compaction. In homotypic cultures, the authors seeded ScribblekD MDCK cells as a monolayer 

onto a stretched polydimethylsiloxane substrate that when released caused cell compression, 

this induced cell death in ScribblekD, whereas wild type cells were unaffected. In heterotypic 

cultures of MDCK cells, wild type cells surround Scribblekd cells raising the local density and 

exerting a mechanical stress across both populations. The rise in density causes compression 

of the cells that is sensed by the cytoskeletal regulator ROCK. In response, ROCK 

phosphorylates its downstream target p38, a member of the stress-activated MAP kinases 

(MAPK). Phosphorylation of p38 leads to elevation of p53 levels that is sufficient to induce 

apoptosis in the hypersensitised Scribblekd mutant cells. In this study the authors used both a 

genetic manipulation and chemical inhibitor approach to determine the function of each 

component within the mechanical competitive pathway. Treatment of heterotypic cultures 

with the ROCK inhibitor Y-27632 reduced the levels active phosphorylated p38 in Scribblekd 

and rescued them from elimination. The role of p53 as the executor of cell death in this 

competitive context was demonstrated using p53 knockout cells. Manipulation of the basal 

levels of p53 is sufficient to alter the competitive fate of wild-type cells. Co-culture of wild 

type and p53 knockout cells alone is insufficient to induce cell competition, however addition 

of Nutlin-3, a small chemical inhibitor that induces low-level p53 activation, transforms the 

competitive landscape and results in elimination of wild-type cells. Collectively this 

demonstrates that p53 acts in a dose-dependent manner, with conditions that raise p53 

above a threshold level sufficient to induce apoptosis (Wagstaff et al., 2016). 
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JNK signalling was first identified as a molecular mechanism of cell competition in cells with 

different growth rates, however it has not currently been shown as a molecular mechanism 

involved in the models of mechanical cell competition described in the literature so far (Bras-

Pereira and Moreno, 2018). In other competitive contexts such as the Drosophila wing 

imaginal disk, JNK signalling has been shown to control loser cell fate in both a competitive 

and supercompetitive context. In Minute+/- competition, slower growing mutant cells are 

eliminated by wild-type cells, whereas in dMyc overexpression mediated supercompetition 

wild-type cells are eliminated by the faster growing mutant population. JNK signalling inhibits 

the growth of loser cells and inhibition of the signalling pathway rescues the elimination of 

the loser population in both contexts (Moreno et al., 2002, Moreno and Basler, 2004, Kucinski 

et al., 2017).  

 

The role of JNK signalling in cell competition has also been observed in different tissues at 

later stages of development as well as cancer. Adenomatous polyposis coli is a tumour 

suppressor gene that regulates canonical WNT signalling through the degradation of b-

catenin and is frequently mutated in colorectal cancers (Zhang and Shay, 2017).  APC mutants 

in the Drosophila midgut over-proliferate and outcompete neighbouring wild-type cells. JNK 

signalling is hyperactivated in the APC supercompetitors and is required for their cell growth, 

inhibition of JNK signalling in both APC mutants and surrounding wild-type cells reduces the 

growth APC cells demonstrating JNK signalling has a role in coordinating cell fate in both 

winner and loser cells. JNK signalling is required in winner APC mutants to promote 

proliferation and loser wild-type cells to control their elimination (Suijkerbuijk et al., 2016). 

During tumour development, competition for space can control the expansion of oncogenic 

cells (Tsuboi et al., 2018). Compressive forces play a key role in governing cell fate during 

tumour expansion, in this context the mechanical forces that induce cell death are proposed 

to be an alternative mode of supercompetition termed mechanical supercompetition 

(Levayer et al., 2016). Therefore, it is possible that mechanical competition could also 

contribute to a cell competition phenotype within a variety of context where the effect of 

mechanical forces has not been assessed.  

 

 

 



 178 

In contrast to these observations, other groups studying the same competitive contexts did 

not observe an effect on Minute+/-  competition and dMyc driven supercompetition when JNK 

signalling was inhibited. Leading to the suggestion that JNK signalling functions as an 

enhancer of cell competition and not as a molecular trigger of competitive behaviour (Vincent 

et al., 2013).  Since its initial description, a role for JNK signalling has also been identified in 

competition driven by loss of epithelial polarity. Winner and loser cell fate is mediated by 

activity of JNK signalling in both populations. In loser cells JNK signalling is required for cell 

death, inhibition prevents apoptosis in the loser population. Activity of JNK in winner cells has 

been shown to impact different aspects of cell behaviour. Engulfment of loser cells in the 

Drosophila imaginal epithelia is mediated by JNK signalling in the surrounding winner 

population. Activated JNK results in the overexpression of the platelet derived growth 

factor/vascular endothelial growth factor receptor, PVR, which in turn activates the 

phagocytic pathway in neighbouring winner cells, removing loser cells from the epithelia by 

engulfment (Ohsawa et al., 2011). Lastly, JNK signalling has been shown to drive 

compensatory proliferation of winner cells in Drosophila. In the wing imaginal disk, JNK 

activity during the competitive elimination of Rab5 mutant cells depresses WNT/Wg 

signalling which in turn stimulates proliferation (Ballesteros-Arias et al., 2014). Whereas 

during Minute+/- competition in the adult midgut, JNK signalling increases expression of the 

JAK-STAT ligand Unpaired-3 in loser cells. The secreted Unpaired-3 binds to its receptor Dome 

on neighbouring wild-type cells and stimulates their proliferation by upregulating JAK-STAT 

signalling (Kolahgar et al., 2015).   

 

 

 

 

 

 

 

 

 

 

 



 179 

5.2 Results 

 

5.2.1 ROCK inhibitor does not alleviate suppressed growth phenotype 

 

The ROCK inhibitor Y-27632 has previously been shown to restrict the elimination of loser 

cells during mechanical competition as well as relieve the selection mechanisms present 

during post-plating (Watanabe et al., 2007, Barbaric et al., 2014, Wagstaff et al., 2016). I 

therefore decided to test whether the continual presence of Y-27632 in the culture media 

was able to rescue the elimination of normal hPSCs from co-culture with supervariant hPSCs. 

Interestingly, I observed that Y-27632 had little effect on the growth of normal and 

supervariant hPSCs in both separate and co-culture. Lower numbers of normal hPSCs in co-

culture were counted from Day 2 whilst growth of supervariant hPSCs remained unaffected 

(Figure 5.1A-B). Comparison of separate and co-cultures with and without Y-27632 revealed 

that ROCK inhibitor did not alter the of the ratio of supervariant to normal hPSCs on any day 

over the culture period (Figure 5.1C-D). This suggests that Y-27632 does not provide 

additional support for cell growth passed its dissociation-induced apoptosis protection. 

Neither is it capable of rescuing the elimination of normal hPSCs by supervariant hPSCs.  

 

  

Figure 5.1 ROCK inhibition does not restrict competitive behaviour of supervariant 

hPSCs. 
 

(A) Growth curves of normal and supervariant hPSCs grown separately (left) and in co-

culture (right) in the presence of 10µM Y-27632. (B) Ratio of supervariant hPSCs to 

normal hPSCs grown in separate culture with and without 10µM Y-27632. Ratio of 

supervariant hPSCs to normal hPSCs grown in (C) separate culture and (D) co-culture 

with and without 10µM Y-27632. A minimum of three independent experiments were 

performed and the average ±SEM was plotted. n.s; Students t-test. 
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5.2.2 Inhibition of p53 does not alleviate suppressed growth phenotype 

 

In mechanical competition p53 has been described as the molecular mechanism that 

functions downstream of ROCK and mediates loser cell elimination (Wagstaff et al., 2016). 

Though inhibition of ROCK did not rescue the competitive phenotype in my cultures, is it 

possible that mechanical stress is detected by other mechanotransducers and cell fate is 

coordinated by the same molecular mechanism. Therefore, I decided to investigate whether 

p53 could be involved in the competitive elimination of normal hPSCs.  Firstly, I assessed the 

levels of p53 in separate and co-cultures of normal and supervariant cells. 

Immunofluorescent analysis shows normal hPSCs in co-culture have higher levels of p53 than 

cells grown in separate culture (Figure 5.2A). In contrast, the levels of p53 in supervariant 

cells were unaffected by co-culture (Figure 5.2B). Next, I treated separate and co-cultures 

with Pifithrin-µ, a p53 inhibitor that has previously been shown to improve the survival of 

hPSCs (Qin et al., 2007). Similar to my observations with Y-27632, I saw that pifithrin-µ had 

no discernible effect on the growth of normal and supervariant cells in separate or co-culture. 

In co-culture, the number of normal cells were lower than those counted in separate culture, 

whereas the number of supervariant cells were unaffected (Figure 5.2C-D). Analysis of the 

ratio of supervariant:normal hPSCs confirmed that treatment with pifithrin-µ did not affect 

the growth of normal and supervariant cells in separate culture (Figure 5.2E). Furthermore, 

pifithrin-µ was unable to rescue the elimination of normal cells in co-culture with 

supervariant hPSCs (Figure 5.2F). Collectively, this data suggests that p53 is not the molecular 

mechanism that mediates elimination of normal cells during cell competition. 

 

  Figure 5.2 Pifithrin-µ does not restrict competitive behaviour of supervariant hPSCs. 
 

Quantification of p53 staining of (A) normal hPSCs and (B) supervariant hPSCs grown 

in either separate or co-culture. Red bars = mean ±SD, *** p<0.0002, Students t-test  (C) 

Growth curves of normal and supervariant hPSCs grown separately (left) and in co-

culture (right) in the presence of 10µM pifithrin-µ. (D) Ratio of supervariant hPSCs to 

normal hPSCs grown in separate culture with and without 10µM pifithrin-µ. Ratio of 

supervariant hPSCs to normal hPSCs grown in (E) separate culture and (F) co-culture 

with and without 10µM pifithrin-µ. Result of 3 wells from the same experiment ±SEM. 

n.s ; Students t-test. 
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5.2.3 Treatment with Z-VAD-FMK does not alleviate suppressed growth phenotype 

 

Having demonstrated that the mechanisms previously described in mechanical competition 

of MDCK cells do not appear to mediate the competitive phenotype in normal and 

supervariant hPSC cultures, I next decided to test if inhibition of caspase activity can rescue 

normal hPSC elimination. I have previously shown that the levels of cleaved caspase-3 are 

increased in normal hPSCs in co-cultures (Figure 4.3D), therefore I treated separate and co-

cultures continually with the pan-caspase inhibitor Z-VAD-FMK. Surprisingly, the addition of 

Z-VAD-FMK did not rescue the growth of normal cells in co-culture (Figure 5.3A-B). Further 

analysis of the ratio of supervariant:normal cells in separate and co-culture showed that 

normal cells were still eliminated from co-cultures from day 2 onwards (Figure5.3C-D).  

 

  

Figure 5.3 Z-VAD-FMK does not rescue elimination of normal hPSCs. 
 

(A) Growth curves of normal and supervariant hPSCs grown separately (left) and in co-

culture (right) in the presence of 50µM Z-VAD-FMK. (B) Ratio of supervariant hPSCs to 

normal hPSCs grown in separate culture with and without 50µM Z-VAD-FMK. Ratio of 

supervariant hPSCs to normal hPSCs grown in (C) separate culture and (D) co-culture 

with and without 50µM Z-VAD-FMK. A minimum of three independent experiments 

were performed and the average ±SEM was plotted. n.s; Students t-test 
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5.2.4 RNA sequencing of winner and loser cells in separate and co-culture 

 

To identify genes and pathway that determine winner and loser status during competitive 

interactions within hPSC cultures I performed RNA sequencing on cells isolated from separate 

and co-cultures. I grew winner supervariant cells and loser 1q v.hPSCs separately or together 

in co-culture until Day 2 of the standard culture period. Winner and loser cells were re-

isolated from co-culture by fluorescence-activated cell sorting (FACS) using the constitutively 

expressed GFP in supervariant hPSCs as the discriminator between the two populations 

(Figure 5.4A). Separate culture conditions were sorted to set the baseline and population 

gates for GFP positive and negative cells as well as to expose hPSCs grown in separate and 

co-culture to the same isolation conditions (Figure 5.4B). In co-culture conditions I observed 

that the percentage of winner hPSCs in the total population had increased to ~70%, this 

change in percentage of winner and loser cells was consistent with those observed in previous 

mixing experiments (Figure 4.5B) and strongly suggested loser cells were being competitively 

eliminated (Figure 5.4C). Cells from each population were isolated from four independent 

experiments and RNA sequencing data was obtained for each repeat, the transcriptome of 

the repeats for each population were pooled and analysed together. 

  

Figure 5.4 Isolation of winner and loser hPSCs from separate and co-cultures. 
 

(A) Schematic diagram of the strategy used to isolate winner and loser cells from 

separate and co-cultures for RNA sequencing. (B) Flow cytometry plots of winner and 

loser cells isolated from separate cultures (C) Flow cytometry plots of winner and loser 

cells in co-culture and the sorted populations isolated for RNA sequencing.  
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The genes from each sample were normalised to Fragments Per Kilobase per Million Reads 

(FPKM) and a threshold cut off value of >1 FPMK was applied to generate a list of significantly 

expressed genes for each population. The resulting gene lists were plotted into venn diagrams 

to examine the similarities and differences between winner or loser cells grown in separate 

or co-culture. Firstly, I assessed the presence and absence of gene expression between 

winner and loser cells grown in separate culture. This analysis showed that winner and loser 

cells share the majority of their significantly expressed genes; 13,187 (91.4%), however of the 

remaining genes, 826 (5.7%) were uniquely expressed by winner cells and 409 (2.9%) genes 

were uniquely expressed by loser cells in separate culture (Figure 5.5A). Next, I assessed 

differential gene expression between winner cells and loser cells in separate culture by direct 

comparison and applied a threshold of >1.3 Log10 adjusted p-value. In total, 3524 gene were 

significantly upregulated in winner cells, whereas 3311 genes were significantly 

downregulated in winner hPSCs compared to loser cells. I subjected the lists of differentially 

expressed genes that were either up-regulated or down-regulated to GO enrichment analysis 

and refined the resulting terms using reviGO. Gene ontology analysis showed no enriched 

terms from the list of upregulated genes. In contrast, the GO analysis on the list of down 

regulated genes highlighted key biological terms related to metabolic processes and gene 

expression (Figure 5.5C). To investigate the molecular pathways the differentially expressed 

genes represent, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was 

performed (Kanehisa et al., 2010). A threshold of >0.25 corrected p-value was applied to the 

analysis and the resulting pathways plotted (Figure 5.5D). The most significantly enriched 

molecular network from the downregulated genes was the ribosomal pathway potentially 

indicating a change in either the rate or control of translation. The next three most 

significantly enriched molecular pathways in the downregulated genes were the cell cycle, 

TGF-b and Hippo pathway, all of these molecular pathways are associated with proliferation 

in hPSCs and may reflect the previously demonstrated differences in growth rate of winner 

and loser cells (Figure 5.5D).  
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Following the analysis of winner and loser cells grown in separate culture, I next performed 

the same set of analyses comparing winner and loser cells grown in co-culture. Assessment 

of the number of significantly expressed genes showed that comparable to the separate 

culture analysis winner and loser cells predominantly express the same genes, 13,558 (93.4%) 

(Figure 5.6A). Of the genes expressed exclusively by one of the populations, 466 (3.2%) genes 

were uniquely expressed in winner cells and 497 (3.4%) genes were uniquely expressed by 

loser cells. Differential gene expression analysis revealed that 2326 genes were upregulated 

and 1944 genes were downregulated in winner cells grow in co-culture compared to loser 

hPSCs (Figure5.6B). GO enrichment of the upregulated genes correlates with biological 

processes associated with cellular transport and localisation (Figure 5.6C), however KEGG 

analysis showed that no specific molecular pathway was associated with the upregulated 

genes. Assessment of the downregulated genes using GO analysis showed genes were 

associated with regulation of DNA transcription, cell adhesion and metabolism. KEGG analysis 

revealed that the most significantly downregulated molecular pathway was the Hippo 

signalling pathway. In addition, molecular pathways involved in cell adhesion as well as 

development of specific cell types were reported (Figure 5.6D). 



 189 

 

  



 190 

 

  
Figure 5.5 Gene expression analysis of winner and loser cells grown in separate 

cultures. 
 

(A) Venn diagram of the significantly expressed genes present within either winner 

hPSCs and/or loser hPSCs isolated from separate culture conditions with a FPKM >1. 

Each circle represents the total number of genes present within a population, 

overlapping regions correspond to genes that are shared by both cell populations. (B) 

Volcano plot of the differentially expressed genes between winner hPSCs and loser 

hPSCs in separate culture, downregulated gene (green) are positioned on the left of 

the plot and upregulated gene (red) are on the right of the plot. (C) Gene Ontology 

enrichment analysis of genes downregulated in winner cells compared to loser cells in 

separate culture. Analysis of the upregulated genes produced no overrepresented 

terms. (D) KEGG pathway analysis of the downregulated genes showing the molecular 

pathways with a corrected p-value >0.25 threshold. 
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Figure 5.6 Gene expression analysis of winner and loser cells grown in co-culture. 
 

(A) Venn diagram of the significantly expressed genes present within either winner 

hPSCs and/or loser hPSCs isolated from co-cultures with a FPKM >1. Each circle 

represents the total number of genes present within a population, overlapping regions 

correspond to genes that are shared by both cell populations. (B) Volcano plot of the 

differentially expressed genes between winner hPSCs and loser hPSCs in co-culture, 

downregulated gene (green) are positioned on the left of the plot and upregulated 

gene (red) are on the right of the plot. (C) Gene Ontology enrichment analysis of genes 

upregulated genes (red) and downregulated genes (green) in winner cells compared 

to loser cells from co-cultures. (D) KEGG pathway analysis of the downregulated genes 

showing the molecular pathways with a corrected p-value >0.25 threshold. Analysis of 

the upregulated genes produced no overrepresented terms above the significance 

threshold. 
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In the molecular pathway analysis between winner and loser cells, I observed the Hippo 

signalling pathway was significantly overrepresented in the downregulated genes from both 

separate and co-cultures. To investigate this observation further I compiled the lists of genes 

from the KEGG analysis that were associated with Hippo pathway signalling in both separate 

and co-culture analyses. Utilising the FPKM values from the expression level analysis I 

performed hierarchical clustering on the Hippo signalling pathway gene list using the samples 

of winner and loser cells grown in both separate and co-culture (Figure 5.7). Hierarchical 

clustering segregated the samples in two main clusters. The first cluster contained all the 

loser hPSC samples, cells in these samples had predominantly high expression of Hippo 

signalling associated genes including YAP1 and TEAD3 that are major transcriptional effectors 

of the signalling pathway. The second cluster contained the winner hPSC samples, winner 

cells isolated from both separate and co-culture displayed lower expression of all Hippo 

signalling associated genes (Figure 5.7).   

 

 

  

Figure 5.7 Heatmap analysis of Hippo signalling pathway associated genes. 
 

Heatmap of the differentially expressed genes associated with the Hippo signalling 

that were identified in KEGG analysis. Heatmap colour scaling was done after mean 

centring the genes from all winner and loser hPSC populations and hierarchical 

clustering was based on the entire gene set. Repeats of each population from the four 

independent experiments are denoted by name of the cell line followed by r1, r2, r3 

or r4 respectively. Overall the data clustered into 2 main subsets, cluster one 

predominantly contained the loser hPSCs grown in either separate or co-culture. The 

second cluster consisted of winner hPSCs grown in separate or co-culture. 
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Next, I wanted to investigate how the gene expression of each cell line changes between 

separate and co-culture to potentially identify genes or molecular pathway that are altered 

during competition. Firstly, I assessed the differences between winner cells by comparing the 

number of significantly expressed genes.  Winner cells in separate and co-culture share 97% 

(13,805) of their expressed genes, the remaining genes are split nearly evenly with 219 genes 

(1.5%) uniquely expressed in co-culture and 208 (1.5%) uniquely expressed in separate 

culture (Figure 5.8A). However, analysis of the differentially expressed genes from winner 

hPSCs populations by direct comparison of separate and co-culture conditions revealed that 

no genes were significantly downregulated in co-culture conditions. Furthermore, only 5 

genes were differentially upregulated above the significance threshold of >1.3 Log10 adjusted 

p-value (Figure 5.8B). Further analysis of these few upregulated genes revealed they had 

varied function and their Log10 adjusted p-value was just above the >1.3 threshold applied, 

but also fell below a threshold of >2 demonstrating the genes were upregulated to a low level 

of significance (Figure 5.8C). Overall the pattern of gene expression in winner hPSCs is 

relatively unaltered suggesting that supervariant cells are unaffected by co-culture. This 

allowed me to focus on genes that are differentially expressed uniquely between loser hPSCs 

in separate and co-culture.  

 

In loser hPSCs, hPSCs grown in separate and co-culture share the majority of their significantly 

expressed gene; 13,392 (94.0%). Of the remaining genes, 663 genes (4.6%) were uniquely 

expressed in co-culture and 204 (1.4%) were uniquely expressed by loser cells grown in 

separate culture (Figure 5.9A). I then compiled the significantly expressed gene analysis from 

each of the samples into a single Venn diagram to assess the distribution of gene expression 

across all the populations (Figure 5.9B). By this analysis, I observed that each of the 

populations uniquely expresses a set of genes, however this is a small percentage of the total 

number of genes expressed; approximately between 0.7% - 1.2% respectively. All samples 

share the majority of their genes expressed, approximately 88.4% of the total number of 

genes. Therefore, I performed differential gene expression analysis between loser cells grown 

in co-culture and loser cells grown in separate culture, the differential gene expression for all 

analyses was then plotted into a venn diagram to assess the distribution (Figure 5.9C). The 

greatest number of uniquely differentially expressed gene was observed in the comparison 

of winner and loser cells grown in separate culture.   
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Figure 5.8 Gene expression analysis of winner cells grown in either separate or co-

culture. 
 

(A) Venn diagram of the significantly expressed genes present within winner hPSCs 

isolated from either separate cultures or co-cultures with a FPKM >1. Each circle 

represents the total number of genes present within a population, overlapping regions 

correspond to genes that are shared by both cell populations. (B) Volcano plot of the 

differentially expressed genes between winner hPSCs and loser hPSCs in co-culture, 

downregulated gene (green) are positioned on the left of the plot and upregulated 

gene (red) are on the right of the plot. (C) Table of the differentially expressed genes 

downregulated between winner cells in isolated from co-culture compared to separate 

culture. 
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However, of the total number of differentially expressed genes within the comparison of 

winner and loser cells in separate culture 47.8% of the genes are also differentially expressed 

when comparing winner and loser cells in co-culture. This data supports the earlier 

observations that there are significant differences between winner and loser cells that occur 

independent of the culture conditions and could be responsible for the different growth 

properties of the two cell lines.  The population with the second highest number of uniquely 

differentially expressed genes was comparison of loser cells in co-culture and separate 

culture. In contrast, there were no differentially expressed genes uniquely found in the 

comparison between winner cells in co-culture and winner cells in separate culture (Figure 

5.9C). Cluster analysis of the differentially expressed genes further highlights the similarities 

between winner cells and differences in loser cells that are grown in separate or co-cultures 

(Figure 5.9D). These observations support the earlier conclusions that loser cells are affected 

by co-culture with winner cells whereas winner cells are unaffected by the presence of losers 

in heterotypic cultures. Next, I wanted to investigate the genes and molecular pathways that 

are different between loser cells in co-culture and separate that could determine loser cell 

fate during competition. I subjected the lists of differentially expressed genes that were either 

up-regulated or down-regulated in co-culture to GO enrichment analysis and refined the 

resulting terms using reviGO (Figure 5.9E). Gene Ontology enrichment analysis on the genes 

upregulated upon co-culture highlighted processes involved in cell growth as the top 

functionally enriched pathways. Interestingly, amongst these processes the MAPK cascade 

was the only signalling pathway enriched suggesting components of this pathway may play a 

key role in conferring loser status (Figure 5.9F). Whereas, analysis of genes downregulated in 

co-culture highlighted a cluster of terms associated with DNA synthesis and integrity as well 

as other groups associated with cell communication and signal transduction (Figure 5.9G).  
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Figure 5.9 Gene expression analysis of loser cells grown in either separate or co-

culture. 
 

(A) Venn diagram of the significantly expressed genes present within loser hPSCs 

isolated from either separate cultures or co-cultures with a FPKM >1. (B) Venn diagram 

showing the significantly expressed genes present within winner and loser cells 

isolated from either separate cultures or co-culture. (C) Venn diagram of the 

differentially expressed genes present within different comparisons of winner and 

loser cells that have been isolated from either separate cultures or co-cultures. For all 

venn diagrams, each circle represents the total number of genes present within a 

population, overlapping regions correspond to genes that are shared by different 

populations. (D) Unsupervised hierarchical clustering of the winner and loser cells 

from separate and co-culture based on the differentially expressed genes. (E) Volcano 

plot of the differentially expressed genes between loser hPSCs in separate culture and 

co-culture, downregulated gene (green) are positioned on the left of the plot and 

upregulated gene (red) are on the right of the plot. Gene Ontology enrichment analysis 

of genes (F) upregulated in loser hPSCs upon co-culture, and (G) downregulated in 

loser hPSCs in co-coculture with winner hPSCs. Terms are positioned in semantic space 

by ReviGO based on the correlation between biological processes. Terms are coloured 

based on their Log10 p-value, higher p-values (red) and lower p-values (blue). 
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To further investigate how genes of the MAPK pathway are differentially expressed in winner 

and loser cells during separate and co-culture, I utilised the list of MAPK genes from the GO 

enrichment analysis and gene expression data to perform hierarchical clustering (Figure 

5.10). The data segregated in two main clusters, the first cluster contained the samples 

isolated from co-culture whilst the second cluster contained the separate culture samples. 

Within the cluster containing winner and loser cells isolated from co-culture most of the 

genes associated with the MAPK pathway were highly expressed to a similar degree. In 

contrast, within the second cluster winner cells from separate cultures show higher 

expression of MAPK associated genes than loser cells from separate cultures. Winner cells in 

separate culture showed high expression of some MAPK associated genes, however more 

genes were highly expressed in the co-culture condition. Overall, loser cells from separate 

culture showed the lowest expression levels of all the winner and loser cell samples.  Of note, 

the gene FOS was uniquely expressed to a high level in the winner and loser cells isolated 

from co-culture. FOS is a component of the transcription factor activator protein 1 (AP-1) 

complex that regulates gene expression in response to stimuli processed by the MAPK 

pathway (Figure 5.10). Collectively, this data indicates that the MAPK might be involved in 

processing the competitive signals present within heterotypic cultures of winner and loser 

hPSCs.   

 

 

  

Figure 5.10 Heatmap analysis of MAPK pathway associated genes. 
 

Heatmap of the differentially expressed genes associated with the MAPK signalling 

that were identified in KEGG analysis. Heatmap colour scaling was done after mean 

centering the genes from all winner and loser hPSC populations and hierarchical 

clustering was based on the entire gene set. Repeats of each population from the four 

independent experiments are denoted by name of the cell line followed by r1, r2, r3 

or r4 respectively. Overall the data clustered into 2 main subsets, cluster one 

predominantly contained winner and loser hPSCs grown in co-culture. The second 

cluster consisted of winner and loser hPSCs grown in separate culture. 
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5.2.5 Validation of candidate genes and pathways 

 

To validate the potential candidate genes identified from RNA sequencing I grew loser normal 

hPSCs and winner supervariant hPSCs in separate or co-culture and re-isolated cells using 

FACS at Day 2, equivalent to the stage cells were isolated for RNA sequencing. In addition, 

winner and loser cells were also grown separately at higher density as previously described 

(Figure 4.3) to control for the overall higher plating density of the co-culture condition. Whole 

cell lysate protein was harvested from the re-isolated winner and loser hPSC populations for 

analysis by Western blot.  

 

The MAPK pathway is composed of four subfamilies that respond to a variety of extracellular 

signals received by a cell. Two of the subfamilies, JNK and p38, are activated by cellular stress 

and form a group that is referred to as the stress-activated MAPKs. I therefore assessed 

whether other components of the conventional stress-activated MAPKs are also activated. 

 

The first candidate I assessed was JNK signalling, I observed that the level of JNK is relatively 

equal across winner and loser hPSCs in both separate and co-culture (Figure 5.11i), however 

the amount of phosphorylated JNK (p-JNK) is greater in winner cells than loser hPSCs (Figure 

5.11ii). Furthermore, the levels of p-JNK in winner hPSCs is greatest in the co-culture 

condition. Loser hPSCs have relatively low levels of p-JNK that are difficult to detect and 

discern if there are differences between separate and co-culture (Figure 5.4ii). I then assessed 

the levels of c-Jun, a component of the AP-1 transcription factor complex, that is activated by 

JNK in response to cellular stress, enhancing its downstream transcriptional functions. I 

observed, that c-Jun protein expression was visibly less in normal loser cells grown in co-

culture compared with those in co-culture. In contrast, winner cells grown in co-culture 

appeared to have higher levels of c-Jun compared to separate culture conditions. Overall 

from the separate cultures, loser cells displayed higher levels of protein expression than 

winner hPSCs at the corresponding density (Figure 5.11iii). 

 

I next assessed the levels p38, the other stress-activated MAPK pathway.  I observed that all 

winner and loser cell populations possess a similar level of p38 MAPK (Figure 5.11iv). 

However, the levels of the active phosphorylated form of p38 MAPK (p-p38 MAPK) was higher 
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in winner samples and didn’t appear to be altered between separate and co-culture. In 

comparison p-p38 MAPK was hardly detected in loser cells but did appear to be increased 

upon co-culture (Figure 5.11v).  Collectively these results indicate that the components of the 

MAPK pathway are differentially active between winner and loser cells and respond 

differently to the signalling cues received during co-culture. 

 

Lastly, I compared the levels of two extensively characterised effectors of cell competition 

that have reported roles in mechanical competition and mammalian PSCs, c-myc and p53. 

Previously, analysis of immune fluorescence images suggested that p53 levels might be 

increased between loser cells in co-culture compared to separate culture (Figure 5.2A). Using 

western blot analysis, I observed that p53 levels are comparably low in all winner and loser 

cell populations, with the exception of a small increase in the winner high density condition 

(Figure 5.11vi). The level of c-myc from separate cultures were higher in loser hPSCs than 

winner hPSCs. In co-culture conditions, the levels of c-myc in loser cells was lower than 

separate culture controls, whereas there was no discernible difference between winner hPSC 

separate and co-culture conditions. Overall, levels of c-myc in co-cultures appeared to be 

slightly lower than those of winner hPSCs (Figure 5.11vii).  
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Figure 5.11 Validation of candidate genes. 
 

Western blot analysis of candidate genes obtained from RNA sequencing analysis on 

winner and loser hPSCs isolated from cells grown in separate culture at either standard 

or high density as well as co-culture. Tubulin was used as a loading control.  
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5.3 Discussion 

My previous work demonstrated how competitive interactions between supervariant winner 

hPSCs can restrict the growth of normal and other karyotypically abnormal hPSC lines that 

possess significantly lower growth rates. Competition between winner and loser cells was 

shown to be mediated through mechanical stress and modulated by the proportion of 

supervariant cells and overall cell density. To begin unravelling the mechanisms that 

determine winner and loser cell fate I first looked at the effect of prolonged ROCK inhibition, 

as this has previously been shown to inhibit mechanical competition in MDCK cells (Wagstaff 

et al., 2016).  Furthermore, treating cells with the chemical inhibitor Y-27632 has also been 

shown to alleviate selection bottleneck in hPSCs and restrict the invasive properties of 

tumour cells (Barbaric et al., 2014, Sahai and Marshall, 2003). In contrast to these 

observations, my data indicates that continual ROCK inhibition does not rescue normal hPSC 

elimination, suggesting the involvement of alternative pathways that execute winner and 

loser cell fate. 

 

I next investigated whether p53 signalling was involved in coordinating the elimination of 

normal hPSCs. P53 has previously been reported as the mechanisms that functions 

downstream of ROCK in mechanical competition of MDCK cells but is also a known 

downstream effector of competition in other forms of cell competition (Wagstaff et al., 2016, 

Di Gregorio et al., 2016). In my data, despite an indication by immunofluorescence that p53 

levels could potentially be elevated in loser cells upon co-culture, by western blot the levels 

did not appear to change. Furthermore, inhibition of p53 using pifithrin-µ did not rescue 

normal hPSCs from elimination by supervariant hPSCs. Collectively this data suggests that p53 

is probably not the downstream molecular mechanisms that determines cell fate during 

competition in hPSC cultures. 

 

In addition, I decided to test the role of another gene that has been extensively described as 

a key component of competitive interactions. Previous studies have shown that c-myc can 

play critical roles in determining winner and loser cell fate during mammalian cell competition 

(Sancho et al., 2013, Claveria et al., 2013). In both competition and supercompetition 

involving c-myc future winner cells possess higher levels of c-myc than the loser population 

(de la Cova et al., 2004, Moreno and Basler, 2004). In contrast, my data showed that in 
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separate culture loser cells possess higher levels than winner hPSCs, however these levels 

decrease in co-culture with winner cells, whereas the levels of c-myc in winner cells appeared 

unaltered between separate and co-cultures. Additionally, in accordance with observations 

from previous studies, I observed higher levels of c-myc in the winner hPSCs co-culture 

conditions compared to loser cells. The difference in c-myc levels between cells in co-culture 

follows the trend from previous studies and could suggest a potential role as either an 

effector or marker of cell competition, however the high levels of c-myc in separate cultures 

of loser cells make it less likely it would function in exactly the same way as in Drosophila and 

other mammalian competitive systems. The limitation of these observations is that the 

differences in c-myc between future winner and loser cells cannot be measured between 

individual competing cells. My previous data has demonstrated that not all loser hPSCs will 

be undergoing competitive elimination, some loser cells can be found in microenvironments 

that support their survival (Figure 4.12A), in this state these cells could possess different 

levels of c-myc that support their survival. Diaz and colleagues, utilised time-lapse microscopy 

and live cell tracking of a fluorescent Myc fusion protein to show that two key factors, time 

in contact and proportion of contacts between cells of different Myc levels is what drives 

execution of winner and loser cell fate during Myc-driven competition in mouse ESCs (Diaz-

Diaz et al., 2017). Future work, using a similar approach to assess how c-myc levels change in 

individual winner and loser cells during competitive interactions would assist in determining 

what role c-myc plays during cell competition in hPSC cultures.  In conclusion, the difference 

in c-myc levels of winner and loser from separate cultures as well as the role of c-myc in 

competition of hPSCs remains unresolved.  

 

 

Finally, recent studies have shown that treatment of mouse embryonic stem cells with Z-VAD-

FMK can abolish the competitive elimination of loser cells during embryonic development 

(Sancho et al., 2013, Bowling et al., 2018). In my data, I previously showed that the levels of 

cleaved capase-3 were significantly higher in loser cells (Figure 4.3D), therefore I attempted 

to prevent the apoptosis of normal hPSCs by treating cells with the pan-caspase inhibitor Z-

VAD-FMK. Surprisingly, addition of Z-VAD-FMK was insufficient to rescue normal hPSCs from 

elimination within co-culture. Of note, Z-VAD-FMK treatment has been reported to be 

insufficient in rescuing loser cells that show increased cleaved-capse-3 levels within 
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mechanical competition of Scribblekd MDCK cells (Norman et al., 2012). One possible 

explanation is that Z-VAD-FMK-insensitive caspases are involved in the apoptosis of loser 

hPSCs (Chauvier et al., 2007). An alternative possibility is that inhibition of caspases 

subsequently induces cell death through alternative caspase-independent pathways ensuring 

loser cells are eliminated during competition (Tait et al., 2014, Broker et al., 2005). 

 

 

I was unable to identify the molecular mechanism that determines winner and loser cell fate 

in hPSC cultures by screening different inhibitors to pathways previously reported in the 

literature of mechanical competition. Therefore, I used an unbiased RNA sequencing 

approach to investigate how the gene expression of winner and loser cells changes between 

separate and co-cultures. I firstly compared the transcriptome of winner and loser hPSCs to 

assess whether there is an underlying mechanism that confers the ability of winner cells to 

possess a higher homeostatic density. My analysis between winner and loser cells isolated 

from either separate or co-cultures revealed that the Hippo signalling pathway is 

downregulated in winner cells in both culture conditions. In contrast, loser cells display high 

activation of Hippo pathway associated genes in both separate and co-culture. The Hippo 

signalling pathway has significant functions in the regulation and control of cell growth, in 

particular how cells respond to cell contact inhibition during culture (Gumbiner and Kim, 

2014). At low density the Hippo pathway is typically inactive, the transcriptional co-activators 

YAP and TAZ are localised in nucleus and promote cell growth. At high density, the activity of 

various upstream molecules mediates contact inhibition which results in the phosphorylation 

of YAP and its exclusion from the nucleus inhibiting cell growth (Gumbiner and Kim, 2014, 

Meng et al., 2016). The Hippo pathway is dysregulated in various forms of cancers, oncogenic 

cells do not respond to the environmental cues that normally activate Hippo signalling, 

instead aberrant activation of YAP/TAZ drives cell proliferation in cancer cells (Stein et al., 

2015, Park et al., 2018). An intriguing hypothesis, that requires experimental validation, is 

that activation of the Hippo signalling pathway is dysregulated in winner hPSCs, this loss of 

contact-inhibition provides winner cells with the ability to proliferate at higher densities than 

loser hPSCs resulting in a higher homeostatic density.  
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Lastly, I compared the transcriptome of winner or loser cells that had either been grown in 

separate culture or in co-culture to investigate whether a specific molecular pathway is 

activated upon co-culture that could potentially regulate competitive cell fate. I found that 

the gene expression of winner cells is unaltered between separate and co-culture suggesting 

that they do not receive a specific signal that confers winner status. This observation is a 

possible explanation as to why the growth rate of supervariant hPSCs is unaltered in co-

culture conditions and I do not observe compensatory proliferation of winner cells in a similar 

to manner to that which has been described in other competitive systems (Bowling et al., 

2018, Di Gregorio et al., 2016). In conclusion, this data suggests that supervariant winner 

hPSCs are unaffected by co-culture with loser hPSCs and point to changes in loser hPSC gene 

expression as being a key determinant of competitive cell fate. I then went on to compare 

the transcriptome of loser hPSCs in separate culture and those grown in co-culture with 

winner hPSCs.  This was done by firstly performing differential gene expression analysis and 

then using GO enrichment to identify key biological processes that had been altered between 

the two culture conditions. There was large scale downregulation of genes associated with 

cellular homeostatic functions including, DNA and RNA synthesis, DNA integrity and cell-cell 

signalling. Degradation of DNA is an integral component of apoptosis (Zhang and Xu, 2000) 

and therefore in this context reduction in the activity of pathways that maintain DNA 

homeostasis would not be unexpected in loser cells. I then looked at the biological processes 

over represented in the upregulated genes. My data showed that genes associated with cell 

growth process, in particular the MAPK signalling, were significantly upregulated. Using a 

western blot approach, I functionally validated if components of the MAPK pathway were 

altered between winner and loser cells that had been grown in either separate and co-

culture. 

 

The MAPK signalling cascade incorporates a diverse range of extracellular signals to 

coordinate a range of cellular responses that include cell proliferation and apoptosis (Sun et 

al., 2015). Furthermore, different elements of the MAPK pathway have been previously 

implicated in controlling cell fate during cell competition (Di Gregorio et al., 2016, Wagstaff 

et al., 2016). In my data I found that two signalling cascades of the MAPK pathway, JNK and 

p38, were differential active between winner and loser hSPCs. In general, I observed that the 

levels of phosphorylated JNK and p38 were higher in the winner cells from both separate and 
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co-culture than loser cells which correlated with the higher expression levels observed in the 

transcriptome analysis. Loser hPSCs typically showed low levels of active JNK and p38, that 

were elevated in co-culture conditions. A possible explanation for these observations is that 

during competition the high cell density causes elevation in mechanical tension which in turn 

increases cellular stress in normal loser hPSCs. The elevated cell stress stimulates JNK and p38 

signalling in winner and loser cells which alters the activity of downstream transcription 

factors including c-jun, and ultimately effecting the expression of genes related to cell 

survival. The greater resistance to cell death described previously in winner cells may provide 

a growth advantage that permits their survival despite high levels of cellular stress.  

 

Although I was not able to determine the molecular mechanisms that control cell competition 

in hPSCs. The data presented within this chapter provides evidence that particular molecular 

pathways are differentially active between winner and loser cells, as well between loser cells 

in separate and co-culture. These findings can provide a platform for future studies into how 

the Hippo signalling pathway is involved in controlling the homeostatic density of winner and 

loser cells as well as how signalling from the stress-activated MAPK pathways effects impacts 

the fate of future winner and loser cells during competition within hPSC cultures. 
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6 Final Discussion 

Karyotypically abnormal cells arise during culture of hPSCs and are selected for over several 

passages, eventually overtaking normal hPSCs to become the predominant cell type within 

the culture population. The spectrum of karyotypic changes that occur is broad and 

encompasses every chromosome, however gains of whole or partial chromosomal regions 

occur more frequently in particular chromosomes. The acquisition of these genetic changes 

is thought to provide abnormal cells with a selective advantage over counterpart normal 

hPSCs. Though previous studies have described variant cells to possess improved growth 

phenotypes the mechanisms through which selection occurs have remained obscure.   

 

In this body of work, I have begun to unravel the mechanisms through which genetically 

variant cells can exert their selective advantage. The data presented demonstrates that the 

mechanisms of selective advantage in hPSCS cultures can be categorised into two subgroups. 

Firstly, the intrinsic mechanisms that enhance growth of variant cells enabling them to 

passively overtake normal cultures. Secondly, extrinsic competitive cell-cell interactions that 

actively restrict growth of normal hPSCs.  

 

 

6.1 Intrinsic mechanisms of selective advantage  

The intrinsic mechanisms of selective advantage exert their affect by directly influencing the 

probability of variant cells to undergo one of the three potential fates presented to hPSCs in 

culture; self-renewal, differentiation or cell death. Through generating of a panel of clonal 

karyotypically abnormal cell lines containing individual or multiple genetic changes I was able 

to compare and contrast the effects different common karyotypic abnormalities have on 

hPSC fate. This analysis revealed that different genetic variants provide variant cells with 

different selective growth properties that may be exerted at different stages during culture. 

Amongst the individual karyotypic abnormalities tested, I found addition of the short arm of 

chromosome 17 was the abnormality that provided variant cells with the greatest 

proliferative advantage. Upon further investigation the underlying mechanism was shown to 

be a combination of decreased rate of apoptosis and potentially reduced cell cycle time which 

was not observed in the other individual variant hPSC lines. In a 2D culture system where cells 
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are passaged based on when they reach a particular level of confluency (~80%), an increased 

rate of proliferation would provide a strong selective advantage by causing the culture 

population to reach passage confluency faster. This reduces the time available for the normal 

hPSC population to expand, increasing the proportion of variant cells within the culture 

population and reducing the number of normal hPSCs that are carried forward into the 

subsequent passage. Over subsequent passages this mechanism of selection would serially 

dilute the proportion of normal hPSCs within the population until the cultures consisted of 

predominantly variant cells.   

 

In the case of the other variant lines containing a single karyotypic change, 1q v.hPSC and 20q 

v.hPSC, I have demonstrated that their mechanism of selective advantage is most likely 

exerted by solely restricting cell death. Overexpression the anti-apoptotic gene BCL-XL 

encoded within the amplified region of chromosome 20 has previously been shown to drive 

selective advantage of variant cells with gain of the CNV 20q11.21 (Avery et al., 2013). In my 

data I also observe overexpression of BCL-XL in cells with gain of 20q11.21, furthermore these 

cells show reduced levels of apoptosis during culture that is ablated upon chemical inhibition 

of BCL-XL. A potential candidate for driving apoptotic resistance in 1q v.hPSCs is the gene, 

MCL1, which belongs to the same family of anti-apoptotic genes as BCL-XL (Rinkenberger et 

al., 2000). My data from 1q v.hPSCs show they have increased levels of MCL1 and their 

selective advantage is most likely related to an increase in apoptotic resistance. Collectively 

these findings indicate that in some variant cells, that possess different karyotypic 

abnormalities, the mechanisms of selection may be exerted through the same mode of action 

but controlled by the expression of different upstream driver genes.  

 

My analysis of hPSC lines with multiple karyotypic genetic abnormalities show that addition 

of further genetic changes confers additional properties that strengthens the growth 

phenotype of the variant cells. In general, as the complexity of the genetic changes increased 

so too did the performance of variant hPSCs in the studies that assessed the self-renewal 

state. An interesting hypothesis, that requires experimental validation, is that variant hPSCs 

which acquire an additional genetic change exert their selective advantage over the original 

variant population using the same mechanisms present in culture that individual variants can 

use to outcompete normal cells. The ability of variant hPSCs to exert these selection 
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mechanisms is proposed to be driven changes in gene expression that are a consequence of 

the additional genomic regions (Amps et al., 2011). In this study, I compared the signature of 

the differentially expressed genes from a variant line containing multiple genetic 

abnormalities and those of individual variant lines with the closest matching karyotypic 

changes, and revealed that the transcriptional profile of karyotypically complex line is not the 

sum of the individual abnormalities. Rather, variant lines with multiple genetic changes have 

a unique expression profile that suggests the individual variants act synergistically to create 

new transcriptional regulatory networks.  

 

Following on from the characterization of variant hPSC behaviour, I next wanted to identify 

the genes and pathways that control the selective advantage of my different variant lines. 

Similar to the previously reported effect of genetic abnormalities of global gene expression 

(Ben-David et al., 2014), I observed that addition of genetic material does not induce 

expression changes restricted to the amplified region but rather causes a genome-wide 

change in transcription. These findings suggest that it is not only the activity of potential 

“driver” genes that control selective advantage but also the transcriptional networks they are 

integrally involved in. Support for this notion is reflected in my GO enrichment data from 

most of the variant lines containing two or more karyotypic abnormalities that could not 

determine significantly overrepresented biological processes due to global upregulation 

across the genome. GO enrichment analysis did prove effective when I analysed variant lines 

with individual chromosomal abnormalities and 12,20 v.hPSCs. Amongst the biological terms 

overrepresented in these cell lines, cell adhesion and cell growth were significantly 

upregulated. Of note, cellular adhesion is guided by actin microtubule cross talk and several 

studies have shown that actin-myosin contraction following dissociation of hPSCs at passage 

causes cell death (Chen et al., 2010, Ohgushi et al., 2010). Treatment with Y-27632, which 

inhibits phosphorylation of myosin regulatory light chains through ROCK, supports hPSC 

attachment and survival through the series of culture bottlenecks that occur post plating 

(Barbaric et al., 2010, Barbaric et al., 2014). Karyotypically abnormal cells with addition of 

chromosomes 1 and 17 are able to overcome these bottlenecks providing a strong selective 

advantage at the beginning stages of culture (Barbaric et al., 2014). It is possible modulation 

of this signalling axis can influence cell fate and upregulation of genes associated with cell 

adhesion favour survival of hPSCs during the selection mechanisms present post-plating. 
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Future studies are required to further characterise the gene expression changes observed in 

karyotypically variant hPSCs, however overexpressed genes associated with these processes 

could be ideal candidates for identifying genes or sets or genes that drive particular aspects 

of selective advantage.  

 

 

6.2 Extrinsic mechanisms of selective advantage  

 

Though the assessment of individual characteristics of variant cells from homogenous 

cultures allowed me to identify the growth properties that provide these cells with an aspect 

of their selective advantage. The analysis of homogenous normal and variant cultures did not 

recapitulate the naturally occurring events that arise when a genetically variant cell appears 

in culture.  Therefore, to investigate the selection mechanism that occur due to cell-cell 

interactions I used a co-culture approach that generated mosaic cultures in which normal and 

variant cells shared a proportion of their cell contacts.  

 

In my co-culture conditions I showed that the growth rate of normal-hPSCs was significantly 

reduced due to active elimination when cultured with supervariant hPSCs that possess a 

significantly faster growth rate. The active elimination of normal hPSCs demonstrated that a 

mechanism of selection existed that was dependent on the interaction of normal and variant 

hPSCs. Furthermore, I demonstrated that this is a conserved selection mechanism in hPSC 

cultures that also functions in variant hPSC during the acquisition of further genetic changes. 

The growth of karyotypically variant hPSC lines with significantly lower growth rate than 

supervariant hPSCs was also shown to be suppressed in co-cultures. Whereas, cell lines with 

similar growth rates did not affect each other’s rate of proliferation when grown in co-culture. 

This mode of elimination shared several common features with cell competition, and I argue 

that cell competition is an active mechanism of selective advantage that supresses the growth 

of hPSCs with a weaker growth phenotype.  

 

Cell competition has not been previously reported in hPSCs and little is known whether the 

fitness sensing mechanism described in other developmental systems are conserved. In 

mouse pluripotent stem cells the roles Myc and mTOR have been extensively described as 
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determinants of cellular fitness (Diaz-Diaz et al., 2017, Bowling et al., 2018). In contrast to 

those observations, here I found that signalling through the p38 MAPK pathway is important 

for determining winner-loser cell fate. It is unclear why different signalling pathways are 

involved between these competitive contexts and may be related to the mechanism for 

sensing cell fitness. A previous study has reported that p38 signalling controls winner and 

loser cell fate during mechanical competition of mutant MDCK cells, but other studies have 

implicated different signalling pathways (Wagstaff et al., 2016, Bras-Pereira and Moreno, 

2018). It is possible that in different contexts the relative fitness between the cell populations 

is being determined by alternative sensing mechanism which in turn activate unique 

downstream pathways. Distinguishing the mechanism used to compare hPSC cellular fitness 

will be essential for determining whether human PSCs share common or different 

competitive interactions to other systems.  

 

In this study I have characterised many of the mechanisms and dynamics by which different 

variant cells gain growth advantage, however the genetic control of these behaviours remains 

unknown. The supervariant line used predominantly in this section of work has very complex 

genetic alterations, it remains unclear what is the contribution of each chromosome to the 

aspects of altered behaviour observed within these cells and how they may change a cells 

fitness state. As previously discussed, it has been speculated that different chromosomes 

confer different properties to hPSCs through overexpression of genes encoded within these 

regions which provides the selective advantage. One possibility is that amplified expression 

of genes harboured on these amplified regions is sufficient to alter variant cell growth 

phenotype and confer winner status. Alternatively, it is plausible that during co-culture 

normal and variant hPSCs both receive similar levels of pro-apoptotic signals but variants 

cells, unlike normal hSPCs, possess elevated levels of anti-apoptotic signalling factors that 

prevent their elimination. Understanding how the different sensing pathways interact in a 

single competitive context will likely to provide new insights into the downstream 

mechanisms that regulate cell competition. Future work should address our lack of 

understanding on the molecular basis of competitive interactions within hPSC cultures which 

will be essential for designing culture conditions that alleviate selective advantage and 

minimise the appearance of genetically variant hPSCs during prolonged culture. 
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6.3 Future Directions and Considerations 

 

As an increasing number of hPSC based therapeutics are entering clinical trials evaluating 

their safety is critical for the future of regenerative medicine (Martin, 2017). Genetic changes 

that arise in hPSCs pose several challenges that could impact on various aspects of 

therapeutic safety.  In this study, I have shown that different karyotypic abnormalities confer 

different intrinsic advantageous properties that affect the fate of undifferentiated hPSCs, 

however it remains unknown if genetic variants would influence the behaviour of 

differentiated cells in a similar manner. One of the major safety concerns is the tumorigenic 

potential of hPSCs (Peterson et al., 2016). Undifferentiated hPSCs are capable of generating 

teratomas, a tumour composed of somatic ells from all three germ line lineages, when 

transplanted into immunocompromised mice (Damjanov and Andrews, 2016). The addition 

of karyotypic abnormalities increases the tumorigenic potential of undifferentiated hPSCs. 

Human PSCs that have gained chromosomal abnormalities have the potential to generate 

teratocarcinomas, which in addition to somatic tissue components possess a persisting 

undifferentiated stem cell population (Damjanov and Andrews, 2016, Ben-David et al., 2014).  

 

Though it is highly unlikely undifferentiated hPSCs would be used as a therapeutic and 

differentiated populations intended for transplantation are screened for undifferentiated 

hPSCs, it is not possible to exclude the potential presence of a small number of 

undifferentiated cells that exist below the detection limit (Tateno et al., 2017). In my data, I 

reported a particular variant line with gain of isochromosome 20q showed a level of 

resistance to differentiation. Though this finding requires more investigation to determine 

the extent of resistance to differentiation, it highlights the possibility karyotypic 

abnormalities that confer altered patterns of differentiation could raise the probability of 

undifferentiated cells with teratoma/teratocarcinoma forming potential being present in the 

final therapeutic increasing the associated risk.  

 

Furthermore, it is possibly malignancy might arise from the differentiated cells. Gain of the 

karyotypic regions commonly acquired in hPSCs are also observed in various forms of cancer, 

one example is neuroblastoma. Gain of chromosome 17q is the most frequent genetic 

abnormality observed in neuroblastoma and is associated with poor prognosis (Theissen et 
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al., 2014). Genes located on chromosome 17q that are upregulated during neurogenesis have 

been proposed to play an important role in the progression of neuroblastoma (Saito-Ohara 

et al., 2003, Uryu et al., 2017). Taken together, it is plausible that hPSCs with gain of 17q are 

more likely to develop neoplastic properties when differentiated towards a neurogenic fate 

compared to hPSCs with genetic changes that have not been previously associated with 

neuroblastoma. It is possible that the risk associated with a karyotypic abnormality may only 

be observed in a particular differentiated derivative, emphasising the requirement for risk 

assessment based on the context hPSC derived therapeutics are being used in regenerative 

medicine. In addition, the underlying causes of neuroblastoma remain unknown therefore 

the description of genetically variant hPSCs with karyotypic abnormalities that match those 

found in pathology could open new avenues for disease modelling.  

 

On the other hand, some genetic variants could carry low risk and be beneficial for 

transplanted cells to possess. One possibility is gain of 20q11.21, from my data and previous 

studies the 20q11.21 variant appears to provide cells only with an antiapoptotic advantage 

in the undifferentiated state (Avery et al., 2013). If the karyotypic variant 20q11.21 continued 

to provide differentiated derivates with a degree of apoptotic resistance whilst not effecting 

their behaviour and function it could be beneficial for regenerative therapy by enhancing cell 

survival during transplantation.   

 

An alternative approach is to reduce the probability of genetically variant hPSCs arising during 

culture. The cultures practices employed to expand hPSCs can significantly affect the rate at 

which variant cells arise and overtake cultures (Jacobs et al., 2016, Garitaonandia et al., 2015, 

Olariu et al., 2010). In addition, the current methods commonly used for screening genetic 

changes in hPSCs have a detection limit of 5%-10% mosaicism, therefore it is possible that an 

unidentified karyotypically variant population can exist within hPSC cultures that have been 

defined as “normal” (Baker et al., 2016). Thus, it is also essential to design new strategies that 

minimise the appearance of genetic variant. My work characterising the mechanisms of 

selective advantage may provide a platform for designing culture strategies that restrict the 

appearance of karyotypic variants by alleviating selective advantage.  
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In conclusion, the safety risks particular genetic variants pose could be heavily dependent on 

the context cell-based therapeutics are being utilised and would have to be examined on a 

case by case basis. Finally, the panel of variant hPSCs lines containing commonly acquired 

genetic changes generated in this study has the potential to become a crucial resource that 

enables future investigation into the safety of hPSCs for regenerative applications, as well as 

the mechanisms that underlie various forms of disease.   
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7 Concluding Remarks 

In this study, I sought to determine the mechanisms of selective advantage that exist in 

cultures of hPSCs, that drive the overtake of karyotypically normal cultures by variant cells 

possessing gains of the most commonly observed chromosomal regions. By generating a 

panel of variant hPSC lines containing individual and multiple karyotypic abnormalities I was 

able to characterise and identify how different chromosomal regions confer selective growth 

properties, as well as how karyotypic abnormalities act synergistically within lines that 

possess multiple karyotypic changes to further enhance the growth phenotype of complex 

variant hPSCs. I found that some karyotypic changes confer selective advantage by altering 

different aspects of cell fate, whereas other common abnormalities function through the 

same mode but use different upstream genetic regulation to drive their selective growth 

properties. Examining the transcriptome of the different variant lines using RNA sequencing 

showed that gain of chromosomal regions resulted in global changes to gene expression. 

From this, we can now work to identify the genes and transcriptional networks that drive the 

selection mechanisms of different common genetic abnormalities and understand how the 

transcriptional landscape of variant cells evolves upon the addition of further karyotypic 

changes.  

 

The analysis of homogenous cultures enabled me to identify the intrinsic mechanisms of cell 

competition, however it was apparent these conditions did not recapitulate the culture 

environment created as variant cells overtake normal hPSCs. I therefore generated co-

cultures of normal and variant hPSCs that I could use to interrogate the selection mechanisms 

that exist when normal and variant hPSCs directly interact within the same culture 

environment. Through tracking the growth rate of different normal and variant hPSC lines I 

was able to show that cell competition is a selection mechanism that restricts the growth of 

normal and variant hPSCs when grown in heterogenous cultures with variant hPSCs that have 

a significantly faster growth rate. Furthermore, I have shed light on a potential pathway that 

mediates this extrinsic competitive selection mechanism. Finally, the characterisation of 

these selection mechanisms has opened up new avenues of research into the behaviour of 

normal and variant hPSCs that can be used to assess the impact karyotypic abnormalities may 

have on the future safety of hPSCs derived therapeutics for therapeutic applications.   
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9 Appendix

Figure 9.1 Schematic diagram of the appearance and isolation of variant hPSC lines used within this study 
 

Karyotypically normal H7 (46,XX) hPSCs were originally acquired from WiCell. During the subsequent culture at the Centre for 

Stem Cell Biology in Sheffield variants with karyotypic abnormalities spontaneously arose during culture and were cloned out 

following their detection by either G-banding or FISH. Where known, the culture conditions cells were grown in is indicated by 

the background shading.  
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Figure 9.2 Simulated data of population growth based on cell cycle time only relating 

to Figure 3.8  
 

(A) The exponential growth rate equations used to model the population doubling 

time of two different cell populations (B) Exponential growth rate equations used to 

calculate the population growth rates of normal hPSCs and variant hPSCs possessing 

gain of chromosome 17 starting at a 9:1 ratio. (C) Table of results from the modelling 

of normal and variant hPSCs population growth using the equations described in (B).  
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Figure 9.3 Representative Flow Cytometric histograms of cleaved caspase staining 

relating to Figure 3.10 
 

Flow cytometric histograms for cleaved caspase-3 staining in normal and variant hPSC 

lines grown either in E8, E8 supplemented with 100nM Thapsigargin or E8 

supplemented with 1µM ABT. In all histograms blue represents negative staining, and 

red indicates positive antibody staining. 
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Figure 9.4 RNA sequencing quality control analysis 
 

Quality control analysis of RNA sequencing data from normal and karyotypically variant hPSC samples. Each coloured dot 

represents the corresponding sample in the list on the right-hand side of the plot. Samples are organised horizontally in the 

same order as they appear vertically in the sample list.  

 

 


